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I. ABSTRACT 

This thesis describes the development of a site specific early warning system for rainfall 

induced landslides. In New Zealand alone, rainfall induced landslides cause millions of dollars’ 

worth of damage annually. Worldwide the toll is much greater, with thousands of fatalities and 

billions of dollars’ worth of damage annually. The early warning system developed in this 

research is a means to mitigate the risk of such landslides. This thesis describes the underlying 

theory, the methodology used and results of the development of this early warning system. The 

early warning system is site specific, and based on the assumed failure mechanism of a slope 

subject to rainfall events of variable magnitude and intensity including prolonged events. 

The selected site, which the prototype of this early warning system was developed for, is 

located in Silverdale, New Zealand. A slope was formed at the site by a previous road cut 

operation to form State Highway One, which lies at the toe of the slope. A landslide occurred at 

the site in the winter of 2008 following a period of prolonged rainfall.  

The soil at the site consists of residual soil weathered from the Northland Allochthon formation. 

Previous research and experience within this soil group suggests it is particularly susceptible to 

rainfall induced landslides. A variety of laboratory tests were undertaken in this research to 

better understand the shear strength characteristics of the soil. The results obtained from 

consolidated drained and constant shear stress drained triaxial tests indicate that this soil may 

exhibit different shear strength parameters depending on the stress path associated with failure. 

Many site specific early warning systems have been developed in the literature, however they 

are usually based on explicitly stating a level which a measured parameter (pore-pressure for 

instance) must reach before a warning is given. The aim of this research was to develop an 

early warning system which alerts the user (a) to decrease of the factor of safety to a level 

defining overall failure or landslide occurrence and (b) the time-frame in which this failure may 

happen. For the purpose of this research, a factor of safety of one is defined as overall failure.  
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This early warning system utilises field monitoring to determine the factor of safety of the slope 

against slope failure. Two sites are referred to throughout this thesis. One is the landsite site; 

the location of the 2008 landslide event. The other is the monitored site. Volumetric water 

content sensors were installed at various depths and locations along the same cross section of 

the site, approximately 40m away from the 2008 landslide site. A tipping bucket rain-gauge was 

used to monitor rainfall events. The rainfall record captured at the site was input into a finite 

element model (SEEP/W) to replicate the fluctuating water content observed at the monitored 

site. Once a good agreement was obtained, the matric suction/pore-water pressure profile was 

coupled with a limit equilibrium analyses (SLOPE/W). Thus, the factor of safety at each time 

step of the finite element model was obtained. An artificial neural network was trained to predict 

this factor of safety, using the corresponding readings of the volumetric sensors at the site as 

inputs. Next, the rate of change of this factor of safety (change of factor of safety with respect to 

time during a rainfall event) was used to estimate the time until failure. Finally, another artificial 

neural network was trained to predict the factor of safety at the site in the future, using rainfall 

forecasts for the site. 

The user of the early warning system can then use these predictions of the time until failure as a 

basis for taking any necessary action. For the given monitored site, it is recommended that if 

failure is predicted to occur within 5 hours, then the warning should consist of lowering speed 

limits. If failure is predicted to occur within 1 hour, than the warning should consist of diverting 

traffic to avoid the landslide site. 

The finite element model was reasonably successful at replicating the observed water content 

fluctuations in the field. A factor of safety of one was obtained for the 2008 landslide site, using 

the rainfall record leading up to the landslide failure (using the stratigraphy at the location of the 

2008 landslide), verifying the modelling process. The artificial neural network could predict the 

factor of safety of the monitored site to a reasonable level, using the field monitoring data and 

rainfall forecasts as inputs, which can form the basis of an early warning system as a means to 

mitigate the risk of rainfall induced landslides. 
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c* Effective cohesion parameter incorporating matric suction 
e Void ratio 
H Total head 
K Ratio of principal stresses 
ksat Saturated coefficient of permeability 
kw Unsaturated coefficient of permeability 
kx, ky Directional coefficient of permeability 
pʹ Mean effective stress of the centre of the Mohr’s circle 
q Peak of Mohr’s circle 
ua Pore-air pressure 
uw Pore-water pressure 
s Degree of saturation 
x,y,z Cartisean coordinate directions 
  
Acronyms 
  
ANN Artificial neural network 
EWS Early warning system 
CD Consolidated drained triaxial tests 
CSD Constant shear stress drained triaxial tests 
FEM Finite element model/Finite element modelling 
FOS Factor of Safety (against slope failure) 
GIS Geographic information systems 
LEA Limit equilibrium analyses/Limit equilibrium analysis 
SH 1 State Highway One 
SWCC Soil water characteristic curve 
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Chapter One  

INTRODUCTION 

This thesis explores the development of a site specific early warning system (EWS) for rainfall 

induced landslides as a means for risk reduction. The economic cost and human fatalities from 

rainfall induced landslides have created the need for such a method to reduce the risk of such 

landslides.  A “landslide” can be defined as the movement of rock, debris or earth, driven by the 

force of gravity, down a slope (Geoscience Australia, 2012). This movement can be in the form 

of falling, toppling, sliding, spreading or flowing. The type of movement which occurs usually 

depends on the type of material involved, and the triggering agent. Although gravity is 

essentially the reason why landslides occur, they normally require a triggering agent – an 

earthquake, heavy rainfall events or human activities are among the most common (Schuster & 

Wieczorek, 2002). 
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The primary objective of the research described in this thesis was to develop an EWS which 

mitigates this risk of landslides. Because of the triggering mechanism involved, it would be 

difficult to develop an EWS for landslide events triggered by earthquakes. Thus, this research is 

solely focussed on rainfall-induced landslides. For obvious reasons, rainfall induced landslides 

are common in mountainous regions subjected to extreme rainfall events. Thus fatalities from 

such landslides are common throughout South East Asia to the Himalayas, Italy, the western 

side of the Andes, Central America and New Zealand (Petley, 2012). Many rainfall-induced 

landslides occur due to seepage of water in saturated soils associated with rise in positive pore 

water pressures to critical levels. However, numerous rainfall-induced landslides also occur in 

unsaturated or partially saturated soils. Such landslides are associated with elimination of 

suctions (negative pore water pressures) by infiltrating rainfall. This thesis is concerned with 

partially saturated soils. 

It is difficult to succinctly quantify the extent of the human loss of life and economic cost of 

landslides worldwide, largely because the cost of landslides is usually associated with other 

natural disasters. This is routinely because landslides which occur during heavy rainfall periods 

are usually incorporated into the cost of the storm or subsequent flooding caused by the heavy 

rainfall. According to the Centre for Research on the Epidemiology of Disasters (CRED), the 

total recorded number of fatalities since 1970 due to both wet and dry mass movement 

phenomena is 30,720 (CRED, 2012). The number of recorded deaths per year since 1970, 

according to CRED (2012), is shown in Figure 1-1. 

 
Figure 1-1. Recorded number of fatalities due to both wet and dry mass movement phenomena (CRED, 2012). 
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According to this data set, the number of recorded fatalities is approximately 1,000 to 1,500 

annually. However, according to Petley (2012), the number of fatalities due to all landslides 

(including those triggered by extreme rainfall and seismic events) between 2004 to 2010 is 

80,058. Of the total fatalities, 32,322 were from landslides which were not triggered by seismic 

events; a number which is greater than the total number recorded by CRED (2012) in the last 

40 years. The significant differences in recorded fatalities between these two data sources 

indicate the death toll caused by landslides are masked as the fatalities are being incorporated 

into the landslide triggering event. Furthermore, although many of the landslides which cause 

fatalities are triggered by seismic events, a large proportion of the fatalities are from landslides 

which were triggered by other means; the majority of which being rainfall events. 

Along with this human toll is the economic cost caused by landslides. In the United States 

alone, landslides cause an estimated US$1-2 billion worth of damage annually (USGS, 2011). 

In New Zealand, landslips, storms and floods cost the Earthquake Commission approximately 

$40 million in 2008. It is understood that the majority of this cost was associated with the 313 

significant landslides which were recorded (NIWA & GNS Science, 2009). In comparison, 

earthquakes cost the commission $13.7 million (NIWA & GNS Science, 2009). In 2009, 317 

significant landslides caused the majority of $11.5 million worth of damage (NIWA & GNS 

Science, 2010). It would be useful and desireable to separate the consequences of landslides in 

partially saturated soils from those which occur in saturated soils. However, such data is 

currently not available either on a global or country-specific basis. Yet, many regions have been 

identified where landslides occur in unsaturated soils triggered by rainfall of high intensity or 

long duration. 

From an engineering view point, the risk of a natural disaster is normally defined as the hazard 

of the event multiplied by the consequences. In terms of landslides, this can be thought of as 

(Nadim, 2011): 

 ( )Risk H V E C    1.1 
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where H is the hazard, or probability of the landslide occurring, V is the vulnerability of the 

elements at risk, E is the exposure of the elements at risk, and C is the cost of the landslide 

should it occur (this may incorporate human, economic and social factors). The exposure of the 

elements at risk may be incorporated into the vulnerability term. 

Nadim (2011) describes two ways to lower the risk of a landslide. One is to lower the H of the 

Risk equation. This involves physical or structural measures to lower the probability of the 

landslide occurring. Such measures may involve slope stabilisation, drainage, vegetation and 

retaining structures. These measures can be costly. The other method lowers the V(E), the 

vulnerability or exposure, of the elements at risk. This involves measures such as the use of 

EWSs, raising public awareness and ensuring emergency preparedness (Nadim, 2011; 

Thiebes, 2012). Schuster & Highland (2007) divide landslide risk management practices into 

four categories; restricting development in areas prone to landslides (i.e. avoidance), the use of 

construction techniques to lower the probability of landslides (i.e. grading, excavation), using 

physical mitigation measures (i.e. retaining walls, drainage) and finally the use of EWSs. 

An EWS reduces the V(E) term by allowing the population, and possibly other elements at risk 

(assets such as vehicles), enough time to be moved out of the danger zone (Nadim, 2011). An 

EWS was selected as a focus for reducing V(E) in this research because it is the one which we 

have the most control of. That is, from an engineering perspective we can develop an EWS 

based on engineering mechanics. Also, once the EWS has been developed, other methods to 

reduce V(E) can be undertaken when integrating this EWS with the public response. The EWS 

can be used as a platform for raising community awareness and ensuring emergency 

preparedness is adequate. 

The definition of an EWS, according to the United Nations Office for Disaster Risk Reduction 

(UNISDR) (2007) is:  

The set of capacities needed to generate and disseminate timely and meaningful 

warning information to enable individuals, communities and organisations threatened by 

a hazard to prepare and act appropriately and in sufficient time to reduce the possibility 

of harm or loss. 
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This definition indicates that an EWS needs to communicate not only when a landslide may 

occur, but also how the general community at risk to the landslide should respond should the 

early warning be given. 

Because an EWS does not reduce the probability of the hazard occurring in the same way that 

engineering measures do, an EWS needs to be the most cost effective method of reducing the 

level of risk to an acceptable level. Effective communication with the general public is a very 

important aspect of ensuring an EWS reduces the risk of the landslide (Bell et al., as cited in; 

Thiebes, 2012). It also needs to be simple to use and reliable; According to Nadim (2011), every 

possible action must be taken to avoid false alarms and missed events due to the severe 

consequences, discussed earlier, of doing so. This is echoed by Larsen (2008). Additionally it is 

envisioned that this EWS should be versatile; that is applicable to most sites which are 

susceptible to rainfall induced landslides. Thus, the focus of this research has been aimed at 

developing an EWS which meets these requirements. 

The EWS developed in this research was for a site located in Silverdale, New Zealand. A slope 

failure occurred on the man-made slope following a period of prolonged rainfall in July, 2008. 

The soil at the site consists of Northland Allochthon soil, which is known for its susceptibility to 

landslide movement (O'Sullivan, 2009). A prototype of the EWS will be developed for this site 

within the means of this research. Although an EWS will be tailor-made for one particular site 

chosen for this thesis, it is hoped the methodology can be adapted for similar site conditions for 

slopes in residual unsaturated soils susceptible to rainfall induced landslides. 

This EWS consists of an artificial neural network (ANN) which estimates the factor of safety 

(FOS) of the slope, using field monitoring data (from volumetric water content (θ) sensors) as 

inputs. An estimated time until failure is then given based on the rate of change of this 

estimated FOS. The ANN was trained using a database of known water content profiles from 

the field monitoring, and their corresponding factors of safety obtained using limit equilibrium 

analyses (LEA).  The user of the EWS can use the estimated time until failure as a basis for 

taking any necessary action. In the site in question this would involve limiting speeds on nearby 
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roads and diverting traffic. In other sites it may consist of other pre-planned actions such as 

evacuating dwellings. 

1.1 Research Motivation 

EWSs for rainfall induced landslides traditionally consist of empirical relationships which relate 

the number of landslides in a given region to the intensity and duration of a given rainstorm 

event. Examples of such EWSs can be seen in Dhakal and Sidle (2004), Keefer et al. (1987) 

and Caine (1980). These EWSs give no indication to the specific location, size and perhaps 

most importantly timing of the possible landslide occurrence. To overcome such limitations, 

more recent research has focussed on developing more site specific warning systems, usually 

based on data obtained from sensors installed in a slope (Chae & Kim, 2012; Intrieri et al., 

2012; Orense et al., 2004b; Tohari et al., 2007). For slopes susceptible to rainfall induced 

landslides, this usually involves the implementation of field monitoring instruments which 

capture the piezometric conditions in the slope, such as piezometers, θ sensors and 

tensiometers (Anderson & Thallapally, 1996; Fannin & Jaakkola, 1999; Johnson & Sitar, 1990). 

However, there still remains the difficulty of converting the readings obtained from the field 

monitoring instruments into a viable and logical warning system. Some methods involve setting 

a benchmark, for example a level of pore pressure or the rate of change in θ, as a basis for 

issuing a warning (Chae & Kim, 2012; Intrieri et al., 2012). However, such methods give no 

indication with regards to the time frame at which failure could occur. The responsiveness of the 

monitoring instruments depends on the location in the slope at which they are installed. For 

example, some research indicates that the toe of the slope may be the best location for such 

monitoring as it appears to saturate first and swell prior to failure (Orense et al., 2004b). 

The current research and EWSs discussed above reveal that there is a gap in this field for a 

predictive EWS. The EWSs described above are more responsive than predictive. They are 

based on response to a parameter, albeit related to failure, rather than a prediction of failure 

itself. As a result this research was initiated to develop a method for a predictive EWS at a 
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specific slope which is susceptible to rainfall induced landslides. This EWS should provide the 

user a time frame for which the failure could occur. This is in contrast to conventional methods 

which specify an arbitrary benchmark level, which a sensor at a specific location in the at-risk 

slope must meet for a warning to be issued. A recent example where this research’s predictive 

methodology could have been utilised is the Manawatu slip. This occurred in September 2010 in 

the Manawatu Gorge, New Zealand, following a period of heavy rainfall. The slip derailed a 

freight train (Figure 1-2) and blocked the main railway trunk for a week (NZPA, 2010). 

 

Figure 1-2: An example of where this research could have been utilized. The landslide occurred in September 

2010 in the Manawatu Gorge and derailed a freight train carrying 400,000 litres of milk (Smith, 2010). 

 

The soil at the selected Silverdale research site consists of residual soil weathered from the 

Northland Allochthon parent rock. This is a problematic soil group which is susceptible to many 

different forms of landslides; most of which are associated with significant rainfall events and 

seasonal fluctuations of the water content of the soil (Lentfer, 2007). The behaviour of this soil is 

still poorly understood in the New Zealand geotechnical industry. Consequently engineering 

projects undertaken in this soil group are approached with much caution. Conservative values 

of the soil parameters are usually adopted in design, and there are some indications that 
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traditional slope stability analyses are not applicable to some landslide behaviour exhibited by 

this soil (O'Sullivan, 2009). Therefore it is envisioned that the methodology developed and the 

results obtained from this research will contribute to the wider geotechnical research community 

and more specifically to the geotechnical engineering industry in New Zealand. 

1.2 Research Objectives 

The aims of this thesis are summarised below. 

 A literature review of the state of the art related to rainfall induced landslides in 

unsaturated residual soils and EWSs be undertaken. 

 An EWS for rainfall induced landslides in unsaturated residual soils specific to the 

Silverdale site is completed. 

 The EWS should provide the user with a timeframe for failure. 

 The methodology used should be flexible enough to be replicated at a variety of sites in 

unsaturated residual soils. 

 A deeper understanding of the Northland Allochthon, in particular its behaviour during 

landslides is achieved. 

1.3 Scope of the Research 

Two different engineering fields make up this research. Firstly, the mechanics of the soil 

behaviour related to landsliding was evaluated. This evaluation characterises the pure 

geotechnical engineering aspect of this research. Secondly, the risk management aspects that 

need to be incorporated into an EWS are discussed. 

The research focuses on the development of a predictive EWS for the selected research site. 

An assumption has been made in this research that an EWS is the best option to reduce the 

risk level at the site. The current state of the art of natural disaster risk management clearly 

outlines a practical approach should be used to select the best mitigation option. A tool has 

been developed by Safeland (2012) to identify the best mitigation option to reduce landslide 
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risk. The inclusion of such an approach to decide on the best mitigation option is outside the 

scope of this research. It is however strongly recommended that the decision to implement an 

EWS should only come after undertaking a risk management decision making process, such as 

that described by Fell et al. (2005). 

Additionally, the identification process and theory of the selected research site as being 

susceptible to rainfall induced landslides has not been included as this is well documented in 

the currently available literature. For example, identification of potential hazardous landslide 

sites can be identified through the use of landslide susceptibility maps, developed using 

geographic information systems (GIS) such as that described by Pack et al. (1998) and 

aerial/satellite imagery (Weirich & Blesius, 2007). Safeland (2009) for instance, used GIS to 

locate hotspots of landslide hazard and risk for the whole of Europe. 

An EWS does not simply consist of providing a forecast of possible failures; it must also 

communicate the approaching hazard to the general public, and ensure that they know how to 

respond to this early warning. According to Nadim (2011), an EWS has a minimum of the 

following components: 

 Knowledge of and means of forecasting the danger faced 

 Information from technical monitoring and visual observations 

 A response plan 

 Dissemination of meaningful warnings to population at risk 

 Public awareness and preparedness to respond to the warning 

The importance of these aspects of an EWS is also echoed by Thiebes (2012) and Intrieri et al. 

(2012), who state that to ensure the effectiveness of an EWS, it must not only inform users of 

an approaching hazard, but it must also provide effective communication of the hazard to the 

local population and also be integrated with the reaction of the population at risk to the hazard 

(including the post-disaster response).  

The findings above establish the importance of an EWS focussing not only on the engineering 

considerations involved, but also how the EWS is communicated and responded to by the 
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general public to manage the risk event. However, this research has concentrated the focus on 

the engineering development and methodology of a novel predictive EWS. A possible 

communication and response plan specific to the Silverdale site has been developed as an 

example for an overall risk mitigation tool, however this was done with no input from the 

controlling authorities or community at risk. A methodology which incorporates the controlling 

authorities and community at risk, to decide upon the form of communication and response plan 

of the EWS, is outside the scope of this research.  

With regards to the geotechnical engineering aspect of this research, many currently accepted 

concepts of unsaturated soil mechanics are utilised in the development of this warning system. 

However, a number of these concepts are not widely used in the New Zealand geotechnical 

industry. Thus, the research aim is not to further increase the geotechnical community’s current 

knowledge of unsaturated soil mechanics, but instead to incorporate the concepts and models 

already established in the field to develop the EWS. 

1.4 Thesis Outline 

The following topics were the key elements in the development and structure of the novel EWS, 

and thus form the basis of subject matter of this thesis. 

 Literature review 

 Site evaluation and description 

 Laboratory experiments 

 Numerical modelling simulations 

 Design of the EWS 

The literature review in Chapter 2 describes in detail the advancement of knowledge in the field 

of rainfall induced landslides in unsaturated soils, from the extension of the Mohr-Coulomb 

failure envelope to include the effect of matric suction, and the effects of this matric suction on 

the permeability of the soil. The literature review also covers simplified slope stability analyses 

methods to determine the FOS, and the use of advanced numerical modelling techniques to 
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determine the pore-water pressure and matric suction profile of a slope subjected to rainfall. 

The use of soft computing techniques such as ANNs in the field of geotechnical engineering is 

discussed, as well as the current approach and state of the art EWSs for rainfall induced 

landslides. 

Chapter 3 describes in detail the research site that was selected to develop the EWS. The 

engineered history of the site, along with the geology, stratigraphy and topography is provided. 

An account of the landslide which occurred at the site in the winter of 2008, following a period of 

prolonged rainfall, establishes the rationale for using this site. 

A detailed methodology for developing the EWS is described in Chapter 4. This methodology 

was developed based on the literature review described in Chapter 2, and the supposed failure 

mechanism of the site described in Chapter 3. This supposed failure mechanism is based on 

the landslide which occurred at the site in 2008. 

The laboratory experiments described in Chapter 5 consist of tests to determine the soil water 

characteristic curve (SWCC), the permeability and the shear strength of the soil. To determine 

the SWCC, filter paper and pressure plate tests were undertaken. The permeability of the soil 

was determined in the laboratory using the falling head method. Consolidated drained triaxial 

tests and constant shear stress triaxial tests were performed to determine the shear strength 

parameters. Triaxial tests were also undertaken on unsaturated tests to determine the effect of 

matric suction on shear strength. 

Chapter 6 details the field monitoring of the site described in Chapter 3. This field monitoring 

consists of recording the fluctuating water content of the soil over an extended period of time 

(approximately 1.5 years) at the site due to rainfall events. The equipment used, installation 

techniques and results obtained from this field monitoring are described in this chapter. 

The numerical modelling undertaken in the project is described in Chapter 7. The software 

GeoStudio (GEO-SLOPE International Ltd, 2012) was used for the modelling used in this 

project. Two types of modelling were undertaken; finite element modelling (FEM), and LEA. The 

FEM software SEEP/W (GEO-SLOPE International Ltd, 2009a)  was used to replicate the 
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fluctuating water content of the soil at the site due to rainfall events. The water content profile 

obtained in this FEM was then converted to a pore-water pressure/matric suction profile using 

the SWCC for the soil described in Chapter 5. This pore-water pressure/matric suction profile 

was coupled with the slope stability analyses program SLOPE/W (GEO-SLOPE International 

Ltd, 2009b). Thus, the FOS at each time step of the FEM is calculated. This modelling was 

verified using the rainfall data which caused the landslide in 2008. 

Chapter 8 presents the development of the ANN. An ANN was used to predict the FOS using 

the field monitoring sensor readings as inputs. The software Matlab (The MathWorks Inc, 2012) 

was used to develop this ANN. This ANN was trained using the data obtained from the 

modelling described in Chapter 7.  

Chapter 9 describes the use of the EWS itself. The approximate time until failure was estimated 

based on the rate of change of the predicted FOS obtained from the ANN. This approximate 

time until failure forms the basis of the warning system. Rainfall forecasts are also utilised for 

use in the prediction of the future FOS. The user interface of the EWS is described, as well as a 

possible communication and response plan. 

Chapter 10 summarises the main results and conclusions made chapter by chapter throughout 

the thesis. Limitations of this research and suggestions for further research are also given. 

Contained in the Appendix is the site location map, borehole location map, borehole logs, aerial 

photo of site with contours, laboratory results, an example of the Metservice data, an example 

of the field data, the Matlab code used to develop the ANNs and the Matlab code used to 

develop the EWS. 
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Chapter Two  

LITERATURE REVIEW 

2.1 Introduction 

The effect of rainfall on slope stability has been extensively studied and documented by many 

researchers especially in the past 30 years. This could be considered a reflection of the 

significant human and economic toll associated with rainfall induced landslides. It also highlights 

the complexities of the mechanism involved in rainfall induced landslides. This literature review 

encompasses a broad range of previous research in the topic of rainfall induced landslides, 

specifically focussing on unsaturated slopes of residual soil and the associated failure 

mechanisms. Topics include incorporating the effects of matric suction within the Mohr-Coulomb 

failure criteria, determining the shear strength of soils in a rainfall induced landslide context, the 
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relationship between soil permeability and rainfall patterns, modern techniques used to evaluate 

slope instability and previous EWSs developed. 

2.2 Classical Slope Stability Analysis 

The classical approach to slope stability problems usually entails the summing of the resisting 

forces along a given failure surface, and dividing this by the sum of the disturbing forces along 

the same failure surface. The resisting force can be thought of as the shear strength of the soil, 

and the disturbing force as the gravity force driving the soil block down the slope. The resultant 

is the FOS. A FOS equal to one indicates that the disturbing forces and resisting forces are 

equal, and hence any slight increase in the disturbing forces or decreasing of the resisting 

forces would cause failure of the slope. In classical slope stability problems, the shear 

resistance of the soil is calculated from the Mohr-Coulomb criteria [2.1]: 

 ' ' tannc     2.1 

where τ is the shear strength of the soil, cʹ is the apparent cohesion, σn′ is the mean effective 

stress acting on the soil and ϕ is the angle of shearing resistance. In classical slope stability 

analyses, σn′ is calculated by summing up the stress due to the weight of the soil minus the pore 

pressure level at the failure surface. Rainfall-induced landslides however, can occur when a soil 

is transitioning from an unsaturated state to a saturated state from the water influx due to rainfall 

(Godt et al., 2009). As a result, pore pressures are not necessarily positive on the entire sliding 

surface at the time of failure. Hence this classical theory needed to be expanded to incorporate 

the effects of water potential within an unsaturated soil. Water potential is the potential energy 

of water per unit volume (Or et al., 2003). The significance of water potential in terms of slope 

stability is that it increases the shear resistance of an unsaturated soil, thus increasing the 

resisting forces of the soil. The water potential of a soil changes with a changing θ of the soil. 

During a rainstorm, as rainwater infiltrates the slope, the θ of the soil increases. θ is defined as 

the ratio of the volume of water within the soil to the total volume of the soil. It can be expressed 
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as a ratio or as a percentage. The amount and rate of this increase of θ is dependent on the soil 

permeability, rainfall intensity and duration of the rainfall event. The effects of this water 

potential on the resisting forces of the soil are where studies on rainfall induced landslides begin 

to split into two separate groups; in unsaturated soils, rainfall infiltration leads to an elimination 

of suction, leading to a decrease in shear strength. In saturated soils however, rainfall infiltration 

leads to an increase in positive pore water pressure, which decreases the frictional component 

of the shear strength. 

2.3 Incorporating the Effects of Water Potential 

Incorporating the effects of water potential is critical to understanding and quantifying slope 

instability due to rainfall. The total water potential in a soil is made up of a number of 

contributors; solute potential, a pressure component, a gravimetric component, potential due to 

humidity and potential due to matrix effects.  The last one, the potential due to matrix effects, 

fluctuates the most out of these contributors, and hence has the largest effect on the shear 

resistance of the unsaturated soil (Fredlund & Rahardjo, 1993). The forces between the water 

molecules and solids within a soil, in combination with the attraction of water molecules, 

promote surface tension, and menisci are formed within the solid matrix of the soil. The force 

required to break such menisci is the potential due to matrix effects, or matric suction. In a fully 

saturated soil, as the entire pore spaces are filled with water, there is no force due to the 

attraction of these water molecules, and hence matric suction is not present. In a practical 

application, matric suction is the difference between the pore air pressure and the pore water 

pressure in a soil (Fredlund et al., 1978). The magnitude of matric suction within a soil is solely 

dependent on the θ of the soil. The level of matric suction for different soil types at the same θ is 

dependent on the size of the menisci (i.e., the pore sizes of the soil) (Arya & Paris, 1981). 

Bishop, as cited in Ling et al. (2009) initially accounted for the effects of matric suction by 

incorporating it into the mean effective stress component, σn′, of Equation 2.1, by expanding the 

calculation of σn′ from Equation 2.2 to Equation 2.3. 
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 '

n wu    2.2 

    '

n a a wu u u       2.3 

where σ is the total stress on the soil due to gravity effects, uw is the pore water pressure, ua is 

the pore air pressure and χ is deemed an effective stress parameter. The matric suction 

referred to is the (ua – uw) term in Equation 2.3. When the soil is fully saturated, χ is set to one 

and hence the pore-air pressure in the equation is cancelled out. Therefore when the soil is fully 

saturated, this equation is equal to the original effective stress equation. When the soil is 

completely dry, χ is set to 0, thus removing the pore water pressure term from the equation. 

Researchers such as Oberg and Sallfors (1997) and Vanapalli et al. (1996) suggest that χ can 

be approximated as being equal to the relative degree of saturation for some soil types. ua is 

usually set to equal atmospheric pressure. Equation 2.3 implies that matric suction acts like an 

increase of effective stress on the shear strength of the soil. 

Another approach to incorporating matric suction into the classic Mohr-Coulomb failure criteria 

was proposed by Fredlund et al. (1978). This equation [2.4] adds a third term to the Mohr-

Coulomb equation, incorporating matric suction. 

    ' tan tan b

a a wc u u u         2.4 

where ϕb is the angle of shearing resistance due to matric suction. Essentially, the equation 

proposed by Fredlund et al. (1978) is then a Mohr-Coulomb failure envelope represented in 

three dimensions (Fredlund, 1979). 

It is noted that ϕb is always less than ϕ. Data collected by Fredlund and Rahardjo (1993) from 

various researchers has shown that ϕ
b can range anywhere from 3 to 20° less than ϕ. 

Researchers such as Escario and Saez (1986), Vanapalli et al. (1996) and Oberg and Sallfors 

(1997) have shown that this failure envelope is not linear as suggested by Fredlund et al. 

(1978). Rather, the value of ϕb depends on the value of matric suction (Cai & Ugai, 2004). This 

extended Mohr-Coulomb failure envelope has been widely used in examining the effect of 

matric suction and rainfall on slope instability, for example Ling et al. (2009), Ching et al. (1984), 
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Ching and Fredlund (1984), Fredlund and Rahardjo (1993) and Ng and Shi (1998). According to 

Ling et al. (2009), although ϕb is always less than ϕ, it is difficult to quantify the exact value of ϕb 

using standard laboratory techniques (controlling the pore-air pressure is required). Thus Ling et 

al. (2009) simplified Equation 2.4 to Equation 2.5: 

  * tanac u      2.5 

where c* is the effective cohesion parameter incorporating matric suction, expressed in 

Equation 2.6. This approach was also adopted by Chen et al. (2009). 

  * ' tan b

a wc c u u     2.6 

Because all of these methods of incorporating matric suction are just basic expansions of the 

Mohr-Coulomb failure envelope, they can be incorporated within the classical slope stability 

framework. However, there are two main problems associated with incorporating these 

equations in the Mohr-Coulomb framework. The first is associated with the actual measurement 

of the shear strength of an unsaturated sample, which requires specialized equipment to control 

the pore air pressure (Lu & Likos, 2004). Thus the testing procedure is more complex than that 

for a standard triaxial test. The second is due to the apparent non-linearity of the increase of 

shear strength of soil due to an increase in matric suction. According to Lu and Likos (2004), ϕb 

can range from very close to the actual ϕ value at very low soil suctions, to close to 0 or even 

negative when θ is approaching the residual state.  To account for this non-linearity and 

complexity involved in laboratory testing, some researchers have suggested the use of 

equations such as Equation 2.7 (Vanapalli et al., 1996) and Equation 2.8 (Lu & Likos, 2004): 
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where s is the degree of saturation, sr and θr are the residual degree of saturation and residual 

volumetric water content respectively, and θs is the saturated volumetric water content. The θs of 



Literature Review 

 
18 

 

a soil is the θ at which there is no more air left in the voids of the soil. Likewise, the θr can be 

defined as the θ at which no more water can be displaced from the voids.  These equations can 

hence predict a very similar failure envelope to that initially proposed by Bishop (1959), and can 

account for the curvature of ɸb. 

2.3.1 The Soil-Water Characteristic Curve 

Because of the difficulties of the measurement of matric suction, and because matric suction is 

directly related to the θ of the soil, the SWCC is used to determine the level of matric suction at 

given θs (or vice-versa). The SWCC is used to define the hydraulic conductivity, water storage 

and shear strength functions of an unsaturated soil (Pham & Fredlund, 2008), and so is a critical 

tool in unsaturated soil mechanics. Typical SWCCs for different soil types are shown in Figure 

2-1. These curves were derived using the pressure plate apparatus. As observed, the same 

basic sigmoid shape is consistent for all of the soils; however the curves change considerably 

depending on the soil type. This is due to the change in pore-size distribution of different soil 

types, which in turn affects the menisci present in the soil matrix (Fredlund & Xing, 1994). 

 
Figure 2-1. SWCCs for different soil types (Lee et al., 2009). 

 

2.3.2 Measuring the Soil Water Characteristic Curve 

There are many ways to measure a SWCC in the laboratory. These include psychrometers, 

filter paper, tensiometers, pressure plate apparatus and sensors (Fredlund & Rahardjo, 1993). 
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These all have various advantages and disadvantages. It should be noted that these 

measurements usually measure the change in total suction with a change in water content. 

Total suction is made up of two components; osmotic and matric suction. Matric suction is 

related to the difference between the pore-air pressure and pore-water pressure present in 

unsaturated soils. Osmotic suction however is related to the amount of salts present in the pore-

water of the soil (Fredlund & Rahardjo, 1993). Because the osmotic suction does not vary 

greatly in a soil, it can be assumed that changes in total suction are usually equal to changes in 

matric suction (Fredlund & Rahardjo, 1993). This is shown graphically in Figure 2-2.  

The SWCC has two paths; a drying path and a wetting path, for when the soil is decreasing in θ 

and increasing in θ respectively. Hysteresis is present when moving between the two paths. The 

wetting curve is usually lower than the drying curve; at the same water content level the matric 

suction is less for the wetting curve than that of the drying curve (Rahardjo & Leong, 1997). 

 
Figure 2-2. The effect of water content on osmotic, matric and total suction (Fredlund & Rahardjo, 1993). 

 

Although this would seemingly have an effect on the shear strength, and therefore on the FOS 

of the slope, there appears to be still some debate regarding hysteresis effects in the field. 

Research by Li et al. (2005) undertaken on a completely decomposed granite in Hong Kong 

suggests that the field measured SWCC shows no hysteresis during repeated wetting and 
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drying cycles. SWCCs determined on the same soil via laboratory tests on the other hand, 

display a definite hysteresis pattern. Li et al. (2005) noted that it was the drying path of the 

SWCC in the laboratory which was significantly different from that measured in the field, the two 

wetting paths were very similar. It is possible that hysteresis is not observed in the field because 

the soil does not always fully dry or saturate. Thus the affect is less pronounced then in the 

laboratory where the soil follows the primary curves of the SWCC. In the field; it may only be 

following scanning curves of the SWCC. 

2.3.3 Modelling the Soil Water Characteristic Curve 

It can be time consuming and hence costly to measure the complete curve of the SWCC. 

Because of this, a curve fitting equation is usually used to estimate an entire SWCC from a few 

measured data points. There are numerous such curve-fitting equations that have been 

proposed (Pham & Fredlund, 2008).  

The most commonly referred to curve fitting equations are the Van Genuchten (1980) model 

[2.9] and the Fredlund and Xing (1994) model [2.11]. These equations are deemed to be the 

most accurate/appropriate over a wider range of soil types (Rahardjo & Leong, 1997). 
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where a, m and n are fitting parameters. m can be approximated as shown in Equation 2.10, 

however some research suggests this limits the flexibility of the model (Fredlund & Xing, 1994). 
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where C(ψ) is a correction function [2.12]: 
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where (ua-uw)r is the residual matric suction. This correction function is recommended to be 

taken as one by Leong and Rahardjo (1997a). Although according to Rahardjo and Leong 

(1997), these  equations give good fits of a true sigmoid shape to a wide range of soil types, 

Rahardjo and Leong (1997) note that the Van Genuchten (1980) function flattens out at high 

matric suction values, whereas the Fredlund and Xing (1994) equation forces the SWCC to tend 

to zero at a matric suction of 1 GPa (which is deemed to be the maximum matric suction 

possible in soils (Vanapalli et al., 1996)). This is further reinforced by Fredlund and Houston 

(2009), who after analysing 10 different fitting equations with over 200 measured SWCCs found 

Equation 2.9 and Equation 2.11 to be the most accurate, with Equation 2.11 producing a slightly 

better numerical fit than Equation 2.9. 

2.3.4  Predicting the Soil Water Characteristic Curve 

Because the SWCC depends heavily upon the pore-size distribution, there have been attempts 

to develop models based on the grain size distribution (with the underlying assumption that the 

pore size distribution is heavily dependent on the grain size distribution). Two such models are 

the Arya and Paris model (Arya & Paris, 1981), and the Modified Kovács model (Aubertin et al., 

2003). Such models essentially rely on estimating the pore sizes in a soil matrix based on the 

grain size distribution. As such, assumptions are made within these models as to the diameter 

and shape of the solid particles within a soil matrix, which then affect the pore size within the 

solid matrix. The Modified Kovács model, for instance, assumes that pore diameter within a soil 

can be estimated by Equation 2.13 (Aubertin et al., 2003): 
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where deq is the equivalent pore diameter in a soil, Vv is the volume of voids within the soil and 

Av is the surface area of voids within a soil. By assuming that the surface area of the voids is 

equal to the surface of the solids, deq can be estimated by Equation 2.14: 
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where e is the void ratio of the soil, ρs is the solid grain density of the soil, and Sm is the surface 

area of the solids in the soil matrix. The relationship between the surface area of the solids and 

the grain size distribution is then estimated using Equation 2.15 (Aubertin et al., 2003): 
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where α is a shape factor which must be estimated, and Dh is an equivalent particle diameter, 

theoretically representing the particle diameter of a homogeneous soil that has the same 

specific surface area as the heterogeneous soil under consideration. Estimations are made as 

to the constants α and Dh. It is noted that the set of equations presented above are designed for 

granular materials only, a different estimation of the Sm must be made for cohesive-plastic type 

materials, owing to the influence of surface activity on the SWCC (Aubertin et al., 2003). 

The Arya and Paris (1981) model is based on the similar underlying theory and assumptions as 

the Modified Kovács model, however in the Arya and Paris model the only estimated parameter, 

α, is a parameter relating the length of the grains in the soil to the diameter of the grains. 

Because these models are all based on estimations of parameters, it is noted that they should 

be used as an initial estimation of the SWCC; only as a guide to initial design work. 

2.3.5 Matric Suctions in the Field 

Although both the wetting and drying paths of the SWCC can be reasonably well defined in the 

laboratory, making comparisons with field measured results can be much more difficult. Field 

studies (Tan et al., 2007) have shown that long term matric suctions and SWCCs can fluctuate 

significantly in the field. Some of these fluctuations are due to the method used to measure 
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matric suction in the field (Tan et al., 2007), others are due to external affects such as 

vegetation uptake (Indraratna et al., 2006b) 

Vegetation, through the process of evapo-transpiration leads to an increase in the level of 

matric suction (by way of reducing the water content of the soil) (Ali et al., 2012). This increase 

in matric suction due to root uptake can be significant (Indraratna et al., 2006a). The amount of 

water uptake due to vegetation is likely to fluctuate through the seasons, and also as the 

vegetation matures (Indraratna et al., 2006b). This in turn causes fluctuations in the long term 

matric suctions present in the field. Puppala et al. (2011) observed such effects in the field, 

using moisture content sensors placed near vegetation. The vegetation had a strong influence 

on moisture content fluctuations and resulted in the presence of shrinkage cracks appearing 

earlier than the soil without the presence of the vegetation.  

Temperature also has a large affect on the level of matric suction in the field. As the 

temperature rises above 0° C, matric suctions within the soil generally decrease (Nguyen et al., 

2010). As such, the matric suctions fluctuate with the seasons (Nguyen et al., 2010). However, 

this affect can also be exaggerated by temperature effects on measuring equipment. As 

concluded by Shuai et al. as cited in Tan et al. (2007) and Nguyen et al. (2010), a correction 

factor, depending on the temperature, should be applied to results obtained from the field 

monitoring equipment of matric suctions. 

2.3.6 Summary 

To summarise, the presence of menisci in the voids of an unsaturated soil create matric suction 

within the soil matrix. The level of this matric suction for a given soil depends on the volume of 

water within the soil voids, however in the field it is also affected by temperature and vegetation.  

The level of matric suction for given θ’s of different soil types depends primarily on the grain size 

distribution of the soil. 

The effect of this matric suction on the shear strength of the soil can be fitted into the classical 

Mohr-Coulomb failure envelope in a number of ways; adding a third dimension to the Mohr-
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Coulomb failure criteria, incorporating it into the apparent cohesion of the soil, or by 

incorporating it into the effective stress of the soil. 

Using the SWCC, the level of matric suction is directly related to the level of θ. The next step in 

analysing rainfall induced slope instability is to quantify the change in θ due to varying climatic 

conditions; in this study focussing on the effects of precipitation events. 

2.4 Shear Strength Testing 

A variety of laboratory tests can be used to determine the shear strength parameters of a given 

soil. This research is primarily interested in two types – consolidated drained triaxial tests (CD) 

and constant shear stress drained triaxial tests (CSD). This research focussed on these tests 

because a number of other researchers have used a combination of CSD tests, CD tests and 

CU tests (consolidated undrained triaxial tests) when investigating slope instability due to 

rainfall (Anderson & Sitar, 1995; Atkinson & Farrar, 1985; Brenner et al., 1985; Bressani & 

Vaughan, 1989; Chu et al., 2003; Daouadji et al., 2010a; Daouadji et al., 2010b; Farooq et al., 

2004; Leroueil et al., 2009; Lourenco et al., 2011; Orense et al., 2004a; Xu et al., 2011). The 

majority of these were undertaken on sandy soils, (Daouadji et al., 2010a; Daouadji et al., 

2010b; Farooq et al., 2004; Leroueil et al., 2009; Lourenco et al., 2011; Orense et al., 2004a). 

As a result, most of the research has concentrated on the different failure mechanisms between 

loose and dense sands, and with respect to the critical state framework (Chu et al., 2003; 

Farooq et al., 2004). Such research is also focussed on the study of drained and undrained 

failure behaviour in slopes, and the lead to debris flow (Anderson & Sitar, 1995; Chu et al., 

2003). 

The stress path obtained from CSD tests is deemed the field stress path; it follows a similar 

stress path to that observed in the field. An example of the field stress path is shown in Figure 

2-3 (Anderson & Sitar, 1995). As observed the soil starts in an unsaturated state (pʹ in this 

example incorporates the matric suction stress in the mean effective stress, as described by Lu 

and Likos (2006)). As the soil saturates, the Mohr’s circle of the soil element moves left, 
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reaching saturation. As positive pore pressure develops, the Mohr’s circle moves further left 

until the failure envelope is reached and failure occurs. Figure 2-3 clearly indicates that the soil 

becomes saturated before failure occurs. Although in the field this assumption ultimately 

depends on the initial shear stress and shear strength of the soil, many researchers such as 

Johnson and Sitar (1990), Sitar et al. (1992) and Eckersley (1990), demonstrate that a fully 

saturated soil may not be sufficient to mobilise failure. This view is also reflected in many field 

studies (Baum & Reid, 1995; Johnson & Sitar, 1990; Sidle & Swanston, 1982). This may be 

because the increase in shear stress due to the increase in unit weight due to increasing 

saturation is ignored, hence the field path is assumed to be horizontal (Farooq et al., 2004). 

 

Figure 2-3: The field stress path (Anderson & Sitar, 1995). 

 

CSD tests undertaken by Orense et al. (2004a) indicate that there is a difference between the 

shear strength parameters obtained from standard compressive triaxial tests (CD, CU) and CSD 

tests. Figure 2-4 shows the mean effective stress – shear stress plots (pʹ-q) plots obtained from 

both standard triaxial tests and CSD tests, for three different Japanese sands (gravelly sand, 

silty sand and clean sand). As observed the failure initiation angle of shearing resistance 

obtained from the CSD tests is consistently lower than the steady state angle of shearing 

resistance. This characteristic was also noted by Eckersley, Riemer  and Sasitharan et al. as  

cited in Anderson and Sitar (1995). According to Orense et al. (2004a), the ɸ obtained from 
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CSD tests (ɸCSD) was approximately three quarters of the steady state ɸ. A similar study 

undertaken by Zhu and Anderson (1998) on Hawaiian soils found the ɸCSD to be 32°, 3° lower 

than the steady state ɸ (35°), and 7° lower than that obtained from consolidated undrained tests 

(39°). Interestingly, the effective cohesion measured by Zhu and Anderson (1998) was higher 

(6.9 kPa) for the failure initiation via CSD tests than the steady state value (4.2 kPa). 

  
(a) (b) 

 
(c) 

Figure 2-4. Difference between failure initiation line and steady state line for: (a) Kumano-gravelly sand, (b) 

Kumano-silty sand; and (c) Omigawa sand (Orense et al., 2004a). 

 

Orense et al. (2004a) also noted a difference between failure deformations of the three sands. 

Compressive behaviour occurred if the stress state plots above the steady state line at failure. If 

the stress state plotted below the steady state line at failure, dilative behaviour was present. 

That is, the higher the Ki value (ratio of the principal stresses, σ1ʹ and σ3ʹ), the less dilative the 

sand behaved. The importance of this was that the compressive soil failed very rapidly as the 

pore-water increased. The dilative soil however failed relatively slowly, as the pore-water 

pressure decreased during dilation (Orense et al., 2004a). 
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Anderson and Sitar (1995) undertook CSD tests on a colluvial clayey silt, and therefore their 

test results differ from those observed above. These tests were performed in a reverse manner 

to standard CSD tests; the tests described by Anderson and Sitar (1995) were performed with a 

decreasing cell pressure as opposed to an increasing pore pressure. Anderson and Sitar (1995) 

showed that this had little effect on the behaviour of the sheared soil, and determined that the 

ɸCSD was very similar to the steady state ɸ, however it was slightly greater than ɸCD. 

Furthermore, the cohesion measured in the CSD tests was slightly larger than that obtained in 

the CD tests. According to Anderson and Sitar (1995) there may be a number of reasons why 

this is so, however they state that one such reason is sure to be the density - most CSD tests 

are undertaken on a loose soil, usually sandy soil, however the colluvium tested by Anderson 

and Sitar (1995) was relatively dense. Because Anderson and Sitar (1995) are one of the few 

researchers who undertook the CSD tests on a fine grained soil in an undisturbed state, it is the 

most relevant to this research. However Atkinson and Farrar, Brenner et al.  and Bressani and 

Vaughan as cited in Anderson and Sitar (1995) all undertook CSD tests on a reconstituted or 

artificially bonded soil, and reported similar results to Anderson and Sitar (1995). 

Xu et al. (2011) also reported a mobilised ɸCSD of undisturbed loess samples to be very similar 

to the critical state ɸ. With reference to Anderson and Sitar (1995), Xu et al. (2011) suggest that 

the similarity between the two angles could be due to the bonded structure present in the loess. 

During the CSD tests undertaken by Xu et al. (2011), the volumetric and axial strain increased 

very slowly while the mean effective stress was slowly decreased. Once failure was initiated 

however, the deformation increased rapidly, and liquefaction of the loess occurred in a drained 

condition. During shearing, the pore pressure was increased at a rate of 2 kPa per hour. This 

compares to the rate of 0.67 kPa per hour adopted by Anderson and Sitar (1995), who selected 

this rate based on field observations. No reason was given by Xu et al. (2011) as to the selected 

rate of pore pressure increase, however Orense et al. (2004a) selected a rate of 10.8 kPa per 

hour, stating that this rate was selected to ensure pore pressure equilibrium was maintained in 

the specimen throughout the test. Because the permeability of the sand tested by Orense et al. 
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(2004a) is likely to be much higher than the loess tested by Xu et al. (2011), it is assumed that 

the rate of 2 kPa per hour selected by Xu et al. (2011) was selected for similar reasons. 

2.5 Soil Permeability and Rainfall Infiltration 

During rainfall events, water infiltrates into the ground increasing the water content of an 

unsaturated soil, thus reducing matric suction, and therefore reducing the shear resistance of 

the soil. The reduction rate of this shear resistance depends upon the relationship between 

rainfall intensity, infiltration rate and soil permeability. 

The flow of water through soil, produced by gravity and pressure force follows Darcy’s law, 

mathematically stated in Equation 2.16 (Richards, 1931); 

 satq k IA  2.16 

where q is the flow rate of the water, ksat is the saturated permeability of the soil with respect to 

water, I is the hydraulic head, and A is the cross sectional area of the soil that the water is 

moving through. This equation only holds true for saturated soils however. If the soil is only 

partially saturated the effective cross-sectional area of the water conducting region is reduced 

due to the presence of air within the soil voids. Hence the flow rate in an unsaturated soil 

depends on the θ. The hydraulic head, I, is determined by capillary forces (Richards, 1931). 

Incorporating this concept with Darcy’s law, Richards (1931) developed Equation 2.17 to model 

water flow through an unsaturated soil. 
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where ψ is the matric suction, g is the force due to gravity, t is time, ρs is the density of the dry 

soil, mw is the slope of the SWCC, and x,y,z are Cartesian co-ordinate directions. This equation 

in this form is practically impossible to solve without the use of computer programming. 

Because of this, the equation has been simplified by many researchers (Iverson, 2000; Ng & 
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Pang, 2000; Tsai et al., 2008; Tsaparas et al., 2002). Such simplifications are based on 

assumptions such as anisotropic soil, vertical rainfall infiltration only and a constant rainfall rate.  

Because this model described in Equation 2.17 relies on the gradient of the SWCC and the 

gradient of the permeability function (function between permeability and matric suction), the 

SWCC, the permeability function and specific boundary conditions are required to use this 

model (Tsaparas et al., 2002). As the SWCC is highly non-linear, solving this equation usually 

requires the use of numerical models. The SWCC can be determined as outlined in Section 

2.3.3. There are a variety of methods available to compute the permeability function. 

2.5.1 The Permeability Function 

The permeability function is a curve depicting the change in permeability with a change in matric 

suction. The shape of the permeability function is dependent on the SWCC, or perhaps more 

accurately the permeability function is heavily dependent on the grain size distribution, as which 

the SWCC is also. For example, Figure 2-5 shows the permeability functions derived for the 

same soils shown in Figure 2-1. As observed the permeability functions of the different soil 

types have similar shapes, they all appear to be relatively bi-linear; however the rate of change 

and the point of change between the linear sections are different between the soil types. As 

seen in Figure 2-5, the laboratory permeability changes several magnitudes over a range of 

matric suctions which can be expected in the field. It is evident that the permeability of the soil is 

largely dependent upon the level of matric suction, and therefore the water content of the soil.  

 
Figure 2-5. The permeability function of different soil types (Lee et al., 2009). 



Literature Review 

 
30 

 

2.5.2 Determining the Permeability Function 

Direct laboratory measurements can be used to obtain the permeability function of a soil; 

however the length of time taken for the tests, and the equipment required usually makes them 

uncommon, particularly in industry. 

The most common laboratory test used to measure unsaturated permeability is the constant-

head method (Lu & Likos, 2004). For unsaturated soils, this test is performed in the same 

manner as saturated soils; however a level of matric suction is maintained on the specimen via 

the axis translation technique. The water content of the specimen for the given level of matric 

suction can then either be inferred from the SWCC, or advanced techniques such as the time 

domain reflectometry may be used to measure it (Lu & Likos, 2004). Because a head-gradient 

is required to force water through the specimen, the suction and therefore the hydraulic 

conductivity is non-uniform throughout the sample (Lu & Likos, 2004). Other laboratory methods 

include the constant flow method (where the flow rate entering the specimen is maintained). 

