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i. Abstract

Shallow landslides are important as geomorphic agents of erosion, sources of
catchment sediment and potential hazards to life and infrastructure. The
importance of these mass movements is difficult to define using solely field-
based approaches because these are often too limited in both duration and
resolution to fully determine the magnitude and frequency of these processes.
Modelling is a powerful alternative tool for providing insight into underlying
processes governing shallow landslides and for testing new hypotheses
regarding environmental and land-use change impacts. The explanatory power
of models is a function of their process representation and predictive ability.
Current models suitable for catchment-scale application provide' valuable
probabilistic information on failure, but not detailed deterministic predictions.
Using the English Lake District as a study area, this thesis addresses three
issues necessary to provide the process-basis of these probabilistic analyses.

First, poorly constrained or spatially variable input parameters such as soil
depth, root reinforcement or material properties are often used to explain the
locations of failure within a larger area that has a high, sometimes equal,
probability of failure. The thesis develops rigorous new methods to quantify and
minimise error in these parameters, representing them as distributions to
capture both their natural variability and the error in their measurement. Results
suggest that lateral root reinforcement even for grasses and shrubs may
provide important additional strength (as much as 6 kPa) in the top 0.5 m of the

soil.

Second, infinite slope stability analysis neglects important additional lateral
friction and root reinforcement effects at the margins of an unstable block. More
sophisticated three-dimensional stability analyses can represent this process
but are limited in their applicability by computational and data resolution
requirements. This thesis derives from first principles a set of analytical
governing equations for three-dimensional analysis; tests these against
benchmark geotechnical methods; and applies them to establish key landslide
scaling relationships.



Third, shallow landslides in the UK are almost exclusively hydrologically-
triggered, resulting from local high pore water pressures. In line with the current
paradigm existing stability models assume that the topography plays a
dominant role in defining the spatial pattern of soil moisture and therefore pore
water pressures in the landscape. This hypothesis is tested: first at the hillslope
scale (10" km?) with a network of ~100 wells; then the catchment scale
(10% km?) using high resolution orthorectified aerial photographs to identify
vegetation indicative of wet habitats and applying these as a proxy for soil
moisture. These studies indicate that, for the case-study, wet areas are
controlled at the landscape scale by a set of broad topographic limits in terms of
slope and contributing area. Within these there is considerable scatter, resulting
from the interplay of local factors such as: bedrock topography, preferential flow

and soil stratification.

Lateral root cohesion represents an important source of additional strength
which can be included within analytical stability equations to create a threshold
dependence on landslide size. Patterns of instability will then depend on the
spatial pattern of other influencing factors (e.g. soil strength and pore pressure).
At present the limits to available data and our understanding of hillslope
hydrology constrain our ability to predict slope instability in environments like
the Lake District. Future research might usefully identify landscape scale
controls on this predictability.
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1.Thesis Aim, Background and Objectives

1.1. Thesis Aim

This thesis aims to improve our understanding of why the predictions from
shallow landslide models differ from observations. In this Chapter, | justify this
aim in relation to current understanding, identify a series of objecfives that will
allow this aim to be achieved (Objectives; Section 1.3) and describe the thesis
structure (Section 1.4).

1.2. Background

Shallow landslides are important. They carve out landscapes (Rapp, 1960;
Dietrich and Dunne, 1978; Hovius et al., 1998); provide sediment to rivers
(Benda and Dunne, 1997; Sutherland et al, 2002) and can be extremely
destructive (Brabb, 1993; Winchester and Chaujar, 2002; Ballantyne, 2002).
However, their importance is difficult to define using solely field-based
approaches; field datasets are often too limited in both duration and resolution
to fully determine the magnitude and frequency of these processes (Reid, 1998;
Guthrie and Evans, 2004). Modelling is a powerful alternative tool for providing
insight into underlying processes governing shallow landslides (Montgomery
and Dietrich, 1994; Iverson, 2000) and for testing new hypotheses regarding
environmental and land-use change impacts (Collison et al., 2000; Glade,
2003). The explanatory power of such models is a function of their process
representation and predictive ability (Mulligan and Wainwright, 2004; Murray,
2007).

Early GIS based slope stability models combined an infinite slope geotechnical
model with a distributed physically based hydrological model (Okimura and
Ichikawa, 1985), to provide valuable probabilistic information on failure, but not
detailed deterministic predictions (Montgomery and Dietrich, 1994, Pack et al.,
1998). More recent models have applied a similar approach (combining infinite
slope and process based hydrological models) in a deterministic framework to
predict the volumes and timings of slope fgilures given a real or synthetic rainfall

time series TBéiﬁUrs:f et al., 2005; Claessens et al., 2007). These approaches
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have a problem: they commonly predict much larger unstable areas than are
observed. This mismatch between predictions and observations has often been
related to spatial variability or error in the model's input parameters
(Montgomery and Dietrich, 1994; Zaitchick et al., 2003).

However, careful analysis of these models suggests that they contain two
critical assumptions. First, the infinite slope geotechnical model assumes that
any unstable block is infinitely long and wide so that effects at its margins can
be neglected (Taylor, 1948). Second, the hydrological models that provide
spatial pore water pressure predictions all rely to some extent on gravity driven
flow across hydraulic gradients that are strongly defined by surface topography.
These two assumptions are central to the conceptual model of slope stability
coded within these catchment scale stability models yet their applicability and
impact are poorly constrained. In this thesis | design and implement a set of

detailed experiments to test and improve these assumptions.

1.3. Thesis Objectives

Each experiment is addressed as one of my objectives, covering first the
hypothesis that the models’ predictive power is related to their measured
parameters then the two critical assumptions within the models: infinite slope
stability and topographically driven wetness. In the sections below | will deal

with each in turn.

1.3.1. Collect High Quality Input Parameter Data for Slope
Stability Analysis; Quantify Natural Variability and Error

Poorly constrained or spatially variable input parameters such as soil depth,
root reinforcement or material properties are often used to explain the locations
of failure within a larger area that has a high, sometimes equal, probability of
failure (Dunne, 1998; Montgomery et al., 1998). Many of these variables are
extremely difficult to characterise at the catchment scale since they vary over
fine spatial scales and are difficult to measure.

-29-



In some cases there is a mismatch between the modelled, measured and
observed effect of a parameter. For example, the dense lateral root mats
observed at many landslide scars (Preston and Crozier, 1999; Warburton et al.,
2008) can add significant strength to the soil (Zhou et al., 1998; Schmidt et al.,
2001), but their reinforcing effect is underrepresented in the literature. In other
cases such as the soil material properties (strength, density and depth) the
parameters are simply highly variable (Zaitchick et al., 2003). Elevation data
can be measured with more certainty, and are a powerful tool, defining both the
geotechnical and hydrological energy gradients important for slope stability.
Advances in remote sensing continually improve the precision and resolution of
this data (Paylor et al., 2005). However there remains considerable uncertainty
around its quality and that of the variables derived from it (Milledge et al., 2008).

For all these parameters, it is not only their magnitude that is important and but
also their associated uncertainty, either due to measurement error or true
spatial variability. This information, in the context of the model’s sensitivity to its
parameters can be used to quantify predictive confidence or identify ‘limiting’
parameters on which future measurement efforts might be concentrated. In
doing so, | hope to identify their influence on stability models and the potential
for improving their representation. Finally, by adopting a rigorous measurement
campaign | hope to address a key question: do better parameter measurements

help to improve stability models?

1.3.2. Establish the Importance of Lateral Reinforcement for
Slope Stability in a Catchment Scale Modelling Context

The infinite slope stability analysis (Taylor, 1948) that is widely applied in
catchment scale stability modelling (from Okimura and Ichikawa, 1985; to
Simoni et al., 2008) neglects lateral reinforcement effects, yet field observations
(Schmidt et al., 2001) suggest that these may be important. If reinforcing effects
are important then this has exciting implications for future catchment scale
stability models and may identify one of the causes of over-prediction in existing
models. This information might be most easily accessed through sensitivity
analysis of a multi-dimensional stability model to identify and quantify the
control that a block’s geometry (length, width_and depth) exerts on its stability.

Such an analysis requires a model that can represent both lateral root cohesion
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and friction effects on the margins of an unstable block. Existing geotechnical
models do one or the other and are often computationally intensive (Duncan,
1996; Chugh, 2003) rendering them unsuitable for catchment scale application.
Multi-dimensional stability modelling at the catchment scale requires analytically
tractable governing equations that account for both roots and friction to make its
application feasible. Such a model has the potential to be used as a powerful
tool for catchment scale slope stability modelling; but it needs to be tested to
allow confident assertions on the implications of its predictions for relationships
between geometry and stability. This is problematic since slope stability is
difficult to measure (it is either stable or unstable) and the effects of model and
parameter uncertainty on predictive ability are difficult to separate. An
alternative approach could be to compare the model’s results with ‘benchmark’
predictions from standard limit equilibrium models. | aim to develop and test a
set of analytical governing equations for three-dimensional analysis then use

these to establish key landslide scaling relationships.

1.3.3. Assess the Topographic Control on Temperate Upland
Hydrology and the Influence of Scale and Material properties

Existing stability models require pore water pressure predictions as a key input
into their geotechnical model, these are provided by process based hydrological
models spanning the full range of dimensions and degrees of process
representation (Montgomery and Dietrich, 1994; Godt et al., 2008; Simoni et al.,
12008). All these models treat soils and rocks as broadly continuous porous
media that obey Darcy’s law and, in the absence of good data on subsurface
properties, predict wetness patterns that are driven almost exclusively by the
landscape’s topographic form. Observations from natural slopes suggest that
their hydrology is strongly influenced by preferential flow through discontinuities
such as fractures (Wilson and Dietrich, 1987; Montgomery et al., 2002) and
macropores (Sidle and Swanston, 1982; Weiler and Naef, 2003).

Existing hillslope scale studies (Freeze, 1972; Freer et al., 2002; Montgomery et
al., 2002) that have applied traditional hydro-geological techniques (trenched
slopes, wells, piezometers, rainfall and_stage data) have yielded results that
both improve our understanding of the specific conditions at the site and the
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mechanisms of hillslope hydrology in general. By building up a bank of these
studies then analysing each with reference to understanding accrued at the
others we can begin to use these hillslope scale studies as a powerful tool in
distilling the key drivers of hillslope hydrology (Freer et al., 1997; Uchida et al.,
2006). | hope to take advantage of this mode of operation to gain an
understanding of the character of hillslope hydrology within the context of a
steep temperate landscape with a strong glacial legacy.

Data acquisition at the catchment scale is difficult since applying traditional
hydro-geological techniques at a suitable resolution would be prohibitively
expensive (Lane et al., 2006). An integrated measure of spatial wetness is
required at high resolution over a wide spatial extent; such data might be most
effectively collected using remote sensing. Researchers have begun to use
vegetation stress measured from hyper-spectral imagery as a wetness indicator
(Harris et al., 2005); others use traditional ground based vegetation species
maps as surrogates for wetness given knowledge of the species’ ecological
amplitude (Rodhe and Seibert, 1999; Wang et al., 2000). | hope to connect
these advances to take advantage of widely available aerial imagery and the
links between vegetation and wetness to develop a new tool for widening the
area of hydrological investigation by remotely mapping patterns of indicator
species then using these as a surrogate for wetness. This is important since
expanding the study to the catchment scale allows assessment of the broader
controls on where is wet in the landscape and identification of emergent trends
above the noise often inherent at the hillslope scale. | aim to test the hypothesis
that wetness is topographically driven at both the hillslope and catchment scale,
identifying the perturbing processes that disrupt this relationship and assessing
the extent that this is influenced by landscape scale characteristics and material
properties (soil, geology).

1.4. Thesis Structure

The thesis is split into seven core chapters. The substantive research is
contained in Chapters 3 to 6, with Chapter 3 addressing the first objective,
Chapters 4 and 5 the second and Chapter 6 the third. Chapter 2 provides

relevant background from literature and field study and Chapter 7 synthesises
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observations from the substantive research chapters. In the following section |
will guide you through the thesis chapter by chapter indicating their scope and

focus.

1.4.1. Chapter 2

In Chapter 2 | introduce my study question, justify my approach and provide the
necessary background on which | will build the rest of the thesis. The chapter
combines review of existing literature with examples from my Lake District study
area to highlight key observations that have particularly influenced my research
focus. | look first at why and how we study landslides, define shallow
translational landslides, then introduce my study area. | identify key aspects of
shallow landslide process and form focusing in particular on debris mantled
hillslopes in temperate environments. | introduce some key soil mechanics
concepts (on which later chapters will rely), before reviewing the geotechnical
and hydrological aspects of physically-based catchment scale stability models.
Finally, | apply a simple GIS based stability model to illustrate the reasons for

exploring some of its key limitations.

1.4.2. Chapter 3

In Chapter 3 | deal with: soil strength, root reinforcement, soil density, soil depth
and topographic data. For each parameter: | review existing theoretical and
empirical research to address its nature and to identify measurement options; |
report the measurement methods that | adopted; | compare my findings with
data from other empirical or mechanical studies; and discuss the issues related
to their application in slope stability modelling. In Section 3.2 | characterise soil
strength and its variability for different locations and contexts within my study
area reporting results in terms of both peak-and critical strength. In Section 3.3 |
quantify lateral root reinforcement and its variability for the three main
vegetation types in the study area (Eriophorum, Pteridium and Juncus) and put
these estimates into the context of results from relevant studies. In Section 3.4 |
tackle soil bulk density, focusing on the soil density for the full sample, then its

variation with moisture or material properties. In each case the implications for

‘stability modelling are addressed as they are encountered. In Section 3.5 | test
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a range of soil depth measures to find a reliable method of estimating soil depth
and variability. | present the effective soil depths measured at scars across the
study area, discuss their statistical properties and the implications for
parameterising slope stability models. In Section 3.6 | review the literature on
elevation data: sources, resolution and filtering before focusing on my study

area to assess the quality of the available topographic data.

1.4.3. Chapter 4

In Chapter 4 | derive the Finite Slope stability model, a new set of analytical
governing equations for three-dimensional stability. First, | identify the
importance of landslide size and the need for a new three-dimensional stability
method that can be applied at the catchment scale. Second, | review the
existing methods available for multi-dimensional slope stability analysis,
assessing their applicability in a catchment scale modelling context. Third, |
derive the new model from first principles using earth pressure theory and
lateral root cohesion to calculate the driving and resisting forces on each plane

of a soil block.

