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ABSTRACT

Large-scale civil éngineering works, planning and land-management in
areas known to have a landslide problem require regional landslide
susceptibility evaluation. The Matrix Assessment Approach (MAP) is
introduced as a technique for establishing an index of slope
stability over large areas. The method allows the relative landslide
susceptibility to be computed over large areas using a discrete
combination of geological/geomorphological parameters. MAP was
applied to a region in the Peak District, Derbyshire. The model
identified key geological/geomorphological parameters involved in
deep-seated failures, provided an effective means of classifying the
stability of slopes over a large area and successfully indicated
sites of previously unmapped landslides. The resultant regional
landslide susceptibility index provides useful preliminary
information for use at the pre-site/reconnaissance stages of large-

scale civil engineering works such as highway construction.

Unlike deep-seated failures, shallow translational slides usually do
not prevent the use of areas above and below the failure, however,
they can cause considerable inconvenience and expense when remedial
engineering works are necessary. An investigation was undertaken in
order to establish the precise critical state of geamorphological
factors involved in shallow translational landsliding in the Peak
District. Back calculations based on the Infinite Slope Stability
Model showed how the factor of safety against shallow translational
sliding changed as one geomorphological parameter varied. The value
of the factor of safety was very sensitive to changes in the values
of effective cohesion and piezometric height, moderately sensitive to

changes in the values of regolith depth and the angle of slope



inclination and insensitive to changes in the values of angle of
friction with respect to effective stresses and soil unit weight.

The recognition of such meso/micro geomorphological thresholds is not
only important for geomorphologists concerned with landform
evolution, it is also fundamental to successful and safe engineering

practices,

II
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1.1 INTRODUCTION

Landslides continue to pose many engineering problems, from the
immediate effect of physical damage, and in extreme cases the
associate loss of life, to the costly stabilisation measures required.
In recent years there has been an increasing number of reports
relating slope stability to the disturbance of previously existing
landslips. Pre-existing landslips in Great Britain are largely a
product of slope processes which operated during the Late Devensian
Glacial and early Flandrian. The displacement/ translocation of
material during mass movements affected the geotechnical and
geohydrological properties of the hillslope, markedly reducing the
shear strength of the slope forming material to its residual or
'ultimate' strength. Such landslides often came to rest in a state of
near limiting equilibrium which could be disturbed by engineering
works undertaken at a much later date. The geomorphological
expression of old and dormant landslides is frequently very subtle and
easy detection is generally only possible on the completion of a
thorough geomorphological/geological investigation, this fact is borne
out by the number of old landslides that have not been discovered
until reactivated by engineering works. It is apparent, therefore,
that site investigation in areas susceptible to landsliding should
encaompass techniques capable of identifying those features and
structures indicative of instability, théteby enabling the delineation
of both areas of hillslope instability and areas of potential
instability, and to differentiate these from adjacent areas of stable

ground before engineering works commence.

There is an increasing requirement for slope stability information in

planning/engineering management decision-making as the demand for
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roads, structures, recreational facilities etc grows. Large-
scale/extensive civil engineering works, planning and land-management
in areas known to have a landslide problem require large area or
regional landslide susceptibility (threshold) evaluation. Mass
movements are the result of an interplay of a large number of
interelated geological and geomorphological factors. The
identification and measurement of mass movement in the field requires
both surface and subsurface site investigations of the geotechnical,
geomechanical and hydfogeological characteristics of the parent slope
and the failed mass. However, an accurate stability analysis of
natural slopes by means of intensi&ely applied geotechnical techniques
cannot be carried out at reasonable cost over large areas. In such
cases an alternative approach is needed which is capable of
identifying those sites most likely to be prone to instability. The
procedure must of necessity be based on easily obtained parameters
which can be readily collected over the whole of the investigated area
and which are known to be directly or indirectly correlated with slope
stability. A proven landslide susceptibility evaluation technique may
provide a very useful source of information to planners who implement
hazard-reduction programmes and to consulting engineers who serve as
advisors to construction companies, local government or directly to
government departments. Over the last three decades there has been an
increasing interest by engineers and planners in establishing methods
and techniques for more accurate terrain classification and land-use
plahning because of the mounting pressure imposed by developers in
marginal areas (i.e. those areas originally left undeveloped because

of their perceived engineering problems such as slope instability).
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Engineering geological/geomorphological investigations have recently
contributed to the successful planning, design and construction of a
number of major civil engineering projects, particularly where
present-day processes can affect the planned design and/or actual
construction work. An important aspect of an engineering
geological/geomorphological investigation is the recognition of
'geological/qgeomorphological thresholds', especially those related to
slope stability (i.e. the recognition of those areas where there is a
potential for new/or renewed geological/geomorphological activity).
If the advent of a 'threshold condition' i.e. areas/slopes in a
'threshold state' can be determined and predicted, an important
service can be rendered to planners and engineers. Over the past
twenty years, or so, it has become common practice to use aerial
photograph interpretation and field based geomorphological mapping at
the reconnaissance stage of a project in order to identify those sites
where geotechnical investigations are most likely to be required.
Together these techniques normally provide a good basis for
recognising existing failures, including those of some antiquity.
However, most investigators are cautious of having to define 'slopes
potentially susceptible to failure'. Mapping in this manner tends to
identify landslides and leave the remaining slopes unclassified.
Although there is a clear distinction in terms of physical activity
between slopes which are undergoing movement and those which are
static, it over-siimplifies the issue to classify slopes as being
either 'stable' or 'unstable'. If a classification of slope
susceptibility/terrain sensitivity is required it is better to
envisage slopes as existing in a continuum of predisposition states
ranging from stable, through unstable (marginally stable) to an
actively unstable state. This continuum represents successively

smaller margins of stability culminating in the actively unstable



slope where the margin is zero. 1In deterministic terms, these
stability states can be defined (at least theoretically) by the
ability of transient forces to produce failure. Stable slopes are
those where the margin of stability is sufficiently high to withstand
all transient forces. Marginally stable slopes are those which will
fail sometime in response to transient forces attaining a certain
threshold level. Actively unstable slopes are those where the
transient forces produce continuous or intermittent movement. The

distinction between stable and marginally stable states in these terms

is more easily made in theory than in practice.

Within the engineering geological/geotechnical professions there is at
present an almost complete laissez faire system, with virtually
complete freedom to solve slope instability problems, carry out in-
vestigations, conduct analyses and make predictions according to the
inclinations of the practitioners or consultants concerned. Many
situations arise in engineering geological/geotechnical consulting
activities where there is no clear cut solution for an engineering
problem, in addition data may be limited and therefore interpretive
methods have been used to obtain the 'best result' for a particular
situation. Equally, there are many.routine situations for which the
data is not in dispute, but for which there are numerous techniques
available solutions for analyses, all leading to different answers.
The first part of this thesis presents a supplementary technique to
aerial photograph interpretation and geomorphological mapping called
the Matrix Assessment Approach (DeGraff & Romesburg, 1980¢).The Matrix
Assessment Approach is a quantitative method for establishing an index
of instability states over large areas. The method allows the
relative landslide potential/susceptibility to be evaluated over large

areas using a few key measurable stability factors/parameters and
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follows a well defined procedure. The standard procedure of the
Matrix Assessment Approach and the fact that results can be reproduced
and verified overcomes some of the problems of the laissez faire
system of investigations used by geological/geotechnical engineers
mentioned. The index of slope instability or landslide susceptibility
classes are defined by discrete combinations of measurable parameters.
The Matrix Assessment Approach which uses identified macro stability
factors (i.e. regional topographical/morphological and geological
controls on stability), was applied to a region of the Peak District,
of Derbyshire. A map of existing landslides served as the basic data
source for understanding the macro threshold conditions controlling
slope instability. Nine macro stability factors have been combined in
a computer data matrix in such a manner in order to create landslide
threshold/susceptibility values for a 1.5 ha grid network across the
study region. This regional landslide susceptibility index is
intended to provide a valuable additional source of information at the
pre-site investigation/reconnaissance stages of site investigation

procedures prior to large scale civil engineeriing works such as

highways.

The second part of this thesis examines the meso/micro stability
threshold conditions and considers whether specific geomorphological
threshold states can be identified within the superficial materials on
hillslopes, particularly with respect to shallow planar translational
slides in regolith. In order to monitor the present dynamics of the
threshold state of shallow planar sliding, a series of
geomorphological techniques were applied including a network of
instruments placed on the hillslopes of a small catchment (Callow
Bank). Using conventional 'Infinite slope stability Analysis', it was

possible to define the precise 'critical state' of a series of
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geomorphological parameters (i.e. effective cohesion (c'),
piezometric head (h), depth of regolith (z), angle of internal
friction with respect to effective stresses (0'), pore water pressure
(u) etc) associated with the overall threshold instability state.
From such a threshold study (sometimes termed Sensitivity Analysis)
it is possible to show how a factor of safety against shallow planar
landsliding varies with changes in the value of the geomorphological
parameters. The effect on the factors of safety as a result of
variations in these parameters can then be assessed and, if
considered necessary, more or less conservative criteria may be
adopted for design based upon the frequency distribution of the
values of the parameters obtained during testing and observation.

The recognition of such meso/micro geomorphological thresholds is not
only important for geomorphologists concerned with landform
evolution, it is also fundamental to successful engineering. If the
threshold/sensitivity analysis shows that the stability of a slope on
an engineering site is inadequate, the designer should first
establish which particular geomorohological parameters have the most

important effect on the factor of safety and thus plan the design

criteria accordingly.

The format of this thesis is arranged in three sections. Section 1
provides the reader with a background to the factors causing
instability, with particular reference to the Peak District of
Derbyshire. The first part of Section 1 provides a brief resumé of
the geology, geomorphology and Quaternary history of the Peak
District with the intention of citing some of the most important
research relevant to the study area. The latter chapters of Section
1 consider the spatial distribution of landslides and the factors

initiating slope failure in the Peak District of Derbyshire.
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Section 2 of the thesis emphasises the importance of identifying
areas of slope instability and outlines techniques of landslide
hazard mapping. The Matrix Assessment Approach for evaluating
regional landslide susceptibility is introduced and applied to a

region of the Peak District of Derbyshire.

Section 3 of the thesis deals with the most common type of present
day landslide process in the Peak District, that of shallow
translational landsliding., A detailed field investigation was
carried out on the hillslopes of Callow Bank near Hathersage in the
Peak District of Derbyshire in order to establish the precise
critical state or threshold of a number of geomorphological factors
involved in shallow planar translational landsliding. Five

objectives were investigated:-

(1) To examine slope profiles in the Callow Bank study area in order
to establish whether 'Characteristic slope angles' can be identified
and whether these correspond to those found by other research workers

(Carson & Petley, 197@; Carson & Kirkby, 1972).

(2) To examine changes in the piezometric surface within regolith
material along slope profiles with respect to (i) rainfall, (ii)
stream discharge, (iii) regolith characteristics, (iv) geology, and

(v) hillslope morphology.

(3) To design and build an Open—-sided Field Direct Shear Box.

(Chandler et al., 1981).

(4) To examine the shear strength of regolith material at various

positions along a slope profile using the Open-sided Field Direct
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Shear Box and to compare the results with those obtained by other
research workers using more conventional shear box testing methods

(Carson & Petley, 1970; Carson & Kirkby, 1972; Rouse, 1975; Rouse &
Farhan, 1976).

(5) To apply Infinite Slope Stability Analyses in order to establish
critical parameter threshold values and to develop an index of
stability for shallow landslides under various conditions of slope

steepness and ground water conditions.

The concurrent theme throughout both Sections 2 and 3 is to develop
further the potential application and presentation of selected
geomorphological techniques to site investigation and construction
design procedures. A major advantage of geomorphological techniques
is that they can be applied cheaply and rapidly to many different
aspects of a large-scale engineering project and in a wide range of
environments, for example, in road alignment location and
construction. Such techniques can be applied by small teams/or
individuals and therefore, do not incur large support expenses.
Above all, the geomorphological survey techﬁiques provide a spatial
and temporal perspective to the assessment of the overall 'ground
conditions'. Geotechnical engineers, engineering geologists and
other design engineers have traditionally been preoccupied with site
specific investigations, the geomorphologist perceives the landscape
within a much broader spatial and temporal framework compared to the
traditional approach of engineers. This intuitive awareness enables
the engineering geomorphologist to more fully understand the nature
of geomorphological processes which have operated or are actively

operating at the site of interest.



1,2 GEOGRAPHICAL SETTING

There is no single authoritive definition of the name 'The Peak
District'. 1Its main origins and use are in connection with
landscape appreciation and recreation. To most people it applies
as much to the high gritstone moors of the Dark Peak between
Sheffield and Manchester, as to the limestone plateau and dales of
the White Peak. It has statutory meaning in the formal designation
(1951) of the Peak District National Park. The Peak District is
situated at the southern end of the Pennines, a broad anticline of
carboniferous rocks with its crest eroded therefore exposing the

oldest rocks at the core of the range (Fig. l.1l.).

Key
E Post-Carboniferous rocks E Cachornierous Limestone Series
E Cosl Measures Series
Milistone Gret Senes OL |?o km

Fig. 1.1. Geological sketch-map of the Peak District and
adjoining areas, with diagrammatic cross-section to show

the structure (Simpson, 1982).
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Fige. 1.2, Location map of the study region,

Although primarily an upland’ area (>275m above sea level) with a
moderately uniform cool temperate maritime climate, there are

marked contrasts between the landforms and drainage of the White

Peak and Dark Peak.
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The White Peak is essentially a gently undulating limestone plateau
surface ranging in altitude from 275m to 450m and devoid of
residual hills (Linton, 1963). In areas subjected to faulting or
processes of erosion and weathering the limestone plateau margins
are steep and scarplike (Parkinson, 1947; Stevenson & Gaunt, 1971).
The plateau surface is dissected by a complex network of sinuous
valleys most of which are permanently dry under present climatic
conditions, few valleys carry perennial surface streams (except the
Dove, Derwent, Manifold and Wye), (Warwick, 1964, Forde & Burek,
1977). The limestone plateau composed of thick soluble well-bedded
and well-jointed limestone devoid of surface drainage and with a
comparatively high effective precipitation (>8@0mm) suggests that
extensive underground drainage systems exist; but to date only a
few are known to any extent and most of these lie in small valleys
contiguous to the limestone margin (Ford, 1966). Small surface
streams occasionally emerge in areas where perched water tables
have developed over impervious igneous rocks or clay bands within
the limestone series. Karstic features such as potholes, sink
holes, caves and limestone scars are common in the White Peak,
though limestone pavements, typical of certain areas of the

Yorkshire Craven area are poorly developed.

In contrast the High or Dark Peak is a region of high moorland
plateau dissected by deep valleys eroded through a succession of
Mid-Carboniferous sandstones, mudstones and shales. The higher
relief of this area is dominated by a series of peat-covered
structurally controlled plateaus which have been truncated by
erosion to form extensive planation surfaces (Sissons, 1954;
Linton, 1956; McArthur, 1977). These hills and plateau range in

‘height from 480m to 618m above sea level. The geological
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structure, i.e. the gentle easterly dip of the Namurian sandstones
and shales, partly explains the general asymmetry of the valleys,
the distribution of the escarpments and the susceptibility of the
valley slopes to mass movement (Stevenson & Gaunt, 1971). Former
glacial and periglacial processes have also effected the landforms
and superficial deposits found within the Dark Peak (Johnson, 1967,
1979a; Wilson, 1981). Another major control on landform
development has been the intermittently falling base-level that has
successively rejuvenated the stream system (Waters & Johnson, 1958;
Straw, 1968; Johnson, 1969b; Burek, 1977). The rivers draining the
Dark Peak have cut through a complex succession of massive
sandstones and incompetent shales, mudstones and thin sandstones,
and have created stepped valley side profiles with prominent
structural benches occurring wherever massive sandstone beds
outcrop. Where Namurian sandstone and shale strata are inclined, a
well developed scarp and dip slope cuesta topography has developed,
Craggy escarpments or edges are conspicuous physiological features
along the outcrops of the more massive and resistant Namurian
sandstones. Valley side or summit tors have developed on valley
and escarpment edges respectively; their location is largely

controlled by the jointing pattern of the sandstones.

The alternating succession of Namurian sandstones and
shale/mudstone have created inherently unstable valley sides
particularly where competent massive sandstones have become exposed
and overlie the weaker and incompetent shale/mudstone strata.

Landslides are therefore a common feature in the Dark Peake.

Beneath the gritstone scarps of the Dark Peak, most stable

hillslopes have either broadly concave or rectilinear profiles with

12
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fhe steepest elements ranging from 17° to 25° (Carson & Petley,
1970; Carson & Kirkby, 1972; Johnson & Walthall, 1979). These
straight/rectilinear slopes have been interpreted to be a product
of slope wash and rill erosion processes which took place during
the late Devensian Glaciation (Rouse & Farhan, 1976). It has been
postulated that these characteristic straight hillslopes are a
product of the limiting angle of stability for superficial material

on the hillslopes (Rouse, 1969, 1975; Carson & Petley, 197@; Rouse
& Farhan, 1976).

The plateaus of the Dark Peak were covered by extensive snowfields
during the Devensian Glacial (Johnson, 196%9a, Wilson, 198l), The
snowfields would have supplied sufficient meltwater both for ground
water storage and saturated throughflow. Permafrost must also have
been present at depth within the valleys, the presence of a
perenial permafrost table coupled with high snowmelt ensured a
series of high water tables in the area particularly during Spring
and Summer months. The development of high pore-water pressures in
the Namurian shales and mudstones at such times facilitated the
mass movement of debris by mudsliding, solifluction and creep
especially where weathered material could be easily transported to
form extensive spreads of head on the valley footslopes (Said,

1969; wilson, 1981).

Fossil scree covers most of the sfeeper slopes partlcuiarly below
the gritstone edges. Boulders derived from former rockfalls from
the gritstone escarpmehts are now widely distributed over the

higher and middle slope séctions of the valley sides, having been

transported principally by solifluction and landslide processes.