Because of the difficulties associated with direct laboratory testing, there are many different 

empirical, macroscopic and statistical equations in the literature to determine the permeability 

function (Leong & Rahardjo, 1997b). Like many of the equations used to model the SWCC, 

many of these equations require best fit parameters.  

The two most commonly used equations appear to be the Fredlund and Rahardjo (1993) 

equation [2.18], and the Van Genuchten (1980) equation [2.21]. The equation described in 

Fredlund & Rahardjo (1993) is based on Poiseuille’s equation, and has a similar form to that 

presented by Kunze et al. (1968). The equation uses the shape of the SWCC, and is based on 

the statistical probability of interconnections between water-filled pores of varying sizes. The 

SWCC is divided into ‘m’ equal intervals of θ with a midpoint, ‘i’. The predicted permeability 

kw(θw)i is then determined for each ‘i’ value: 
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where K(θ) is the permeability of the soil at θ, m is the total number of intervals between the 

saturated water content and the lowest θ on the experimental SWCC. ksat is the measured 

saturated coefficient of permeability, and ksc is the calculated saturated coefficient of 

permeability, defined as [2.19]: 
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where Ad is an Adjusting Constant, equal to [2.20]: 
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where Ts is the surface tension of water, ρw is density of water, g is the gravitational 

acceleration, θs is the saturated volumetric water content, p is a constant which accounts for the 

interaction of pores of various sizes; according to Green and Corey (1971a, 1971b), it can be 

set to 2.0.  μw is the absolute viscosity of water and N is the total number of intervals computed 

between θs and the θr. 

The Van Genuchten (1980) model is shown in Equation 2.21: 
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where the parameter m has the same value as the parameter m expressed in Equation 2.9. 

This makes the model attractive because once the SWCC has been derived, the permeability 

function can be easily estimated, as the equation uses the same parameters. The Van 

Genuchten (1980) model is based on the capillary model of Mualem (1976). Although both of 

these equations [2.18, 2.21] express permeability in terms of θ, they can both be easily adapted 

to be functions of matric suction using the SWCC. 

The Van Genuchten (1980) and Fredlund and Rahardjo (1993) equations are widely used when 

laboratory limitations inhibit the measurement of unsaturated permeability. Rahardjo and Leong 
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(1997) show that when using the Fredlund and Rahardjo (1993) equation, the Fredlund and 

Xing (1994) equation [2.11] should be used when determining the SWCC, as it gives a more 

complete SWCC (across the entire suction range). Because the Fredlund and Xing (1994) 

equation forces the water content to be 0 at a matric suction of 1 GPa, it also forces the 

permeability function to tend towards 0 at high matric suctions. Other equations tend to 

overestimate the permeability values when using the Fredlund and Rahardjo (1993) equation. 

However, it should be noted that this becomes more crucial at high level matric suctions, which 

are rarely seen in field conditions. Rahardjo and Leong (1997) also note that as the SWCC 

exhibits hysteresis between wetting and drying cures, a similar hysteresis pattern between soil 

permeability and matric suction may be present in some soils. 

2.5.3 Rainfall, Permeability and Slope Instability 

Much researched has focussed on the relationship between rainfall intensity, duration, and soil 

permeability and the subsequent effect on slope instability. Such studies usually use laboratory 

testing and numerical modelling techniques to obtain results which are then verified by field 

observations. Many of these studies, such as Gasmo et al. (2000) and Lee et al. (2009), focus 

on the rainfall pattern required to cause slope failure based on the permeability of the soil. For 

instance, the research of Lee et al. (2009) focussed on the effects of different rainfall patterns 

(characterised by intensity and duration) on slope instability. Using the FEM seepage software 

SEEP/W, and SLOPE/W, Lee et al. (2009) developed a model to evaluate the FOS based on 

rainfall events. The major conclusion obtained by Lee et al. (2009) was that the ratio of rainfall 

intensity (I) to ksat plays a major role in determining the rainfall pattern which is crucial to slope 

stability. Lee et al. (2009) divided the effect of rainfall duration and intensity based upon the I/ksat 

ratio. In the following description, Ishort refers to the intensity of a short rainfall event (1 hour) and 

Ilong refers to the intensity of a long rainfall event (24 hours). It is assumed that Ishort is much 

greater than Ilong. When Ishort/ksat < one, the infiltration rate is not limited by ksat, hence the critical 

rainfall pattern is the short duration, high intensity rainfall pattern. When Ilong/ksat < one < 

Ishort/ksat, i.e., the ksat is between Ilong and Ishort, the rainfall with the intensity identical to the ksat 

will be the critical rainfall pattern since all the applied rainfall infiltrates the soil. When Ilong/ksat > 



Literature Review 

 
33 

 

one, the infiltration rate is limited by the ksat of the soil, even when the rainfall intensity is very 

low (Ilong), the critical rainfall pattern will be Ilong, since in Ishort most of the rainfall will be runoff. 

Cai and Ugai (2004) reported similar conclusions from their research. 

Similar to the results obtained from Lee et al. (2009), Chen et al. (2009) demonstrated that there 

is an infiltration rate threshold with regards to slope instability. If the infiltration rate is less than 

this threshold value, the variation of pore-water pressure will not significantly affect the stability 

of the slope. This threshold value needs not be equal to ksat, in fact in some cases a saturated 

zone can be formed even when the infiltration is only 10% of ksat. When the infiltration rate is 

higher than this threshold, the increase in pore-water pressure could potentially cause slope 

failure if the rainfall duration is sufficient. A similar result was obtained by Rahardjo et al. (2007) 

who noted the possibility of a threshold rainfall intensity, where upon any increase in the rainfall 

intensity will not affect the FOS of the slope. This rainfall intensity threshold is larger for soils 

with higher ksat values. It is noted that these studies have focussed on a slope as an isolated 

location being subjected to rainfall infiltration. The effect of possible subsurface seepage from 

surrounding areas in a real-life situation appears to have been ignored in most of these studies. 

Thus, the relationships obtained between ksat and rainfall infiltration apply only to the specific 

models and slopes developed in these research studies. 

The results from the research performed by Lee et al. (2009) are also an indication to  the effect 

of antecedent rainfall on slope instability. Results from various studies (Brand et al., (1984), Pitt 

(1985), Tan et al., (1987) and Wei et al., (1991)) for instance have resulted in different 

conclusions as to the effects of antecedent rainfall. It appears that the effect of antecedent 

rainfall depends on the region and the triggering rainfall event (Rahardjo et al., 2007). That is, 

there is an interaction between antecedent rainfall, rainfall intensity, duration, soil properties, 

initial depth of water table and slope geometry which are all factors influencing the slope 

instability. This is reinforced by the field evidence reported by Rahardjo et al. (2001). Two 

storms of near identical intensity occurred in Singapore. One storm, in late February, caused a 

“spate of landslides” (Rahardjo et al., 2001), but an earlier storm of identical intensity in mid-

November 2 years prior caused no landslides. The difference between the two must be due to 
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antecedent rainfall. Rahardjo et al. (2001) notes however that these conclusions differ from 

those obtained from experiences in Hong Kong. Therefore the effect of the antecedent rainfall 

must be dependent on the soil properties. The Hong Kong soils are sandier and have a higher 

permeability than the silty clay soils that are typical of Singapore. 

This recent research has utilised modern computer capabilities to study the effects of rainfall on 

slope stability. Using a finite element or finite difference model, the fluctuating matric suction 

under given rainfall events for a soil profile is determined when the permeability function, SWCC 

and rainfall events are entered as model inputs. This fluctuating matric suction profile is then 

incorporated into a LEA, and the FOS determined for each matric suction profile. Such a 

methodology for investigating the effects of rainfall on slope instability has been adopted in 

many studies to date. 

2.6 Computer Analyses of Slope Instability 

Recent research into the role of rainwater in rainfall induced landslides described in the 

previous section has been possible due to advances in computing software. Modern computing 

software now allows pore pressure/matric suction distributions within a slope to be calculated 

under transient influx conditions (varying rainfall) using a finite element based program. These 

pore-water conditions can then be fully coupled with either a slope stability analyses program to 

determine the FOS, or even with a deformation analyses. Many programs which are designed 

for this purpose are now commercially available (GEO-SLOPE International Ltd, 2012; 

Rocscience Inc, 2012; Soil Vision Systems Ltd, 2011). 

2.6.1 Finite Element Modelling 

The equation governing the 2D transient flow of water through an unsaturated media is shown 

in Equation 2.22 (Lam et al., 1987): 

 x y w w

H H H
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where H is the total head, kx is the hydraulic conductivity in the x-direction, ky is the hydraulic 

conductivity in the y-direction (elevation), mw is the slope of the SWCC, γw is the unit weight of 

water, and t is the time. In a geotechnical context, this equation mathematically states that the 

rate of change of flows into a given volume of soil, plus any external flux (i.e., rainfall) is equal to 

the rate of change of the mass of the soil (GEO-SLOPE International Ltd, 2009a). This equation 

is based on Darcy’s law and was initially derived by Richards (1931) (Equation 2.17). The 

equation can be re-written in terms of θ instead of H (Equation 2.23). If it is assumed that there 

are no changes in the vertical stress applied to the soil, and that the air phase remains 

continuous, then the θ term can be expressed in terms of total head, as described in Equation 

2.22, using the substitution shown in Equation 2.24. The term z refers to the elevation co-

ordinate. In order for this equation to be solved, two soil material parameters are required; the 

SWCC and the permeability/matric suction relationship. 
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H z


   2.24 

In a FEM, this equation is solved by geometrically dividing the problem up into a series of 

discrete triangular or quadrilateral elements. This equation is then solved for each individual 

element. An element has a node at each corner (or along its edge), which it shares with 

neighbouring elements. At each node a condition of the soil, for example pore pressure, is 

calculated, and this condition is used by each of the surrounding elements to calculate Equation 

2.22 for that element.  This ensures continuum between the elements, and it means when the 

equation for each individual element is solved, the entire equation for all the elements combined 

is solved (GEO-SLOPE International Ltd, 2009a). 

The use of FEM (in a transient analysis) does require two types of conditions to be defined by 

the user; the initial conditions and the boundary conditions.  

Samuel
Highlight



Literature Review 

 
36 

 

Initial conditions give the model a starting point, a point to begin solving the equation for each 

element. In a seepage analyses, this requires setting the total head at each node. This is 

usually done in a rainfall induced slope stability analyses by setting the initial water table height. 

Because the initial conditions can significantly affect the final solution obtained (GEO-SLOPE 

International Ltd, 2009a), research has used different methods to define this initial water table. 

In the field, the initial pore pressure conditions depend on a number of factors, such as the 

antecedent rainfall, the season and the permeability of the soil. Results obtained from Hawke 

and McConchie (2011) suggest that the water content below a depth of approximately 1 m does 

not vary greatly throughout the year, regardless of the season. The water content of the top 1 m 

of soil varied greatly under rainfall infiltration however. A similar note was made by Romano and 

Giudici (2007), however they assumed that the depth at which the water content was constant 

was approximately 3 m. This implies that the initial conditions can be reasonably easily 

estimated from in-situ investigations.  

Another method of determining the initial conditions is to assume a very basic pore-water 

pressure profile and apply an average rainfall event to the model for a period of time. The pore-

water pressure profile following the rainfall event then becomes the initial condition for the 

actual model. Such a technique was used by Rahardjo et al. (2001), by performing a transient 

analysis using a low unit flux applied to the slope surface for a long duration. This low unit flux 

corresponded to the net influx of water into the slope over 1 year. Hoydal and Heyerdahl (2006) 

used monthly precipitation rates to determine the initial pore-water pressure profile in the slope. 

The amount of rainfall available each day (on average) for infiltration was calculated based on 

recorded rainfall rates. If this amount was greater than the infiltration capacity of the soil, it was 

set as equal to the infiltration capacity rate. This average amount was then applied to the slope 

in FEM. The initial pore-water pressure profile in the slope was taken as that which gave the 

highest water table level (i.e., the worst-case condition). Romano and Giudici (2007) used a 

similar technique, where the initial water content of the site was determined by applying one 

third of the annual rainfall for the site as a constant flux into a numerical model, until a steady 

state condition was reached. It was concluded that this technique was appropriate in 
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determining the initial water content for the soil to a depth below approximately 2 - 3 m. Above 

this depth, the soil water content varied greatly during rainfall conditions. Romano and Giudici 

(2007) also experimented by applying one half and one fifth of the mean annual rainfall to the 

slope (as opposed to one third), and found that the initial water content obtained for the soil did 

not vary greatly between the three.  

It is interesting to note that despite all of these methods used to determine the initial pore 

pressure conditions in a slope, the results obtained from Rogers and Selby (1980) suggest that 

the FOS of a slope is only moderately sensitive to changes in the initial water table, that is, the 

pore-water pressure profile prior to rainfall events does not have a great impact on the FOS 

following the rainfall event. It was also concluded by Rahardjo et al. (2007) that the initial water 

table location only played a secondary role on the instability of slopes, compared with the role of 

soil properties and rainfall intensity. 

Boundary conditions are the properties (total head or flow rate) designated at the geometric 

limits of the model. These conditions are essentially the causing factor of water flow within the 

model (GEO-SLOPE International Ltd, 2009a). To a degree, the geometry of the problem 

dictates the boundary conditions used. For example, rainfall falling on a slope means in the 

FEM, the boundary condition applied to the slope will be a flow influx equal to the rainfall 

intensity. Likewise if an effective drain is located at the toe of the slope, the boundary condition 

may be that the total head is equal to the elevation head at this location, thus no positive pore 

pressures can develop (GEO-SLOPE International Ltd, 2009a). Typical boundary conditions 

used in rainfall induced slope stability analyses are described by Rahardjo et al. (2001); the 

bottom and sides of the model above the groundwater table were set as zero flux; that is no 

water flow crossed these boundaries. On the sides of the model below the groundwater table 

the boundaries were specified to have a constant total head. 

2.6.2 Limit Equilibrium Analyses 

A LEA calculates the FOS of the slope, essentially by equating forces on a free body diagram. 

The FOS is the ratio of disturbing forces to restoring forces acting along a slip surface. To 
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equate this, a block of soil with the potential to move is divided into a number of slices, shown in 

Figure 2-6. 

 

Figure 2-6. Forces acting on a slice of a potential landslide with a circular slip surface (GEO-SLOPE 

International Ltd, 2009b). 

 

For each slice, the mobilised shear force (neglecting any matric suction effects) is calculated by 

(GEO-SLOPE International Ltd, 2009b): 

 
  ' tan 'n

m

c u
S

FOS

   
  2.25 

where Sm is the mobilised shear force, β is the base length of each slice, cʹ is the apparent 

cohesion, σn is the average normal stress at the base of each slice, u is the average pore 

pressure at the base of each slice and ɸ is the angle of shearing resistance. To determine the 

FOS, assumptions must be made regarding the directions, magnitude and point of application of 

some of these forces. For instance, usually the normal force is assumed to act through the 

centreline of each slice (GEO-SLOPE International Ltd, 2009b).  

Referring to Figure 2-6, by taken moments of these forces about an axis point [2.26], and 

assuming the interslice forces (EL, ER, XL and XR) are equal and opposite, Equation 2.27 can be 

derived by substituting Sm for Equation 2.25: 
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where W is the total weight of the slice, x is the horizontal distance from the centreline of each 

slice (assumed to be where W acts) to the centre of moments, R is the radius of the slip surface 

and N is the normal force acting on the base of each slice. Because the normal force, N, is also 

a function of the FOS, the equation requires an iterative process to be solved. 

The force equilibrium FOS [2.29] can be derived in a similar manner, by summing forces in the 

horizontal direction [2.28]: 
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where EL and ER are the left and right interslice normal forces respectively. The sum of these 

forces must equal zero (GEO-SLOPE International Ltd, 2009b). The normal force at the base of 

each slice is then derived by summing the forces in the vertical direction of each slice: 

   cos sin 0L R mX X W N S       2.30 

where XL and XR are the respective left and right interslice shear forces. Again, by substituting 

Sm in Equation 2.30, Equation 2.31 can be derived for the normal force: 
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where FOS is the FOS with respect to moment, when solving for moment equilibrium, or the 

force FOS, when solving for force equilibrium. Because the FOS and the interslice forces are 

unknown, the entire set of equations needs to be solved using an iterative process. A simple 
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starting point for this process is to start off by neglecting the interslice shear and interslice 

normal slices. 

Any additional forces, such as earthquake loads and hydrostatic loads can be simply added to 

these static equations, provided their magnitude, point of application and direction are known. In 

a similar manner, the increase in shear strength due to an increase in matric suction can be 

incorporated by simply using the Fredlund (1978) expanded shear strength equation [2.4] in 

Equation 2.32: 

 
    ' tan ' tan b
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FOS

         
  2.32 

From this starting point, because the furthest interslice normal force on the first slice is zero, the 

interslice normal force from all of the slices can be computed by maintaining equilibrium. Once 

the interslice normal forces have been calculated, the interslice shear force is calculated as 

some form of function of the interslice normal force. Because the interslice normal force is 

dependent on the FOS, it is continuously updated during the iteration process (GEO-SLOPE 

International Ltd, 2009b). The functions used to calculate the interslice shear force are 

expressed in the form: 

  X E f x  2.33 

where X and N are the interslice shear force and normal force respectively, λ is the percentage 

of the function used, and f(x) is the function used. The function may be a constant, a half-sine, 

or trapezoidal (GEO-SLOPE International Ltd, 2009b). Of these interslice functions, the 

constant function and half-sine function are the two most commonly used (GEO-SLOPE 

International Ltd, 2009b). An example of these functions is shown in Figure 2-7. 
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Figure 2-7. Interslice functions: (a) constant, (b) half-sine, (c) clipped-sine; and (d) trapezoid (GEO-SLOPE 

International Ltd, 2009b). 

 

As shown in Equation 2.33, the interslice shear forces, and therefore the FOS obtained, vary 

depending on the value of λ which is selected. Hence a range of FOS values, for both moment 

and force equilibrium, can be obtained depending on this selected value. This is shown 

graphically in Figure 2-8. As observed, the Morgenstern-Price λ value is selected such that the 

FOS obtained from the moment equilibrium and force equilibrium are equal. Fredlund and 

Krahn and Ching and Fredlund as cited in Rahardjo et al. (2007) have both shown that Bishop’s 

simplified method (where interslice shear forces are ignored and only moment equilibrium is 

satisfied) is capable of calculating the FOS with accuracy near to more rigorous methods, and 

has the advantage of being faster to compute (Rahardjo et al., 2007). 

(a) (b) 

(c) (d) 
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Figure 2-8. Lambda plot (GEO-SLOPE International Ltd, 2009b). 

 

Although a LEA can be undertaken by hand, the advantage of using a computer analyses is that 

the FOS of a large number of possible slip surfaces can be determined in a relatively short 

period of time. Nevertheless, in any given slope there may be theoretically an infinite number of 

possible slip surfaces, which mean that the number of possible slip surfaces analysed must be 

limited rationally to reduce the required analyses time. This can be done a number of ways; by 

setting a fully specified slip surface, by using a grid and radius search and by slip surface entry 

and exit specification (GEO-SLOPE International Ltd, 2009b). 

The grid and radius function is simply a method of defining a number of slip surfaces in which 

the FOS is evaluated for. A grid of co-ordinates of the centre of each possible slip surface in 

which the FOS is calculated is defined. One of the main assumptions made when using the grid 

and radius function is that it specifies circular slip surfaces. Although landslides due to a rainfall-
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induced loss of matric suction are normally more linear, this can lead to slightly erroneous 

results (Griffiths & Lane, 1999). 

One limitation of a LEA is the assumption made regarding the pore water pressure force at the 

bottom of the slice. A LEA assumes the pore pressure acting on the bottom of a slice can be 

calculated from the vertical height between the water table and the toe of the slice (a similar 

assumption is made regarding the level of matric suction present on the bottom of a slice). This 

implies that the equipotential lines are vertical, which is not correct. However, as noted by 

Wesley (2010b), the incorrect pore pressure calculated using this method is usually 

conservative, and the error is not large for low angled slopes. This problem can be overcome by 

using a coupled seepage analysis with a LEA, where the pore-water pressures/matric suctions 

acting on the base of the slice are obtained directly from the seepage analysis. 

2.6.3 Case Studies 

Of the literature reviewed, GeoStudio (GEO-SLOPE International Ltd, 2012) was the most 

common slope stability software referred to (Gasmo et al., 2000; Hoyda & Heyerdahl, 2006; Lee 

et al., 2009; Rahardjo et al., 2001; Rahardjo et al., 2010; Rahardjo et al., 2007; Tsaparas et al., 

2002). Reasons for using GeoStudio over other available packages were usually not given; 

possibly it is simply because most research institutions have this software readily available. 

Researchers have used the GeoStudio seepage analyses (SEEP/W) coupled with the slope 

stability analyses (SLOPE/W) for many different research objectives relating to slope instability 

due to rainfall events. It has been used to study the interaction between rainfall intensity and 

permeability on slope instability by Gasmo et al. (2000), who showed that the infiltration rate can 

be larger than the ksat of the soil if the rainfall intensity is high enough. 

Rahardjo et al. (2001) used a similar approach, simulating the pore-water response due to 

different rainfall patterns, and the corresponding effects on slope stability. Three different rainfall 

patterns were used to examine the effect on the pore pressures generated that each rainfall 

pattern had. SEEP/W was used to model the impact of each type of rainfall. In this study, no 

evaporation was taken into consideration during the dry periods of each simulation; however the 
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results obtained from the subsequent LEA (SLOPE/W) were similar to field observations made. 

In a similar study, Lee et al. (2009) used the software to evaluate the fluctuating FOS based on 

different rainfall events. 

Tsaparas et al. (2002) used SEEP/W and SLOPE/W in an attempt to model the effects of 

evaporation between rainfall events on slope stability. Tsaparas et al. (2002) attempted to 

incorporate evaporation into the SEEP/W analysis by applying a negative flux along the ground 

surface between rainfall events, however it was concluded that when this was applied the 

decrease in pore-water pressures was unrealistically rapid. Gasmo et al. (2000) also tried this 

approach using SEEP/W and SLOPE/W, however once again the numerical model did not 

agree well with field observations. 

GeoStudio has been used by Hoyda and Heyerdahl (2006) to determine the long term pore-

water pressure profile, by applying monthly precipitation rates as an influx into a slope. 

GeoStudio has also been used to study the effects of varying parameters (soil properties, initial 

groundwater position, topography) on slope instability due to rainfall (Rahardjo et al., 2010; 

Rahardjo et al., 2007). Results from Rahardjo et al. (2007) indicate that the ratio between the 

ksat and rainfall patterns can significantly alter seepage patterns, and also influences the effect 

of antecedent rainfall on slope instability, a similar conclusion to Tsaparas et al. (2002). From 

the results obtained by Rahardjo et al. (2007) using this software, slopes with a low ksat are safe 

from short-duration rainfalls, regardless of the rainfall intensity, however the effect of antecedent 

rainfall is significant in such slopes, compared to those with a higher ksat. Furthermore, there is a 

threshold of rainfall intensity which produces the lowest FOS, and this threshold depends on the 

ksat of the soil (but is not necessarily equal to ksat). Similar findings were made by Tsaparas et al. 

(2002) and Lee et al. (2009). 

2.6.4 Artificial Neural Networks 

Another recent technological advance which has been utilised by researchers in the 

geotechnical field, and more specifically the field of landslides is the development of ANNs. An 

ANN is a data modelling tool which is able to model and predict input and output relationships of 

data sets. ANNs are able to model both linear and non-linear relationships, and learn these 
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relationships directly from the data, which is their advantage over more traditional regression 

techniques. ANNs have been applied in the field of geotechnical engineering since the early 

1990s (Das et al., 2011a). 

An ANN is a network of nodes and connections, and is based on the biological nervous system. 

The nodes (neurons) are separated into input, hidden and output layers (Kaunda et al., 2010). 

The connections between these nodes are assigned a weight. The ANN is then trained on a 

data set with known outputs, and the weights applied to each connection modified until a global 

minimum between the predicted outputs and the given outputs in the data set is achieved. Often 

global minimum can be assessed using statistical tools such as the root mean squared error. 

Once trained, the ANN can be used to predict outputs of new data (Kaunda et al., 2010). Figure 

2-9 shows a schematic example of an ANN. 

 

Figure 2-9. A diagrammatic example of an ANN (Kaunda et al., 2010). 

 

Most ANNs are multilayered perceptions feed forward networks (Khanlari et al., 2012). In a feed 

forward network, all connections proceed forward, from input to output. Examples from 

geotechnical related literature can be seen in Baizar et al. (2012) and Das et al. (2011b). Feed 

forward networks have the advantage of being fast to train, as they can use static back 
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propagation. In back propagation, the optimisation calculations are carried out backwards 

through the network (Mathworks, 2010c). 

Because of the natural variation of soil properties, many researchers have begun to use ANNs 

to develop relationships between useful soil properties (for example shear strength, bearing 

capacity) and measurable soil properties (grain size distribution, bulk density). Examples of the 

use of ANNs for predicting such properties can be seen in Khanlari et al. (2012), who used 

ANNs to predict shear strength parameters (cʹ, ɸ) based on inputs of grain size distribution, 

plasticity index and density. Similarly, Das et al. (2011b) used ANNs to predict the residual 

angle of shearing resistance of clays, based on the liquid limits, plasticity index, and clay 

fractions. Baizar et al. (2012) developed two ANNs to predict pile shaft resistance using cone 

penetration tests. Many more can be found in the literature (for example, Gautam et al., 2011; 

Mollahasani et al., 2011; Park, 2011; Park & Lee, 2011; Sivrikaya & Soycan, 2011; Tinoco et al., 

2011).  

Researchers in the geotechnical community have also recognised the ANNs ability to quantify 

complex relationships related to landslides. Many studies use ANNs to produce landslide 

susceptibility maps, based on factors such as slope angle, soil thickness, vegetation type and 

soil type as inputs, with varying degrees of success (for example, Ermini et al., 2005; Kawabata 

& Bandibas, 2009; Lee et al., 2001). Such ANNs are usually trained on the basis of the number 

of landslide events in a given region, given input factors as stated above. 

Many studies have also utilised the ability of ANNs to recognise highly non-linear relationships 

as a means to quickly quantify slope instability of specific sites. ANNs can be trained to 

determine the FOS of a given slope quickly, based on inputs such as slope angle and shear 

strength parameters. One such example is given by Wang et al. (2005), who developed an ANN 

which predicted the FOS of slopes based on the slope average angle, ɸ, cʹ, unit weight and 

slope elevation. To train the ANN, LEA were undertaken on a variety sites where these 

parameters were known. The ANN was trained to predict the LEA obtained FOS, based on 

these inputs. Once trained, the ANN was used to obtain the FOS of other sites. 
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A similar study was also undertaken by Li and Li (2012), but with more focus on slopes which 

are susceptible to rainfall induced landslides. As a result, the maximum annual average daily 

rainfall of each site was also used as an input into the ANN. The ANN was capable of predicting 

landslide susceptibility to rainfall induced landslides with reasonable results. Other examples of 

using an ANN to classify or predict slopes to be fail or safe and to determine the FOS can be 

observed in Das et al. (2011a) and Lin et al.  (2008).  

2.6.5 Discussion 

Two computer based methods for quantifying slope instability have been reviewed. Finite 

element methods, coupled with LEA, can be utilised for studying specific parameters such as 

rainfall events, slope angle and permeability on the FOS of a particular slope (examples can be 

seen in Gasmo et al., 2000; Hoyda & Heyerdahl, 2006; Lee et al., 2009; Rahardjo et al., 2001; 

Rahardjo et al., 2010; Rahardjo et al., 2007; Tsaparas et al., 2002). Numerical modelling has a 

number of distinct advantages over using simplified expressions, such as that developed by 

Pradel and Raad (1993) and Lumb (1975), due to the limiting  assumptions which they are 

based on (sloping ground conditions, down slope flows, permeability/water content relationship). 

However, despite recent advances with computing power, numerical models can still be slow to 

analyse and can give misleading results if not fully verified (Cai & Ugai, 2004).  

ANNs alternatively, can be trained to calculate quickly the FOS of a variety of sites, given inputs 

such as slope angle, permeability and shear strength parameters. However they require data 

inputs and outputs to be trained on. These data inputs and outputs are usually obtained with 

LEA (for example Wang et al., 2005). 

2.7 Warning Systems Developed 

The rainfall threshold concept described by Lee et al. (2009) and Chen et al. (2005) has been 

used as a basis for many empirical EWSs. A typical example is that given by Chen et al. (2005), 

where an EWS was developed based on rain gauge data. The critical or threshold rainfall 

pattern was derived from historical landslide events with associated known rainfall patterns. 
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Similar studies have been performed by Keefer et al. (1987), Dhakal and Sidle (2004) and 

Caine (1980). The warning systems developed by these researchers are based on the 

relationship between the number of landslides and rainfall intensity (Farooq et al., 2004). Many 

similar warning systems can be found, for example Guzzetti et al. (2007), reviewed over 120 

empirically based warning systems. These warning systems usually take the form of that shown 

in Equation 2.34: 

 bI A D   2.34 

where D is the rainfall duration, A is a positive constant (ranging from approximately 1 to 100), 

and b is a negative constant (ranging from approximately -0.1 to -1.00). Such EWSs are 

normally used on a regional scale, and give little indication regarding the specific location of 

such landslides. As such, they can be susceptible to false alarms and missed events. For 

example, Finlay et al. (1997) used the presence of a rainfall amount threshold to develop an 

empirically based warning system. Finlay et al. (1997) noted however that if the minimum 

rainfall threshold was used (i.e., the smallest amount of rainfall which caused a landslide) to 

develop the empirical relationship between rainfall amount and landslides, then there were 

many rainfall events which should have resulted in landslides which did not. Likewise, if the 

maximum rainfall threshold was used, there were many landslide events which occurred for 

rainfall amounts less than the threshold. It should be noted however that this was based on data 

from the entire Hong Kong area, which could thus explain the variability present in this threshold 

amount. Another contributing factor to this variation is the variation of rainfall amount, intensity 

and duration in a given geographical area (Finlay et al., 1997). Another possible reason for this 

lack of accuracy was explained by Rahardjo et al. (2001); that the daily or threshold rainfall 

alone cannot be used as the sole cause of the failure mechanism as the antecedent rainfall 

increases the permeability of the soil and subsequent storm events may trigger a landslide. It is 

noted however that this role of antecedent rainfall will differ depending on soil properties, as 

described in Section 2.5.3. 

To turn such empirical relationships into working EWSs requires forecasting of rainstorm 

events. Such EWSs have been implemented for example by Lumb (1975), which relied on rain 
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gauges to determine rainstorm intensity, Zhong et al. (2009) in China and Schmidt et al. (2008) 

in New Zealand, who both relied on meteorological forecasts of given areas as a basis for 

predicting landslide failures. Many more examples can be found in the literature. These EWSs 

can be reasonably successful for regional warnings of landslides, however they can be 

susceptible to giving false alarms, and give no real indication regarding the exact location of the 

landslide occurrence (Schmidt et al., 2008). 

Because such EWSs are difficult to implement accurately at specific sites, research is focusing 

on developing EWSs based on monitoring the actual hydrological response of a specific slope 

under the effect of rainfall infiltration. Most of these involved the monitoring of pore-water 

pressures in saturated and unsaturated conditions using piezometers and tensiometers 

(Johnson & Sitar (1990); Anderson & Thallapally (1996); Rahardjo (1999); Fannin & Jaakkola 

(1999)), or displacement measurements using tiltmeters, extensometers and GPS 

measurements (Dai et al., 2002; Intrieri et al., 2012). Such EWSs usually rely on predetermining 

a level of the factor being measured, such as pore-water pressure or displacement rate, at 

which a warning should be given (Intrieri et al., 2012). 

Following from the findings outlined in Section 2.5, Tohari et al. (2007) proposed a concept of 

water content based prediction methodology for rainfall-induced slope failures. This would 

consist of using numerical analysis to predict where a seepage area would most likely be 

present on a slope. Water content sensors would then be installed in these areas to monitor the 

water content. Alarms would be then given at the initiation of content increase. This concept is 

shown graphically below in Figure 2-10. This concept was also noted by Orense et al. (2004b), 

who also suggested water content sensors be used as a basis for developing an EWS. Such an 

EWS relies on being able to accurately and quickly measure changes in the water content. 

Neither study however suggests exactly where to install these sensors in a slope (although 

normally the toe of the slope is suggested). Also, for an EWS to be utilised from such 

monitoring, a level of water content at which to raise the alarm must be known.   
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Figure 2-10. A stage-based warning system (Tohari et al., 2007). 

 

Chae and Kim (2012) suggested a similar concept, where upon the gradient of the θ sensors 

are monitored. Because the gradient of the θ is related to cumulative rainfall, θ sensors can be 

monitored, and a predetermined threshold value used as a basis for issuing a warning. 

2.7.1 Discussion 

Many of the numerous EWSs described in the literature rely on monitoring some parameter in 

the at risk slope (displacement rate, pore-pressure, θ for example), and essentially rely on 

setting some level or benchmark which must be reached before a warning is issued (for 

example Intrieri et al. (2012)). While these parameters may be related to the assumed failure 

mechanism, such an approach does not explicitly relate the pre-determined level or benchmark 

to the actual FOS of the slope. Furthermore, the timeframe of which failure could occur from the 

use of such a benchmark is often not given (apart from velocity measurements, which can be 

used to derive empirically the time to which rapid displacement of the landslide could occur). 

The EWS proposed by Thiebes (2012) solves these issues by simulating the effect of various 

rainfall events on slope stability for a given slope every 24 hours, however, this EWS still relies 

on setting thresholds for monitored values. 

In order to avoid replicating what has already been undertaken a number of times in the 

literature with varying degrees of success, the EWS developed in this research should focus on 
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returning to the user a quantitative number describing the FOS, rather than basing the EWS on 

an instrument in the landslide returning a predetermined value. Furthermore, the EWS should 

provide a timeframe of which failure could occur. 

2.8 Concluding Remarks 

This literature review is intended to give an overall view on the failure mechanism which the 

EWS developed in this research is based on. This failure mechanism is identified as follows: 

1. An initially unsaturated slope has less disturbing forces then resisting forces along any 

number of potential shear surfaces. 

2. As rainwater infiltrates this slope, the θ of the soil increases. This in-turn decreases the 

level of matric suction within the soil. 

3. The decrease in matric suction decreases the shear strength of the soil, and therefore 

the resisting forces along a given shear surface. 

4. Once the resisting force along a given shear surface decreases below the disturbing 

force along that shear surface, failure occurs. 

Much research has focused on developing tools and models such as the SWCC and the 

Richards (1931) Equation in the aid of modelling this failure mechanism. Using these tools and 

expressions with modern computing technology, we are now able to model the failure 

mechanisms in unsaturated soils triggered by rainfall much more conveniently than in the past. 

Commercial software such as SEEP/W and SLOPE/W has been developed for this purpose. 

Recent studies have also started utilising soft computing techniques – such as the ANN, as a 

means for quantifying slope instability. As these technologies have enabled us to better 

understand rainfall induced landslides, it is still apparent that there is still much which is poorly 

understood – for example, the apparent change in shear strength parameters depending on the 

failure path of the soil (CSD, CD), and the role of hysteresis in the SWCC. 

Many attempts at developing landslide EWSs have come from tropical Asian countries 

susceptible to high rainfall events. Traditionally these EWSs were based on developing an 

empirical relationship between landslides and rainfall events. Such empirical relationships lead 
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to inaccuracies; false alarms and missed events. More recent EWSs consist of using field 

instruments to monitor specific sites, however so far these EWSs give no indication regarding 

the actual FOS of the slope, nor the timeframe of which failure could occur. The aim in this 

research therefore should be to develop an EWS which meets these shortcomings. 
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Chapter Three  

THE SELECTED SITE 

3.1 Introduction 

A suitable site was required for the development of the EWS. This chapter describes the site 

engineering history, geology, topography and previous landsliding which occurred at the site. 

This site description provides rationale as to why this site was selected for use as a prototype 

for the EWS. This site was selected based on a range of criteria, aimed at ensuring the 

research could be carried out effectively, and that the resulting EWS would be of relevance. 

These criteria were as follows: 

 The site had to be susceptible to rainfall induced landslides. 

 The risk of such landslides had to be significant. If a landslide occurred at the site, there 

had to be a possibility of damage to assets or lifelines (railway, major arterial, service 

lines) or the possibility of causing injury or death to people. 
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 The site had to be easy to access. This meant collecting soil samples for laboratory 

testing as well as installing and monitoring the sensors could be carried out easily. 

 The site had to be located within close proximity to the University of Auckland. 

 The topography and vegetation at the site had to be relatively consistent, making the 2D 

modelling undertaken more viable. 

 Permission to undertake the necessary field monitoring and retrieval of soil samples 

had to be granted from the landowner. 

Based on this criteria, a suitable site was selected in Silverdale, approximately 35 kms north of 

New Zealand’s largest city; Auckland. A site location map is given in the Appendix. The site is 

an excavated road cut, and fitted the selection criteria in a number of ways: 

 A major highway; State Highway One (SH 1), lies at the toe of the slope. Any debris 

from a landslide which occurs on the site has the potential to block a number of lanes 

on this highway, which could cause major traffic disruption for the city of Auckland. 

 The site is susceptible to rainfall induced landslides; a landslide occurred near the 

monitoring site (section AA shown on the location map in the Appendix) in June 2008, 

following a prolonged period of heavy rainfall. Debris from this landslide almost crossed 

into SH 1. This 2008 landslide site is 40m away from the monitored site. 

 The site is easy to access, and is closely located to the University of Auckland’s 

facilities. 

 The site is relatively linear along its length, which makes the 2D numerical modelling in 

the project more effective. Vegetation is also reasonably consistent along the site. 

 Permission to access the site and undertake the various activities was granted by the 

land manager; The Auckland Motorways Agency. 

Furthermore, the landslide already present at the site could be used in back-analyses to confirm 

the modelling undertaken at the site. 

3.2 Site Description 

The site (Figure 3-1) is a cut slope located on the eastern side of SH 1, which is a major arterial 

route for Auckland City. The slope was created as part of an 11 m cut into the natural ground to 
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form SH 1. The slope has a gradient of approximately 4H to 1V. SH 1, which is a four lane 

highway, lies at the toe and runs parallel to the slope. Wainui Road (a two lane road), lies at the 

top of the slope, also running parallel along the length of the slope. The site is grassed with a 

line of small height trees and shrubs (<6 m in height) at mid-height of the slope. A bench 

approximately 2 m wide was formed at mid-height of the slope to lessen the gradient. A 

concrete dish drain was installed on this bench to drain runoff from the site. Counterfort drains 

were installed horizontally, approximately 10 m deep into the slope, and discharge into this dish 

drain. A toe drain is located at the toe of the slope, which drains runoff as well as reducing the 

water table level in the slope. Field evidence suggests that these drains do not perform well at 

this site. Possibly they have become blocked over time. Winkler (2003) suggests that due to the 

high fines content of the soil, such drainage measures are seldom effective in the Northland 

Allochthon. 

 

Figure 3-1: A photo of the selected site. SH 1 is seen running parallel to the toe of the slope. 
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3.3 Geology 

According to the 1:250000 geological map of Auckland (GNS Science, 2001), and mapping 

undertaken by Lentfer (2007), the parent rock at the site consists of the Whangai Formation, 

part of the Mangakahia Complex of the Northland Allochthon. Much of Northland, New Zealand, 

is underlain by this landslide-prone rock group; the Northland Allochthon (previously known as 

the Onerahi Chaos) (Lentfer, 2007). Figure 3-2 (a) shows insurance claims submitted to the 

Earthquake Commission (EQC) in 2008, and Figure 3-2 (b) shows the extent of the Northland 

Allochthon. As observed in Figure 3-2 (a), a large proportion of the claims for landslides 

occurred in the Northland Allochthon formation. This indicates the susceptibility of this formation 

to landslides. The site location is depicted by the star. 

 
 

(a) (b) 

Figure 3-2.  (a) Landslide claims in New Zealand (NIWA & GNS Science, 2009); and (b) extent of the 

Northland Allochthon, shown by the dashed line (Winkler, 2003). 

 

The Northland Allochthon consists predominantly of sedimentary rocks and ocean floor basalts, 

dating back from the Late Cretaceous (90 Ma) to the earliest Miocene (25 Ma) (O'Sullivan, 

Site Location
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2009; Winkler, 2003). Submarine basaltic volcanoes, developed approximately 150 kms off the 

Northland coast, formed a basin between the volcanoes and the Northland coast. This basin 

was filled with sediments; sands in close to the Northland coast and muds further out to sea. 

These sediments were subsequently buried by limestones, calcareous sandstones and 

mudstones during the Oligocene period (O'Sullivan, 2009). Although there is still some doubt as 

to the forming of the present day Allochthon (Tilsley, 1998), the prevailing view is as the Pacific 

Plate began to sub-duct beneath the Northland continental crust at the beginning of the 

Miocene period, the sediments that had accumulated in the basin were obducted over the 

submerged continental crust. This movement is thought to have occurred approximately 3 

million years ago (Isaac, 1994; O'Sullivan, 2009; Winkler, 2003). The rock mass is highly 

deformed, sheared, faulted and folded, as a consequence of the gravitational and tectonic 

forces involved in the transportation and emplacement of the Northland Allochthon (Rafferty; 

Sporli, as cited in Lentfer, 2007). 

The Northern Allochthon is subdivided into three complexes, loosely based on the age of 

original deposition (Isaac, 1994); the Tangihua complex, the Mangakahia complex and the 

Motatau complex. From a geotechnical engineering perspective, the Mangakahia complex is the 

most problematic of the Allochthons (O'Sullivan, 2009). The Mangakahia Complex is described 

by GNS Science (2001) as: 

Closely fractured to sheared, light or dark coloured, siliceous and locally calcareous 

mudstone, with micaceous sandstone, siltstone, green and brown shale, and some 

muddy limestone. Commonly occurs as a melange of mixed lithologies, with a sheared 

mudstone matrix. Many small serpentinite bodies with melange units. 

The Mangakahia Complex can be further divided into two categories; The Whangai Formation 

and the Hukerenui Mudstone. Of interest in this research is the Whangai Formation described 

by GNS Science (2001) as “Cream to grey, siliceous and locally calcareous mudstone to fine-

grained sandy siltstone.” 
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The rock mass of this Whangai Formation may be extremely weak to weak, even the 

unweathered rock mass may still be classed as weak (Lentfer, 2007). This group consists of 

both siliceous and calcareous mudstones/siltstones. The siliceous mudstones have very high 

swelling tendencies, due to the sodium montmorillonite and other high swelling clays present. 

The calcareous mudstones also show swelling tendencies, however to a lesser extent (Tilsley, 

1998). The presence of the montmorillonite clay greatly increases the susceptibility of the 

Northland Allochthon to weathering, due to the mechanical process of expansion and 

contraction from repeated cycles of wetting and drying (i.e., rainfall events). According to Power 

(2005), montmorillonite group clays can expand up to 15 times of volume upon wetting. This 

promotes significant pressures on the rock, promoting rapid disintegration (Shelby, as cited in 

Power, 2005). Slaking and chemical processes may also aid in the weathering of the rock mass. 

This weathering increases the porosity and permeability, and reduces the strength and density 

of the rock mass (Power, 2005). Over time, this weathering reduces the rock mass to a 

complete residual soil. It is noted by Wesley (2010b), that residual soils that have a high 

montmorillonite content often have low shear strengths and suffer landslides in slopes with very 

low gradients. Although shrink-swell movements have been identified to cause landslide 

movements within the Northland Allochthon, they generally consist of creep-type movements, 

leading to a terrace effect (Lentfer, 2007). Such terraces were not a feature of the monitoring 

site. Furthermore, oedometer tests undertaken by O’Sullivan (2009) showed very little swelling 

movement. Thus the effects of sodium montmorillonite content on slope instability of the 

Northland Allochthon have been excluded from the scope of this thesis. 

This weathering process leads to typical sites situated in the Whangai Formation (and the 

Northland Allochthon in general), consisting of a low permeability residual silty clay layer at 

ground surface. Between this residual clay layer and the rock mass lies a transition zone, which 

is described as “silts, clays and broken rock fragments with a relatively high permeability  

(Lentfer, 2007). The residual soils from the Whangai Formation are described by Lentfer (2007) 

as typically comprising of a soft to very stiff (often stiff to very stiff), slightly to highly plastic, 

orange, brown, grey silts and clays with traces of sand.  

Samuel
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The transition zone described above is a combination of highly weathered rock fragments in a 

silt or clay matrix, often with minor sand present (Lentfer, 2007). This transition zone can range 

from a few hundred millimetres thick to over 3 m thick. Slope failures have been identified to 

have manifested in the transition zone, on either a continuous clay seam or shear plane, or 

within a highly deformed shear zone within the transition zone. These shear zones, which can 

be up to 600 mm thick, and containing many slickensided shear surfaces, are thought to be due 

to the weathering process itself. A photo of a Northland Allochthon transition zone sample in 

Figure 3-3 shows the presence of these clasts and polished slickensided surfaces. As the clay 

content of this transition zone decreases, and the amount of rock fragments increases with 

depth, the permeability of this transition zone layer increases (Lentfer, 2007). Although the 

transition zone is usually described as moist to wet, seepages within excavations carried out in 

this transition zone are typically very slow. 

 
Figure 3-3. A Northland Allochthon transition zone specimen showing the presence of a clast. An example of a 

highly polished slickensided shear surface can also be seen. 

  

Residual soil derived from the Northern Allochthon is generally a soft to stiff clay of depths 

usually ranging from 2 m to 10 m (Lentfer, 2007; Tilsley, 1998). Because of the highly 

impermeable nature of these clays, the ground water level is usually quite high (typically 0 to 3 

m below the ground surface), particularly during winter months (Lentfer, 2007; O'Sullivan, 

2009). The presence of fissures in this residual soil is common. According to Lentfer (2007), the 

Clast 

Shear surface 
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fissures present in the upper layer are usually thought to be due to the seasonal shrink/swell 

movement of the soil. At deeper depths, such fissures are thought to be due to the shearing 

occurring within the underlying transition zone, which creates stresses within the residual soil 

profile. Slopes in the region consisting of this soil group are often instable in over-consolidated 

areas, thought to be due to the transition zone underlying this residual clay layer (Tilsley, 1998). 

There are two main concepts which apply to this research to note from this brief review of the 

geology of the landslide site. One is that the Northland Allochthon is highly susceptible to 

wetting and drying cycles, which weather this parent rock down to residual soil. The second is 

that this weathering process leads to the creation of a zone between the residual soil and the 

parent rock, called the transition zone. 

3.4 Site History 

Historic Aerial Photographs show the development of the site from 1996 to 2008 (Auckland 

Council, 2012). Figure 3-4 shows the site in 1996. As can be seen SH 1 had not yet been 

constructed. There are no obvious gradients at the site; however it is difficult to verify this from 

these aerial photographs. The locations of the monitoring site and the 2008 landslide site are 

depicted by the circles. There appears to be a scar or other discontinuity present at the location 

of the landslide which occurred in 2008, however it is difficult to determine what this scar is. 

There was no indication in borehole logs undertaken by the engineers overseeing the 

construction of SH 1, and the subsequent report, that this discontinuity was of significance 

(Tilsley, 1998). The location of Wainui Road in Figure 3-4 indicates that remnants of the 

previous alignment of Wainui Road may still be present in the proximity of the monitoring site. 
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Figure 3-4. 1996 aerial photograph (Auckland Council, 2012). 

 

The 2001 aerial photograph (Figure 3-5 (a)) shows that SH 1 had been constructed by this time 

(reports and as-builts obtained suggest SH 1 was constructed sometime between late 1998 and 

2000). It appears that Wainui Road was relocated further east as part of these works. Also, 

perhaps the slope was slightly steeper at the location of the future landslide site, particularly the 

portion above the concrete dish drain, however once again it is difficult to infer this from such 

aerial photographs. The planted vegetation in this area was also scarcer in the landslide region 

then in other locations at the site. The 2008 photograph (Figure 3-5 (b)) shows a very dry site. 

The landslide had occurred by the time of the photograph. The landslide appears to be nearly 

perpendicular to the slope, and to have transgressed across the entire width of the cut.  
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(a) (b) 

Figure 3-5. Aerial photographs of the site: (a) 2001; and (b) 2008 (Auckland Council, 2012). 

3.5 Topography 

The topography of the site was obtained from a website provided by Auckland Council (2012). 

This website uses LiDAR to obtain contours at 0.5 m intervals, and overlies these contours onto 

aerial photographs. It is noted that this method of obtaining the topography of the site is not as 

accurate as what a survey of the site would produce, however it is assumed that for the purpose 

of developing the EWS the contours obtained from the LiDAR process are sufficiently accurate. 

Refer to the Appendix for an aerial photo of the site showing these contours. Cross section A-A 

shown on this aerial photo depicts the location which was used for monitoring and modelling 

component of this research (discussed later). Figure 3-6 depicts this cross section, also 

showing the approximate soil stratigraphy. The overall slope angle is approximately 15°. 
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3.6 Stratigraphy 

A major geotechnical investigation was undertaken by Beca Carter Hollings & Ferner Ltd (Beca) 

to support the construction of SH 1 (Tilsley, 1998). Beca undertook a variety of test pits, hand 

augers and machine boreholes as part of this investigation. Of relevance, machine borehole 9 

(MB9) and borehole 2 (BHG2) were undertaken in close proximity to the monitored site. These 

borehole logs and a borehole location map are given in the Appendix. A longitudinal section of 

the assumed stratigraphy obtained from the Beca investigation is also given in the Appendix. 

According to this investigation, the site consists of Alluvium layers overlying Northland 

Allochthon residual soil (then named Onerahi Chaos). Beneath this lies the Northland 

Allochthon parent rock (the amount of weathering of this parent rock decreases with increasing 

depth). Hand augers were undertaken as part of this research to confirm this stratigraphy. The 

location of cross section A-A is shown on the longitudinal section and the borehole location map 

in the Appendix. The confirmed stratigraphy at cross section A-A (monitored site) and at the 

2008 landslide site is shown in Figure 3-6. 

 
Figure 3-6. Cross section A-A showing the stratigraphy at both the monitored and 2008 landslide site. Note the 

thickness of transition layer of the failed section is shown by the red lines (Tilsley, 1998). 
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3.7 Previous Landslide 

Approximately 10 years after the construction of SH 1, (and the forming of the slope at the site), 

a period of prolonged rainfall occurred at the site. This rainfall caused a landslide (refer to 

Figure 3-7) on the site in late June 2008. The landslide was investigated by Transfield Services 

(New Zealand) Ltd (2008). The slip comprises a large scale circular failure, approximately 40 m 

in length. The landslide occurred over the entire height of the slope (11 m below natural ground 

level). The triggering mechanism of the landslide was deemed to be the heavy rainfall, possibly 

in combination with the blocking of the counterfort drains designed to prevent the slope from 

reaching saturation (Transfield Services (New Zealand) Ltd, 2008). The original design 

specifications estimated the FOS against slope failure to be between 0.9 and 1.2 during periods 

of saturation. 