1.4.4. Chapter 5

In Chapter 5: | establish the effectiveness of the Finite Slope model; and
quantify the control that a block’s geometry exerts on its stability. | address the
first by comparing the Finite Slope model’s results with those from two standard
two-dimensional limit equilibrium models in a set of benchmark tests. | address
the second using sensitivity analysis in a set of numerical experiments designed
to be representative of my study area. | treat length and width effects
individually first, then relative to one another and finally in combination using the
full three-dimensional formulation of the Finite Slope model. | quantify the
effects using back calculation as well as the Factor of Safety, in order to

compare their magnitude with that of parameter uncertainty (from Chapter 3).



1.4.5. Chapter 6

In Chapter 6 | apply field measurement, monitoring and remote sensing to
establish the extent to which wetness patterns in the Lake District are
topographically driven. | discuss the relevant background for this investigation
focusing on the topographic wetness hypothesis (its origins, agreement with
observations and the factors that can disrupt it). | detail the experimental design
for the study, which will operate at two different scales, the hillslope (10 km?)
and catchment (10°-10? km?) scale. | deal individually with the methods that |
applied at each of these scales then apply the same structure to the resuits
dealing first with the results at the hillslope scale then at the catchment scale. |
finish the chapter by bringing the results at these two scales together and
identifying'their implications for slope stability modelling.

1.4.6. Chapter 7
In Chapter 7 | highlight the key results from the preceding chapters, then deal

with each in turn, comparing theoretical controls on landslide distributions
(spatial and non-spatial) derived from analytical models or hydrological
observations, with empirical data from the Lake District 2005 landslide
inventory. First, | examine the geotechnical and geometric controls on hillslope
stability, then the hydrological controls on stability, before considering the
implications for catchment scale stability modelling. | finish the chapter by
applying my findings using Lake District data to provide a physical explanation
for the commonly debated form of landslide magnitude / frequency
relationships.
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2.Conceptualisation of Research Focus

2.1. Scope of the Chapter

My aims for this chapter are twofold: 1) to justify my area of study and my
approach to studying it; and 2) to provide the necessary background information
to allow the reader safe passage through the rest of the thesis. Whilst some
parts of the chapter are strongly focussed on reviewing the existing literature,
others use examples and observations from my own study area to illustrate
these points. This mix is both necessary and advantageous; it allows me to
illustrate the findings that others have made in the context of my study area and
to highlight key observations that have particularly influenced my own research
focus.

Figure 2-1 outlines of my approach to this task. | look first at landslides in
general why we study them, how we study them, and what type of landslide in
particular | will focus on in this thesis (Section 2.2). In Section 2.3 | provide the
relevant background information on my study area; then identify key aspects of
shallow landslide process and form in a UK context (Section 2.4). Section 2.4.2
sets out a simple conceptual model for slope stability and relevant aspects of
hillslope hydrology. This is useful as a framework within which to interpret the
characteristics of shallow landslides in general and those in the Lake District in
particular (Section 2.4.3). A more detailed model of the mechanics of failure can
then be illustrated after some fundamental soil mechanics concepts have been
explained in Section 2.5. This leads to a review of the geotechnical then the
hydrological aspects of physically-based catchment stability models (Section

2.5). Finally | apply the SHALSTAB model to the study area to illustrate the .

utility of this type of model and its limitations. | conclude the chapter with a
series of research objectives (Section 2.7) linking it to the main body of the
thesis.



Figure 2-1: A schematic illustrating the structure of the Chapter.

The Importance of Landslides (2.2.2)

Methods of Studying Landslides (2.2.3) Shallow Landslides Defined (2.2.4) Study Area: The Lake District, UK (2.3)

~N 7

Field  Laboratory = Modelling Lake Disthlides (2.4)
\ Landslide Landslide
Mechanisms Characteristics
Soil Mechanics - / (2.4.2) (2.4.3)
Background Slope Stability

Models Review
(2.5) (2.6) \ /

Case Study: SHALSTAB in the Lake District (2.7) «———

2.2. Landslides — why, how and what are we studying?

2.2.1. Scope of the Section

In this section | discuss the importance of landslides (Section 2.2.2) and outline
the range of methods used to study them (Section 2.2.3) before finally defining
the particular focus of my study: shallow landsliding (Section 2.2.4).

2.2.2. The Importance of Landslides

Landslides and debris flows are important as potential hazards, as agents of
landscape change and in terms of the sediment that they deliver to the fluvial
system. Landslides are one of the most destructive geological processes and
are a major cause of loss of life and economic damage (Brabb, 1993). In 2004,
there were more than 7000 fatalities from landslides worldwide (Oven, 2005).
This included signiﬂcént extreme events such as in Haiti, where high intensity
rainfall from Hurricanes Jeanne and lvan triggered extensive landslides causing
more than 3000 fatalities (UNEP/OCHA, 2004) and in the Philippines, where
over 1000 people were killed by typhoon triggered mudslides (IFRC, 2004).
There are clearly strong societal drivers associated with landslide risk. Global
databases record lowest deaths for high income countries (Petley et al., 2005;
Alexander, 2005). However, even in high-income countries the impacts are non-
trivial; landslides are widesprééd in th"e U.S. and cause $1 to 2 billion in

-37 -



damages and more than 25 fatalities each year (USGS, 2008). In the UK,
landslides represent a potential hazard to structures and communications in
upland areas: damming bridges (Common, 1954), blocking culverts (Ballantyne
2004), burying roads (Common, 1954; Winchester and Chaujar, 2002;
Ballantyne, 2002) and railways (Ballantyne, 2002); damaging houses (Jenkins
et al., 1988) and trapping cars (Winchester and Chaujar, 2002). Whilst an
improved understanding of process doesn't directly translate into reduced risk,
an understanding of physical process can provide significant steps towards

effective risk reduction (Alexander, 2007).

Studies in a variety of environments have identified shallow landslides, or the
debris flows that they mobilise, as the dominant agents of mass movement in
steep upland catchments (e.g. Rapp, 1960; Dietrich and Dunne, 1978; Benda
and Dunne, 1987; Ballantyne, 1991). They modify the landscape by cutting
scars or gullies in the regolith and depositing debris at the foot of the slope
(Ballantyne, 2002). These processes make shallow landslides and debris flows
important as sources of sediment for downstream transfer. High rates of
sediment delivery can cause downstream problems resulting in: 1) accelerated
rates of sediment accumulation; 2) enhanced flood risk; 3) bank erosion; and 4)
reduced biodiversity (Montgomery et al, 1999; Lane et al., 2008). Careful
management is required in order to prepare for and attempt to minimise these
impacts. Traditional engineering methods are logistically difficult and expensive;
source control (identifying sediment sources and managing them to control their
impact) is an increasingly popular management approach (Lane et al., 2008)
but requires a broad scientific knowledge base. The impacts of future changes
in climate or land use are unknown and offer the potential to worsen the
situation; the effect of these external factors on sediment generation should be
a vital part of management plans (Reid, 2005).

2.2.3. Methods of Studying Landslides

This study builds on a significant body of research that investigates the physical
processes controlling landslides. This work can be broadly grouped into field,
laboratory and model-based approaches and has been undertaken at a range
of scales and using a range of techAniqt_Jes; the following section briefly reviews

these ?approaches.
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Detailed field studies, often within a sediment budget framework, place
landslides in the context of other geomorphic events (Rapp, 1960; Dietrich and
Dunne, 1978) and provide estimates of their relative importance. Sediment
budgets can be applied at the individual slide (10" km?; Johnson et al., 2008),
catchment (10° km? Campbell and Church, 2003) and basin scale (10° km?;
Hovius et al., 1997). At the largest scale these landslide inventories provide
estimates of the magnitude and frequency of landslides usually by substituting
time for space in an ergodic framework (Brardinoni and Church, 2004; Malamud
et al.,, 2004; Stark and Hovius, 2001). Other studies use dating techniques
(Kotarba, 1992; Luckman, 1992; Winchester and Chaujar, 2002) or sequential
aerial photography (Chandler and Brunsden, 1995; Zanutta et al., 2006) to
generate a temporal landslide record so as to investigate landslide magnitude
and frequency. Accounts of individual events (Beven et al., 1978; Jenkins et'al.,
1984; Johnson et al., 2008) apply detailed observation, provide qualitative
process description and indicate possible mechanisms within a case study

framework.

Alternatively, laboratory based research is generally conducted at a reduced
scale or with reduced complexity. Approaches include physicali models where
failure mechanisms can be studied in simplified materials such as sand piles
.(Densmore et al., 1997, Roering et al., 2001) or miniature hillslopes (Reid et al.,
1997). Reid et al. (1997) created artificial slope failures under carefully
controlled experimental conditions with intensive monitoring of hydrologic and
deformation responses. Comparable control in the field would be difficult to

achieve and this remains one of the key advantages of laboratory approaches.

Landslide models range in architecture and scope from data-driven (Glade et
al., 2000; Pitman et al., 2003) to process-based (Montgomery and Dietrich,
1994; Simoni et al., 2008) models and from those designed to inform decision
making to those desighed as an exploratory framework with which to formulate
hypotheses. Data-driven statistical models are widely used in landslide
research, chiefly for hazard delineation; for which they are often highly effective.
However, their inherent assumptions and their empirical focus mean that they

provide only one perspective on landslide processes. Process-based models
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offer an alternative perspective. The particular attraction these models is their
ability to improve our understanding of the processes that drive landslides by
allowing us to move beyond the ‘here and now’ to study processes at scales
that we could not otherwise tackle. This is particularly useful for studying
landslides, where their spatially and temporally episodic nature of occurrence
requires wide areas or long timescales of study to effectively characterise them.
Process based modelling allows us to: 1) study the behaviour of the entire
system in an integrated way 2) elucidate key controls using sensitivity analysis;
3) extend the spatial and temporal reference of the study; and 4) simulate future
scenarios. These models, which are necessarily process-based, are the focus

of this study.

2.2.4. Shallow Translational Landslides

A landslide involves “movement of rock, debris or earth down a slope”
(Crudden, 1991); and encompasses a full range of very rapid to extremely slow
movements of ground or earth. In order to systematically describe this
phenomenon numerous landslide classifications have been developed one of
the simplest and most widely accepted is that of Varnes (1978), modified by
Crudden and Varnes (1996). Within this framework my study focuses on sliding:

the downslope movement of a soil or rock mass as a coherent body on surfaces
of rupture or zones of intense shear strain. Slides are characterised by the
presence of a clearly defined shear surface at fhe contact between the moving
mass and the underlying soil or rock. My particular focus is on shallow
translational slides, where: “mass displaces along a planar or undulating
_surface of rupture, sliding out over the original ground surface" (Crudden and
Varnes, 1996). The slides can involve various combinations of bedrock, broken
bedrock, and unconsolidated surficial material; the displaced material may be
either greatly deformed or nearly intact. Shallow translational landslides are by
far the most common form of landslide occurring in soils (Selby, 2005). They
are always shallow features and have essentially linear slide planes, which
usually develop along a boundary between soil materials of different density or
permeability. Depth to the failure plane is usually in the range 1 to 4 m and the
length of the slide is commonly large compared with its depth.
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2.2.5. Section Summary

Landslides are important, impacting significantly on both people and the
environment. They are worth studying, not only because they are interesting,
but because by understanding them better, we can create a more complete
picture of the world in which we live and can use this to inform our actions.
Modelling is one tool that we can use to do this, offering the opportunity to study
landslides in a way that other methods cannot. Although both models and
landslides come in many forms | will focus on process-based modelling of

shallow translational landslides

2.3. Study Area - The Northern Lake District, UK

2.3.1. Scope of the Section

Any study is necessarily rooted in place, the source of our measurements,
observations or perceptions, mine is the Lake District, situated in North West
England (between latitude 54° and 55° N). It covers an area of 2279 km? (Tarn
and Wilson, 1994), most of which lies above 250 m O.D. with the highest point
Scafell Pike at 978 m O.D. The present landscape of the Lake District is a -
product of many millions of years of evolution. Below | describe this as a
chronological sequence, beginning with the bedrock geology (Section 2.3.2),
the glacial history and regolith development (Section 2.3.3); and the related
vegetation history (Section 2.3.4). | then go on to detail the current climate
(Section 2.3.5), soil (2.3.6), vegetation and landuse (Section 2.3.7). Although
this is a time sequence it is particularly useful when thinking in terms of
landslides since the climatic legacy leaves a landscape signature manifest as a
sequence that moves up from the bedrock to the surface. Much of the study site
information in this Section is designed to provide sufficient key information to
put my landslide research into the context of the study area. It relies heavily on
the synthesis provided by Johnson (2001). More complete treatments of these
topics can be found in: Johnson (2001) for a general overview; Moseley (1990)
for details on the region’s Geology; Boardman (1992, 1996) and Evans (1997)
for its geomorphology; Pennington (1997) for a vegetation chronology; Manley
(1973) and Tufnell (1997) for contemporary climate; and Bendelow (1984) for its
soils.
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2.3.2. Geology

The solid geology of the study area is dominated by rocks from the lower
Palaeozoic era, specifically of the Ordovician period (500-440 Ma), which
consist mainly of deposits from the Skiddaw and Borrowdale groups (Figure
2-2). The Skiddaw group (the oldest exposed rocks) are composed primarily of
turbidity current derived siltstone and mudstone (KST and BUF in Figure 2-2)
with subsidiary greywacke sandstone (RNM in Figure 2-2; Moseley, 1990).
These give rise to smooth conical shaped slopes, generally unbroken by rock
outcrops. The Skiddaw group is succeeded by volcanic rocks, typical of
subduction at active plate margins (Millward et al., 1978; Moseley, 1990). The
Borrowdale Volcanic group to the south of the Skiddaw Slates (Figure 2-2)
include basalt, basaltic andesite, normal andesite, dacite, rhyolite and
ignimbrite, of lava flow and pyroclastic origin (Millward et al., 1978; Moseley,
1990). These result in more rugged stepped topography, where resistant beds

stand out as steep cliffs.