In areas where landsliding has taken place, clitter has been
distributed on the outer slopes of rotated landslide blocks and in
some places has been transported considerable distances downslope
in secondary slip and mudslide movements. Frost shattered rock
debris has also been redistributed by meltwater streams which
carried the boulders down their channels, deposifing them as
boulder fans on the valley floors. Detailed accounts of the
geomorphology of the Dark Peak are given by Johnson & Walthall,

1979; Johnson, 198@; Stevenson & Gaunt, 1971; McArthur, 1977, 1981
and Ford, 1977,

In historical and indeed prehistorical times human activity in the
Peak District was primarily conditioned by the local geology and
geomorphology (Hawke-Smith, 1981; Bradley & Hart, 1983). More
recent human interventation, notably extractive industries and

reservoir construction have had a large-scale impact on individual

landforms and on the landscape as a whole.

1,3 LOCATION OF THE STUDY REGION

The inset in Figs. 1.3 shows the location of the study region. The
region covers an area of 342 km2 and is bounded by Bleaklow Hill

in the north west, Broomhead reservoir in the north east, the
Kinderscout plateau in the west, Dove Holes in the south west,
Bradfield, Hallam and Burbage Moors in the east and extends to
Nether Padley in the south east (National Grid Eastings 4088 to
4270 and Northings 3780 to 39608). The region incorporates the
Alport, Ashop, Edale, Hope and Upper Derwent valleys, and the

Derwent and Ladybower reservoirs. These valleys form the lowlands

eroded in the basal Namurian shales. The gritstone plateaus of
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Kinder, Bleaklow, Howden Moor and Hallam Moor and their associated
gritstone edges including Blackden, Rushop, Bamford, Shatton and
Stanage dominate the upland topography within the region. The
uplands form part of the Dark Peak, whereas the southern part of
the region contains the northern part of the Carboniferous

limestone plateau which forms part of the White Peak.
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Fig. 1.3. Map of the study region, showing the northern and

southern sections of the study region. The inset shows

the location of Callow Bank Case study area.
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Two principal roads cross the study region area, the A57 (Snake
Pass) between Manchester and Sheffield following the River Ashopton
and Holden Clough valley, and the A625 which forms a major Pennine
link from Sheffield, Bakewell, Matlock and Chesterfield in the east
to Buxton and Manchester. The AS7 is frequently blocked by
snowdrifts in winter and the A625 is renowned for the Mam Tor

landslide which led to the closure of a section of the road in 1979
(Figo 1.3)0
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1.4 GEOLOGICAL BACKGROUND

l.4.1 Introduction

Almost all the rocks in the Peak District belong to the
Carboniferous System and were formed between 286 and 345 million
years B.P, Three of the major subdivisions of the system, the
Carboniferous Limestone (Dinantian) Series, the Millstone Grit

(Namurian) Series and the Coal Measures (Westphalian) Series are

represented in the study region (Fig. l.4.).

“——== SOLID GEOLOGY
— OF

JS= THE PEAK DISTRICT

E Coal measures ond younger tocks 77771 Shole and shale grit
Millstone grit @ Carboniferous Limestone

¢  Swollowhole °

Emerging sireom

Fige 1.4, Solid Geology of the Peak District (Anderson & Shimwell, 1981)



Many exhaustive accounts of the stratigraphy of the limestone tract
of the Peak District have been published (Rayner, 1953; Parkinson,
1957, 1965; Eden et al., 1964). Sedimentary petrologists have also
paid considerable interest to the Namurian Series of the Upper
Carboniferous (Hudson, 1943; Greensmith, 1956, 196@; Allen, 1960;
Collinson, 1969). A number of geological memoirs have been
published describing in detail the geology of the Peak District
(Green et al., 1887; Gibson & Wedd, 1913; Eden et al., 1957;
Sylvester-Bradley & Ford, 1968; Stevenson & Gaunt, 1971). A full
account of the geology of the study region and surrounding area is
given in the Chapel-en-le-Frith Geological Survey memoir (Stevenson
& Gaunt, 1971). The study region is mainly covered by the 1:50 000
Chapel-en-le~Frith geological map sheet 99, but also extends into
small sections of adjoining sheets 10¢, 86 and 87. Table l.l.

shows the geological sequence of the study region.

1.4.,2. The Lower Carboniferous

The Dinantian rocks of the Peak District are a marine sequence
composed mainly of limestones, but also contain some shales and
standstone units. These rest unconformably on pre-Carboniferous
rocks which are not exposed in the area but have been proved in
three deep boreholes at Caldon Law, Woo Dale and Eyam (Cope, 1973;
Dunham, 1973). During the early Dinantian, carbonates were
probably deposited throughout the region but these beds are at
present only exposed in the Dovedale = Ecton = Caldon Low area in
the southwest of the region. During later Dinantian times shallow,
well oxygenated seas were established in the northern and central
parts of the region (the Derbyshire shelf) and also, on a smaller

scale, in the extreme southwest (the Staffordshire shelf) while an
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Lower Coal Xeasures
Shales, mudstones and sandstones, including the
Crawshaw gandstone with thin coals and seatearths

and with the Gastrioceras Subcrenatum Marine Band
at the base.

EILLSTONE GRIT SERIES (WAMURIAN)

Rough Rock Group: Yeadonian (G1)
Shales and mudstones with Rough Rock at the top and
tha Gastrioceras Cancellatum Xarine Band at the base.

Kiddle Grit Group: Xarsdenian (Rz)

Shales, nudstones and sandstones including Rednire
Flags, Chatsworth Grit and Heydon Rock and with the
Reticulocerus gracile Karine Band at the base.

Kinderscout Grit Group: Kinderscoutian (R,)

Shales, mudstones and sandstones including Kinderscout
Grit, Shale CGrit and Yam Tor Beds and including the
upper part of the Edale Shales with Homoceras
Negistorum Eand at tbe base.

Beds below Kinderscout Grit Group: Pendleian,
Arnsbergian, Chokerjerian and Alportian (EJ to R
Shales and mudstones with very thin ironstones,
limestones, siltstones and ‘Crowstones' (quartzite
sandstones), consisting in the main part of the Edale
Shales with Cravenocerus lefoa at the base.

GEOLOGICAL, SEQUENCE
SUPERFICIAL FORMATIONS

Recent and Pleistacene
H1l1 Peat
Alluviunm
River Terrace undifferentiated
Head ‘

SOLID _FORMATIONS

UPPER_CARBONIFERQUS

COAL XMEASURES (YESTPHALIAN)

Thickness(m)
(generalised)

Up to 2%59a.

Up to 131im.

Up to S48m.

Up to Si8n.

Up to 30lm,

VISEAK

Eyam Group (Pa)
Dark tbin bedded limastones; dark sbales in upper part.

Konsal Dale Group (Da)
Grey and dark grey linestones with Litton Tuff aud
Upper Killers Dale Lava.

Bea Low Group (Dv)

Pale grey massive limestones with lLower Killers Dale
Lava. .

Voo Dale Group ¢S2)
Dark grey and grey thin bedded limestones.

LOVER_CARBONIFEROUS LIXESTONE SERIES (DINANTIAN)

Up to S4m.

Up to 182a.

Up to 167=s.

Up to 70m.

Table 1.1. Geological sequence of the study

Gaunt, 1971)

region (Stevenson &

19



e ad S

20

area of deeper water covered the intervening 'off-shelf' area
(Aitkenhead & Chisholm, 1982). On the shelves, pale—grey coloured
limestones were deposited (20@¢m in thickness) which are
distinctive for'their lithological uniformity over wide areas, but
in the off-shelf province a more varied sequence of dark grey
coloured limestone with some shales and sandstones (130¢m in
thickness) was laid down (Harrison & Adlam, 1984). In the closing
stages of the Dinantian a series of localised volcanic eruptions
oécurred in both the shelf and off-shelf provinces and lavas and
tuffs were interbedded with the limestones. Walters and Ineson
(1981) give a comprehensive review of the Igneus rocks of
Derbyshire. Carbonate deposition diminished at the end of the
Dinantian and gave way to muds and sands during the Namurian.
Within the study region the Carboniferous Limestone Series outcrops
between Water Swallows, Castleton and Stoney Middleton; this area
is in the northern extremity of the 'Derbyshire Dome', slight earth
movements took place during deposition of the limestones but the
main phase of deformation took place at the end of the
Carboniferous period. The effect of the earth movement on the
shelf limestone was relatively minor but the rocks of the
intervening area were arched up into a series of north or north
westerly trending folds (Fig. 1.5). A long erosional interval
followed the earth movements. Alteration of the limestone to
dolomite occurred locally probably during Permian time, and
episodic mineralisation took place from the Carboniferous through
to Jurassic times, when fissures in the limestone were in places
infilled with calcite, baryte and fluorite locally containing lead,

zinc and copper ores.

Renewed uplift in the Tertiary led to the removal of post-Dinantian



cover rocks and the deposition on the limestone surface of the
sands and clays of fluvial and lacustrine origin. These are now
only preserved in steep-sided solution-pockets on the limestone and

are collectively termed Pocket Deposits.

In past years the geological literature of the region has produced
a lithostratigraphy of the Carboniferous Limestone Series
containing a large number of local rock names. With the completion
of the British Geological Survey's primary six-inch mapping of the
region, a stratigraphical scheme for the whole region has now been
formulated (Aitkenhead & Chisholm, 1982) (Table 1.2.,) A useful
summary of the limestones of the Peak District is given by Harrison

& Adlam (1984).

CORAL-
BﬁQﬁ;'o‘ STAGEs | DERBYSHIRE | OFF-SHELF  |STAFFORDSHIRE
2ONES SHELF PROVINCE SHELF

hi T e T,
AW LIESTONAE L] .. MISON MESTONE >
D2 BRIGANTIAN 11 MONSAL DALE .- TWIDMERPOOL -+«
*1* LIMESTONES *

“FORMATION

IN UIMESTONES. -

..........
......
..............

Dy ASBIAN

---------------

Sa HOLKERIAN{:

ARUNDIAN.
€254 EOOOOOSNONEENN SERAREIRN
CHADIAN }.
(of] .
g |0 Jeeme o Lol
IVORIAN
Z

K HASTARIAN

————,—,—————————— e ———— ———
INCREASING AGE

..............
............

Table 1.2. Limestones of the Peak District (Aitkenhead &

Chisholm, 1982)
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1.4,3 Upper Carboniferous

The delta-swamps (paralic) facies ocurring in the lower half of the
Upper Carboniferous of the Central Pennines has been termed the
'Millstone Grit', from the occurrence of coarse feldspathic
sandstones which were until the last century used as a source for
Millstones. The Millstone Grit Series was deposited during the
Namurian, summaries of the Namurian have been written by Reading
(1964) and Ramsbottom (1966). The alternating sandstones (grits)
and shales of the Series extend along the Pennines between the
Yorkshire and Lancashire coalfields, lying nearly horizontal but
extensively faulted make a characteristic scarp and vale
topography. With a slight reduction in thickness, the succession
extends into North Derbyshire to overlap the eroded surface of the
Carboniferous Limestone around Castleton (Jackson, 1927; Hudson &
Cotton, 1945). Southwards from Castleton the Millstone Grit
outcrops run either side of the Derbyshire limestone 'Dome' until
they disappear beneath the Triassic unconformity, to the east of
the Cheadle coalfield on the west, and to the west of the
Derbyshire coalfield on the east. Detailed accounts of the
Millstone Grit Series of the Peak District are given by Allen,

1960; Collinson, 1969; Walker, 1964, 1967 and Stevenson & Gaunt,
1971,

The Upper Carboniferous sequence is characterised by a repetitive
succession of cyclothemic sedimentary units, which show
corresponding developmental changes as the succession is ascended
(Table l.1). The Millstone Grit cyclothems of the Namurian are
often very thick (60-156m); their coarse grained sandstones and

grits are overlain by thick marine shales, which pass into thinner
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non-marine shales and siltstones. Progressively the cyclothemic
pattern changes to that of the Coal Measure type which averages 9-
12m; the thin finer grained sandstones carry seat—earths or
fireclays with thick coal seams. Both the rhythmic character of
sedimentation in Upper Carboniferous and the lateral variations in
the thickness and type of units are features which have an

important bearing on the nature of the land surface which has

developed on these strata.

The most complete representation of the lower members of the
Millstone Grits occurs in the central area of the southern Pennine
upfold in the Edale area (Hudson & Cotton, 1945). In this area the
Edale Shales (El-Rl) at the foot of the succession are 210m

thick (Jackson, 1925, 1927). They consist of dark marine
mudstones, with calcareous layers and hard quartzose siltstones,
and are succeeded by sooty shales containing fossil bullions
(Ramsbottom et al., 1962). This part of the succession is
dominantly marine and represents a facies of basinal shales with an
abundant goniatite lamellibranch fauna. The upper part of the

Edale Shales is marked by the appearance of the goniatite genus

Reticuloceras which is used to define the base of the Rl or

Kinderscoutian stage. The overlying Mam Tor sandstone (120m) is

recognised on a lithological basis by the appearance of well-bedded
silty sandstones in the shale sequence. This series of closely
spaced sandstones and shales represents east-west flowing
tufbidity—current deposits generated by the slumping of deltaic
sediments on a higher submarine slope (Allen, 1968). Their
distribution is restricted and their thickness varies rapidly from
99m at Mam Tor to less than 68m at Ashop Clough in the north

(beyond which they die out) and become less than 30m thick in
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Bretton Clough to the south east. Spectacular landslips are a

characteristic feature where these beds outcrop.

The succeeding Shale Grit and Grindslow Shales contain sandstone
bands, siltstone and shales., These in turn are overlain by the
Kinderscout Grit (Jackson, 1927; Walker, 1967). This grit has an
erosive base consisting of coarse pebbly sandstone intercalated
with finer sandstones and shale. It is much thicker in the north
(120-150m) and rapidly thins southwards passing into shales around
Matlock. The Kinderscout Grit represents a southern advance of the
delta front across underlying pro-delta sediments, the whole group
suggests off-shore delta front sediments, followed by a thick
accunulation of coastal plain and near shore pebbly sandstones and

shales with rarer marine horizons (Allen, 1964).

This alternation between easily eroded shales and resistant
gritstone and sandstone horizons becomes more marked and more
frequent in the Middle Grits, where the individual units are often
not more than 30m in thickness (Eden et al, 1957). The name given
to the individual members of the Middle Grits varies from area to
area (Table 1,3.) For instance, the sandstone known as the
Halcombe Brook Grit or the Huddersfield White Rock on the northern
edge of the Peak District becomes the Rivelin or Chatsworth Grit on
the eastern flank of the area or the Shining Tor Grit on the west
(Edwards, 1956, Bdwards & Trotter, 1962). The name Rivelin Grit is
used in this study. The Middle Grit Group contains the Rivelin
Grit towards the top and the Ashover Grit below, these are coarse
sandstones with pebbly seams decreasing upwards. The Ashover Grit

thins out northwards, whilst the Rivelin Grit thins southwards.
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R, White Rock Middle Grit Ashover Grit Fourth Grits
Group
Kinderscoutian | Bramhope and Kinderscout Longnor Grit
R, Todmorden Grits
Grits Grindslow
~ Shales
Shale Grit
. Mam Tor
k Sandstones
Sabdenian Edale Edale
H
Sabden Shales Churnet Shales
Arnsbergian Shales Shales
E,
Skipton Moor
Pendleian Grits and
E, Pendle Grit Crowstones and
Morridge Grits
Upper Bowland
Shale r~
Table 1.3.

Classification of the Viséan and Namurian with key giving local

names of Stages.
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The effect of the pronounced contrast between the main units of
sedimentation are the striking examples of differential erosion
which typify the land surface. The inclination of the strata is
also a fundamental factor in determining the landform expression
and the slope type which develops. The Kinderscout Grits give rise
to extensive level summits where their dip is nearly horizontal in
the central plateau area dominated by Kinderscout and Bleaklow, or
striking dip-slope ramps on the margins where the strata dip at

5°-1G°, or prominent scarps where the underlying shale has been

eroded away.

Many members of the Millstone Grit Group are lenticular in

disposition, and attenuate at outcrop when followed over a distance
of some kilometres; this attenuation is particularly pronounced on
Bamford Edge. In addition to these changes in thickness of the
strata there are marked contrasts in the average size of the
constituent grains of the sandstones and variations in the
cementation or kaolinisation of the feldspars (Greensmith, 1957).
These variations in the lithological character of the Millstone
Grits provide marked contrasts in resistance to erosion between
the shale and grit units. The grits or sandstones themselves also
vary in resistance to weathering along their outcrop. The two
uppermost sandstone formations in the Millstone Grit series are the

Chatsworth Grit and the Rough Rock. Both are widespread over the
area but are thicker and coarser on the north-east, suggesting

derivation from that quarter.

A thin band of marine shale bearing the fossil goniatite,

gastrioceras subcrenatum , is the dividing line between the

Millstone Grit Series and the Coal Measures Series which follows
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without a break. The rock in the Lower Coal Measures are very
similar to those in the upper part of the Millstone Grit Series.
Mudstones, shales, sandstones and thin coal seams predominate, but

the sandstones are less coarse and coal seams more numerous than in

the underlying series.

l.4.4 Geological Structure

The structures in the Carboniferous rocks of the study region are
mainly of Hercynian age, although the prior existence of two
structural units have affected sedimentation in both the Lower and
to a lesser extent Upper Carboniferous. These pre-Carboniferous
structures have affected the distribution and intensity of
Hercynian folding and faulting during post=Carboniferous times.
The most important of these Pre~Carboniferous units was the stable
block of the Derbyshire Dome over which shelf sedimentation
occurred in the Lower Carboniferous (Maroof, 1976). The other
structural unit to affect Hercynian structural movements was the
'Edale Gulf' in the central part of the study region (Kent, 1966).

This area functioned as a subsiding basin of sedimentation in the

Late Visean times,

During the Hercynian the carboniferous rocks of the Peak District
were subjected to moderately strong folding and faulting. The axes
of the folds trend in a NNW-SSE direction. The main effect of the
folding was to cause the central part of the Peak District to arch
upwards and form a broad anticline with gently dipping limbs on the
eastern and western flanks. Minor folds, such as the Goyt Syncline
in the west and the Ashover Anticline in the east, display much

tighter folding.
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The shelf limestones are characterised by gentle NNW — SSE folding
and generally low dips. The traces of the main fold axes are shown
in Fig. 1.5, In the off-shelf province the limestones are much
more intensely folded. The axes of some of the main structures

coincide with the lines of the main knoll-reefs. Dips commonly

exceed 3G°.