Based on the conclusions drawn from the literature review and from the discussion of the 

geology of the site, the basic proposed failure mechanism of the slope at this site consists of the 

following: 

1. The cut operation took place, which created a slope on the previous flat site. 

2. This cut operation exposed the deeper Northland Allochthon to more intense wetting 

and drying cycles, and thus causing shrink swell movement. 

3. This shrink swell movement caused the top layer of the highly weathered to completely 

weathered Northland Allochthon Rock layer to degrade into a transition zone (or at least 

it raised the transition zone closer to the new ground surface), with many slickensided 

shear surfaces present. The formation of this transition zone weakens the overall 

resisting force of the slope. 

4. The slope remains stable under the effect of matric suction, until an extreme rainfall 

event lowers the matric suction at a critical location, thus causing slope failure. 

It is noted that any effect of over-consolidation from the cut operation was ignored in this 

proposed failure mechanism. 
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Figure 3-7: The landslide which occurred in June 2008. The photograph was taken in March 2010. 

 

A standard LEA (ignoring the effects of matric suction on the shear strength of the soil) was 

undertaken by Beca as part of the design for the cut operation. The assumed shear strengths 

were obtained from a variety of shear strength tests on the soil, and back analyses from 

landslides in the vicinity of the site which consist of similar geology. Figure 3-8 shows a result 

from this LEA, with the water table placed at a moderate depth of approximately 3 m below 

ground surface. The assumed shear strengths for the soil can be seen on the right hand side of 

Figure 3-8. As can be seen the Northland Allochthon layers (designated OC as the Northland 

Allochthon was previously known as the Onerahi Chaos) are modelled as being very weak, with 

a cʹ of 0, and a ɸ of 17°. The theoretical failure surface has been superimposed. The chainage 

of this cross section is 10400, and the approximate chainage of cross section A-A is 10384 – 

i.e., this cross section was located 16 m away from the cross section used in this research 

(approximately 24m away from the 2008 landslide site). Using these shear strength parameters 
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with the moderate water table as shown, the slope has a FOS of 0.918, implying failure will 

occur. 

 

Figure 3-8: A LEA undertaken by the engineers of the cut operation (Tilsley, 1998). The theoretical slip 

surface is shown by the red (thick) line. The blue (thin) line shows the location of the water table. 

 

3.7.1 Rainfall Record prior to Slope Failure 

Figure 3-9 shows the yearly cumulative rainfall experienced at the site from 2000 to 2009 (the 

earthworks at the site were completed circa 1999). This rainfall data was obtained from the 

Auckland Albany rainfall station, located approximately 18 km from the site (National Institute of 

Water and Atmospheric Research). The approximate time of failure according to Transfield 

Services (New Zealand) Ltd (2008) is shown on the graph. As observed, 2008 had the highest 

cumulative yearly rainfall between 2000 and 2009. The landslide occurred following a period of 

prolonged rainfall. This period prior to slope failure is one of the steepest and most prolonged 

increases on the graph. This indicates that rainfall was the triggering factor of this landslide. 

There are other occasions where the increase in cumulative rainfall is steeper, however not as 
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large, and vice-versa. It is probable that the rainfall events leading up to this slope failure had 

the right combination of intensity and duration to cause slope failure.  

 

Figure 3-9. Annual cumulative rainfall at the site (2000 - 2009). Elapsed time = 0 corresponds to 12.00am on 

the 1st of January. 

 

3.7.2 Soil Classification 

The particle size distribution and Atterberg Limits (Melrose & Willis, 2010) are shown in Figure 

3-10. As observed both the transition zone and the residual soil have a very high fines content 

(Figure 3-10 (a)). This high fines content gives rise to high plasticity limits (Figure 3-10 (b)). The 

specific gravity of the soil ranged from 2.594 to 2.654 g/cm3. 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
0

200

400

600

800

1000

1200

1400

Elapsed Time (hours)

C
u
m

u
la

ti
v
e 

R
ai

n
fa

ll
 (

m
m

)

 

 

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

Approximate time of failure

Samuel
Highlight



The Selected Site 

 
68 

 

  

Figure 3-10. Particle size distribution (a); and Atterberg Limits (b) of the soil at the monitored site. 

 

3.7.3 Estimated Soil Shear Strengths of the Northland Allochthon 

The engineers to the cut operation at the site undertook numerous in-situ, lab tests and back 

analyses to determine the properties of these soils. Table 3-1 shows the various parameters 

obtained via these tests. The ɸ of the soil estimated from the engineers to the site via back 

analyses (17 – 22°) lies in between the residual ɸ reported by Winkler (2003) and O’Sullivan 

(2009) (8 – 14°), and the peak ɸ obtained from triaxial tests undertaken by the engineers to the 

site (24 – 31°) and O’Sullivan (2009) (26 - 30°). 

Interestingly, a large cʹ was obtained from the triaxial tests, undertaken by the engineers to the 

site, on the transition zone and shear zone of the Allochthon soil. However from the results of 

the back analyses, the exhibited cʹ is close to zero. This could be due to the failure mechanism 

that the soil undergoes during such landslides – that is, it may be a characteristic of the soil that 

during rainfall induced landslides, the soil exhibits a low cohesion value when compared with 

that exhibited in a standard triaxial test. It could also be due to the soil exhibiting a strength 

close to residual in the field, compared to a peak strength which is measured in the laboratory. 

The slickensided shear surfaces present in the soil, and other discontinuties, may not be 

captured in laboratory scale samples. Such discontinuities will lead to a lower field strength. 
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Table 3-1. Estimated shear strength parameters (Tilsley, 1998). 

Soil Type Triaxial Test Su 

Back Analyses 

Greens Slip 
6H:1V 

Slope 

1.5H:1v 

Slope 

 
c′ (kPa) ɸ (°) (kPa) 

c′ 

(kPa) 
ɸ (°) 

c′ 

(kPa) 
ɸ (°) 

c′ 

(kPa) 

ɸ 

(°) 

Residual soil 1 27 20 - >140 

Typ 30-70 

2,5 17 0 17 NA 

Transition zone / 

shear zones 

22 - 23 24 - 

31 

28 - >140 

Typ 100->140 

0 17,22 0 17 NA 

MW – SW 

(fractured) 

  >140 0 17,22 0 17 NA 

MW – SW 

(unsheared) 

  >140 NA NA 5 28 

MW – SW (sheared)   140 0 17,22 0 17 NA 

3.8 Summary 

The site which is the focus of developing the EWS experienced a landslide in the winter of 

2008, following a period of prolonged rainfall. The slope on the site was formed from a cut 

operation to form SH 1. This site is susceptible to rainfall induced landslides due to the 

Northland Allochthon-derived soil present at the site. In particular, the transition zone of this 

Northland Allochthon soil is a weak layer. This transition zone consists of unweathered clasts of 

various sizes of the parent rock in a silty clayey matrix, and is characterised by many highly 

polished slickensided shear surfaces. Over time, these clasts weather to a completely residual 

soil. The engineers of the cut operation gave the site a FOS of just under unity during periods of 

saturation. The failure surface of the landslide which occurred in 2008 was situated in the 

transition zone soils at the site. 
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Chapter Four  

METHODOLOGY 

4.1 Introduction 

An overview of the methodology for developing the EWS is described in this chapter. This 

methodology is based on the failure mechanism described in the literature review and the 

information obtained regarding the landslide which occurred at the site in 2008. As discussed in 

the introduction, the EWS should be: 

1. Relatively cheap to implement, 

2. Simple to use, 

3. Versatile across a range of sites, and; 

4. Reliable, with a minimal number of false alarms and missed events. 
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The methodology used in this research can be split into four main areas; laboratory testing, field 

monitoring, numerical modelling and landslide prediction. 

4.2 Laboratory Testing 

A number of laboratory tests were undertaken as part of this research. The Van Genuchten 

(1980) Equation [2.9] was applied to data obtained from pressure plate and filter paper tests to 

define the SWCC. Falling head tests were undertaken to determine the ksat of the soil. Using the 

SWCC and ksat, the permeability function of the soil was modeled using Equation 2.21. 

Triaxial tests were undertaken on both saturated and unsaturated specimens to determine the 

shear strength parameters of the soil. These triaxial tests consisted of consolidated drained 

tests and constant shear stress drained tests. Ring shear tests were also performed to gauge 

the residual ɸ of the soil. 

4.3 Field Monitoring 

Field monitoring consisting of the installation of θ sensors and a tipping bucket rain-gauge was 

undertaken. θ sensors were installed at various depths at the toe, mid-slope and crest along the 

same cross section of the site. These sensors record the fluctuating water content of the soil 

due to rainfall events which are recorded using the tipping bucket rain-gauge. As described by 

Orense et al. (2004b) and Tohari (2007), θ sensors could be used as a basis of an EWS. This 

field monitoring was used as a means to verify the computer modelling undertaken, and also for 

use as a real time indicator for predicting failure of the slope. 

Deformation monitoring to compliment the water content monitoring was also considered in this 

project, however it was not undertaken for two reasons. Firstly, as discussed in the literature 

review, there are already numerous EWSs developed which essentially rely on setting some 

level or benchmark of a certain parameter at which action should be taken. To avoid replicating 
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what has already been accomplished, the EWS developed in this research is aimed at providing 

users with a time frame until failure. This would be difficult to do with deformation monitoring, as 

it would likely involve modelling large strain deformation of the soil, which would greatly 

increase the complexity of the research. Furthermore, until failure actually occurred on the site, 

it would be difficult to fully verify and calibrate such models. In the context of developing an 

EWS with a time-frame for failure therefore, such deformation monitoring would not be so 

useful. From a research and understanding perspective, it would be of interest to observe the 

relationship (if any) between deformation at this site and the corresponding θ record. However 

due to funding limitations and the possibility of the shrink-swell movement of the soil affecting 

the results of cheaper options, deformation monitoring at this site was not undertaken. 

4.4 Numerical Modelling 

Two different types of computer modelling were used in this research; FEM and LEA. The 

rainfall events recorded at the site were input as an influx into a saturated-unsaturated seepage 

FEM of the slope to replicate the fluctuating water content captured by the sensors. The SWCC 

and permeability function determined from the laboratory tests were used to define the soil 

parameters in the FEM. A generic evapotranspiration pattern was applied as a negative influx in 

the FEM between rainfall events. Once a reasonable agreement between the water content 

record obtained from the FEM and that obtained from the field monitoring was obtained, a LEA 

was undertaken at each time step in the FEM. The pore-water pressure/matric suction profile 

obtained in the FEM was coupled with the LEA. Hence a FOS was obtained at each time step in 

the FEM. Once calibrated, the matric suction profile from the FEM was incorporated into a LEA, 

and the FOS obtained for each time step in the FEM. The shear strength parameters measured 

in the laboratory were used to define the shear strength parameters in the LEA. 

It is recognized that obtaining any reasonable degree of accuracy using such a method is a 

challenging process. This is largely due to the variability of natural soils, the complex infiltration 

processes involved, and the sub-surface groundwater seepage flowing in and out of the 
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landslide zone (Dai et al., 2002). Furthermore, to ensure that a wide range of rainfall events are 

captured in the modelling, an extended period of calibration with field data is required (Dai et al., 

2002). 

To verify the modelling process therefore, the 2008 rainfall record obtained from nearby 

meteorological stations is used as an input into the FEM. This rainfall caused a landslide at the 

site approximately 40 m away from the monitoring cross section. If the model is reasonably 

accurate, then the model should be able to predict failure at this location at approximately the 

same time as when failure occurred on the site. Hence two cross-sectional profiles are used in 

this research – one is the monitored cross sectional profile, the other is the profile at which 

failure occurred. The two profiles have the same topography (as the slope is man-made), and 

both have grassed vegetation. The major difference between the two profiles is the thickness of 

the transition zone layer. The transition zone layer was much thicker in the profile where failure 

occurred than the monitoring profile. This difference in thickness of these layers explains why 

failure only occurred at the particular location on the cut slope. The stratigraphy and topography 

of these two cross sections is shown in Figure 3-6. 

4.5 Landslide Prediction 

From the computer modelling, the FOS due to rainfall events is determined. A database can 

then be created, containing the readings of the θ sensors at the site, and the corresponding 

FOS at the site. An ANN is then trained to predict the FOS at the site, using the θ readings from 

the sensors as an input. Therefore, during periods of prolonged rainfall, the θ readings from the 

sensors can be downloaded in near real time. These readings are then uploaded into the ANN, 

and the current FOS at the site determined in near real time, based on these readings. This 

approach solves the problem discussed in the literature review; that by using predetermined 

benchmarks of field monitoring instruments at which a warning is issued gives no indication to 

the user of the EWS as to the FOS falling to one or lower. This methodology relies on the ability 

to upload the sensor data captured to the internet in real time. While not carried out in this 
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research, it is understood that many geotechnical instruments now have the capability of such 

remote monitoring (GEO-Instruments, 2012; VSL International Limited, 2012). 

The other problem discussed regarding the types of other proposed EWSs for landslides is that 

they give no indication as to the time frame for failure. For the purposes of this research, failure 

is assumed to occur at a FOS of one. The time frame for failure in this research is determined 

from the rate of change of the predicted FOS (change of FOS with respect to time). As a simple 

example, if the ANN predicted FOS is 4, and the rate of change of this FOS is -1 per hour, then 

the landslide failure will occur in approximately 3 hours. Forecasted rainfall events as inputs into 

the ANN were also used to predict the future FOS. Note in this research, a FOS of unity is 

assumed to be when complete failure of the slope occurs. An overview of this entire 

methodology is presented in Figure 4-1. 

 

Figure 4-1. An overview of the entire methodology used in this research. The EWS relies on real time field 

monitoring. 
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Chapter Five  

LABORATORY TESTING 

5.1 Introduction 

A variety of laboratory tests were undertaken in this study. These include shear strength tests, 

permeability tests, classification tests and soil-water content tests. These tests were undertaken 

to better understand the failure mechanism of the soil during rainfall induced landslides, and to 

validate the parameters used in the numerical modelling phase of the project. The tests are 

broken up into three main categories; SWCC, permeability tests and shear strength tests. All 

tests were undertaken on undisturbed samples where appropriate and possible. This chapter 

describes the methodology undertaken, results obtained and implications of these laboratory 

testing results. 
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5.2 Sample Retrieval 

The samples used for laboratory testing were obtained by the use of push tubes. A hand auger 

with a 40 mm diameter drill head was used to drill down to the required depth at which the 

sample was to be retrieved from. A brass push tube with an internal diameter of 38 mm was 

then attached to the end of the hand auger, and a scala weight used to hammer the push tubes 

into the soil. The push tubes were left in the ground for approximately 3-4 minutes, to allow the 

soil inside the push tube to swell and hence a good contact made between the soil and the push 

tube. The push tubes were then extracted from the soil and sealed with a plastic wrap to 

prevent excessive moisture loss. The samples were stored in an airtight container until required 

for laboratory tests. This method of retrieving samples was preferred over excavating a test pit 

and taking block samples because of the disturbance to the site this would cause; possibly 

affecting the results obtained from the field monitoring and also contributing to further 

landsliding. The samples were obtained from locations at least 5 m away from the field 

monitoring locations to avoid disturbance of the field monitoring sensors. 

5.3 Soil Water Characteristic Curve 

The SWCC is a fundamental aspect of unsaturated geotechnical engineering. Simply stated, it 

is the amount of water storage energy, named the level of matric suction per a given volume of 

water content in the soil. Deriving the SWCC consists of measuring the θ of a sample of soil 

under a given level of matric suction. The SWCC is used to define the hydraulic conductivity, 

water storage and shear strength functions of an unsaturated soil (Pham & Fredlund, 2008), 

and so is a critical tool in unsaturated geotechnical engineering.  

Although the SWCC is crucial to nearly all aspects of unsaturated geotechnical engineering, 

deriving the SWCC, particularly for a clayey soil susceptible to large volume changes 

associated with shrink-swell movement, remains difficult. This is largely because of the difficulty 

in accurately measuring the volume of the soil samples; moreover, the time-scale of the test, 
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and the level of measurement accuracy required for obtaining reasonable results also add to the 

difficulty of the tests. A further complication of the measurement of the SWCC is the hysteresis 

shown between the wetting and drying path of the SWCC. The SWCC has two paths; a drying 

path and a wetting path, for when the soil is decreasing in θ and increasing in θ respectively. 

The relationship between the two paths is hysteretic. According to Parlange (1980), this 

hysteresis occurs because the filling of a pore within the soil matrix is determined by the radius 

of the pore itself, rather than the drying of the pore which depends on the radius of the neck of 

the pore through which it empties. The wetting curve is usually lower than the drying curve (that 

is at the same water content level the matric suction is less for the wetting curve than that of the 

drying curve) (Rahardjo & Leong, 1997). Although this would seemingly have an effect on the 

shear strength, and therefore FOS of the slope, there appears to be still some debate regarding 

hysteresis effects in the field. Research undertaken by Li et al. (2005) on a completely 

decomposed granite in Hong Kong suggests that the field measured SWCC shows no 

hysteresis during repeated wetting and drying cycles. SWCCs determined on the same soil via 

laboratory tests on the other hand, display a definite hysteresis pattern. Li et al. (2005) however 

noted that it was the drying path of the SWCC in the laboratory which was significantly different 

from that measured in the field, the two wetting paths were very similar. Because of the 

difficulties associated with measuring the wetting path of the SWCC, hysteresis of the SWCC 

was ignored in this research.  

5.3.1 Methodology 

Three different techniques were used to obtain the drying SWCC of the soil at the site; a  

physicoempirical model (Arya & Paris, 1981), the filter paper method (ASTM International, 

2010) and the pressure plate apparatus (Lu & Likos, 2004). 

 Physicoempirical Model 

There are many different empirical models which can be used to derive the SWCC of a soil (e.g. 

Aberg, Ahuja et al., Ghosh, Gupta & Larson as cited in Fredlund et al., 1997), most of which are 

statistical applications based on the grain size distribution of the soil (Fredlund et al., 1997). 

Apart from commercial applications available, which use the grain size distribution of the soil 
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and a database of known SWCCs and corresponding grain size distributions to derive the 

SWCC, to the author’s knowledge many of the empirical models available suffer from similar 

limitations and are mainly applicable to similar soil types to which they were derived from. The 

model proposed by Arya and Paris (1981) was used in this research. This model is based on 

the suggestion that the SWCC follows a similar shape to the particle-size distribution, as the 

level of matric suction within a soil depends largely on the pore size distribution within the soil, 

which in turn depends on the particle size distribution. While this method has accuracy issues 

associated with most empirical relationships, it has the significant advantage of enabling the 

SWCC to be derived quickly and without specialised laboratory equipment. The particle size 

distribution is divided into ‘n’ fractions (n = 20 was suggested by Arya and Paris (1981)). The 

pore volume associated with each size fraction is then computed from [5.1]: 
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where Vvi 
is the pore volume per unit of sample mass associated with the solid particles in the 

ith particle size range, Wi is the solid mass per unit sample mass in the ith particle-size range, 

ρp is the particle density and e is the void ratio. The pore volumes (Vvi
), generated by each size 

fraction are accumulated and considered to be filled with water. The θ at each size fraction is 

then calculated by Equation 5.2. This θ is than averaged over each fraction by Equation 5.3: 
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where θvi is the θ represented by a pore volume for which the largest size pore corresponds to 

the upper limit of the ith particle-size range, Vb is the sample bulk volume per unit sample mass 

given by [5.4]: 
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where ρb is the bulk density of the soil. Once a θ has been estimated for each particle-size 

fraction, the pore and particle radii can be calculated (and so the level of matric suction at each 

particle size fraction). To calculate these, the assumption that the solid volume in each fraction 

can be approximated as uniformly sized spheres, whose sizes are defined by the mean particle 

radius for the fraction, and that the volume of the resulting pores is approximated by cylindrical 

capillary tubes of uniform size. Based on these assumptions, the ratio of mean pore radius, ri, to 

mean particle radius, Ri, is calculated from Equation 5.5: 
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where h is the total pore length. The value n is the number of spherical particles in the ith 

particle range, calculated from [5.6]: 

 
3

3

4

i
i

b i

w
n

R 
  5.6 

Arya and Paris (1981) assumed that each particle has a length greater than the diameter of an 

equivalent sphere; that is particles in reality are normally non-spherical. Hence the number of 

spherical particles with radius Ri needed to equal the total pore length in a soil exceeds n. As a 

result of this, Arya and Paris (1981) used a function to calculate the total number of particles 

required to track the total pore length [5.7]: 

 2i i ih n R  5.7 

where α is a constant greater than 1, and can be determined empirically (Arya & Paris, 1981). 

Once the pore radii are obtained, the equivalent matric suction value can be obtained using the 

equation of capillarity [5.8]: 
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where ψi is the matric suction, γ is the surface tension of water (71.97×10-5 N/cm at 25° C), Θ is 

the contact angle (assumed to be 0° for water), ρw is the density of water, g is the acceleration 

due to gravity and ri is the pore radius. 

The accuracy of this method heavily relies on the constant α. Arya and Paris (1981) note that α 

should be determined empirically, as the value of this constant appears to depend on the soil 

type. Based on data from five soil materials, α was suggested by Arya and Paris (1981) to be 

equal to 1.38, however additional data suggested that this value of α did not always provide a 

good fit with all laboratory data. Arya et al. (1999) discuss how α not only varies from soil to soil, 

but varies considerably along the suction range of a given soil also. 

 Filter Paper Method 

The filter paper method for obtaining the SWCC originated in the agricultural/soil sciences area. 

This method relies on obtaining a SWCC (matric suction versus mass water content (%) in this 

case) for a specific filter paper type – normally Whatman No. 42 or Schleicher and Schuell No. 

589 filter paper is used. Oven dried pieces of filter paper are then placed adjacent to soil 

samples of varying water contents. If the filter paper is placed in direct contact with the soil 

samples, the matric suction of the soil is measured. If the filter paper is not in direct contact, the 

total suction is measured. The soil samples are left to equilibrate with the filter paper – that is 

the dry filter paper absorbs moisture from the soil until the equilibrium in a suction sense is 

reached between the filter paper and the soil samples. This normally takes up to 7 days (ASTM 

International, 2010), however it has been known to take up to 30 days, depending on the 

conditions and soil type (Leong et al., 2002). It is essential that during this equilibrium period, 

the soil samples are left in an air tight container with minimal temperature fluctuations (ASTM 

International, 2010). Once equilibrium is reached, the θ of the soil and the mass water content 

of the filter paper are determined. The matric suction of the sample can then be determined 

from the mass water content of the filter paper, using the pre-determined SWCC of the filter 

paper. 

In this study, the filter paper method was undertaken in a similar manner to that prescribed in 

the ASTM D5298-10. Soil samples were saturated in a bath of distilled and de-aired water, 
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while left in the push tubes (to prevent slaking of the specimen) for approximately 48 hours. The 

samples were then extruded from the push tubes and either left to dry due to evaporation in the 

laboratory or placed in an oven at 105° C to accelerate the drying process. Hence the SWCC 

determined from this method follows the drying path of the SWCC. The weights of the 

specimens were monitored as an estimate for the amount of water evaporated from each 

sample. Samples were removed from the oven at various times, and trimmed to approximately 

30 mm in diameter and 50 mm high. These specimens were then cut in half (length ways), and 

three Whatman No. 42 filter paper layers, of similar diameter to the soil specimens, were placed 

in between the two halves. The two outer filter paper layers act as sacrificial layers to the middle 

filter paper layer. Electrical tape was used to tape the specimen together, and also wrapped 

around the circumference of the filter paper to prevent excessive loss of moisture to the 

surrounding atmosphere. The samples were then transferred to airtight plastic bottles, which 

had internal diameters of approximately 40 mm, and heights of approximately 65 mm. 

According to the ASTM D5298-10 the bottle size should be kept as small as possible, to prevent 

major losses of moisture to the surrounding atmosphere. A photograph showing a filter paper 

specimen is shown in Figure 5-1.  

The bottles were then surrounded by vermiculite, stored in a chilly bin, and placed inside a 

laboratory room which maintained a steady temperature. These measures were made in order 

to keep the temperature fluctuations of the soil specimens at a minimum (the chilly bin was also 

used to maintain a constant temperature, rather than to keep the specimens cool). A 

thermometer placed nearby the chilly bin was monitored at regular intervals, and the laboratory 

room maintained a steady temperature of 26° C. It was not possible to measure the temperature 

inside the chilly bin. After a 14 day period, the samples were removed from the chilly bin. The 

middle filter paper was removed using tweezers, and the mass water content (%) obtained, 

using scales which read to one ten-thousandth of a gram. The volume of each soil specimen 

was estimated using digital callipers, and hence the θ of each specimen was measured using 

the mass water content of the soil and assuming that 1 cm3 of water weighs 1 gm. 
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(a) (b) 

Figure 5-1. Filter paper specimen showing: (a) the filter paper placed in the sample; and (b) the specimen 

inside an airtight container. 

 

Two equations were used to obtain the level of matric suction from the mass water content of 

the filter paper. One equation was proposed in the ASTM D5298-10 (ASTM International, 2010), 

(Equations 5.9 and 5.10). 

 45.3 log( ) 2.421 0.0135f fw w     5.9 

 45.3 log( ) 5.327 0.0779f fw w     5.10 

where ψ is the matric suction (kPa) and wf is the mass water content of the filter paper (%). 

The other equation was proposed by Leong et al. (2002), shown in Equations 5.11 and 5.12. 

 47 log( ) 2.909 0.0229f fw w     5.11 

 47 log( ) 4.945 0.0673f fw w     5.12 
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The reason why different equations are obtained by various researchers is due to the different 

calibrations of the filter paper obtained by the researchers. As discussed by Leong et al. (2002), 

different filter paper batches, different suction sources and different equilibrium times can all 

lead to differences obtained in the calibration factors obtained. Leong et al. (2002) notes that for 

measurement of matric suction, the equation provided by the ASTM D5298-10 is reasonably 

accurate, however it is less accurate for measurement of total suction. 

 Pressure Plate Tests 

Pressure plate tests were also undertaken to determine the SWCC of the soil. These tests were 

undertaken in accordance with the manufacturer’s instructions, in a similar method as that 

prescribed in ASTM C1699 - 09 (2009). Extruded samples were trimmed to a diameter of 55 

mm and a height of 10 mm, and placed in steel confining rings. These samples were then 

placed in a bath of distilled, de-aired water and allowed to saturate. Wax paper was placed 

underneath the specimens to prevent the soil specimens “sticking” to the bottom of the bath 

(Figure 5-2 (a)). 

 

 
(a) (b) 

Figure 5-2. Soil specimens in: (a) the water bath; and (b) the pressure plate extractor. 
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After a period of 24 hours, the specimens were removed by lifting this wax paper up. The 

specimens were turned upside down and placed on top of the ceramic plate inside the pressure 

plate apparatus. The wax paper was left on the specimens to prevent moisture loss due to 

evaporation (Figure 5-2 (b)). Air pressure was applied to the pressure plate chamber and a 

burette was attached to the outflow of the ceramic disk. This burette was monitored at regular 

intervals. When the burette reached a steady reading, (indicating that the soil samples had 

reached equilibrium), one soil sample was removed from the chamber. The air pressure was 

then re-applied at a higher level, and thus one data point for each matric suction level was 

obtained. The diameter and height of the removed soil specimen was measured via digital 

callipers, and the volume of water in the sample was determined by obtaining the mass of water 

in the sample using an oven. 

 Curve Fitting 

Because of the difficulty in determining a complete SWCC for a soil, usually a few points on the 

SWCC are determined in the laboratory, and a fitting curve is applied to these data points to 

determine the complete SWCC. Of the various fitting equations proposed in the literature, 

Leong and Rahardjo (1997a) have shown that the Van Genuchten (1980) equation [2.9], and 

the Fredlund and Xing (1994) equation [2.11], perform best for a wider range of soils. In this 

study, it was decided to use the Van Genuchten (1980) equation, as this allows the 

permeability/matric suction function to be easily derived from the SWCC. The Van Genuchten 

(1980) equation is expressed in this research as [5.13]: 
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where a has units of pressure, not pressure-1. The reasoning being that the software used in this 

project uses this version of the Van Genuchten equation. Where the parameter a is referred to 

hereafter refers to a in Equation 5.13. It is suggested that the residual water content and 
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residual value of matric suction be treated as fitting parameters, due to the difficulty in 

measuring these parameters in the laboratory (Fredlund & Xing, 1994; Van Genuchten, 1980). 

5.3.2 Results & Discussion 

The grain size distribution obtained from the site is shown in Figure 5-3 (a). These soil samples 

were retrieved from auger holes undertaken at mid-height of the slope. As observed, the soil 

has a high percentage of fines present, with over 50% of mass passing through a sieve size of 

0.001 mm. The particle size distribution of the soil retrieved from 1.3 m to 2.3 m deep is similar 

throughout, and consists of Northland Allochthon residual soil. The soil retrieved from deeper 

depths (2.7 and 3.8 m) begins to have a higher percentage of larger particles present, although 

it still retains a large percentage of clay particles present. These soil samples were retrieved 

from the transition zone, with small pebble/clast like particles present in the soil. The soil taken 

from a depth of 0.8 m possibly has larger particles present in it due to the augering action 

mixing in the top soil layer in with the sample. The high percentage of clay present in the soil 

gives rise to the low permeability and produces the large shrink/swell movement observed at 

the site. This clay content, and the shrink/swell movement present in the Northland Allochthon 

soil indicates that the Arya and Paris (1981) model may not be suitable for predicting the SWCC 

for this soil type. During the study undertaken by Arya and Paris (1981), soil types which 

exhibited shrink/swell behaviour were ignored, presumably because the shrinkage movement 

means that the pore radii can no longer be estimated based on the grain size distribution; the 

pore radii will depend on the size of the shrinkage cracks within the soil also. 

The predicted SWCCs from the grain size distribution using the Arya and Paris (1981) model 

are shown in Figure 5-3 (b). These curves were all predicted using an α of 1.38, as advised by 

Arya and Paris (1981). As observed, the curves follow a similar shape to the grain size 

distribution curves. It should be noted that to fit the Arya and Paris (1981) model the density of 

the soil needs to be known or estimated. Changing this density simply moves the curve up or 

down; it doesn’t affect the shape of the curve itself. The air entry values of the SWCCs appear 

to be similar, which is expected as the grain size distributions of the soil samples begin to 

change at approximately the same particle size. The curves never begin to flatten out to a level 
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of residual water content, because the grain size distribution never flattened out – a hydrometer 

analyses is required to obtain the grain size fractions below the level obtained in the sieve 

analyses. As a result, the typical SWCC sinusoidal shape is not reflected in the predicted 

SWCCs. 

 
(a) 

 
(b) 

Figure 5-3. (a) Particle size distribution; and (b) SWCCs predicted using the Arya and Paris (1981) model. 

 

Figure 5-4 shows the data collected from the pressure plate apparatus (diamonds) and using 

the filter paper method for soil obtained from the transition zone. Both the ASTM Equation (5.9 

& 5.10) (circles) and the Leong et al. (2002) Equation (5.11 & 5.12) (squares) were used to 

determine the SWCC using the filter paper method. The dotted line shows the Van Genuchten 

(1980) equation best fitted through only the pressure plate data, ignoring the data point obtained 

at 600 kPa – This data point was assumed to be an outlier, due to either a measurement error 

or due to an irregular sample. As observed the Van Genuchten (1980) equation fits very well to 

this pressure plate data, with a scaled sum of squares of 0.395. The dashed line shows the Van 

Genuchten (1980) equation best fitted to the Leong et al. (2002) equation of the filter paper 

data. The equation fits well with the equations at higher matric suction values; however the two 

points obtained with matric suction lower than the air entry value appear to show some errors. 

This could be due to irregularities within the specimens, such as the void ratio or the grading, or 

an irregular shape of the specimens making them difficult to obtain an accurate volume. 
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Although the Van Genuchten (1980) equation can be fitted well to both the pressure plate and 

the filter paper data separately, there is little agreement between the filter paper data and the 

pressure plate data. The solid line shows the Van Genuchten (1980) equation applied to the 

entire data set. A scaled sum of squares of 24.523 is obtained from this data. 

 

Figure 5-4. SWCCs obtained for the transition zone. 

 

A similar result is observed in Figure 5-5, which shows the SWCC data collected from the 

residual soil layer. The scaled sum of squares obtained from fitting the Van Genuchten (1980) 

equation to the pressure plate data, the filter paper ((Leong et al., 2002)  equation) and the 

entire data set is 0.489, 4.18 and 18.068 respectively. The data points obtained at a matric 

suction of 400 and 600 kPa from the pressure plate were ignored in this case. This is because 

during these tests, the air supply tank to the pressure plate extractor emptied due to a leak in 

the air line. This means that the specimens are not on the fully drying curve of the SWCC; when 

the tank emptied, the air pressure reduced to zero and hence the specimens were allowed to 

re-saturate slightly to an unknown level. Hence due to the hysteresis of the SWCC, these points 

are no longer on the main drying curve of the SWCC. As observed, the ASTM equation plots 

slightly to the right at higher matric suctions, and slightly to the left at lower matric suctions then 

the Leong et al. (2002) equations. 
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Figure 5-5. SWCCs obtained for the residual soil. 

 

The problem arises therefore of which data set (pressure plate, filter paper, combined) to 

assume for the soil. The pressure plate data has the lowest scaled sum of squares for both the 

transition zone and the residual soil. This is probably because the pressure plate data was the 

easiest to measure. The pressure plate specimens deformed uniformly during the drying 

process. Although the specimens underwent volume change during this drying process, they 

still maintained a near perfect circular shape, which meant estimating the volume of the 

specimens was relatively straight forward. An issue did arise that the soil specimens would stick 

to the ceramic plate, meaning when the specimens were removed for volume and water content 

measurement some material would remain on the plate, thus effecting results. Much care was 

taken when removing the soil specimens to ensure the volume of soil left on this plate was 

minimal. 

The volume of the filter paper specimens was much harder to measure. The specimens were 

much taller (approximately 50 mm), and so the diameter of a specimen had to be measured at a 

number of points along its length. The diameter of these specimens was hugely varied along its 

length. This could be due to a number of factors; one is that the filter paper specimens had to 

be trimmed to size, whereas the pressure plate specimens were the correct size when they 
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were extruded from the push-tubes. This meant that the filter paper specimens were not 

perfectly circular to begin with (refer Figure 5-1).  Then during the drying process, they did not 

deform uniformly as the pressure plate specimens did. It is unsure whether this was due to the 

oven drying process used, or the large height to diameter ratio of the specimens. The result of 

this is that there is a conjecture of far more certainty as to the accuracy of the pressure plate 

data compared to the filter paper data. 

A problem with the pressure plate data however, is that due to equipment limitations, the 

highest matric suction that could be reached was 1,400 kPa. Although based on Figure 5-4 and 

Figure 5-5 it appears from the pressure plate data that the θ is approaching the residual value, 

the filter paper data, which can reach much higher levels of matric suction, indicates that the 

residual water content level is much lower for both soil types. The effect of this discrepancy 

between the residual water contents however will only become a problem during periods of 

lower water contents and thus extremely high levels of matric suction. In the field, such suction 

may only occur during periods of very little rainfall; mid-summer and during periods of drought 

(Puppala et al., 2011). 

Because of the low possibility of matric suctions in the field reaching such high values, and 

because there is more certainty as to the accuracy of the pressure plate data, the Van 

Genuchten (1980) parameters obtained from just the pressure plate data will be used in this 

research. The parameters obtained from the filter paper will thus be ignored. These parameters 

are shown in Table 5-1. Note that these parameters have been rounded to 1 decimal place, 

hence the slight discrepancy between n and m. 

Table 5-1. Van Genuchten (1980) parameters obtained from the two soil types. 

Van Genuchten 

(1980) parameter 

Transition zone Residual soil 

Pressure 

plate 

Filter 

paper 
Combined 

Pressure 

plate 

Filter 

paper 
Combined 

a (kPa
-1

) 300 1950 520 610 1150 950 
n 5.2 1.9 1.3 3.3 3.0 1.7 
m 0.8 0.5 0.2 0.7 0.7 0.4 

θr (%) 37 8 0 38.5 24 16 
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The comparison between the SWCC predicted using the Arya and Paris (1981) model, and that 

obtained using the pressure plate extractor is shown in Figure 5-6. As observed, there is a 

marked difference between the two. The θ reduces significantly once the matric suction is 

higher than the air entry value in the pressure plate data; however this change is much more 

gradual in the Arya and Paris (1981) predicted SWCC. This is perhaps a consequence of the 

shrink/swell movement of the soil, something which is neglected in the Arya and Paris (1981) 

model but is accounted for in the pressure plate apparatus - the Arya and Paris (1981) model 

was largely based on sandy soils, as opposed to the clayey Northland Allochthon soil. It can 

also be attributed to the constant α of 1.38 which is assumed in this model. According to Arya et 

al. (1999), α is not constant across the grain size distribution. This is effectively stating that the 

ratio of pore radii to particle size is not a linear relationship. 

 

Figure 5-6. Comparison of the pressure plate SWCCs and the Arya and Paris (1981) SWCCs. 

 

The comparison between the predicted SWCC from the Arya and Paris (1981) model, and the 

SWCC from the pressure plate data when α is assumed to be a best fit parameter, is shown in 

Figure 5-7. As seen, these two curves are near identical. This indicates that the Arya and Paris 

(1981) model is capable of replicating the shape of this SWCC, provided a function of α can be 
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described for the soil. It is noted that in this case there is not enough data points in the Arya and 

Paris (1981) model to reach the residual part of the curve. 

 

Figure 5-7. Comparison between SWCC using pressure plate data, and Arya and Paris (1981) predicted 

SWCC, using α as a best fit parameter. 

 

Figure 5-8 shows the α required to fit this model to the pressure plate data. As seen, up until the 

air entry value, α is above the assumed 1.38 for the residual soil, and much higher than 1.38 for 

the transition zone soil. α reduces drastically as the matric suction is increased to the air entry 

value. At matric suctions above the air entry value, α is far more consistent across the pressure 

range, and much closer to the assumed value of 1.38. These graphs both show that α appears 

to be logarithmic in relation to matric suction, which agrees with the study undertaken by Arya et 

al. (1999), who concluded that a logarithmic formation used to describe α gave the most 

accurate results. It may be possible that with further research into the value of α, a reliable 

function used to describe α could be derived. The ‘tick’ that is seen in the best fit α of the 

residual soil is possibly due to a slight kink in the grain size distribution. As discussed earlier, 

the parameter α is related to the shape of the soil particles. The larger α is, the less spherical 

the particles are. An α of 1 indicates a perfect sphere. Because of the assumptions made in the 

Arya and Paris (1981) Model, the lower matric suction values are related to the larger particle 
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sizes of the grain size distribution. Hence, the graph of α below indicates that the larger particle 

sizes present in the Northland Allochthon are less spherical then the smaller particles. However, 

in reality the particle sizes are more or less randomly distributed throughout the soil matrix. 

Because of this the pore sizes will also be more or less randomly distributed throughout the soil 

also. If the grain size distribution was further extended with the use of hydrometer testing, then it 

is possible that α below would have a second significant change in the curve, as the matric 

suction transitions to the residual part of the curve. 

 
(a) 

 
(b) 

Figure 5-8. Best fit α using the Arya and Paris (1981) model for the: (a) residual soil; and (b) transition soil. 

 

A crude bi-linear fitting function for α based on these results is given in Equation 5.14; when the 

matric suction is less than the air entry value, and Equation 5.15; when the matric suction is 

higher than the air entry value. It is noted that such a bi-linear equation won’t provide a good fit 

for very high matric suctions. 
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5.4 Permeability Tests 

5.4.1 Methodology 

Previous literature (O'Sullivan, 2009; Winkler, 2003) indicates that low permeability is a 

characteristic of the Northland Allochthon soil. Accordingly, the falling head test was used to 

measure ksat. The methodology outlined by Head (1986b) was used for these tests, with some 

minor modifications; the tests were conducted in brass push tubes which were used to obtain 

the samples from the field (as described in Section 5.2). It was initially thought that the tests 

could then be undertaken without any sample preparation; that is the test undertaken directly 

with the specimens remaining in the push tubes which were used to obtain them from the field. 

However this proved to be difficult due to the top of the specimen have a cone shape in it from 

the augering action and thus the true length of the specimen was not constant. Instead, push 

tubes (38 mm internal diameter), with a cutting edge were pushed into pre-trimmed samples of 

greater diameter (60 mm). Silicon grease was applied on the inside of these tubes. This method 

ensured a tight fit was achieved between the soil and the tubes, so the water percolated through 

the soil, rather than between the side of the tubes and the sample itself. 

 
                  (a)               (b) 

Figure 5-9. Falling head test showing: (a) sample configuration; and (b) brace used. 
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Filter paper and a porous disk were placed at each end of the specimen, and steel wool was 

placed on top of the upper porous disk. A top cap, to which the burette was connected to, was 

then inserted into the top of these push tubes (refer to Figure 5-9 (a) for a diagram showing this 

configuration). This cap consisted of a cork in between two steel disks. A 5 mm diameter hole 

was drilled through the centre of this top cap, to allow water to percolate through the soil. The 

cork, which has a slightly larger diameter than the internal diameter of the tubes, created a 

water tight seal thus preventing water percolating between the sides of the tube and the cap. 

This cap was connected to a burette which provided the pressure head to force water through 

the specimen. The push tube, with the specimen inside, was then placed in a brace to keep the 

tube vertical during the test. This brace has a large sieve at the bottom which the push tube 

rested on. The sieve openings were approximately 2 mm in diameter. This brace and sample 

was then placed in a tank. This configuration is shown in Figure 5-10. 

 

Figure 5-10. The falling head test configuration. 
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The tank and burette were filled with de-stilled water, and the sample allowed to saturate for a 

period of approximately 5 days. The sample was assumed to be saturated when the calculated 

permeability was consistent at the same pressure head.  

Head (1986b) describes that for the falling head test, three levels of pressure head (h1,h2 and h3 

as shown in Figure 5-10 be chosen, in a relationship such: 

 3 1 2h h h  5.16 

The permeability of the sample can then be calculated using Equation 5.17 (Head, 1986b): 

 51

2

3.84 log 10b l
sat

a

a s h
k

s t h

 
  

 
 5.17 

where ksat is the permeability of the soil (m/sec), ab is the area of the burette (mm2), sl is the 

sample length (mm), sa is the area of the sample (mm2), t is the time taken to fall from h1 to h2 

(interchangeable with h1 to h3 and h3 to h2). The temperature of the tank was maintained at 23° 

C. Accordingly the calculated permeability from Equation 5.17 was multiplied by the 

temperature factor of 0.91 (Head, 1986b). 

To verify the results, the time taken for the head to fall from h1 to h3 should be within 10% of the 

time taken for the head to fall from h3 to h2 (Head, 1986b). However, due to the low permeability 

of the Northland Allochthon, it was difficult to note the exact time when the falling head would 

reach h3 and h2 (i.e., the water level fell so slowly that one would have to monitor the level 

constantly over a 24 hour period to record the exact time when h3 and h2 were reached. As an 

alternative, the pressure head level was checked at predefined elapsed times (usually 100 and 

200 hours), and the head level reached at these times used to calculate the permeability and to 

verify the test results. 

Tests were undertaken in two different sample orientations; the vertical (ky) direction, and a 

horizontal (kx) direction. The kx orientation in the tests relative to the slope orientation were 

unable to be determined; when retrieving the samples the turning motion of the push tubes 
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resulted in the loss of the orientation of the samples. The kx direction referred to herein is 

referring to any direction on the kx - kz plane, as shown graphically in Figure 5-11. 

 
Figure 5-11. Sample orientation, relative to the slope. 

 

To test the permeability in the kx direction, the push tubes were simply pushed into the pre-

trimmed samples along this different orientation (Figure 5-12). 

 
(a) (b) 

Figure 5-12. Sample orientation for: (a) ky direction; and (b) kx direction. 
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5.4.2 Results and Discussion 

The results obtained from the falling head test for each soil layer are set out in Table 5-2. The % 

reading is the % difference between the actual head reached after the first reading, and the 

theoretical head reached, based on Equation 5.16.  

Table 5-2. Results of falling head tests. 

 
Soil Layer Orientation 

kaverage 

(m/sec)
 

% 

Difference 

1 Re-deposited Allochthon Vertical 2.94 x 10-10 0.62 

2 Residual Allochthon Vertical 8.85 x 10-10 0.5 

3 Re-deposited Allochthon Horizontal 1.48 x 10-6 0 

4 Residual Allochthon Horizontal 10.19 x 10-10 0 

 

As can be seen the laboratory obtained permeability is in the order of 10 -10 m/s, which would be 

described as a soil of low permeability. These results are consistent with those obtained from 

the consolidation part of the triaxial tests undertaken. Using the relationship between ksat and 

the coefficient of volume compressibility, as shown in Equation 5.18, the permeability of the soil 

was determined for each triaxial test. These results are shown in Figure 5-13. 

 sat v v wk c m   5.18 

where cv is the coefficient of consolidation, mv is the coefficient of volume compressibility and γw 

is the unit weight of water. mv is determined by: 

 
v

o con

V
m

V 


  5.19 

where ΔV is the change in volume, VO is the original volume, and σcon is the consolidation 

pressure. As observed, the permeability obtained from the triaxial tests is similar to that 

obtained from the falling head tests, with the samples having permeability’s in the order of 10-9 

m/s. Also shown is the dry unit weight of the soil, which is approximately 13 – 14 kN/m3, 
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however two of the transition zone samples appear to have a much lower unit weight than that. 

This gives the soil a saturated unit weight of approximately 17 – 18 kN/m3. 

 
Figure 5-13. Permeability results obtained from triaxial tests. 

 

These results are reasonably consistent with that obtained by O’Sullivan (2009), who measured 

the permeability of a sample of Northland Allochthon (obtained from a different site) as being 

approximately 1 x 10-11 m/s, using the oedometer. O'Sullivan (2009) also measured the in-situ 

permeability by undertaking rising head tests in the field. This field measured permeability was 

in the order of three magnitudes higher than the laboratory permeability (the actual recorded 

values were 4.8 x 10-7 and 1.5 x 10-8 m/s). This difference between laboratory measured and 

field measured permeability is thought to be due to discontinuities such as shrinkage cracks, 

roots and animal burrows, which are present in the field but are often not captured in laboratory-

scale samples. In the field, measured permeability’s are known to vary over a range of three to 

four magnitudes (Baum & Reid, Haneberg & Gokce, Iverson & Major, Reid et al., as cited in 

Reid, 1997). An example of this is shown in the Figure 5-14 (a) which shows the localised 

cracks present in Specimen “3” (referring to Table 5-2). Such cracking increases the ksat of the 

soil, explaining why this sample had a ksat in the order of four magnitude times greater than the 

other specimens. Such localised cracks exist in the field on a much larger scale, but due to their 
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size, are not often captured in the laboratory scale models. Figure 5-14 (b) shows a Northland 

Allochthon soil sample split in half. A minor rootlet can be seen in the sample, which would 

presumably influence the ksat of the soil within this region only. Because the sample was further 

trimmed, removing this discontinuity, the effects of this rootlet on the ksat is unknown. 

  
(a) (b) 

Figure 5-14. Falling head tests: (a) photo of specimen #3 (Table 5-2); and (b) the presence of a rootlet. 

 

Although previous research (Al-Tabbaa & Wood, 1987) hints that the horizontal permeability 

and vertical permeability can be different due to the layering of the soil and the effects of a 

vertical overburden stress, the difference usually appears to be insignificant (in the same order 

of magnitude), which is a minor difference in comparison to the effects of discontinuities in the 

field. If one accepts that the difference between permeability of sample 3 and the other sample 

permeability’s is due to the cracking as shown in Figure 5-14 (a), then there appears to be little 

difference between the vertical permeability and the horizontal permeability of this soil. Being a 

residual soil, this is expected as there is no deposition which causes a layering affect, and 

hence leads to anisotropic permeability and in-situ stress (Wesley, 2010a). 
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5.4.3 Unsaturated Permeability 

As discussed in Section 2.5.1, the permeability of an unsaturated soil depends on the level of 

matric suction. The laboratory permeability changes several magnitudes over a range of matric 

suctions which can be expected in the field situation. In this research the unsaturated 

permeability of the soil was modelled using the Van Genuchten (1980) closed form equations. 

The Van Genuchten (1980) model was used primarily in this research because of its ease of 

use; the permeability function can be described using the same parameters obtained for 

modelling the SWCC. The equation used to calculate the permeability at a given matric suction 

is given in Equation 5.20. 
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However, to keep consistent with the software used in this research (discussed later), this 

equation is expressed as: 
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 5.21 

where kw is the permeability at a given level of matric suction, ψ, and a,n and m are fitting 

parameters, equal to the same fitting parameters as described in Equation 5.13. Apart from its 

simplicity, this equation has the advantage of being easy to account for discontinuities that 

occur in the field, simply by adjusting ksat.  

Using the parameters derived from the pressure plate apparatus for these soils, shown in Table 

5-1, and assuming a ksat of 1x10-9 m/s, the permeability function derived for these soils is shown 

in Figure 5-15. 



Laboratory Testing 

 
103 

 

 

Figure 5-15. Permeability functions obtained for the two soil types. 

 

5.4.4 Laboratory and Field Permeability 

One of the most challenging aspects of studying water flow through soil is the variability of the 

soil in the field. While the results obtained in this research have indicated the laboratory 

permeability of the soil is reasonably consistent, discontinuities such as shrinkage cracks, 

animal burrows and vegetation rootlets can all affect the field permeability of the soil. In 

particular, shrinkage cracks have been identified not only as a key factor to affecting the field 

permeability of the soil, but also as to causing landslides. It has been hypothesised that during 

summer periods, the shrinkage cracks which occur in clayey soils lead to a reduction in the 

apparent cohesion, and also an increase in the potential infiltration rates. Much more water can 

therefore infiltrate the soil during intense summer storm events. Such a triggering mechanism 

for landslide failures has been noted by both Addison (1987) and Rogers and Selby (1980). 

Iverson et al. (1997) notes that although many studies model water flow through the soil as 

following Darcy’s law, field evidence suggests that water flow is more influenced by fractures 

and discontinuities such as root systems and animal burrows. Modelling such discontinuities 

would be difficult, as indicated by the results of Gasmo et al. (2000). Gasmo et al. (2000) 

hypothesised that the difference between FEM undertaken and field observations was due to 
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the variability of soils within the field; in particular the permeability, which can vary between 

several orders of magnitude (Rahardjo & Leong, 1997). Rahardjo and Leong (1997) hence 

suggest that it may be more appropriate to use the permeability function obtained using the 

drying path of the SWCC, as a means of incorporating the cracks and discontinuities in the field 

which increase the permeability. This adds some support to ignoring the hysteretic behaviour of 

the SWCC. 

5.5 Shear Strength Tests 

Triaxial testing and ring shear tests were undertaken in order to study the failure characteristics 

and obtain the shear strength parameters of the soil. Two types of triaxial tests were 

undertaken; consolidated drained (CD) and constant shear stress drained (CSD). 

A common triaxial test, CD tests are undertaken with a constant cell pressure and pore 

pressure, while the load on the specimen is gradually increased at a constant rate until failure 

occurs. The increase in load is usually strain controlled – that is, the strain on the specimen is 

increased at a constant rate. During a CD test, water is allowed to flow in or out of the 

specimen, and thus the specimen changes volume throughout the test. 