2.3.3. Geomorphological History

The current Lake District landscape is heavily dominated by the legacy of
surface processes operating during the Quaternary (Boardman, 1992, 1996),
particularly glacial activity during the Dimlington and Loch Lomond Stadials of
the Devensian late glacial (King, 1976; Moseley, 1978). Steep hillslopes merge
with the zone of glacial deposition where drift features can still be clearly
observed (Figure 2-3). However, the rates of glacial process activity during
these periods are insufficient to explain the full form of the Lake District
landscape: periglacial and restricted glacial processes are also important
(Boardman, 1992). Restricted glaciation (small cirque and valley glaciers) was
probably the norm for long periods of the Quaternary, particularly the sustained
cold non-ice sheet phases of climate between 75 and 30 ka BP (Boardman,
1992). Regional glaciation was rare and ineffective, with cirques developing
over a series of local glaciations (Evans, 1997). Periglacial processes have
operated in the area for prolonged periods, particularly during restricted
glaciation, with considerable geomorbhic impact (Boardman, 1992). Many
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slopes have thick covers of frost shattered debris, formed in the cold and wet
conditions of the Loch Lomond Stadial (Johnson, 2001). Much of the material
produced travelled short distances covering hillslopes, (Talus in Figure 2-3)
whilst material reaching river channels was transported to other storage sites
such as alluvial fans, floodplains and lake basins (Figure 2-3). The valley floors
contain deep glacio-fluvial and more recent fluvial and colluvial deposits
supplied by the upper hillslopes as well as the drift features described above.
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plants existed in the Lateglacial period or in the polar terrain that followed during
initial deglaciation. Later in deglaciation, plants migrated from southern
England, forming pioneer cold tolerant communities. After 14,000 BP the
pioneer vegetation became more ‘luxuriant’ and was succeeded by grasslands.
By 13,000 BP a milder climate enabled the spread of woody vegetation forming
open woodlands composed of Juniperus and Betula supplemented with
grasses. This ended ~11,000 BP with the onset of the cooler Loch Lomond
Stadial causing the formation of small glaciers. Soil surfaces were disturbed
leading to a breakdown in the previous vegetation communities. Plants existing
in this colder environment were those tolerant to disturbance, and trees
disappeared for approximately 1000 years. The onset of the Holocene (10,000
BP) allowed Juniperus to become dominant again, leading to a closed canopy
of Betula woodland (though probably more open at elevations >500 m). Corlyus
spread started about 9700 BP to eventually surpass Betula, whilst Quercus and
Ulmus spread from the south later. Between 7500 and 5000 BP vegetation was
dominantly arboreal, composed of: Quercus, Ulmus, Corlyus, Alnus and Betula.
Hunter-gatherer's began carrying out burning of upland vegetation in Britain
~14,000 BP but impact in the Lake District was extremely limited before 4,500
BP. The main regional forest clearance was completed by 1,000 BP in
association with Norse settlements, and later Monastic land use. The woodland
was replaced first with Calluna-dominated heath then grasslands associated

with upland sheep farming (Pennington, 1997; 1997; Johnson, 2001).

2.3.5. Current Climate

The Lake District climate is characteristic of the interaction between orographic
forcing, a small group of mountains and valleys, and large-scale weather
systems, with a particular influence from westerly air masses (Manley, 1973).
There is significant rainfall variability spatially (Miller, 1849; Macan, 1970;
Bendelow, 1984; Tarn and Wilson, 1994; Ratcliffe, 1997b), which can be more
than 500%, (e.g. between Low Furness and Sprinkling Tarn, where rainfall is
4699 mm a'). The general pattern of rainfall increases frofn a low at the coast
to a maximum in the central fells and declines in a north and east direction, a
secondary peak occurs on the Skiddaw. Massif (Manley, 1973). The valley
heads of the central Lake District (e.g. Borrowdale) intercept over 3810 mm a™,
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as a result of orographic forcing and the convergence of surface air streams
along the radial Lake District valleys (Manley, 1973).

Lake District winters are particularly mild, and its summers are relatively cool as
a function of the warming influence of the North Atlantic drift and the passage of
low pressure systems (Tufnell, 1997). Locally, temperatures at Grizedale (south
Lake District) are not too dissimilar to those recorded elsewhere in North West
England, although consistently slightly colder, as a result of cold air drainage
from the surrounding hills (Tufnell, 1997). The lakes have an ameliorating effect
cooling the surrounding areas in summer and warming them in winter (Manley,
1973). Upland and mountain areas show marked contrasts with lower
elevations. An important feature of high level climate is the greater frequency of
temperature oscillations about freezing point so that a freeze thaw climate
prevails for long periods of every winter resulting in a high frequency of
oscillations between cold rain, sleet or driving snow (Manley, 1973). The valley
floors around Keswick experience around 25 days in which snow falls, primarily
between December and March. On Lake District summits in excess of 700 m
snow cover may persist for ~100 days (Manley, 1973). Although much of this
climatic data is somewhat dated, having been collected largely by Manley
(1973), it remains a useful indicator of the general climatic conditions

experienced within the study area.

2.3.6. Soils

The Lake District is dominated by soil units 311 (humic rankers), 611 (typical
brown podzolic soils), and 1011 (raw oligo fiberous peat soils) (Bendelow, 1984,
Figure 2-4). Other soils include units 713 (Cambic stagnogley soils) 541 (typical
brown earths), 721 (Cambic stagnohumic gley soils), and more localised areas
of iron pan stagnopodzols (651). These soils represent a development series
(Pearsall and Pennington, 1973). Ranker soils (311) occur where lichens and
mountain top plants build up humus amongst and over bedrock or skeletal
minerogenic soils. On steeper slopes there are more developed brown earth
soils (611) where surface layers are leached and have a mull humus, or soils
with a mor humus and a podzolic transition in the underlying mineral soil (often
found under Calluna vegetation). Gleyed soils develop in waterlogged areas,

often under Juncus vegetation, where the mineral soil has a characteristic blue-
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2.3.7. Current Vegetation and Landuse

The Lake District is dominated by sub-montane habitat (heaths, grasslands,
mires) with small areas of montane habitat at higher elevations (Fielding and
Haworth, 1999). Contemporary vegetation can be divided into three areas:
lakes and valley bottoms; woods and lower ravines; and fells. On the fells,
deforestation was followed by the expansion of dwarf shrub heath (Calluna
vulgaris, Erica cinerea, Vaccinium myrtiluus). Since then, sheep grazing and
moor burning have reduced the heath replacing it with acidic grassland (e.g.
Festuca, Agrostis, Nardus, and Juncus) and bracken (Pteridium) up to 450 m
O.D (Ratcliffe, 1997c). Landuse is broadly managed by the Lake District
National Park Authority, aiming to conserve and enhance the park, secure the
future of local communities and allow the continued appreciation of the area.
The bases and implementation of these aims, which are pursued in association
with local stakeholders, are outlined in the current ‘Lake District National Park
Management Plan’ (LDNPA, 1999). Much of the land area is dominated by
moorland extensively grazed by sheep. The area remaining for agricultural use
is small and productive agricultural land is confined to the valley sides and
floors (Tarn and Wilson, 1994). Grazing maintains the diversity of grassland and

moorland but where stocking is too high physical erosion can occur.

2.3.8. Section Summary

In the sections above | have provided a general picture of the character of the
landscape in which this study has been performed; each section also has
particular relevance to slope stability. Bedrock geology and geomorphic history
influence the landscape’s form and (through their influence on soil) its material
properties. Soil influences the strength of the potentially unstable material and
the ease with which water can pass through it. Vegetation history in
combination with the geomorphic history provides background from which we
can understand how the current landscape may still be adjusting to historic
drivers. Vegetation and landuse influence both the soil’s hydrological conditions
and its strength, due to the reinforcing effect of roots. Climatic conditions, in

particular spatial and temporal rainfall patterns, influence soil moisture
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conditions and as a result pore water pressures. The links between these
properties and their physical importance will be dealt with in detail later
Section 2.4. | finished Section 2.2 by defining the process of interest. shallow
landslides. In this section | have introduced the boundary conditions within
which these processes will operate. Next | will add flesh to these bones by
illustrating the characteristics of shallow landslides in the Lake District and

conceptualising their mechanics.

2.4. Key Characteristics of UK Shallow Landslides

2.4.1. Scope of the Section

In this section | aim to identify the phenomena that this thesis will tackle starting
with general concepts then moving on to draw key characteristics from a local
case study. In Section 2.4.2 | outline a conceptual model for the process of
shallow landsliding in a UK context. There is a particular focus here on landslide
hydrology, outlining a conceptual model of UK upland hillslope hydrology as
relevant to the stability of a slope (a more detailed analysis of the geotechnical
conditions will follow in Section 2.5). In Section 2.4.3 | provide a detailed
description of the characteristics of the Lake District landslides, and tie these
into observations from other studies. | introduce the storm that triggered the
landslides; describe their distribution (spatially and in terms of magnitude
frequency); and report the geometric, hydrological and vegetation
characteristics of the landslide scars. In each case | highlight the implications of
these observations for the broader question as | address them, before drawing

these together at the end of the section.

2.4.2. Landslide Mechanisms

The downslope component of the weight of soil above a potential slip plane
increases with slope angle whereas the normal component and therefore the
frictional strength decreases, until a maximum angle of repose at which shear
stress exceeds strength and the soil moves downslope. Since the soil's material
properties are invariant over short timescales (< years) for a fixed slope
geometry a more rapid change in local conditions is required to initiate failure.

Saturation reduces shear strength through the development of positive pore
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water pressure. If the slope is close to its angle of repose in dry conditions
heavy rain will destabilise it sufficiently for failure to occur (Jenkins et al., 1984).
Other natural trigger mechanisms suggested for shallow landslides include:
undrained loading resulting from rockfall activity (Ballantyne, 1981); and
vibrations created by earthquakes (Harp and Jibson, 1996) or moving flows
(Okuda et al., 1980). These alternative triggers are rare in the UK and most
shallow landslides are therefore triggered by shallow saturated flow in response

to rainfall, surface runoff and snowmelt (Innes, 1983; Iverson, 1997).

Rainfall triggering of shallow landslides has been the subject of intensive study,
including: assessments of empirical relationships between landslide occurrence
and rainfall intensities and durations (Caine, 1980; Cannon and Ellen, 1985);
deterministic assessments of the hydrologic processes involved (Campbell,
1975; Leach and Herbert, 1982; Reid et al., 1988; Buchanon et al., 1990;
Johnson and Sitar, 1990; Wilson and Wieczorek, 1995); and analyses that
account explicitly for uncertainty in soil hydraulic parameters such as hydraulic
conductivity (Reddi and Wu, 1991).

Shallow landslides can be triggered under wholly unsaturated conditions by
infiltration that increases the soil weight or reduces the soil moisture suction
(Brand, 1981). However, most studies suggest that landslides result from
development of positive pore water pressures resulting from saturation (lverson,
1997). Positive pore water pressures in hillslope soil can develop by vertical
infiltration of water from the ground surface, throughflow from adjacent soil and /
or groundwater rise (Figure 2-5). Saturation and positive pore water pressures
often develop when infiltrating water encounters soil with lower hydraulic
conductivity, and transient water table perching occurs (Campbell, 1975; Reid et
al., 1988). Alternatively, infiltrating water may elevate the regional water table
until it intersects the soil. Significant lateral inflow to these soils may occur by
saturated throughflow from adjacent materials (Figure 2-5). A sloping water
table, three-dimensional topographic convergence and other factors may help
direct the saturated flow laterally (Anderson and Burt, 1978). Traditional
hydrological models treat soils and rocks as continuous porous media that obey
Darcy's law. Observations from natural slopes suggest that their hydrology is
strongly influenced by preferential flow (both vertically and laterally) through
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areas where similarity in form and process of instability can be inferred; and 3)
field observations, drawn largely from an inventory of landslides resulting from a

high magnitude rainfall event in the Lake District in January 2005.

Shallow landslides have been most extensively investigated in the Scottish
Highlands (Innes, 1982, 1983, Jenkins ef al., 1988; Luckman, 1992) but also in
parts of Wales (Statham, 1976; Addison, 1987; Winchester and Chaujar, 2002);
the Lake District (Johnson and Warburton, 2003; Johnson et al., 2008); and the
Howgill Fells of Northwest England (Harvey, 1986; Wells and Harvey, 1987;
Harvey, 2001). There is also a considerable body of literature on peat mass
movements (Kirk, 2001; Mills, 2002; Warburton et al., 2004; Dykes and Kirk,
2006) with some similarities in form and process to slides in shallow colluvial
soils. These studies include inventories indicating magnitude and frequency
(Mills, 2002), detailed morphological descriptions (Warburton et al., 2003) and
studies on the hydrological (Warburton et al., 2004; Dykes and Warburton,
2007) and geotechnical (Dykes, 2008) controls on stability in peat. The Lake
District 2005 Landslide Inventory is a complete inventory of ~70 shallow
translational landslides that occurred in the 457km? study area (Figure 2-6) as a
result of a high magnitude rainfall event in January 2005 (Figure 2-7). The
majority of the following information on the characteristics of UK landslides in
general and Lake District landslides in particular is drawn from observations and
measurements collected in this inventory. However, the assertions are
supported by measurements and observations from older Lake District
landslides (Johnson, 2001; Johnson et al., 2008), and from other UK upland
areas (Gifford, 1953; Beven et al, 1977; Innes, 1982; Jenkins, et al., 1988,
Balléntyne, 2002). In particular, Gifford’s (1953) study of the landslides that
occurred during the Boscastle floods (Exmoor, UK) highlights key features in
common with our observations of Lake District landslides from the 2005

inventory, despite differences in their location, setting and trigger events.

In this section | will first introduce the high magnitude rainfall event of January
2005 that triggered many landslides throughout my study area. | will then look at
the distribution of these landslides both spatially and a-spatially, using a
magnitude frequency relationship..Lwill-follow_this with an-analysis .of the. more
local characteristics of the landslide scars: their geometric, hydrological and
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vegetation characteristics. These general trends and similarities in site specific
observations at landslide scars have important implications for the driving
processes. Observations of these characteristics have played a large part in
defining my conceptualisation of Lake District landslides and as a result the
direction of my model development. | will highlight the particularly relevant
observations as | address them; then draw these together at the end of the
section.

Figure 2-6: A map of the study area for the Lake District 2005 Landslide Inventory
showing the spatial distribution of landslides.
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Trigger Rainfall Event

The landslides that occurred in the Lake District in January 2005 were
predominantly triggered by elevated pore water pressures as a result of intense
rainfall. Figure 2-7 shows a NIMROD RADAR image (British Atmospheric Data
Centre, 2003) showing'rainfall (mm) at 0200h and 2130h on 7 January 2005.

Intense rain is clearly visible over Cumbria in both pictures. Heavy rain fell for

“'most of the day; with a small-respite between 0300 and 0900h, resulting in
“~—many-of the -Environment Agency rain gauges in_the central Lake District =

recording some of the highest 24h  values on record.
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Table 2-1: Environment Agency rain gauge totais (> 100 mm) for 7th January 2005. All
records are from automatic tipping bucket rain gauges (recording every 15 minutes)
except those (*) which are from storage gauges (measured daily totais).