Faults occur in both shelf and off-shelf strata but in most cases
their throw is only a few meters, the main faults are shown in Fige
1l.5. 'There is a tendency for thg faults to be aligned in either a
north-west to south-east or north-east to south-west direction.

The faults subsequently played a major part in easing the passage

of hot mineral bearing solutions through the rocks.

The outcrops of the Millsto;e Grit Series to the east of the
Derbyshire 'Dome' show continuations of the easterly plunging folds
seen in the limestone, though generally with less amplitude owing
to the overlap-relationship of the Edale Shales on the folded
limestone (Jones, 1942), Similarly the folds are continued on the
overlying Coal Measures. The fold axes tend to swing to more
south-southeasterly course away from the east-west folds in the
limestone and at times become almost north-south, Dips are rarely
more than 208° and usually much less,

1

1.4.5. Quaternary Deposits in the Peak District

The Quaternary history of the Peak District is still only poorly
understood,. To a large extent this is because, in contrast to the
lowland areas to the east and west, it contains only a sparse and

scattered distribution of Quaternary deposits and, for the most
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part lacks dateable materials (Straw & Lewis, 1962; Briggs et al,
1985). As a result, there has been little evidence on which to
base a reconstruction of Quaternary events in the region, while

correlations with surrounding areas is at best tentative.

Glacial tills are confined to two main areas, in the Manifold
Valley around Butterton‘and the Wye-Derwent-catchment around
Bakewell. Thé lack of dateable materials beneath the tills makes
it difficult to determine whether these deposits are a product of a
single glacial episode or represent two {or more) distinct events.
Striations, fabric analysis and stone counts all indicate an
incursion from the NNW, and the implication is that the ice

advanced into the Peak District across the Dove Holes Col, which

lies at about 31¢m 0.D.

Examination of the Bakewell Maniféld tills on the one hand, and the
sparse glacial deposits including erraﬁic distribution at higher
levels on the other, imply at least two separate glacial episodes
were involved. Thisvinterpretation is tentatively suported by the
occurrence of deeply weathered high level tills at a number of
sites, most notably at Hope Quarry énd Upper Town in the Southern

Peak District (Briggs et al, 1985).

Evidence of periélacial activity during the Devensian is abundant
and includes the process of freeze thaw, the presence of
permafrost, wind action 6n unvegetated ground and solifluction of
material above the permafrost table (Peltier, 1950; Palmer &
Radley, 1961; Stevenson & Gaunt, 1971; Johnson, 1968). The
formation of dry valleys (Warwick, 1964), solifluction deposits

(wWilson, 1981), blockfields (Said, 1969), cemented screes (Prentice
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& Morris, 1959) and other cryogenic features such as frost wedges
and patterned ground attest that periglacial conditions prevailed

at various times in the Peak District until about 18,000 years B.P.

A number of papers have been presented discussing the terrace
sequence of the Derwent Valley (Linton, 1951; Waters & Johnson,
1958; Straw, 1968; Johnson, 1957, 1969b, Burek, 1977). These were
originally interpreted as being the result of valley floor
planation and aggradation during interglacial and interstadial
periods, followed by degradation as the River Derwent incised to a

lower base level and nick-points worked upstream in glacial

episodes.

Comparable terrace sequences have not been found in other valleys
of the area. Stevenson & Gaunt (1971) identified lower terraces in
the Noe Valley, but from their relationship with Head and valley
£fill deposits all would appear to be relatively young features and
probably relate entirely to the Devensian and later stages. This
interpretation has recently been supported by evidence of radio-
carbon dates derived from materials in the Highfield Terrace
deposits in Edale (Redda, 1986). The Noe sequence, therefore,

cannot be viewed as a direct correlative of the terrace sequence in

the Middle and Lower Derwent.

Given the difficulties of reconstructing the Quaternary record from
superficial deposits in the Peak District, attention is now being
focussed on evidence collected from cave deposits in the area. A
number of cave systems in the Carboniferous Limestone contain fills
of gravel, sand and clay, together with speleothems. The clastic

sediment fills probably represent phases of aggradation during cold
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stages, when materials of glacial, glacial-fluvial or loessial

origin were washed into the cave systems. Speleothem formation was
likely to have been essentially a warm-stage phenomenon. Evidence
collected from speleothem dating has been summarised by Ford et al

(1983). A chronology of Quaternary events has been outlined by
Briggs. & Burek (1985),

The late Devensian and Flandrian environments of the study region
as can be daduced from existing palynological and geological
evidence has been outlined by Conway, 1954; Tallis, 1964a, 1964b;
Said, 1969; Tallis & Switsur, 1974, 1983; Briggs,, et al 1985; and
Redda, 1986. A summary of the chronology of the vegetation,
geomorphological and land-use events in the study region compiled
by Said (1969) is given in Table 1l.4. An understanding of the
bioclimatic environments of the late Devensian and Flandrian is
required since palynological methods have become standard and
frequently cited techniques to determine the terminal dates for the
cessation of landslide movements and to reconstruct the enviromment
in which mass movement occurred (Franks & Johnson, 1964; Johnson,

1965; Muller, 1979; Tallis & Johnson, 1980; Redda, 1986).
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Table 1.4 Chronology of vegetation, geomorphological, and land use events in the study region

(said, 1969)
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1.5 LANDSLIDE CLASSIFICATION

1.5.1 ~Inttoduction

This thesis is primarily concerned with the field recognition and
identification of those relatively rapid mass movements generally
referred to as landslides, as distinct from slow, long-term slope
movements (e.g. creep). Many systems of classification have been
established for mass movement based on criteria such as the mode of
movement (Crozier, 1973; Hutchinson, 1968a), type of material
(Hutchinson & Brunsden, 1974; Skempton & Hutchinson, 1979 Nemcok
et al, 1972), causes of failure (Terzaghi, 1958; Varnes, 1958) etc.
The proliferation of classifications in recent years however, has
unintentionally defeated one of the principal purposes of the
exercise, that is, the provision of a clear and unambiguous
teminology. This has arisen because individual classifications
have been developed for specific purposes or from observation in
specific regions and their subsequent application has not always

taken this into account.

1.5.2 Landslide Classification

The classification adopted here (Table 1.5) is similar to that used
by the Institute of Geological Sciences for the South Wales
Coalfield Landslip Survey (Conway et al. 1988) and is based on the

classification systems of Hutchinson (1969) and Varnes (1978).
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Table 1.5. Landslide Classification

Mass movement process

Type of movement Predominant Minor
mechanism mechanism
DR-Deep seated >5m deep r

involving bedrock
R=Rotational

slide SR=-Shallow <5m Deep
not involving bedrock sr
MR-Multiple Retrogressive mr
Dr-Deep-seated >5m Deep t
involving bedrock
T=Translational ST- Shallow <5m deep st
slide not involving bedrock
ST(h) With head slumping <5m deep st(h)
not involving bedrock
F=Mudslide/ F f
Mudflow
X=Rockfall X X
Complex Consisting of one or more of the above
mechanisms

This simple classification was selected in order to facilitate a
rapid investigation of mass movements from readily observable surface
morphological features which involved a programme of aerial
photograph interpretation and 'walk over' surveys combined with a

desk survey of pubiished information in the form of geological maps

and papers.

Two principal criteria were used to classify mass movement in the

study area, (1) type of movement and (2) depth of failure.



1. Type of Movement

In categorising the various types of slope movement from aerial
photograph interpretation and walk over surveys, emphasis was
placed on the landslide morphology and arrangement of its
constituent materials in the downslope longitudinal profile. Four
main types of movement have been recognised in the study region,
namely, rotational (R), translational (T), mudslides/mudflows (F)
and falls (X). One particular type of rotational slide that may be
recognised is the multiple retrogressive type (M). This type of
slide is generally deep-seated and is thought to develop from
single rotational failures which interact to form a common basal
slip surface (Skempton & Hutchinson, 1969). This type of failure
becomes more translational in character as the number of component
slip units increases, although, in failing, each block itself
rotates backwards. Descriptions of these types of movement are
given by Skempton & Hutchinson (1969) and Varnes (1978) and

therefore will not be repeated here.

Mass movements may be described as simple, comprising only one type
of movement, or complex, comprising two or more types of movement.
In complex slides, however, a dominant movement can generally be
identified and the landslide classified accordingly. The term
compound slide is used by Skempton & Hutchinson (1969) to describe
the situation where a rotational failure is modified by an
underlying lithological or structural discontinuity, which imparts
a translational element into the slide movement. In the study
region, the rotational components at the head of many of the slope
failures camprise slumped and back-tilted masses of sandstone. 1In

some instances this head slumping appears to have occurred after
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initial translational movement had taken place, resulting in a
subsequent slump failure of the unsupported sandstone scarp. At
other localities, the morphology of some landslides indicates
single non-circular shallow rotational failure, incorporating a
well developed 'flat' or bench below the back scar. Complex mass
movements showing evidence of a combination of both translational
and rotational movement, therefore, may be represented in a
gradation of type categories ranging from translational slides with
subsequent head slumping; truly complex slides in which both types

of movement share equal importance; through to rotational sliding

on markedly non-circular slip surfaces.

Another common type of complex landslide in the study region occurs
when the sliding mass breaks up and softens downslope to form
mudslides/mudflows at its foot. The different types of camplex

landslide which occur in the Peak District have been described by
Johnson (1988), .

2. Depth of failure

An arbitary distinction has been made between deep-seated and
shallow mass movements, based on a visual assessment and largely
without recourse to subsurface information., A landslide has been
designated as 'deep seated' (D) if the failure has involved bedrock
to a depth estimated as being in excess of approximately five
metres. Landslides designated as 'shallow' (S), typically involve
weathered and superficial material with no significant part of the

bedrock involved in the movement,
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1.5.3 Landslide classification type code

Table Al in the Appendix gives the landslide number, the grid
reference and the landslide classification type code which
correspond to the landslide distribution maps for the northern and
southern sections of the study region. The landslide type codes
indicate the different types of movement or movements recognised for
each numbered landslide. The letter symbols used to identify the

type of movements are shown in Table 1.5.

In most complex landslides the main mode of failure is accompanied
by other less significant types of movement. Thus the type code for
each landslip (Table Al) which shows a combination of movements, the
major movement is indicated by the appropriate upper case symbol,
followed by the lower case symbol(s) indicating accompanying minor
movements. Deep-seated and shallow failures are represented by the
letters (D) and (S) respectively. For example, code DTRFx indicates
a deep-seated translational slide with a major rotational component
accompanied by large-scale mudsliding and minor rockfall failures.
It has been noted that mudslides/debris flows are frequently formed
at the foot of many of the slides. Where the mudslide/mudflow
component is on a minor scale compared to the dominant sliding
movement, a lower case 'f' is used in the type code. In some
instances, however, mudsliding has developed on a large-scale to
form an extensive debris apron covering the valley footslopes.

Where this is the case, the upper case 'F' has been used. The code
IMRTF therefore represents a deep~seated multiple rotational slide

with a major translational component, accompanied by large scale

mudsliding.
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1.6 LANDSLIDE DISTRIBUTION

1.6.1 Introduction

Fig. 1.6 shows the spatial distribution of mapped landslides in the
county of Derbyshire. The information was collected from 1:18,000
geological survey maps and plotted on a base map at the scale of
1:25,000. The inset on Fig. 1.6 bounds the regional study area used
in the landslide susceptibility assessment discussed in Section 2.
Fig. 1.6 shows that landsliding is a common feature of the southern
Pennines within Derbyshire. A cursory comparison between Fig. 1.6
(the distribution of landslides in Derbyshire) and Fig. 1.4 (the
solid geology of the Peak District) shows that their spatial
distribution is largely restricted to the valley slopes eroded in
the Namurian sandstones and shales. The rivers draining the high
moors and plateaus have cut through a succession of Mid-
Carboniferous sandstones, mudstones and shales and have created
inherently unstable valley sides wherever competent massive
sandstones overlie the exposed weak and incompetent series of
strata. The instability of slopes resulting from incision under

these conditions appears to have been relieved by mass movement.

1.6,2 Landslide Areas

Six major landslide areas can be recognised within the study region.

1. Edale and Mam Tor

Present mapping has identified about 15 major and several minor

landslides in Edale. Most of the major landslides in Edale occur on
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north-facing slopes. Nearly all the landslides are of a deep-seated
rotational type mainly involving the Mam Tor Beds and Edale Shales.
The three largest landslides are Mam Nick (121), north west of Mam
Tor, Back Tor (108), north west of Lose Hill and Mam Tor (137)
situated to the west of Castleton at the head of Hope valley. Mam
Tor landslide provides a very good example of a large rotational
landslide, the slip plane is believed to have originated at the base
of the Mam Tor Beds. The secondary slips of Mam Tor are still
active, indeed the landslide is well known on account of the road
stability problems it has posed. Continual collapse of part of the

A625 road passing over the middle section of Mam Tor landslide led

to its eventual closure in 1979.

2. Ashop and Alport valleys

Complex landslips are present along about half of the northern side
of the Ashop valley, where the southerly dip has facilitated large
scale translational down dip and deep-seated rotational sliding. In
the Ashop valley the landslides cover an area of approximately 2009
hectares. At Cowms Rocks (25) a large deep-seated rotational slide
has moved leaving an area of ground in the centre of the slip
intact. The A57 which runs along the Ashop valley has been
unstable in this area for a long time, Ashop (28), Cowms Rocks (25)
and Dinis Sitch Tor (24) landslides in particular have caused
continual damage to the A57 (Leadbeater, 1985). The most
spectacular landslides in this area occur on the eastern slope of
the Alport valley, where relatively large areas of ground have
slipped without breaking up into smaller rotatated units. Alport
Castles (18) is the largest individual landslide of this camplex,
it covers approximately 258 hectares. The distance from the

dislodgement scar to the toe of this slide is about 2.5km and the
width is approximately lkm across at its widest extent.
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3. Derwent valley

Small rotational slides with head slumping involving the Mam Tor Beds
and the lower part of the Shale Grit are present in a number of
places in the Derwent valley. Thornhill Carrs (129) landslide on the
eastern side of Win Hill is of considerable antiquity as its slipped
mass is greatly denuded and its dislodgement scar is virtually
overgrown. In contrast Ashopton (75) and Ladybower (76) landslides
adjacent to Ladybower reservoir possess sharper features and hence
are thought to be more recent scarp collapse landslides involving the
Kinderscout Grit. The dislodgement scars of both these slides are
bare; relatively recent large fissures opening to depths of up to
three metres are present in the Kinderscout Grit above the
dislodgement scar of Ladybower landslip (76). The landslipped masses
of both slides are boulder strewn and show a pronounced hummocky

morphology, with bare secondary scars.

4, Hucklow and Bretton

The Bretton Clough slide complex (221) lies within a broad gritstone
salient which stgnds prominently above the surrounding limestone in
the form of steep escarpments facing south (Hucklow-Eyam) and west
(Hucklow-Brough). The Bretton Clough landslide incorporates a large
number of intact slide blocks indicating many separate movements.
These are arranged in a series of approximately concentric shallow
arcs broadly in line with the course of the Bretton Brook, suggesting
major escarpment retreat by landsliding on the southern side of the
valley. The morphology of this area is dominated by these blocks
many of which have steep back and front slopes which meet in knife

edge ridges. The dominant geological unit involved is the Shale
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Grit; at Bretton it is composed of thick sequences of coarse
sandstones separated by thin shale beds. The main scarp face is
formed by the lowest numbers of the Shale Grit. These lie
conformably on the Mam Tor Beds, which outcrop at the base of the

main scar and in the rest of the slipped area in the form of a narrow

inlier.

The striking Burrs Mount landslde (216) below the western face of
Hucklow Edge originates from the lowest strata of the Shale Grit. A
large number of smaller landslides have also occurred at a similar
horizon on the western flanks of Abney Moor and the north facing

slopes of Shatton Edge.

5. Bradfield and Broomhead Moor

The Broomhead landslide (2) on the southern edge of Broomhead
reservoir is one of the largest landslide complexes in the study
region. The landslide complex covers an area of over 2 km2 on the
north eastern flanks of Broomhead Moor from a series of rotated

blocks at Canyards Hills in the west to the large deep-seated

rotational movement at Rocher Bottom.

A number of deep-seated rotational slides have also developed on the
north eastern edge of Bradfield Moor such as Rocher Top (13), Upper
Thornseat (14) and Bradfield (15). These three landslips have an
extensive mudslide component towards the foot of the landslide mass.
The village of Bradfield lies on the mudslide/mudflow component of
the Bradfield slide (15).
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6. Limestone outcrop

Landsliding is not common in the limestone outcrop, but does occur on
some slopes where masses of limestone are underlain by tuff or lava.
The uppermost part of the lava tends to alter to soft impervious clay
(toadstone clay) and the presence of a perched water-table also tends
to favour slipping. Landslips of this type are, however, of very

limited dimensions; an example of this type of slip is present above

the Lower Lava at Cave Dale (149).

1,6.3 Shallow Planar Translational Slides

Shallow planar translational slides are common throughout the study
region and occur in the mantle of superficial material (Head,
colluvium, regolith) that covers the hillslopes virtually everywhere.
"The depth of superficial material controls the form of the failing
mass which tends to slide aiong a shear surface running roughly
parallel to the hillslope. Many of the smaller and degraded shallow
planar slides are difficult to detect using panchromatic aerial
photographs (1:12,000 scale) and many are too small to be mapped at
the scale of 1:25,0008, therefore many of these features have been

omitted from the landslide distribution maps.

The indications are that the majority of slopes in the study region
with a mantle of Head deposits are close to limiting equilibrium for
such shallow movements. The recognition of these areas, which may be
interpretated as relic features of periglacial mass movement, are of
obvious importance in engineering and planning temms. Most of the
slopes are currently stable, this is because of present low

piezometric levels, although in the vicinity of some spring lines a
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rise in groundwater level has resulted in renewed instability.