CSD tests are also undertaken in a fully drained condition. In a CSD test however, the cell 

pressure and load on the specimen are held constant, while the pore pressure is gradually 

increased until failure occurs. CSD tests are undertaken in this manner to replicate failures 

where the shear stress on the soil is constant, and failure occurs from increasing pore 

pressures. Such failures are common in rainfall induced landslides and in certain retaining wall 

failures.  

The difference between CSD tests and CD tests can be seen in the different stress paths 

obtained. The stress path is a plot of the peaks of the Mohr-Coulomb circles as the soil 

approaches failure. The stress path of the soil in a CSD test is called the ‘field stress path’ as it 

replicates the stress path of rainfall-induced slope failures in the field. The stress path of a CSD 

is horizontal, with a constant shear stress (q) and decreasing mean effective stress (pʹ). The 
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stress path continues to move further to the left until the failure envelope is reached. This is a 

simplification; in reality as the soil saturates in the field, the weight of the soil increases, thus the 

shear stress on the soil will increase slightly. However, according to Farooq et al. (2004), most 

failures occur after saturation has been reached, and thus the horizontal stress path can be 

assumed. The stress path of a CD test however moves upwards and outwards until the failure 

envelope is reached. This is shown in Figure 5-16.  

 
(a) 

 
(b) 

Figure 5-16. The stress path of a: (a) CD test; and (b) a CSD test. 

 

In order to evaluate the effect of matric suction on the shear strength of the soil, CD tests were 

also undertaken on unsaturated specimens. These tests were used to derive ɸb. In these tests, 

the matric suction in the soil was held constant using the axis translation technique. Due to time 

constraints on the project, these tests were undertaken as multistage tests. 

Ring shear tests were also undertaken to determine the residual angle of shearing resistance of 

the soil. They give an indication to the post-sheared strength of the soil, which is useful when 

analyzing landslides when failure is not fully mobilized. 

5.5.1 Methodology 

 Specimen Preparation 

The specimens were obtained from the field as described in Section 5.2. The specimens were 

placed in a manual soil lathe, and trimmed to a diameter of 38 mm using a wire cutter and a 

sharpened steel blade. The trimmed specimen was then placed in a 3-piece split mould, which 

was used to trim the specimen to a length of 76 mm. Thus the specimens had a height to width 
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ratio of 2:1. The mass of the trimmed specimen was recorded, and the moisture content of the 

trimmings obtained. The dry density of the specimen could then be estimated.  

 
(a) 

 
(b) 

Figure 5-17. A triaxial specimen being: (a) trimmed in a soil lathe; and (b) cut to length in a split mould. 

 

Filter paper and porous disks, which had been saturated in distilled, de-aired water, were then 

placed on the ends of the specimen. The specimen was then placed on top of the triaxial 

pedestal. Finally a top cap was placed on top of the top porous disk. A rubber membrane was 

placed over the specimen using a rubber membrane expander and a vacuum pump. Four O-

rings (two at each end) were used to seal the rubber membrane to the pedestal and to the top 

cap. A tube was used to connect the top cap to a drainage line, hence two-way drainage was 

allowed throughout the test. A diagram showing this configuration is shown in Figure 5-18. The 

cell pot was placed over the specimen and held in place with three thumb screws. All lines were 

bled with water prior to testing. The cell was filled with standard tap water. 
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Figure 5-18. Triaxial testing configuration. 

 

5.5.2  Consolidated Drained Tests 

The methodology described in Head (1986a) was followed for the CD tests undertaken on 

saturated specimens. The CD tests were split up into three stages; saturation, consolidation and 

shearing. During all of these stages, two-way drainage was allowed. All data was recorded at a 

minimum sampling period of 1 minute, and a maximum sampling period of 1 second. The 

chosen sampling period depended on what stage of the test was being performed. 

During saturation, the cell pressure and pore pressure were increased from 10 kPa and 0 kPa 

to 710 kPa and 700 kPa respectively. These were increased in 100 kPa increments, while the 

10 kPa confining pressure was maintained on the specimen throughout the saturation stage. 
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Once a cell pressure of 710 kPa was reached, a test for saturation, (commonly known as the ‘B-

test’ as it is used to obtain Skempton’s ‘B’ parameter) was performed on the specimen. During 

the B-test, the two drainage lines were closed (so drainage was not permitted), and the cell 

pressure was increased by a given amount. The corresponding increase in the pore pressure 

was measured, and the B value was obtained by: 

 
PP

B
CP





 5.22 

where B is Skempton’s ‘B’ parameter, and ΔPP and ΔCP is the change in pore pressure and 

cell pressure respectively. To be deemed saturated, the soil should have a B value of at least 

0.95, and ideally greater than 0.98. In the case of very stiff soils, it may not be possible to obtain 

a B value greater than 0.95, due to the increase in pressure being applied to the soil skeleton, 

rather than the pore-water within the sample. If the B value proved to be less than 0.95, then the 

cell pressure was reduced to 710 kPa, the drainage lines re-opened to a pressure of 700 kPa, 

and the specimen left to saturate further. Once a B value of at least 0.95 was obtained, the 

consolidation stage was initiated. 

During consolidation, the confining pressure is increased and the excess water is ‘squeezed’ 

out of the sample, thus consolidating the soil. The cell pressure was increased so the difference 

between the pore pressure and the cell pressure was equal to the desired confining pressure. 

The two drainage taps were left open during the consolidation process. Some methodologies 

suggest only allowing one-way drainage through the top of the specimen, allowing the excess 

pore water pressure to be measured at the other end. Once this excess pore water pressure is 

zero, the consolidation process is complete. One-way drainage however takes four times longer 

than two way drainage, as the drainage length is halved. To save time then, two-way drainage 

was allowed and the consolidation was deemed complete once the flow of water out of the 

specimen had stopped. Consolidation pressures ranging from 50 kPa to 500 kPa were used in 

this research. Once consolidation was complete, the coefficient of consolidation was calculated 

using: 
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   5.23 

where cv is the coefficient of consolidation, Lo is the initial specimen length, and t90 is the time 

for 90% consolidation. It is noted that this equation makes the assumption that the drainage 

path, Lo/2, is constant throughout the test. In reality, as the specimen consolidates, this drainage 

path decreases slightly. However the decrease is so small that it can be ignored. The t90 was 

determined using Taylor’s construction method. 

The coefficient of consolidation was used to calculate the rate of shearing. To calculate ksat, 

Equation 5.24 was used. 

 sat v v wk c m   5.24 

where ksat is the saturated coefficient of permeability, cv is the coefficient of consolidation, mv is 

the coefficient of volume compressibility and γw is the unit weight of water (9.81 kN/m3). The 

coefficient of volume compressibility was calculated using: 
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  5.25 

where ΔV is the change in volume during consolidation, Vo is the initial volume of the sample, 

and σcon is the consolidation pressure. The rate of shearing for a sample with two way drainage 

was calculated using Equation 5.26, as set out by Bishop and Henkel (1962). 
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   5.26 

where tf is the time until failure, L is the height of the specimen and cv is the coefficient of 

consolidation. Assuming the specimens would fail when the strain reached 15% of the original 

length, the rate of shearing, Δε (mm/min), was calculated as: 
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Once this rate of shearing was obtained, the shearing part of the test was started. During 

shearing the displacement or strain of the specimen was increased until failure occurred. Failure 

was deemed to have occurred by either a significant decrease in the amount of load required to 

induce the necessary displacement, or when a flattening out of the load displacement curve was 

reached. 

During the shearing process the displacement of the specimen, change in volume, cell 

pressure, back pressure and load was recorded. Assuming the specimen deforms uniformly, the 

cross sectional area of the specimen was obtained as follows: 

 o

o

V V
A

L L

 



 5.28 

where A is the cross sectional area of the specimen, Vo and Lo are the post consolidation 

volume and length of the specimen respectively, and ΔV and ΔL are the change in volume and 

length, respectively. In this research, an increase in volume and length is taken as a positive ΔV 

and ΔL, respectively.  

The two principal stresses, σ3ʹ and σ1ʹ, which describe the Mohr’s Circle of the soil, are 

expressed as [5.29 and 5.30]: 

 3 ' CP PP    5.29 

 1 3' '
F

A
    5.30 

where CP is the cell pressure, PP is the pore-pressure, F is the load and A is the specimen 

area. The mean effective stress, pʹ, and shear stress, q, which are the points which describe the 

top of each Mohr circle, and subsequently the stress path of the soil, are expressed as [5.31 

and 5.32]: 
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The pʹ-q plot is used to express the stress path of the soil, and determine the soil shear strength 

parameters. Once the shearing was complete, the mass water content and dry density of the 

soil was determined. 

5.5.3 Constant Shear Stress Drained Tests 

The specimens used in the CSD tests were prepared as described in Section 5.5.1. However 

the pedestal was placed in a front loading oedometer. This oedometer allowed a constant load 

to be applied to the specimen using weights loaded on a hanger arm. An internal load cell was 

used to measure the load applied to the specimen. Two Enterprise Level Digital Pressure 

Controllers (GDS Instruments, 2012), were used to supply and regulate the cell pressure and 

pore pressure. Using the software GDSLAB (GDS Instruments, 2012), the cell pressure and 

pore pressure levels during the tests were fully automated. The apparatus used to undertake 

the CSD tests is shown in Figure 5-19. 

During the saturation process the cell pressure and pore pressure were raised from 10 kPa and 

0 kPa to 710 kPa and 700 kPa respectively. Using GDSLAB, these were increased linearly over 

a time period of 1,500 minutes (approximately 0.5 kPa/min). The 10 kPa confining pressure was 

maintained throughout the saturation process. Once the target pore pressure of 700 kPa was 

reached, the test for saturation, and the consolidation stage, was undertaken in the same 

manner as that in the CD tests. 
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Figure 5-19. The CSD testing apparatus. 

 

During shearing, weights were applied onto the hanger arm until the desired load reading was 

reached. These weights were applied slowly, with both drainage lines open, to ensure that 

undrained loading of the specimen did not occur. The adding of these weights effectively 

anisotropically consolidates the specimen after the standard isotropic consolidation has taken 

place. The amount of load applied was selected to ensure the initial stress ratio (σ1ʹ/σ3ʹ) (Ki) 
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value was two for each test. According to Orense et al. (2004a), this Ki value can affect the 

amount of dilatancy of the soil in the test. Because these tests were undertaken on undisturbed 

specimens, the same Ki value was chosen for all tests. This meant that any variance in the 

shearing behaviour of the soil was due to variance in the soil itself, rather than the conditions of 

the test. The desired load was calculated using [5.33]: 

 
3 '

F

A
  5.33 

where F is the load, A is the area of the specimen following consolidation and σ3ʹ is the 

confining pressure. Because σ1ʹ is the sum of F/A and σ3ʹ, a Ki of two is obtained. The value of 

two was selected due to the low slope gradient present at the site. Once the required load was 

reached, the specimen was left to consolidate after the further increase in load. When the 

specimen stopped anisotropically consolidating due to the applied load, the pore pressure was 

increased at a steady rate of 1 kPa per hour. This rate was selected to ensure the pore 

pressure was equalised throughout the sample. It is similar to the rates used by Anderson and 

Sitar (1995) (0.65 kPa/hr) and Xu et al. (2011) (2 kPa/hr), who also tested fine-grained 

materials. Once failure was reached, the mass water content and dry density of the specimen 

was determined. 

5.5.4 Unsaturated Consolidated Drained Tests Methodology 

Unsaturated CD tests were undertaken to estimate the unsaturated soil shear strength 

parameters. The methodology described by Head (1986a) was also followed for CD tests 

undertaken on unsaturated specimens. A high air entry ceramic disk was used in place of the 

bottom porous disk. The pore water pressure was applied through this ceramic disk. Pore air 

pressure was applied through the top porous disk. The specimen volume change was 

measured via the flow of water in and out of the cell pot. Hence corrections had to be made for 

the amount of creep and due to displacement of the loading ram during shearing. In order to 

make best use of the limited number of soil samples, and time available in the research, 

multistage triaxial tests were undertaken in a manner similar to that described by Khosravi et al. 

(2012). The sample was sheared at a given confining pressure (with a given air pressure). As 
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the load-displacement graph reached a peak, the confining pressure and air pressure would be 

increased by the same amount, and the sample reconsolidated and re-sheared.  It is noted that 

the loading, unloading and reloading may affect the soil structure, and thus the results obtained 

from the tests. However, results obtained from Khosravi et al. (2012), were consistent with 

independent tests on the same soil, suggesting that a multistage testing approach for 

unsaturated triaxial tests can be viable and justified. Similar multistage testing on unsaturated 

soils has also been undertaken using the triaxial apparatus by Ho and Fredlund (1982), and 

using the shear box apparatus (Gan & Fredlund, 1988). 

5.5.5 Ring Shear Tests 

Ring shear tests were undertaken on a standard Bromhead device, in accordance with the 

procedure outlined by Bromhead (1979). Testing material was obtained from recycled 

specimens from the triaxial testing. 

5.5.6 Experimental Program and terminology 

The experimental program used for the shear strength testing is summarised in Table 5-3. 

Table 5-3. Experimental program used for shear strength tests. 

Test Type Soil Type Range of Confining pressures used (kPa) 

CD 
Residual soil 50 - 500 

Transition zone 75 - 500 

CSD 
Residual soil 100 - 500 

Transition zone 75 - 500 

Unsaturated CD 
Residual soil 275 

Transition zone 375 

Ring shear 
Residual soil 50 - 360 

Transition zone 50 - 360 
All tests were isotropically consolidated barring the Ring shear tests, which were anisotropically 

consolidated. Due to the loading procedure, the CSD tests were effectively anisotropically 
consolidated following the standard isotropic consolidation. 

 

The term ‘failure’ in this section refers to the onset of failure or failure initiation. For the CD tests, 

this failure initiation is taken as the peak of the pʹ-q curve. Because there is essentially no peak 

of the pʹ-q curve of the CSD tests (refer Figure 5-22), this failure initiation for these tests is 

defined as the point where the maximum ratio of q and pʹ is obtained. In this thesis, a negative 
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axial strain, εa, refers to a compressive specimen and a negative volumetric strain, εv, refers to a 

contractive specimen. 

5.5.7 Results 

Consolidation data obtained from the triaxial tests is given in Figure 5-20. As expected, the tests 

show an increasing volume change with increasing confining pressure. There appears to be 

little to distinguish the transition zone soil and the residual soil based on the results of the 

consolidation data. Both soil types show a linear portion of volume change when plotted against 

the square root of time. This linear portion was used to estimate the coefficient of consolidation, 

and thus the permeability and loading rate of the CD tests. 

 
Figure 5-20. Consolidation data obtained from both CSD and CD triaxial tests. 

 

 CSD Results 

Raw data (in terms of load, displacement, volume change pore pressure and cell pressure) 

obtained from a typical CSD test is plotted in Figure 5-21. The test results shown are from a 

specimen retrieved from the transition zone, and consolidated under a 500 kPa effective stress.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5-21. Raw data obtained from a CSD test undertaken on transition zone soil at an initial confining 

pressure of 500 kPa. (a) shows the load-time graph, (b) axial strain-time, (c) volume change-time; and (d) pore-

pressure/cell pressure-time. 

 

Time = 0 corresponds to the time following isotropic consolidation, but prior to applying the 

weights on the hanger arm; i.e. prior to anisotropic consolidation. As observed, the initial load 

was applied in stages, allowing the specimen to consolidate between load increments. 

Effectively this meant that the specimen was further consolidated anisotropically following the 

isotropic consolidation. If this was not done, the specimen would undergo undrained failure. At 

each loading increment the specimen would deform a considerable amount; approximately 2  

mm – 3 mm or 2% - 4% of the pre-consolidated height of the specimen (Figure 5-21 (b)). Pore 

pressure was not increased until the specimen had fully consolidated from the applied load 

(Figure 5-21 (c)). During this pore pressure increase, further axial deformation of the specimen 
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is negligible until failure occurs (Figure 5-21 (b)). Precursor to failure is characterised by a slight 

increase in axial deformation. When the specimen finally does fail, a very rapid large axial 

deformation occurs, accompanied by an increase in volume of the specimen. The load applied 

on the specimen also appears to decrease significantly during failure. This is due to friction 

between the loading ram and the cell. As the loading ram moves when the specimen deforms, 

this friction reduces the applied load on the specimen. Likewise, a slight increase in the cell 

pressure is observed during failure. This is because the failure is so sudden; the cell pressure 

controller does not have time to dissipate the excess cell pressure caused by more of the 

loading ram entering the cell body. This is one of the reasons why failure initiation was used for 

comparison between the CD tests and the CSD tests. 

 

  
Figure 5-22. Processed data obtained from a CSD test undertaken on transition zone soil. An initial confining 

pressure of 500 kPa was used (Raw data shown in Figure 5-21). (a) Shows the pʹ-q plot, (b) shows the εa-pʹ plot; 

and (c) shows the εv-pʹ plot.  
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The same data set, expressed in pʹ, q, axial strain (εa) and volumetric strain (εv) is shown in 

Figure 5-22. As observed in Figure 5-22 (a), pʹ and q both increase as the load is applied. The 

application of this load leads to an axial strain on the sample of approximately -17% (of the 

post-isotropic consolidated height), and a volumetric strain on the sample of approximately -4%. 

During the stage of pore-pressure increase, there was practically no further axial and volumetric 

strain. As observed in Figure 5-22 (a), during this increase in pore pressure, pʹ is reduced while 

q is held relatively constant. Failure is characterised by a large decrease in q, corresponding 

with further axial shrinkage of the specimen. A slight increase in the volumetric strain also 

occurs during failure. A plateau of q and εa occurs because the displacement transducer 

reaches its maximum travel extent. 

A plot of εa-pʹ obtained from the CSD tests is shown in Figure 5-23. The circle on one of the 

plots indicates the start of the anisotropic loading phase. The square indicates the start of the 

increasing pore pressure stage. The arrow indicates the time of failure initiation. The transition 

zone samples appear to show an increasing failure strain with increasing pʹ. This is because the 

εa incorporates the strain due to the anisotropic loading. The load required for obtaining the 

desired Ki value increases as the consolidation pressure increases, and hence εa increases with 

pʹ. As a result, the specimens at high consolidation pressure fail at a greater strain. The same 

trend is far less prominent on the residual soil samples, indicating that the residual soils are 

stiffer than the transition zone samples, and hence the strain level reached from the applied 

load on these soils is less. The onset of failure of all of the specimens is characterised by an 

increasing rate of εa. Once failure occurs, εa increases drastically. Note that the εa reached post 

failure is once again dependent on the friction between the loading ram and the cell cap. 

The εv-pʹ plots obtained from the CSD tests are shown in Figure 5-24. The circle, square, and 

arrow represent the same points in time as in Figure 5-23. As to be expected, all of the 

specimens decrease in volume while the initial load is applied – during the anisotropic 

consolidation stage. In a similar manner to the axial strain, the higher the initial confining 

pressure, the larger the decrease in volume is (due to the higher initial load required). During 

the increase in pore pressure, the specimens all begin to increase in volume. Because of the 
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relatively high coefficient of volume change, as seen in the consolidation data, the transition 

zone samples failed at a smaller volume then their post-isotropic consolidation volume. 

However, as the residual soil samples have a lower coefficient of volume change, the tests 

undertaken at lower confining pressures tend to fail at larger volume than the post-isotropic 

consolidation volume. 

 

Figure 5-23. Axial strain - mean effective stress plots obtained from CSD tests. 

 

Figure 5-24. Volumetric strain - mean effective stress plots obtained from CSD tests. 
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The pʹ-q plots are shown in Figure 5-25. The circle, square, and arrow represent the same 

points in time as in Figure 5-23. The transition zone shear strength parameters show a cʹ of 

approximately 4 kPa, and a ɸ of 21°. The residual soil exhibited a cʹ of 0 kPa and a ɸ of 41°. A 

slight curvature is noted in the failure envelope of the residual soil, which shows a fairly 

consistent failure envelope (not much scattering of the results). The transition zone envelope is 

however more scattered, making it difficult to determine if this envelope shows a slight curvature 

or not. 

 

Figure 5-25. Shear stress - mean effective stress plots obtained from CSD tests. 
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The εv-pʹ plots obtained from the CD tests are shown in Figure 5-26. For clarification, the circle 
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regardless of the confining pressure. Conversely, four of the five residual soil specimens 

showed a dilatant response during shearing. The residual soil specimen which did not show a 

dilatant response had an effective confining pressure of approximately 300 kPa, which is mid-

range of the effective confining pressures used. It appears then that this specimen is an 

irregularity, as it also resulted in a lower peak shear stress, as observed in Figure 5-28. 
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Figure 5-26. Volumetric strain - mean effective stress plots obtained from CD tests. 

 

The q-εa curves obtained from the CD tests are shown in Figure 5-27. The residual soil 

specimens all show a much greater stiffness then those obtained from the transition zone. This 

is consistent with the results obtained from the CSD tests, shown in Figure 5-23. Neither the 

transition zone samples nor residual soil samples appear to be converging to a residual q value 

at large strains. 

 

Figure 5-27. Shear stress – axial strain curves obtained from CD testing. 
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The pʹ-q plots obtained from the CD tests are shown in Figure 5-28. As observed, the plot 

indicates that the transition zone soil has a far lower ɸ value (16°) than that exhibited by the 

residual soil (36°). There appears to be a slight curvature in the failure envelope of the residual 

soil. The test shown at an initial pʹ of 250 kPa has a peak slightly lower than the deemed failure 

line. This is the same specimen which showed a contractive response, as opposed to the 

dilatant response exhibited by the other specimens. It appears then that this is an irregular 

specimen, and possibly had a locally high void ratio or a pre-defined shear plane. No cohesion 

intercept is observed in the residual soil samples.  

The transition zone shear strength parameters exhibit a cʹ of approximately 19 kPa, and a ɸ of 

16°. This ɸ is reasonable considering the landslide occurred on a site with a relatively low 

gradient (15°); however this is a very large apparent cohesion. The samples were retrieved from 

a post-cut depth of approximately 0.7 m; however the pre-cut depth of the samples would have 

been approximately 7 – 8 m. If this over-consolidation was the cause of the large apparent 

cohesion, there should be a visible change in the failure envelope at this over-consolidation 

pressure (approximately 120 kPa). As observed, there is no change in the failure envelope at 

this pressure. Also, one would expect to see a similar response in the residual soil samples, 

which would have also been subjected to an over-consolidation. Such a response is however 

not observed. Likewise, resolution effects, membrane effects and the weight of the top cap 

which could account for a high cʹ, particularly at low confining pressures, were not accounted for 

in the residual soil as well as the transition zones samples. If such affects were the cause of the 

large cʹ of the transition zone samples, they should cause the same response in the residual 

soil.  

Similar test results were obtained from compressive triaxial tests undertaken by the engineers 

to the site. Tilsley (1998) reported a cʹ of 1 kPa and 22 - 23 kPa and ɸ of 27° and 24 – 31° for 

the residual soil and transition zone soil respectively. This is summarised in Table 5-4. The 

Tilsley (1998) tests were undertaken on the soil prior to the cut operation. Although there are 

some discrepancies, particularly with the ϕ of the residual soil, it appears that the high cʹ of the 

transition zone samples displayed in CD tests is a characteristic of the Northland Allochthon soil 
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at this site, and not a consequence of over-consolidation or due to the testing methodology and 

apparatus used. These results obtained from the residual soil are also reasonably consistent 

with those obtained from O’Sullivan (2009) on Northland Allochthon samples retrieved from 

another location, (cʹ of 6 kPa, ɸ of 30°). These shear strength parameters suggest that failure 

should not have occurred at this landslide site.  

Table 5-4. Shear strength parameters obtained from triaxial tests. 

 Residual soil Transition zone 

 cʹ (kPa) ɸ (°) cʹ (kPa) ɸ (°) 

This research 0 36 19 16 

Tilsley (1998) 1 27 22 - 23 24 - 31 

 

 

Figure 5-28. Shear stress - mean effective stress plots obtained from CD tests. 
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– that is, the specimen shrinks away from the top cap. It is also noted that by undertaking a 

multistage test, the cumulative axial strain on the specimen is much larger, however the εa 

reached during each stage remains reasonably small – approximately 5% – 7%. There is also 

significant bedding errors displayed in the transition zone sample, possibly caused by an off-

centred specimen or a specimen of which top and bottom weren’t trimmed flush and square. 

 

Figure 5-29. Shear Stress - axial Strain plot obtained from unsaturated CD tests. 

 

Figure 5-30. pʹ-q plot of unsaturated triaxial tests. 
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Failure lines were plotted through the pʹ-q plots obtained from the unsaturated triaxial tests as 

shown in Figure 5-30. These failure lines were plotted parallel to the failure line obtained from 

tests undertaken on saturated samples. In these tests, the effects of matric suction were 

incorporated in the Mohr-Coulomb failure envelope in a similar manner to Ling et al. (2009) and 

Chen et al. (2009). This is shown in Equation 5.34: 

  * tanac u      5.34 

where c* is the effective cohesion parameter incorporating matric suction, expressed in 

Equation 5.35. 

  * ' tan b

a wc c u u     5.35 

As observed, the increase in matric suction from 50 kPa to 100 kPa led to an increase in the 

apparent cohesion of 33.2 kPa, and from 100 kPa to 150 kPa led to an increase of 18.8 kPa for 

the residual soil. For the transition zone, an increase in the matric suction from 0 to 50 kPa led 

to an increase in the apparent cohesion of 18.9 kPa. These results are tabulated in Table 5-5. 

Note that the increase in matric suction was used to calculate ɸb, rather than the absolute value. 

This was because the variability of the saturated test results implied that an unusually weak or 

strong specimen would lead to incorrect results in terms of ɸb. That is if ɸ and cʹ were set to be 

the same as those obtained from the saturated tests, and the sample tested had different ɸ and 

cʹ values, then the ɸ b obtained would be much higher or lower than expected. ɸb calculated from 

the residual soil changed from 33.6° to 20° when the matric suction increased from 100 to 150 

kPa. This indicates that ɸ
b
 shows significant curvature, from possibly being close to ɸ at low 

matric suctions, and lowering as matric suction increases. Due to time constraints on the 

project, only two stages of shearing were undertaken on the transition zone samples, so it is not 

known if this trend is present in the transition zone samples also. Also not discussed is the 

degradation of the peak shear strength due to the multistage shearing (Orense et al., 2004a). It 

is possible that maximum peak shear strength was not reached during these tests because of 

the multistage testing (Ho & Fredlund, 1982; Khosravi et al., 2012). As the specimen 

approaches failure, the grains in the specimen may begin to align. This may prevent the 
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specimen from reaching its true maximum shear stress in the subsequent tests undertaken in 

the multistage test. This would also exaggerate the curvature observed in ɸb. 

Table 5-5. ϕb obtained from unsaturated CD tests. 

 
Increase in matric suction 

(kPa) 

Increase in c* 

(kPa) 
ɸ

b
 (°) 

Residual soil 
50 - 100 33.2 33.6 

100 - 150 18.8 20.6 

Transition zone 0 - 50 18.9 20.7 

 

5.5.9 Ring Shear Results 

The results obtained from the ring shear tests are shown in Figure 5-31. As with the triaxial 

tests, the transition zone parameters exhibit a far lower residual angle of shearing resistance 

(ɸr) (9°) compared to that of the residual soil (19°). Interestingly, the ɸr of the residual soil (19°) 

is similar to the peak angle of shearing resistance obtained from the transition zone soil in the 

CSD tests. Because of the many slickensided shear surfaces present in the transition zone, it is 

possible that the exhibited shear strength is close to the residual shear strength of the soil. Such 

a hypothesis however, does not explain why the residual strength of the transition zone is so 

much lower than the residual strength of the residual soil zone. Possibly the larger un-

weathered fragments present in the transition zone have a smoother surface which reduces the 

inter-particle friction. 

 

Figure 5-31. Ring shear test results. 
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5.5.10 Comparison of Results 

The major difference of the soil behaviour between the CSD tests and CD tests results can be 

observed in Figure 5-24 and Figure 5-26 respectively. As observed, once the final load has 

been applied to the CSD tests (and the anisotropic consolidation has taken place), all of the 

specimens exhibit dilatant behaviour (as the pore-water pressure is increased). In the CD tests 

however, all of the transition zone samples exhibit a contractive response, and the residual soil 

showed both contractive and dilatant responses. These test conditions appear to give rise to 

different shear strength parameters, as shown in Figure 5-25 and Figure 5-28, and summarised 

in Table 5-6. The engineers to the site estimated a cʹ and ɸ for the transition zone soil of 0 and 

17° respectively, and obtained a FOS for the site of 0.918 (refer Section 3.7). 

Table 5-6. Shear strength parameters obtained from CD and CSD tests. 

 Residual soil Transition zone 

 cʹ (kPa) ɸ (°) cʹ (kPa) ɸ (°) 
CD 0 36 19 16 

CSD 0 41 4 21 
 

The reasonably large ɸ value obtained in the residual soil is expected, as explained by Wesley 

(2010b), the clay minerals present in residual soils often have good frictional properties. 

However, montmorillonite is often richly present in Northland Allochthon soils, the presence of 

which usually leads to low shear strengths, and failures in very gentle slopes (the overall slope 

angle at the site is approximately 15°) (Wesley, 2010b). Both the CD and the CSD tests 

undertaken indicate that the transition zone soil has a far lower ɸ value then that exhibited by 

the residual soil. The transition zone however shows some considerable cohesion, particularly 

in the CD tests. Being a soil derived from a weathering process, this cohesion is likely due to 

the microstructure of the soil (Wesley, 2010b). As observed in Figure 5-32, the transition soils 

have a number of clasts or fragments of unweathered rock present in them. If these clasts 

intersect the failure planes in the triaxial tests, it is hypothesised that the cohesion value 

obtained from these tests would be greater than for tests where no clasts intersected the failure 

plane. As these clasts weather completely down, they no longer provide any cohesive strength 

to the material, and thus the shear strength of the residual soil shows no cohesive component. 
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Figure 5-32. Triaxial specimen showing the presence of clasts. 

 

As seen in the pʹ-q plots, there is a large amount of scattering of the data, particularly of the 

transition zone samples.  It is noted by Wesley (2010b) that the determination of cʹ and ɸ values 

from residual soils can be difficult, due to discontinuities within the soil. The effect of these 

discontinuities is visible in these pʹ-q plots. This scattering is likely to be due to the presence of 

the slickensided shear surfaces and the clasts in the soil – and whether they intersect, or are 

adjacent to the failure surface in the specimen. The fact that the scattering is more present in 

the transition zone than the residual soil supports this hypothesis, as the clasts are completely 

weathered in the residual soil, and so there is less scattering. 

As shown in Table 5-6, the shear strength parameters greatly differ between the CD and the 

CSD tests. For the residual soil, the ɸCSD is approximately 10% greater than ɸCD. For the 

transition zone soil, the ɸCSD is approximately 30% greater than ɸCD. It appears then that ɸCSD 

can be approximately related to ɸCD for this soil in the following manner [5.36]: 

 (1.1 1.3)CSD CD    5.36 

Clasts 
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This indicates that the ɸ exhibited by the soil is greater during rainfall induced landslides than 

that exhibited under increasing load/shear stress failures. The cʹ of the transition zone soil 

however decreased significantly during the CSD tests – from approximately 19 kPa in CD tests 

to 3.8 kPa in the CSD tests.  

These results indicate that the mode of failure affects the shear strength parameters exhibited 

by the soils. A CSD failure path appears to lead to slightly higher ɸ values, and lower cʹ values. 

This effect was also observed by Anderson and Sitar (1995), which is one of the few studies to 

investigate the effects of the stress path on undisturbed samples of a fine grained soil. Three 

possible reasons are given to explain this reduction in cʹ. One is that it is coincidental, and the 

natural variation of the soil has led to two different failure envelopes being described. Secondly, 

the reduction could be due to the methodology and apparatus used in the CSD tests. In the 

CSD tests, the load was increased effectively instantly in approximately 50 kPa intervals. Time 

was then allowed between loading intervals for the sample to anisotropically consolidate (to 

prevent undrained failure). It is possible that this loading procedure could have re-aligned the 

soil grains and clasts along the failure plane. This would mean there would be less chance for a 

clast to intersect the failure plane and may also break any bonds between the soil grains, thus 

significantly reducing cʹ. The actual anisotropic consolidation in the CSD tests may also have an 

influence on the soil parameters obtained. 

The other possible reason proposed is because of the failure mechanism itself. Obviously this 

hypothesis has the greatest implications for engineering works. As noted, in a CSD test the soil 

shows dilatant behaviour prior to failure, as the pore pressure is increased. In a CD test 

however, the volumetric change is contractive. The gradual increase in pore pressure seen in 

the CSD tests may push the soil grains and clasts apart, thus reducing any bonding present 

between the soil particles as the specimen fails. This may mean failure can propagate around 

the clasts rather than needing extra stress to shear the clasts – as in a CD test (and thus 

resulting in a higher cʹ obtained). If this were the case, then it is suggested that the soil 

parameters obtained from the CSD tests should be used in analyses involving an increase in 

pore-pressure causing failure (such as rainfall induced landslides). To verify such a hypothesis, 
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CSD tests would need to be undertaken on an apparatus where the load can be applied 

gradually. This would give an indication as to whether the loading of the specimen and 

anisotropic consolidation is causing a reduction in cʹ, or if it is due to the failure mechanism 

itself. 

Comparisons of these findings with other studies is difficult, as most similar studies (Chu et al., 

2003; Daouadji et al., 2010a; Daouadji et al., 2010b; Farooq et al., 2004; Leroueil et al., 2009; 

Lourenco et al., 2011; Orense et al., 2004a) were undertaken on sandy soils. As such, the soil 

studied in these tests showed no cʹ. The majority of these studies (Eckersley, Riemer, and 

Sasitharan as cited in Anderson and Sitar, 1995) showed that the failure initiation ɸCSD is 

consistently lower than the steady state angle of shearing resistance – between 75 – 90% of the 

steady state ɸ (Orense et al. (2004a) and Zhu & Anderson (1998)). However, the ɸCSD obtained 

by Anderson and Sitar (1995) was approximately 5° higher than ɸCD. Similar findings were also 

concluded by Atkinson and Farrar, Brenner, et al. and Bressani and Vaughan, as cited in 

Anderson and Sitar (1995). The cohesion value measured by Anderson and Sitar (1995) was 

slightly lower (0.7 kPa) in CSD tests than CD tests (2.3 kPa). Effective cohesion measured by 

Zhu and Anderson (1998) was slightly higher (6.9 kPa) for the failure initiation via CSD tests 

than the steady state value (4.2 kPa).  

5.5.11 Implications for Slope Stability Analyses 

A simplistic LEA (one which ignores the effects of matric suction) of the 2008 landslide site was 

undertaken using the shear strength parameters obtained from the CD and CSD tests (as given 

in Table 5-6). The water table was set very close to the ground surface, implying saturated 

seepage throughout the slope. Figure 5-33 (a) shows an analyses undertaken using the CD 

obtained parameters, Figure 5-33 (b) shows the analyses using the CSD obtained parameters. 

As observed the FOS obtained (1.867) using the CD parameters indicates that failure will not 

occur. The critical failure surface in this case is forced into the residual zone, and does not 

replicate the approximate failure surface observed at the site. Using the CSD parameters 

however, the FOS obtained decreases to 0.887. The theoretical critical slip surface matches the 

observed slip surface only in the region of the toe. Although the full failure surface was not 
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replicated, it can be assumed that failure could continue to propagate upslope, creating the 

failure surface observed at the site. This result indicates the importance of using the correct 

laboratory test to obtain soil parameters. If a practising engineer were to use the CD obtained 

parameters, then they would have concluded this slope to be reasonably stable. Using the CSD 

obtained parameters however indicates that this slope may fail under adverse phreatic 

conditions. 

  
(a) (b) 

Figure 5-33. Comparison between the FOS at the 2008 landslide site using: (a) CD parameters; and (b) CSD 

parameters. 

5.6 Concluding Remarks 

Conclusions obtained from laboratory tests conducted on soils sampled from the site are as 

follows: 

 The pressure plate apparatus is more useful for determining the SWCC of this soil 

rather than the filter paper method, due to the difficulties in measuring the volume of 

the soil specimens using the filter paper method. 

 Without a function to describe α, the Arya and Paris (1981) model is not suitable for 

predicting the SWCC of this particular fine grained soil. 

 The assumed SWCC for the soil can be described by using the Van Genuchten (1980) 

parameters. 
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 The laboratory permeability of both the transition zone and residual soil is very low and 

the soil appears to be isotropic in terms of permeability. 

 The clasts and slickensided shear surfaces present in the transition zone soil has a 

large effect on the shear strength exhibited. 

 The transition zone has a much lower ɸ than the residual soil; however there is an 

apparent cohesion component present in the shear strength of the transition zone soils. 

The residual soil shows no cohesive shear strength. 

 The shear strength parameters obtained from the CD tests are significantly different 

than those obtained from CSD tests. For the residual soil, the ɸCSD is slightly higher 

(10%) than ɸCD. The transition zone exhibited a ɸCSD significantly larger (approximately 

30%) than ɸCD, however natural variability, and particularly the presence of the clasts 

within the soil, could account for a large portion of this. 

 The significant apparent cohesion noted in the CD tests on the transition zone 

decreased from 19 kPa to just 3 kPa in CSD tests. These results indicate that the 

failure mechanism present drastically affects the exhibited shear strength parameters. 

 The differing parameters obtained from the CD and CSD tests lead to vastly different 

results obtained from LEA. The LEA undertaken using the CSD test results better 

replicate site observations. 

 The change in the ɸ obtained as the soil weathers from the transition zone to a 

completely residual soil could be due to the weathering of the clasts which are present 

in the transition zone soil. These clasts may also explain the large apparent cohesion 

exhibited in the CD tests, and the scattering of the triaxial results. 

 The effect of the anisotropic consolidation on the observed behaviour and shear 

strength parameters obtained from the CSD tests was not determined. Future studies 

could consist of making comparisons between these CSD tests and CD tests which 

have also been anisotropically consolidated. 
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 Although only three tests were undertaken to determine ɸ
b for both soil types, ɸ

b 

appears to display significant curvature (at least for the residual soil). A constant ɸb of 

20° will be used for analyses in this project for simplicity. 

The results obtained from this laboratory testing are summarised in Table 5-7. 

Table 5-7. Summarised laboratory testing results. 

 
Van Genuchten 

parameters 
ksat CSD CD 

Ring 
shear 
tests 

 a n m θr 
m/sec 
(10-10) 

cʹ 
(kPa) 

ɸ 

(°) 
cʹ 

(kPa) 
ɸ 

(°) 
ɸb 

(°) 
ɸr 

Residual 
soil 610 3.3 0.7 38.5 2.5 - 25 0 41 0 36 

20 
– 
33 

19 

Transition 
zone 300 5.2 0.8 37 2.5 - 25 4 21 19 16 20 9 
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Chapter Six  

FIELD MONITORING 

6.1 Introduction 

This chapter describes the field monitoring undertaken in this research. Field monitoring 

consisting of recording the rainfall events and the fluctuating θ at various locations at the site 

was undertaken. The field monitoring was undertaken in order to study θ changes during rainfall 

events. This field monitoring could be used as a means to validate the numerical modelling of 

the site, as well as providing insight to the hydraulic characteristics of the site. The field 

monitoring also forms the basis of the EWS, as it is used to develop a relationship between 

FOS and θ in the field during a rainfall event. A tipping bucket rain gauge was used to measure 

rainfall events at the site. Sensors were used to indirectly measure the θ of the soil. 
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6.2 Case Studies 

Advances in technology have enabled field monitoring to become a useful tool in landslide 

research. Such field monitoring can include recordings of pore-pressure, water content, matric 

suction and slope movement. The use of sensors to record the fluctuating θ of soil in a slope 

has become more prominent in recent years. The measurement of water content has two 

benefits; it can be used to study the permeability of the soil, and the matric suction profile of the 

soil can be obtained using the SWCC. Such sensors are used in both laboratory scale models 

of the slope (Orense et al., 2004b) and in actual slopes which are susceptible to landslides 

(Hawke & McConchie, 2011; Zhan et al., 2007). The use of such sensors for developing a 

warning system for rainfall induced landslides has been suggested by Orense, et al. (2004b). 

Hawke and McConchie (2011) monitored an ‘incipient’ landslide in Lake Tutira, New Zealand. 

Time Domain Reflectomers, tensiometers and thermistors were installed at various depths at 

five different locations at the site. These sensors measured the soil θ, piezometric response and 

matric suction of the soil. Three monitoring locations were undertaken down the axis of the 

slope, and one to each side.  A climate station was placed at the site to record rainfall events. 

This study was undertaken to determine the failure mechanism present at the site. Records of 

the piezometric response to rainfall were made for more than 5 years. The study site was on 

pastoral hill country. A sample of the records obtained from Hawke and McConchie (2011) is 

shown in Figure 6-1. As observed, the soil θ at 250 mm deep responds rapidly to any rainfall 

which exceeds approximately 10 mm/day. The soil water content response at 500 mm deep is 

similar to that at 250 mm deep; however it is much less pronounced. At this depth the rainfall 

must be at least approximately 40 mm/day before the moisture content at this depth changes. 

The moisture content at 1,000 mm deep rarely changes. It was observed by Hawke and 

McConchie (2011) that the moisture content sensors at the shallow depth, respond rapidly to 

any rainfall event greater than 10 mm/day. Very large rainfall events are however required to 

develop positive pore pressures in the soil. As such, positive pore pressures were only recorded 

for 8% of the 5 year monitoring period. These positive pore pressures dissipated rapidly once 
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the rainfall stopped. Furthermore, the pore-pressure response appeared to be highly variable 

across the monitoring locations. 

 

Figure 6-1: The variation in soil moisture content throughout the profile in response to rainfall over 1 year 

(Hawke & McConchie, 2011). 

 

Based on these results and field observations, Hawke and McConchie (2011) note that positive 

pore pressures can develop at any time of the year, and that it takes a large amount of 

precipitation (either high intensity or long duration) to form a saturated zone. A very wet month 

was recorded in August 2003; with 533 mm of rainfall being recorded (the average over the 

previous 5 years was only 173 mm). This triggered two landslides, one occurring within 20 mm 
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from the nearest sensor. During this landslide event, positive pore-pressures were recorded in 

various sensors; however the pore pressure levels reached were only 60% of previous records 

when slope failure did not occur. It is therefore suggested that soil water content is likely to be 

more of an influencing factor in causing slope instability than measuring pore pressure. A back 

analysis of the slip was carried out using the infinite slope method. Soil profiles and 

geotechnical properties were obtained from Preston (1996), who carried out 101 measurements 

of shear strengths from 54 soil profiles in the area. The FOS obtained, using the recorded pore 

pressures and these shear strength parameters was 2.16. This indicates that failure should not 

have occurred. The authors conclude from this that slope failure was caused at this location 

from a high antecedent rainfall and high rainfall intensity, which reduced the matric suction, and 

therefore the effective cohesion of the soil rather than development of extreme positive pore 

pressures. To confirm this, estimates of the matric suction profile along the slip surface should 

be used in conjunction with unsaturated shear strength parameters to obtain a FOS. 

In-situ recordings of the response of soil piezometric conditions to rainfall events have also 

been undertaken in more controlled conditions. Zhan et al. (2007) used tensiometers, moisture 

probes, a tipping bucket rain gauge and a vee-notch flow meter to investigate the effects of 

rainfall on a naturally grassed slope. These sensors measured soil suction, soil water content, 

and indirectly measured the infiltration rate into the slope. A sprinkler system was used to 

artificially apply rainfall to the site. This enabled the rainfall intensity and duration to be 

controlled. The rainfall intensity applied to the site had an intensity of approximately 2.9 mm/hr, 

and was applied for 1 week. No runoff was measured at the site during the first 3 days of 

rainfall; where upon surface water began to occur, and increased as the duration of rainfall 

increased. The reason for this is presumably due to the open cracks and fissures present in the 

site. Initially these cracks allow for large infiltration rates of water, however as the water content 

of the soil increases, the soil swells thus closing these gaps up and decreasing the infiltration 

rate. The tensiometers installed at the site showed a delay of approximately 3 days. However, 

they were installed at deeper depths (0.9 m) as the soil suction nearer the surface exceeded the 

capacity of the sensors, which could explain this delay. There was no relationship between the 
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delay time of the tensiometers and the depth which they were installed at, suggesting the water 

follows through the cracks and fissures through the soil, rather than the soil skeleton itself (Zhan 

et al., 2007). The response of the θ sensors (Thetaprobes) was also delayed by approximately 2 

– 4 days from the rainfall. Once the Thetaprobes began to respond, the θ recorded increased 

significantly. Zhan et al. (2007) noted that some of the Thetaprobes recorded a rapid increase in 

the θ up to a steady value, however others showed a gradual increase, and decreased rapidly 

following the rainfall event. This is probably because the rapidly-responsive Thetaprobes were 

installed in close proximity to discontinuities within the soil (Zhan et al., 2007). 

Puppala (2011) also used moisture content sensors and soil suction sensors in a study 

regarding problematic expansive soils. Three moisture sensors were installed at three different 

sites, each with a suction probe installed at close proximity. As noted by Puppala et al. (2011) 

and Vanapalli et al. (2008), it is difficult to measure field suctions, due to the difficulty of 

installation, and the cost of the sensors. Furthermore, such suction sensors often do not capture 

the entire range of suctions capable in the field. Puppala et al. (2011) also observed that the soil 

suction sensors required an equilibrating time of approximately 6 days, whereas the moisture 

content sensors only required a few hours. 

Although tensiometers and piezometers give a direct reading of the pore-pressure profile in the 

field (rather than indirectly through moisture contents), they show considerable lag in response 

time to rainfall events (Fannin & Jaakkola, 1999; Puppala et al., 2011). Because of this delayed 

response of piezometers and tensiometers, the usefulness of such sensors are limited in terms 

of the prediction of rainfall induced landslides (Tohari et al., 2007). Furthermore, the 

piezometers used in the study undertaken by Hawke and McConchie (2011) were also only 

active for 8% of the entire monitoring period, making the relationship between less significant 

rainfall events and the matric suction/pore pressure response hard to define. Moisture content 

sensors however can have a response time in the order of seconds (ICT International Pty Ltd, 

2012a; Orense et al., 2004b), are relatively easy to install ((Puppala et al., 2011; Vanapalli et 

al., 2008)), are cost effective (Orense et al., 2004b; Puppala et al., 2011; Vanapalli et al., 2008), 

and are reasonable accurate (Fannin & Jaakkola, 1999; Orense et al., 2004b). For these 



Field Monitoring 

 
140 

 

reasons they were used extensively in laboratory slope models by Orense et al, (2004b) and 

Tohari et al, (2007), both of whom suggested their use for developing EWSs for rainfall induced 

slope failure. 

6.3 Equipment Used 

The equipment used for the field monitoring was obtained from ICT International (2012d). The 

equipment consists of two different types of θ sensors (ECH2O and MP406s), a tipping bucket 

rain gauge and a data logger. θ sensors were selected instead of suction measurement and 

pore-pressure measurement for reasons given in Section 6.2. A solar panel was used to charge 

an auxiliary battery which powers the data logger and the sensors. The ECH2O probes are 

linked to an interface called the SME-4. The SME-4 is then connected to a databus called IB8. 

This databus is essentially used as an extension cable. The MP406 sensors are linked to the 

SMD4-P interface. The rain gauge, SMD4-P and IB8 databuses are all then linked into the 

databus hub IB14. This databus hub directly links to the data logger (called an SM5). Figure 6-2 

below shows a diagram of this layout. As seen in this diagram there are three groups of 

sensors. Only four ECH2O probes can be plugged into one SME4. 

The recording interval on the SM5 data logger can be adjusted from 1 second to 12 hours or 

more. The data logger however can store a maximum of 500,000 readings, before the data 

logger begins to overwrite the first readings. Hence the selected recording interval depends on 

how often the data can be retrieved, and the power supply of the system. With a recording 

interval of 1 minute, the data must be retrieved every 17 days (data was collected approximately 

monthly on average). Initially a recording interval of 1 hour was selected, however after the first 

few rainfall events captured this recording interval was shortened to 15 minutes, in an effort to 

fully capture the shorter, extreme rainfall events which occurred. The data stored in the data 

logger is downloaded onto a laptop using a USB connection and the HyperTerminal 

connections program. 
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Figure 6-2. Diagram of site monitoring layout. 

 

The tipping bucket rain gauge consists of a tipping bucket which pivots and empties, likened to 

a seesaw action. The bucket holds the equivalent to 0.2 mm of rainfall before tipping, at which 

point a pulse is sent to the data logger, hence recording 0.2 mm of rainfall, which is the highest 

resolution which can be achieved by the rain gauge. The accuracy of the rain gauge is claimed 

to be within ± 4% at a rainfall intensity of 381 mm/hour, increasing to an accuracy of ± 2% at a 

rainfall intensity of 127 mm/hour ((ICT International Pty Ltd, 2012d)). 

Two types of θ sensors were used; the ECH2O and the MP406 (Figure 6-3).  Both sensors 

measure the dielectric permittivity of the soil. The ECH2O probe uses the capacitance 

technique; while the MP406 uses the standing wave technique to measure this dielectric 

permittivity. The capacitance technique measures the charge time of a capacitor, which is 

linearly related to the dielectric permittivity (ICT International Pty Ltd, 2012b). The standing 
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wave technique generates an AC field by use of an oscillator. The amplitude of the AC signal 

can then be related to the θ of the soil (ICT International Pty Ltd, 2012c). Because the dielectric 

permittivity of water is much higher than other fractions present in soil (Table 6-1), any change 

in the dielectric permittivity of the soil is usually associated with a change in the θ of the soil. 

Changes in this dielectric permittivity are assumed to be linearly related to changes in the θ 

(Tardif, 2003). 

Table 6-1. Dielectric permittivity of soil fractions. 

Material Dielectric Permittivity 

Air 1 

Soil Minerals 3-16 

Organic Matter 2-5 

Ice 5-8 

Water 80 

 

Both sensors are claimed to have an accuracy of ± 1% after they have been calibrated to the 

specific soil type (and an accuracy of 3-5% without soil specific calibration). This inaccuracy of 

5% was also noted by Zhan et al. (2007). The MP406 is deemed to be slightly more accurate 

than the ECH2O probe, as it operates at a higher frequency level (100 MHz) compared with the 

ECH2O probe (5 MHz), which makes it less susceptible to salts within the soil. However, the 

MP406 is more expensive. The ECH2O probes are approximately 20 cm long, and measure the 

θ along their entire length (returning the average value). The MP406s measurement probes are 

approximately 5 cm long. 
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(a) 

 
(b) 

Figure 6-3. Sensors used in field monitoring: (a) ECH2O sensor; and (b) MP406 sensor. 

 

There are some problems related to the measurement of θ using the dielectric permittivity of the 

soil. One problem is the effect of salts within the soil (Cobos, 2010). Low frequency (5 MHz) 

sensors (such as the ECH2O probe), have a high sensitivity to salts, which increase the 

apparent dielectric permittivity of the soil. The MP406 operates at a higher frequency, and is 

thus less affected by the presence of salts within the soil (Cobos, 2010).  