Rain Gauge Daily Total (mm)
Rydal Hall 180 *
Honister Pass 164
Seathwaite Farm 159
Black Sail, Ennerdale 153
High Snab Farm, Newlands 148
Dale Head Hall, Thirimere 144 *
Wet Sleddale Reservoir 137
St John's Beck 131
Grasmere, Tanner Croft 129 *
Burnbanks, Haweswater 126
Elterwater, Carr How 121 *
Moorahill Farm, Bampton 113
Brothers Water 112

Landslide Spatial Distribution

The landslides are not evenly distributed across the 457 km? study area, but
show a considerable degree of clustering (Figure 2-6). The majority of
landslides occurred to the North of the area on the Kirk Stile and Buttermere
formations (Figure 2-2), with smaller clusters to the south and east. Based on
this evidence it is tempting to conciude that geology is exerting some control
over the distribution. This must be treated cautiously because we are dealing
with shallow landslides which occur in the overlying regolith and it is the
characteristics of this material (soil properties, geotechnical strength,
hydrological properties and vegetation) that are important in determining
stability. Hence geology often exerts a secondary influence on failures through
its influence on the general topographic form of the landscape and material
properties. For example, the distribution of failures in Figure 2-6 also reflects the
particular storm rainfall distribution (and intensity) across the study area (Figure
2-7) and the influence of the local topography. It is clear from the shaded relief

shown in Figure 2-2 that most of the landslide sites occur on the steeper slopes.

Landslide Magnitude Frequency Distributions

- Landslide-distributions--can=-be--analysed-—not:-only in-terms- of ‘their spatial
~ distribution but also a-spatially in magnitude frequency distributions. The
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magnitude and frequency of landslides defines their impact on people -
(Alexander, 2005) and the landscape (Benda and Dunne, 1997). In particular,
these distributions are useful in the stochastic modelling of geomorphic
systems, where the realistic simulation of mass-wasting processeé remains a
challenge (Stark and Hovius, 2001). However, there are particular challenges in
defining such magnitude frequency distributions (Brardinoni and Church, 2004).
There is considerable debate over the best method of generating them, their
statistical properties and their implications for ‘scale invariance’ (Evans et al.,
2003; Malamud et al., 2004). For many landslide inventories, the magnitude
frequency distribution of medium and large landslides has been found to closely
approximate an inverse power law (Fuijii, 1969; Whitehouse and Griffiths, 1983;
Ohmori and Hirano, 1988; Sasaki et al., 1991; Noever, 1993; Sugai et al., 1994;
Yokoi et al., 1995, Pelletier et al., 1997; Hovius et al., 1997, 2000; Dai and Lee,
2001; Guzzetti et al.,, 2002; Dussauge-Peisser et al., 2002; Dussauge et al.,
2003) despite large differences in landslide types, sizes, distributions, patterns,
and triggering mechanisms. This power law magnitude frequency relationship
has been linked by some to self organised criticality (after Bak et al., 1988) in
the system (Noever, 1993; Hergarten and Neugebauer, 1998). Other
explanations for the power-law dependence have been given by Hergarten and
Neugebauer (2000) who proposed two alternative models that both give power
law distributions; and Pelletier et al. (1997) who combined a slope stability and
soil-moisture analysis to obtain a power-law distribution. Following these
studies, Malamud et al. (2004) found that three landslide inventories
(Northridge, Umbria and Guatemala in Figure 2-8) were well represented by an
inverse gamma distribution combining a power law tail and exponential roll-
over. They suggested this as a generally applicable landslide magnitude
frequency relationship. If this is the case it has exciting implications: 1) the
average area of Iahdslides that occur in an event will be the same for every
‘complete’ inventory; 2) landslides can be defined in terms of a ‘magnitude’ for
each event similar to that for earthquakes by specifying the total number, area,
and/or volume of landslides in an event; and 3) incomplete inventories, for
example where smaller landslides are not included due to censoring, can be
compared with the general landslide probability distributions to infer the
corresponding landslide-event magnitude (Malamud et al., 2004).
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ground survey. The inventory from Brardinoni and Church (2004) based only on
aerial photograph interpretation follows a similar pattern to that of the other
inventories. They suggest that, when ground surveyed landslides are included,
the rollover disappears and the power law continues down to very small (~10’
m?) landslides. This is similar to the magnitude frequency distribution for Lake
District landslides. However, in the Lake District case the distribution deviates
from a power law and does appear to display some rollover for very small
landslides (Figure 2-8). These observations are important and | will return to
them in Chapter 7 where | revisit my observations from the study area in the
context of the results from the preceding chapters. The lively debate among
earth scientists over the form of landslide magnitude frequency relationships
and its implications suggests that our understanding of landslide processes is
not limited to spatial analysis. Even assessed non-spatially landslide
distributions are important indicators of both landslide’s geomorphic power and
the processes that drive them.

Table 2-2: Details on the landslide inventories from which the magnitude frequency
relationships in Figure 2-8 are derived (API denotes Aerial Photo interpretation).

Sample
Location Size Method References
Northridge, California, USA 11111 API (Harp and Jibson, 1995; 1996)
Umbria, Italy 4233 API (Cardinali et al., 2000)
Guatemala 9594 API (Bucknam et al., 2001)
Taiwan 1040 API (Hovius et al., 2000)
Whataroa, New Zealand 3986 API (Hovius et al., 1997)
Western Southern Alps, New Zealand 5086 API (Hovius et al., 1997)
Capilano, British Columbia, Canada 865 API {Brardinoni and Church, 2004)
Capilano, British Columbia, Canada API & Ground (Brardinoni and Church, 2004)
Northern Lake District, UK 68 API & Ground This thesis

Scar Geometry

Lake District landslide scars vary in size from small streamside scars, to major
hillslope failures as large as 1700 m?, on slopes from 6° to 44° (Figure 2-10);
however they do display certain common characteristics. Typically they have
flat slide planes (Figure 2-11), which usually develop along a boundary between
soil materials of different density or permeability (Figure 2-9). Depth to the
landslide failure plane is usually <3 ™ (Figure 2-10) and the length of the slide-is
commonly large compared with its depth. Following failure a distinctive scar
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in the study area in general are skewed towards low values (small landslides)
and that these conditions violate a key assumption of the infinite slope stability
model (discussed in detail in Section 2.6.3) on which most catchment stability
models are based. Assessing the importance of this violation is a key rationale
behind the research in Chapters 4 and 5 and will be dealt with in more detail in
Section 2.6 below.

Table 2-3: Width and length statistics for landslides grouped by scar depth

Depth Length (m) Width (m)
(m) n Mean min max mean min max
<05 19 11.42 2.58 20.74 8.36 2.91 16.81
0.5-1 32 26.10 7.58 74.13 9.94 5.06 24.52
> 1 5 42.99 16.62 61.21 12.96 7.87 21.37

Landslides between 0.5 and 1 m depth follow a steeper trend between width
and depth, with more scatter (Figure 2-12). Their minima are higher than the
shallower scars, 7.6 m and 5.1 m for length and width respectively (Table 7-1).
Landslides deeper than 1 m: plot within the same space as the 0.5 to 1 m deep
landslides, have no clear width length relationship and have minimum widths
and lengths larger than the smaller depth classes. However, the small number
(n=5) of landslides deeper than 1 m and their considerable scatter in width
depth space makes it difficult to draw too many confident conclusions from
these points. These observed landslide scar geometries may reflect geometric
controls on stability or the spatial distribution of soil properties (for example soil
strength or pore water pressure). Later in this thesis (Chapter 7) | will address
this question by comparing observed geometries with stability predictions from a
new stability model that takes into account the additional strength supplied by
the margins of an unstable block.
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in Britain (Gifford, 1953; Jenkins et al., 1988; Warburton et al., 2004; Dykes and
Warburton, 2007) and elsewhere (Brand et al., 1986; Selby, 1993). Gifford
(1953) reports that at some sites there was “slight seepage of water along well
defined slip planes [at others] water drained into the scar through a series of
channels the size of rabbit-holes”. Jenkins et al. (1988) reports water flowing
from similar “pipes and fissures” at the interface between till and bedrock. Both
observations are very similar to those from Lake District landslide scars (Figure
2-14).

Scars also appear closely associated with certain vegetation types, in particular
Juncus effusus rushes were found at head of 85% of the Lake District landslide
scars. This relationship between vegetation and landslide location has been
observed in other areas of the UK. Gifford (1953) states that: “It is the
vegetation cover, which is itself an indicator of groundwater conditions, rather
than with angle of slope that the distribution of landslides can be most clearly
correlated”. She found that: “Most of the landslide scars lie within patches of wet
vegetation (rushes, tussock grass and bog moss)” and that slides rarely began
in dry vegetation with no scars found on heather covered slopes. It is unclear
whether Juncus vegetation is simply an indicator of wet conditions or whether
these plants provide less root reinforcement, reducing the soil’'s shear strength
and increasing its susceptibility to failure. Gifford (1953) suggests that it is both,
since there is a clear link between these vegetation types and wetness and
anecdotal evidence that they provide reduced cohesive strength to the soil. In
Section 3.3 | will tackle this question by measuring the lateral root cohesion of
Juncus and other typical Lake District vegetation types. In Section 6.7 | will
return to this link between wetness and vegetation to broaden my hydrological

study area using remote sensing.

Finally, many landslide scars exposed dense lateral root mats (Figure 2-15) but
few roots were left extending through the basal failure plane. This observation
appears common to many environments susceptible to shallow landsliding
(Gifford, 1953; Preston and Crozier, 1999; Schmidt et al., 2001). Existing
studies suggest that root density varies with depth (O’Loughlin and Ziemer,
1982; Reubens et al., 2007).. Evidence from landslide scars (Figure 2-15)

suggests that the density of roots declines with depth and that this is often a
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2.4.4. Section Summary

Most shallow landslides are triggered by elevated pore water pressure in
response to rainfall or snowmelt. Infiltration, throughﬂow and groundwater rise
are key components linking these processes; and in any combination they can
elevate pore pressures sufficiently for failure to occur. These hydrological
processes have traditionally been represented within models that treat soils and
rocks as continuous porous media. However, observations from natural slopes
suggest that their hydrology is strongly influenced by preferential flow through

discontinuities such as fractures and macropores.

In the case of the Lake District landslides in January 2005 the trigger was
intense rainfall (Table 2-1). Their spatial distribution over the study area
appears closely related to both the track of the January 2005 storm cell (Figure
2-7) and the area's solid geology (Figure 2-2). A physical explanation for the
latter invokes the geological control on the landscapes topographic form and
material properties, which in turn control its stability. Their magnitude frequency
distribution (Figure 2-8) does not closely match the power law relation found in
some studies although it does have a rollover at very small slides. The Lake
District's landslides are shallow (Figure 2-10) and translational (Figure 2-11),
they have common geometric characteristics similar to those observed in other
parts of Britain (Figure 2-12). They also display a series of common features
indicative of the key processes driving instability (Figure 2-9). In particular: the
failure plane is almost always at an interface in the soil (bedrock or iron pan;
Figure 2-13); soil pipes are present in >70% of scars (Figure 2-14); Juncus
grows at the margins of >85% of scars; and lateral roots are ubiquitous at the
lateral scar edges but are extremely rare in the basal failure surface (Figure:
2-15).

These observations have been instrumental in directing my research agenda,
highlighting the key processes driving instability in my Lake District study area.
However, many of the observed features are not unique to the Lake District but
have been reported in field accounts of landslide sites across the world. Based

on these observations | identified that: 1) failure plane depth did not necessarily
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equate to depth to bedrock; 2) lateral root cohesion was likely to be an
important control on stability; 3) the hydrological conditions at landslide sites
may not be well represented by the conventional topographically driven
hydrological models; but 4) they may be effectively indicated by the presence of
certain surface vegetation (Juncus).

As a result of finding 1 | was prompted to carefully examine each of the input
parameters to any slope stability model and try to ensure that the parameter in
the model and that measured in the field matched as closely as possible this is
the agenda for chapter 3.

Finding 2 highlighted a mismatch between an observed process in lateral root
cohesion and its representation in the models, which was solely basal. This
opened a broader question for me about the extent to which additional strength
supplied by the margins of a slide and routinely neglected in catchment stability
models might represent an important control on stability. | start to address these
questions in Chapters 4 and 5.

Findings 3 and 4 presented both a problem, since, as | will explain in Section
2.6.5, landslide models are often founded on an assumption that wetness is
topographically driven, this was something | felt needed to be assessed for my
study area (the subject of Chapter 6). In this respect 4 offered a potential
solution, or at least a potential research approach since combined with remotely
sensed imagery a vegetation proxy for wetness might allow a much broader

assessment of its relationship with topography.

2.5. Soil Mechanics for Slope Stability: an introduction

2.5.1. Scope of the Section

In this section | briefly summarise the key geotechnical terms and concepts
applied in this thesis. Further background can be found in: Craig (2004) and
Powrie (2002). Soil is a three phase material composed of both solid grains and

voids filled with water or air. This granular multiphase characteristic has

importani ihbliréa;tribnsﬁfbr_ité bTehaviodr éhd failﬁre mechéniés; which differ from
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those of other materials. Here | define three key concepts common to all
materials: stress, stain and strength (Section 2.5.2). Characteristics more
particular to soil are then dealt with including: total and effective stress; the
effect of pore water pressure; and drained and undrained strength; which are all
important in modelling slope stability (Section 2.5.3). Finally, | explain the basis
for representing soil shear strength using a friction angle; detail the distinction
between peak and critical strength and explain the commonly applied soil
cohesion parameter (Section 2.5.4). These concepts are the building blocks on
which stability models are based, | introduce them first here then refer back to
them throughout the following section that deals with limit equilibrium stability
modelling and forms a bridge between soil mechanics theory of this section and
its application in catchment stability models as illustrated in Section 2.7. The
application of particular concepts in stability models is flagged briefly where it
first occurs simply to highlight to the reader that this is something on which | will
be relying later in the chapter.

2.5.2. Stress, Strain and Strength

Stress (o) is the average force (F) acting on a unit area (A) in any chosen
direction (tensile, shearing or compressive):
Equation 2-1

o=—
A

For slope stability: F =M g, M =Vp, where g is gravitational acceleration, M is
the mass of the body, V is its volume and p its density. These relationships are
central to slope stability and are the basic information required for limit
equilibrium stability models (discussed in detail later). Stresses acting on a
plane are decomposed into three mutually orthogonal components, with one
component acting normal to the surface (normal stress) and the other two
acting tangential to the surface (shear stresses). Normal stresses tend to
change the volume of the material and are resisted by the body’s bulk modulus. -
Shear stresses tend to deform the material without changing its volume, and are
resisted by the body’s shear modulus. Defining a set of planes aligned with
Cartesian co-ordinates allows the stress state at a point to be described relative

to x, y and z coordinate directions.”Under static equilibrium (no net force) the
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stress state at a point can be described by nine stress components from three

planes. These nine components represent the stress matrix:
Equation 2-2
O-x.\: O-.\'y O-xz

o—yx O-yy O-,vz

O-zv o-zy azz

Where the first subscript denotes the direction of the surface normal to which
the stress acts and the second denotes the direction of the stress component.
Applying conservation of momentum, equilibrium can be described by three
differential equations:

Equation 2-3

oo, 00, do

X

+ +—==0
ax ay az

oo oo oo

¥ »w zy

+ +
6. o, o,

In the case of two-dimensional plane stress these equations reduce to:

Equation 2-4
oo, 01,
ax ay -
or, Oo,
—+—=0
0 0

These equilibrium equations in two and three dimensions are the basis for slope
stability models, applied at the element scale in continuum mechanics
approaches and to the entire mass, slices or columns in limit equilibrium

analysis.