1.6.4 Parameter Base Maps and Landslide Distribution

A series of parameter base maps of the southern part of the regional

study area were constructed at the scale of 1:25,0080 for the

landslide susceptibility assessment. The construction and use of the

base maps for landslide susceptibility assessment is discussed in

detail in Section 2. The base maps used for a regional assessment

of landsliding included:-

1.

2.
3.
4.
5.
6.

Landslide distribution overlay maps for the
northern and southern parts of the study region
Ordnance Survey/Topographic Map

Solid Geology Map

Pedology Map

Drainage Map

Morphological Map (showing individual slope angles)
Morphological Slope Classification Map



16

1.7 CAUSES OF INSTABILITY

1.7.1 Introduction

Occasionally a landslide occurs in a unique situation, but

landsliding usually takes place under geological (lithological,

stratigraphical, structural), topographic and climatic conditions

that are common to large areas, Terzaghi (195¢). The occurrence of

landsliding in these areas is not a random process it is the result
of the incidence of a number of identifiable factors which in

combination give rise to an unstable situation.

The causes of landslides can be divided into two types (Terzaghi,
1950):

A, External causes that produce an increase in shear stress but no

change in the shearing resistance of slope forming materials.

B. Internal changes in shearing resistance without change in shear

stresses i.e. factors that contribute to low or reduced shear
strength.

Possible causes and contributing factors are summarised in Table 1.6

overleaf. The table includes a selection of important references

relevant to particular factors causing landsliding.



Table 1.6 Factors causing Landsliding

A,

1.

(a)
(b)

(c)

(d)

2.

(a)

(b)

(c)

(a)

B.

1.

(a)

(b)

FACTORS CONTRIBUTING TO HIGH SHEAR STRESS

Physical removal of lateral or underlying support

Undercutting by streams and rivers (Hutchinson, 1968).

Squeezing out of underlying plastic material (Zaruba & Mencl,
1969).

Washing out of granules and soluble material by seepage erosion

and weathering (Ward, 1945; Terzaghi, 1931; Denness, 1972b).

Excavation by man.

Increased internal Pressure

Build-up of pore water pressure and intensification of its

distribution system within jointed strata (Terzaghi, 1962;
Hutchinson, 1969),

Freezing of water in cracks.

Cyclic loading and unloading and mobilisation of residual stress
of slope forming materials through time (Bjerrum, 1967;
Krinitsky & Kolb, 1969).

Swelling as a result of hydration,.

FACTORS CONTRIBUTING TO LOW SHEAR STRENGTH

Materials, Composition and Texture

Composition: beds which decrease in shear strength if water

content increases (shales, mudstones).

Texture: low internal friction and cohesion of rocks involved in

shearing in bedrock.



2.

(a)

(b)

(c)

(d)

(e)
(f)

3.

(a)

(b)

(c)

(d)

(e)
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Gross structure and slope geometry

Discontinuities, such as faults, bedding planes, cleavage planes
and joints (Skempton & Petley, 1967; Fookes & Wilson, 1966;
Bjerrum & Jorstad, 1968).

Massive beds over weak or plastic material (Zaruba & Mencl,

1969),

Strata inclined towards free face (Terzaghi, 1962; Selby,
1982b),

Alternation of permeable beds (sandstone) and weak impermeable
beds (shales) (Henkel, 1967).

Slope orientation (Rice et al., 1969).

Changes in structure may be caused by fissuring of shales and
fracturing and loosening of rock slopes due to release of
vertical or lateral restraints in valley walls caused by valley

bulging and cambering (Kellaway & Taylor, 1968).

Changes due to weathering and other physico-chemical reactions

Softening and reduction in cohesion resulting from the oxidation
of Pyritic shale (Vear & Curtis, 1979).

Hydration of clay minerals forming ‘shales and mudstones.
Softening, suffusion and slaking processes reducing cohesion
(Ingold, 1975; Steward & Cripps, 1983; Cripps & Taylor, 198l).
Removal of cement by solution.

Drying of shales that creates cracks on bedding and shear planes
and reduces shale to finely comminuted granules.

Physical disintegration of granular rocks such as sandstone,
through the action of thermal expansion and contraction (Rapp,
1960). -



4. Pore-water pressure increase

(a) High ground water table levels in the past resulting from
permafrost, the mantling of slopes with superficial debris or
to increased precipitation due to changes in climate (Dennes,
1972a; Conway, 1974). Buoyancy in the saturated state decreases
effective intergranular pressures and friction.

. (b) Formation of cleft pore water pressure during glacial periods
(Terzaghi, 1962).

5. Vegetation

(a) Removal of vegetation (Gray, 197¢; O'Loughlin, 1974;

Brown & Sheu, 1975).

It should be noted that the external changes are often closely
associated with subsequent, autocatalytic, internal changes in shear
strength, In addition long term changes occur and these cannot be
related directly to any one external cause other than the processes
that originally created the hillslope. These changes which involved
a slow change in resistance included progressive failure by softening
or stress concentration, weathering and seepage erosion. The
development of factors favourable to landsliding may therefore be a

long term process in which stream incision and progressive stratal

weakening by ground water are important.

Although, instability may be modelled deterministically by stability
analysis, it is a spatially stochastic phenomenon, in that, a
probability distribution of factors of safety can be envisaged for

the set of slopes in a given enviromment, since geotechnical
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properties and ground-water conditions vary spatially. Separate
distributions may be defined for deep~seated and shallow mass
movements since each of these respond to different controls.
Similarly separate distributions may exist for a given type of
failure according to separate seasonal conditions of soil moisture
and ground-water levels., Such probability distributions represent
the spatial potential for instability, and cannot be assumed to

represent the probability of failure on any one slope.

Deep-seated and shallow mass movements reflect different controlling
conditions. The former occur in intact cohesive materials and
involve mobilisation of strengths in excess of residual. Slope
height and angle are both important influences, and instability
occurs if basal erosion either increases slope height beyond a
critical value at a given slope angle, or steepen the slope until the
actual height equals the limiting height. The Culmann Stability
Analysis defines the limiting height of vertical cliffs, which fail
on planar surfaces passing through the slope foot. Rotational slides
occur on slopes with angles less than 9G°, and Taylor's (1937)
stability charts predict limiting heights for combinations of slope
angle, and material density, cohesion, and angle of shearing
resistance. These stability charts have been modified to incorporate

pore water pressure data (Chandler & Skempton, 1974).

Shallow translational slides generally occur in cohesionless regolith
at near residual strengths and are independent of slope height.

Slope angle is critical, and shallow failure restores stability on
over-steepened slopes by lowering the angle to approximately the
residual angle of friction (@r') in the absence of positive pore

pressures which result in lower stable angles. Where basal erosion



51

is slow, progressive weathering gradually and discontinuously reduces
@r' as the clay content increases (Carson & Petley, 1978), and
reduced permeability may eventually result in shallow slides which
lower the slope angle to the semi-frictional angle, reflecting the

worst ground-water conditions experienced.

Slope development by mass movement £hus involves a range of
processes, whose general effect is to lower the slope angle but whose
balance varies according to the wider landform evolution processes
including the effect of climatic change and the external effects
(e.ge. basal erosion). The need for 'Whole System' appraisal of

controls is therefore necessary.

The general absence of detailed geotechnical and geological data on
such matters as the position and character of failure surfaces; the
pore water pressure distribution at the time of failure; and the real
extent of the deterioration in rock strength of materials along the
line of rupture at times when the slopes became critical in the Peak
District, means that explanations for cause of failure can only be

treated as incomplete and speculative.

The principal factors contributing to landsliding in the study region

are outlined below.

l.7.2 The structural condition of massive Namurian sandstones

overlying weak incompetent shales and mudstones

The common geological feature, within the study area, of massive
campetent beds of Kinderscout Grit or Shale Grit overlying the Edale

Shales or mudstone strata whose total thickness is greater but whose
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rock mass strength is markedly less, provides conditions conducive to
mass movement. Below the gritstone 'cap rock' the hillslopes are
eroded in a thick succession of alternating argillaceous beds of
variable thickness and lithology. The mudstones, siltstones and
shales differ in their degree of cohesion, their permeability and
rock strength and since in some places the beds are only a few metres

thick they provide many zones of weakness in which sliding or slip

movements might commence.

Rock complexes with high strength overlying weaker rock units are
subject to undermining or failure along deep failure planes.
Rotational slides often retrogressive in type tend to occur in such
conditions when maximum stress at the foot of the slope is
transmitted by the processes of rock mass creep in the rocks within
the slip zone. Creep of rock involves long term slow deformation in
which the rock behaves plastically (Zischinsky, 1966; Scheidegger,
1970; Bruckle & Scheidegger, 1972; Radbruch-Hall, 1978; Radbruch-
Hall et al., 1977). Some of the geological conditions under which

rock mass creep may occur have been outlined by Selby, 1982a, 1982b.

It appears from field evidence in the Dark Peak that the first slip
movement that took place for many of the large deep-seated rotational
slides developed from outward bulging and deformation at the sldpe
foot with retrogression taking place either where tensional stresses
caused movement outwards and downwards from the original slope or
where stream undercutting permitted further slip movement on the slide
surface. Failure in the less competent shale strata depended upon the
susceptibility of a particular bed to mechanical and chemical
breakdown, but was also influenced by the thickness and weight of the

load bearing down upon it. The presence of thick permeable sandstone
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in the upper slope greatly increased the load that had to be

supported. The well jointed overlying sandstones also enabled ground
water to penetrate deep into the hillside. The alternating strata of
sandstones and shales of the Middle Grits, possessing higher and lower
mass strength characteristics respectively were particularly prone to
failure because of deformation, chemical weathering and positive pore

water pressure creating stress forces along the weaker beds.

1.7.3. The dip of the strata and the inclination of joints

Geological structure has been a key factor affecting slope stability.
Both the Hercynian fold movements which took place after the
deposition of the Carboniferous rocks and subsequent erosion have
determined the general alignments of the plateaux, cuestas and edges

and also the dip of the outcrops in the valleys of the Peak District.

The shear strength of a rock mass and its deformability are very much
influenced by the nature and pattern of discontinuities within it
(Terzaghi, 1962; Barton, 1973, 1976). As joints represent surfaces of
weakness the larger and more closely spaced they are, the more
influential they become in reducing the effective strength of the rock
mass. The strength of bedded and jointed rocks is highly anisotropic
therefore, unfavourable inclinations of either bedding planes or
‘Joints are a common cause of rock slope weakness Young, 1972; Barton &
Choubey, 1977). In a rock slope in which structural surfaces dip
outwards towards the free face at an angle less than the slope face,
stability is much lower than for similar slopes with inward-dipping
structures. Two examples of down-dip landslides are Cowms Rocks and

Back Tor. At Cowms Rocks the Shale Grit which dips downslope at an



angle of 7° intersects the steep south facing slope of Ashop Valley.

At Back Tor the Mam Tor Beds which dip downslope at an angle of 4°

intersect with the very steep north facing slope at the eastern end of

Edale Valley.

The dip of the strata and cross joints together with the width and
spacing of the joints determines the rate at which water and
weathering processes can penetrate the joints. Joints can control the
morphology of both local and large-scale failures. Where suitably
inclined permeable beds permit water to enter discontinuities which
are closely spaced they allow deep and intense bedrock weathering to
occur, degrading the original bedrock strength, changing its
deformability properties and permeability characteristics, and
producing a complex of residual soil, weathered rock and unweathered
rock (Selby, 198¢, 1982c; Moon & Selby, 1983; Moon, 1984). These
zones have a major influence on ground water flow and may cause
positive pore water pressures and even cleft water pressures to
develop, thus promoting instability. Once movement has taken place,
in any type of down dip or bedded failure, the residual strength will
be much lower than the initial resistance to shearing and subsequent
movements occur with less inducement. The recognition of an initial

small displacement is therefore critical in the assessment of bedrock

slope stability,

Movement down dip and along a potential slide plane is always likely
wherever a stream undercuts slopes in which the strata incline towards

the stream channel. Where strata dip into the hillslide,

undercutting, weathering or both may cause rock or soil falls and

slides if the stresses are increased sufficiently, but landsliding is
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exceptional. Because of the effect of the overburden pressure exerted
by the Millstone Grit the friction angle tends to decrease in the
shales which have been undercut or weathered at the base, thus
steepening the slope. The reduction of the angle of friction is
probably because the increase in the normal stress with depth is
associated with both an increase in the number of fractures across
rock grains on opposite sides of a joint, and increased fracture
intensities. Therefore, stable slope angles tend to decrease as the
height of the slope in weathered and jointed rock increases. Where
overburden pressures are lower weathering and pressure release by
erosion results in the development of greater joint spaces within the
outer parts of hillslopes campared with the interior part of the
slope. Consequently the angle of internal friction as well as the

normal stress, decreases towards the slope surface.

A characteristic feature of stratified sedimentary rocks such as the
Mam Tor Beds and the alternating shales and sandstones of the Middle
Grits is the presence of bedding planes, which provide surfaces of

minimum resistance, separating rock layers of various thickness

(Patton, 1966). Bedding planes may become preferred surfaces of

shearing because internal erosion tends to occur along grit/shale or
shale/mudstone junctions., Gravity induced bedding plane creep or
sliding can produce residual stress condition and stress relief by

erosion can also permit shear deformation.
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1.7.4 The presence of sandstone aquifers at the footslope

- or midslope

Many of the landslips, irrespective of the scale of movement, can be
shown to be related to the presence of naturally occurring reservoirs
of ground water in the sandstones. The behaviour of reservoirs and
their effect on slope instability have been described by (Denness,
1972a; Deere & Patton, 1967; Hodge & Freeze, 1977; Okimura, 1983;
Harper, 1975). The Reservoir Principle (Denness, 1972a) was defined
as the overall failure mechanism governing all types of landslip
camplex that degenerate more rapidly from their initial stages of
failure in a relatively solid state to a more viscous or liquid state
than would be the case if they were supplied only with run-off water.
The neéessary conditions are that a permeable stratum able to take in
and discharge its water-store rapidly, overlies a relatively soft and
impermeable stratum., Mass movements associated with the 'Reservoir
Principle' are commonly of the mudsline/mudflow or degraded
rotational, semi-rotational and slab slide types betraying the

continuous softening influence of excess ground water.

The primary porosity and permeability of the well-cemented sandstones
are very low. Their importance as aquifers, therefore, stems from the
fact that they are well jointed giving the rock a secondary
permeability, enabling it to both store and transmit water in well-
developed planes. The argillaceous strata between the sandstone units
are poor aquifers generally comprising shales and mudstones of low
primary porosity and permeability. These strata are not well jointed
and where secondary discontinuities have been developed they are often

infilled by a self-derived clay.
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Rain falling on outcrops of the sandstones therefore percolates
downwards through the joints and fissures and along bedding planes
until it reaches a layer of virtually impermeable mudstone or shale,
above which it flows laterally to emerge on the valley slope as
seepage and springs. Confined sandstone aquifers generally produce
less water, but artesian conditions have been recorded at the outcrop
of similar strata in the Pennant Sandstone of South Wales,

particularly where they dip out of the hillslope, Daughton et al.
(1977).

Springs and seepages may be regarded as 'safety valves' for the
release of ground water pressure (Sowers & Royster, 1978). As long as
springs can flow freely, an excessive build-up of ground water
pressure in the aquifer that supports the spring is unlikely. Water
concentrated or blocked at the interface of the sandstone aquifer and
the underlying shales may provide a piezometric head capable of
initiating slippage, particularly when bedding dips are downslope and
major joint or fissure trends run sub-parallel to the slope crest. In
any slope forming material there is a critical pore water pressure
whiéh, if exceeded may result in inétability (Deere & Patton, 1967;
Harper, 1975; Hodge & Freeze, 1977; Okimura, 1983). Confined aquifers
were capable of generating high piezometric levels within the local
geological succession and in certain circumstances strong hydrostatic
(artesian) pressures in the sandstones may have raised the pore water
pressure considerably. Such forces may have been directed upwards
from a lower permeable sandstoné member into overlying impermeableA

shale strata so helping to create conditions leading to slope failure.

Water naturally tends to accumulate in open joints and affects the

stability of the mass directly in two ways. Firstly, water pressure

57



will reduce the effective stress along the sliding surface and thus
reduce the friction between the sliding body and the base. Secondly,
water in joints may exert an outward pressure on the sliding body,
encouraging overturning. This direct action of water pressure is
supplemented by the creation of rock fatigue through periodic
variation in the water pressure in the joints. The fact that the rock
mass does not behave completely elastically means that continual
change in the water pressure in the joints is likely to lead to
extension of the joint; this will be augmented by the wedging of
crushed rock in the gaps, thus preventing the joints from returning to

their original position after opening slightly under high water

pressure,

During cold phases which prevailed during periglacial times (i.e. the
Lower and Upper Dryas) exposed rock faces which became frozen
inhibited the free egress of water through open joints to the slope
surface causing the water table to rise within the rock masses forming
the slopes. In the succeeding Spring and early Summer surface joints
thawed out causing high seepage pressures acting towards the cliff

face and thus reducing the strength within the joints (Bjerrum &
Jérstad, 1968).

1l.7.5 Valley Bulging and Cambering

Edale Valley contains numerous exposures of structures indicative of
valley bulging and cambering. Around the margins of the valley floor
the highest Edale shales and the lowest Mam Tor Beds exhibit sharp,
almost symmetrical folds with straight limbs. At exposures nearer the
middle of the valley floor the Lower Edale Shales devoid of thin

sandstone bands, are irregularly crumpled, dislocations are at higher
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angles and the overall intensity of deformation increases. Sharp,
symmetrical, straight limbed folds are also present in the lower Mam
Tor Beds and Upper Edale Shales in the lower Alport valley and
adjacent parts of Ashop valley., Similar structures also occur in the
Mam Tor Beds in the Derwent valley and its tributary valleys,
particularly well developed cambering structures were exposed when the
level of Ladybower Reservoir fell in 1976. Folding structures to a

depth of almost 68m have been observed at the site of Ladybower dam
(Hill, 1949).