The other problem associated with measuring the dielectric permittivity of the soil is the effect of 

temperature. The dielectric permittivity has a weak negative correlation with temperature; 

however electrical conductivity has a strong positive correlation with temperature. Hence 

whenever the temperature fluctuates (from day to night, summer to winter for instance), there is 

a corresponding change in the measured θ. The effect of this can only be corrected using data 

analyses (Cobos, 2010). At the site in question, temperature fluctuation within the soil is likely to 

be small – no more than 9° C separates the average daily minimum temperature and the 

average daily maximum temperature throughout the year (ENZ.org, 2012). 

Nevertheless, these sensors still have a pre-calibrated accuracy of 3-5% for most typical soils. 

Given the variability of soil moisture content in natural sites, as noted by Hawke and McConchie 

(2003), such a level of accuracy should be sufficient for these purposes. In other words, the 

impact of factors such as temperature is far less likely to affect the outcome of this field 
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monitoring compared with the natural variability of the soils at the site. These sensors also offer 

the following advantages (Carlesworth, 2005): 

 Low cost 

 Not influenced by texture 

 Comes pre-calibrated to most soil types, with an accuracy of between 3-5% 

 Easy to install at depth, with minimal soil disturbance 

 Maintenance free, with an expected lifetime of 3-5 years 

 Low power requirement 

6.4 Equipment installation 

The data logger was placed on a stand supplied by ICT. The solar panel was placed below this 

stand, facing North at an approximate angle off the horizontal of 30°. The amount of sunlight 

received by this solar panel was sufficient to power the data logger and sensors with a 

recording interval of 15 minutes. The battery was placed inside an air tight container. This data 

logger, solar panel and battery were all placed inside a lockable steel cage for security reasons. 

Refer to Figure 6-4 (a) for a photo of this set up. This cage was placed beside some vegetation 

(low height trees) in order to stop passing motorists from being distracted by it. 

 
(a) 

 
(b) 

Figure 6-4. Field monitoring equipment: (a) the data logger and solar panel inside the security cage; and (b) 

the tipping bucket rain-gauge. 
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The tipping bucket rain gauge was bolted on top of a 450 mm square concrete pad. This was to 

ensure a flat, level base was provided for the rain gauge. The rain gauge was placed in close 

vicinity to the data logger, however at a reasonable distance (approximately equal to the height 

of the vegetation) away from the drip-line of the vegetation in order to ensure that this would not 

affect results. Figure 6-4 (b) shows a photo of this rain-gauge on top of the concrete pad. 

The sensors were installed by using a hand auger kit to auger to the required depth of each 

sensor. A specially made ‘spade’ was used to install the ECH2O sensors. This spade (Figure 

6-5) had dimensions slightly larger (1-2 mm) than those of the sensor. The spade was pushed 

into the ground at the bottom of the augered hole, which left a groove in the soil approximately 

the same size as the sensor. The sensor was then pushed into this groove using a PVC pipe 

which fitted over one end of the sensor. Because the sensors were installed in a prolonged dry 

period, water was poured into the bottom of the augered hole to soften the soil and allow for 

easier installation. The cable of the sensor was fed up through this PVC pipe. The MP406 

sensors could simply be pushed into the ground using a PVC pipe which fitted over one end of 

the sensor (Figure 6-6). Once installed, soil was backfilled in the augered hole. The soil was 

compacted at regular intervals during the backfilling using a steel rod with a bolt attached to one 

end in order to achieve a density similar to the in-situ density. This methodology is similar to that 

undertaken by Tan et al. (2007) and recommended by Cobos (2010). 

 
(a) 

 
(b) 

Figure 6-5. Installation spade: (a) ECH2O sensor; and (b) spade used to create void for installation. 
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Figure 6-6. Installing the MP406 sensors. 

6.5 Monitoring Layout 

The sensors were installed at three different locations on the same cross section of the site. 

One group was installed near the toe of the slope (a distance of 10 m had to be maintained 

between the sensors and the edge of SH 1 for safety reasons), one group at mid-height of the 

slope and one group near the crest of the slope. These sensors were installed at different times 

throughout the monitoring period. The locations of the sensors, in relation to the site topography 

and stratigraphy, are shown in Figure 6-7. The sensors at the toe of the slope were installed in 

the transition zone, the mid-height and crest sensors were installed in the residual soil. These 

sensors were installed approximately 45 m away from the failed section of the cut slope (Figure 

6-8). 
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Figure 6-7. Location of sensors (circles) on the cross section of the monitored site. The 2008 landslide slip 

surface has been imposed on the cross section. 

 

Figure 6-8. Site plan showing field monitoring locations. 
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The cables leading from the sensors to the data logger were all placed in PVC pipe in order to 

protect them from damage due to the sun, rain, animals and human activities (the site was 

regularly mown and hence there was a danger that the cables would be cut by the lawn mower). 

Whenever a connection in the cables was required, this connection was placed in a water tight 

container. Plastic sacks were used to cover these containers to add further protection from 

water damage. 

6.6 Calibration of the Sensors 

The manufacturers of the sensors used claim an accuracy of 5% for the ECH2O probes and 3% 

for the MP406s with respect to θ, however in reality this accuracy is related to how accurate the 

sensors measure the dielectric permittivity of the soil. That is, the sensors can measure the 

dielectric permittivity of the soil to within 3-5%. This permittivity is then related to the θ of the 

soil. This relationship is affected by the temperature, bulk density, mineral composition and salt 

content of the soil. To obtain a better accuracy of the sensors (<1%), a specific calibration of the 

sensors to the soils at the site is required. This was undertaken using two methods; the dry 

down method outlined by Cobos (2009) and in-situ calibration. 

For the dry down method, soil was collected from the different soil layers of the existing slip on 

the site. This soil was placed in separate air tight containers with the sensors installed centrally 

in the soil. The containers were filled with water and then allowed to saturate. The containers 

were then left in a room at a constant temperature until a near constant reading was obtained 

from the sensors. Once a constant reading was obtained from the sensors, the soil was 

removed from the containers and the θ of the soil estimated using Equation 6.1: 
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 6.1 

where θw is the θ of the soil, Vw is the volume of water in the sample, VT is the total volume of 

the soil, mw is the mass of water in the sample, e is the void ratio, ms is the mass of solids in the 
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sample and ρs is the density of the soil particles. The mass water content of the sample was 

obtained according to NZS4402:1986 Test 2.1. Because the sensors produce a θ which is linear 

with the voltage output from the sensors, only two points for each soil were required to check 

the calibration of the equipment. The soil was replaced in the containers along with the sensors, 

and re-saturated. A heater was then used to dry the soil. Once the soil appeared visually to 

have dried out, the lids were placed on the containers, and the heater turned off. When the soil 

had reached an equilibrium θ (no further change in the sensor readings occurred), the θ of the 

soil was measured once again. Three water content samples were taken from each container of 

soil, giving three measurement samples at each level of θ. 

In-situ calibration was carried out by obtaining core samples using push tubes from close 

proximity (1-2 m), and at the same depth, of each sensor. Samples were not obtained any 

closer to the sensors in case the augering affected the sensor readings (the augered holes were 

backfilled upon completion). The θ of these samples were than obtained. This method was 

undertaken two times, during a drier period and following a period of heavy rainfall. The results 

of this calibration process are given in Figure 6-9. 

 

Figure 6-9. Calibration curves obtained for the sensors. The line shows an ideal calibration. The hollow circles 

are the calibrations obtained from the field measurements. 
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As observed, the results obtained from this calibration process are scattered. The results do not 

suggest that the factory calibration is wrong; however they do not fully reinforce the factory 

calibration either. The reason for this scattering could be due to a number of reasons. Using the 

dry down method, when the soil was dried out, major cracking was apparent in the soil. These 

cracks, shown in Figure 6-10, could be up to 1 cm wide and extend down to the sensor. This 

could have a major effect on the reading of the sensors. Because the sensor averages the θ 

across the entire length of the sensor, it is difficult to measure the effect in the laboratory these 

localised cracks have on the θ. It is still possible to measure the mass water content of the 

sample, however difficult to estimate the volume of the soil. Furthermore, the soil undergoes 

considerable disturbance from installing the sensor into the soil. While the sensor could then 

effectively be calibrated to the soil in its disturbed state, this could lead to an incorrect 

calibration for the in-situ state of the soil (due to changes in density). 

 

Figure 6-10. Cracking present in the soil due to drying out of the soil. 
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Using the field calibration method, the results were also scattered, probably due to the natural 

variation within the soil. Localised θ can vary significantly in a natural soil (Famiglietti et al., 

1998; Hawke & McConchie, 2003), thus meaning a wide range of calibration factors can be 

obtained. This is furthermore affected by the sensors; in particular the ECH2O sensors, which 

average the water content across a 20 cm length; whereas the samples obtained for calibration 

purposes were only approximately 5 cm in length. According to Zhan et al. (2007), the error in 

measurement using this method can be up to 5%, which is equal to the error in the general 

calibration which the manufacturers claim (5%). It was therefore decided to accept this possible 

error from the manufacturers calibration. As a means of improving the calibration, the θ reading 

obtained from the sensors during periods of saturation was set to equal the saturated θ of the 

soil obtained from laboratory samples. 

6.7 Errors 

Over the course of the monitoring period, numerous errors were noted in the field monitoring 

record. These errors usually led to unusually high or low readings, or un-responsive sensors. 

These errors were largely due to six main factors: 

1. Equipment failure. Some of the sensors produced inconsistent and widely 

fluctuating readings throughout the monitoring period. The reason for this was 

unknown, and thought to be due to a faulty sensor. 
2. Incorrect installation. As the sensors were being pushed into the augered holes, 

they could be felt bending due to the stiff underlying soil. At least one of the sensors 

snapped because of this installation process. This was particularly a problem with 

the ECH2O probe sensors. Other sensors produced faulty readings to begin with, 

however as the monitoring period continued the readings obtained improved. Thus 

it appears that the installation process affected the results in some way. 

3. Short circuiting. The system suffered short circuiting at isolated times over the 

monitoring period. One of the watertight containers which held a sensor connection 

had cracked from exposure to the sunlight and consequently filled with water 

following the next significant rainfall event. This short circuited the system which led 

to erroneous readings from the sensors.  
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4. Battery failure. During the winter of 2011 the battery ran flat, due to the low 

sunlight hours, and vegetation growing nearby the solar panel which blocked 

sunlight from recharging the battery. During this period, no data was recorded from 

the sensors.  

5. Vegetation. As discussed vegetation blocked the solar panel at times leading to a 

flat battery. Leaves and seeds also fell into the tipping bucket rain-gauge, partially 

blocking the inlet for rainfall. 

6. Insect infestations. Insect infestations occurred in the housing of the data logger 

and in the containers housing the cable connections. While not causing any 

erroneous readings, it is possible such infestations may cause damage to the 

equipment over a long period of time. 

6.7.1 Data Corrections 

To fill in the missing data and erroneous recordings obtained from the tipping bucket rain-

gauge, data obtained from three nearby rainfall stations was obtained from the National Climate 

Database (National Institute of Water and Atmospheric Research) (NIWA). The station 

locations, along with the site location, are shown in Figure 6-11. The details of each site are 

given in Table 6-2. The weighted average was applied to the hourly rainfall record at each 

station, and the sum of the three stations used to replace erroneous readings. 

Table 6-2. Nearby NIWA station details. 

 
Station Name 

Distance From 
Site (km) 

Rainfall 
Recording 

Weighted 
Average 

A 1400 Whangaparoa AWS 15.4 Hourly 0.35 
B 37852 North Shore Albany EWS 18.1 Hourly 0.33 
C 17838 Warkworth EWS 18.9 Hourly 0.32 

 

The weighted average was based on the distance from the rainfall station to the site and was 

applied to the hourly rainfall recordings obtained from these three sites. That is, the hourly 

rainfall at the site was calculated as: 

 1 2 3R x A x B x C    6.2 

where R is the hourly rainfall at the site, x1, x2 and x3 are the weighted averages applied to the 

hourly rainfall record of stations A, B and C (denoted in Table 6-2) respectively: 
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Figure 6-11. Location of NIWA stations in relation to the site. 
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A comparison of the rainfall obtained from these NIWA sites, and that obtained from the field 

monitoring for the first 1,000 hours of monitoring is shown in Figure 6-12. As observed the 

NIWA data is similar to that obtained from the field monitoring. Hence this NIWA data was used 

to fill in any gaps or erroneous results obtained during the field monitoring. No such data 

correction could be undertaken for the erroneous data obtained from the θ sensors however.  

 

Figure 6-12. Comparison of site rainfall and NIWA rainfall for the first 1,000 hours of monitoring. 

6.8 Results 

The results obtained from the field monitoring are shown from Figure 6-13 to Figure 6-20. An 

elapsed time of 0 corresponds to the 19th of May 2010 at 10.00am for all of the graphs.  

The corrected rainfall captured at the site is shown in Figure 6-13. The two rainy seasons 

(winter in New Zealand) can be observed occurring between an elapsed time of 0 to 3000 and 
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Figure 6-13. Rainfall record captured during the monitoring period. The red vertical line indicates the 1st of 

January, 2011. 

 

Figure 6-14. Shallow sensor data. Toe-Height, Mid-Height and Crest-Height refer to the locations of the 

sensors as shown in Figure 6-7. 
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at this location remained near saturation during the monitoring period; however there is no 

indication at the site as to why the soil at this location would remain saturated, while the other 

shallow sensors fluctuate greatly. This could be an example of the sensor readings being 

affected during installation, or due to natural variation within the soil. 

During the summer period, the θ of these shallow sensors decreased significantly. The degree 

to which they decrease is perhaps exaggerated by the shrinkage movement of the soil. Cracks 

up to 30 mm wide and at least 500 mm deep were observed at the site during this summer 

period. Because the sensors measure the θ of the soil within a 5 cm radius, it is possible that if 

these shrinkage cracks appear within a close proximity of the sensor, the measured θ of the soil 

decreases to a level lower than the volume of water present in the actual soil skeleton. 

 

 

Figure 6-15. A typical rainfall pattern (a); and the corresponding response of the shallow sensors (b). 
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A typical response of the shallow sensors to a rainfall event is shown in Figure 6-15. The rainfall 

event which caused this response is shown in Figure 6-15 (a). This rainfall event was captured 

during the rainy season, and started at an elapsed time of 1,790 hours. As observed, both 

sensors begin to respond to the rainfall event at the same time of 1,793 hours (showing a 3 

hour delay), however the shallow sensor at the toe of the slope (which is located in the 

transition zone) has a much more dramatic response compared to the sensor located at mid-

height, which consists of the residual soil. Interestingly, when the rainfall event increases in 

intensity, the response of the soil at mid-height responds much more dramatically (at an 

elapsed time of 1,797 hours). This could be due to the unsaturated permeability of the soil – 

because the sensor at the toe of the slope had a higher water content prior to the rainfall event, 

the initial permeability of this soil was higher, allowing for more infiltration. This would also 

explain the dramatic increase in the gradient of the response of the mid-slope sensor. As the 

soil increased in water content, the permeability increased allowing for the water to infiltrate 

faster. The soil at mid slope also drastically decreased in θ following the rainfall event, to a level 

equal to the same θ prior to the rainfall event. Interestingly this θ is at approximately the air 

entry value of the soil (the matric suction at which air begins to displace water from the voids of 

a saturated soil) (Figure 5-6). 

 

Figure 6-16. Significant rainfall event which occurred following a prolonged dry period. 
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Figure 6-17. Response of the soil θ to the rainfall events shown in Figure 6-16. 
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Figure 6-18. 700 mm deep sensors. 

 

A similar result is seen for the sensors located at 1.3 m deep (Figure 6-19), and at 1.75 m deep 

(Figure 6-20). As observed, these sensors suffered short circuits which affected the results at 

various times throughout the monitoring period. 

 

Figure 6-19. 1.3 m deep sensors. 
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Figure 6-20. 1.75 m deep sensors. 

6.9 Discussion 
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Zhan et al. (2007). As discussed, Zhan et al. (2007) noted a response time of approximately 3 
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that the response time in this study is also affected by cracks and fissures present in the soil. 
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There are two possibilities which could explain the pattern of results obtained in this research. 

One is that the rainfall events experienced during the monitoring period were not of great 

enough duration for the wetting front to infiltrate to this depth. The other is that the soil remains 

close to saturated for most of the year, and hence cannot increase in θ. Because the soil at 

deeper depths did not dry out during the summer, it is proposed that the cause of this pattern is 

the former rather than the latter. Although it is recognised that high water tables are a 

characteristic of the Northland Allochthon, even during summer periods (O'Sullivan, 2009), the 

water table was recorded to be reasonably deep (3m below ground surface) at various times 

throughout the monitoring period. This indicates that these sensors were not in the saturated 

zone, and thus the reason low fluctuations were recorded was due to the wetting front not 

infiltrating to this depth. 

The rainfall patterns experienced at the site indicate the possible failure mechanism at the site. 

During the summer, high intensity isolated rainfall events occur. The majority of the infiltrating 

rainwater probably enters the slope through the large cracks and fissures present during the 

summer months. This can lead to localised high pore-water pressures along such cracks, which 

lead to slope failure. Such a mechanism was proposed to occur in certain regions of New 

Zealand by Rogers and Selby (1980). However the landslide at this site occurred during the 

winter months. During these months, the rainfall events appear to be less intense, however they 

are far more consistent and common. This suggests that during winter months a higher uniform 

water content is present throughout the slope due to antecedent rainfall events. Thus there is 

less likely to be shrinkage cracks leading to localised high pore water pressures (although 

positive pore water pressures may still develop in the slope). 

6.10 Recommendations for Similar Research 

In hindsight there a number of things which could have been undertaken in a different manner, 

which from a research standpoint would have made the data collected from this field monitoring 
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easier to process, and the results obtained easier to infer conclusions from. The following points 

are suggestions for other similar field monitoring studies to consider.  

 The MP406 sensors were much easier to install then the ECH2O probes. Damage 

occurred to a number of the ECH2O probe sensors during the installation process. 

 The housing of the cable connections should be made of something more durable then 

the heavy plastic used in this research. Some form of rust proof metal is suggested. The 

plastic containers used in this research suffered from exposure to sunlight. They then 

cracked; allowing water into the connections which short circuited the system. 

 Because of the nature and location of the site (a cut slope with a major highway located 

at the toe), full control of the site was not granted. This meant that research site 

maintenance such as controlling the vegetation was more difficult. Also, due to safety 

issues, sensors could not be installed as close to the actual toe of the slope as desired. 

 The deeper sensors (1.75 m) would have been more useful if placed at a very shallow 

depth (0.25 m). During installation these were installed at this depth as to obtain results 

from the deeper soil layers, as significant fluctuations were expected based on previous 

experience with the Northland Allochthon soil. 

 Initially recordings were made at 15 minute intervals, however this lead to large 

quantities of data which significantly increased the time taken to process the data. This 

also decreased the battery life significantly; particularly during the winter months. A 

recording interval of 1 hour seemed to give the best trade between resolution and 

power consumption. 

6.11 Concluding Remarks 

The following conclusions were obtained from this field monitoring: 

 The results are consistent with similar studies reported in the literature. 
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 A specific calibration of the sensors is difficult to undertake in this type of soil, due to 

disturbance affects and the shrink swell movement as well as local variations of the θ 

within the soil.  

 Rainfall events captured at the site during the summer are more intense and of shorter 

duration then those experienced during the winter. 

 While the θ of the soil at shallow depths fluctuates significantly during each rainfall 

event, there is very little fluctuation of the θ of the soil at deeper depths. 

 The response time of the sensors is affected by localised cracking and fissures present 

in the soil. 

 The rate of increase of the θ of the soil appears to significantly increase if the soil water 

content is above the air entry value of the soil. 

 There is significant drying out of the soil at the site during the summer period. This is 

possibly exaggerated due to the shrinkage movement of the soil. 
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Chapter Seven  

NUMERICAL MODELLING 

7.1 Introduction 

Numerical modelling was undertaken in this research for two reasons; to replicate those results 

obtained from the field monitoring, using the parameters obtained from the laboratory tests and 

through back analyses, and to develop the EWS. The results from the numerical modelling 

could be used to train the ANN. Two types of analyses were undertaken; FEM and LEA. Two 

dimensional FEM was used to replicate the fluctuating θ of the site due to rainfall events, 

captured via the field monitoring. Once a reasonable comparison was obtained, the matric 

suction profile calculated at each time step of the FEM was then directly imported into an LEA. 

The FOS was then estimated for each time step from this LEA. 
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The software package GeoStudio (2007 - version 7.15) was used for these analyses. This 

software package allows for direct importation between the FEM, SEEP/W, and the LEA, 

SLOPE/W. As discussed in the literature review, many studies have utilized this software 

package for various studies related to rainfall induced slope failure (Gasmo et al., 2000; Hoyda 

& Heyerdahl, 2006; Lee et al., 2009; Rahardjo et al., 2001; Rahardjo et al., 2010; Rahardjo et 

al., 2007; Tsaparas et al., 2002). This chapter describes the methodology used, the models 

developed and the results obtained from both the FEM and the LEA. 

7.2  Finite Element Modelling 

The equation governing the 2D transient flow of water through an unsaturated media is shown 

in Equation 7.1 (GEO-SLOPE International Ltd, 2009a): 

 
 

x y w w

H yH H
k k Q m

x x y y t


      
    

       
 7.1 

where H is the total head, kx is the hydraulic conductivity in the x-direction, ky is the hydraulic 

conductivity in the y-direction (elevation), Q is the applied boundary flux, mv is the slope of the 

SWCC, γw is the unit weight of water, and t is the time. This equation mathematically states that 

the rate of change of flows into a given volume of soil, plus any external flux (i.e., rainfall) is 

equal to the rate of change of the mass of the soil (GEO-SLOPE International Ltd, 2009a). This 

equation is applicable to 2D flow only; in reality the flow of water through the slope at this site is 

essentially a 3D problem. A 2D analysis was undertaken in this research for simplicity and is 

justified by the linearity of the site along its length. This equation is the same as Equation 2.22, 

expressed in a different format. 

In order for this equation to be solved, two soil input parameters are required; the SWCC and 

the permeability/matric suction relationship. These relationships can be directly input into 

SEEP/W using the best-fit equation parameters from the Van Genuchten (1980) equation [5.13], 

and the Fredlund and Xing (1994) equation [2.11]. For this project, the Van Genuchten (1980) 
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equation was used, for its ability to indirectly define the permeability/matric suction function 

using the best fit parameters obtained for the SWCC. 

FEM was undertaken to replicate the field measured θ response to rainfall events. The rainfall 

events recorded at the site were applied as an influx to the model, and the water content 

fluctuations obtained from the model compared with that obtained from the field monitoring. 

Adjustments were made to the model until the two were in a reasonable agreement with each 

other. The FEM then uses the SWCC to convert the water content profile of the slope to a 

matric suction profile. This matric suction profile is imported into an LEA for each time step, and 

hence the FOS against slope failure obtained. 

7.2.1 Boundary and Initial Conditions 

FEM requires a series of boundary conditions to be set for each model. A simplification of the 

general equation which is solved in SEEP/W is shown in Equation 7.2 (GEO-SLOPE 

International Ltd, 2009a): 

     K H Q  7.2 

where K is a matrix of coefficients related to geometry and material properties, H is a vector of 

the total hydraulic heads at each node in the FEM, and Q is a vector of the flow quantities at 

each node. In order to solve this equation, either H or Q must be specified at the nodes. These 

specified H or Q values are called the boundary conditions. 

In this research, the geometry of the site dictated to a degree the applied boundary conditions. 

A cross section of the topography of the overall site is shown in Figure 7-1. The section that was 

modelled in the FEM in this research is indicated by the square. The effects of the counterfort 

drains which were installed in the slope were ignored in this FEM. This is because field 

evidence suggests that they were largely ineffective. Such drainage systems can be ineffective 

in the Northland Allochthon due to the low permeability and the ‘smearing’ action as the drains 

are installed (Winkler, 2003).  
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As observed a very crude assumption of symmetry can be made on both sides of this section. 

The vegetation is reasonably consistent across the entire extended site. As such, the boundary 

conditions set on the sides of the model were set such that the flow, Q, is equal to 0. That is, no 

water flow can cross these boundaries, based on the assumption that an approximate equal 

flow will be approaching these boundaries from the opposite side of the site. Also, it was 

assumed that enough of the plateau where Wainui road lies was included in the model such that 

any horizontal flow that enters the slope from rainfall on this plateau was captured. The 

presence of the sealed Wainui road and SH 1 support this assumption, as they limit the amount 

of infiltration at these locations. This also assumes that there is no sub-surface horizontal flow 

occurring at the site due to a spring, aquifer or fissure in the underlying parent rock.  

 

Figure 7-1. Cross-section looking north showing the extended topography of the site. The square indicates the 

section used for monitoring. 

 

The bottom boundary of the model was set as a Q = 0 boundary also. The reason for this being 

it was assumed that the depth to this boundary from the ground surface was set at a large 

enough distance that any flow occurring would not be due to any rainfall events falling at the 

ground surface at this site. The boundary condition at the ground surface was set as a Q = 

Rainfall event. The rainfall events recorded at the site were input as a unit flux at ground 

surface. These boundary conditions are similar to those used by Rahardjo et al. (2001). 

Evapotranspiration between rainfall events was accounted for by applying a negative flux as a 

boundary condition at the ground surface between rainfall events. It was assumed that any 

water which did not infiltrate the ground at the site would become runoff, as opposed to ponding 
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on top of the ground surface. As such ponding was not allowed to occur in the FEM. This 

assumption was also made by Tsaparas et al. (2002), Rahardjo et al. (2001) and Cho and Lee 

(2001). Because of this, the same infiltration rate is calculated for any rainfall intensity rate 

which is greater than the ksat of the soil (Gasmo et al., 2000). 

A spatial function was used to establish the initial pore-water pressure profile of the slope. The 

spatial function was input so that the initial water content readings obtained from the FEM were 

comparable to those obtained from the field monitoring. The spatial function used is shown in 

Figure 7-2. As concluded by Rahardjo et al. (2007) and Rogers and Selby (1980), the initial 

pore-water pressure profile only has a secondary effect on the FOS of the slope following a 

rainfall event. Because this FEM is modelling a long term response of a slope to rainfall events, 

this spatial function was accurate enough for the purposes of this research. This was used 

instead of techniques employed by researchers such as Rahardjo et al. (2001) and Hoyda and 

Heyerdahl (2006), which generally involve applying average long term rainfall records as an 

influx into the slope in the FEM, and using a steady state analyses to determine the 

approximate position of the long term water table position. 

 

Figure 7-2. Spatial function used in the FEM for the modeling site. The color contours are at 200 kPa intervals. 
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In early models created in this research, such as that shown in Figure 7-3, a boundary condition 

was applied to the node at the toe of the slope which set the total head at this point equal to the 

elevation head, on the basis that the toe drain is capable of draining all excess water off the 

site. This boundary condition appeared to lead to erroneous results in this analysis, as it meant 

water was added as an influx to the slope during dry periods. This boundary condition was 

removed in more refined models. 

7.2.1 Mesh Size and Time Step 

The approach used for this FEM was to start off as simply as possible. Only one soil layer was 

defined, the slope geometry was simplified (corners in the slope geometry were modelled as 

being sharp – in particular the toe drain present at the toe of the slope), and the mesh was 

generated automatically into a 1 m grid size of quadrilateral elements (with four nodes per 

element). Initially a time step of 1 day was used in this initial model. This diagram of this model 

is shown in Figure 7-3. 

 

Figure 7-3. Initial finite element model used. 
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It became apparent that this time step was too large. Although it led to a relatively quick 

analyses time, it meant that rainfall events which occurred over a few hours were averaged out 

to fall over an entire day. Hence rainfall events with a high intensity and short duration, which 

would normally fall as runoff, were infiltrating the slope in the model. As a result the slope 

became unrealistically saturated from short, high intensity rainfall events. A time step of 15 

minutes was trialled after this; however such a short time step led to unrealistically long 

analyses times. Finally a time step of 1 hour was decided upon as the best trade-off between 

analyses time and analyses accuracy. 

The 1 m grid size was too large for good convergence, which led to a slow analyses time 

(approximately 2 days to analyse 1000 time steps), and poor agreement between the field 

measured θ and the FEM obtained θ. The mesh size was therefore changed to a 0.5 m grid 

spacing, and because the water content fluctuations (both at the site and from the FEM) are far 

more significant near the ground surface (top 0.5 m), the top 600 mm in the FEM was split into 

surface layers, each with an average height of 40 mm. To save analyses time, the element size 

of the deeper layer soils was gradually increased with depth to a maximum element size of 1 m. 

The final mesh used in the analyses is shown in Figure 7-4. The final mesh contained 5151 

nodes and 5032 quadrilateral and triangular elements. The elements shown appear rectangular 

due to the skewed scale used in Figure 7-4. 

As observed, the geometry of the slope, particularly around the toe region was modified slightly 

from the model shown in Figure 7-3. This corner in the slope profile was made more rounded to 

improve convergence of the model (GEO-SLOPE International Ltd, 2009a). This model had an 

analyses time of approximately 1 hour per 1,000 time steps. 
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Figure 7-4. The final FEM used. Note that the top soil layer (which is colored brown) is hidden by the many 

grey nodes, and so is represented by the thick line at the top of the model. The arrows at ground surface 

represent the boundary condition (influx). 

 

7.2.2 Accounting for Evapotranspiration 

To accurately replicate the field measured θ’s in the FEM, evapotranspiration had to be 

incorporated within the model. Without accounting for evapotranspiration, the θ’s within the 

model would not subside following each rainfall event. Hence the slope in the FEM would 

saturate within a period of rainfall events, leading to a reported slope failure.  As experienced by 

Gasmo et al. (2000) and Tsaparas et al. (2002), accounting for evapotranspiration within a FEM 

is a difficult process. This is most likely due to the variability of the level of evapotranspiration, 

which can depend on temperature, wind speed, sunlight hours and humidity amongst others. 

Also, the uptake of water from vegetation at the site also acts to remove water from the soil 

matrix. This further complicates the estimation of the level of evapotranspiration. While there are 
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methods which can be employed to estimate the level of evapotranspiration (a commonly used 

method is the Penman equation (Penman, 1948)), no measurements of the variables required 

for these methods were recorded at the site. 

The level of evapotranspiration was accounted for in this model by adjusting it manually so the 

water content fluctuations obtained from the model replicated those in the field. As observed 

from the field monitoring results, there is a sharp decrease in the water content level following 

each significant rainfall event. Therefore a high level of evapotranspiration was added in the 

model following each significant rainfall event. Such an empirical method however required 

governing conditions to define a ‘significant’ event. After a trial and error process it was 

determined that using the 15 hour cumulative rainfall amount resulted in the best results for a 

basis for identifying a ‘significant’ rainfall event. Any rainfall event which had a 15 hour 

cumulative rainfall amount greater than 20 mm was deemed a ‘significant event’, and a high 

level of evapotranspiration was used as an influx following the rainfall event. Any 15 hour 

cumulative rainfall amount which was greater than 10 mm (but less than 20 mm) was a 

‘standard event’, and had a medium level of evapotranspiration applied following the rainfall 

event. Rainfall events with a cumulative rainfall amount less than 10 mm were deemed ‘minor’ 

events, and thus had a small level of evapotranspiration following them. To put the size of these 

events into perspective, Auckland has an annual average rainfall of 1,240 mm spread over 137 

rain days (NIWA, 2012a). This is an average of 9 mm per rain day. A 12 hour storm depth with a 

2 year return period has a rainfall amount of 67.4 mm (NIWA, 2012b).  

A low level flux was applied to the model between rainfall events. An example of this is shown in 

Figure 7-5. As observed, following the standard event at an elapsed time of 600 hours, a 

medium level of evapotranspiration was applied. Following the significant rainfall event at an 

elapsed time of approximately 900 hours, a high level of evapotranspiration was applied into the 

model. 
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Figure 7-5. Evapotranspiration patterns applied to the FEM following rainfall events. 

 

The applied standard evapotranspiration pattern following a medium rainfall event is shown in 

Figure 7-6 below. As observed a large negative flux (-8.5 mm/hr) was applied for a 1 hour 

duration after a rainfall event. This was reduced to -1 mm/hr for the 15 hours following, before 

being reduced to a long term negative flux of -0.1 mm/hr. For significant rainfall events, the 

large negative flux (-8.5 mm/hr) was applied for longer periods of time, followed by a smaller -

4.9 mm/hr negative flux. The length of time these negative fluxes were applied for was 

determined using a trial and error method. For minor events, only the -1 mm/hr negative flux 

was applied. As observed, the initial negative flux was not applied until sometime 

(approximately 10 hours) following the rainfall event. This was done because ponding was 

allowed to occur in the model. Usually, ponding in such models is not allowed because it is 

assumed that the runoff water would run down the slope due to gravity. This ponding was also 

not allowed in earlier models undertaken in this research. However site observations following 

rainfall events indicated that rainwater would sit on top of the soil at the site for an extended 

period of time. Thus, ponding was allowed to occur. The large level of evapotranspiration 

following the rainfall event is thus compensating for this ponding effect. Essentially, it allows for 

water infiltration to occur for some time following the rainfall event. 
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Figure 7-6. Typical evapotranspiration pattern applied following a significant rainfall event. 

 

The importance of using field monitoring to verify the FEM was apparent when applying this 

evapotranspiration pattern. Indeed, this evapotranspiration pattern and the ksat of the soil were 

adjusted until a good agreement between the field measured fluctuating θ between all the 

sensors and FEM obtained θ was obtained. 

It is also important to note that these generalized evapotranspiration patterns are site specific, 

and were determined by a trial and error process. This methodology was used in this research 

because no site recordings were made of the parameters required to use a more deterministic 

approach (sunlight hours, wind speed, temperature, and humidity). Because of the significant 

impact the level of evapotranspiration has on the results of the FEM and the ANN (discussed 

later), it is proposed that when implementing this EWS at other sites, a more deterministic 

approach, such as the Penman (1948) method, is used to quantify evapotranspiration. Such an 

approach was used by Rahardjo et al. (2013).  

This generalised evaporation pattern was derived to give a good agreement between the FEM 

and the monitoring results. It suggests that when the shallow soils have a higher water content, 

evaporation is higher as there is more water readily available. Also, because the matric suction 
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is lower, the permeability will be higher (and there will be less matric suction holding the water in 

the soil). Recent research, undertaken by Rahardjo et al. (2013), attempts to quantify 

evaporation in a FEM using a deterministic approach (Penman, 1948). The modeling phase of 

the EWS discussed in this thesis would likely benefit greatly from using a similar results. 

However, one benefit of using a trial and error approach in this research is that it may 

inadvertently also account for hysteresis of the SWCC in the field. 

7.2.3 Material Properties 

The material properties used in the FEM are given in Table 7-1. The Van Genuchten (1980) 

parameters were used to define the SWCC. These parameters were also used to define the 

permeability function. As no measurements were made, the top soil SWCC was assumed to be 

equal to the residual soil, and the parent rock SWCC was assumed to be equal to the transition 

zone. The permeability of the soil of the top soil layer was set as three magnitudes higher than 

that of the residual soil and transition zone (which were measured in the laboratory). This was 

required to ensure the same infiltration amount occurred in the model as that which was 

measured at the site. It is also a means of accounting for the discontinuities present at the site. 

Table 7-1. Material properties used in the FEM. 

Soil type 
ksat 

 (mhr
-1

)
10-3 

Van Genuchten (1980) parameter 

a (kPa
-1

) n m θr (%) 

Top soil 36 608 3.271 0.694 38.5 
Residual soil 0.036 608 3.271 0.694 38.5 
Transition zone 0.036 297 5.225 0.809 37.2 
Parent rock 0.0036 297 5.225 0.809 37.2 

7.3 Limit Equilibrium Analyses 

SLOPE/W (GEO-SLOPE International Ltd, 2009b) was used for the LEA. An LEA equates the 

FOS of the slope. The FOS is the ratio of disturbing forces to restoring forces acting along a slip 

surface. In other words, the FOS is the factor by which the shear strength of the soil must be 

reduced in order to bring the soil to the point of failure (Bishop, as cited in Wesley, 2010a).  
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7.3.1 Methodology 

In this research the Morgenstern-Price method was used to determine the FOS of the slope. 

The Morgenstern-Price method is one of the few which allows for a user specified force 

function. The Half-Sine function was used to calculate the force function, simply because it was 

the default option used in the program SLOPE/W. According to GEO-SLOPE International Ltd,  

(2009b), the Half-Sine function tends to concentrate the interslice shear forces towards the 

centre of the slope at risk, with smaller forces obtained at the toe and crest of the slope. There 

are no theoretical reasons as to why the Half-Sine function should be used over other methods 

(GEO-SLOPE International Ltd, 2009b). As discussed in the literature review, the Morgenstern-

Price λ value is selected such that the FOS obtained from both the moment equilibrium and 

force equilibrium are satisfied. The grid and radius function was used to limit the number of 

possible slip surfaces, and identify the critical slip surface; with the minimum FOS. One of the 

main assumptions made when using the grid and radius function is that it specifies circular slip 

surfaces. As actual landslide slip surfaces are often non circular, this can lead to slightly 

erroneous results (Griffiths & Lane, 1999). Because the landslide at the site in question however 

had a relatively circular surface, it was assumed that the grid and radius function was adequate 

for this research. 

The LEA used is shown in Figure 7-7. As observed, the tangent lines are offset a substantial 

distance from the ground surface in the model. This is to remove small, localised slip surfaces 

being identified as the slip surface with the minimum FOS. These small slip surfaces are usually 

identified in the model, without failure occurring at the site, because of assumptions used in the 

model to describe the shear strength of the envelope. In particular, ignoring the curvature of the 

Mohr-Coulomb failure envelope can lead to an underestimation of the shear strength of the soil 

at very shallow depths. In this research, a reasonably large grid size was used. This was 

because the minimum FOS was required over a large number of different pore-pressure 

distributions, and as much as possible it was intended that the centre of the many different slip 

surfaces obtained was not located on the edge of this grid, as this indicates that there may be 

possible slip surfaces with a lower FOS that have not been identified in the analyses. It should 
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be noted that the large difference between the horizontal and vertical scales used in Figure 7-7 

distorts the perceived location of the grid and tangent lines somewhat. 

 

Figure 7-7. LEA used in the research. 

 

 Material Properties 

The shear strength properties of the soil was defined in the analyses using the Fredlund et al. 

(1978) equation [2.4]. The material properties obtained via the laboratory testing were input into 

the analyses. These material properties are shown in Table 7-2. 
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Table 7-2. Soil parameters used in the analysis. 

 cʹ (kPa) ɸ (°) ɸ
b (°) 

γ (kN/m
3
) 

Top soil 10 40 20 17 
Residual soil 0 40 20 17 
Transition zone 3 21 20 17 
Allochthon parent rock 5 35 20 17 

 

The shear strength parameters used for the cʹ and ɸ of the soil were obtained from the CSD 

tests; however ɸb was obtained from CD tests. The effect of the stress path on the value of ɸb 

was not determined in this research. It is thus assumed that the effect of matric suction on shear 

strength is independent of the stress path applied to the soil. Further research could focus on 

identifying the effect of the stress path on ɸb. 

The shear strength parameters of the top soil layer and the Allochthon parent rock layer needed 

to be estimated, as no shear strength tests were undertaken on specimens retrieved from these 

layers. The top soil was assumed to have a similar ɸ angle to that of the residual soil, however 

with a larger cohesion intercept. This is because of research undertaken by Ali and Osman 

(2008) and Preston and Crozier (1999), which suggests that the vegetation rootlets, which 

extend to a depth of approximately 500 mm at this site (the approximate extent of the top soil), 

can increase the cohesion intercept significantly. If the top soil layer was modelled as being 

cohesionless, the LEA would predict the minimum FOS to occur at a shallow depth (<200 mm). 

The slip surface of the landslide which occurred in 2008 was located in the transition zone, 

above the moderately weathered rock (Transfield Services (New Zealand) Ltd, 2008). Based on 

this, and in-situ data from borehole logs undertaken by Tilsley (1998), the Allochthon parent 

rock layer was assumed to have shear strength parameters which forced the slip surface to 

occur in the transition zone. 
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7.4 Results of Volumetric Water Content Simulation 

Figure 7-8 shows the θ obtained from the FEM, compared to those obtained from the field 

monitoring for the sensors located at 0.5 m deep at the toe of the slope and at mid-height. As 

observed, there is a very good agreement between the FEM θ and that obtained in the field for 

the sensor located at mid-height of the slope. There is a slight discrepancy between the two at 

the start, which is to be expected, and is probably due to a combination of the spatial function 

used, and also due to the installation of the sensors disturbing the surrounding soil. It should be 

noted that the evapotranspiration applied to the model was applied in such a way that this 

sensor had a very good agreement with the FEM. A less agreeable comparison was obtained 

between the sensor located at the toe of the slope and the FEM. While the FEM reaches the 

same level of saturation as the field measured results for significant rainfall events, the FEM 

does not maintain this level of saturation for extended periods following the rainfall events, as 

observed in the field. The FEM also does not reach the same θ for minor rainfall events. For 

example, the rainfall event which occurred at an elapsed time of 800 hours produced only a 

slight increase in the θ obtained from the FEM, however a large increase was observed in the 

field monitoring. A similar result occurs at an elapsed time of 1,400 hours. There is also a large 

discrepancy between the stable water content (the water content of the soil between rainfall 

events). As observed the stable water content in the field appears to be considerably higher 

than that obtained from the FEM. These discrepancies are probably caused by one or two 

things; an incorrectly modelled SWCC in the FEM or due to misleading results obtained from 

the field monitoring. It is more likely in this case to be due to misleading results obtained from 

the field monitoring, caused by a localised high void ratio from the sensor installation or 

vegetation rootlets located close to the sensor. This is because the rainfall events which 

occurred at an elapsed time of 800 hours and 1,400 hours were very minor events – with a 

cumulative rainfall amount of only 2-3 mm. With a uniform infiltration across the ground surface, 

such events should not cause such a large increase in the θ of the soil. A localised high void 

ratio could lead to increased infiltration at the sensor location, thus leading to misleading field 

monitoring results. 
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Figure 7-8. Comparison between the FEM results and field measured results for the 0.5 m deep sensors at: (a) 

mid-slope; and (b) toe-height. Elapsed time = 0 corresponds to the 19th of May 2010 at 10.00am. 

 

The comparison between the FEM θ and the field monitoring for the sensor located at 1.75 m 

deep at mid-height of the slope shows a good agreement between the two, as shown in Figure 

7-9. The spatial function used appears to better represent the initial θ obtained at this location. It 

appears that the FEM θ fluctuates significantly more than that observed in the field, suggesting 

that the permeability used in the FEM was too high compared with that in the field – increasing 

the permeability in the model amplifies the fluctuations observed. However, the permeability 

used in the model for this soil layer was already equal to that measured in the laboratory, which 
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as discussed should be much lower than that expected in the field. It is more probable then that 

the field θ is very close to saturation and hence shows no fluctuations in the recorded θ. 

 

Figure 7-9. Comparison between the FEM results and field measured results for the 1.75 m deep sensor at 

mid-height of the slope. Elapsed time = 0 corresponds to the 19th of May 2010 at 10.00am. 

 

This same pattern is seen in the sensor located at 1.3 m deep at the toe of the slope. As 

observed in Figure 7-10, the field measured θ shows little fluctuations (the slight jump occurring 

at an elapsed time of 3,000 hours is due to maintenance which was carried out on the 

monitoring equipment). As observed however, there is a poor comparison obtained from the 

FEM. The FEM takes considerable time to reach a comparable θ, and when it does, there are 

large fluctuations within the FEM θ at each significant rainfall event. 

 

Figure 7-10. Comparison between FEM and field measured θ for a sensor located 1.3 m deep at the toe of the 

slope. Elapsed time = 0 corresponds to the 19th of May at 10.00am. 
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At a depth of 0.7 m, for both the sensors at mid-slope and at toe-height, once again the FEM θ 

is similar to that obtained in the field; however the FEM appears to have much larger 

fluctuations which are not captured in the field monitoring. 

 

 
Figure 7-11. Comparison between the FEM results and field measured results for the 0.7 m deep sensors at: (a) 

mid-slope and (b) toe-height. Elapsed time = 0 corresponds to the 19th of May 2010 at 10.00am. 

 

The comparison between the 0.5 m deep soil sensors at toe-height and at mid-slope for the 

entire monitoring period is shown in Figure 7-12. As observed, during the summer period – 

elapsed time 4,000 – 6,000 hours approximately – the θ reduces significantly in the field. This is 
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cracks occur which further still reduce the θ of the soil. Because it is not captured within the 

SWCC, this is not captured within the FEM. To do so would also require manually adjusting the 

permeability function of the soil, as when the soil begins cracking the permeability would begin 

to increase again. Because the landslide occurred in the winter, and because modelling 

suggests that the rainfall event required to cause failure is of long duration (discussed later), the 

effects of such shrinkage cracking were ignored in this analyses. Furthermore, as the FEM θ 

approached the residual θ value, convergence within the model become slower, leading to a 

much slower analyses time for this period – over three times longer than that during wetter 

periods. 

 

 
Figure 7-12. Comparison between the FEM results and field measured results for the 0.5 m deep sensors at: (a) 

mid-slope; and (b) toe-height over the entire modelling period. Elapsed time = 0 corresponds to the 19th of 

May 2010 at 10.00am. 
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The great difficulty in replicating field measured responses of soil due to hydrological process 

was summarised by Dai et al. (2002). This difficulty largely arises due to the variability of soil in 

the field. Nevertheless, the results of the FEM generally agree with the observations made in 

the field monitoring. In some locations the agreement is very good; in others however the 

agreement is poor. This is probably due to a number of factors. The use of a generalised 

pattern to model evapotranspiration, rather than using a deterministic approach confined the 

model to a degree, with no allowance for the expected variation of evapotranspiration at the 

site. Other discrepancies could be due discontinuities present in the field, which are difficult to 

model, giving rise to responses observed in the monitoring data which are not easy to capture in 

the model. 

7.5 Results of Factor of Safety Simulation 

A typical result of the LEA, using the monitored cross section, is shown in Figure 7-13. As 

observed the failure surface is nearly fully contained in the transition zone soil. One issue 

encountered during the LEA was the fluctuating position of the centre of the surface with the 

minimum FOS (hereafter called the critical centre and critical surface respectively). During dry 

periods, the critical centre would be located in the upper left corner of the grid. At times, this 

would be at the extreme left or top edge. During rainfall events, the critical centre would move 

towards the centre of the grid as the FOS decreased. The fact that the critical centre is located 

at the edge of the grid indicates that the minimum FOS was not obtained; in this example the 

critical centre was further left and higher up. However because this only occurred during dry 

periods, which are obviously not periods where failure is likely, this limitation was ignored in this 

research. Furthermore, it appears that the critical centre was located in this vicinity during dry 

periods because the critical surface decreased in depth as the FOS increased. The upper graph 

of Figure 7-14 shows the rainfall record, and corresponding FOS obtained from the LEA over 

the time period of 5,100 to 5,150 hours. As observed two significant rainfall events occurred in 

this period, both of which lowered the FOS from an initially high value. The corresponding 
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results from the LEA at the start and end of this period are shown in (a) and (b) of this figure. As 

shown, the critical centre of the surface moves towards the centre of the grid as the FOS 

decreases. 

 

Figure 7-13. A typical result obtained from the LEA. 
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(a) 

  
(b) (c) 

Figure 7-14. Slip surface center: (a) rainfall events and corresponding FOS, compared with the LEA at an 

elapsed time of: (b) 5,100 hours; and (c) 5,150 hours. 
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However, a significant rainfall event reduces the FOS sharply and significantly. The minimum 

FOS obtained during the monitoring period is approximately three, which was reached during a 

wet period in April 2011. It was noted that the existing landslide at the site regressed during this 

wet period. Following a significant rainfall event, the FOS begins to recover at a decreasing 

rate. 

 

 
Figure 7-15. (a) Rainfall events and (b) FOS obtained from the LEA. Elapsed time = 0 corresponds to the 19th 

of May 2010 at 10.00am. 
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shallow, and the effect is even further exaggerated by the grid and radius function used in the 

research. The drastic decrease in the FOS coincides with a change in the location of the critical 

surface as shown in Figure 7-14. Such an effect could be removed by selecting and only 

modelling one surface – however this requires explicitly stating the location of the slip surface 

where failure will occur first under rainfall. Provided the FOS can be estimated despite this 

effect, then there is little reason for doing so. 

7.6 Pore Pressure Distribution along Slip Surface 

Figure 7-16 shows the pore pressure distribution along the critical slip surface obtained from the 

LEA (of the monitored section) at different FOSs. The distance along the x-axis refers to the 

distance along the x-axis in Figure 7-7. As observed when the FOS is high, there is matric 

suction acting all along the critical slip surface. The critical slip surface is also located higher up 

the slope (towards the left of the x-axis). As the FOS decreases, positive pore pressures 

develop at the toe of the slip surface. Furthermore, the location of the slip surface moves 

towards the toe of the slope (to the right along the x-axis). The positive pore pressure at this 

location increases as the FOS continues to decrease. As observed, these critical slip surfaces 

are located in the toe zone of the slope (referring to the location of the slip surface along the x-

axis in Figure 7-7). Although this modelling was undertaken for the monitored cross section, the 

results of this suggest that the 2008 landslide failure would have been progressive. Positive 

pore water pressures occurred at the toe of the slope, causing localised failure, before 

progressing upwards. As observed in Figure 7-16, there is still some level of matric suction 

acting along the critical slip surface even when the FOS is low. This result is also reflected in 

the field monitoring results, with the shallow sensor at the toe of the slope staying saturated for 

longer periods of time then the shallow sensor at mid-height of the slope. 
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Figure 7-16. Pore pressure distribution along the critical slip surface at different FOSs. 

 

7.7 Results of Artificial Rainfall Simulation 

As observed in Figure 7-15, the FOS never obtained a level during the monitoring period which 

suggested the slope was close to failing. To determine if failure could occur on the monitored 

section of the site, artificial rainfall events of various rainfall intensities were applied to the 

model. The intensity of these rainfall events was held constant during the rainfall events. The 

rainfall events were applied until the minimum FOS obtained reached unity; i.e., until failure 

occurred. The FOS obtained from applying these rainfall events is shown in Figure 7-17. The 

duration of each rainfall event is equal to the elapsed time reached of the corresponding FOS in 

Figure 7-17. As to be expected, rainfall events with a greater intensity reach a FOS of unity 

faster than those events with lower rainfall intensity. Of note, even rainfall events with intensity 

lower than the ksat of the soil still reach a FOS of 1. As observed in the lower graph of Figure 

7-17, rainfall events with intensity greater than ksat of the soil have a time to failure ranging in the 

hundreds of hours. As Auckland’s annual rainfall is approximately 1,240 mm spread over 137 

rain days (NIWA, 2012a), then for failure to occur from a single rainfall event at the monitored 

55 60 65 70 75 80
-25

-20

-15

-10

-5

0

5

10

15

20

Horizontal Coordinate (m)

P
o
re

-w
at

er
 P

re
ss

u
re

 (
k
P

a)

 

 

FOS 6.2

FOS 3.5

FOS 2.6

FOS 2.0

FOS 1.7

Phreatic Surface

Samuel
Highlight



Numerical Modelling 

 
191 

 

location, approximately 25% of Auckland’s annual rainfall would need to fall over a period of 

approximately one week. This is a significant rainfall event – modelling undertaken by NIWA 

(2012b) suggests that for a 100 year storm event, the cumulative rainfall amount falling over 3 

days is 291.7 mm, which is approximately 25% of Auckland’s annual rainfall falling over 3 days. 