Strain is a dimensionless ratio, defined as the ratio of elongation (du) with

respect to the original length (dx).

Equation 2-5
e = dx'=dx ﬂ
dx dx

Where: dx is the original length, dx’ is the new length and displacement u=x'-x.

Where the strain in one direction is much less than the strain in the other

orthogonal directions the smaliest strain can be ignored and the body is said 6

experience plane strain analogous to plane stress. This is important for slope
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stability models since plane strain is a key assumption for limit equilibrium

methods in one and two dimensions.

Strength is the ability of a material to resist deformation (strain) by
compressive, tensile or shear stresses. Deformation problems encountered in
soil mechanics can be divided into two categories related to their stress strain
behaviour. When stress levels are relatively low crystalline solids respond to
imposed loads elastically (i.e. strain is proportional to load and original
dimensions are recoverable). When the stress levels exceed the capacity of the
solid to deform elastically it undergoes ductile, irrecoverable deformation and
finally fracture (failure). These problems are considered to be in the plastic
range and are analysed using plasticity theories. These two categories can be
visualised on an idealised representation of a stress strain curve (Figure 2-16).
Stress, strain and strength are related in that failure is defined by the stress
strain relationship and strength is defined by the stress at failure.

Figure 2-16: Idealised stress strain relationship showing elastic plastic behaviour (from
Frediund and Rahardjo, 1993).
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2.5.3. Total and Effective stress

Existing catchment scale slope stability models apply effective stresses
assuming that the soil is under drained conditions. | will make the same
assumptions throughout this thesis. The important distinction here is between
total or effective stresses under undrained or drained conditions. Total vertical
stress acting at a point below the ground surface is due to the weight of
everything lying above: both soil and water. Total stress (0x) increases with
depth (z) and density (p, which varies with the water content of the soil):

Equation 2-6
o, =P8
-72 -



Existing catchment scale slope stability models assume hydrostatic conditions
(i.e. they do not account for hydrodynamic water flow). Under these conditions

the pore pressure at a point (u) is given by the hydrostatic pressure:

‘Equation 2-7
u=p.,8z,

where z,, is the depth below the water table. The combined effect of total stress

(o) and pore pressure (u) controls soil behaviour such as shear strength.
Equation 2-8
o,=0,-u
This effective normal stress (0’4) represents the stresses transmitted through
the soil skeleton only. As normal stress is increased, the soil particles
immediately try to take up new positions closer together. However, water is
incompressible and if the soil is laterally confined no particle rearrangement and
therefore no increase in the interparticle forces is possible unless some pore
water can escape. Under these (undrained) conditions, pore water pressure
increases with increased normal stress while the interparticle stress, the
effective normal stress and therefore the shear strength remain constant. If the
excess pore water pressures are allowed to dissipate the soil returns to the
drained condition. Note that drained conditions do not describe dry conditions
(although the concept can be applied in such conditions) but those where there
is no stress-induced pressure in the pore water. Because shear stress in the
soil can be resisted only by the soil skeleton, shear strength should be
expressed as a function of effective normal stress at failure; the shear strength
parameters being conventionally denoted with prime notation (¢’ and ¢').
However, for ease of expression, and in line with the literature, | will assume
effective soil conditions throughout this thesis, dropping the prime notation (so
thatc=c and ¢ = ¢').

These concepts are relevant to my research because of their effect on
measured strength parameters (which differ depending on the stress conditions
in which they are measured). They are also important as the foundations for our
conceptual model of pore water pressure driven slope instability. If shear
strength (s) is proportional to effective normal stress (o) so that changes in
effective stress cause changes in strength, then as the pore water pressure (u)
in the soil increases, effective stresses are reduced by Ac and soil strength is
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reduced by As. If this reduced strength is less than the downslope shear stress
then the result will be failure.

2.5.4. Soil Shear Strength Representation

Soil is able to withstand shear stresses due interparticle friction similar to those
of a solid block sliding on a plane (Figure 2-17). This shear strength (s) is
directly related to the effective normal stress (0,,) by the coefficient of friction (u):
Equation 2-9
s=0', u
Alternatively, the coefficient of friction (v) can be expressed as a friction angle
(). This is the angle of inclination of the resultant stress (S;) on the sliding
interface, measured from the normal (Figure 2-17A).

Figure 2-17: A schematic of (A) the inclination of resultant forces on an interface; (B) the
relationship between 1 and o, when a block starts to slide (From Powrie, 2002).

(A) (B)
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It follows then, that this is also the slope of the line defining shear and normal
stress at sliding (Figure 2-17B), often referred to as the Mohr-Coulomb failure

envelope. Substituting p=tang into Equation 2-9 results in:

Equation 2-10
r=octang

The inter-particle friction angle, for frictional resistance alone (¢,), ranges from
26° to 28° for quartz and feldspar and from 7° to 23° for mica (Horn and Deere,
1962; Lee and Seed, 1967). However, in soil (which is an aggregate of
interlocking particles) the friction angle is less a function of friction than of the
micro-mechanical interaction of particles. Frictional resistance may have little
influence on the effective friction angle because: particles may move relative to

each other mainly by rolling rather than sliding (Ni, 2003); and additional energy
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et al., 1992; Preston and Crozier, 1999, Powrie, 2002). However, linear failure
envelopes are the simplest and most commonly applied method of
characterising soil strength, these take the form:

Equation 2-11
s=c,+0, tang

where: ¢, the effective soil cohesion, is the shear strength at zero normal force
(Figure 2-19B). This positive intercept is commonly attributed to temporary
negative pore water pressures (suction); or diagenetic effects such as chemical
bonding, cementation of grains and creep effects (Hammond et al., 1992).
However, although some soil particles may be lightly cemented, the bonds are
brittte and once broken, their strength is lost. Surface forces in clays can be
significant at low effective stresses but at depths greater than a few centimetres
they are generally small relative to the weight of the soil. As a result,
interparticle ‘friction’ is the main source of strength for nearly all soils, whether
they are predominantly sand, silt or clay (Powrie, 2002).

Figure 2-19: Mohr-Coulomb failure envelopes plotted with peak strength data, showing:
A) the curved failure envelope and its relationship with critical state strength; B) the
overestimation at low normal stress resulting from a linear failure envelope.
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Large values of soil cohesion in apparently cohesionless sands and gravels
(Holtz and Gibbs, 1956; Schroeder and Alto, 1983; Schroeder and Swanston,
1987) can resuit from: ﬁttihg a straight failure envelope to curved test data
(Figure 2-19); or from scattered test data due to specimen variability or testing
errors. These ¢s and ¢ values may be inappropriate for two reasons. First, they
will overestimate shear strength at small effective stresses (shallow soil depths
or steep slopes). Second, there is no guarantee that peak strength will be
uniformly mobilised everywhere it is needed.at.the same_time. It is more-likely
that some soil elements will reach their peak strength first, fail and shed load to
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their neighbours, which will also become overstressed and fail, leading to a
progressive slope collapse analogous to fibre bundle failure models (Powrie,
2002). However, ignoring the cohesion intercept and using only the reported ¢
value for shear strength could underestimate real shear strengths at all
confining stresses.

These problems can be minimised by: 1) modelling the failure envelope as a
curve with a power function (Figure 2-19B); 2) performing shear tests at normal
stresses consistent with the in situ conditions; or 3) using critical rather than
peak strength to characterise the soil (Figure 2-19A). Critical state strength
should be free of both cohesion and dilation effects, and as a result should have
a linear failure envelope without soil cohesion. Critical strength is only reached
after some strain, which may only be achieved as the entire mass begins to fail.
In practice, the soil strength integrated over the spatial extent of the failing mass
and over the time ‘period in which the failure occurs should lie somewhere
between these two. By measuring both peak and critical strength it is possible
to put an upper and lower bound on the soil strength. This is the approach that |
will apply to soil strength characterisation for slope stability in Section 3.2.

2.5.5. Section Summary

Stress, strain and strength are related in that failure is defined by the stress
strain relationship and strength is defined by the stress at failure. The
equilibrium equations, which describe the state of stress at a point in static
equilibrium, are the basis for the existing slope stability models that | will go on

to review in Section 2.6.

These models apply effective stresses assuming drained conditions and | do
the same throughout this thesis, this is important because it defines the
measurement conditions required to collect the soil strength parameters in
Section 4.2. Effective stress theory is also the basis for the conceptual model of
pore water pressure driven slope instability that | described in Section 2.4.2 and
express functionally in Section 2.6.3.
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Interparticle friction is the main source of strength for nearly all soils; it is
proportional to normal stress and can be parameterised using the friction angle
(p) to define a Mohr-Coulomb failure envelope. This friction angle is a central
parameter in all catchment stability models, understanding its provenance is
important because it is a parameter that | rely on throughout the thesis. Strength
can be defined as peak or critical depending on its strain conditions. Peak
strengths are related to dilation; their failure envelope is non-linear and is often
parameterised using an effective soil cohesion (only reasonable under particular
circumstances). Critical strength is unaffected by dilation, is only reached after
some strain as the entire mass begins to fail. The spatially and temporally
integrated soil strength that is relevant for slope stability in a landslide context
should lie somewhere between these two. In Section 3.2 | will measure both to
put an upper and lower bound on the soil strength.

2.6. Review of Slope stability models

2.6.1. Scope of the Section

Process-based mathematical modelling, one of the tools identified in Section
2.2.3, combines the conceptual models developed in Section 2.4.2, and the soil
mechanics theory developed in Section 2.5. It draws on the building blocks from
soil mechanics, placing them within a framework that functionally expresses the
conceptual models of Section 2.4.2. Over the last century geotechnical
engineers have developed a range of mathematical models to predict a slope’s
stability based on material properties and slope geometry. These models either
represent the processes using continuum mechanics, solving the equations
using numerical techniques, or they use a limit equilibrium approach assuming
that the soil is a single block or a series of rigid blocks. Continuum mechanics
approaches allow closer representation of the physical process, but their data
and computational requirements make them unfeasible at the catchment scale.
Limit equilibrium approaches are computationally less demanding; have data
requirements closer to those available at the catchment scale; and can be
solved in one, two or three dimensions. These advantages make it a powerful

and wndely used tool for catchment scale sIope stab|||ty, | will follow the limit

equullbrlum approach in this thesns
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In Section 2.6.2 | introduce the factor of safety, and describe the limit
equilibrium approach to stability calculation, its conceptual basis and
assumptions. In Section 2.6.3 | focus on the infinite slope procedure, the most
widely used limit equilibrium method within catchment slope stability modelling. |
show how it is derived from the soil mechanics principles (Section 2.5) and
relate it back to the conceptual model for slope stability (Section 2.4.2). In
Section 2.6.4 | identify the data requirements for slope stability models
highlighting the parameters to which the model is most sensitive. Finally, in
Section 2.6.5 | review the hydrological models that provide the pore water
pressure estimates for fhe geotechnical model within catchment scale slope

stability models.

2.6.2. Limiting Equilibrium and the Factor of Safety

The factor of safety (FoS) is the factor by which shear strength must be
decreased to maintain equilibrium with shear stress or the ratio of shear

strength of the soil (s) to the shear stress (7) required for equilibrium.
Equation 2-12

Fos =2
T

When FoS is unity, shear stress and strength are equal and the slope is just
~stable or in a state of ‘limiting equilibrium’ (the name given to procedures that
use this method to estimate slope stability). Equilibrium can be calculated either
1) for the entire mass of the soil with its bottom at the failure plane and its top at
the surface (e.g. Infinite slope procedure); or 2) by dividing the soil mass into
slices and solving the equilibrium equations for each slice, a procedure termed
the method of slices (e.g. Bishop’s, 1955; or Spencer’s, 1967). There are three
static equilibrium conditions to be satisfied, equilibrium of: 1) vertical forces 2)
horizontal forces; and 3) moments about any point. When applying limiting
equilibrium methods there are more unknowns than the number of equilibrium
equations so that the problem of calculating the factor of safety is statically
indeterminate (i.e. cannot be calculated from statics alone) and assumptions

are required to balance the equations and the unknowns.
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almost invariably involves the simpler one-dimensional infinite slope procedure.
This is considered a reasonable approximation for shallow landslides where the
failure plane depth is much smaller than landslide width or length (an
assumption that is revisited in Chapters 4 and 5).

2.6.3. Infinite Slope Procedure

The Infinite Slope procedure (Taylor, 1948) makes two key assumptions: 1) that
sliding occurs along a plane parallel to the face of the slope; and 2) that the
slope extends infinitely in all directions so that stresses are the same on the two
planes perpendicular to the slope (e.g. stresses A-A’ = stresses B-B' in Figure
2-21). These forces are collinear, equal in magnitude and opposite in direction.
Therefore they exactly balance each other and can be ignored. The equilibrium
equations are derived using a rectangular block (e.g. A-B-B’-A’). All the forces
perpendicular and parallel to the failure plane are summed to give:

Equation 2-13
F =F_sinf

Equation 2-14
F,=F, cosf

where: B is the block’s slope; F, is the weight of block; Fsis the shear force on

slip plane; and F, is normal force on slip plane.

Figure 2-21: Schematic profile view through an infinite slope showing forces and lengths.