Valley bulge structures are believed to have resulted from the
pressure exerted on predominently argillaceous strata by
superimposing beds that induced lateral pressure thus initiating
movement or 'squeezing out' argillaceous strata into adjacent load-
free valley areas, so producing convex bending compression folds and
thrusts. Conditions favourable to such movements would occur
wherever valley deepening exposed the surface of any substantial
thickness of shale. Thermokarstic processes including the thawing of
ground-ice leading to rapid erosion and downcutting in colder phases
of the Late Devensian glacial would have facilitated these processes.
Both cambering and valley bulging structures contribute to hillslope
instability by attenuating the weaker shale strata at the base of a
hillslope and by fracturing the more resistant beds in the hillslope
wherever tensional stresses were increased (Hollingworth et al.,

1944; Stevenson & Gaunt, 1971; Higginbottom & Fookes, 1971; Vaughan,
1976; Johnson, 1980).

Pleistocene valley overdeepening coupled with cambering and valley



bulging caused the rocks to move outwards from the hillside, thereby
increasing the stresses on the rocks cropping out higher up the
slopes. Widening of near surface bedding planes, joints and tension
fissures, amounting in some instances almost to fragmentation was
common in the valley side sandstone outcrops to depths of l.5m. The
fissures tend to run parallel to the valley and may be up to 250mm
wide close to the valley side, but they became progressively narrower
and finally disappear when traced back into the hillside (Johnson,
198@). Cambering and Valley Bulge processes may have played an
important role in the development of these fissures, although
subsequent cryostatic pressure initiated through freeze thaw
processes along with other cryoturbation processes active during
periglacial times would also have enlarged these joints and fissures.
Examples of cryoturbation structures can be seen at a number of
landslidescars where the upper beds have been folded and crumpled to
a depth of 1.8m (Stevenson & Gaunt, 1971). Johnson & Walthall (1979)
noted that ten landslides in the Longdendale valley just north west
of the study region occurred at sites where cambering and valley
floor bulging were present. At these ten sites other factors which
may have caused a steepening of the hillslope and inducing failure
(e.g. the direct undercutting or channel overdeepening by streams)
were absent suggesting that cambering and valley floor bulging may

have been an important prerequisite for instability at these sites.

1.7,6 Ground water, saturated surface water flow and

stream discharge

Surface water, whether from springs, seepage or saturated surface
runoff, is an important factor with regard to slope instability in

that it contributes to fluctuations of the water table and to

60



o

increased pore water pressures that can result in reduced soil
strength and to eventual soil movement. The high drainage densities
which occur on the_impervious shale strata or slowly permeable head,
along with high rainfall and active stream incision assist present

day mass movement processes.

Landslides can arise directly from stream incision, particularly when
predominant forces are directed laterally rather than vertically
downwards. The movement of surface and‘ground water in a valley
slope is directed towards particular zones of water concentration
determined by the morphological configu%ation of the hillside and the
spacing and openness of joints. In seepage zones i.e. spring lines,
saturated areas at the base of the slope or perched water tables on
mid slope concavities, active processes of erosion and weathering
take place. Springs and seepages on valley side slopes provide an
indication of which aquifers contain water and could be involved in

the build-up of pore‘water pressure,

Ground water, whilst maintaining a phreatic surface, is sﬁrongly
concentrated within zones where the tensile strains have created an
inter-connected system of voids, these may channel water
preferentially to restricted points along a potential spring line.
Internal forces holding rock masses intact may be substantially
reduced by the addition 6f water to rocks which are not chemically
altered in this prdcess such as shales, mudstones and weakly cemented
sandstones. The addition of water reduces the attraétive forces
holding rock together and 1ncfeases the internal repulsive forces.
The process involves cation exchange, hydration, the production of
negative electrical force fields, the attraction of mineral surfaces

for water and capillary tensions.
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The swelling of rock and the opening of joints by weathering
processes particularly when shale sediments become hydrated tends to
occur in seepage hollows. Therefore, failure zones tend to occur
close to the base of the slope and in weakened shale strata lying on

sandstones that are much more resistant to solution and chemical

change.

Many springs are responsible for raising pore water pressures causing
shallow translational slides and mudslides/mudflows in superficial
deposits. Water emerging above a slide or potential slide area may
infiltrate and move downhill as saturated throughflow into the slide
zone or superficial deposits below reactivating movement. Water
spilling over a shale aquiclude onto the hillside has several effects
which may directly affect hillslope stability: (a) by giving rise to
saturation, (b) seepage forces, (c) downcutting and headward erosion,
and (d) by accelerating degenerative weathering processes generally

leading to a reduction in soil shear strength.

Midsliding/mudflows have contributed substantially to the morphology
of most of the landslides in the study region. Mudslides take place
on discrete slip surfaces developed in the basal layers of
rotated/slumped blocks which consist mostly of shales and mudstones.
In such layers the slump debris is frequently strongly weathered,
water saturated and subject to fluctuating perched water table
levels. Under these conditions the shales and mudstones become
'sensitive' and can change from a weak solid to a viscous fluid
capable of transporting sediment from- the slump blocks onto valley
slopes at the foot of the slide. Mudsliding/mudflows therefore,
represented an important process of secondary mass movement, at times

subsequent to the main translational or rotational slope failure.
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Mudslides/mudflows have undoubtedly played a major role in
transporting material from upper slump areas of the landslide,
sometimes promoting instability in slump blocks by the removal of
fines. Mudslides may have also undermined slump ridges causing them
to fracture into large blocks which then moved independently
downslope. Mudslides/mudflows may have also caused overburden
pressure and blocked surface drainage thereby increasing pore water
pressuress The efficacy of these mudslide mechanisms has been well

documented by Brunsden, 1974; Brunsden & Jones, 1972, 1976.

Saturated seepage water from hillsides (e.g. along percolines) can
lead to seepage erosion in fine sandy regolith firstly by a drag
effect which transports individual soil particles, or secondly by
seepage pressure which can move individual particles outwards from
the slope. Eventually undermining can result and slope instability
results (Terzaghi, 195@; Hutchinson, 1968a, 1978, 1971a). Seepage
sites may be identified through the recognition of associated
features such as belts of damp ground possessing characteristic marsh
vegetation i.e. Juncus, Sphagnum), incipient gullies or rills,

headward erosion, and spring-sapped hollows.

The water pressures within a soil or rock stratum, as reflected by
the piezometric level, is a major factor influencing shear strength.
A multiplicity of piezometric levels may be present in the hillslopes
of the study region. Perched water tables are common (a perched
water table being one that is sustained above an underlying
independent body of water by an aquiclude). For example, where
superficial deposits or shallow slide debris have a higher
permeability than the underlying material, e.g. mudstones, there will

be a tendency for a perched water table to be formed in the slip
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debris. Normal aquifers may sometimes be converted to perched
aquifers by the rotational movement associated with some types of
landslides. The water table can change according to rainfall input,
the influx of ground water from outside the area and landslip
movement. The changing nature of perched water tables is one of the

most important factors contributing to shallow planar translational

slides.

Water, from saturated surface runoff, infiltration, or ground water
originating elsewhere is a major factor involved in hillslope
instability in the Peak District. The evaiuation of ground water
aquifers and changes in piezometric levels therefore plays a vital

part in any detailed slope stability site 1nve$tigation.

1.7.7. The weathering of shales and mudstones

The engineering properties of shales and mudstones are a product of a
number of genetic factors, including mineralogical camposition,
degree of over-consolidation and diogenic changes (Mead, 1936;
Casagrande, 1949; Badger et al., 1956). Consolidation with
concomitant recrystallisation on the one hand and the parallel
orientation of platy materials, notably micas, on the other, give
rise to the fissility of shales. Moderate weathering can increase
the fissility of shale by partially removing the cementing agents
along the laminations or by expansion due to the hydration of clay
particles (Taylor & Spears, 1978)., The higher the degree of
fissility possessed by a shale the greater the anistrophy with regard
to strength, deformation and permeability (Chappel, 1974).
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Casagrande (1949) noted that highly fissured over—consolidated shales
have greater swelling tendencies than poorly fissured clay shales,
the fissures providing access for water. The porosity of shale may
range from slightly under 5% to just over 55% with natural moisture
contents of 3% to 35%. The strength of compacted shales decreases
exponentially with increasing void ratio and moisture content,
whereas,in cemented shales the amount and strength of the cementing

material are the important factors influencing its intact strength.

A feature of the breakdown of shales and musdstones is their
disintegration to produce silty clays, Grice (1969). The
disintegration of shales was studied by Badger et al., (1956), who
concluded that their breakdown was due to the dispersion of colloidal
material, which appeared to be a general cause of disintegration,
and, to a lesser extent, due to air breakage, which only occur in
mechanically weak shales. Disintegration was found to be controlled
by the type of exchangeable cations associated with clay particles,
and by the accessibility of the latter to hydration which in turn,
depended upon the porosity of the shale. Air breakage could assist
the process by presenting new surfaces of shale to water. The
fracture pattern within mudstones and the lamination of shale

therefore controls their disintegration.

Many shales slake almost immediately when exposed to air,depending on
the relative humidity (Kennard et al., 1967). Dessication of shale,
following exposure, leads to the creation of negative pore pressures
and consequent tensile failure of the weak intercrystalline bonds.
This in turn leads to the production of shale particles @.6mm to
2.90mm in size. Alternate wetting and drying causes rapid breakdown

of compaction shales. Low grade compaction shales undergo complete
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disintegration after several cycles of drying and wetting, whilst
well cemented shales tend to be resistant. Morgernstern & Eigenbron
(1974) used a water adsorption test (Slake Durability Test) to assess
the amount of slaking undergone by shales and mudstones. This test
measured the increase in water content of a sample in relation to the
number of drying and wetting cycles it had undergone. They found that
the maximum slaking water content increased linearly with increasing
liquid limit and that during slaking all materials eventually reached
a final water content equal to their liquid limit. Materials with
medium to high liquid limits, in particular, exhibited very
substantiated volume changes during each wetting Stage, which caused
large differential strains, resulting in complete destruction of the
original structure. Thus shales with high liquid limits are more
severely weakened during slaking than materials with low liquid
limits. Franklin & Chandra (1972), found a general correlation
between the Slake Durability Index, the rate of weathering and the
stable slope angle., Mudstones tend to break down along irregular
fracture planes, which when well developed, can result in their

disintegration within one or two cycles of wetting and drying.

Removal of overburden through processes of erosion may have a
significant influence on the engineering behaviour of shales and
mudstones. Uplift frequently occurs where surface layers have been
eroded, this is attributable to swelling and heave due to the release
of stored strain energy. Swelling is attributable to the absorption
of free water by certain clay minerals, notably montmorillonite,
within the clay fraction of a shale. Sulphur compounds are
frequently present in shales and mudstones. An expansion in volume .
can occur when sulphide minerals such as pyrite undergo oxidation to

give anhydrous and hydrous sulphates (Fasiska et al., 1974). This



process is usually accompanied by vertical expansion of the formation
which involves the development of joints and fissures together with
softening. These changes are accompanied by a reduction in strength
and an increase in deformability, water content and plasticity. When
a load is applied to an essentially saturated shale the void ratio in
shale decreases and the pore-water attempts to migrate to regions of
lesser load. Because of the relative impermeability, water becomes
trapped in the voids in the shale and can only migrate slowly. As
the load is increased (e.g. removal of lateral support by
undercutting or weathering) there comes a point when it is in part
transferred to the pore water, resulting in a build-up of excess pore
pressure. Depending on the permeability of the shale and the rate of
loading, the pore-water pressure may increase to a point when it
equals the pressure imposed by the load., This greatly reduces the
shear strength of the shale and failure can eventually occur,

especially in the weaker codpaction shales.

Johnson & Walthall (1979) examined sections within shales and
mudstone outcrops at the base of the Kinderscout Grit along the south
side of Longdendale. ‘They found that the uppermost shales in the
Grindslow sequence have been weathered to a depth of lm; in the upper
20cm the shales have weathered to a brown silt-clay, below this the
weathered material consisted of brown, iron-stained, shaly-clay which
had not quite lost its structure. They noted similar weathered
horizons within a series of well jointed mudstones. The mudstones
showed some indication of deformation, the bedding planes within the
weathered horizon had in some cases been rotated throughout their
exposure; open joints, which permit water movement, were also evident
in the upper part of the exposure. These weathered rock horizons

have been observed in other sections of shales and mudstones in the
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study area and in some localities actual shear planes could be
identified. The continued weathering of shale and mudstone has
resulted in recent failures, at Torside Clough in Longdendale where
deeply weathered and disturbed mudstones at the base of the fossil

slide have slipped down onto valley gravels of recent age.

1l.7.8. Weathering studies at Mam Tor

Instability of the slipped mass of Mam Tor landslide appears to be
periodic, with relatively frequent small movements taking place on
secondary slump blocks, especially during wet periods, separated by
major failure events on a time-scale of several years. It may be
assumed that the factor of safety against failure is permanently
close to unity, so that a small reduction could initiate movement.
Small failures could be triggered by increases in ground water level,
but a less frequently occurring condition is required to explain the

relatively occasional major movements.

It is generally accepted that chemical weathering processes can
significantly modify the engineering properties of many natural
materials. These processes tend to be thought of as progressive and
unidirectional but in certain cases this view has been abandoned as a
result of detailed analyses, in which several separate 'camponents'’
of the weathering processes have been distinguished. It should be
possible to identify which specific reactions are the major control
for bulk property modification and, particularly, the timescale upon
which they are likely to be effective,.

The Mam Tor landslide has cut through pyritic Edale shale, the toe
region of the slide is characterised by the emergence of acid-

sulphate 'ochre' ground water attesting to pyrite oxidation within
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the landslide., This reaction is known to cause physical disruption
of pyritic shales by modifying both its mineralogical, and pore water
composition. With fresh sulphuric acid these reactions can occur
rapidly, certainly on timescales of days or weeks (Dougherty &

Barsotti, 1972; Quigley & Vogan, 1970).

The sediments affected at Mam Tor are the Edale Shales, a dark grey,
thinly bedded mudstone of Namurian age (Walker, 1967; Allen, 1960).
A borehole drilled in the main unit of the Mam Tor landslide showed
that the top 5m consisted of highly weathered Mam Tor Beds. These
thinly bedded sandstones (distal turbidities) pass downwards into
black pyritic shales which contained concretions and discontinuous
bands of carbonate (Calcic Dolomite), Spears & Amin (1981). Edale
thales comprise abundant quartz with some feldspar, clay minerals and
diagenetic pyrite (mixed layer clays - expandable component 50%;
mixed layer clays = illite 21%, kaolinite 23%; chlorite 6%). Edale
Shale appeared at 19m in a highly weathered state, becoming less
disintegrated and iron-stained with depth. At approximately 26m
there was a change to fresh Edale Shale with unweathered pyrite.

This was accompanied by a change in dip of the bedding from 5°
commensurate with the regional dip of Edale Shale, to steeper angles
of 30°-45° indicative of back tilting. If, as seems likely,

these changes occur at the slip zone, evidently oxygenated seepage
water can penetrate deeply within the landslide and attack fresh
rocke Continual decamposition of fresh shale along the slip zone may
reduce the factor of safety of the landslide over a number of years

to a critical failure condition,

Research by Vear & Qurtis (1981) on the chemical composition,

conductivity and temperature of seepage water in and around the site



of the landslip suggested that the weathering reactions occurred at
depth within the slide. They sampled water emanating from springs in
the landslide and surrounding area and found the hydrology of the
slide area could be distinguished from that of its surroundings by
the additional input of acid sulphate waters, presumably generated
within the crush zone. In the case of most shales, unweathered
material consists of a mineral assemblage which approached chemical
equilibrium at considerable burial depths in contact with aqueous
solutions of high ionic strength and under conditions of decreasing
oxygen partial pressure. On exposure to the weathering zone chemical
reactions take place in the presence of seepage waters of low ionic
strength saturated with molecular oxygen. In fine grained sediments
Fe, S, Mn and organic matter are reactive. Pyrite is particularly
reactive, because both Fe and S are involved and because of its small
grain size, Garrels & Thomson (196@¢). Vear & Qurtis (1981) suggested
that in surface and near surface shales this chemical weathering
process is complemented by ferrous to ferric oxidation mediated by

chemo-autotrophic bacteria (Thiabacillus ferrooxiaans); however, no

attempt has been made to enumerate this species at Mam Tor (Van
Breeman, 1972). Clay minerals react on two timescales; interlayer
cation exchange takes place rapidly, while a much slower process,
brings clays into equilibrium with relatively low ionic strength
solutions. The soluble products of rapidly occurring reactions will
alter water composition (i.e. the addition of sulphuric acid) and as
a result subsequent reactions with shale will be influenced. The
ground water may become supersaturated with new minerals, which may
be precipitated. More than 99% of sulphuric acid generated at depth
is consumed by silicate and carbonate (clay mineral) reactions before

reaching the surface as seepage.
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The shales are subjected to significant volume changes during pyrite
oxidation, carbonate dissolution and expansion of discontinuities due
to the precipitation of geothite, limonite, jarosite and gypsum, all
these processes facilitate breakdown of Edale Shale. Increases in
porosity occur as a result of the destruction of pyrite and dolomite
and reduction in aggregate size. Vears & Curtis (1981) showed that
for each litre of water emanating from the most concentrated spring
could be responsible for creating about @.7ml of void space as a
result of carbonate and sulphide dissolution. Since seepage water
flow is concentrated along fracture surfaces deep within the
landslide, the sulphide, carbonate and silicate decomposition

reactions which create void space are also concentrated along these

surfaces,

Steward & Cripps (1983) related changes caused by chemical weathering
to modifications of the engineering properties of Edale Shale. They
quantified the chemical weathering changes taking place in shale in
terms of the residual shear strength of shale. A Bramhead Ring shear
apparatus was modified so that the composition of pore solutions
could be altered during shearing. The tests indicated that the
residual shear strength of the shale is sensitive to modification of
pore solution composition. The residual shear strength of shale
appears to be modified during weathering because it is sensitive to

pore water chemistry and mineralogical coamposition, both of which are

altered by weathering reactions.