 

 

 
Figure 7-17. FOS obtained from applying artificial rainfall events into the FEM. Elapsed time = 0 corresponds 

to the time at which the rainfall events were applied. Note that the (b) is a magnified version of (a). 
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As observed in Figure 7-17, the rate of change of the FOS tends towards zero as the actual 

FOS approaches one. This implies that in practical terms the FOS will rarely drop below 

approximately unity for the monitored cross section. This emphasizes why a landslide did not 

occur on this section of the slope during the 2008 landslide event. Furthermore, it can be 

observed that as the FOS tends towards unity, the change in FOS of the rainfall events with 

intensity greater than ksat is similar. This rate of change of FOS compared with FOS is plotted in 

Figure 7-18. As observed, the relationship between the FOS and the rate of change of the FOS 

are similar for all rainfall intensities greater than ksat, as the FOS approaches unity. This is to be 

expected as once the soil is saturated, the amount of rainfall infiltration will be equal to ksat, 

regardless of the rainfall intensity. Hence for rainfall events with intensity greater than ksat, the 

infiltration rate is equal once the soil becomes saturated. This explains why the same trend is 

not observed for rainfall events with intensity less than ksat – the infiltration rates for such rainfall 

events depends on the rainfall intensity, rather than the soil permeability. 

 

Figure 7-18. Change in FOS versus FOS for artificial rainfall events with intensity greater than ksat. 
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amount is the same for all rainfall events with an intensity lower than ksat. This cumulative 

rainfall amount is 245 mm, which is close to one fifth of the region’s annual rainfall amount of 

1,300 mm (Auckland Council, 2010). The 100 year storm depth for this site is approximately 

291.7 mm, falling over a 72 hour period (NIWA, 2012b). 

 

 

Figure 7-19. Cumulative rainfall versus FOS for artificial rainfall events. 
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cumulative rainfall, the approximate same cumulative rainfall amount is still required to cause 

slope failure as those events with no evapotranspiration considered. That is, if the cumulative 

rainfall reaches a net total (including evapotranspiration) of 245 mm, then failure is likely to 

occur. This assumes that all of the rainfall infiltrates the slope (i.e., the rainfall intensity is less 

than the infiltration rate). This indicates that the slope fails when the θ of the entire slope 

reaches a set level. 

 

 

Figure 7-20. (a) Rainfall pattern with evapotranspiration used to derive (b) cumulative rainfall versus FOS.  
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7.8 Analyses of 2008 Landslide Event 

As a means to verify this entire modelling process, the rainfall events leading up to the landslide 

event which occurred in 2008 were applied to the FEM. In this FEM (and subsequent LEA) the 

soil stratigraphy was altered to match the same at the location of the landslide, prior to the 

landslide occurring. As discussed earlier, the transition zone at the landslide section was much 

thicker than that of the monitored section (the two different sections are shown in Figure 3-6). 

This cross-section of the landslide site is hereafter referred to as the landslide section.  Because 

no field monitoring was being undertaken in 2008, the evapotranspiration between the applied 

rainfall events in this model was estimated based on the evapotranspiration applied using the 

field monitoring data. That is, the same evapotranspiration pattern was used in the 2008 

analyses as those following rainfall events of similar duration and intensity captured using the 

field monitoring data. The same soil parameters as that of the monitored section were also used 

in these analyses of the landslide section. 

The FOS obtained from the LEA undertaken on the landslide section is shown in Figure 7-21. 

As observed, the FOS reaches approximately unity for this section at the same time as failure 

occurred at the site. This indicates that the entire modelling process – the soil parameters, the 

FEM (including modelling of the evapotranspiration) and the LEA are all in a reasonable 

calibration with that observed at the site. While the FOS of this landslide section was very close 

to unity, it did not actually drop below one; however because the evapotranspiration between 

rainfall events needed to be estimated without the aid of field monitoring, such a discrepancy is 

to be expected.  

The modelling for this cross section was only undertaken for approximately 2,500 hours 

(approximately 100 days) surrounding the landslide event. To further verify the modelling 

undertaken in this research, this landslide cross section could be analysed using rainfall data at 

the site since construction (circa 1999). If the FOS obtained does not drop to unity for the entire 

rainfall record prior to failure, then the viability of this modelling would be further strengthened. 

However because no field monitoring was undertaken during the period prior to the landslide 
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failure in 2008, it would be difficult to ensure that the evapotranspiration pattern applied in the 

model would remain viable over such a long period of time. 

 

Figure 7-21. LEA results using 2008 data. 
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rainfall events shown in the graph didn’t cause slope failure because the rainfall event falls over 

too short of a time period – thus leading to runoff of the rainwater rather than infiltration. As 

indicated in Figure 7-17, the rainfall event needs to be of significant duration to cause slope 

failure. Interestingly, the cumulative rainfall record of 2008 following the landslide event appears 

to have several periods with a similar rainfall pattern to that observed before the landslide event. 

This reinforces the LEA, shown in Figure 7-21, is reasonably accurate, with a minimum FOS of 

approximately unity obtained at the same approximate time as landslide failure at the site 

occurred. That is, if the FOS obtained for the landslide section shown in Figure 7-21 was well 

below unity, then it could be questioned that according to the LEA of the failed section, failure 

might have been predicted to occur at an earlier time. 

 

Figure 7-22. Yearly cumulative rainfall at the site (2000 - 2009). Elapsed time = 0 corresponds to 12.00am on 

the 1st of January. 
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7.9 Concluding Remarks 

The following conclusions were made from this numerical modelling: 

 To obtain a reasonable agreement between the shallow sensors θ record and that 

obtained from the FEM, the mesh in the FEM was required to be refined into very small 

elements, approximately 40 mm in the upper soil layers. 

 The permeability of the top soil layer needed to be increased by a magnitude of three in 

the FEM to ensure the amount of infiltration was similar to that observed in the field 

monitoring. 

 It was determined that the use of an hourly time step was the best trade off in terms of 

analyses time and accuracy. 

 The results from the field monitoring generally agreed with the results obtained from the 

numerical modelling, however there were some discrepancies between the two. Some 

of the sensors showed very good agreement, however others were quite poor. This is 

perhaps expected, as many other similar studies also reported difficulties replicating 

field measured water contents in FEMs. 

 Using a generalised evapotranspiration pattern worked reasonably well, however this 

could still be the source of discrepancies within the results. This evapotranspiration 

pattern may inadvertently account for hysteresis of the SWCC in the field also. 

 The obtained FOS remained reasonably high during the monitoring period; however this 

FOS decreases rapidly during significant rainfall events. 

 As rainwater infiltrates the slope, positive pore water pressure develop at the toe of the 

slope. This lowers the FOS, and moves the critical slip surface towards the toe of the 

slope. 

 For rainfall events with intensity greater than ksat, the gradient of the FOS versus time 

graph is similar as the FOS approaches unity. 

 For rainfall events with intensity less than ksat, the same cumulative rainfall amount is 

required to cause slope failure. This cumulative rainfall amount is 245 mm, which is one 
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fifth of the region’s annual rainfall amount of approximately 1,300 mm. The 100 year 

storm depth for a 72 hour period for this site is approximately 300 mm. 

 The modelling process was verified using the 2008 rainfall record. As the FOS obtained 

was slightly above unity at the time of the landslide, using the stratigraphy of the 

landslide section, the entire modelling process appears to be reasonably accurate. 
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Chapter Eight   

FAILURE PREDICTION USING 

ARTIFICIAL NEURAL NETWORK 

8.1 Introduction 

In the previous chapter, it was shown that the landslide which occurred at the site in 2008 could 

be predicted using the rainfall record, FEM and a LEA. To turn this into a viable EWS, the FOS 

needs to be predicted in real time, and an estimation of the time until failure is required. 

Running a FEM and a LEA in real time to obtain the FOS for an EWS is impractical; it would 

take too long to run the analyses using real time data. By the time the FOS could be obtained 

using this method, failure might have already occurred or the rainstorm stopped. Thus, it is 

proposed to use an ANN to predict the FOS of the slope based on inputs of the θ recordings 

made by the sensors at the site, and the rainfall at the site. Thus the FOS of the slope can be 
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estimated in near real time. This chapter describes the development of the ANN for use in the 

EWS.  

8.2 Methodology 

The ANN was developed using the Neural Network Toolbox, an add on to the software Matlab 

(The MathWorks Inc, 2012). The ANN was developed using a fitting function; predicting an 

output based on inputs (as opposed to pattern recognition, data clustering or time series 

analysis). As discussed in the literature review, an ANN requires data (both inputs and outputs) 

to be trained on. In this research, an ANN was developed to predict the FOS of the slope, using 

soil θ’s and rainfall data as inputs. Two ANNs were developed, one using inputs consisting of 

the FEM obtained θ (the fluctuating θ obtained in the FEM from the same locations as the 

sensors), and one using the actual sensor data obtained from the site as an input. Both ANNs 

also used the rainfall record at the site as an input, and both used the LEA - obtained FOS as 

an output to train on. The Levenberg-Marquardt method (Mathworks, 2010a) was used for 

optimisation of the ANNs. A log-sigmoid transfer function was used in the hidden layers, and a 

linear transfer function used in the output layers. These are the most common transfer 

functions, and are often used for function fitting problems. The log-sigmoid transfer function 

ensures that no matter what the range of the inputs are, the output is always in the range of 0 to 

1. This transfer function is also commonly used because it is differentiable (Mathworks, 2010b). 

The performance of the ANNs was measured by calculating the mean square error of the 

predicted FOS (obtained from the ANN) compared to the LEA - obtained FOS. The optimum 

number of hidden layers, inputs and delays (discussed later) was obtained using a trial and 

error method. The Matlab code used to develop these ANNs is given in the Appendix. 
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8.3 Network based on Finite Element Model 

The FEM-based ANN was trained using inputs consisting of the FEM obtained θ’s from the 

same location as the two shallow sensors (0.5 m deep) located at the toe of the slope and mid-

height of the slope. Only the θ from these two locations were selected because they were the 

sensors which produced the most fluctuating recordings of θ, and therefore would be the most 

useful for training the ANN based on the monitoring data. These recordings obtained from these 

sensors also had the least amount of errors due to problems such as short circuiting. Initially, 

the hourly rainfall record captured at the site, and the FEM obtained θ hourly record at these two 

locations were used as inputs. The LEA obtained FOS was used as a training output (this FOS 

record was shown in Figure 7-15). This data set contained 12000 rows of data. The first 10000 

rows of data were used to train, cross validate and to internally test the ANN (in the ratio of 

70%, 15% and 15% respectively). The cross validation and internal testing data are used to 

ensure over-training of the ANN does not occur. Once trained, the last 2000 rows of data 

(elapsed time of 10,000 to 12,000 hours) were input into the ANN, and the predicted FOS 

compared with the LEA-obtained FOS. This test data is referred to as the external testing data, 

to distinguish it from the internal testing data mentioned above. This initial ANN consisted of 10 

hidden layers, and the network architecture is shown in Figure 8-1. 

 
Figure 8-1. Network architecture of the ANN. 

 

This ANN took under 1 minute to train, and achieved a mean square error (MSE) on the internal 

testing data of 0.346. The results obtained using the external testing data are shown in Figure 
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8-2. As observed, the agreement between the two is reasonable, with an MSE of 0.4906 

obtained. However the FOS never approaches a value close to unity for this data set. This 

means it is impossible to determine how the ANN will perform as failure approaches, which is 

obviously the time when the performance of the ANN needs to be assessed. 

 
Figure 8-2. Comparison between ANN FOS and LEA FOS, using FEM data. 

 

8.3.1 Network based on Artificial Rainfall Events 

In the previous chapter, it was shown that failure can occur at the monitored cross-section 
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duration to ensure that these rainfall events were extreme rainfall events. These boundary 
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Figure 8-3. (a) Artificial rainfall events; and (b) corresponding FOS. 

 

The data from an elapsed time of 12,000 hours to the end of the model (elapsed time of 15,189 

hours) from this new data set (called the artificial data set here after) was initially directly input 
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between the LEA obtained FOS and the ANN obtained FOS using this artificial data set is 

shown in Figure 8-4. As observed, the ANN performs less accurately using this artificial data 

set, with an MSE of 5.5887 obtained. Furthermore the ANN was very poor at predicting the FOS 

during the extreme rainfall events (i.e., when the FOS approached unity).  

 

Figure 8-4. Comparison between LEA FOS and ANN FOS using the artificial data set. 
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It was hypothesised that the reason the ANN performed poorly during these extreme rainfall 

events was because no such rainfall events were present in the original data set which the ANN 

was trained on. Consequently the ANN was re-trained using the entire artificial data set. The 

entire data set consisted of 15189 rows of data. The first 12,000 rows were used for training, 

cross validation and internal testing in the ratio of 70%, 15% and 15% respectively. The 

remaining 3,189 rows were used to externally test the data. The same network architecture was 

used. This ANN was also quick to train; only taking 2 minutes. An MSE of 0.699 was obtained 

on the internal testing data. The comparison between the LEA obtained FOS and ANN FOS 

using this newly trained ANN is shown in Figure 8-5. As observed this newly trained ANN is far 

more accurate, with an MSE of 0.5542. However, there is still a reasonable discrepancy 

occurring during the extreme rainfall event which occurs between an elapsed time of 14,000 

and 15,000 hours. The ANN predicts a flattening out of the FOS, while the LEA obtained FOS 

continues to decrease. This discrepancy would limit the ANNs usefulness as a tool for an EWS. 

 

Figure 8-5. Comparison between LEA FOS and ANN FOS for the newly trained ANN. 
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FOS input (y) was the actual FOS of the previous time-step obtained using the LEA. Because in 

a real world situation the exact FOS of the previous time step is not known, during the testing 

and actual use of the ANN this loop is closed, as shown in Figure 8-7. This means that the 

actual FOS obtained from the ANN is used as a direct input in the next time step. The reason 

the ANN is trained with an open loop network, using the LEA obtained FOS is because it 

creates a feed forward network, with an input that is more accurate. Because the network is 

then feed forward, static backpropagation can be used to train the network, which makes 

training time much faster (Mathworks, 2010c). This network only took 3 minutes to train. 

 

Figure 8-6. Training network architecture using the previous output as an input into the next step. 

 

 

Figure 8-7. Network architecture used during actual use of the ANN. 
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The results using this new network architecture are shown in Figure 8-8. As observed the 

comparison of the LEA obtained FOS and ANN obtained FOS is mediocre, with an MSE of 

1.3034 obtained. The MSE obtained using the internal testing data was very low, at 0.402. This 

indicates that the discrepancies that arise during the ANN predicted FOS compound as the 

number of predictions increase. 

 

Figure 8-8. Results obtained using the new network architecture. 
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when the 4 hour cumulative rainfall was input, the 2 hour cumulative rainfall was also kept as an 

input. The columns labelled 1st, 2nd, 3rd and 4th refer to the 1st, 2nd, 3rd and 4th training runs 

respectively. The minimum obtained column refers to the minimum MSE obtained from the four 

training runs. 

Table 8-1. Effect of adding cumulative rainfall inputs into the ANN on the MSE. 

 Cumulative 
Rainfall 
Period 

MSE 1
st
 MSE 2

nd
 MSE 3

rd
 MSE 4

th
 

Minimum 
Obtained 

2 hour 2.2069 315.8277 7.3927 1.3940 1.3940 
4 hour 8.5901 7.2049 1.6247 1.0888 1.0888 
8 hour 1.8002 5.8765 1.6637 2.4281 1.6637 

12 hour 0.8091 6.5670 1.9817 6.1275 0.8091 
24 hour 2.0326 29.0336 86.3715 12.6036 2.0326 
48 hour 2.0647 38.8287 2.9216 3.8838 2.0647 

100 hour 162.2323 3.0413 4.0476 0.9145 0.9145 
200 hour 5.8429 1.1782 54.5470 56.4346 1.1782 

 

The effect of the initial weights used in the ANN can be observed, with the MSE fluctuating 

significantly between each training run. Incorporating the cumulative rainfall events as inputs 

into the ANN did not significantly improve the MSE obtained. Overall, the accuracy of the ANNs 

did not differ greatly from the ANN which did not include cumulative rainfall events, which had 

an MSE of 1.3034 (shown in Figure 8-8). However it is noted that the effect of including these 

cumulative rainfall events individually was not investigated. For instance, when the 200 hour 

cumulative amount was added as an input to the ANN, the other cumulative rainfall amounts 

were still kept as inputs into the ANN. None of these recurrent dynamic ANNs were as accurate 

as the simple feed forward ANN shown in Figure 8-5, which had an MSE of 0.5542. 

8.3.4 Network trained with Closed-Loop 

Because the MSEs obtained on the internal training set using the recurrent dynamic ANN were 

so low (ranging from 0.15 to 0.5), it was decided to re-train the recurrent dynamic ANN as a 

closed loop. It was anticipated that the errors obtained while training with an open network, but 

then tested/used with a closed loop would compound during the use of the network, thus 

resulting in a high MSE. Training a closed loop recurrent dynamic ANN takes much longer; in 

the order of hours compared with minutes. The ANN which had only three inputs (no cumulative 
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rainfall inputs) was re-trained with a closed loop, using the FOS obtained from the previous time 

step used as an additional input. This network architecture is shown in Figure 8-9. As observed, 

a one time step delay was added to the FOS predicted from the ANN. 

 

Figure 8-9. Network architecture used for training. 

 

The comparison between the LEA obtained FOS and the ANN obtained FOS using this newly 

trained ANN is shown in Figure 8-10. As observed the comparison between the two is 

reasonable, with an MSE of 0.5679, which is similar to the MSE obtained with the standard feed 

forward network of 0.5542. Because the first MSE obtained was so low, this ANN was only 

trained once, i.e., the effects of the initial weights on the MSE obtained were not investigated. 

 

Figure 8-10. Results obtained from ANN trained with a closed loop, using just hourly rainfall and two sensor 

readings as inputs. 
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The same network was then re-trained using all of the cumulative rainfall periods, shown in 

Table 8-1, as inputs. This network took 2 hours to train. The results from this ANN are shown in 

Figure 8-11. As observed this is the most accurate ANN obtained so far, with an MSE of 0.4148. 

The MSE on the internal testing set was 0.386. As observed the ANN was reasonable at 

predicting the FOS during the high intensity rainfall events, particularly the rainfall event 

between an elapsed time of 14,000 hours and 14,500 hours. However, for the large rainfall 

event occurring at an elapsed time of approximately 13,500 hours, the agreement is not as 

good. 

These last two ANNs, which were both trained with a closed loop appear to be much more 

suited for use in an EWS, as they predict the FOS better during the heavy rainfall events. 

Training a recurrent dynamic ANN using a feed forward method is however normally more 

accurate (Mathworks, 2010c). Perhaps for some reason a local optimum is found using the feed 

forward network, and when trained as a closed loop, the global optimum is found. Otherwise it 

could be due to some bias in the training data set which the closed loop ANN can learn to 

account for. There are still some discrepancies present, particularly at an elapsed time of 

approximately 13,500 hours, where the ANN predicted FOS increases substantially halfway 

through the rainfall event. This is probably due to a break in the artificial rainfall event where 

evapotranspiration was applied in the model. Nevertheless, the FOS did decrease rapidly when 

the rainfall commenced again, which means it will still be viable for use in an EWS. 

 

Figure 8-11. Results obtained from ANN trained with a closed loop, using cumulative rainfall amounts as 

inputs also. 
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8.3.5 Overtraining in the Network 

One of the main problems encountered when training an ANN is overtraining. Overtraining 

occurs when the ANN learns the data set itself, rather than a generalised pattern in the data set. 

This means the MSE obtained from the trained data set is very low; however the ANN performs 

poorly when new data is introduced (Mathworks, 2012). To check this ANN was not over-trained 

(apart from the reasonable comparison obtained in Figure 8-11), the plot of the MSE obtained 

from the training data set, the validation data set and the internal data set for each epoch (or 

iteration) is plotted in Figure 8-12. As observed, all three MSEs head to a minimum at the same 

epoch, which indicates that overtraining is not a problem in this ANN. 

 

Figure 8-12. MSE obtained from each epoch for the training set, validation set and internal testing set. 

8.4 Effects of Evapotranspiration 

Because evapotranspiration was not measured at the site, it cannot be included as an input into 

the ANN developed for the EWS. However because evapotranspiration has such a significant 

effect on the long term θ of the soil, it was included as an input into the ANN to see how much 

the accuracy of the ANN improved. The same network architecture and inputs as those used to 

obtain Figure 8-11 were used, however the amount of evapotranspiration applied to the FEM as 
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a negative flux was also included in the inputs. That is, the cumulative rainfall amounts included 

evapotranspiration. The comparison between this ANN predicted FOS, and the LEA predicted 

FOS is shown in Figure 8-13. 

 

Figure 8-13. ANN results with evapotranspiration levels included in rainfall inputs. 

 

As observed the accuracy of this ANN is slightly improved with an MSE of 0.3263 obtained 
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evapotranspiration applied in the model was very “rigid” – that is, the same evapotranspiration 

patterns following each significant rainfall event were very similar to each other.  
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obtained FOS and the ANN obtained FOS. 
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Figure 8-14. ANN results using field measured data. 

 

As observed the MSE obtained was 0.5729, which is reasonable given the real life fluctuations 

which occur in the field. This is however perhaps an unreliable measure of the accuracy of this 

ANN, because the FOS was stable for long periods of time. Because there were few extreme 

rainfall events in the data set, the ANN is less capable of predicting the FOS during extreme 

rainfall events. As the monitoring period continues, and more and more extreme rainfall events 
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8.6 Discussion 
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this memorising makes the ANN very accurate on the training data set, it makes the ANN less 

capable of predicting the FOS using new data. 

The ANN also performed better when using cumulative rainfall amounts as additional inputs. 
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makes the ANN less susceptible to very high intensity rainfall events that only last a short 

duration; where most of the rainwater becomes runoff rather than infiltrating the slope. 

The inclusion of the cumulative rainfall events however may also be the cause of discrepancies 

such as that which occurs in the extreme rainfall event at an elapsed time of 13,500 hours in 

Figure 8-11. The ANN may put more emphasis on the rainfall inputs rather than the sensor 

inputs, which means it is predicting the FOS based on the rainfall pattern, rather than the values 

of the sensors. This means that because the evapotranspiration pattern varies (both that 

applied in the FEM and that present at the site), and is not included in the ANN, the ANN can 

struggle to predict the FOS directly following intense rainfall events. This could be overcome by 

placing more sensors in the vadose zone of the slope, and using these sensors as inputs into 

the ANN, hence the ANN would be more reliant on the values of the sensors rather than the 

rainfall pattern. These discrepancies could also be minimised if accurate estimations of the 

amount of evapotranspiration could be determined and included in the ANN.  

The ANN was accurate at predicting the FOS using the actual field measured data, however the 

field monitoring period needs more extreme rainfall events to be captured for the ANN to 

successfully be trained to predict the FOS during such significant rainfall events. 

As shown previously in Figure 7-16, positive pore pressures develop at the toe of the slope 

during prolonged rainfall events. This raises the question as to the validity of the ability of the 

ANN to predict the FOS using θ sensors. Because the ANN uses θ sensors placed throughout 

the slope, even if some are situated in a saturated zone, the ANN can still rely on the readings 

from the other sensors to estimate the FOS. Furthermore, the use of the cumulative rainfall as 

inputs into the ANN can be used to estimate the FOS, even when the sensors become 

saturated. Also, by using sensors distributed throughout the slope, the ANN can still estimate 

the FOS even if the slip surface is not located directly adjacent to the potential failure surface.  

8.7 Concluding Remarks 

The following conclusions were reached from the development of this EWS using an ANN. 
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 The ANN was capable of predicting the LEA obtained FOS using the sensor data as an 

input. 

 Because of the lack of significant rainfall events captured in the field monitoring data 

set, the ANN was less accurate at predicting the FOS during such significant rainfall 

events. This was remediated by applying artificial rainfall events into the modelling 

process. 

 The inclusion of cumulative rainfall events as inputs into the ANN helps increase the 

accuracy, perhaps by including the effect of antecedent rainfall, and by acting as a 

smoothing function. 

 The inclusion of these rainfall events however may mean the ANN is too reliant on the 

rainfall inputs, rather than the sensors. This could be rectified by including more sensors 

in the vadose zone of the slope. 

 If evapotranspiration can be used as another input into the ANN, the accuracy of the 

ANN is slightly increased. 

 The ANN works reasonably well using the sensor data. Because only a few extreme 

rainfall events occurred during the monitored period, this ANN is less capable of 

predicting the FOS during extreme rainfall events. 
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Chapter Nine  

THE EARLY WARNING SYSTEM 

9.1 Introduction 

As discussed in the literature review, in order to avoid replicating what has already been 

undertaken a number of times in the literature, the EWS developed in this research should 

focus on returning to the user the FOS of the slope. This is instead of basing the EWS on a 

monitoring instrument in the slope reaching a predetermined value. Furthermore, the EWS 

should provide a timeframe of which failure could occur.  

It has been shown that by using an ANN the FOS of the slope can be predicted reasonably 

accurately and practically instantly provided data from the site can be uploaded in near real 

time. The use of this then provides the user of the EWS with the FOS against slope failure. This 

chapter describes the development of the EWS to incorporate a timeframe until failure, the 
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interface of the EWS, limitations of the EWS and summarises the installation of the developed 

EWS. Because the FOS never approached a value close to unity, the FOS data set used to 

develop this EWS was that described in Section 8.3 and Figure 8-3, which used artificial 

extreme rainfall events to obtain a FOS close to unity. 

9.2 Incorporating a Timeframe for Failure 

The method of incorporating a timeframe for failure in this EWS is based on extrapolating the 

trend of the FOS. This is simply done by determining how long until the FOS will reach unity, 

based on the current FOS and the rate of change of the FOS. This method is expressed in 

Equation 9.1: 

 
 1

1

( 1)c c c

f

c c

FOS t t
t

FOS FOS





 



 9.1 

where tf is the time to failure, FOSc is the current FOS, tc is the current time, and tc-1 is the time 

of the FOS calculated in the previous time step (FOSc-1). This expression is hence a very simple 

way of determining an approximate time to failure. As expressed in Equation 9.1, the equation is 

simply based on the change in FOS since the previous time step. This equation can be 

expanded into predicting the time to failure by using an average rate of change of the previous 

few time steps, simply by changing the tc-1 and the FOSc-1 terms to those of the previous few 

time steps. The results of using this method to estimate the time to failure, compared to the 

actual time of failure occurring according to the LEA is shown in Figure 9-2. The FOS record 

used to establish this is shown in Figure 9-1. 
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Figure 9-1. FOS obtained from LEA. 

 

Figure 9-2. Time to failure according to the LEA FOS (Figure 9-1) and using Equation 9.1. 
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failure according to Equation 9.1 is close, however according to the LEA failure does not occur. 

This is due to the shape of the FOS versus time curve as the FOS approaches unity. As shown 

in Figure 7-17, as the FOS approaches unity, the FOS time curve begins to flatten, indicating a 

linear extrapolation technique may not be as effective for use as predicting a failure time.  
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9.3 Removing False Alarms/Missed Events 

Because of the severe consequences of false alarms and missed events, every possible action 

should be taken to avoid them. According to Nadim (2011), specifying proper threshold values 

to avoid false alarms and missed events is one of the most difficult challenges when developing 

an EWS. The advantage of using the rate of change of the FOS is that the benchmark at which 

warning is issued is dependent on the actual timeframe to failure based on the actual FOS of 

the slope. Nevertheless, as shown in Figure 9-2, using only this technique leads to many false 

alarms. 

Therefore to avoid the occurrence of false alarms, certain conditions must be met before a 

warning is issued. Figure 9-3 shows how at this site, rainfall events with rainfall intensity greater 

than ksat will tend towards the same curve when FOS versus change in FOS is plotted. Also, 

from Figure 9-4, rainfall events which have intensity lower than ksat require the same cumulative 

rainfall amount to cause slope failure. This cumulative rainfall amount is 245 mm, which is close 

to one fifth of Auckland’s annual rainfall amount of 1300 mm (Auckland Council, 2010) , and 

less than the 100 year storm depth of 291.7 mm (NIWA, 2012b). 

 

Figure 9-3. Rate of change of FOS as the FOS approaches unity under rainfall events with different intensities. 

As observed as the FOS approaches unity the rate of change of the FOS lies between -0.1 and 0. 
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Figure 9-4 Cumulative rainfall versus FOS. As observed for rainfall events with intensity close to ksat a 

cumulative rainfall amount of 245 mm is required to cause slope failure. 

 

If the cumulative rainfall amount from a rainfall event is close to 245 mm (the amount which is 

close to failure for rainfall events with an intensity less than ksat), or if the gradient of the change 

in FOS versus FOS curve is between -0.1 and 0 (the same gradient as that obtained by the 

rainfall events with a rainfall intensity greater than ksat), then the time until failure given by 

Equation 9.1 is used. Otherwise, this time until failure is ignored. 

This poses the question of what rational to use to calculate a cumulative rainfall event. For this 

research, a rainfall event was described as an event which did not have a continuous break for 

greater than 1 hour, i.e., if a 2 hour break occurred between rainfall events; they are considered 

separate rainfall events. The 1 hour basis was used simply because it gives satisfactory results. 

This condition is used only as a notification for the user of the EWS (i.e., to provide the user with 

more information regarding failure). Essentially, a judgement call is required from the user of the 

EWS as to how much emphasis is put on the accuracy of such conditions. Antecedent rainfall, 

while not directly included in the calculation of the cumulative rainfall amount, is indirectly 

included from the elevated θ obtained from the sensors. In the case of the monitored site, the 

calculation of cumulative rainfall is not such an issue because the permeability at the site is so 
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low that the rate of change of the FOS is the governing condition, rather than the cumulative 

rainfall amount. These conditions were applied to the data shown in Figure 9-2. The results are 

plotted in Figure 9-5. As observed there are fewer false alarms from using these conditions, 

however some false alarms are still present. This is because the rainfall event stops before 

failure takes place, whereas the time until failure as expressed by Equation 9.1 assumes the 

rainfall event will continue. When the same graph is plotted from 5 hours until failure (Figure 

9-6), there are no false alarms and missed events, because the site is so close to failure, there 

is less chance of the rainfall event stopping before failure occurs. Although these conditions can 

be used as a possible indicator of upcoming landslide susceptibility at this site, it is not known if 

such characteristics are applicable to all possible landslide sites. 

 

Figure 9-5. Estimated time until failure using Equation 9.1, and by applying conditions to the equation. 

 

Figure 9-6. A re-plot of Figure 9-5 with the scale changed to 5 hours until failure occurs. 
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9.3.1 Using Rainfall Forecasts 

As shown in Figure 9-5 and Figure 9-6, false alarms could still occur when rainfall events finish 

after an alarm is issued, but before failure occurs. To minimise the occurrence of such false 

alarms, it is proposed to use rainfall forecasts at the site as another method of predicting the 

future FOS. Forecasted hourly rainfall depths are provided for a rainfall station located in 

Whangaparoa (approximately 10 km away from the site) by the Meteorological Service of New 

Zealand Ltd (2012). This forecast predicts the hourly rainfall of the next 36 hours, and is 

available in real time to the public freely via the internet. An example of this data is given in the 

Appendix. This forecast is based on the Weather Research and Forecasting model, using data 

obtained from automatic weather stations, weather radar facilities upper air sites and marine 

observation stations (Bridges, 2011). 

To utilise this rainfall forecast, another ANN was developed which predicted the FOS based 

solely on rainfall events (using no sensor inputs). This ANN used the same cumulative rainfall 

amounts as inputs as the ANN used to develop Figure 8-11. A comparison between the LEA 

obtained FOS, and this ANN obtained FOS, is shown in Figure 9-7. The same data described in 

Section 8.3.1 was used to train this data set. As observed the accuracy of this ANN is 

reasonable, with an MSE of 1.7955 obtained. The MSE of the internal testing data was 0.8998, 

and the ANN took approximately 6 hours to train. However, this ANN is far less accurate than 

the ANNs described in Chapter Eight, which utilise the sensor data as inputs also. This 

highlights the importance of using field monitoring techniques for use in the EWS, rather than 

basing the EWS solely on rainfall data. 

 
Figure 9-7. Comparison between LEA obtained FOS and ANN obtained FOS using only rainfall as an input. 
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In an attempt to further increase the accuracy of this ANN, another ANN was used to predict the 

sensor readings, using the rainfall record as an input. Next, the predicted sensor readings were 

used as additional inputs into the ANN shown in Figure 9-7. The results of this ANN are shown 

in Figure 9-8. The accuracy of this ANN was better, with an MSE of 1.16. However, this ANN is 

susceptible to large fluctuations in the FOS, particularly during periods of evaporation. However, 

as the actual field data can be updated every hour, the FOS predicted from this ANN can be set 

to equal the FOS of the ANN which uses field data at each hour. Thus the discrepancy between 

the two should be minimal.   

 
Figure 9-8. LEA versus ANN obtained FOS, using rainfall data and predicted sensor values as inputs. 

 

To further avoid the possibility of false alarms, this forecasted rainfall can be put into this new 

ANN, and hence the FOS of the slope in the next 36 hours can be predicted also. It is 
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forecast is for a localised geographical area, there will be some discrepancies between the 

rainfall forecast and that which occurs at the specific site, as noted by Finlay et al. (1997). As 

explained by Hodson (2009), verifying weather forecasts is difficult and so it is difficult to 
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9.4 Communication and Response to the Early Warning System  

So far the EWS can provide the user with an indication of the FOS  of the slope, and the 

estimated time until failure occurs. The next step in finalising the EWS is to determine when and 

how this warning should be communicated and responded to from the general public. As 

discussed by Thiebes (2012), Nadim (2011) and Intrieri et al. (2012), the effective 

communication of the early warning to the general public, and public preparedness and 

response to the early warning are critical components of an EWS. Such effective 

communication and public understanding may also help reduce the consequences of false 

alarms and missed events. To ensure this communication and public response are the most 

effective possible, it is suggested that both the public and controlling authority who issue the 

warning are involved with the discussion of how this communication and response are 

undertaken. However this EWS was not implemented in a real life situation, nor was it 

authorised by the controlling authority of SH 1. As such, inputs from these groups regarding the 

communication and response of this EWS were not undertaken in this research.    

Communication of approaching failure with the elements at risk may be undertaken via a 

number of ways; bells or alarms, mobile phones through text messaging or mobile internet, or 

warning signs and lights. Obviously the communication technique will largely depend on the 

nature of the elements at risk. For automobiles and trains, the best way of communicating 

approaching failure is most probably through warning signs and lights. For dwellings to be 

evacuated, perhaps a bell or alarm will work best (similar to a fire alarm). 

At this site, it is proposed that two warning levels are used. One when failure is approaching will 

use traffic signs to warn motorists to lower speeds. The next warning will be when failure is 

imminent, and will consist of diverting traffic away from the landslide zone. Multi-level alarms 

are quite common in EWSs, however as commented by Intrieri et al. (2012), who used three 

levels of alarm, too many levels can bring little improvements to the EWS and result in a loss of 

simplicity. As such, only two levels of alarm were used in this EWS. 
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Figure 9-9 shows the diversion route required for south bound traffic on SH 1. Only the south 

bound traffic lanes are being considered in this EWS. This is because the debris from the 

landslide which occurred in 2008 only reached the shoulder of the south bound traffic lanes. 

Future improvements in this EWS could consist of incorporating estimations of the volume of 

landslide debris and run-out distance within the FOS returned to the user. As shown, the closest 

turnoff for diverting traffic is only 2.5 km before the landslide site. This equates to approximately 

2 minutes of driving time. 

 

Figure 9-9. Diversion route should a landslide occur. 

 

This means that the southbound traffic lanes must be blocked and traffic diverted at least 2 

minutes prior to failure, (with no safety factor applied). Because the diversion route is far longer 

(25 minutes) than the normal route (3 minutes), it is suggested that this diversion route be put in 

place as late as possible, to avoid frustration at the EWS (for diverting traffic when no landslide 

takes place). It is therefore suggested that this diversion be put in place when the EWS predicts 

failure to occur within 1 hour. 
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To reduce the consequences should a landslide occur before this diversion is put in place, the 

traffic at this site should be warned (with warning signs/lights) if a landslide is approaching, and 

to therefore lower speed near the site. In this case, it is suggested to lower speeds on the 3.6 

km stretch of road between the two motorway junctions used for the detour route shown in 

Figure 9-9. It is suggested at this site to implement this warning when the EWS indicates that 

failure will occur within 5 hours. This 5 hour window was selected avoid the number of 

occasions when the rainfall event finishes after the warning is in place, but before the landslide 

takes place (which the public may view as a false alarm). The comparison between Figure 9-5 

and Figure 9-6 show how many false alarms would occur if this warning was set at 20 hours 

rather than 5 hours before failure. To avoid complacency with this warning, it is advised that the 

long term record of FOS studied, and some threshold value of exceedance (for example 2%, 

5% or 10%) used as a basis of when to issue this warning. For example, if a FOS of two is only 

exceeded 5% of the time, then a FOS of two may be used as a basis for issuing this first 

warning. This cannot be done at the site studied in this research yet as the FOS has remained 

reasonably high for the entire monitoring period. This threshold could also be cumulative rainfall 

amount, or rainfall intensity, depending on the specific site conditions. 

The time step size of the FEM and site monitoring data also impacts the timings of when the 

warnings could be issued. In this study, a resolution size of 1 hour was used, and hence the 

minimum warning time until failure occurs is 1 hour. If a smaller warning time was desired (say 

15 minutes), then both data recordings and the FEM would need to be undertaken at a 15 

minute time step, which would require much longer analyses time and put more strain on the 

monitoring equipment. 

9.5 Interface of the Early Warning System 

The software Matlab was used to develop the interface for this EWS. When the EWS program is 

started, a text box opens which asks the user to upload the site data. It is envisioned that when 

the site data (the readings of the field monitoring instruments) becomes available online in real 
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time, this step can be skipped and the data continuously fed into the Matlab software. The data 

is downloaded from the site in a comma separated file. This input text box is shown in Figure 

9-10. 

 
Figure 9-10. Input dialog for uploading site data into the EWS. 

 

The program then calculates the cumulative rainfall amounts required for the inputs into the 

ANN, and uses the ANN to obtain the current FOS of the site. The program then calculates the 

estimated time until failure using Equation 9.1, and determines if either condition (cumulative 

rainfall of 245 mm or the rate of change of the FOS is within the boundaries shown in Figure 

9-3) is close to being met. In this case, a cumulative rainfall of 220 mm is used as a benchmark 

for the cumulative rainfall being met, to act as a safety factor. 

Next, the software program automatically downloads the current hourly rainfall forecast for the 

site for the next 5 hours from Meteorological Service of New Zealand Ltd (2012). The software 

uploads this data into the second ANN, and obtains the predicted FOS for the next 5 hours at 

the site, based on rainfall forecasts. Because the first warning is issued with 5 hours until failure, 

only the next 5 hours of forecasted rainfall are essentially required for the EWS. 

This entire process takes approximately under 1 minute to complete. The software returns to 

the user the FOS over the previous 24 hours, and the expected time until failure given by 

Equation 9.1 if appropriate. The hourly rainfall forecast, and the predicted FOS over the period 

of the rainfall forecast is also given. If failure, according to Equation 9.1 or the predicted FOS is 

to occur over the next 24 hours, then the program issues a message informing the user of when 

failure is likely to occur. The software then allows the user to issue either a stage one, two or no 



The Early Warning System 

 
229 

 

alarm as the user of the EWS sees fit. This ensures that engineering judgement still forms a 

component of the EWS. 

9.5.1 Demonstration of the Early Warning System 

To demonstrate this EWS in operation, the data corresponding to an elapsed time of 14,275 

hours (referring to Figure 8-3) was input into the EWS. Figure 9-11 shows the rainfall pattern 

and LEA obtained FOS leading up to this data point. 

 

 

Figure 9-11. (a) Rainfall events; and (b) FOS (obtained via LEA) prior to data input into the EWS. 

 

The graph which the EWS returns to the user is shown in Figure 9-12. The upper graph shows 

the rainfall recorded at the site for the previous 24 hours, and the rainfall forecasted at the site 

for the next 5 hours. An elapsed time of 0 corresponds to the time when the data was uploaded 

into the EWS. As discussed only the next 5 hours of forecasted rainfall are required for the 

EWS, because this is the time frame at which the first warning is given. 
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The bottom graph shows the FOS predicted from using the actual site measured data. This is 

shown by the solid line. The dashed line in this lower graph shows the estimated FOS using the 

ANN which relies on the rainfall forecast data, described in Section 9.3.1. The dotted line 

indicates a FOS of unity. 

 

Figure 9-12. An example of the output of the EWS.  (a) The rainfall at site and forecasted rainfall is shown; 

and (b) the predicted FOS. The dotted line shows a FOS of unity.  

 

The EWS also outputs a number of warning messages. The first message (Figure 9-13) informs 

the user if condition one, condition two, both conditions, or neither condition has been met in the 

previous 24 hours (relating to the cumulative rainfall amount and rate of change of the FOS). 

The second message (Figure 9-14) informs the user of the time until failure based on the rate of 

change of the FOS. Thirdly, the EWS informs the user of the time until failure based on the 

rainfall forecast (Figure 9-15). 

0

5

10

15

20

R
ai

n
fa

ll
 (

m
m

)

-20 -15 -10 -5 0 5

0

5

10

15

F
O

S

Time (Hours)

 

 

Predicted using field data

Predicted using forecast

ForecastedMeasured

(a) 

(b) 



The Early Warning System 

 
231 

 

 

Figure 9-13. Message returned to the user regarding which conditions have been met. 

 

Figure 9-14. Message informing the user of the time until failure based on the rate of change of the FOS. 

 

Figure 9-15. Message informing the user of the time until failure based on rainfall forecast. 

 

Once the user has seen this data, the EWS asks if the user wants to issue a Stage 1 warning, 

Stage 2 warning or no warning (Figure 9-16). After selection, the EWS displays the sign which 

is shown to motorists Figure 9-17. 

 

Figure 9-16. Pop-up box allows the user to issue a warning or take no action. 
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(a) (b) 
Figure 9-17. The warning signs issued to motorists for a: (a) stage one warning; and (b) stage two warning. 

Note that the circles are flashing lights. 
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9.6 Summary of installing the Early Warning System 

The prescribed methodology for installing this EWS is summarised in Figure 9-18. 

 
Figure 9-18. A flow chart summarising the installation of this EWS. 

 

Step 1 has largely been ignored in this study; however numerous methods to undertake this 

step have been described in the literature (Fell et al., 2005; Pack et al., 1998; Weirich & Blesius, 

2007). This step should also involve confirming that the probable failure mechanism is due to 

rainfall infiltration, and if failure is likely to occur within a fully saturated slope (i.e. due to positive 

pore pressures), or in an unsaturated slope (due to a loss in matric suction). For Step 2, it is 

advised that the MP406 probes are used for the monitoring, as the installation of these probes 

is easier. It is also suggested that these probes are installed in stages – very shallow first (0.5 m 

deep), and then progressively deeper. This is suggested so the sensors are placed in the 

1. Desktop 
Study 

•Determine sites susceptible to rainfall induced landsides (GIS, aerial photography). 

•Undertake risk analyses to determine which sites is the EWS the best method to reduce the 
risk. 

2. Field 
Monitoring 

• Install volumetric water content sensors in the vadose zone of slope and a rainfall gauge to 
monitor rainfall events.  

3. Laboratory 
Testing 

•Determine SWCC, shear strength parameters and permeability of soil using laboratory tests 

4. Numerical 
Modeling 

•Replicate fluctuating volumetric water contents in FEM. 

•Perform limit equilibrium analyses for each step in the FEM. 

5. ANN 

•Train ANN using sensor data from field monitoring and  limit equilibrium analyses. 

•Train ANN using rainfall forecast data as an input (if available). 

6. EWS 

•Determine at what FOS/time until failure warnings should be given, and the form of these 
warnings. 

•This may require applying conditions to the results obtained from the ANNs. 
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vadose zone of the slope. We suggest the probes are installed in at least three locations of the 

slope. The numerical modelling stage requires the SWCC and the permeability of the soil to be 

defined, as well as the shear strength parameters of the soil, including the effect of matric 

suction on the shear strength of the soil. If this cannot be obtained easily in the laboratory (Step 

3), it is suggested the use of an empirical equation such as that suggested by Vanapalli et al. 

(1996) or Lu and Likos (2004) to define this parameter. A typical evapotranspiration pattern to 

apply in the FEM is also required. If no rainfall events have been captured which cause the FOS 

of the slope to decrease to a level close to unity, then randomised artificial extreme rainfall 

events may need to be applied to the FEM (and the corresponding database which the ANN is 

learned on) in order for the ANN to be trained for such rainfall events. Over the lifetime of the 

project this may not be necessary, as the model can be trained on more extreme rainfall events 

as the data set grows. 

9.7 Summary of the Operational Use of the Early Warning System 

A summary of the operational use of the EWS is shown in Figure 9-19. All steps barring the 

downloading of the site data and the issuing of the warnings are performed automatically by the 

software. This takes under 1 minute to complete. With the technology available today, it is 

plausible that the entire system could be fully automated; including the sensor data uploading 

and the warnings being issued. However, it is suggested that the actual warnings still be 

controlled by a person who fully understands the EWS and the slope in question. This then 

allows engineering judgement to form part of the EWS, which could aid in reducing false alarms 

and missed events. The ‘delay 1 hour’ note refers to the hourly recording interval used in the 

field monitoring. During heavy rainfall events at each hour new data can be downloaded, thus at 

each hour the process repeated. It is recognised that this process could be automated. 

However, during dry periods, there is no requirement for this hourly-update to take place. It is 

noted that the question to update the EWS shouldn’t rely solely on the presence of rainfall at the 

time for two reasons; firstly because the EWS can be operated remotely from the site it is 
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presumed that the user is not certain if it is raining at the site, and secondly; due to the low 

permeability of the soil there may be a delay between the rainfall occurring, and the lowering of 

the FOS. 

 

9.8 Limitations of the Early Warning System 

The following limitations of the EWS have been identified. Some of these limitations arise 

because of the methodology of developing the EWS; others are due the assumptions made 

throughout the project. 

Figure 9-19. Summary of the operational use of this EWS. 
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To enable verification of the EWS, one of the conditions of selecting the site was that a rainfall 

induced slope failure had occurred. This meant the modelling phase of the project could be 

verified, and ensured that the slope was at risk to rainfall induced slope failures. In a real world 

application, it is unlikely such a failure exists at a site which the EWS will be developed for 

(otherwise there would be little need for the EWS). Thus the possible failure mechanism present 

and the modelling undertaken in a real world application would not be so easily verified. 

During this project no rainfall events occurred which induced a FOS close to unity. As a result, 

artificial rainfall events were used to train the ANN for FOSs under significant rainfall events. It 

is possible that the response of the slope to these significant rainfall events differs from that 

modelled, and therefore the ANN trained using artificial rainfall events may predict false alarms, 

or lead to missed events in a real world application. Overtime, as more and more extreme 

rainfall events are captured at the site, this ANN can be continuously re-trained and thus should 

become more accurate over time. 

Due to the long analyses time, and the strain put on the power supply to the field monitoring 

equipment, hourly recordings were made in the field monitoring and an hourly time step was 

used in the FEM. This meant that the minimum resolution size that can be obtained in the EWS 

was 1 hour. This may lead to false alarms; when the warning is issued but the rainfall event 

stops before failure takes place. Using a smaller recording interval and time step could minimise 

the probability of such false alarms, but will lead to more demand on the power supply at the 

site and a longer analyses time. 

Another limitation is that to minimise false alarms, one of two conditions is required to be met 

before a warning is issued; the cumulative rainfall amount and the rate of change of the FOS. 

Which one of these conditions is governing depends on the rainfall intensity and ksat ratio. For 

this site, because the ksat was so low, the rainfall intensity was usually larger than the ksat, and 

thus the rate of change of the FOS was the governing condition. However, for other sites, the 

cumulative rainfall amount maybe the governing condition. Using the cumulative rainfall amount 

however requires judgement as to when the rainfall event started – what time lapse is required 

between rainfall events for them to be identified as being separate events. If a deterministic 
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approach to calculating evapotranspiration was used (based on readings of temperature, wind 

speed and humidity amongst others), this would eliminate such an issue, as a running total of 

the water content level within the soil could be kept. 

Another limitation of this EWS, from a practical view point, is the time consuming nature of 

developing the FEM. The lengthy time required to develop the FEM could greatly increase the 

cost of developing the EWS at a specific site, however by replicating the methodology used to 

develop the FEM in this research this development time could be reduced significantly. 

Also, because of the decrease in accuracy between the ANN which uses sensor inputs and the 

ANN which is solely based on rainfall data, the FOS obtained from these two ANNs differ. 

However because the ANN which uses the actual sensor readings as inputs is more accurate 

than the ANN which relies solely on rainfall data, the ANN which uses just rainfall data to predict 

the FOS can be updated each hour to equal the FOS obtained from that which uses sensor 

data. In this way, the forecasted FOS using the forecasted rainfall events should be reasonably 

accurate. 

9.8.1 Limiting Assumptions 

The following assumptions were made in this research which could limit the accuracy of this 

EWS. These assumptions, such as the hysteresis of the SWCC, the presence of shrinkage 

cracks and the curvature of the Mohr-Coulomb failure envelope were usually made for 

simplicity. 

The hysteresis of the SWCC (and the permeability function) was ignored in this research. 

Ignoring this could lead to a discrepancy between the field measured water content and the 

FEM obtained water content. However, it is possible that the method used to model 

evapotranspiration in this case has inadvertently accounted for the hysteresis of the 

permeability function. Furthermore, some researchers (Li et al., 2005) suggest that hysteresis 

may not be present in the field. 

Related to the hysteresis of the permeability function is the effect of shrink-swell movement of 

the soil. The clays at the site are susceptible to shrink-swell movement, with shrinkage cracks 
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up to 30 mm wide and 500 mm deep occurring during dry periods. Such shrinkage cracks mean 

that localised permeability increases significantly during these dry periods. Incorporating this 

into the FEM would require adjusting the permeability function of the soil, so that when the 

water content reached the point at which shrinkage cracks occurred, the permeability of the soil 

begins to increase. This adjustment to the permeability was not undertaken for simplicity. Also, 

because the landslide at the site occurred during the rainy season, no shrinkage cracks would 

be present at the site when the landslide occurred. It does mean however that the FEM and 

LEA overestimates the FOS during significant rainfall events which occur following a prolonged 

dry period, as the infiltration rate is greater in the field then in the model due to the presence of 

these shrinkage cracks. 

Another simplifying assumption made which could be a source of limitations was with regards to 

the curvature of the Mohr-Coulomb failure envelope. The triaxial tests undertaken on saturated 

samples suggest there is a slight curvature of the Mohr-Coulomb failure envelope. This 

curvature was ignored in the LEA, and because the previous landslide at the site was 

reasonably shallow, the shear strength parameters used in the analyses were those obtained 

from the initial section of the Mohr-Coulomb failure envelope. The same principal applies to the 

unsaturated triaxial tests, where research (Lu & Likos, 2004) suggests that the failure envelope 

is curved, however it was assumed to be linear for this research. 

Failure in terms of landsliding at the site was defined as a FOS of unity. No investigation has 

been made as to the relationship between the FOS and the size of the slip surface, or the 

runout from the subsequent landslide. These are factors which could influence the decision to 

issue a warning or not, and could be incorporated with future refinements of this EWS. 