For a block of unit width:

Equation 2-15
F,=p,glzcos
where: ps is the soil density; g is gravitational acceleration; / is the distance
between the two ends of the block; and z is the vertical depth to the shear
plane. Substituting Equation 2-15 into Equation 2-13 and Equation 2-14 gives:

Equation 2-16
F, = p,glzcos Bsin

Equation 2-17
F, = p,glzcos’ §
Shear and normal stresses on the shear plane are constant for an infinite slope;
they are obtained by dividing Equation 2-16 and Equation 2-17 by the area of
the plane (7/) to give:

Equation 2-18
e p,glzcos Bsin f
- 1

= p.gzcos fsin f

Equation 2-19
1 2
5o P8 z;os B

Shear strength (s) for effective stresses is expressed by the Mohr—Coulomb

= p,gzcos’ B

equation (Section 2.5.4) as:

Equation 2-20
s=c(o—u)tang

where: ¢ is effective soil cohesion; u is pore water pressure; and o is normal
pressure. Substituting Equation 2-18, Equation 2-19 and Equation 2-20 into

Equation 2-12 to calculate the factor of safety (FoS):

Equation 2-21
_c+(o-u)tang _c+(pgzcos’ f—u)tang

T pgzcos fsin f

FoS

Assuming hydrostatic conditions:
Equation 2-22
o =cos’ f(p,g(z~2,)+(p,g - p,8)z,)
where: ps is soil density; p,, is water density; and z, is the height of water table
above failure plane. Substituting Equation 2-20 into Equation 2-21 to calculate
the infinite slope factor of safety for hydrostatic conditions (Section 2.5.3):
Equation 2-23

Fos < £1(c08" Blp,g(z~2,) + (L.8 ~ p,8)2))1ANG
p.gzcos fsin
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For cohesionless slopes:
Equation 2-24
2
cos” U —u)tan
Fog = (o8B ) tan
cos Bsin

In this case, the factor of safety is independent of the depth of the failure plane

(2). Factors of safety for small and large depths are the same and it is equally
probable that the failure surface will be deep or infinitely shallow. Therefore, in
cohesionless soils, regardless of lateral dimensions an infinite slope treatment
is appropriate. The procedure is also appropriate in cohesive soils if depth to
the failure plane is limited (for example by soil depth) and is much smaller than
the lateral extent. Infinite slope procedures satisfy all force equilibrium
requirements (Section 2.5.2), moment equilibrium is not explicitly considered
but it is assumed the forces on the ends are collinear and the normal force acts
on the centre of the block.

The infinite slope procedure is widely applied in catchment slope stability
models for two reasons 1) its assumptions (planar failure surfaces at shallow
depths with high length / depth ratios) appear to mesh closely with the
properties of observed shallow translational landslides; and 2) because it
neglects the influence of the block’'s margins it is analytically tractable,
extremely simple and computationally efficient. It effectively expresses the key

processes described in the conceptual model of Section 2.4.2 in functional form:

“The downslope component of soil weight increases with slope angle [Equation
2-16) whereas the normal component [Equation 2-17] and therefore the
frictional strength [Equation 2-20] decreases, until a maximum angle of repose
at which shear stress exceeds strength and the soil moves downslope
[Equation 2-21]. Saturation reduces shear strength through the development of
positive pore water pressure [Equation 2-22] and will cause failure if the slope is
close to its angle of repose in dry conditions.” (Section 2.4.2)

However, the model's assumption that any unstable block is infinitely long and
wide so that effects at the margins of the slide can be neglected is only
reasonable where the soil is cohesionless and where the slides are very long
and wide relative to their depth. My observations at landslide scars in the Lake

-83-



District (Section 2.4.3) suggest that lateral roots may provide important
additional strength at the slide margins and that many slides are small,
potentially violating this key assumption within the infinite slope model. |
address this in detail in Chapters 4 and 5 where | assess the importance of

lateral edge effects using a new finite slope model.

2.6.4. Data Requirements

All Limit Equilibrium models require: 1) the density of the material; 2) its strength
(usually in terms of a Mohr-Coulomb failure envelope defined by a friction angle
and in some cases soil cohesion); 3) the geometry of the ground and failure
surfaces (to calculate volumes and partition stresses); and 4) the pore water
pressure magnitude and distribution. For the infinite slope method: the
geometry can be represented as a slope angle and depth to the failure plane;
and the pore pressures are calculated from the height of the phreatic surface

assuming hydrostatic conditions.

Figure 2-22 shows results from a sensitivity analysis of the infinite slope model,
to identify the most important variables driving stability. In this case, sensitivity
is analysed across a range of parameters representative of those expected in
my study area: 1) variables are varied over a reasonable range (defined in
Figure 2-22); 2) FoS is calculated using the central value for each variable; 3)
FoS is calculated repeatedly as variables are altered individually across their
reasonable range; and 4) percentage change in FoS relative to the base value
is plotted against percentage change in each input variable. Increased soil and
root strength will increase the FoS. Increased slope and saturation ratio (or
water table height) will decrease the FoS. Generally the FoS is most sensitive to
slope and insensitive to soil density. The relative sensitivity of FoS to other
variables changes depending on the central values selected. As soil depth is
decreased, the FoS becomes more sensitive to soil and root cohesion values
and less sensitive to saturation ratio and friction angle. Soil and root cohesion
values affect the FoS more for thin soils on steep saturated slopes, while friction
angle affects FoS more on thick gently sloping soils because frictional strength
is more important where normal stress is high and cohesive strength more

important where it is low.
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Over the last 50 years, a large and growing body of research has developed
within the hydrological literature concerned with modelling spatial patterns of
soil moisture. Given the importance of soil moisture for slope stability, it is not
surprising that hydrological models have been combined with geotechnical
models to predict locations and timings of landslides. In fact the most distinctive
factor differentiating catchment scale slope stability models is their method of

predicting spatial soil moisture and pore water pressure.

Modelling landslide hydrology is not a new phenomenon and distributed
physically-based hydrological models have been widely applied to slope stability
modelling. However, even the most complete models represent a major
simplification of our understanding of hillslope or catchment hydrology (Section
2.4.2). In particular, processes such as preferential flow in pipes or macropores
are often ignored. Hence, it means that these models “are based on flow
physics in name, but the physics is very approximate” (Beven, 2001); a situation
that is likely to persist until field measurements improve to allow better
description, particularly of subsurface flow. It is important that these hydrological
models are physically-based since this maintains the connection between
physical process and model predictions present in the geotechnical model. It is
also important that their predictions can be spatially-distributed to provide the
spatial pore water pressure field required to parameterise the geotechnical
model. The broad spectrum of models that fulfil these criteria can be
distinguished by the way they discretize the catchment and solve the process
equations (Beven, 2001). | group them into four categories: fully process-based
distributed models, kinematic wave models; steady state models; and one-
dimensional infiltration models. In the sections below | deal with each in turn
describing their salient features, identifying their advantages and disadvantages
with reference to illustrative examples.

Fully process-based distributed models (solved in three dimensions) allow
the prediction of local hydrological responses within a catchment but have many
parameter values that must be specified for every grid element. This makes
parameter calibration difficult but direct measurement or estimation of effective

parameter values at the grid scale is also difficult due to_ heterogeneity of

catchment characteristics and the limitations of available field measurements
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(Beven, 2001). The large amounts of input data required and longer
computation times involved have meant that few studies have attempted to

simulate landslide hydrology in three dimensions (Griffiths et al., 1999).

The SHETRAN model (Burton and Bathurst, 1998) was one of the first
examples of slope stability prediction using a fully distributed physically based
model. In this case it is a modified version of the Systeme Hydrologique
Européen (SHE), a grid based, finite difference hydrological model (Beven et
al.,, 1980). Soil saturation conditions are modelled at a coarse resolution
(200 m) with each grid element characterised by a single value of saturated
zone thickness at each time step. Burton and Bathurst (1998) use a wetness
index to link coarse scale saturated zone thickness with subgrid variability at the
fine grid resolution (20 m). Griffiths et al. (1999) applied a three-dimensional
extension of Collison et al.’'s (2000) one-dimensional model. They represent
infiltration, unsaturated and saturated flow, and throughflow, using a simple
‘non-linear tank model' approach (Sugawara, 1995) with the soil profile split into
by three layers.

GEOtop-FS (Simoni et al., 2008) includes a treatment for the effects of matric
suction on stability and accounts for transient responses of pore water pressure
to rainfall infiltration; it accommodates horizontal variability in soil type, soil
properties and vegetation cover. Soil moisture and matric suction within soil
layers are computed for every time step by numerically integrating Richards’
equation (Richards, 1931; Freeze and Harlan, 1969) in a three-dimensional
scheme. The relationship between the suction potential and the volumetric
water content is given by the van Genutchen (1980) model. The use of
Richards’ equation removes the need for the assumption of stationary
conditions in subsurface flows allowing a full description of transient flows and
infiltration, unlike the simplified steady state, saturated water flow model used in
SHALSTAB (Montgomery and Dietrich, 1994) and dSLAM (Wu and Sidle,
1995).

Kinematic wave models can closely approximate those based on the extended
Dupuit-Forchheimer assumptions in terms of predicting water table profiles
(Beven, 1981). Kinematic wave models are usually limited to lateral flow in one
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dimension (parallel to the impermeable layer and in a downslope direction) due
to the problem of kinematic shocks when two waves converge on one another
(Singh, 1996; Beven, 2001). Slope stability models applying a kinematic wave
treatment of subsurface hydrology (Wu and Sidle, 1995) take a similar approach
to that of the THALES and TOPOG models (Moore and Grayson, 1991;
Grayson et al.,, 1992, 1995; Vertessy et al.,, 1993; Vertessy and Elsenbeer,
1999) and are based on the TAPES-C digital terrain analysis package (Moore,
1988). For each element in these models, the streamlines define no-flow
boundaries; the upper contour is an inflow boundary and the lower contour an
outflow boundary (Figure 2-25). These models (Wu and Sidle, 1995; Dhakal
and Sidle, 2004) rarely account for vadose zone hydrology, implementing the

kinematic wave in one dimension for the saturated zone only.

Steady state models, such as TOPMODEL, can be considered a further
approximation to the kinematic wave description of subsurface flow (Kirkby,
1997), based on two assumptions: 1) the dynamics of the saturated zone can
be approximated by successive steady state representations of the saturated
zone on an area (a) draining to a point on a hillslope; and 2) the hydraulic
gradient of the saturated zone can be approximated by the local surface
topographic slope measured with respect to plan distance (tanf). These
assumptions lead to simple relationships between catchment storage deficit (the
amount of additional water required for saturation) in which the main factor is
the Kirkby topographic index: a/tanf (Kirkby, 1975). Points with the same value
of the index will be predicted as having the same hydrological responses. These
assumptions are similar to those of the ‘wetness’ index developed
independently by O’Loughlin (1981) and used in the TOPOG model
(O’Loughlin, 1986; Moore et al., 1988).

TOPMODEL in its original form (Beven and Kirkby, 1979) takes advantage of
the mathematical simplification allowed by a third assumption: that the
distribution of downslope transmissivity with depth is an exponential function of
storage deficit or depth to the water table. Given this exponential transmissivity
assumption, the appropriate topographic index of similarity is In(a/tanf). Other
forms of transmissivity profile assumption lead to different forms of the
topographic index; these have been examined by Ambroise et al. (1996). One
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of the major attractions of this hydrological representation, which is based on a
topographic index of hydrological similarity, is its simplicity and the small
number of required parameters. Only upslope contributing area and local slope
are required variables. These are relatively well constrained since they are
derived from topographic data that are now of a high resolution and precision.
However, even these parameters are sensitive to their source data, resolution

and processing (examined in Section 3.6).

SHALSTAB (Montgomery and Dietrich, 1994) takes advantage of the simplicity
of the steady state hydrological description to test the hypothesis that
topography exerts a controlling influence on landslide locations. The advantage
of the model is that its hydrological component is simple and computationally
efficient, allowing quick analytical solution and making it suitable for application
with high resolution topographic data - identified as an important control on a
model’s predictive capabilities (Lane et al., 2004; Reid et al., 2007). However,
by assuming steady state rainfall, the model takes no account of transient
conditions and is unable to predict temporal response of landslides to varying

rainfall patterns (which was not its original aim).

Montgomery and Dietrich (1994) apply the TOPOG hydrological model
(O'Loughlin, 1986) using a steady state net rainfall (precipitation less
evapotranspiration and deep drainage into bedrock) and mapping the spatial
pattern of equilibrium sdil saturation based on analysis of upslope contributing
areas, soil transmissivity, and local slope. They assume that all net rainfall
becomes shallow subsurface flow, and is routed down slope. This allows
calculation of the local flux through each cell, reducing the hydrological model to
a calculation of wetness (m), which is the ratio of local flux at a given steady
state rainfall to that at soil profile saturation:

Equation 2-25
=2
Tsinf

where: q is the steady state rainfall rate, a is the upslope contributing area per
unit contour length, T is the saturated soil transmissivity (the depth integrated
hydraulic conductivity) and B is the local slope. Their wetness index differs from
that of Beven and Kirkby (1979) because they assume that saturated

conductivity does not vary with depth and because they consider that
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calculating local slope in terms of true rather than planimetric length is more
physically correct hence sinp rather than the conventional tanf (Dietrich and

Montgomery, 1998).

Many other landslide models have been developed following SHALSTAB which
take a similar approach but with subtle differences (Borga et al., 2002;
Vanacker et al., 2003). In particular, the SINMAP approach (Pack et al., 1998)
adds the capability of casting results into a prdbabilistic framework but handles
the hydrology in the same way; and SEDMAP (Reid et al., 2007) applies the
network index version of TOPMODEL (Lane et al., 2004) hypothesising that
hydrological connectivity is the key property defining sediment delivery to the
channel (Warburton et al., 2008).

One-dimensional Infiltration Models represent an alternative hypothesis on
the hydrological control on slope stability to that of the steady state models,
which is most eloquently outlined by Iverson (2000). They hypothesise that that
lateral redistribution is negligible relative to vertical infiltration over the time
period of an individual storm (lverson, 2000). As a result they simplify the
representation of hydrological fluxes (represented in the Richard’s equation) by
reducing the problem from three-dimensions to one and considering only
vertical infiltration. Originating from one-dimensional soil water-slope stability
finite difference models (Anderson and Howes, 1985), these models have been
developed to consider slope stability relative to climate, vegetation and
paedogenesis (Brooks and Richards, 1993; Brooks et al., 1995; Collison and
Anderson, 1996).

Short-term pore water pressure variation has also been successfully simulated
using pressure diffusion models (Haneberg, 1991; Reid, 1994; Iverson, 2000).
This approach is applied in the USGS TRIGRS model which combines an
infinite slope stability model with a vertical infiltration model based on Iverson’s
(2000) linearization of Richard’'s equation for transient unsaturated flow (Baum
et al., 2008). Resuits for a study area on the Puget sound, Washington suggest
that the spatial pattern of instability is primarily controlled by topography (slope),
while _the intensity and duration, of rainfall. and _the subsequent pore pressure,

responses control the temporal pattern of instability (Savage et al., 2003). The
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infiltration model applies mainly to soil depths that are shallow compared to the
upslope contributing area and is unsuitable for simulating hydrologic response
in dry soils. The results of these models are very sensitive to initial water table
conditions: Baum et al. (2008) state that accurate initial conditions are probably
the most significant input for the model. Obtaining such initial conditions
requires a significant number of field observations and / or steady state

modelling to generate these.

Summary

Most catchment stability models apply either one-dimensional or steady state
hydrological models. Spatial pore water pressure predictions from steady state
models are driven by topographic indices. The more complex three-dimensional
or kinematic wave models represent flow dynamics more completely but their
spatial predictions remain largely topographically-driven. Even one-dimensional
model predictions, are sensitive to their initial conditions; when these are
provided by a steady state model (as suggested by Baum et al., 2008) they will

also produce topographically driven spatial soil moisture patterns.