In conclusion the chemical weathering reactions which take place in
the slip zones of Mam Tor enable oxygenated seepage waters to
penetrate deep within the landslide and attack fresh rock. Continual

decamposition of fresh shale along the slip zone may reduce the
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factor of safety of the landslide over a number of years to a
critical threshold condition. Other destabilising influences may
then trigger movement, these may include loading of the main unit by
material falling from the back scarp, removal of support to the
rotational main unit after movements of the translational toe but
probably most important of all a 'timely' rise in ground water level

brought about by a period of heavy and intense rainfall,

1.7.9 Fluctuating Rates of Geomorphological Processes

l. Temporal Variation

At any one time most hillslopes will be in a stable state (factor of
safety >1); a number of workers have envisaged failure conditions as
occupying one tail of a probability distribution 'safety factor
curve' (Brunsden, 1979; Bazynski, 1977). The overall shape of the
curve varies according to a specific set of topographical, geological
and geomorphological processes operating in a particular enviromment
over a specified time period (Brunsden & Thornes, 1979. As the
variables controlling the distributions of force and resistance
change over time, a series of corresponding oscillations occur on the
safety factor curve. The causes of variation in the safety factor

can therefore be regarded as the fundamental causes of mass movement.

2. Fluctuating Processes

Many of the large landslides in the study region are fossil failures
with only relatively shallow superficial movements occurring on them
at the present time. Most of the slides are now in a quasi-

equilibrium condition and there is little evidence for any
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significant increase in shear stress within the slope forming
materials that have not undergone mass movement. Peat development in
many of the landslide slump depressions has been continuous

indicating little or no movement since they were formed.

As discussed, slope failure has occurred where rocks forming a part
of the hillside have been progressively reduced in strength to
critical threshold levels of safety. The mechanism of lateral
expansion, fissuring and progressive strain softening of clay shales
and mudstone may lead to delayed failures that occur many years after
stream undercutting (Skempton, 197¢). The progressive failure of
jointed rock has been discussed by Terzaghi (1950, 1962). This
reduction in rock strength has taken place only after prolonged
periods of denudation during which time the slopes endured a
continued history of Pleistocene and Flandrian climatic fluctuations.
Such changes caused marked variations in the ground water levels and
controlled the rates at which weathering processes affected the
hillslope. During certain times in the Pleistocene, conditions were
often more extreme than those which eventually triggered the slide
movements and former frost climates in particular were especially
important in creating substantial talus and colluvial debris on
valley slopes (Johnson, 196%9a; Johnson & Walthall, 1979). By the end
of the Late Devensian a preéarious equilibrium became established on
most Pennine slopes between the rates of debris supply and
transportation and in consequence according to some authors long
rectilinear slope profiles were established at this time
(Summerfield, 1976; Rouse & Farhan, 1976). On many slopes however
this equilibrium has been disturbed by increased rates of both runoff
and mass movement, and such slopes are either convex-concave in

profile or have been modified by considerable displacements of
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material downslope in rock fall or large rotational/translational

slide movements,

1.7.1¢ Conditions favouring slope failure at the end of the

Devensian glacial

Periglacial conditions prevailed for a period of 60,000 years in the
southern Pennines. Freeze thaw and dessication processes must have
been damaging to rock faces, particularly where joints and fissures
were opened in the sandstone. During cold phases permafrost would
have prevented sub-surface waterflow in regolith, the permafrost
table would have caused the maintenance of saturated soils on the
hillslopes. Under such conditions Terzaghi (1962) demonstrated the
importance of cleft pore water pressures in rock masses, and
demonstrated how the process may facilitate rockfalls and sliding
movements within jointed rock. The maintenance of a high water table
and a strong pore water pressure gradient in the hillslopes during
the Devensian glacial period inevitably must have caused a weakening
of rock strength, but the most extensive landslides appear to have
occurred after the return of the more temperate Boreal climatic
regimes. A number of workers have suggested that there was a time
lag in the fall of ground water level at the end of the Devensian
glacial firstly because the lower slopes would have been heavily
mantled with regolith and sometimes partly frozen preventing the free
egress of water from the slopes and secondly, that the rate of shear
stress would have progressively increased as the permafrost thawed

and the ground water was able to circulate more freely.

In the tributary valleys undercutting by melt-water streams would

have facilitated sliding or slip movements but once these slopes
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became eroded by gullies the water table would have been lowered and
effective shear stresses reduced. 1In such conditions shallow planar
translational slides in regolith would commonly have taken place.
Where increased ground water storage and pore water pressures became
concentrated within particular zones on the hillslope the mass
strength of the shale and mudstones would have deteriorated through
the action of deep-seated creep and weathering processes to their

threshold residual shear strengths and deeper slides would have

resulted,

1.7.11 Climatic change and landsliding

The immediate cause of all landsliding appears, in all cases, to have
involved slope failure resulting from a progressive weakening of the
rocks at the base of the former hillslope. This can be seen as a
natural process of hillélope evolution controlled by local geological
conditions. There is a possibility, however, that environmental
changes might also have been involved in actually triggering slide
movements, For éxample, climatic change towards increased wetness,

could perhaps be invoked as a trigger mechanism,

Until recently, little firm evidence was available to indicate the
age of the landslides, though on the basis of their apparently
degraded and subdued morphology many were thought to be relatively
old. This interpretation appeared to be supported by results of
pollén analysis from the Coombes Rocks landslide at Charlesworth
which suggested initiation of activity in zone VI of the Flandrian
(Late Boreal), (Franks & Johnson, 1964). Over the last few years,
however, new research into the landslides of the study region and

nearby areas has yielded a number of dates ranging from Late
Devensian to Medieval (Redda, 1986) (Table 1.7).



Landslide §

Location

Reference € Position

of Sample

Pollen Zone

Date

Alport Castles,
Alport Dale

Bucks tones Moss,
Moss Moor

Coombes Rocks, 1 ¢ 2

Charlesworth

Bradwell Sitch, A ¢ B
Longdendale

Rakes Rocks
Crowden Valley

Didsbury lotake, A
Longdendale

Bradwell Sitch, €
Longdendale

Milistone Rocks
Longdendale

Laddow Rocks
Longdendale

Long Gutter Edge
Longdendale

Tintwistle Knarr
Longdendale

Didsbury Intake B
Longdendale

Upper Bradwell Sitch
Longdendale

Edale End,
Edale

Bradwell Siteh, D
Longdendale

Tallis (1983)
Landslide toe

Muller (1979)

Centre of landslide

Franks & Johnson

(1963)

Slip depression within

slumped ridge

Tallls & Johnson

Oldest part of the landslide
middle of main slump unit.

(a1titude 295m)

Tallls & Johnson
(altitude 330m)

Talllis & Johnson
(altitude 235m)

Tallls & Johnson
(altitude 295m)

Tallis & Johnson
Tallis & Johnson
(altitude LOSm)

Tallis ¢ Johnson
(altitude LOOm)

Tallls ¢ Johnsen
(altitude 330m)

Tallis & Johnson
(altitude 225m)

Tallis & Johnson
(altitude Loom)

Redda (1985)

Johnson & Walthatl (1973)

(1980)

(1980)

(1980)

(1980)

(1980)

(1980)

(1980)

(1980)

(1380)

(1980)

IV Pre-Boreal

Vi-Vila Boreal-Atlantic

VieVila Boreal-Atlantic

Vi-Viia Boreal-Atlantic

Vi-Vila Boreal=Atlantic

Vi=Vila Boreal=-Atlantic

Vila Atlantic

Vila Atlantic

Vila=Viib Atlantic-

sub Boreal

Viib Sub-Boreal

Viib Sub-Boreal

Viib Sub-Boreal

Viib Sub-Boreal

Viib Sub-Boreal

Vill Sub-Atlantic

8300-7600 BP

7480 8P

7190 &P

7100 8P

7000 &P

7000 BP

6500-7000 BP

6500 8P

4000-5000 8P

2200-4000 BP

2200-4000 &P

2200-4000 BP

2000-4000 8P

2560-2800 gP

1970 % 100 yrs BP

Table 1.7.

The age of landslides in the study region, from pollen

evidence of peat deposits found in landslide slump

depressions
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At the termination of the Boreal period, and throughout the Atlantic
Period, climate became markedly maritime. Various workers have noted
the marked climatic shift at this time and was probably caused by the
continuing eustatic rise in ocean levels and the creation of both the
North Sea and Baltic Sea (Willet, 195@; Godwin et al., 1958; Zeuner,
1958; Manley, 1959; Lanb, 1966; West, 1977). This more oceanic
climate coupled with suggested more southerly tracking depressions,
would have brought increased precipitation and consequently must have
raised ground water tables. Investigations by Conway (1954) have
shown how, in the Pennines, this increase in both rainfall and ground
water during the Atlantic (Pollen Zone VIIa) allowed the expansion of
blanket peats at the expense of established wet alder and birch
woods. Muller (1979) has suggested that this increase.in water may

have acted as a major participating factor in slope failure.

The basal dates for the biogenic slide deposits sampled do not all
support the hypothesis of climatic change to wetter conditions as a
landslide trigger mechanism. In some studies the earliest peats in
landslide depressions apparently started to accumulate under the
relatively dry Boreal (Zone VI) climate, whilst the peat infills in
the younger slides clearly are not related in their inception to
times of climatic wetness. A number of researchers have suggested
that landsliding might be more liable to occur under conditions of
reduced tree cover, none of the landslides in Longdendale have been
dated unequivocally to the Atlantic period (c. 5000-7000 Y.B.P.),

generally assumed to have been the period of maximum forest cover.

The basal peat deposits of the Longdendale landslides pre-dating
7000 Y.B.P. mark a time when expansion of forest was still occurring

and when the upper altitudinal limit of tree growth was well short of



its maximum; the possibility of anthropogenic disturbance by fire at
the upper forest margins at this time, however, cannot be discounted
(Jacobi et al., 1976). Most of the other landslide peat deposits
post-date 4000 Y B.P. in their inception, and originated during a
period of steadily increasing prehistoric forest clearance (Hicks,
1971; Tallis & Johnson, 1980; Said, 1969). The correlation may,
however, be coincidental, and further evidence is required before any

further conclusions can be drawn.

It is evident from studies undertaken in the Pennines (e.g. Franks &
Johnson, 1964) and elsewhére (e.g. Gil et al., 1974; Hutchinson &
Gostelow, 1976) that landsliding has occurred a£ times when
geomorphological processes were less intensive than they had been
during periods in the Pleistocene. The slopes clearly endured for
‘long periods climatic vissitudes similar to and more severe than
those of today and only failed when particular geological units
became weakened to a point of critical 'threshold' stage. When this
point was reached, the slope failed, regardless of climatic

conditions, steepness of slope or any other factor.

The actual site of a landslide is therefore determined mostly by
local conditions particularly, where structure and lithology
especially favour the concentration of ground water into an area of
steep surface slope. The condition of actual slope failure is only
reached after a long period of time during which the cohesion of the
rock material is slowly reduced. Thus, whilst it is probably true
that most landslides in the study region occurred during climatic
periods when the rate of weakening was accelerated, it would be wrong
to conclude that all Pennine landslides took place during those

periods. Table 1.6 shows that a number of landslides occurred at
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times when the optimum climatic conditions discussed no longer
prevailed. The apparent lack of evidence collected so far can only
provide a somewhat speculative interpretation of the age of the
landslides. Clearly more research is needed to investigate dateable
deposits above and below landslide debris and also within river
terrace gravels and solifluction deposits associated with the

landslide debris, in order to reconstruct more exactly the time of

inception of landslide events.

1.7.12 Superficial Material

The distribution of superficial deposits in the study region is
largely a result of periglacial processes and their composition
largely reflects the underlying bedrock. The principle process under
periglacial conditions was frost shattering through joints and
bedding planes of bare rock outcrops assisted by the permeability of
the sandstones, producing angular and sub—-angular rock fragments
which mantled the slopes and the summits. These deposits are known
as Head or 'scree associated deposits' and contain a sandy poorly

sorted matrix and angular scree debris, the latter being replaced by

stone flags at depth.

Head deposits cover most of the valley slopes in the study region,
forming a variable thickness of rock debris derived from the
alternating sandstone and shale sequences by the action of
periglacial freeze théw processes. They comprise such features as
solifluction flows, screes, downwash and hill-creep which generally
pass imperceptibly into one another, and in many cases into valley
side accumulation of landslide deposits. Solifluction is the slow

downslope movement, under the influence of gravity of water saturated
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debris in the seasonally active layer above the permafrost table.
Solifluction takes place when the downward percolation of water
through the soil is impeded and where melting of segregated ice
lenses provides excess water which reduces internal friction and
cohesion in the soil. The Head deposits are heterogeneous,
containing variable-sized rock fragments and numerous slip surfaces.
Head deposits have variable permeabilities, although where the
material has been derived from shale and mudstone strata the clay
content of the Head can be high. Where a high clay content occurs
the infiltration capacity of the Head will be lowered and surface
runoff may result. Wwhen the base of a jointed sandstone aquifer is
masked by a sufficient thickness of Head the release of water from
the fissures may be impeded; under such conditions water builds up
within the sandstone until it overspills the upper limit of the Head.
This situation can produce artesian conditions in the aquifer at
outcrop, leading to an increase in pore water pressures and

consequently to instability of the overlying superficial deposits.

In frictionless, uncemented and weathered slope regolith usually
derived from Head, the most common mode of failure is rapid
translational sliding on a relatively shallow plane parallel to the
ground surface. Shallow planar translational slides confined to
soils are extremely common mass movement features, and occur
throughout the study region. They are always shallow features and
have essentially straight slide planes with some curvature towards
the crown, and hence some rotational movement can occur. Some of the
more camplex forms disintegrate after their initial failure to form
tongues of debris related to secondary mechanisms of mudsliding. The
distinctions between debris slides, debris avalanches, and debris

flows is based upon the degree of deformation of the soil material
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and the water content of the sliding mass. As both deformation and
water content frequently increase downslope what may be described as
a debris slide at the crown of the landslide, with relatively large
undeformed blocks of soil sliding down-hill, may become an avalanche
of small blocks and wet debris in midslope to a thoroughly saturated

mudslide/ mudflow at the base of the slope.

Unlike falls, slumps, and glides which may occur as a result of deep
percolation of water, and hence at a considerable time after a heavy
period of rain, translational slides nearly always occur during heavy
(intense) rain. Rainfall with sufficient intensity and duration is
required to raise the watér table to near the soil surface or fill
pre-existing tension cracks. In low intensity rainfalls the removal
of water from the soil by throughflow can keep pace with
infiltration, and in short-duration falls the field capacity of the
soil may not be exceeded. Only when the field capacity of the soil
is exceeded for long enough for water pressures to rise substantially

can the soil lose sufficient strength to fail.

Conditions for failure are at an optimum when the soil is in a
weathered or residual strength state, where the water table is at the
surface and where water flow is parallel to the slope. Failure

surfaces are concentrated at the soil/bedrock interface particularly

soils which overlie argillaceous mudstones and shales.

There is a strong correlation between shallow planar slips and
rainfall (Cambell, 1975; Nilsen et al., 1976a; Vargas, 1971; Canuti,
1985; Selby, 1976; Rogers & Selby, 1988). Many researchers have

reported that these types of failure are associated with 'blow outs'

of water under pressure and with secondary disintegration of the
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failed mass into a debris flow (Kesseli, 1943). Many of these slips
are also located at gully heads. These observations confirm that the
initial failures occurred wherever suitable positive pore water

conditions developed in the soil mantle.

Shallow planar translational sliding remains an important process in
slope evolution where cohesionless regoliths occur on steep slopes.
Sliding occurs when weathering has proceeded far enough to reduce
soil strength towards a failure condition and where there is
sufficient thickness and water pressure. Generally short periods of
sliding are separated by long periods of weathering since the slide
movement usually removes all debris down to bedrock level. Erosion
rates are therefore limited by the rate of weathering and by the
frequency of occurrence of suitable pore pressure levels in the
regolith mantle. The spatial pattern of shallow slides seems to vary
randomly across a smooth rectilinear slope, although where valley
heads, gullies, percolines or other conditions cause water to

concentrate on steeper slopes, there may be preferred areas of

sliding.

1.7.13 Conclusions: The mechanisms causing slope failure and the

location of the slip surface

The most important factors in Table 1.6 are those which have caused
variation in slope loading or have reduced rock strength directly.
Most of the larger slides in the study region tend to be deep-seated
with a strong translational displacement, with some backward rotation
at the head. The position of the slip surface is presumed to have

been strongly influenced by local variations in such characteristics
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as the thickness, composition, permeability and inclination of the
strata together with the texture of jointing or faulting within the
beds. Because of the variable nature of the strata the failure
surfaces are almost certainly irregular and can have only approximate

regular geometric forms.

It would appear, however, that the failure path for the most part was
in mudstone or shale strata. This is in the zone of contact between
impermeable and permeable rocks and where the ground water flow is
strongly anisotropic being determined by the dip of the beds. In
such zones high pore water pressures can be generated with strong
pressure gradients within the slopes. Equally important chemical and
mechanical weathering in such zones reduces the rocks to very low
strength levels. Denness (1972a) working on similar strata has
observed that shales can be reduced to a 'clay-like' consistency by
ground water erosion and weathering with only 5% of their original
strength retained. Shales have been observed in stream sections
weathered, buckled and attenuated and such deformations have

undoubtedly contributed to the slumping and sliding of hillslope

materials.

It is also probable that strong artesian and piezometric pressure
gradients were formed in the past and contributed to the reduction of
effective shear stress and the lowering with time of the effective
angles of shear resistance of materials located on the potential slip
surfaces. On stable slopes weathered sandstones and shale provides
internal shearing resistance angles of c. 3¢°-35° and 27°-45°

degrees respectively, but with a high clay content the residual angle
can be lowered to 18°-24° degrees (Skempton, 1964). Frequent

small shallow planar translational slides, cracks, and arcuate back



scars in Head material provide indications that many of the slopes
with such superficial deposits are close to limiting equilibrium for
shallow mass movement. The reason why many of the slopes which may
be interpreted as relic features of periglacial mass movement are
currently stable is due in part, to low piezometric levels, although
in the vicinity of some spring lines a rise in ground water level has

resulted in renewed instability particularly after heavy rain.