9.9 Concluding Remarks 

 The time until failure can be estimated based on the rate of change of the FOS, and the 

current FOS. However, because the change in FOS is not linear, the sole use of this 

equation can lead to false alarms. 
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 To remove such false alarms, conditions were set which must be met before the 

estimated time until failure can be relied upon. 

 These conditions are that either the cumulative rainfall amount is close to 245 mm (the 

amount which causes slope failure) or the gradient of the FOS is similar to that obtained 

from the high intensity rainfall events which caused slope failure in the models. 

 The use of these conditions removes false alarms and missed events. 

 To further improve the accuracy of the EWS, rainfall forecasts can be used to estimate 

the future FOS. However it is not advised to rely solely on these rainfall forecasts, as 

they do not necessarily reflect the rainwater infiltration which occurs at the site. 

Because of this, it is still recommended that water content sensors still be used to form 

the basis of the EWS. 

 The ANN which utilised water content sensors as an input was superior in accuracy to 

the ANN which solely used rainfall data as an input. Because of this, there is a 

discrepancy between the two FOS records predicted using these ANNs. This 

discrepancy is minimised by setting the FOS of the ANN which relies on rainfall data to 

equal the FOS obtained from the ANN which uses the sensor data as an input. 

 This EWS gives satisfactory results for use as a tool to forecast rainfall-induced failure 

in a partially saturated soil, defined as when the FOS decreases to one. However, 

further refinement of this EWS would be required before it could be utilised in practice. 
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Chapter Ten  

CONCLUSIONS 

10.1 Introduction 

The aim of this research was to create a novel EWS for rainfall-induced landslides. A literature 

review was undertaken to study the engineering mechanics of rainfall induced landslides, 

current practices used in analysing rainfall-induced landslides, and the current state of the art of 

EWSs. 

Based on this literature review, a site was selected which could be used as a basis for 

developing a prototype of the EWS. This site suffered a landslide in 2008, following a period of 

heavy rainfall. Soil samples were obtained from the site, and subsequent laboratory testing 

undertaken to better understand the properties and behaviour of the Northland Allochthon soil 

which was present at the site. 
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Field monitoring consisting of using θ sensors and a tipping bucket rain-gauge was undertaken 

at the site. The response of these water content sensors to rainfall events was replicated in a 

FEM. Next, LEA were undertaken at each time step in the FEM to determine the FOS of the 

slope. An ANN was trained to predict this LEA obtained FOS using the sensor data obtained 

from the field monitoring. Thus, the real time FOS can be known by downloading the sensor 

data in real time from the site. The EWS predicts when failure at the site may occur, based on 

the rate of change of this FOS and utilising rainfall forecasts for the site area. 

This chapter details the conclusions reached from this research. These conclusions have been 

separated into conclusions obtained from each segment of the research; laboratory testing, field 

monitoring, numerical modelling, the development of the ANN and finally the development of the 

EWS. Recommendations for further research are also given. 

10.2 Conclusions from Laboratory Testing 

Laboratory tests were undertaken in this research to better understand the failure mechanism of 

the soil during rainfall induced landslides, and to validate the parameters used in the numerical 

modelling phrase of the project. The tests fit into three main categories; SWCC, permeability 

tests and shear strength tests.  

10.2.1 Soil Water Characteristic Curve Tests 

When determining the SWCC, the pressure plate apparatus was more useful than using the 

filter paper method for this particular soil, in large part due to the difficulties in measuring the 

volume of the soil specimens when using the filter paper method. The relationship between the 

laboratory determined SWCC and that predicted using the Arya and Paris (1981) model was 

poor. It was concluded that the use of the Arya and Paris (1981) model requires a function to 

describe α to obtain a reasonable degree of accuracy. The Van Genuchten (1980) equation 

fitted well to the laboratory obtained SWCC data. The Van Genuchten (1980) parameters for the 

soil are given in Table 5-1. 
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10.2.2 Permeability Tests 

Falling head tests indicated a very low permeability of both the transition zone and the residual 

soil, at approximately 1 × 10-9 m/sec. The permeability obtained from the falling head tests 

agree with that obtained from the triaxial tests. The soil appears to be isotropic in terms of 

permeability. 

10.2.3 Shear Strength Tests 

CD and CSD triaxial tests, as well as ring shear tests were undertaken to determine the shear 

strength of the soil. The Mohr-Coulomb failure parameters obtained from the CSD tests were 

significantly different to those obtained from the CD tests. The ɸCSD was slightly higher than ɸCD 

(10% for the residual soil, 30% for the transition zone soil). The cohesion value of the transition 

zone soil was much higher (19 kPa) in the CD tests than that obtained in the CSD tests (3 kPa). 

A similar result was not observed in the residual soil as the residual exhibited no apparent 

cohesion in either test. The change in the ɸ obtained as the soil weathers from the transition 

zone to a completely residual soil could be due to the weathering of the clasts which are present 

in the transition zone soil. These clasts may also explain the large apparent cohesion exhibited 

in the CD tests, and the scattering of the triaxial results. 

These results indicate that the failure mechanism present can drastically affect the exhibited 

shear strength parameters of the soil. These differing parameters obtained from the CD and 

CSD tests lead to vastly different results obtained from subsequent LEA. LEA undertaken using 

the CSD test results better replicate site observations. 

10.3  Conclusions from Field Monitoring 

Field monitoring was undertaken in this research to study the response of the soil water content 

to rainfall events. This was used as a means to verify the numerical modelling undertaken in the 

project and to provide real time recordings of the water content at the site as a basis for the 

EWS. The field monitoring in this research consisted of installing θ sensors at various depths 

and locations along the same cross section of the site. A tipping bucket rain-gauge was used to 
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record the rainfall events which caused fluctuations of the water content of the soil. The results 

obtained from this field monitoring are consistent with similar studies reported in the literature 

(Hawke & McConchie, 2011). Major fluctuations of the water content were recorded by the 

sensors located at 0.5 m deep. Beneath this depth, only minor fluctuations were recorded by the 

sensors throughout the monitoring period, indicating that either the soil below this depth 

maintains a θ close to saturation, even during dry periods, or that the rainstorms experienced 

throughout the monitoring period were not of sufficient duration to infiltrate to this depth. 

Calibrating the sensors to the specific soil at the site proved difficult, due to disturbance effects, 

the shrink swell movement of the soil and natural local variations of the θ within the soil. As a 

result, the factory calibration was relied upon, as well as the saturated θ reached by the sensors 

during wet periods. The shrink swell movement of the soil, as well as localised cracking and 

fissures present in the soil also appeared to have an effect on the response time of the sensors. 

The response time of the sensors was also affected by the starting θ of the soil. If the initial θ of 

the soil prior to a rainfall event was greater than the air entry value, then the rate of increase of 

the water content was much faster. 

10.4 Conclusions from Numerical Modelling 

Numerical modelling was used to develop a database with the readings from the θ sensors and 

the corresponding FOS. This modelling consisted of an FEM to replicate the fluctuating water 

content at the site, using the recorded rainfall events as an influx into the model. The pore-water 

pressure/matric suction profile obtained in this FEM was coupled with an LEA. Thus, the FOS of 

the slope corresponding to each recording of θ made at the site was determined. SEEP/W and 

SLOPE/W were used for this numerical modelling. 

To obtain a reasonably accurate replication of the field measured θ, the mesh used in the FEM 

was refined in the upper soil layers, with a grid size of 0.04 m. This mesh was gradually 

coarsened to 1 m square elements. An hourly time step in the model was used as the best 

trade-off between analyses time and accuracy. The results obtained from the FEM generally 
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agreed with those obtained from the field monitoring, however there were some discrepancies 

between the two. As discussed by Dai et al. (2002), this is a difficult task and hence 

discrepancies were to be expected, These discrepancies could have arisen from a number of 

assumptions made within the modelling; such as the generalised pattern used to account for 

evapotranspiration. This pattern could have unknowingly accounted for the effects of hysteresis 

of the SWCC, and also the difference between field permeability and laboratory permeability. 

Using a generalised evapotranspiration pattern worked reasonably well. However, if a 

deterministic approach to incorporating evapotranspiration could be used, a running record of 

the amount of influx into a slope could be maintained, and form part of the EWS. 

It is noted that the use of the laboratory obtained permeability for the residual soil and transition 

zone appeared to give the best results, however the top soil layer permeability was set at three 

magnitudes greater than this to account for the effect of discontinuities such as fissures and 

vegetation on the field permeability of the soil. This allowed for greater rainwater infiltration. 

The 2008 rainfall record which caused slope failure at the site was input into these models as a 

means for verifying the modelling process. The stratigraphy used in the model was altered to 

represent that at the location which the landslide occurred at. The corresponding FOS obtained 

was only slightly above unity at the time of actual failure of the slope. The CSD-obtained shear 

strength parameters were used in this LEA. This indicates that the modelling undertaken in this 

research is viable, and the CSD obtained shear strength parameters are more similar to those 

exhibited by the soil in the field then the CD obtained shear strength parameters. 

The FOS obtained via the LEA remained reasonably high during the monitoring period; however 

this FOS decreases rapidly during significant rainfall events. Using an artificial rainfall data set, 

it was concluded that for rainfall events with intensity greater than ksat, the gradient of the FOS 

versus time graph is similar as the FOS approaches unity. For rainfall events with intensity less 

than ksat, the same cumulative rainfall amount is required to cause slope failure. This cumulative 

rainfall amount is 245 mm, which is approximately one fifth of the region’s annual rainfall 

amount of approximately 1,300 mm. To put this amount into perspective, the 100 year storm 

depth for a 72 hour period for this site is approximately 300 mm (NIWA, 2012b). 
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10.5 Conclusions from developing the Neural Network 

To predict the real time FOS of the site, an ANN was used. This ANN was very capable of 

predicting the LEA obtained FOS using the sensor data as an input. This ANN was however 

less accurate at predicting the FOS during significant rainfall events, because of a lack of such 

events in the training set. This was remediated by applying artificial rainfall events into the FEM, 

which the ANN was then re-trained on. In a real world application this may not be necessary, as 

the lifetime of the project would be longer, and so the ANN could be continually trained, 

encompassing more and more significant rainfall events as the project continues. It was 

concluded that the most accurate type of ANN was one with a closed-loop, where the FOS 

obtained for the previous time step was used as an input for the prediction of the FOS for the 

current time step. 

To improve the accuracy of the ANN, cumulative rainfall events were included as additional 

inputs. This improved the accuracy by perhaps including the effect of antecedent rainfall, and by 

acting as a smoothing function, so the ANN is less susceptible to short, high intensity rainfall 

events. The inclusion of these rainfall events however may mean the ANN is too reliant on the 

rainfall inputs, rather than the θ sensor readings. This could be rectified by including more 

sensors in the vadose zone of the slope. If evaporation could be used as another input into the 

ANN, the accuracy of the ANN is increased. This is perhaps also a consequence of the ANN 

being too reliant on the rainfall input data, rather than the sensor data. The effect of using 

sensor inputs in the ANN, rather than basing the ANN solely on rainfall events was shown in 

Chapter Nine, where an ANN was developed solely using rainfall data as an input. This ANN 

was far less accurate compared to those which utilised sensor data also. 

10.6 Conclusions of the Early Warning System 

The key objective of this research was to create a site specific EWS for rainfall induced 

landslides. It was also recognised that this EWS should provide the user with a timeframe until 
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failure, and also an indication as to the FOS, rather than basing the EWS on a benchmark of 

parameters such as pore pressure and displacement being met. 

Using the ANN, the real time FOS of the slope is estimated. To determine the timeframe until 

failure, the rate of change of the FOS is used. However, the sole use of the rate of change of 

the FOS leads to a number of false alarms, as the gradient of the FOS/time curve as the FOS 

approaches unity is non-linear. To avoid these false alarms, conditions are applied in the EWS 

which must be met before a warning is issued. These conditions are that either the cumulative 

rainfall amount is close to 245 mm (the amount which causes slope failure) or the gradient of 

the FOS is similar to that obtained from the high intensity rainfall events which caused slope 

failure in the models. However, false alarms could still occur if the rainfall stops after the 

warning has been issued, but before failure occurs. To remove the occurrence of such false 

alarms, rainfall forecasts can be used to estimate the future FOS. The real time hourly rainfall 

forecast for the next 5 hours is obtained, and input into an ANN, which predicts the FOS over 

the next 5 hours. The user of the EWS can then make an engineering judgement on whether 

the warning should be issued or not. It is recognised that the EWS could be solely based on this 

rainfall forecast; however it is not advised, as they do not necessarily reflect the rainwater 

infiltration which occurs at the site. Furthermore, the FOS predicted using this rainfall forecast is 

less accurate, and more susceptible to large fluctuations, than that which uses sensor readings 

as an input. Because of this, it is still recommended that water content sensors still be used to 

form the basis of the EWS. It is concluded that the EWS developed in this research is a viable 

tool for reducing the risk of rainfall induced landslides, however further refinement of this EWS 

is required before it can be put into practise. 

10.7 Suggestions for Further Research 

Suggestions for further research with regards to the EWS developed in this research should 

focus on addressing the limitations identified in Section 9.8. Most notably, incorporating a 

deterministic approach with regards to modelling the amount of evapotranspiration between 
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rainfall events, based on site readings of related variables should improve the accuracy of the 

EWS. This should decrease the discrepancies observed between the FEM and the field 

measured results. 

Once a deterministic approach to accounting for evapotranspiration has been incorporated into 

the model, it may be easier to include the effect of hysteresis of the SWCC in the modelling. 

This is because such hysteresis may no longer be ‘masked’ by the empirical approach to 

incorporating evaporation used in this research. 

With regards to mitigating the risk of rainfall induced landslides using other methods, this 

research provides a benchmark for analysing the effects of engineering measures to reduce the 

chance of landslide occurring. For example, the FEM and field monitoring results used in this 

research could be used for comparison of say the implementation of effective drainage, the 

effect of vegetation or the effectiveness of a capillary barrier on the fluctuating water content of 

the site. Future studies could consist of the installation of drainage or vegetation at this site, and 

comparing the change in the fluctuating water content of such measures. 

The Northland Allochthon soil remains a poorly understood problematic soil. An interesting 

result from the laboratory testing undertaken in this research was the apparent change in the 

shear strength parameters obtained from the CSD tests compared to the standard CD tests. It is 

suggested that further comparisons between CSD and CD tests are undertaken on Northland 

Allochthon soils from other sites, as well as comparisons on other soils with a high clay content 

to confirm this result. The CSD testing undertaken in this research could also be expanded to 

include testing on unsaturated samples. This would involve the use of a significantly higher 

initial stress ratio to ensure the specimen fails in an unsaturated state. Also, the effect of the 

anisotropic consolidation undertaken in the CSD tests could be determined, by performing CD 

tests which have been anisotropically consolidated to the same degree. 

The Northland Allochthon has been identified to contain a high sodium montmorillonite content. 

The level of which, and the subsequent effects on shrink-swell movement, has been excluded 

from the scope of this research. The effect of this mineral on landslides within the region, and 
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also on the different characteristics of the transition zone and the residual soil, could be a topic 

of future research. 

In this research, ‘failure’ of the slope was simply defined as a slope having a FOS of unity, with 

no consideration given to the soil and slope behaviour during failure – i.e., the re-orienteering of 

the principal stresses, propagation of the failure surface or pre and post failure displacements. A 

few theories were suggested from the laboratory testing in this research as to why the transition 

zone is much weaker than the residual soil of the Northland Allochthon, giving rise to its 

susceptibility to landsliding. Further research could focus on incorporating the conclusions 

reached from the laboratory testing of this research into the behaviour of the Northland 

Allochthon during landsliding events. This could also be incorporated into the EWS, and a 

relationship between landslide size, runout and FOS investigated. 
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APPENDIX 

Site location map 

Borehole log BHG 2 

Borehole log MH 9 

Longitudinal section of stratigraphy 

Aerial photo showing contours and borehole locations 

Example of SWCC test processing 

Falling head test data 

Example of CD triaxial test processing 

Example of CSD triaxial test processing 

Example of Ring shear test processing 

Example of field monitoring data 

Example of Metservice data 

Matlab code used to develop ANN 

Matlab code for EWS 



 

 

Site Location 

Site Location Map (sourced from www.maps.google.co.nz). 



 

 



 

 



 



 



 



 



 

 

 

 

 

Long section of the site showing the stratigraphy, according to the geotechnical investigation as described by Tilsley (1998). The section reads left to right as north to south. BHG2 was undertaken at the location where the 
landslide occurred in 2008. This investigation was undertaken prior to the cut operation. 
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MB 9 

BHG 2 

Aerial photo of the site showing contours (sourced from http://maps.auckland.govt.nz/Alggi/). The location of the borehole logs BHG 2 and MB 9 are shown. 
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4

⋅ Data 2〈 〉( )
i⋅←

M
i

Data 5〈 〉( )
i Data 6〈 〉( )

i−←

θ i

M
i

V
i

10
5⋅←

ψ i Data 1〈 〉( )
i←

i 1 rows Data( )..∈for

augment θ ψ,( )

:=

This function calculates the volumetric water content for each data point from the pressure plant apparatus:

Data

10

100

200

300

396

500

600

800

996

1370

14

12

12.67

12.18

13.5

12.455

13

12.2

12.84

12.34

54

54

52.38

52.16

54

52.205

52.6

51.77

51.51

51.63

50.78

50.06

23.48

23.00

22.87

23.16

30.02

22.37

22.56

22

127.82

119.70

92.28

93.79

92.76

91.47

71.41

89.81

66.13

91.03

113.01

107.30

79.51

81.68

81.22

79.90

60.36

78.93

55.28

80.81

"A62"

"A72"

"B43"

"B13"

"B78"

"B96"

"A44"

"B16"

"B29"

"B4"































:=

Column 1 = Air Pressure (kPa), 2 = Height (mm), 3 = Diameter (mm), 4 = Dish mass (g),
5 = Dish + wet soil (g), 6 = Dish + dry soil (g), 7 = Dish Label

The data obtained from the pressure plate apparatus.

Pressure Plate Apparatus Data:

Sets the the first row/column of each matrix to be labelled as row/column "1" ORIGIN 1:=

Residual Soil

This spreadsheet derives the Soil-Water Characteristic Curve for the soil from the pressure plate and filter
paper laboratory tests. This spreadsheet fits the Van Genuchthen Equation to the data. The soil was
retrieved from the Wainui Road site in January and March 2011.

8/03/2011S J HarrisSoil Water Characteristic Curve



Wf

M
j

Mat2
j〈 〉



 i

Mat1
j〈 〉



i

−





Mat3
j〈 〉



 i

Mat4
j〈 〉



i

−





−

Mat3
j〈 〉



 i

Mat4
j〈 〉



i

−
100⋅←

j 1 rows Mat1( )T



..∈for

F i〈 〉 M←

i 1 rows Mat1( )..∈for

F stack F 1〈 〉 F 2〈 〉, F 3〈 〉, F 4〈 〉,( )←

:=

This function calculates the mass water content (%) of the filter papers, and puts them into a single array:

B

"Mid"

"Bottom"

"Mid"

"Bottom"

"Bottom"

"Mid"

"Mid"

"Bottom"

"Top"

"Top"

"Bottom"

"Top"

"Mid"

"Bottom"

"not"

"not"













:=

Mat4

B92h

B5h

B80h

B91h

B23h

B33h

B81h

B96h

















:=Mat3

B92df

B5df

B80df

B91df

B23df

B33df

B81df

B96df

















:=Mat2

B92f

B5f

B80f

B91f

B23f

B33f

B81f

B96f

















:=Mat1

B92

B5

B80

B91

B23

B33

B81

B96













:=

Assigning variable names to the matrices:

Hot empty dish weights (g)

B92h

B5h

B80h

B91h

B23h

B33h

B81h

B96h

















22.8218

22.7523

22.8027

23.0475

22.7806

22.6559

22.9433

23.1582













:=

Dish weights + dry filter paper (g) -
Measured while hot

B92df

B5df

B80df

B91df

B23df

B33df

B81df

B96df

















22.8568

22.8134

22.8456

23.0938

22.8262

22.7082

22.9872

23.2029













:=

Dish weights + wet filter paper (g) - Measured cold

B92f

B5f

B80f

B91f

B23f

B33f

B81f

B96f

















22.8703

22.8402

22.8613

23.1067

22.8370

22.7282

23.0019

23.2132













:=

Empty dish weights (g) - Measured cold 

B92

B5

B80

B91

B23

B33

B81

B96













22.8255

22.7553

22.8073

23.0494

22.7825

22.6594

22.9475

23.1614













:=

This section imports and evaluates the data obtained from the filter paper tests. Whatman Filter Paper # 42
was used for these tests.

Filter Paper Method



Mat5

B35area

B4area

B83area

B64area

B102area

B27area

B59area

B99area

















:=Mat6

B35height

B4height

B83height

B64height

B102height

B27height

B59height

B99height

















:=

Mat4

B35h

B4h

B83h

B64h

B102h

B27h

B59h

B99h

















:=Mat3

B35ds

B4ds

B83ds

B64ds

B102ds

B27ds

B59ds

B99ds

















:=Mat2

B35s

B4s

B83s

B64s

B102s

B27s

B59s

B99s

















:=Mat1

B35

B4

B83

B64

B102

B27

B59

B99













:=

Labelling the matrices:

Hot empty dish weights (g)

B35h

B4h

B83h

B64h

B102h

B27h

B59h

B99h

















22.6149

23.0608

23.0644

21.7979

22.6182

22.8884

22.9898

22.7822













:=

B35ds

B4ds

B83ds

B64ds

B102ds

B27ds

B59ds

B99ds

















59.9966

72.3528

55.2462

52.5978

62.5234

69.4153

49.7214

69.7026













:=
Dish weights with dry filter paper
(g) - weighed while hot.

Dish weights with wet soil (g)

B35s

B4s

B83s

B64s

B102s

B27s

B59s

B99s

















67.8320

92.3368

66.3663

59.8034

70.0251

84.7065

56.2478

77.7143













:=

B35

B4

B83

B64

B102

B27

B59

B99













22.6173

23.0634

23.0681

21.8003

22.6204

22.8930

22.9948

22.7893













:=
Empty dish weights (g)

B35height

B4height

B83height

B64height

B102height

B27height

B59height

B99height

















58

59

45

42.5

59.5

63.7

42.73

64.93













:=
Heights of the soil samples (mm)

B35area

B4area

B83area

B64area

B102area

B27area

B59area

B99area

















510.705

674.256

581.069

606.987

482.639

551.546

498.759

518.115













:=
Cross sectional areas of the soil

samples (mm2)

Calculate the volumetric water content of the soil for the corresponding mass water content of the filter paper:



Calculate the volumetric water content (%) for each soil sample, and puts it into an array corresponding
to the filter paper mass:

θf

M
j

Mat2
j〈 〉



 i

Mat1
j〈 〉



i

−





Mat3
j〈 〉



 i

Mat4
j〈 〉



i

−





−←

V
j

M
j

10
5⋅

Mat5
j〈 〉



 i

Mat6
j〈 〉



i

⋅
←

j 1 rows Mat1( )T



..∈for

F i〈 〉 V←

i 1 rows Mat1( )..∈for

F stack F 1〈 〉 F 2〈 〉, F 3〈 〉, F 4〈 〉,( )←

:=

Wf

Wf3

Wf4

Wf1

Wf5

Wf6

Wf7

Wf2

Wf8



































:= θf

θf3

θf4

θf1

θf5

θf6

θf7

θf2

θf8





































:= Orders the array from highest to lowest water content.

This next section calculates the soil-water content curve points from the filter paper:

ψf

ψf1i
10

2.909 0.0229 Wf
i

⋅−



← Wfi

47≥if

ψf1i
10

4.945 0.0673 Wf
i

⋅−



← otherwise

ψf2i
0.051

248

Wfi









9.615

1−










0.473

⋅←

ψf3i
10

2.412 0.0135 Wf
i

⋅−



← Wfi

45.3≥if

ψf3i
10

5.327 0.0779 Wf
i

⋅−



← otherwise

i 1 rows Wf( )..∈for

augment ψf1 ψf2, ψf3,( )

:=

This is equation 3(a), referring to Leong
et. al (2002)

This is equation 5(a), referring to Leong
et. al (2002).

This is the equation obtained from the
ASTM standard D5298-10



This is an array of matric suctions (kPa) obtained from equation
3(a) (Leong et. al. (2002), for each filter paper mass.ψf1 ψf

1〈 〉:=

This is an array of matric suctions (kPa) obtained from equation
5(a) (Leong et. al. (2002), for each filter paper mass. This is a
direct application of the Van Genuchthen  Equation

ψf2 ψf
2〈 〉:=

This is an array of matric suctions (kPa) obtained from the
ASTM standard D5298-10. Note that these matric suctions were
botained from equations for Total Suction.

ψf3 ψf
3〈 〉:=
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SWCCThetatop stack θ θf, θf,( ):=

SWCCMStop stack ψ ψf1, ψf3,( ):=

It appears that the ASTM equation plots  slightly to the left, we can therefore ignore this  data, and
combine the pressure plate data and filter paper data in a single plot: 



The sum of squares error (VWC %).
SS a n, m, θr,( )
rows θpp( ) 1−

0.489=

a

n

m

θr















608.332

3.271

0.694

38.502













=
The Van Genuchthen (1981) parameters  obtained from the
minimise function.

The minimise error function.

a

n

m

θr















Minerr a n, m, θr,( ):=

θr θs<

θr 0≥a 0≥n 1≥
Constraints on the minimise function.

m 1
1

n
−=SS a n, m, θr,( ) 0=

Given

House keepingORIGIN 0:=

SWCC for just the pressure plate data

This part best fits a Van Genuchthen (1981) equation to just the pressure plate data. -
need to remove 400 and 600 as they dried out when the air pressure lost

θpp stack θ1 θ2, θ3, θ4, θ6, θ8, θ9, θ10,( ):= ψpp stack ψ1 ψ2, ψ3, ψ4, ψ6, ψ8, ψ9, ψ10,( ):=

VG a n, m, ψpp, θs, θr,( ) θr

θs θr−

1
ψpp

a









n

+








m















+:= The Van Genuchthen (1981) equation, expressed
as a function.

j 1 length ψpp( )..:= A vector the same length as  the data points.

θs 46.19:= Assumed saturated volumetric water content (%)

SS a n, m, θr,( )
j

θppj
VG a n, m, ψppj

, θs, θr,





−





2
∑:= The sum of squares error function.

a 618.066:=

m 0.689:=
Initial guess functions

n 3.215:=

θr 38.298:=



ORIGIN 1:=

This is a function used to plot the Van Genuchthen (1981) equation, using the best fit parameters
obtained from above.

SWCC

θ i

10

θr

θs θr−

1
i

a







n

+








m













+←

ψ i

10

i 1⋅←

i 10 20, 1000000..∈for

augment ψ θ,( )

























:=

ks 10
9−:= permeability (m/s)

ORIGIN 0:=

Perm

kw i

10

ks

1
i

a







n 1−







1
i

a







n

+








m−

⋅−











2

1
i

a







n

+








m

2

⋅←

ψ i

10

i 1⋅←

i 0 10, 1000000..∈for

augment kw ψ,( )

:=

kw Perm 0〈 〉:= ψp Perm 1〈 〉:=

10 100 1 .10
3

1 .10
4

1 .10
5

1 .10
6

0

2 .10
10

4 .10
10

6 .10
10

8 .10
10

kw

ψp



The sum of squares error function.SS a n, m, θr,( )
j

θfb j
VG a n, m, ψfb j

, θs, θr,





−





2
∑:=

A vector the same length as  the data points.j 1 length ψfb( )..:=

The Van Genuchthen (1981) equation, expressed
as a function.

VG a n, m, ψfb, θs, θr,( ) θr

θs θr−

1
ψfb

a









n

+








m















+:=

ψfb stack ψf11 ψf12,( ):=θfb stack θf1 θf2,( ):=

ψf12 submatrix ψf1 5, 8, 1, 1,( ):=θf2 submatrix θf 5, 8, 1, 1,( ):=

ψf11 submatrix ψf1 1, 2, 1, 1,( ):=θf1 submatrix θf 1, 2, 1, 1,( ):=

HousekeepingORIGIN 1:=

This part best fits a Van Genuchthen (1981) equation to just the fi lter paper data. 

SWCC for Just the filter paper data
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ORIGIN 1:=



SWCCFP

θ i

10

θr

θs θr−

1
i

a







n

+








m













+←

ψ i

10

i 1⋅←

i 10 20, 1000000..∈for

augment ψ θ,( )

























:=

This is a function used to plot the Van Genuchthen (1981) equation, using the best fit parameters
obtained from above.

ORIGIN 1:=

SS a n, m, θr,( )
rows θfb( ) 1−

4.18=
The sum of squares error.

a

n

m

θr















1147.77494

3.03005

0.66997

23.8476













=
The Van Genuchthen (1981) parameters  obtained from the
minimise function.

The minimise error function.

a

n

m

θr















Minerr a n, m, θr,( ):=

θr θs<

θr 0≥a 0≥n 1≥

Constraints on the minimise function.m 1
1

n
−=SS a n, m, θr,( ) 0=

Given

ORIGIN 0:=

θr 35:=

n 3.314:=
Initial guess functions

m 0.697:=

a 124.401:=



θr 16.352:=

n 1.695:=
Initial guess functions

m 0.41:=

a 945.46:=

The sum of squares error function.SS a n, m, θr,( )
j

θ1 j VG a n, m, ψ1 j, θs, θr,( )−( )2
∑:=

θs 46.19:=
Assumed saturated volumetric water content (%)

A vector the same length as  the data points.j 1 length ψ1( )..:=

The Van Genuchthen (1981) equation, expressed
as a function.

VG a n, m, ψ1, θs, θr,( ) θr

θs θr−

1
ψ1

a








n

+








m













+:=

Combining the data from the pressure plate and filter
paper.

ψ1 stack ψ ψf1,( ):=θ1 stack θ θf,( ):=

ORIGIN 1:=

This part best fits a Van Genuchthen (1981) equation to the entire combined data (pressure plate and filter
paper). The filter paper data was obtained using the Leong et. al. (2002) 3(a) equation.

SWCC for the all data
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SWCC1

θ i

10

θr

θs θr−

1
i

a







n

+








m













+←

ψ i

10

i 1⋅←

i 10 20, 1000000..∈for

augment ψ θ,( )

























:=

This is a function used to plot the Van Genuchthen (1981) equation, using the best fit parameters
obtained from above.

ORIGIN 1:=

The sum of squares error.
SS a n, m, θr,( )
rows θ1( ) 1−

18.068=

a

n

m

θr















946.828

1.693

0.409

16.303













=
The Van Genuchthen (1981) parameters  obtained from the
minimise function.

The minimise error function.

a

n

m

θr















Minerr a n, m, θr,( ):=

θr θs<

θr 0≥a 0≥n 1≥
Constraints on the minimise function.

m 1
1

n
−=SS a n, m, θr,( ) 0=

Given

ORIGIN 0:=
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SWCC from Grain Size Distribution (using Arya and Paris (1981) method)
ORIGIN 1:=

PSD
...\Inverted one.xls

:=

The grain size distribution file

PSD

1 2 3 4 5 6 7

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

"No" 4 0 5 0 7 0

"G. L. -" "60-100" 0 130 0 170 0

0 -31.4·10 53.9 -31.3·10 69.9 -31.4·10 70.5

0 -33.3·10 67.6 -33.2·10 82.3 -33.2·10 83.3

0 -36.4·10 77.4 -36.2·10 91.7 -36.4·10 91.3

0 -38.9·10 81.5 -38.7·10 94.8 -38.9·10 94.6

0 0.013 84.3 0.012 96.3 0.013 96.2

0 0.021 89.7 0.021 97.9 0.022 97.8

0 0.033 92.5 0.033 99.35 0.034 99.35

0 0.047 95.3 0.047 99.4 0.048 99.4

0 0.075 97 0.075 99.8 0.075 99.7

0 0.106 97.3 0.106 99.85 0.106 99.8

0 0.25 97.9 0.25 99.9 0.25 99.9

0 0.425 98.3 0.425 100 0.425 100

0 0.85 98.9 0.85 100 0.85 100

0 2 99.6 2 100 2 100

=



θva process17:=

process17

θvai

θv7i
θv7i 1+

+

2
←

i 1 sizePP7 2−( )..∈for

θva















:=

w7 process7 3〈 〉:=θv7 process7 2〈 〉:=n7 process7 1〈 〉:=

R7 submatrix R7 2, rows R7( ), 1, 1,( ):=

process7 submatrix process7 2, rows process7( ), 1, 4,( ):=

process7

w
i

PP7
i

PP7
i 1−−

100
←

J
i

1

i

n

w
n∑

=

←

Vvi

w
i

ρp7
e7⋅←

Vb
1

ρ7
←

θvi
1

i

n

Vvn

Vb
∑
=

←

n
i

3 w
i

⋅

4 π⋅ R7
i( )3⋅ ρp7⋅

←

i 2 sizePP7..∈for

augment n θv, w, Vv,( )



















































:=

Calculating the volumetric water content at each fraction of the particle size distribution:

sizePP7 14:=

Void ratioe7

ρp7 ρ7−

ρ7
:=

Saturated water contentθs7 1
ρ7

ρp7
−:=

α 1.38:=
α constant

kg/m3ρ7 1397.9838:=
Particle density and bulk density

ρp7 2598:=

Only interested in test number 7 - Undertaken on residual soilR7
PSD 5〈 〉

2 1000⋅
:=PP7 PSD 6〈 〉:=

PSD stack PSD1 PSD,( ):=

Deletes the rows and columns we don't usePSD1 0 0 0 0 0 0 0 0 0 0 0 0( ):=

PSD submatrix PSD 3, 19, 2, 13,( ):=



ORIGIN 1:=

This part calculates a best fit α function:

TOL 1 10
3−⋅:=

ψlab1
129720:=

ψlab4
lookup θva4

100⋅ SWCC 2〈 〉, SWCC 1〈 〉,





:=

TOL 0.05:=

ψlab3
lookup θva3

100⋅ SWCC 2〈 〉, SWCC 1〈 〉,





:=

TOL 0.043:=

ψlab5
lookup θva5

100⋅ SWCC 2〈 〉, SWCC 1〈 〉,





:=

TOL 0.0405:=

ψlab6
lookup θva6

100⋅ SWCC 2〈 〉, SWCC 1〈 〉,





:=

TOL 0.039:=

ψlab2
lookup θva2

100⋅ SWCC 2〈 〉, SWCC 1〈 〉,





:=ψlab7
lookup θva7

100⋅ SWCC 2〈 〉, SWCC 1〈 〉,





:=

TOL 0.0214:=

ψlab9
lookup θva9

100⋅ SWCC 2〈 〉, SWCC 1〈 〉,





:=

ψlab8
lookup θva8

100⋅ SWCC 2〈 〉, SWCC 1〈 〉,





:=

TOL 0.013:=

ψlab10
lookup θva10

100⋅ SWCC 2〈 〉, SWCC 1〈 〉,





:= ψlab11
120( )=

TOL 0.01:=

ψlab11
lookup θva11

100⋅ SWCC 2〈 〉, SWCC 1〈 〉,





:=

TOL 0.0032:=

ψlab12
lookup θva12

100⋅ SWCC 2〈 〉, SWCC 1〈 〉,





:=

TOL 0.00005:=

Obtaining an array of matric suctions for each volumetric water content:



APψ APbest:=

APbest

r
i

R7
i

4 e7⋅
n7

i( ) 1 αi( )− 

6
⋅⋅←

ψ i

2
71.97

1000
⋅ cos 0 deg⋅( )⋅

1000 r
i

⋅
←

i 2 sizePP7 2−( )..∈for

ψ

























:=

ORIGIN 1=

The sum of squares error.SSAP α( ) 0.015( )=

ORIGIN 1:=

The minimise error function.α Minerr α( ):=

Constraints on the minimise function.SSAP α( ) 0=

Given

ORIGIN 0:=

α

1.375

1.154

1.183

1.206

1.236

1.281

1.32

1.45

1.469

1.57

1.796

1.526



































:=

The sum of squares error function.SSAP α( )
i

ψlabi
ψAP α i,( )−





2
∑:=

A vector the same length as  the data points.i 1 length n7( ) 1−..:=

ψAP α i,( )
2

71.97

1000
⋅ cos 0 deg⋅( )⋅

1000 R7
i

4 e7⋅
n7

i( ) 1 αi( )− 

6
⋅⋅











⋅

:=
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Svol

SD
2 π⋅

4
SL⋅:= Soil Volume (mm3)

Sden

TSoil TW−

Svol
1000

2⋅:= Soil Density (kg/m3)

Soil Density (kg/m3)
Sden 3160.2212=

Water Contents

Dish Masses (g):
B93 23.11:=

B79 22.77:=
B93soil 40.34:=

B79soil 45.56:=

B93dry 35.79:=
B79dry 39.90:=

WC79

B79soil B79dry−

B79dry B79−
100⋅:= WC93

B93soil B93dry−

B93dry B93−
100⋅:=

WC93 35.883=

Falling Head Tests S J Harris 9/2/2011

These falling head tests were performed in the University of Auckland Laboratory. The specimens
were obtained by using push tubes 55mm in diameter. Then the 38mm diameter push tubes were
then pushed into these samples. Destilled water was used to saturate the sample, this distilled
water was theoretically deaired. The sample had filter paper and porous disk each side, with steel
wool.  

Test started 16/2/2011. Test sample from HA2 1.2m deep (Middle sensors), retrieved 25/1/11

This test was done in the kx direction...

Specimen Details

SD 38:= Specimen Diameter (mm)

SL 153 116−:= Specimen Length (mm)

TW 183.58:= Tube Weight (gm)

TSoil 316.19:= Tube weight with soil (gm)

Sarea

SD
2 π⋅

4
:= Soil area (mm2)



Diff 0.051−=

Diff 100
h3theoritical

h3
100⋅−:=

h3theoritical 770.3895=

h3theoritical h1 h2⋅:=

h3 770=

h3 y3 580+ 180−:=

Mark on ruler (mm)y3 370:=

h2 500=

h2 y2 y0+ yo−:=

h1 1.187 10
3×=

h1 y1 y0+ yo−:=

Mark on ruler (mm)y2 100:=

Mark on ruler (mm)y1 787:=

Height from bench top to "0" on ruler (mm)y0 580:=

Height of water level above bench (to top of water in tap) (mm)yo 180:=

Water level heights

WC29 34.084=WC13 33.661=

WC29

B29soil B29dry−

B29dry B29−
100⋅:=WC13

B13soil B13dry−

B13dry B13−
100⋅:=

B29dry 59.90:=B13dry 57.63:=

B29soil 72.62:=B13soil 69.29:=

B29 22.58:=B13 22.99:=

WC79 33.041=



Permeabilities (m/sec)

Kt mean Kt3 Kt2, Kt1,( ):=

Kt 1.4675 10
6−×= Average permeability (m/sec)

Kt Kt 3600⋅:=

Kt 5.283 10
3−×= Average permeability (m/hour)

Saturated Volumetric Water Content of Soil

A21 30.01:= Dish Weight (gm)

A21soil 107.40:= Dish Weight + Soil (gm)

A21dry 85.20:= Dish Weight + Dry Soil (gm)

VWCsat

A21soil A21dry−

Svol
10

3⋅ 100⋅:=

VWCsat 52.905= Saturated volumetric water content (%)

Permeability of soil

t3 4.217:= Time (mins) from y1 to y3

t2 4.033:= Time (mins) from y3 to y2

dt 6:= Diameter of tube (mm)

Area of tube (mm2)
at

dt
2 π⋅

4
:=

Tf 0.91:= Temperature factor (Head, 1986) 

Kt3 3.84
at SL⋅

Sarea t3⋅
⋅ log

h1

h3









⋅ 10
5−⋅ Tf⋅:=

Kt2 3.84
at SL⋅

Sarea t2⋅
⋅ log

h3

h2









⋅ 10
5−⋅ Tf⋅:=

Kt1 3.84
at SL⋅

Sarea t3 t2+( )⋅
⋅ log

h1

h2









⋅ 10
5−⋅ Tf⋅:=

Kt3 1.4367 10
6−×= Kt2 1.4988 10

6−×= Kt1 1.467 10
6−×=



Initial volume of specimen

Vo 8.598 10
5−× m

3=

Massunsat 159.06 gm⋅:= Mass of the unsaturated specimen

MWC 41.3:= % water content of the trimmings

Masssolids
Massunsat100⋅

MWC 100+
:=

Masssolids 0.113kg= Mass of solids in the unsaturated specimen

Masssolids 301.17 gm⋅ 183.86 gm⋅−:=

Masssolids 0.117kg=

Densitysolids
Masssolids

Vo
:=

Dry denisty of specimen
Densitysolids 1.364 10

3× kg m
-3=

MWCFinal
341.80 301.17−

301.17 183.86−( ) %⋅
:=

MWCFinal 34.635=

SatData

...\26_10_11_Sat
:=

Data Input

Consolidated Drained Triaxial Test 
Date Started: 26/10/2011 Triaxial Machine: 1 Operator: Sam Harris

Sample obtained 25/10/2011 from Wainui Road, 0.5m deep at middle group of sensors

Formating: 

ORIGIN 1:=

kPa 1000 Pa⋅:=

kN 1000 N⋅:=
Units

γw 9.81
kN

m
3

⋅:=

Depth 0.5m:=

Sensorgroup "Middle":=

Saturation Part

Lo 76.35 mm⋅:= Initial length

Do 37.865 mm⋅:= Initial diameter

Vo
π
4

Do
2⋅ Lo⋅:=
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Plot of cell pressure and pore pressure throughout the saturation stage:

Disp Disp mm⋅:=ALoad LoadCali N⋅:=

LoadCali

L
i

Load
i

180.37+

1892.1−
←

C
i

Disp
i

3.84−( ) 1.09−⋅ 
180.37−←

A
i

L
i
LoadFac⋅ C

i
+←

i 1 rows Load( )..∈for

A

:=

Disp SatData6
〈 〉

:=VC SatData5〈 〉 mL⋅:=BP SatData4
〈 〉

kPa⋅:=
Label the columns

CP SatData3
〈 〉

kPa⋅:=Load SatData2
〈 〉

:=Time SatData1
〈 〉

min⋅:=

SatData submatrix SatData 12, rows SatData( ), 3, 8,( ):=

grad 1.09−=LoadFac mean LoadCalib
1〈 〉( ):=

grad
Line

2 2, Line
1 2,−

Line
2 1, Line

1 1,−
:=

LoadCalib

1892.1−

1892.3−

1895.4−

1894.4−

180.37−

185.98−

191.77−

196.72−

3.84

8.84

13.84

18.84













:=

Line
3.84

18.84

180.37−

196.72−








:=

Calibrating the load cell:



Determining the "B" parameter:

Line
704

704

710

710

803

803

810

810

1300

1330









:=

B
Line 3〈 〉( )

1 Line 1〈 〉( )
1−

Line 4〈 〉( )
1 Line 2〈 〉( )

1−
:=

B 0.99=

1300 1305 1310 1315 1320 1325 1330

700
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CP
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BP

kPa

Line
1〈 〉

Line
2〈 〉

Line
3〈 〉

Line
4〈 〉

Time

min

Time

min
, Line

5〈 〉, Line
5〈 〉, Line

5〈 〉, Line
5〈 〉,

Consolidation Part

ConData

...\26_10_11_Con
:=

Importing data

ConData submatrix ConData 12, rows ConData( ), 3, 8,( ):=

Label the columns:

Time ConData1
〈 〉

min⋅:= Load ConData2
〈 〉

N⋅:= CP ConData3
〈 〉

kPa⋅:=

BP ConData4
〈 〉

kPa⋅:=
VC ConData5〈 〉 mL⋅( )−:= Disp ConData6

〈 〉
mm⋅:=
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VC

mL
,

Time
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:=

mean ConsolP( ) 95.762 kPa=max ConsolP( ) 104.871 kPa=ConsolP CP BP−:=

Actual consolidation pressure achieved:

Disp Disp Disp
1

−:=Time Time Time
1

−:=VC VC VC
1

−:=

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.4

0.2

0

0.2

0.4

VC VC1−

mL

Time Time1−

min









0.5

Disp submatrix Disp n, rows Disp( ), 1, 1,( ):=BP submatrix BP n, rows BP( ), 1, 1,( ):=Load submatrix Load n, rows Load( ), 1, 1,( ):=

CP submatrix CP n, rows CP( ), 1, 1,( ):=VC submatrix VC n, rows VC( ), 1, 1,( ):=Time submatrix Time n, rows Time( ), 1, 1,( ):=

n 18:=

Remove data lines before the taps were opened:



Loading Rate of triaxial testLoading_Rate 0.00476018 mm min
1−⋅=

Loading_Rate
Lo 5⋅ %( )

tf
:=

Assume failure occurs at 5%

The time failure should take to ensure no build up of excess P.W.P (after Bishop and Henkel (1962)tf 801.965 min=

tf

20
Lo

2









2

⋅

3 cv⋅













:=

Coefficient of consolidationcv 6.372m
2

yr
1−⋅=

cv

0.848
Lo

2









2

⋅

t90
:=

Time for 90% consolidationt90 Line3
2 2,( )2 min⋅:=

0 2 4 6 8 10 12 14 16 18 20 22
4

3

2

1

0

1

VC

mL

Line1
1〈 〉

Line2
1〈 〉

Line3
1〈 〉

Time

min
Line1

2〈 〉, Line2
2〈 〉, Line3

2〈 〉,

Line3
0.1

Line1
2 1,

b

b









:=Line2
Line1

1 1,

Line1
2 1,

0

Line1
2 2, 1.15⋅











:=Line1
0.25−

4−

0

a









:=

b 10.1:=a 14:=

Estimate coefficient of consolidate:



New specimen volume

Vo Ao Lo⋅:=

Vo 8.29 10
5−× m

3=

Shearing Part

Vo 8.29 10
5−× m

3= Initial volume of specimen

σ3 mean ConsolP( ):=

Average consolidation pressure
σ3 95.762 kPa=

ShData
...\26_10_11_Shear

:=

Importing data file and labeling columns

ShData submatrix ShData 1268, rows ShData( ), 3, 8,( ):=

Time ShData1
〈 〉

:=
CP ShData3

〈 〉
kPa⋅:= VC ShData5〈 〉− mL⋅:= Disp ShData6

〈 〉
:=

Load ShData2
〈 〉

:=
BP ShData4

〈 〉
kPa⋅:= VC VC VC

1
−( ):= Disp Disp:= Time Time Time

1
−:=

Permeability Calculation

mv

VC
rows VC( )

−

Vo

1

mean ConsolP( )
⋅:= Coefficient of volume compressibility

k cv mv⋅ γw⋅:=

k 7.46 10
10−× m s

-1= Permeability

New specimen dimensions

εv

VC
rows VC( )

Vo %⋅
:= Volumetric Strain (%)

Lo Lo 1
1

3

εv

100
⋅+









⋅:= New specimen length

Lo 0.075m=

Original area of specimen
Ao

Do
2 π⋅

4
:=

Ao Ao 1
2

3

εv

100
⋅+









⋅:= New area of specimen

Do 4
Ao

π
⋅:= New specimen diameter

Vo 8.598 10
5−× m

3=

Vo Vo VC
rows VC( )

+:=

Vo 8.287 10
5−× m

3=
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Calibrating load cell:

LoadCali

L
i

Load
i

180.37+

1892.1−
←

C
i

Disp
i

3.84−( ) 1.09−⋅ 
180.37−←

A
i

L
i
LoadFac⋅ C

i
+←

i 1 rows Load( )..∈for

A

:=

ALoad LoadCali N⋅:=

Load ALoad:=

Disp Disp mm⋅:=

Time Time min⋅:= Disp Disp Disp
1

−( )−:=



Program to reduce loads, displacements for a drained test

process

V
i

Vo VC
i

+←

L
i

Lo Disp
i

+←

A
i

V
i

L
i

←

ε i

Disp
i

Lo
←

v
i

VC
i

Vo
←

σDi

Load
i

A
i

←

σ3i CP
i

BP
i

−←

σ1i σ3i σDi+←

q
i

σ1i σ3i−←

p
i

σ1i 2 σ3i+

3
←

t
i

Time
i

←

k
i

σ1i

σ3i
←

i 1 rows Time( )..∈for

q medsmooth q 5,( )←

p medsmooth p 5,( )←

ε medsmoothε 5,( )←

v medsmooth v 15,( )←

augment
q

kPa

p

kPa
,

v

%
,

ε
%

,
t

min
, k,








:=

q process1
〈 〉

kPa⋅:= p process2
〈 〉

kPa⋅:=
v process3

〈 〉
:= ε process4

〈 〉
:= kf process6

〈 〉
:=

t process5
〈 〉

min⋅:=



Volumetric strain versus axial strain:
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Density of the solids within the sampleDensitySolids 1.283 10
3× kg m

-3=

DensitySolids
Masssolids

Vo
:=

Masssolids 0.112kg=

Masssolids 256.34gm 144.08gm−:=

Final Mass water Content (%)FinalMWC 28.523=

FinalMWC
300.40 265.71−

265.71 144.09−( ) %⋅
:=

Vo 8.752 10
5−× m

3=
Initial volume of specimen

Vo
π
4

Do
2⋅ Lo⋅:=

Initial diameterDo 38.035mm:=

Initial lengthLo 77.03mm:=

Specimen mass

Constant shear stress drained Triaxial Test 
Operator: S J Harris

Date Started: 16/04/2012

Sample undertaken on "Trans istion Zone" 0.5m Deep , middle sensors . Sample retireved 24/02/12.