This is important because it suggests that all hydrological models include an
assumption that wetness is topographically driven. The models do not account
for some soil water processes, such as preferential flow in soil macropores,
identified as potentially important to Lake District landslide hydrology (Section
2.4.3). This is unsurprising, since there is no adequate descriptive equation to
represent them (Beven, 2001) and our current understanding of their behaviour
is limited. The simplified conceptual model represented in even the most
complete physically based models is unlikely to hold at all scales, but is likely to
hold at some, particularly the broadest (catchment) scale. The key question is:
how adequate is this for slope stability modelling? Or phrased slightly
differently: does the emergent topographic signal drown the noise resulting from
other factors described in our conceptual model of hillslope hydrology (Section
2.4.2)? '

| tackle these questions in Chapter 6, where | test the hypothesis of
‘topographically driven wetness, comparing.observations to. predictions. primarily

based on steady state wetness indices. These are the most widely applied
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within the slope stability literature and they simply summarise the topographic

wetness hypothesis for general conditions.

2.6.6. Section Summary

Two and three-dimensional methods allow improved representation of the
failure geometry. However, their data and computational requirements limit their
applicability at the catchment scale where analysis almost invariably involves
the simpler one-dimensional infinite slope procedure. This approach is
analytically tractable and effectively expresses the key processes described in
the conceptual model of Section 2.4.2 in functional form. Howéver, the infinite
slope assumption which allows the effects at the slide margins to be neglected
is only reasonable where the soil is cohesionless and where the slides are very
long and wide relative to their depth. My observations from Section 2.4.3
suggest that lateral roots may provide important additional strength at the slide

margins and that many slides are small, potentially violating this assumption.

Sensitivity analysis can identify the most influential parameters for slope
stability. Error in these parameters will have a significant effect on the models
predictive power. Information on parameter uncertainty, combined with an
understanding of the model’s sensitivity to its parameters allows us to associate
a confidence with our predictions; and to identify the ‘limiting’ parameters on
which future measurement efforts might be concentrated. Slope stability is
extremely sensitive to the soil's pore water pressure, which is highly variable
across space and time so that it represents a key priority in terms of input data
for stability models. This information is conventionally provided by process
based hydrological models. These models are based on an assumption that
wetness is topographically driven and do not account for some soil water
processes, such as preferential flow in soil macropores. The representativeness
of these models is likely to depend on both the setting and the scale of enquiry,
considerations that | return to in Chapter 6.
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2.7. Case Study: SHALSTAB in the Lake District

The previous sections have reviewed catchment scale slope stability models in
terms of their component geotechnical and hydrological models, indicating their
inherent assumptions and the range of models available. To provide é practical
illustration of the properties of these models | will finish the chapter by applying
SHALSTAB to my Lake District study area as a case study of a simple
catchment scale slope stability model. | use SHALSTAB in this context because
it was one of the first examples of such models; it is also one of the simplest

and most widely applied.

Substituting the saturation ratio (m) into Equation 2-23 from the discussion of
infinite slope stability equations in Section 2.6.3:
Equation 2-26
2
Fos < £ tcos Bez(p, —p‘vm)wnw
P, gzcos fsin f

where:
Equation 2-27

W

m=—r
z

-Then rearranging to solve for the critical saturation ratio required for failure

(Merit), i.e. solving for m where FoS=1:

m +&(1_Mj
p.gzcosftangp p, \  tang

Equation 2-28

and using the hydrological treatment identified in my discussion of steady state
models from Sectjon 2.6.5 above, specifically Equation 2-25, which describes
the soils saturation ratio m in terms of upslope contributing area per unit contour
length (a), slope (B) rainfall rate (q) and soil transmissivity (T).

Equation 2-29
m=9_2
T sinp

Substituting Equation 2-29 into Equation 2-28 and rearranging, we can describe
the limiting stability for a soil element in terms of the ratio of rainfall rate (q) to
transmissivity (T) using:

q =sin,B c A 1_tanﬂ
4:‘#1 a |: tan¢

p.gzcosftangp p,

Equation 2-30
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Applying this model first to Coledale, a small catchment in the Lake District
study area, in which there were several landslides in 2005 illustrates several
interesting and widely reported properties of this type of model. Firstly, the
model is not in perfect agreement with the observations. This is to be expected
since the model is designed to predict zones where failure is most probable
based on topography. Simple GIS based slope stability models such as
SHALSTAB provide useful information on areas likely to be more susceptible to
slope instability. However, when treated as fully deterministic using realistic
parameters these models consistently predict larger, more numerous potential
landslides than are observed (Carrara et al., 1991; Montgomery and Dietrich,
1994; Montgomery et al., 1998; Bathurst et al., 2005; Figure 2-23). Failures do
not occur at all sites predicted by the model and they do occur at some sites not
predicted to fail. In some of the locations where landslides were observed in
zones predicted as having a low probability of failure, this is a result of poor
topographic representation. Although the elevation data used in Figure 2-23 has
a 5 m resolution, slopes are often calculated using a square nine cell kernel, the
landslide labelled A in Figure 2-23 was a small gully slide failure <10 m long,
and the slope of the gully side is incompletely represented by the local slope

value calculated from the elevation model.
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Equation 2-32

tan f > tanp + ——
7 pgzeos

Areas where the cell’s stability is dependent on its degree of saturation and its
local slope are considered Conditionally Stable. Saturation thresholds for the
simple steady state hydrological model can be defined in slope area space for a
given rainfall (q) and transmissivity (T) by solving Equation 2-29 for m=1. The
conditional stability thresholds can also be defined for a given g and T using
Equation 2-30. They begin at the point where the wetness threshold intersects
the conditionally stable zone. At this point complete saturation is required for
failure. The exponential decline in contributing area required for failure reflects
the decreasing degree of saturation required to trigger failure as local slope

increases towards the threshold of unconditional instability.

Figure 2-24: A schematic illustrating the SHALSTAB relative stability thresholds in slope
area space. Each dashed line represents a doubling in steady state rainfall or ‘storm
maghnitude’ with decreasing T/q.
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Viewing the data in this form illustrates similar.trends.to the spatial assessment

for a smaller subset of the data (Figure 2-25). In particular cells containing
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landslides appear to cluster in the mid range contributing areas (between 102
and 10* m?) and largely in the conditional stability zone, with no landslide cells
falling into the area predicted unconditionally unstable. The limiting slope angles
for the conditional stability zone are defined by the soil strength parameters. In
this case | have applied a friction angle of 45° without any cohesion (reasonable
values for the coarse granular soils in the study area, Section 3.2). The fact that
not all failing cells are captured within the conditional stability zone suggests
that some or all aspects of soil strength (friction, cohesion or root reinforcement)
vary spatially across the catchment. This is expected, and the choice of a single
set of soil strength parameters is merely a simplifying assumption because: 1)
our knowledge of soil strength and its spatial pattern is limited; and 2) it allows
the model to represent only the effect of topography on stability. Some
indication of the variability in soil strength parameters can be gained from tests
in situ or in the laboratory; these are examined in Section 3.2.

Researchers often attribute the seemingly stochastic occurrence of landslides
within the large predicted failure zones that these models produce to sub-grid
variability in topography or spatial variations in soil depth, reinforcing effects
from roots, precipitation, groundwater response and angle of internal friction
(Dietrich et al., 1995; Wu and Sidle, 1995; Montgomery et al., 1997). Previous
study in these areas has yielded some disappointing results for deterministic
slope stability modelling (Montgomery et al., 1997, 1998, 2002). In fact
Montgomery et al. (2002) have suggested that because the characteristics of
some of these parameters are so difficult to ascertain: models that attempt to
represent them deterministically “may be no more insightful than interpretation
of simple topographically driven models used to predict zones of high landslide
potential” (Montgomery et al., 2002). This suggests that deterministic stability
predictions are unfeasible at present and that this is unlikely to be altered by
small improvements in the quality of the input data (Chapter 3) or representation
of failure mechanics (Chapter 4). However, it does not preclude the possibility
that improvements in representation of the processes controlling failure will
improve the ability of stability models to predict the locations of these broad
zones; nor the potential of such additional constraints to provide information on

the magnitude of landslides that might be expected in these zones. FEinally,.

even the broad zones of predicted instability are controlled by the assumption
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of the slide can be neglected; and 2) that the spatial soil moisture pattern is
topographically driven. To address these problems | will firstly develop a new
way of accounting for the additional strength supplied by the margins of the
block in Chapter 4. This will be tested and assessed for sensitivity (Chapter 5)
allowing some important conclusions to be drawn regarding limiting landslide
geometry. Secondly, | will test the topographic wetness hypothesis for the Lake
District, both at the small and large scale, since it is the emergent pattern that |
am interested in. However before making alterations to existing models it is
essential that the input parameters are as well constrained as possible to avoid
altering a good model structure to account for misrepresentation in model
parameters. This is tackled next in Chapter 3, where | will deal with the data

requirements for each parameter in turn.
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3.Data Collection and Data Quality

3.1. Scope of the Chapter

In analysing model performance, characterising the quality and uncertainty of
input parameters is an essential step. Chapter 2 gave a detailed review of
distributed slope stability models. Section 2.6.4 identified five key input
parameters, which are common to almost all slope stability models. This
chapter deals with: soil strength (3.2); root reinforcement (3.3); soil density
(3.4); soil depth (3.5); and topographic data, both for local slope and as a
wetness indicator (3.6). For each parameter, this chapter addresses its nature;
the measurement options; measurements adopted; and findings in relation to

other empirical or mechanical studies.

3.2. Soil Strength

3.2.1. Scope of the Section

In Section 2.5 | identified soil strength as an important control on slope stability
and reviewed the foundational soil mechanics associated with it. In
Section 2.6.4 | have shown that the factor of safety, on which almost all slope
stability models are based, is highly sensitive to the soil's strength which can be
characterised using cohesion (cs) and friction angle (¢). In Section2.5.4 |
suggested that, by measuring both peak and critical or residual strength it is
possible to put an upper and lower bound on soil strength. This is useful
because soil strength integrated over the spatial extent of a landslide and over
the time period of failure should lie between these two values. In this Section |
apply this approach to soil strength characterisation. There is strong evidence in
the literature that soil strength is highly variable in three-dimensional space;
observations of landslide failure planes at scars within the study area suggest
that this is the case in the Lake District. | aim to characterise the soil strength
and its variability for different locations and contexts within my study area.

In Section 3.2.2 | review existing theoretical and empirical research into soil
strength to identify the key factors controlling it. In Section 3.2.3 | detail the
methods that can be used to characterise this strength, discuss their pros and

cons and finish by identifying the most suitable method for my study area. In
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Sections 3.2.4 and 3.2.5 | describe my methods for collecting and processing
the soil strength data. | measured both peak and critical strength and discuss
these results separately in Sections 3.2.6 and 3.2.7 before comparing them in
Section 3.2.8. Finally in Section 3.2.9, | put these measured soil strengths into
the context of current mechanical understanding and relevant empirical
relationships within the literature and discuss the issues related to their

application in slope stability modelling.

3.2.2. Controls on Soil Shear Strength

Soil strength is almost exclusively frictional. It can be represented using a Mohr
Coulomb envelope to define shear strength at a given normal stress. This
comprises a friction angle related to the slope of the envelope and an apparent
cohesion to adjust for non-linearity in the envelope where soils dilate during
failure. The friction angle is less a function of friction than of the micro-
mechanical interaction of soil particles. The inter-particle friction anglle for a soil
is generally larger than frictional resistance alone since additional energy is
required to dilate, rearrange or crush particles in order to shear the soil (Rowe,
1962; Lee and Seed, 1967).

As the void ratio of sand decreases (i.é. density increases) so does particle
interlocking and friction angle (Table 3-1). This is the most important factor
controlling friction angle (Hammond et al., 1992), especially for sands. In a
dense state, the soil particles are interlocked to a higher degree and hence the
effective friction angle is greater than in a loose state. However, once in the
critical state (Section 2.5.4), the shear strength and density of loose and dense
sand tend to approach each other (Rowe, 2001). Soil gradation, grain shape
and roughness, grain size and mineralogy also have some effect, with grain
shape being most significant. The friction angles of angular soils tend to be
greater than those of rounded soils. Angular soil particles tend to have rougher
surfaces and better interlocking ability (Hammond et al., 1992; Rowe, 2001). A
well-graded cohesionless soil will usually have a higher friction angle than a
uniform soil (Hammond et al., 1992). With more soil particles to fill in the small
spaces between soil particles, there is more interlocking and friction resistance
developed for a well-graded than a uniform cohesionless soil (Rowe, 2001).
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Mineralogy is generally considered to have little effect on the shear strength of
sands and gravels (Hammond and Hardcastle, 1987). However, soil particles
composed of quartz tend to have a higher friction angle than those of weak
carbonate (Rowe, 2001).

Table 3-1: Effective friction angles for different types of cohesionless soils at medium
and dense packing densities (from Hough 1957).
Effective friction angles ¢

Effective friction angle

Soil types at peak strength
¢ at critical strength
Medium Dense
Silt (nonplastic) 28 - 32° 30 - 34° 26 - 30°
Uniform fine to medium sand 30-34° 32 -36° 26 - 30°
Well-graded sand 34 -40° 38 - 46° 30 - 34°
Sand and gravel mixtures 36-42° 40 - 48° 32 - 46°

It is generally assumed that because of greater interlocking, coarse grained
soils have higher friction angles than fine grained soils at a given relative
density. In particular, sand and gravel mixtures have a higher effective friction
angle than non-plastic silts (Rowe, 2001). This relationship can be seen in
Table 3-1 and Table 3-2. However, gradation and particle angularity generally
play a more important role. Poorly graded silty gravels with rounded clasts (e.g.
alluvial or glacial deposits) usually have lower friction angles than well graded
silty sands with angular fragments (e.g. colluvial or residual soils) at the same
relative density. Gravelly sands are assumed to have higher friction angles than
those without gravel. However, the effect of gravel on soil shear strength is not
fully understood and is difficult to assess because it is difficult to sample and
test specimens containing large clasts. Conﬂicti’ng test results are produced
because the changes in gradation, void ratio and limiting unit weights that occur
when coarse fragments are added or removed make comparison of shear
strengths of fine and coarse soils uncertain (Leslie, 1963; Marachi et al., 1969;
Baladi and Wu, 1986; Hammond et al., 1992). Several studies have shown an
increase in friction angle, as coarse sand and gravel are added to a soil when
compared at the same relative density (D; in Table 3-2) (Holtz and Gibbs, 1956;
Baladi and Wu, 1986). However, this effect is limited until the soils contain
>50% gravel, since until this point the gravels float in the matrix of finer soil and
shear strength is controlled by this matrix.(Holtz and Ellis, 1961; Siddigi, 1984).
Also, Lambe and Whitman (1969) suggest that large particles may lead to lower
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friction angles because their centres of gravity are further from the shear plane

so they are able to roll more easily.