Initial sliding in the study area appears to have developed on shale
slopes which failed with considerable dilation of the rotated slump
blocks. The failures must have been attributed to general rock decay
and to low effective resistance caused by high pore water pressures
that prevailed at the base of the shales. Once sliding had taken
place the residual strength of this already weakened material would
be reduced to levels much lower than those prevailing initially and
as a consequence later shearing and movement were achieved with
smaller stress forces. As the stress conditions in the slope at the
rear of the slump blocks increased and the frictional angle was
lowered, the slopes became unable to support the now steep and
heavier slope mass with its capping of sandstone. Subsequent slide
movements therefore, took place along the same bedding planes as
those movements which had controlled the initial sliding and
facilitated the progressive displacement of slump blocks downslope
onto the lower and older slide debris. The high pore water pressures
which prevailed at the base of the shales and the lower residual
strength of material at the landslide toe would also have facilitated

further debris slide/mudslide movement.
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1.7.14 .Vu1nerability of slopes

Johnson (1988) identified the most vulnerable slopes to landsling in
Longdendale, in the Peak District. The most vulnerable slopes were
identified as those situated in the main Longdendale valley, where
75% of the Grindslow Shale basal and mid slopes had already failed
whereas only 1% of all the slopes developed on the Kinderscout Grit
formation had become unstable. Johnson concluded that 'the presently
stable slopes' of Longdendale are vulnerable to mass movement as they
still possess characteristics conducive to failure. Johnson (1981)
recognised two distinct types of slope which were vulnerable to deep-
seated movements. The first type of slope is located in valleys
where slope amplitude exceeds 220m and where the slopes are broadly
concave. Failures on such slopes tend to be translational movements
and take place along bedding-plane slip surfaces with rotational
slide movements in the upper parts of the slide. Such slides take
place in mid slope locations but debris sliding/mudsliding may later
transfer weakened and saturated slope debris to the toe of the slope.
The second type of slope where landsliding has taken place is where
slope amplitudes are between 120-14¢m and where streams undercutting
the base of the slopes have undermined their stability. The
landslides on this type of slope tend to be rotational with slump
debris extending over most parts of the slope below the landslide
scar. Regolith movements on both these types of slopes and other
slopes thought to be less vulnerable have also occurred. Although
these shallow slides are more common they are much smaller in extent
and are not likely to cause major problems to engineers unless they

lie over seepage springs.

Johnson (1980) suggested a checklist of factors likely to influence
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large scale slope instability based on his studies in Longdendale and
Charlesworth, the checklist is equally applicable for the study
region of this thesis (Table 1.8). The checklist can be applied to
the study region using a method outlined by Cooke & Doornkamp (1974)
and Crozier (1986). Each of the factors, is assigned a stability
rating based on a scale varying from stable through degrees of
potential instability to those slopes which have already failed.
This method is best accomplished with the use of a morphological map
whereby stability ratings can be assigned for each morphological
hillslope unit. Although such an analysis cannot be a substitute for
a full scale geotechnical investigation of particular slopes it
provides a valid method of discrimination between slopes of varying
stability. Such a map can be regarded as a simple form of relative-
stability or slope susceptibility map. Section 2 of this thesis
firstly outlines the principles and purposes of landslide hazard
mapping with briéf reference to recent landslide susceptibility
studies, secondly, a regional landslide susceptibility study using
the Matrix Assessment Approach (MAP) is described and is applied to

the Peak District study region.
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Table 1.8 A checklist for sites liable to large-scale instability

A.

a)
b)
c)
d)

e)

B.

a)

c)

d)
e)
£f)

g)

(Johnson, 1980).

Map Evidence

Local relief and slope height/length integral.

Slope gradient (mean and maximum valley side, slope angles).
Slope unit boundary limiting angle.

Degree of curvature along valley sides.

Drainage density within slope units. Ease of egress by

ground water to surface channels,

Field Evidence

Thickness of valley-side cap rock and the ratio between its
thickness and the valley side height.

Number of sandstone beds outcropping in valley sides, their
thickness, inclination, orientation and permeability.
Structural conditions including texture of joints, faults and
extent of valley side and floor bulging, cambering and
attenuation of strata at the base of the slope.

Evidence of deep weathering.

Nature of superficial overburden; its texture and permeability.
Proximity of stream channels to base of slopes.

Evidence of past mass movements on slopes, degree of drainage

integration where this has occurred.
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REGIONAL SLOPE
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2,1 LANDSLIDE HAZARD MAPPING

2.1.1 Introduction

The importance of accurately identifying areas of hillslope
instability and areas of potential unstable ground, and to
differentiate them from adjacent areas of stable ground before
intended engineering or other development projects is now widely
recognised by engineering geologists and civil engineers. The
purpose of such an analysis is to convey information on ground
stability to planners, engineers, and other concerned professionals.
National programmes to reduce landslide losses have been implemented
in a number of countries in the world these include: national
landslide insurance in New Zealand, hazard zonation with land use
controls in the U.S.A. and France, an extensive programme of research
and stabilisation in Japan, and extensive programs of inventories and
zonation in other European countries including Spain, Italy, Germany,
Hungary and Czechoslavakia (Matula & Nemcok, 1965; Rybar et al.,

1965; Pasek et al., 1977; Carrara & Merenda, 1976).

A study by Alfors et al. (1973) in California attempted to forecast
the potential costs of natural hazards for the period 1970-2008, and
of the possible effects of applying loss-reduction measures.
Landsliding represented a major natural hazard; the projected $9580
million losses due to landsliding was estimated to be second to that
of earthquake shaking in California. The study estimated 98 per cent
damage loss savings if all feasible landslide loss-reduction measures
were applied. Leighton (1976), said, 'This level of loss-reduction
is possible because landslides are considered to be one of the most

potentially predictable of geological hazards'.
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Hansen (1984), suggested that, 'In general, the application of earth-
science technology has a greater potential impact for the long-term
reduction of natural hazards produced by surface and sub-surface
phenomena than for meteorological processes such as hurricanes,
because the latter are not site-discriminant in their distribution.
Slope failure, although sometimes triggered by 'regional' hazards
(e.g. earthquakes or intense precipitation), will tend to affect
discrete parcels of land. As such, earth science technology

particularly the spatial science of geomorphology can play a valuable

role in determining these susceptible areas'.

Martin (1978), recognised two basic approaches to the assessment of
potential instability, they are: (i) the Engineering Approach and

(i1) the Geological/Geomorphological Approach.

The Engineering approach utilises rock or soil strength parameters in
deriving the factor of safety of a slope. These parameters are
derived either from laboratory analyses of slope-forming material, or
by back analysis of failed slopes assuming a factor of safety of 1.0.
The engineering approach is used mainly to assess instability arising
within individual slopes. On the other hand the geological/
geomorphological approach to landslide hazard evaluation has
concentrated mainly on regional assessments of landslide
susceptibility, using essentially a derivative mapping procedure.

The simplest means of constructing a regional landslide hazard map is
to work on the assumption that the most hazardous areas are those
containing the highest density of currently active landslides. The
most widely used technique is to superimpose three basic maps ((a) a
landslide distribution map, (b) geological map and (c) a slope

distribution map) to develop a series of hazard zones or classes, the
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boundaries of which are assigned either arbitrarily or by selected

appropriate limiting values from the three component maps.

Landslide hazard mapping seeks to mitigate the danger to life,
structure, land loss and social well being. As a general statement
landslide hazard assessment may be achieved by: (i) historical
methods using previously recorded data on the dates of occurrence and
the magnitude and frequency of hazardous events (ii) by
experimentation or the use of extrapolation and generalisation
techniques, which may or may not be computer based. The general

procedure for the assessment of landslide hazard and risk is set out

in Table 2.1,
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Table 2.1 General Procedure for the assessment of landslide hazard

1,

2.

3.

4.

5.

and risk

Identification of the nature, degree of activity and critical

levels of external destabilising factors;

Identification of the physical responses of inherent factors to
the critical levels of activity of the external factors; that is,

a determination of terrain sensitivity;

Investigation of both the frequency of occurrence of critical
levels of the external factors and terrain sensitivity to produce

a measure of the probability of landslide occurrence;

Combination of the'probability of the landslide occurrence with

mass movement characteristics, such as the rate, depth, volume,

and zone of influence to ﬁroduce an assessment of potential

landslide hazard. 1In effect, this is a statement of the

frequency/magnitude charactefisﬁics of the phenomenon (Landslide

- Hazard Maps);

Combination of potential landslide hazard with the potential
human, economic and envirormental damage to produée a statement

on landslide hazard risk (Landslide Risk Maps).



In practice, however, there is often insufficient data to carry out
all five phases. If only a small area is under consideration,

phase 5 (evaluation of the risk) is likely to be considered early in
the assessment. If potential risk is considered to be high, then
both surface and sub-surface investigations may be carried out. A
full stability analysis would ensue, combining phases 1 and 2 to
achieve a statement on probability of occurrence. Knowledge of the
morphology, material, volume, and site characteristics, combined with

any preliminary assessment, would form the basis for a statement of

the potential hazard.

On a regjonal scale, time and financial constraints usually prevent
special sub-surface testing for all areas under consideration;
instead use has to be made of existing information or data which can
be rapidly obtained. The first decision to be made in a regional
survey is the choice of the primary 'information unit' or mapping
unit (Geological Society, 1983). The size and nature of this unit
depends on the scale of the area under consideration, the time and
financial resources available, the degree of detail of the existing
information and the degree of terrain homogeneity. Subsequent
mapping units, sub-division and hazard zones are then constructed
solely on the basis of the acquired data. Generally, however,
existing geological, soil, vegetation, slope or geomorphical units
serve as the primary mapping units. Geomorphological units have been
successfully employed in many hazard-evaluation schemes (Kienholtz,
1978; Ives & Bovis, 1978). Brabb (1982) for example, in prepariné a
map depicting landslide susceptibility for San Mateo County,
California, used geological units as the primary map unit and sub-
divided these on the basis of slope to form a geology/slope unit.

This unit was then reclassified with respect to past landslide
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behaviour to provide the ultimate units of landslide susceptibility.
The method is simple, rapid and relatively successful in providing a
regional assessment of the landslide hazard at a level suitable for

basic planning decisions.

Having established the primary mapping unit, each one may be
categorised on the basis of its current exposure to external
destabilising factors (phase 1, Table 2.1). This can include such
factors as presence and frequency of river or stream undercutting,
efficiency of drainage or stormwater systems, and on a broader scale,
frequency and magnitude of triggering factors, such as certain
weather conditions, seismic activity or particular land use
practices. This would allow each unit to be assigned a rating value
representing the minimum return period of any potential destabilising
activity. Phase 2 (Table 2.1), however, conventionally constitutes
the principal basis for hazard assessment. Inherent stability
factors are surveyed, numerically scaled, and recorded on the primary
mapping unit to provide an assessment of 'terrain sensitivity'. An
example of using a semi-quantitative scaling procedure of inherent
factors to produce an overall measure of terrain or slope
sensitivity, is shown by Selby's (198@) rock mass classification. In
general, however, as many factors should be recorded as the
constraints of the exercise allow. Examples of factor lists which
may be ranked on a scale from 'potentially stable' to 'potentially
unstable' can be found in Cooke & Doornkamp, 1974; Johnson, 1980;
Crozier, 1986. Numerical rankings of individual factors may be
weighted and summed to provide aggregate scores for each mapping unit
which, in turn, can be ranked to provide an overall assessment of

terrain sensitivity.
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In phase 3 scores representing the incidence of triggering conditions
(phase 1) are combined with those representing inherent stability
conditions (phase 2) to provide a measure of probability of
occurrence (Sheko, 1977; Kyunttsel et al., 1978). Thus, high
inherent stability combined with low minimum return periods for the
activity of external factors indicate high probability of landslide
occurrence. It is also useful to record on the map the factors which
are most influential in determining the overall probability of
occurrence rating. This indicates not only those factors which might
be effectively manipulated to improve stability, but also those which
need to be preserved to maintain stability (Laird et al., 1979). A
test of the validity of this method for determining the probability
of occurrence can be carried out by correlating the classified units

with the occurrence of pre-existing or new landslides.

Using phases 1, 2 and 3 of this procedure a probability of occurrence
on the basis of pre-determined importance factors can be achieved.
As such, this method can be employed where there is little evidence
of landslide activity. If, however, landslide activity is prevalent
in the area, then various forms of locational-factor—analysis and
spatial and temporal correlation analysis can be carried out to
determine the most influential stability factors within the region.
For example, minimum and maximum threshold angles, landslide
density/slope angle class and landslide density or landslide volume
can be obtained for each geological unit. This information may be
extrapolated to unaffected areas of the same mapping unit class. In
the presence of landslides, terrain sensitivity can thus be assessed

by post-event-~determined importance of stability factors.
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The results of the procedural phases of Table 2.1 and outlined above
are usually summarised on hazard maps which portray existing or
threatening processes or as risk maps which attempt to assess
quantitatively or qualitatively, the likelihood of a landslide event
occurring or the damage potential to the local population and
structures. The maps may show various degrees of risk ranging from a
statement of the hazards known to occur or to have occurred, through
to estimates of relative risk (landslide susceptibility maps) and

finally to probability maps, depending on the quality of data (Bolt
et al., 1975; Scheidegger, 1975).

There are two approaches to landslide hazard mapping, direct and
indirect mapping; both may be supplemented by geotechnical
methodology at a later and more sophisticated stage. Direct hazard
mapping techniques seek to identify the location and effects of
natural and man induced proéesses in the landscape. Direct mapping
includes landslide distribution maps, registers, inventories and
geomorphological maps which seek to portray information as seen in
the landscape, reported in the literature or derived from documentary
sources. Indirect mapping is based on assumed or known causes and
aims to identify the controlling parameters of the landslide system
which could be used to construct models which predict favourable and
unfavourable locations. The methods used for indirect mapping are to
map or record digitally the distribution of such variables as slope
angle, slope complexity, land use, geological parameters, drainage,
mining, undercutting etc and to analyse the result to produce
landslide isopleth maps or landslide susceptibility maps. The
various techniques of landslide hazard mapping have been reviewed by
a number of authors these include: Hansen, 1984; Brabb, 1984; Carrara
& Merenda, 1976; Carrara et al., 1977a, 1977b, 1978; Cottecchia,

1978; Kienholz, 1978; Nilsen et al., 1979, Varnes et al., 1984.

95



2.1.2. The Matrix Assessment Approach

This thesis has examined one particular computer-assisted technique
known as the Matrix Assessment Approach. This approach is a
quantitative method for establishing an index of instability over a
large area. The method uses existing or easily obtained
geomorphological and geological data to define the tendency towards
instability or the relative risk of instability of all slopes in a
region., It lacks the ability to actually predict landslide
susceptibility in terms of probability or confidence intervals.
However, the Matrix Assessment Approach does allow relative
instability to be evaluated over large areas using only a few key
measurable factors. When this approach is used, the landslide
susceptibility classes are defined by discrete combinations of
measurable attributes. Matrix assessment reduces the subjective
judgements' in the evaluation process by using a simple objective

procedure. Because very large data sets can be generated by this

method, and because of the manipulations that are required a computer

based approach is necessary. Management agencies in the U.S.A. such
as the USDA Forest Service have instituted studies that incorporate
landslide evaluation information into management decision-making.
These studies usually attempt to evaluate stability for a particular
project i.e. forest road building (Crockett, 1966) or for a
management area (Bailey, 1971). Matrix assessment for landslide

susceptibility is an outgrowth of the ECOSYM project. ECOSYM is a

natural resources classification and data storage system developed by

Utah State University for the Surface Environmental and Mining Task
Force (SEAM) of the USDA Forest Service and the Office of Biological

Services, USDI Fish and Wildlife Service. The Matrix Assessment
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Approach has been applied to the 1836 km2 Price Planning Unit of

the Manti-Lasal National Forest (DeGraff, 1977) and a 1331 km®
planning unit of the Fishlake National Forest in Central Utah
(DeGraff, 1978; DeGraff & Romesburg, 1980). A more advanced Matrix
Assessment Approach than that used by Degraff (1978) has been applied
to a 360 km2 case study region in the Derbyshire Peak District.

The methodology of the Matrix Assessment Approach (MAP) to landslide
susceptibility and its application is described in the following
chapters of Section 2. However, it is pertinent at this point to

briefly mention the landslide surveys which have been undertaken in
the United Kingdom.

2.1.3 U.K. Landslide Surveys

With a few noteable exceptions landslides rarely cause severe loss of
life in the United Kingdom but they do cause damage to property,
disruption of highways, construction problems, loss of farmland and
dangerous coastal cliffs. Until very recently there has been no
formal systematic survey of landslides, either ancient or modern
which covers the U.K. on a national scale. There has been no
equivalent to the surveys of California by the USGS, the hazard
surveys of the USDA. Forest Serviceé, the studies of the Geotechnical
Branch of the Canadian Geological Survey or the extensive national
surveys of New Zealand, France, Poland and Czechoslovakia. The only
published near national cover of the distribution of landslides in
England and Wales is that shown on the 1:63,360 geological map sheets
of the Geological Survey of England and Wales carried out by the

Institute of Geological Science (The British Geological survey).



General studies of the stability of slopes in London Clay,
particularly in the London Basin, have been carried out by many
workers (Skempton & Hutchinson, 1976). Skempton (1964) reported the
results of studies on the long-term stability of slopes, using
examples from slopes on London Clay. Hutchinson (1965, 1968b,c,d)
provided a major catalogue of landslides within the London Clay
including the coastal landslides of Kent, Essex and the Isle of
Wight. Skempton & La Rochelle (1965) reported the short-term failure
of slopes in London Clay in the undrained condition at Bradwell in
Essex. The Institute of Geological Sciences carried out a geological
survey of South Essex for the Department of the Environment in 1977
(Northmore et al., 1977). The site investigation pertaining to the
landslides of this area followed on from the general study carried
out by Hutchinson, 1965, 1968a, b, 1969, 1973. The field
investigation concentrated on those areas of South Essex with slope
angles of greater than 7 °. A landslide map was constructed at the
scale of 1:25,008 showing the location, direction of movement, type
of movement, age and condition of each identified landslide and the
location of springs that issue from the vicinity of the Claygate
Beds/London Clay boundary. A similar study was also undertaken by

the Institute of Geological Sciences at Milton Keynes (Cratchley &
Denness, 1972).