Housekeeping

kPa 1000 Pa⋅:=
kN 1000 N⋅:= Units

ORIGIN 1:=

γw 9.81
kN

m
3

:= Unit weight of water

Depth 0.5m:= Depth the specimen was obtained

SensorGroup "Bottom":= Sensor group that the specimen was obtained from

Specimen Details

Mass 161.61 gm⋅:=



Saturation Part

SatData

...\16_04_12_Sat
:=

Import saturation data

SatData submatrix SatData 10, rows SatData( ), 3, 8,( ):=

Time SatData1
〈 〉

min:= CP SatData3
〈 〉

kPa:= BP SatData4
〈 〉

kPa:=

This graph shows the CP and BP throughout the saturation part of the test.
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Determining the "b" parameter:

Line1
699

699

930

930

710

710

945

945

1200

1400









:=

B
Line1

1 2, Line1
1 1,−

Line1
1 4, Line1

1 3,−
:=

B 0.983= Skempton's "B" Parameter 
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Time
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, Line1
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5〈 〉, Line1
5〈 〉,

Consolidation Part

ConData

...\16_4_12_Con
:= ConData1

...\16_04_12_Con.csv
:= Import consolidation data

ConData submatrix ConData 10, rows ConData( ), 1, 8,( ):=

ConData1 submatrix ConData1 27, rows ConData1( ), 6, 7,( ):=

Label Columns:

Time submatrix ConData 1, rows ConData( ) 1−, 3, 3,( ) min:=
VC ConData12〈 〉 mm

3:=

CP submatrix ConData 1, rows ConData( ) 1−, 5, 5,( ) kPa:=

BP submatrix ConData 1, rows ConData( ) 1−, 6, 6,( ) kPa:=



Plot volume change graph:

0 200 400 600 800 1000 1200 1400 1600
10

8

6

4

2

0

VC VC1−

mL

Time

min

Remove data at the start of the test before the taps were opened:

n 2:=

Time submatrix Time n, rows Time( ), 1, 1,( ):= VC submatrix VC n, rows VC( ), 1, 1,( ):=

BP submatrix BP n, rows BP( ), 1, 1,( ):=
CP submatrix CP n, rows CP( ), 1, 1,( ):=

1 2 3 4 5
10

5

0

VC VC1−

mL

Time

min

VC VC VC
1

−:= Time Time Time
1

−:=

Consolidation Pressure throughout test:

ConsolP CP BP−:= max ConsolP( ) 414.477 kPa= mean ConsolP( ) 404.43 kPa=
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Estimate coefficient of consolidation: 
a 10−:= b 11.6:=

Line1
1.2−

a

0

14









:= Line2
Line1

1 1,

Line1
2 1,

Line1
1 2,

Line1
2 2, 1.15⋅











:= Line3
0

Line1
2 1,

b

b









:=
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Line1
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Line2
1〈 〉

Line3
1〈 〉

Time

min
Line1

2〈 〉, Line2
2〈 〉, Line3

2〈 〉,

t90 Line3
2 2,( )2 min⋅:=

t90 134.56 min=

cv

0.848
Lo

2









2

⋅

t90
:=



Volumetric Strain (%) - Esxpressed as a negative as specimen is decreasing
εv

VC
rows VC( )

Vo %⋅
:=

Lo Lo 1
1

3

εv

100
⋅+









⋅:= New specimen length

Lo 0.07412 m=

Original area of specimen
Ao

Do
2 π⋅

4
:=

Ao Ao 1
2

3

εv

100
⋅+









⋅:= New Area of specimen

Do 4
Ao

π
⋅:= New Specimen Diameter

Do 0.03657 m=

Vo Vo VC
rows VC( )

+:=

Vo 7.759 10
5−× m

3=

Vo Ao Lo⋅:=

Vo 7.784 10
5−× m

3= New specimen volume

Coefficient of consolidation
cv 4.917m

2
yr

1−=

tf

20
Lo

2









2

⋅

3 cv⋅













:= The time failure should take to ensure no build up of excess P.W.P (after Bishop and Henkel
(1962)

tf 1.058 10
3× min=

Calculate cv:

tf
tf

min
:=

Need to make all of the units dimensionless for this to work.

dr
Lo

2 m⋅
:= Drainage length

cv 1.558 10
7−× m

2
s
-1=

Permeability calculation:

mv

VC
rows VC( )

−

Vo

1

mean ConsolP( )
⋅:= Coefficient of volume compressibility

k cv mv⋅ γw⋅:=
Permeability (m/sec)

k 4.289 10
10−× m s

-1=

New specimen dimensions:



The load which the computer software should read for the given displacement.. LoadInitial N⋅ 374.786 N=

So these two give what the load
calibration factors should be at
the intial displacement. The next
step is to get what the load
should read from the above. 

LoadInitial LoadSlopefactor slope y factor,( )←

LoadSlopeconstant intercept y factor,( )←

LoadConstantfactor slope y constant,( )←

LoadConstantconstant intercept y constant,( )←

LoadFactor LoadSlopefactor DispInitial⋅ LoadSlopeconstant+←

LoadConstant LoadConstantfactor DispInitial⋅ LoadConstantconstant+←

LoadActual

LoadRequired
1

N
⋅ LoadConstant−

LoadFactor
←

LoadReading LoadActual 654.11−⋅ 133.72−←

LoadReading

:=

The load cell has been calibrated for a initial displacement of 14.93

constant
133.93−

133.72−








:=factor
653.98−

654.11−








:=y
5.155

14.93









:=
these are the change in load factor and constant for two
displacements (y)

LoadRequired 374.938 N=
The required load to give the desired k value.

LoadRequired σD Ao⋅:=

The require initial deviator stress based on the desired K value.σD 3.57 10
5× Pa=

σD kc ConsolPressure⋅ ConsolPressure−:=

Desired initial K Valuekc 2:=

The consolidation pressure (kPa)ConsolPressure 357kPa:=

The Initial displacement (mm)DispInitial 19.7:=

This section calculates the initial load required to get the correct ki.

Initial load required
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Disp submatrix ShData j, rows ShData( ) 1−, 8, 8,( ) mm:=Load submatrix ShData j, rows ShData( ) 1−, 4, 4,( ) N:=

CP submatrix ShData j, rows ShData( ) 1−, 5, 5,( ) kPa:=BP submatrix ShData j, rows ShData( ) 1−, 6, 6,( ) kPa⋅:=

VC submatrix ShData1 j, rows ShData1( ), 1, 1,( ) mm
3:=Time submatrix ShData j, rows ShData( ) 1−, 3, 3,( ) min:=

j 7:=

ShData1 submatrix ShData1 27, rows ShData1( ), 7, 7,( ):=ShData submatrix ShData 10, rows ShData( ), 1, 8,( ):=

Importing shearing dataShData1
...\16_04_12_Sh.csv

:=ShData

...\16_4_12_Sh
:=

σ3 404.43 kPa=
Consolidation pressure

σ3 mean ConsolP( ):=

Initial volume of specimenVo 7.784 10
5−× m

3=

Shearing Part



Time Time Time
1

−:=VC VC VC
1

−:=Disp Disp Disp
1

−( )−:=

need to adjust for the change in displacement:

Disp Disp mm⋅:=Load Load1 N⋅:=

0 5000 1.10
4

1.5.10
4

2 .10
4

2.5.10
4

3 .10
4

0

100

200

300

400

Load1

Load

Time

min

Check to see the difference.

Load1 LoadSlopefactor slope y factor,( )←

LoadSlopeconstant intercept y factor,( )←

LoadConstantfactor slope y constant,( )←

LoadConstantconstant intercept y constant,( )←

LoadConstant
i

LoadConstantfactor Disp
i

⋅ LoadConstantconstant+←

LoadFactor
i

LoadSlopefactor Disp
i

⋅ LoadSlopeconstant+←

Loadraw
i

Load
i
1⋅ 133.72+

654.11−
←

Loadactual
i

Loadraw
i
LoadFactor

i
⋅ LoadConstant

i
+←

i 1 rows Load( )..∈for

Loadactual

:=

Need to calibrate load cell based on displacement readings. 

Disp AllData
6〈 〉:=

VC All Data
5〈 〉 mL:=BP AllData

4〈 〉 kPa:=CP AllData
3〈 〉 kPa:=Load AllData

2〈 〉:=Time AllData
1〈 〉 min:=

All Data augment
Time

min

Load

N
,

CP

kPa
,

BP

kPa
,

VC

mL
,

Disp

mm
,








:=



Program to reduce loads, displacements for a drained test:

process

D
i

Load
i

←

d
i

Disp
i

←

VC
i

VC
i

←

V
i

Vo VC
i

+←

L
i

Lo d
i

+←

A
i

V
i

L
i

←

ε i

d
i

Lo
←

v
i

VC
i

Vo
←

σDi

D
i

A
i

←

σ3i CP
i

BP
i

−←

σ1i σ3i σDi+←

k
i

σ1i

σ3i
←

q
i

σ1i σ3i−←

p'
i

σ1i 2 σ3i⋅+

3
←

t
i

Time
i

←

i 1 rows Load( )..∈for

q medsmooth q 5,( )←

p medsmooth p' 5,( )←

ε medsmoothε 5,( )←

v medsmooth v 15,( )←

augment
q

kPa

p

kPa
, v, ε,

t

min
, k,








:=

q process1
〈 〉

:= p process2
〈 〉

:=
v process3

〈 〉
:= ε process4

〈 〉
:= t process5

〈 〉
:= kc process6

〈 〉
:=



Plot of q versus time:
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Plot of axial strain versus time:
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Plot of volumetric strain versus time:
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Plot of stress ratio versus mean effective stress:
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Plot of volumetric strain versus axial strain:
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Plot of q versus axial strain:
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Plot of volumetric strain versus mean effective stress:
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Plot of axial strain versus mean effective stress:
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Ring Shear Test 28/10/11 S J Harris

This spreadsheet processes the data obtained from ring shear tests

ORIGIN 1:=

Consolidation Part:

Relevant consolidation data
CONDATA

"Weight"

0

2

4

6

8

10

12

14

15

"Deflection"

0

166

255

307

329

380

403

426

440































:=

ConData submatrix CONDATA 2, rows CONDATA( ), 1, 2,( ):=

n

σn
i

ConData
1〈 〉( )

i
24.17⋅ 3+←

Def
i

ConData
2〈 〉( )

1
ConData

2〈 〉( )
i

−





0.002⋅←

i 1 rows ConData( )..∈for

augment σn Def,( )

:=

Converting weight to kPa

Def n 2〈 〉:= σn n 1〈 〉:=

Vertical deflection versus consolidation pressure:
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0
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Shearing Part:

Shearing data. Column 1 = weight, column 2 = vertical
displacement, column 3 = rotation (degrees), column 4 = Ring
A, Column 5 = Ring B

SHDATA

2

4

6

8

10

12

14

15

449

482

529

652

673

690

718

739

034

156

156

198

312

340

009

020

122

230

355

479

582

691

801

850

122

226

337

403

485

595

710

770

























:=

t

σn
i

SHDATA
1〈 〉( )

i
24.17⋅ 3+←

τ i SHDATA
4〈 〉( )

i
SHDATA

5〈 〉( )
i

+





0.0842⋅←

Con
i

SHDATA
2〈 〉( )

1
SHDATA

2〈 〉( )
i

−←

i 1 rows SHDATA( )..∈for

augment σn τ, Con,( )

:=

Converting the data to shear stress and
confining pressure (kPa)

σn t 1〈 〉:= τ t 2〈 〉:= Con t 3〈 〉:=

Calculating residual angle of shearing resistance:

Line1
138

0

367

0









:=

φ r

atan
Line1

1 1, Line1
2 1,−

Line1
1 2,









deg
:=

φ r 20.607=
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Example of field monitoring data 
      

Welcome to ICT International Smart Logger SL500052 

      software ver Q45  website: ictinternational.com.au 

      Wainui Road 

     

              14/02/2012 23:59:11  

     

              Press 1 to see a list of sensors connected  

      Press 2 to read the current values of the sensors  

      Press 3 to download the stored data  

      Press 4 to change the logger settings  

      Press 5 to see the current page and each new entry  

      Press 6 to see any page in memory  

      Press 7 for a one-touch download  

      Press 8 to send again the last one-touch download  

      Press 9 to exit  

         

             Wainui Road on 14/02/2012 at 23:59:13 

        date      time   

 

              

 

    

 

Rain 

 E  

% 

 F  

% 

 U  

% 

 V  

% 

 W  

% 

 X  

%  i  % 

 m  

% 

 n  

% 

 o  

% 

 p  

% 

15/02/2012 

0:00           31.5 27.6 39.3 19.3 46.5 20.6 48.5 27.5 39.9 25.8 41.6 

15/02/2012 

1:00 3 31.5 27.6 39.3 19.7 46.5 20.6 48.5 27.5 40.0 25.8 41.6 

15/02/2012 

2:00 2.6 31.5 27.6 39.3 19.9 46.4 20.6 48.5 27.5 40.0 25.8 41.6 

15/02/2012 

3:00 0.6 31.5 27.6 39.4 20.1 46.4 20.7 48.5 27.5 40.0 25.8 41.6 

15/02/2012 

4:00 0.2 31.5 27.6 39.6 20.8 46.3 21.1 48.5 27.5 40.1 25.9 41.6 

15/02/2012 

5:00 3.6 31.5 27.6 40.0 22.2 46.5 21.6 48.5 27.5 40.1 25.8 41.6 

15/02/2012 

6:00 16 37.5 27.7 41.6 24.0 47.2 30.6 48.5 32.5 40.1 25.8 41.6 

15/02/2012 

7:00 1.2 37.4 27.7 41.9 25.1 47.3 29.7 48.5 31.7 40.1 25.8 41.6 

15/02/2012 

8:00 4.2 39.2 27.7 42.1 25.2 47.4 29.7 48.5 31.2 40.1 25.8 41.7 

15/02/2012 

9:00 5.8 39.3 27.7 42.1 24.8 47.3 33.7 48.5 31.7 40.1 25.8 41.7 

15/02/2012 

10:00 1.4 39.4 27.7 40.3 21.4 46.3 30.6 48.5 32.6 40.5 25.8 41.7 



 

 

15/02/2012 

11:00           39.4 27.7 40.1 20.1 46.4 29.6 48.5 32.5 40.4 25.8 41.8 

15/02/2012 

12:00 0.2 39.4 27.7 40.1 18.5 46.7 28.8 48.5 32.3 40.4 25.8 41.8 

15/02/2012 

13:00           39.4 27.7 40.3 17.3 47.1 28.4 48.5 32.0 40.3 25.8 41.9 

15/02/2012 

14:00           39.4 27.7 40.8 16.0 47.6 28.3 48.5 31.7 40.3 25.8 41.9 

15/02/2012 

15:00           39.4 27.7 41.1 15.0 47.9 28.2 48.5 31.5 40.4 25.8 41.9 

15/02/2012 

16:00           39.4 27.7 41.1 14.9 47.9 28.1 48.5 31.3 40.4 25.8 41.9 

15/02/2012 

17:00           39.5 27.7 40.9 15.3 47.8 27.9 48.5 31.2 40.4 25.8 41.9 

15/02/2012 

18:00           39.4 27.7 40.5 16.6 47.5 27.6 48.5 31.0 40.4 25.8 42.0 

15/02/2012 

19:00           39.4 27.7 40.3 17.6 47.1 27.4 48.5 30.9 40.4 25.8 42.0 

15/02/2012 

20:00           39.4 27.7 40.0 18.8 46.6 27.4 48.5 30.8 40.4 25.8 42.0 

15/02/2012 

21:00           39.4 27.7 40.4 20.7 46.4 27.9 48.5 30.7 40.5 25.8 42.0 

15/02/2012 

22:00           39.4 27.7 41.1 23.0 46.6 28.5 48.5 30.6 40.4 25.8 42.0 

15/02/2012 

23:00           39.4 27.7 41.6 24.1 47.0 29.0 48.5 30.5 40.4 25.8 42.0 

              Goodbye  

             

 

 

 

 

 

 

 



 

 

Example of Metservice data 

"date":"Fri 26 Oct 2012",  
"rainFall":"0.0", 
"temperature":"14.9", 
"temperature_raw":"11.7",  
"timeFrom":"08:00", 
"windDir":"SW", 
"windSpeed":"15", 
"windSpeed_raw":"19"}, 

"date":"Fri 26 Oct 2012", 
"rainFall":"0.0", 
"temperature":"14.4", 
"temperature_raw":"12.4", 
"timeFrom":"09:00", 
"windDir":"SW", 
"windSpeed":"15", 
"windSpeed_raw":"17"}, 

"date":"Fri 26 Oct 2012",  
"rainFall":"0.0", 
"temperature":"14.4", 
"temperature_raw":"14.1",  
"timeFrom":"11:00", 
"windDir":"SW", 
"windSpeed":"17", 
"windSpeed_raw":"19" 

"date":"Fri 26 Oct 2012", 
"rainFall":"0.0", 
"temperature":"14.8", 
"temperature_raw":"14.8", 
"timeFrom":"12:00", 
"windDir":"SW", 
"windSpeed":"19", 
"windSpeed_raw":"20" 

"date":"Fri 26 Oct 2012",  
"rainFall":"0.0", 
"temperature":"15.2", 
"temperature_raw":"15.2",  
"timeFrom":"13:00", 
"windDir":"SW", 
"windSpeed":"20", 
"windSpeed_raw":"20" 

"date":"Fri 26 Oct 2012", 
"rainFall":"0.0", 
"temperature":"15.4", 
"timeFrom":"14:00", 
"windDir":"SW", 
"windSpeed":"22" 

"date":"Fri 26 Oct 2012",  
"rainFall":"0.0", 
"temperature":"17.1", 
"timeFrom":"15:00", 
"windDir":"W", 
"windSpeed":"22" 

"date":"Fri 26 Oct 2012", 
"rainFall":"0.0", 
"temperature":"18.4", 
"timeFrom":"16:00", 
"windDir":"W", 
"windSpeed":"22" 

"date":"Fri 26 Oct 2012",  
"rainFall":"0.0", 
"temperature":"17.5", 
"timeFrom":"17:00", 
"windDir":"W", 
"windSpeed":"22" 

"date":"Fri 26 Oct 2012", 
"rainFall":"0.0", 
"temperature":"16.4", 
"timeFrom":"18:00", 
"windDir":"W", 
"windSpeed":"22" 

"date":"Fri 26 Oct 2012",  
"rainFall":"0.0", 
"temperature":"16.0", 
"timeFrom":"19:00", 
"windDir":"SW", 
"windSpeed":"22" 

"date":"Fri 26 Oct 2012", 
"rainFall":"0.0", 
"temperature":"15.0", 
"timeFrom":"20:00", 
"windDir":"SW", 
"windSpeed":"19" 

"date":"Fri 26 Oct 2012",  
"rainFall":"0.0", 
"temperature":"13.5", 
"timeFrom":"21:00", 
"windDir":"SW", 
"windSpeed":"17" 

"date":"Fri 26 Oct 2012", 
"rainFall":"0.0", 
"temperature":"12.3", 
"timeFrom":"22:00", 
"windDir":"SW", 
"windSpeed":"15" 

"date":"Fri 26 Oct 2012",  
"rainFall":"0.0", 
"temperature":"11.9", 
"timeFrom":"23:00", 
"windDir":"SW", 

"date":"Sat 27 Oct 2012", 
"rainFall":"0.0", 
"temperature":"11.6", 
"timeFrom":"00:00", 
"windDir":"SW", 



 

 

"windSpeed":"15" "windSpeed":"13" 
"date":"Sat 27 Oct 2012",  
"rainFall":"0.0", 
"temperature":"11.3", 
"timeFrom":"01:00", 
"windDir":"SW", 
"windSpeed":"13" 

"date":"Sat 27 Oct 2012", 
"rainFall":"0.0", 
"temperature":"11.2", 
"timeFrom":"02:00", 
"windDir":"SW", 
"windSpeed":"13" 

"date":"Sat 27 Oct 2012",  
"rainFall":"0.0", 
"temperature":"11.2", 
"timeFrom":"03:00", 
"windDir":"SW", 
"windSpeed":"13" 

"date":"Sat 27 Oct 2012", 
"rainFall":"0.0", 
"temperature":"11.2", 
"timeFrom":"04:00", 
"windDir":"W", 
"windSpeed":"13" 

"date":"Sat 27 Oct 2012",  
"rainFall":"0.0", 
"temperature":"11.0", 
"timeFrom":"05:00", 
"windDir":"W", 
"windSpeed":"11" 

"date":"Sat 27 Oct 2012", 
"rainFall":"0.0", 
"temperature":"10.8", 
"timeFrom":"06:00", 
"windDir":"W", 
"windSpeed":"11" 

"date":"Sat 27 Oct 2012",  
"rainFall":"0.0", 
"temperature":"10.5", 
"timeFrom":"07:00", 
"windDir":"W", 
"windSpeed":"11" 

"date":"Sat 27 Oct 2012", 
"rainFall":"0.0", 
"temperature":"11.1", 
"timeFrom":"08:00", 
"windDir":"W", 
"windSpeed":"11" 

"date":"Sat 27 Oct 2012",  
"rainFall":"0.0", 
"temperature":"12.1", 
"timeFrom":"09:00", 
"windDir":"W", 
"windSpeed":"11" 

"date":"Sat 27 Oct 2012", 
"rainFall":"0.0", 
"temperature":"13.3", 
"timeFrom":"10:00", 
"windDir":"W", 
"windSpeed":"13" 

"date":"Sat 27 Oct 2012",  
"rainFall":"0.0", 
"temperature":"14.3", 
"timeFrom":"11:00", 
"windDir":"W", 
"windSpeed":"17" 

"date":"Sat 27 Oct 2012", 
"rainFall":"0.0", 
"temperature":"15.7", 
"timeFrom":"12:00", 
"windDir":"NW", 
"windSpeed":"17" 

"date":"Sat 27 Oct 2012",  
"rainFall":"0.0", 
"temperature":"16.6", 
"timeFrom":"13:00", 
"windDir":"W", 
"windSpeed":"20" 

"date":"Sat 27 Oct 2012", 
"rainFall":"0.0", 
"temperature":"16.7", 
"timeFrom":"14:00", 
"windDir":"NW", 
"windSpeed":"20" 

"date":"Sat 27 Oct 2012",  
"rainFall":"0.0", 
"temperature":"16.8", 
"timeFrom":"15:00", 
"windDir":"NW", 
"windSpeed":"20" 

"date ":"Sat 27 Oct 2012", 
"rainFall":"0.0", 
"temperature":"17.0", 
"timeFrom":"16:00", 
"windDir":"NW", 
"windSpeed":"22" 

"date":"Sat 27 Oct 2012",  
"rainFall":"0.0", 
"temperature":"17.2", 
"timeFrom":"17:00", 
"windDir":"NW", 
"windSpeed":"22" 

"date":"Sat 27 Oct 2012", 
"rainFall":"0.0", 
"temperature":"17.3", 
"timeFrom":"18:00", 
"windDir":"NW", 
"windSpeed":"22" 



 

 

"date":"Sat 27 Oct 2012",  
"rainFall":"0.0", 
"temperature":"17.0", 
"timeFrom":"19:00", 
"windDir":"W", 
"windSpeed":"24" 

"date":"Sat 27 Oct 2012", 
"rainFall":"0.0", 
"temperature":"17.0", 
"timeFrom":"19:00", 
"windDir":"W", 
"windSpeed":"24" 

"date":"Sat 27 Oct 2012",  
"rainFall":"0.0", 
"temperature":"15.1", 
"timeFrom":"21:00", 
"windDir":"W", 
"windSpeed":"20" 

"date":"Sat 27 Oct 2012", 
"rainFall":"0.0", 
"temperature":"14.0", 
"timeFrom":"22:00", 
"windDir":"W", 
"windSpeed":"19" 

"date":"Sat 27 Oct 2012",  
"rainFall":"0.0", 
"temperature":"14.0", 
"timeFrom":"23:00", 
"windDir":"W", 
"windSpeed":"20" 

"date":"Sun 28 Oct 2012", 
"rainFall":"0.0", 
"temperature":"14.1", 
"timeFrom":"00:00", 
"windDir":"W", 
"windSpeed":"19" 

"dataPointCount":41, 
"forecastAws":"AWS-93103", 
"latestIssuedDate":"8:10am Friday 26 Oct 2012", 
"latestObsTemp":14.9, 
"latestObsWindSpeed":15, 
"localObsAws":"93103", 
"location":"North Shore", 
"locationName":"Whangaparaoa Automatic Weather 
Station", 
"oneMinuteObsAws":"93103" 

 

 

 

 

 

 

 

 

 

 



 

 

Matlab Code for development of ANN 
 
function ANN_Build  
  
%This function builds the ANN's used in the develop ment of an early 
warning  
%system for rainfall induced landslides.  
  
%Author: Samuel Harris  
  
[num,~,~]=xlsread('Rain.xlsx','work'); %Importing t he data  
  
%This part is used for training the ANN:  
Rain=num(1:12000,2); %Rainfall  
Rain2=num(1:12000,3); %2 hour cumulative rainfall  
Rain4=num(1:12000,4); %4 hour cumulative rainfall  
Rain8=num(1:12000,5); %8 hour cumulative rainfall  
Rain12=num(1:12000,6); %12 hour cumulative rainfall  
Rain24=num(1:12000,7); %24 hour cumulative rainfall  
Rain48=num(1:12000,8); %48 hour cumulative rainfall  
Rain100=num(1:12000,9); %100 hour cumulative rainfa ll  
Rain200=num(1:12000,10); %200 hour cumulative rainf all  
Sensor_A=num(1:12000,11); %Sensor Readings  
Sensor_B=num(1:12000,12);  
FOS=num(1:12000,13); %LEA obtained FOS  
  
%This part is used for externally testing the ANN:  
AET=num(12001:15189,1); %Elapsed Time - used for pl otting  
ARain=num(12000:15189,2);  
ARain2=num(12000:15189,3);  
ARain4=num(12000:15189,4);  
ARain8=num(12000:15189,5);  
ARain12=num(12000:15189,6);  
ARain24=num(12000:15189,7);  
ARain48=num(12000:15189,8);  
ARain100=num(12000:15189,9);  
ARain200=num(12000:15189,10);  
ASensor_A=num(12000:15189,11);  
ASensor_B=num(12000:15189,12);  
AFOS=num(12000:15189,13);  
AFOS1=num(12001:15189,13); %Factor of safety used f or comparison  
  
%Create a matrix for the ANN to train on. Various i nputs can be taken 
to  
%assess their effect on performance:  
Input=[Rain,Rain2,Rain4,Rain8,Rain12,Rain24,Rain48, Rain100,Rain200,...  
    Sensor_A,Sensor_B];  
  
%Create a matrix to externally test the ANN on  
Test1=[ARain,ARain2,ARain4,ARain8,ARain12,ARain24,A Rain48,ARain100,...  
    ARain200,ASensor_A,ASensor_B];  
  
%Transform the data for use in the ANN:  
inputSeries = tonndata(Input,false,false);  
targetSeries = tonndata(FOS,false,false);  
Test1 = tonndata(Test1,false,false);  



 

 

AFOS = tonndata(AFOS,false,false);  
  
% Create a Nonlinear Autoregressive Network with Ex ternal Input:  
inputDelays = 0:0; %This is used to add a delay to the inputs if 
needed  
feedbackDelays = 1:1; %Add a one time-step delay to  the feedback  
hiddenLayerSize = 10; %Number of hidden layers  
%Create the network:  
net = narxnet(inputDelays,feedbackDelays,hiddenLaye rSize);  
net=closeloop(net); %Can turn this off or on to clo se the network.  
  
%Remove any constant rows in the data:  
net.inputs{1}.processFcns = {'removeconstantrows',' mapminmax'};  
  
% Prepare the Data for Training and Simulation:  
[inputs,inputStates,layerStates,targets] = 
preparets(net,inputSeries,...  
    {},targetSeries);  
  
net.divideFcn = 'dividerand';  % Divide data random ly  
net.divideMode = 'value';  % Divide up every value  
net.divideParam.trainRatio = 70/100; %Training %  
net.divideParam.valRatio = 15/100; %Validation %  
net.divideParam.testRatio = 15/100; %Testing %  
  
net.trainFcn = 'trainlm';  %Using the Levenberg-Mar quardt training 
function  
  
net.performFcn = 'mse';  %Use Mean squared error to  assess performance  
  
% Choose plot functions to see during trainign  
net.plotFcns = {'plotperform','plottrainstate','plo tresponse', ...  
  'ploterrcorr', 'plotinerrcorr'};  
  
% Train the Network  
[net,tr] = train(net,inputs,targets,inputStates,lay erStates);  
plotperform(tr);  
  
% Test the Network  
outputs = net(inputs,inputStates,layerStates);  
errors = gsubtract(targets,outputs);  
performance = perform(net,targets,outputs);  
  
% Recalculate Training, Validation and Test Perform ance  
trainTargets = gmultiply(targets,tr.trainMask);  
valTargets = gmultiply(targets,tr.valMask);  
testTargets = gmultiply(targets,tr.testMask);  
trainPerformance = perform(net,trainTargets,outputs );  
valPerformance = perform(net,valTargets,outputs); % #ok<*NASGU> 
testPerformance = perform(net,testTargets,outputs);  
  
view(net) % View the Network  
  
save('my_network','net'); %Saves the network  
  



 

 

%Test the network:  
inputSeriesPred  = Test1;  
targetSeriesPred = AFOS;  
  
%Upload new data into network:  
netc = closeloop(net);  
netc.name = [net.name ' - Closed Loop'];  
[xc,xic,aic,tc] = preparets(netc,inputSeriesPred,{} ,targetSeriesPred);  
yPred = netc(xc,xic,aic);  
closedLoopPerformance = perform(netc,tc,yPred);  
  
yPred=cell2mat(yPred); %Convert network outputs int o array  
  
%Plot ANN predicted FOS versus LEA predicted FOS fo r new data:  
plot(AET,AFOS1,'color','red');  
hold on  
plot(AET,yPred,'color','green');  
hold on  
ylabel('FOS','fontsize',10,'FontName','Times New Ro man');  
xlabel('Elapsed Time (Hours)','fontsize',10,'FontNa me','Times New 
Roman');  
set(gca,'fontsize',10,'FontName','Times New Roman') ;  
set(gcf,'Units','centimeters');  
afFigurePosition = [1 1 15 5];  
set(gcf,'Position', afFigurePosition);  
set(gcf,'PaperPositionMode','auto');  
set(gca,'Units','normalized','Position',[0.08 0.25 0.88 0.7])  
legend('LEA FOS','ANN FOS');  
  
end  
 

 

 

 

 

 

 

 

 



 

 

Matlab Code for EWS 
 
function Warning_SystemEX1  
%This function forms an early warning system for ra infall induced  
%landslides. It is part of the PhD Thesis titled 'A  site specific 
early  
%warning system for rainfall induced landslides'  
  
%Author: Samuel Harris  
  
%October 2012  
  
%Clear existing data:  
clear  
clc  
  
FL=3.0; %Set the FOS at which "failure" will occur.  
  
%Load the existing site data. The ANN requires this  to calculate  
%cumulative rainfall amounts:  
[num,txt,raw]=xlsread('Old Data.xlsx','Sheet1');  
  
L=length(num); %Number of rows of existing data  
  
ET=num(1:L,1); %This is the elapsed time  
Rain=num(1:L,2); %Hourly rainfall  
Rain2=num(1:L,3); %2 hour cumulative rainfall  
Rain4=num(1:L,4); %4 hour cumulative rainfall  
Rain8=num(1:L,5); %8 hour cumulative rainfall  
Rain12=num(1:L,6); %12 hour cumulative rainfall  
Rain24=num(1:L,7); %24 hour cumulative rainfall  
Rain48=num(1:L,8); %48 hour cumulative rainfall  
Rain100=num(1:L,9); %100 hour cumulative rainfall  
Rain200=num(1:L,10); %200 hour cumulative rainfall  
SenA=num(1:L,11); %Volumetric water content record from sensor at toe  
SenB=num(1:L,12); %VWC record from sensor at mid-he ight  
FOS=num(1:L,13); %Record of Previously calculated F OS 
  
%Input the newly downloaded data:  
  
%Ask user to input the new data from the site (rece ntly downloaded):  
prompt = {'Enter the file name of the site data: '} ;  
dlg_title = 'Input for peaks function';  
num_lines = 1;  
t = inputdlg(prompt,dlg_title,num_lines);  
t = t{1};  
[num,txt,raw]=xlsread(t,'Sheet1'); %As it is in Mic rosoft Excel Format  
  
%Number of rows of new data:  
J=length(num);  
  
NET=num(1:J,1); %Elapsed time of new data  
NRain=num(1:J,2); %Hourly rainfall  
NSenA=num(1:J,3); %Sensor A record  
NSenB=num(1:J,4); %Sensor B record  



 

 

  
%Adding the new data onto the array of the old data :  
ARain=vertcat(Rain,NRain);  
ASenA=vertcat(SenA,NSenA);  
ASenB=vertcat(SenB,NSenB);  
LSen=[ASenA,ASenB];  
  
K=length(ARain); %Length of the entire data set (ne w and old)  
  
%Obtain rainfall forecast data from Metservice webs ite:  
FC=urlread('http://www.metservice.com/publicData/ho urlyWindRainTempFor
ecastAuckland_48');  
  
%Save the rainfall forecast data as a text file:  
dlmwrite('FC1.txt',FC,'delimiter','');  
  
%Import the text file into a format matlab recognis es:  
D1 =textread('FC1.txt','%s','delimiter',',');  
%D1 is an array containing the rainfall forecast da ta  
  
w=length(D1); %Length of the array D1  
q=floor((length(D1))/11); %WHERE IS Q USED  
F1=[]; %An empty matrix where the rainfall data is stored  
  
%Because the array D1 contains text and other param eters (wind speed 
etc,  
%we need to extract just the rainfall data:  
for i=1:w;  
    G1=strfind(D1(i,1),'rainFall');  
    F1=vertcat(F1,G1);  
end  
  
%Converting the rainfall data from text format to n umber format, and 
store  
%in an array called X1:  
emptyIndex = cellfun(@isempty,F1);  
F1(emptyIndex) = {0};  
X1 = logical(cell2mat(F1));  
  
o=1; % A counter  
  
for i=1:w;  
    if X1(i,1)==1;  
        P(o,1)=D1(i,1);  
        o=o+1;  
    else  
        o=o;  
    end  
end  
  
RC = cellfun(@(x)str2double(regexp(x,'\d*\.\d*','ma tch')),P);  
  
%RC is an array for the forcasted rain from metserv ice website. 
Because  



 

 

%this array contains rainfall forecast for the enit re Auckland region, 
we 
%need to extract just the forecast for the Whangapa roa area:  
for i=1:36;  
    RCW(i,1)=RC(i+36,1);  
end  
  
RCW=RCW(1:24,1:1); %So now RCW is only the forecast  for the next 24 
hours  
  
E=length(RCW); %Length of forecast  
  
BRain=vertcat(ARain,RCW); %Creating an array of all  of the rainfall 
data.  
  
H=length(BRain); %Length of the entire rainfall dat a array  
  
for i=1:length(BRain);  
    ETENT(i,1)=i; %So this is the entire elapsed ti me of the dataset  
end  
  
%Create an array containing the rainfall of the las t 24 hours, and the  
%forecasted rainfall for the next 24 hours to show user.  
FC=BRain((H-(E-1)):H,1); %Next 24 hours of forecast ed rainfall  
L24=BRain((K-(E-1)):K,1); %The last 24 hours of act ual measured 
rainfall  
  
%Create elapsed time arrays to match these rainfall  records:  
for i=1:length(FC);  
    ETFC(i,1)=i;  
    ETL24(i,1)=i-E;  
end  
  
%Plot the last 24 hour rainfall record and the fore casted 24 hour 
rainfall  
%record  
figure  
set(gcf,'Units','centimeters');  
afFigurePosition = [1 1 15 15];  
set(gcf,'Position', afFigurePosition);  
set(gcf,'PaperPositionMode','auto');  
subplot(2,2,1:2);  
bar(ETFC,FC*1000,'Red');  
hold on  
bar(ETL24,L24*1000,'blue');  
hold on  
ylabel('Rainfall (mm)','fontsize',10,'FontName','Ti mes New Roman');  
xlabel('Time (Hours)','fontsize',10,'FontName','Tim es New Roman');  
xlim([-24 24]);  
set(gca,'fontsize',10,'FontName','Times New Roman') ;  
set(gca,'Units','normalized','Position',[0.1 0.6 0. 85 0.35]);  
legend('Forecast','Measured');  
  
%Need to calculate the cumulative rainfall amounts for the new data 
(just  
%the site measured data):  



 

 

for i=(L+1):K;  
    ET(i,1)=i;  
    Rain2(i,1)=Rain2(i-1,1)+ARain(i,1)-ARain(i-2,1) ;  
    Rain4(i,1)=Rain4(i-1,1)+ARain(i,1)-ARain(i-4,1) ;  
    Rain8(i,1)=Rain8(i-1,1)+ARain(i,1)-ARain(i-8,1) ;  
    Rain12(i,1)=Rain12(i-1,1)+ARain(i,1)-ARain(i-12 ,1);  
    Rain24(i,1)=Rain24(i-1,1)+ARain(i,1)-ARain(i-24 ,1);  
    Rain48(i,1)=Rain48(i-1,1)+ARain(i,1)-ARain(i-48 ,1);  
    Rain100(i,1)=Rain100(i-1,1)+ARain(i,1)-ARain(i- 100,1);  
    Rain200(i,1)=Rain200(i-1,1)+ARain(i,1)-ARain(i- 200,1);  
end  
     
%Now we need to combine all of this data into a mat rix to pass into 
the  
%ANN 
Test=[ARain,Rain2,Rain4,Rain8,Rain12,Rain24,Rain48, Rain100,...  
    Rain200,ASenA,ASenB];  
  
%Obtain the submatrix containing just the new data.  Note that this  
%containes the last row of the old data, which the ANN uses as a 
starting  
%point.  
Test1=Test(L:K,1:11);  
  
%We need the last calculated FOS from the old data for input into the 
ANN  
%as a starting point for predicting the FOS for the  new data.  
LFOS=FOS(L:L,1);  
  
%Predict the FOS at the site using the new data:  
  
%Prepare the data for passing into the ANN:  
Test1 = tonndata(Test1,false,false);  
LFOS=tonndata(LFOS,false,false);  
  
load('network'); %Loading the ANN  
  
%Form two arrays of equal length, one containing th e inputs for ANN, 
and an  
%empty one where the predicted FOS values will be s tored:  
inputSeriesPred  = [Test1];  
targetSeriesPred = [LFOS, con2seq(nan(1,K-L))];  
  
%Use the ANN to predict the FOS of the new data:  
[Xs,Xi,Ai,Ts] = preparets(net,inputSeriesPred,{},ta rgetSeriesPred);  
yPred = net(Xs,Xi,Ai);  
  
%Change the predicted FOS back to an array:  
yPred=cell2mat(yPred);  
  
%Add the predicted FOS of the new data onto the arr ay of the predicted 
FOS 
%of the old data:  
XFOS=yPred';  
TFos=vertcat(FOS,XFOS);  



 

 

  
%Get the last 24 hours of The predicted FOS to show  the user:  
TFos24=TFos((K-(E-1)):K,1);  
  
%Need to apply the two conditions (cumulative rainf all and rate of 
change  
%of the FOS) to the last 24 hours to ensure false a larms dont occur:  
LAFos=length(TFos)-23;  
  
%Calculate cumulative rainfall:  
ARainC=ARain(1:length(ARain))*1000;  
C=0;  
for i=1:length(ARainC);  
    if (ARainC(i,1) > 0);  
        C(i,1)=(C(i-1)+ARainC(i,1));  
    else  
        C(i,1)=0;  
    end  
end  
  
%Calculate time until failure based on Equation 9.1 .1:  
for i=LAFos:length(TFos);  
    ET(i,1)=i-LAFos;  
    if (TFos(i,1) < TFos(i-1,1));  
        Cum1(i,1)=(((TFos(i)-FL)*(1))/(TFos(i-1)-TF os(i)));%why is  
this i-1  
    else  
        Cum1(i,1)=1;  
    end  
end  
  
%Calculate rate of change of FOS:  
for i=LAFos:length(TFos);  
    if (TFos(i,1) < TFos(i-1,1));  
        GR(i,1)=((TFos(i,1)-TFos(i-1,1))/TFos(i,1)) ;  
    else  
        GR(i,1)=1;  
    end  
end  
  
%Determine if rate of change is within boundries re quired for failure:  
for i=LAFos:length(TFos);  
        if ((GR(i,1) > -0.1) && (GR(i,1) < 0));  
            Y(i,1)=1;  
        else  
            Y(i,1)=0;  
        end  
end  
  
%Determine if cumulative rainfall is approaching fa ilure amount 
(Approx  
%245mm) - note that 220mm was used as in this case for a safety 
margin.  
for i=LAFos:length(TFos);  
    if (Y(i,1) == 1);  
        TF1(i,1)=Cum1(i,1);  



 

 

    else  
        TF1(i,1)=-1000;  
    end  
end  
  
for i=LAFos:length(TFos);  
    if (C(i,1) > 219);  
        TF2(i,1)=Cum1(i,1);  
    else  
        TF2(i,1)=-1000;  
    end  
end  
  
%Calculate the time to failure, based on cumulative  rainfall amount or 
rate  
%of change condition being met.  
TF2=TF2(LAFos:length(TFos),1);  
TF1=TF1(LAFos:length(TFos),1);  
ET=ET(LAFos:length(TFos),1);  
  
%The Condition one and two of the previous 24 hours :  
Y1=Y(LAFos:length(TFos),1:1);  
J1=C(LAFos:length(TFos),1:1);  
  
%Checking to see if the time to failure using Equat ion 9.1.1 has 
dropped  
%below 24 hours in the last 24 hours (to minimise f alse alarms).  
zx = 0;  
for i = 1:length(TF2);  
    if TF2(i,1) > 0 && TF2(i,1) < 25;  
        zx = zx + 1;  
    elseif TF1(i,1) > 0 && TF1(i,1) < 25;  
        zx = zx + 1;  
    else  
        zx = zx + 0;  
    end  
end  
  
%The time until failure based on the rate of change  of the FOS of the 
very  
%last time step:  
FTTF2=TF2(1:1,1); %Need to check this one is actual ly right  
FTTF1=TF1(1:1,1); %Need to check this one is actual ly right  
  
%Inform user if conditions have been met, and if so , how long until 
failure  
%will occur:  
  
if zx < 1;  
    uiwait(msgbox('Failure unlikely in next 24 hour s according to rate 
of change of FOS','Warning','warn'));  
elseif max(Y1) < 1 && max(J1) < 220;  
    uiwait(msgbox('Neither condition has been met i n the last 24 
hours','Warning','warn'));  
elseif max(Y1) > 0 && max(J1) > 219;  



 

 

    uiwait(msgbox('Both conditions have been met in  the last 24 
hours','Warning','warn'));  
    FTMIN=min(FTTF2,FTTF1);  
    message = sprintf('Failure will occur in %.1f. hours according to 
rate of change of FOS',FTMIN);  
    uiwait(msgbox(message,'Warning','warn'));  
elseif max(Y1) > 0 && max(J1) < 220;  
    uiwait(msgbox('Condition one has been met in th e last 24 
hours','Warning','warn'));  
    message = sprintf('Failure will occur in %.1f. hours according to 
rate of change of FOS',FTTF1);  
    uiwait(msgbox(message,'Warning','warn'));  
elseif max(Y1) < 1 && max(J1) > 219;  
    uiwait(msgbox('Condition two has been met in th e last 24 
hours','Warning','warn'));  
    message = sprintf('Failure will occur in %.1f. hours according to 
rate of change of FOS',FTTF2);  
    uiwait(msgbox(message,'Warning','warn'));  
end  
  
% Predict future FOS based on rainfall forecast:  
  
%Calculating the cumulative rainfall amounts for th e forecasted data:  
for i=(K+1):H;  
    ET(i,1)=i;  
    Rain2(i,1)=Rain2(i-1,1)+BRain(i,1)-BRain(i-2,1) ;  
    Rain4(i,1)=Rain4(i-1,1)+BRain(i,1)-BRain(i-4,1) ;  
    Rain8(i,1)=Rain8(i-1,1)+BRain(i,1)-BRain(i-8,1) ;  
    Rain12(i,1)=Rain12(i-1,1)+BRain(i,1)-BRain(i-12 ,1);  
    Rain24(i,1)=Rain24(i-1,1)+BRain(i,1)-BRain(i-24 ,1);  
    Rain48(i,1)=Rain48(i-1,1)+BRain(i,1)-BRain(i-48 ,1);  
    Rain100(i,1)=Rain100(i-1,1)+BRain(i,1)-BRain(i- 100,1);  
    Rain200(i,1)=Rain200(i-1,1)+BRain(i,1)-BRain(i- 200,1);  
end  
  
%Combining the above cumulative rainfall amounts in to a matrix:  
NTest=[BRain,Rain2,Rain4,Rain8,Rain12,Rain24,Rain48 ,Rain100,Rain200];  
  
LSen1=LSen(1:1,1:2); %Get the last two sensor value s as a starting 
point  
  
%Convert the data into the ANN format:  
NTest1 = tonndata(NTest,false,false);  
LSen1=tonndata(LSen1,false,false);  
  
load('network3'); %Load the network which predicts the sensor data  
  
%Create two matrices, one which contains the inputs  into the ANN, the 
other  
%is where the predicted sensor values will be store d:  
inputSeriesPred  = [NTest1];  
targetSeriesPred = [LSen1, con2seq(nan(2,H-1))];  
  
%Use the ANN to predict the FOS of the new data:  
[Xs,Xi,Ai,Ts] = preparets(net,inputSeriesPred,{},ta rgetSeriesPred);  
yPred = net(Xs,Xi,Ai);  



 

 

yPred=cell2mat(yPred);  
yPred=yPred';  
PreA=yPred(:,1); %Prediction of Sensor A  
PreB=yPred(:,2); %Prediction of Sensor B  
  
%Obtained the last 24 hours of of the predicted sen sor values to 
predict  
%the FOS of the last 24 hours:  
NTest2=NTest(K:H,1:9);  
PreA=PreA((K-1):(H-1),1);  
PreB=PreB((K-1):(H-1),1);  
  
%The FOS at the start of the forecast, for use as a  starting point:  
NLFOS=TFos(K:K,1);  
  
%Create a matrix which contains the forecasted rain fall and the 
predicted  
%sensor values to upload into the ANN.  
NTest2=[NTest2,PreA,PreB];  
  
%Transforming the data for input in to the ANN:  
NTest2 = tonndata(NTest2,false,false);  
NLFOS = tonndata(NLFOS,false,false);  
  
%Loading the ANN which uses just rainfall data as a n input:  
load('network4');  
  
%Creating two matrices, one with the input data, on e a blank one where 
the  
%predicted values will be placed:  
inputSeriesPred  = [NTest2];  
targetSeriesPred = [NLFOS, con2seq(nan(1,H-K))];  
  
%Predicting the FOS of the forecasted data:  
[Xs,Xi,Ai,Ts] = preparets(net,inputSeriesPred,{},ta rgetSeriesPred);  
yPred = net(Xs,Xi,Ai);  
  
%Converting the predicted FOS's into an array:  
yPred=cell2mat(yPred);  
vc=length(yPred);  
  
%Calculate if FOS drops below "Failure FOS" based o n forecasted 
rainfall.  
yPred1=yPred';  
Last36=yPred1);  
for h=1:24;  
      hi(h)=h;  
end  
  
%Inform user of time until failure according to for ecast  
if min(Last36)<= FL;  
    wt=find(Last36<=FL,1,'first');  
    FCFT=(hi(1,wt));  
    message = sprintf('Failure will occur in %.1f. hours according to 
forecasted rainfall',FCFT);  
    uiwait(msgbox(message,'Warning','warn'));  



 

 

else  
    message = sprintf('Failure unlikely to occur in  next 36 hours 
according to forecasted rainfall');  
    uiwait(msgbox(message,'Warning','warn'));  
end  
  
%Plot predicted FOS based on field measurements and  forecasted 
rainfall  
MFS=yPred1(1:24,1); %SFOS based on measured rainfal l  
  
for i=1:length(FC);  
    ETFC(i,1)=i; %Obtain elapsed time arrays used f or plotting.  
    ETL24(i,1)=i-E;  
end  
  
%Determine required extent of the Y-Axis on the gra phs:  
b=min(TFos24);  
n=min(MFS);  
v=min(b,n);  
ba=max(TFos24);  
na=max(MFS);  
va=max(ba,na);  
FD=[(v-3) (va+3)];  
PO=[0 0];  
  
% Plot predicted FOS using forecasted data  
subplot(2,2,3:4);  
plot(ETL24,TFos24,'color','Blue');  
hold on  
plot(ETFC,MFS,'color','Red','Linestyle','--');  
hold on  
plot(PO,FD,'color','black','linewidth',3);  
hold on  
plot(ETL24,FL);  
hold on  
plot(ETFC,FL);  
hold on  
xlim([-24 24]);  
ylim([(v-3) (va+3)]);  
ylabel('FOS','fontsize',10,'FontName','Times New Ro man');  
xlabel('Time (Hours)','fontsize',10,'FontName','Tim es New Roman');  
set(gca,'Units','normalized','Position',[0.1 0.1 0. 85 0.35])  
legend('Predicted using field data','Predicted usin g forecast');  
  
%Ask user if, based on this information, he wishes to issue a warning:  
action = menu('What action do you wish to undertake ?','Issue Stage 1 
Warning','Issue Stage 2 Warning','Take no action');  
if action == 1;  
    figure %Display the warning which is issued to motorists  
    c = 1000000;  
    hb = axes('units','normalized','position',[0.25  0.25 0.5 0.5]);  
  
%Load the background picture:  
I=imread('Landslide sign.jpg');  
hi = imagesc(I);  
colormap gray  



 

 

  
%Display message to motorists:  
txstr=('Reduce Speed Now');  
annotation('textbox',[0.25 0.75 0.5 0.08],'String', txstr,...  
    'FitBoxToText','off','EdgeColor','white','fonts ize',20,...  
    'fontweight','bold','horizontalalignment','cent er');  
    set(hb,'handlevisibility','off','visible','off' )  
x=[4];  
y=[4];  
x1=[4];  
y1=[4];  
t=1;  
for j = 1:c  
    hc = axes('units','normalized','position',[0.21  0.12 0.1 0.1]);  
    set(hc,'visible','off');  
    plot(x,y,'--mo','MarkerEdgeColor','y','MarkerFa ceColor','y',...  
    'MarkerSize',30);  
    xlim([0 5]);  
    ylim([0 5]);  
    set(hc,'handlevisibility','off','visible','off' );  
    drawnow;  
    pause(t);  
    set(hc,'handlevisibility','off','visible','off' );  
    cla(hc,'reset');  
    set(hc,'handlevisibility','off','visible','off' );  
         
    hc = axes('units','normalized','position',[0.64  0.12 0.1 0.1]);  
    set(hc,'visible','off');  
    plot(x1,y1,'--mo','MarkerEdgeColor','y','Marker FaceColor','y',...  
    'MarkerSize',30)  
    xlim([0 5]);  
    ylim([0 5]);  
    set(hc,'handlevisibility','off','visible','off' );  
    drawnow;  
    pause(t);  
    cla(hc,'reset');  
    set(hc,'handlevisibility','off','visible','off' );  
end  
%Load second warning:  
elseif action == 2;  
    figure  
    c = 1000000;  
    hb = axes('units','normalized','position',[0.25  0.25 0.5 0.5]);  
    I=imread('detours.jpg');  
    hi = imagesc(I);  
    colormap gray  
    set(hb,'handlevisibility','off','visible','off' )  
    x=[4];  
    y=[4];  
    x1=[4];  
    y1=[4];  
    t=1;  
for j = 1:c  
    hc = axes('units','normalized','position',[0.21  0.12 0.1 0.1]);  
    set(hc,'visible','off');  
    plot(x,y,'--mo','MarkerEdgeColor','r','MarkerFa ceColor','r',...  
    'MarkerSize',30);  



 

 

    xlim([0 5]);  
    ylim([0 5]);  
    set(hc,'handlevisibility','off','visible','off' );  
    drawnow;  
    pause(t);  
    set(hc,'handlevisibility','off','visible','off' );  
    cla(hc,'reset');  
    set(hc,'handlevisibility','off','visible','off' );  
         
    hc = axes('units','normalized','position',[0.64  0.12 0.1 0.1]);  
    set(hc,'visible','off');  
    plot(x1,y1,'--mo','MarkerEdgeColor','r','Marker FaceColor','r',...  
    'MarkerSize',30)  
    xlim([0 5]);  
    ylim([0 5]);  
    set(hc,'handlevisibility','off','visible','off' );  
    drawnow;  
    pause(t);  
    cla(hc,'reset');  
    set(hc,'handlevisibility','off','visible','off' );  
end  
elseif action ==3;  
    uiwait(msgbox('No warning issued','Warning'));  
end  
end  
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