Summary

Soil strength is conventionally represented using a friction angle (¢) and an
apparent cohesion (c;). Steeper friction angles represent stronger soils. A soil’s
friction angle is defined largely by the grain on grain interactions rather than the
friction of the material itself. As a result friction angle is strongly influenced by
soil density and gradation, grain size, shape and roughness as well as
mineralogy. These relationships mean that given knowledge of a soil's material
properties (density, grain size distribution mineralogy) its strength can be
characterised by a range of potential friction angles and effective cohesions
(e.g. Table 3-1 and Table 3-2). However due to the spatial variability of these
soil properties and the complexity of their interactions a more precise

characterisation is presently unattainable.
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Table 3-2: Values of soil density (ps), cohesion (c;) and friction angle (@) for Coarse
Gravel (GP), Medium Gravel (GM) and Coarse Sand (SM) classes from the Universal Soil
Classification System (From Hammond et al. 1992; Gardiner and Dackombe, 1983)

Soil (USC) % Dr Pe (kg m J? C; (kPa) P (°) Source Notes
or void ratio
GP loose 0-35 0 33-36 7
1729-1890 0 275-325 15
0.44-0.73 30-38 4 Colluvium
"GP medum = o0 )
- dense 35-65 0 36-39 7
1890-1986 0 32.5-37 15
50 1874-1954 13-20 38.740.4 3 65-82% gravel
0.18-0.44 3645 4 Colluvium
"GP dense-  65-100 0 73943 A
very dense 1986-2146 0 37-425 15
1842-2002 0 >37 16
1778-1986 0 38-42 6 52—-100% gravel (alluvium)
70-90 2026-2067 20-20 404444 3 65-82% gravel
GM loose 0-35 0 33-36 7
824-1457 4-9 33.6—43 9 Colluvium (graywacke}
GM medium 35-65 0 36-39 7
- dense 1906-0 20-0 39.5 13
GM dense - 65-100 ' 0 3943 7 T h
very dense 1922-2162 0 >37 16
SM loose 0-35 0 27-34 7 Full grain size range
1409-1762 0 27-325 15
1409-1489 0 32-355 2 Medium to fine grained
1267-1593 0 24-316 1 Angular full grainsize range
1515-1646 0 27-279 1 SR coarse to medium grained
0.68-1.05 28-32 4 residual soil (general range)
SM medium  35-65 S 0 3037 "7 " Fullgrain size range
- dense 1521-1858 0 31-36 15
1497-1657 -7-32 29.9-38.1 13
1505-1762 -17-5 27-50 14 most ¢'s=35-45
1521-1569 0 36.7-39 2 Medium to fine grained
1121-1713 040 306414 8 Sandstone colluvium and tiil
51-65 1600-1869 0 334-354 1 Angular full grainsize range
0.49-0.68 32-38 4 residual soil (general range)
SMdense-  65-100 0T T3t T " Full grain size range
very dense 1601-1938 0 34-41 15
1569-1890 0 32-46 5
1585-1649 0 40.2-43.5 2
1441-1922 -5-6 30-48 14 55% of ¢'s 38—42
1729-2050 0 35.1-50.7 1 Angular full grainsize range
0.15 45 4 Colluvium
glacial till 37 4
1.5-25 32-35 4
slate soils 0.6 0 42 4 residual soil
0.45-0.7 ) 43 4 Colluvium, 85% gravel!
0.5 44 4 Colluvium, 57% gravel
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3.2.3. Measuring Soil Shear Strength?

Three broad approaches are available to measure the strength of the soil: 1)
laboratory methods including direct shear, triaxial compression, or ring shear
testing (Bishop and Bjerrum, 1960; Negussey et al., 1988); 2) back-analyses of
observed slope failures; and 3) in situ measurement using direct shear, shear
vane or cone penetrometer tests. Each of these techniques is suited to different
conditions or questions such that data collection has to be tailored to

environment and data requirements.

Laboratory methods allow parameters to be determined with more confidence
and reduced measurement error, under controlled conditions. However, field
conditions are difficult to replicate in the laboratory (Chandler, 1973, Carson,
1977). The apparatus is usually designed to test small samples of relatively
homogeneous undisturbed or remoulded soil materials and overestimates
friction angles where the ratio of specimen width / maximum particle size is <10
(Carson, 1977). Pedological soil and organic materials are often specifically
excluded from testing because of the influence any structural discontinuities or
compositional inhomogeneities may have on shear strength (Skempton and
Hutchinson, 1969). The location of potential failure planes is often uncertain and
soil samples are often difficult to excavate without disturbance so that samples
are often taken from higher up the profile. However, the soil at the failure plane
may not have the same properties as the overlying material. For example, there
may be thin clay seams at the failure plane, or a frictional resistance between
soil and bedrock that is less than within the soil mass itself (Alexander, 1989).
Therefore, sampling or testing the upper soil material may give inappropriate
values. These issues limit the ability of laboratory shear tests to represent the
strength of coarse soils with significant structure or discontinuities.

Back calculation provides an integrated measure of soil strength over the area
of the failure (Micheli and Kirchner, 2002). However it is sensitive to the method
used to calculate stability (Gilbert et al., 1998) and so this method should be
carefully chosen to both properly represent the failure geometry and to provide
estimates that are compatible with the method for which the stability parameters
are being obtained. In particular three-dimensional effects, which increase the

stability of a sliding block are rarely accounted for in stability analyses because
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the resultant predictions are conservative (Stark and Eid, 1998). However, this
is problematic since it will lead to overestimation of the soil's strength. Finally
back calculation requires the other parameters within the stability model to be
well constrained (Deschamps and Yankey, 2006). This is reasonable Vfor failure
geometry and density, which can be measured, but is rarely the case for pore
water pressure at the time of failure. As a result back calculation can often only
provide a range of potential soil strengths for a given range of pore water

pressures.

In situ measurement of soil properties minimises the risk of disturbing the
sample. Shear vane tests (Cadling and Odenstad, 1950) have been widely used
to determine the in situ undrained shear strength of fine grained soils (Veneman
and Edil, 1988). In soft clays these have approximated calculated in situ shear
strength for real failures more closely than laboratory tests. However, they
overestimate strength in mineral soils (Bjerrum, 1972) and are unreliable for
organic rich deposit due to distortions caused by the fibrous character of the
soil. Penetrometer tests involve driving a rod into the ground and recording the
resistance to penetration. Results can be used to estimate in situ undrained
shear strength from empirical correlations (Karakouzian et al., 2003). The tests
are simple, low cost and minimise disturbance. However, determination of the
shear strength of some soils can be very unreliable and they should be used
only as an approximation or in conjunction with other methods (Lambe and
Whitman, 1969). Further, measuring soil friction angle requires the
measurement of shear stress and normal stress at failure. This precludes the
use of simple vane shear and penetrometer tests, which can determine in situ

undrained shear strength but not normal stress.

Large scale direct shear tests conducted in situ under natural conditions are
effective in incorporating macroscopic structural or compositional propérties in
large samples and minimising disturbance to the sample during preparation for
testing. The sample is failed by direct shear along a predetermined plane under
a range of normal stresses. A Mohr-Coulomb failure envelope for the sample is
established. by plotting normal stress against the shear stress required for
failure. Such tests incorporate. the pedogenic and biogenic - structural

discontinuities and compositional inhomogeneities, which are not adequately
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represented in standard laboratory and field tests (Chandler et al. 1981). The
disadvantage of such tests, compared with laboratory methods, is that they
allow less control over the test procedure so their results include increased
measurement uncertainty. Whilst the test apparatus is portable, these tests are
longer and more labour intensive than alternative in situ measurements (e.g.

penetrometer tests).

Summary

A range of methods are available to measure soil strength, all have advantages
and limitations. It is important to match the method to the environment under
consideration and the data requirements (i.e. the planned application for the
measured values. The soils on hillslopes in my study area are largely coarse
gravelly glacial tills and colluvial deposits containing large clasts (Section 2.3)
rendering shear vane, laboratory direct shear or triaxial tests unsuitable. At
many of the observed landslides in the study area failure occurs at a hard layer
in the profile either at an iron pan layer or the soil / bedrock interface
(Section 2.4.3). These samples would be difficult to excavate without disrupting
their spatial structure and the conditions at the failure plane difficult to
reproduce. | am interested in estimating an integrated measure of a landslide’s
soil strength at failure. However, back calculating the soil strength at landslide
scars is not feasible since insufficient information is available to constrain other
important parameters, in particular pore water pressure and root cohesion.
Further, Chapters 4 and 5 will illustrate the importance of three-dimensional
effects on stability, these are rarely incorporated in back calculation. Given the
coarse and heterogeneous soils in the study area and the inherent uncertainty
in the spatial pattern of soil strength (Section 3.2.2) my aim was to establish
reasonable soil strength values, characterise the variability in strength and to
put these properties into the context of existing soil strength data (reviewed in
Section 3.2). | required a large number of tests to account for soil variability,
incorporating undisturbed macroscopic soil structures and simulating in situ
geostatic stresses, depths and inclinations. These requirements are met most
effectively by a field shear box, which avoids many of the limitations associated
with sample removal and, if a large box is used, allows better representation of

failure in coarse soils. An integrated measure of soil strength can be obtained
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by defining an envelope of soil strengths from peak (upper bound) and critical
(lower bound) state strength tests.

3.2.4. Data Collection

Tests were located at the heads of landslide scars to ensure correct
identification of the failure plane and to minimise disturbance. Two different
landslides were chosen in order to establish soil strength variability within and
between sites (Figure 3-1). Sites were chosen for accessibility and to represent
the different failure plane locations observed at landslide scars in the study
area. The ‘Catbells’ landslide (Grid Reference: 3273,5237 209 m O.D.) has a
failure plane at bedrock, while the ‘Coledale’ (Grid Reference: 3205,5221 333 m
0.D.) landslide failure plane is at an iron pan layer. To eétablish the extent to
which failure plane soil strength differed from that of intact soil a third set of
tests were performed on intact soil samples near the Coledale landslide at or
close to the surface. Samples were tested under three of the common
vegetation types in the study area (Eriophorum, Pteridium and Juncus) to

account for the effect of vegetation on soil strength (Figure 3-1).

Figure 3-1: A flowchart illustrating the experimental design for the soil shear strength
tests.

Soil Shear Strength Tests
(n=41)
Landslide Scars Surface
(n=24) (n =l 17)

Coledale Catbells Pteridium Eriophorum  Juncus
(n=12) (h=12) (n=15) (n=6) (n=6)
L 1 L ]

Failure plane tests Surface tests under
at different locations different vegetation types

Given the review of soil strength measurements in Section 3.2.3 in situ direct
shear tests are the most suitable for assessing soil strength in my study area. |
performed these using a modified version of the open sided field shear box
designed by Chandler et al. (1981) and sketched in Figure 3-2. In order to

- 108 -






measured by a 10 kN load cell. Displacement is measured using a Linear
Differential Variable Transformer (LDVT). Both the load cell and LDVT are
connected to a Campbell Scientific data logger (logging at a frequency of 4 Hz)
and are downloaded after each test (Figure 3-2). Effective stress measurements
require the sample to be displaced at a rate that allows excess pore water
pressure to dissipate (Section 2.5.3). In the coarse soils with low volumetric
moisture content (mean values of 31% for Coledale and 19% for Catbells)
tested here these displacement rates are suitable to obtain drained effective
stress parameters (Chandler et al., 1981).

Shear stress is derived by summing the down slope component of the weight
force (Sg) with the force applied to the box by the winch (S,), then converting to

a stress using the equation:

Equation 3.1
S, +S, S, +(W+p gV)siné
Ab Ab

N

where: W is the mass of the box and lead blocks (kN); ps is the soil density (Kg
m™); g is acceleration due to gravity (m s); V is the volume of the soil sample
(m®); A, is the basal shearing area (m?); and 6 is the sample slope (°). The
normal stress acting on the shear plane g, is a function of the mass of the shear
box and lead blocks, the mass of the enclosed soil specimen and the sample

inclination acting over the area of the basal shear plane.

Equation 3.2
Pz _(W+p,gV)cos@
4, 4,

o, =

Using this method peak and critical soil shear strength envelopes can be
measured. These have been defined with reference to the stress displacement
curve in Section 2.5.4, the following are my operational definitions to interpret
the in situ shear box measurements. Peak strength was defined as the
maximum strength recorded over the test period. Critical strength was identified
based on a series of rules. For tests with a peak and a falling limb where the
falling limb reached a constant or almost constant strength (Figure 3-3, A) | took
the median of the values from the inflexion to the end of the test. For tests that
underwent constant decline after the peak but where the strength did not reach
a constant value (Figure -3-3; -B);~l-took--the -minimum -strength- at- full .
displacement (120 mm). For tests where there was no decline after the peak
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Figure 3-4: A flowchart of the data treatment steps for shear box measurements, each
task is carried out for peak and critical state measurements for each measurement set
and subset indicated in Figure 3-1. Dashed lines link tasks with their relevant statistical
tests.

Task Test

Remove Outliers ------------ > Leverage StudentsR Cook'sD DFITS DFBETA

Test dependent variable normality ---,
l b-----»  Shapiro-Wilk Doornik-Hansen
Test residual normality

Test residual he{eroscedasticity ------------- > IM-test BP / CW test

Regression requirements

Strength measurements in situ experience occasional experiment failure due to
the nature of the tests and the material that is being tested. Such results need
to be removed to prevent them from introducing gross error into the strength
parameters. Unusual or influential observations were identified statistically
based on: 1) the degree to which the predictor deviates from the mean
(Leverage); 2) their residuals from the regression line (student’'s R); 3) tests
combining these measurements (Cook’s D and DFITS); and 4) their influence
on the regression coefficients (DFBETA). Once identified the metadata for these
measurements were checked to establish their reliability. The results of these
tests are shown in Table 3-3 for peak strength and Table 3-4 for critical
strength, giving the resuits from each method for any observation failing one of

the tests.
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Figure 3-5: Plots of peak (A) and critical (B) shear strength against normal stress for
samples at landslide failure planes and those under three different vegetation types
{Pteridium, Eriophorum and Juncus). Labelled points highlight the outliers removed from
each sample.
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Table 3-3: Results from statistical tests to identify outliers in the peak strength
measurements. The sites listed are those that failed at least one of the tests. For each
test the threshold beyond which a point should be considered an outlier is