Morphological mapping techniques using both aerial photography and
field mapping have been successfully applied at the reconnaissance
stage of the Taff Vale Trunk Road between Abercanaid and Merthyr in
South Wales (Brunsden et al., 1975a,b). The mapping was used for
identifying landslides along the proposed route and also provided
useful information to highway engineers in the design of the

engineering works. Applied geomorphological mapping techniques have
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been used in the Char Valley, Dorset; Rutland Water, Leicestershire;
Hadleigh Cliff, Essex; Bath, South Cotswolds and the Killiecrankie
Pass, Scotland, to show areas of slope instability (Brunsden & Jones,
1972, 1976; Chandler, 1971, 1974; Hutchinson & Gostelow, 1976;
Hawkins & Privett, 1979; and Chaplow, 1983). Several large scale
engineering geological maps which include landslide data have been
produced, good examples of this type of mapping include the work
carried out by Dearman & Fookes, (1974) and Clarke & Johnson (1975).
Other localised landslide surveys in the U.K. of note include:
periglacial landslides in the East Midlands and Northamptonshire
(Chandler, 1970a, 1970b, 1971), parts of the Cotswolds (Kellaway &
Taylor, 1968), and the Lower Greensand escarpment near Sevenoaks

(Weeks, 1970; Skempton & Weeks, 1976).

Fahran (1976, 1978) developed a technique for an engineering terrain
classification in the Upper Lliw catchment (12 kmz) in South Wales.
The technique used a combination of both geomorphological and
engineering geological/geotechnical site investigation in order to
produce geomorphological maps indicating hazard areas for engineering
construction. Geomorphological site analysis was carried out on 54
geomorphologically identified units followed by a geotechnical site
investigation planned and quided within the geomorphological unit
framework (Rouse, 1975; Rouse & Fahran, 1976). A series of
engineering geomorphological (special and general) maps and plans and
a data matrix containing the differentiating characteristics of

surface form for each engineering site (site morphometric attributes)

was compiled along with a geotechnical survey map and a geotechnical
data matrix including the physical and mechanical differentiating

characteristics (grain size, in situ unit weight, dry unit weight,
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saturated unit weight, liquid limit, the residual angle of shearing
resistance, the predicted limiting angle and the coamparison of the
predicted limiting angles with mean slope angles) of the engineering
sites. The data matrix of the site morphometric attributes was then
combined with the geotechnical data matrix, and both employed as
input for statistical classification using multivariate statistical
techniques. Cluster analysis was used to produce several groups of
engineering terrain classes based on similarity coefficients. The

validity of the grouping was tested statistically using linear and

multiple discriminant analysis.

Terrain zone maps have been prepared by the Institute of Geological
Sciences (Conway, 1976) for a small area of the West Dorset Coast, in
an area of intense landslide (especially mudslide) activity. The
zones were defined on the basis of: slope steepness, slope drainage,
instability potential, geological structure, and geotechnical
properties of the rocks. The solid geology of the area surveyed
consisted of Lower Jurassic Clays, mudstones and impure limestone
overlain uncamformably by Cretaceous clays, sands and chert. The
boundaries of most terrain zones were found to be coincident with
lithological boundaries. The 1:50,000 scale map shows active
landslide areas, with the rest of the map being divided into six
terrain zones. Each zone was classified according to its lithology
and was identified from 1:4,000 scale aerial photographs. The
terrain zones and slope instabilities were presented on 1:1¢,560
geological maps. An accompanying summary table gave information-.on
extended lithologies, slopes, and geotechnical conditions which
existed within each unit. The purpose of the Dorset coast maps was
fourfold: (i) to provide planners with a broad guidance on the

possible use or uses to which coastal areas can be managed, (ii) to
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provide a broad indication of likely instability and foundation
conditions for the initial stages of planned engineering works, (iii)
to pinpoint active or potential hazard areas and (iv) to provide the

basis for the design of detailed site investigation procedures.

Chandler & Hutchinson (1984) have recently devised a scheme of
assessing the relative degrees of landslide hazard in the Undercliff
(large complex of old multiple rotational and translational coastal
landslides) at Ventnor, Isle of Wight. The technique is based on
consideration of the combined geological, geomorphological,
historical, and instrument monitoring evidence, together with
previously collected geotechnical data. Four ranked degrees of
landslide hazard were identified based on the types of landslide
movements currently occurring in the Ventnor area. The hazard
zonation is not intended to be taken as a prediction of the
occurrence of an actual landslide; the ranked categories merely
identify areas which, according to the available evidence, have a
designated probability of failure. This is seen as a useful

preliminary quide to planners, local authorities and others concerned

with the situation in Ventnor.

A regional landslide survey for the Department of the Environment was
undertaken in the South Wales Coalfield between 1979 and 1981
following a preliminary limited regional survey in 1977 (Conway

et al., 1980). The objectives of the extended survey were: (i) to
identify and classify landslide types, (ii) to map the distribution
of landslides in relation to slopes and the, solid and superficial
geology, (iii) to indicate areas of present instability, and (iv) to
prepare a report with data presented as a series of landslide

distribution maps and a catalogue of all mapped landslides in the
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coalfield area.

Two landslide susceptibility maps at the scale of 1:2,500 have been
constructed for two landslide areas at Tarren Pwllglo and Glynrhigos
in the South Wales Coalfield (Conway et al., 1983). A slope element
plot was superimposed on the solid geology map, two zones of high
landslide susceptibility were plotted, zone (A) the coincidence of
slopes greater than 25° and potential spring lines, and zone (B)
which showed the coincidence of 15° to 25° slopes, and potential
spring lines. A zone immediately downslope of the two previously
mapped zones (A & B) was delineated, this zone represented moderate
susceptibility, zone (C). Although zone (C) may not fail itself, it
may suffer from the resulting landslide debris and mudslides caused
by failures further up slope. Other areas with no identified
landslide causal factors operating were classed as zone (D).
Superimposition of a geomorphological map upon this zonal map allowed
slight modification of the four zones by showing where superficial
material was likely to be deep. It also introduced a sub~zonation of
areas which showed signs of previous movement thereby indicating
areas of residual strength which were, therefore, classed as more
susceptible to failure. The geomorphological map also showed zones
of high but localised slope susceptibility caused by bank
undercutting by stream erosion, zone (F). The final derivative map

established five zones of varying susceptibility to landslide

movement.

The work of Johnson (1988) provided one of the few examples of
landslide susceptibility mapping undertaken in northern Britain.
Johnson used a similar technique to that employed by Brabb et al.

(1972) to construct a landslide susceptibility map for an area of
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72 km2 in Longdendale, Derbyshire. Instead of using a generalised
slope gradient map with slope classes determined arbitrarily as used
by Brabb et al. (1972), the Longdendale map was compiled by examining
each slope profile in terms of its individual geological and
hydrological conditions as well as its gradient. A geomorphological/
geotechnical investigation of selected slopes was also undertaken in
order to determine the following parameters: slope angle, slope
height, cohesion, bulk density, angle of internal friction, and
ground water levels. Slope stability charts (Hoeck & Bray, 1977)
were then used to determine the factor of safety for different slope
units, assuming a factor of safety of 1.0 when it became critical to
failure. Critical slope gradients from actual valley side profiles
were then compared with theoretical values and by using this
comparison five slope susceptibility units could be recognised. The
base map used for the landslide susceptibility mapping was a slope
classification map: whereby each morphological slope unit was

classified according to Dalrymple's nine unit land surface model

(Dalrymple et al., 1968).

A landslide survey of the U.K. sponsored by the Department of the
Environment has recently been completed by Geomorphological Services
Ltd. The survey involved the creation of a large data bank of
landslide information gathered on a standard proforma. Information
was collected from published geological maps, landslide reports,
documents and various academic journals on a county basis. Each type
of landslide was then plotted on a base map (scale 1:258,000) by a
representative symbol and classified according to whether the slide

was active or fossil.



The application of the Matrix assessment approach to landslide
susceptibility in the Derbyshire Peak District case study that
follows thus represents one of the few attempts in northern Britain

to define the slopes of a large area in terms of relative risk of

instability.

2.2 Landslide Susceptibility Mapping using the Matrix Assessment

Approach (MAP)

2.2.1 Introduction

Over the past 20 years, it has become common practice to use aerial
photograph interpretation and field-based geomorphological mapping at
the reconnaissance stage of civil engineering projects in order to
identify those sites where geotechnical investigations are most
likely to be required. Such an approach normally provides a good
basis for recognising existing failures, including those of some
antiquity. However, most investigators are nervous of having to
define 'slopes potentially susceptible to failure'. Mapping of this
style therefore tends to identify landslides and leave the remaining
slopes unclassified. Much more difficult is the task of identifying
sites which are close to instability or even where instability may
exist, but has not been recognised either in past records, by aerial
photograph interpretation, or by reconnaissance mapping. In order to
assist in this task a technique of slope susceptibility assesssment
known as the Matrix Assessment Approach (MAP) is outlined. This
approach uses existing or easily obtained geomorphological and
geological data to define the tendency towards instability or the

relative risk of instability of all slopes in a region. The matrix
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assessment approach can be regarded as a supplementary technique to
aerial photograph interpretation and geomorphological mapping. It
provides a classification of all slopes in a manner which indicates

the relative risk of slope failure in each case.

The Matrix Assessment Approach (MAP) has been applied to the 1036

2
km™ Price planning unit of the Manti-Lasal National Forest, U.S.A.

(DeGraff, 1977) and a 1331 km? planning unit of the Fishlake
National Forest in Central Utal (DeGraff, 1978; DeGraff & Romesburg,

1980). Section two of this thesis sets out to examine the following

questions:-~

1. Can the MAP technique proposed by DeGraff, (1978) be improved in
order to provide a more detailed landslide susceptibility

assessment.

2. Can MAP be applied satisfactorily to terrains other than those

described by DeGraff & Romesburg, (1980) to provide an accurate

assessment of landslide susceptibility.

3. How successful is the MAP technique for establishing an index of

relative stability over large areas in a selected case study area

in the U.K.

The technique uses a square grid-based digital model for landslide
susceptibility and has been implemented and tested on a sample area
in the Peak District of Derbyshire. The techniques used to collect,
encode, store and process the parameters used in the MAP approach

are described below.



2,2.2 The aims and application of the Matrix Assessment Approach

The aims and application of MAP can be discussed by reference to

seven main points:

1. Regional survey economics
2. Classification of instability

3. Temporal change

4. Identification of undetected instability for highway engineering
5. Hazard assessment subjectivism

6. The end user

7. Rapid and cost effective technique

l. Regional Survey Economics

Mass movements are the result of an interplay of a large number of
interrelated geological and geomorphological factors. Their
identification and measurement in the field would need both surface
and sub-surface site investigation regarding geotechnical,
geomechanical and hydrogeological characteristics of the parent slope
and of the failed mass. However, as pointed out by Bjerrum (1967),
accurate stability analysis of natural slopes by means of intensively
applied geotechnical technigues cannot be carried out at reasonable
cost and relatively rapidly over large areas. Site accessibility may
also be a problem in remote areas, either for transporting large
boring machinery, or the removal of suitable material samples. 1In
such cases an alternative cost effective approach is needed at very
least to identify those sites most likely to be prone to instability.
Such an approach must of necessity be based on easily obtained

parameters which can be readily collected over the whole of the
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investigated area and which are known to be directly or indirectly
correlated with slope instability. Such parameters will therefore

tend to be those related to relief (morphology and geomorphology) and

materials (geology and soils).

2. Classification of Instability

Although there is a clear distinction in terms of activity between
slopes which are undergoing movement and those which are static, it
oversimplifies the issue to classify slopes as being either 'stable'
or 'unstable'. If a classification of slope instability is required,
it is better to envisage slopes as existing in a continuum of states,
from stable, unstable (marginally stable) to an actively unstable
state (Crozier, 1985). This continuum represents successively
smaller margins of stability, culminating in the actively unstable
slope where the factor of safety is zero. In deterministic terms,
these stability states can be defined (at least theoretically) by the
ability of transient forces to produce failure. Stable slopes are
those where the margin of stability is sufficiently high to withstand
all transient forces. Marginally stable slopes are those which will
fail at sometime in response to transient forces attaining a certain
threshold level. Actively unstable slopes are those where transient
forces produce continuous or intermittent movement. The distinction
between stable and marginally stable states in these terms is more
easily made in theory than in practice. Besides the problem of
establishing accurately the stress conditions within the slope, the
main difficulty lies in determining the full range of stress changes
that can be brought about by transient factors. All forces
determining stability are controlled or influenced by identifiable

phenomena which are referred to as stability factors. When these
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operate to induce instability they are referred to as destabilising
or causative factors. The Matrix Assessment Approach (MAP) is a
quantitative method for establishing an index of instability states
over large areas. The method allows the relative landslide
potential/susceptibility to be evaluated over large areas using a few
key measureable stability factors/parameters. The index of slope
instability or landslide susceptibility classes are defined by
discrete combinations of measureable parameters., MAP is therefore
based on the assumption that the factors causing instability are
known, therefore, the determination of the terrain thresholds (i.e.
ground conditions conducive to mass movements) is a prerequisite to
the assessment. The provision of a classification of instability
over large areas other than being of academic interest may also
provide a useful application for planning large scale engineering

projects or land use management decisions; the application of MAP is

outlined in point 4.

3. Temporal change

Transient factors, such as climate vary greatly with time and thus a
long record is required in order to predict confidently their full
range of activity. Without such a record, the rigid deterministic
definitions of stability states discussed in point 2 cannot be
applied and it may be necessary to use a more approximate
probabilistic statement of slope stability. 1In any accurate
assessment of long-term stability of a slope, changes in the factor
of safety over time must be accounted for. 1In practice this is
extremely difficult and as far as the notion of 'landslide hazard' is
concerned in this study, it is more useful to use a loose definition

(i.e. the potential instability of a slope) rather than resort to the



more rigid quantitative notion of probability.

By definition, marginally stable slopes can be predicted to fail at
some time within a given period under the prevailing regime of
transient forces. The frequencies with which critical failure
conditions are reached obviously becomes an important consideration.
If there is no evidence of past or present movement (for example,
cracks, scars, landslide deposits) the slopes can be considered to
have withstood the activity of transient factors for a long period,
at least long enough for any evidence of previous failure to have
been obliterated by other slope processes. In the absence of stress
analysis (often the case in large-scale regional surveys), such
evidence is generally accepted as indicating a stable slope. The
problem of this kind of evidence is its inability to reveal
deterioration in the margin of stability over time. Certain slopes
may become weaker with time and their margin of stability may
decrease sufficlently to allow a 'first time' failure to occur.
Slope deterioration, therefore, also affects the long-term validity
of stability assessment by stress analysis. In marginally stable
slopes, however, the history of slope movement may offer a better
approach to detemmining frequency of failure than does inference by
stress analysis because the geological record of critical conditions
is invariably much longer than instrument monitoring records.
Establisﬁment of historical records requires the application of
dating techniques and sometimes drill-core sampling and therefore can
be as costly to implement as stress analysis. Bearing these points
in mind MAP may provide a useful alternative technique for slope

susceptibility assessment over large areas.

In addition to the geological deterioration of the margin of
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stability with time, any survey of slope stability must also take
into account regime changes within the transient factors. For
example climatic changes, shifts of tectonic activity and human
modification of slopes, may all affect both the inherent margin of
stability as well as the frequency and magnitude of transient
activity. Designation of instability therefore requires
qualification by time and space. Many of the large deep-seated
rotational slides in the study region took place shortly after the
Devensian (Pollen zone VI); during this time the climatic conditions
and processes were different from those currently operating. There
are few cases of present large-scale deep-seated instability in the
study area except the continuing instability at Mam Tor and Snake
Pass. When an area of high instability potential has been determined
only on the existence of a hazardous event in the past (e.g. based on
the existence of old or undated landslide deposits which may have
been formed under different envirormental conditions) without any
estimate of present stability conditions or frequency of event;
problems may exist through ill-advised extrapolation. The final
susceptibility map is aimed to show those areas which appear to be
pre~disposed to instability by correlating some of the principal
factors that contribute to landslide movements, such as steep slopes
and weak geological units, with the past distribution of landslides.
This important point has been taken into consideration in the
appliction of MAP and can be explained by reference to the type of
destabilising factors responsible for causing slope instability. The
concept of a continuum of stability states as previously discussed
offers a useful framework for understanding the causes of
instability, in this context three groups of destabilising factors
can be identified on the basis of 'function' (Crozier, 1986).



1

(a) . Preparatory factors:- which dispose the slope to movement, that
is factors which make the slope susceptible to movement without
actually initiating it, thereby tending to place the slope in a

marginally stable state.

(b) Triggering factors:- which initiate movement, that is, those
factors which shift the slope from a marginally stable state to an

actively unstable state.

(c) Controlling (perpetuating) factors:- which dictate the condition

of movement as it takes place, that is, factors which control the

form, rate and duration of movement.

MAP concentrates essentially on preparatory factors which dispose the
slope to movement. It should be stressed that the purpose of such an
assessment is not to estimate the degree of potential losses (i.e.
the risk), but to identify the geological and geomorphological nature
of the landslide hazard. Therefore, the technique can be seen as a
means of only identifying potential or vulnerable areas where caution
is required when planning engineering structures which may activate
sliding. The application of the Matrix Assessment Approach to the
Derbyshire study area should be regarded as a hypothetical and
essentially academic test case; since it is widely perceived that
there is not a present day threat posed by deep-seated rotational
type mass movement processes in this area. Most of the present day
major instability problems have taken place on former landslip areas
such as at Mam Tor and Woodhouses at Snake Pass. Shallow planar
translational slips are still a common mass movement process today
particularly after heavy and prolonged rainfall, however, such small-

scale shallow sliding, though a nuisance, is not considered to be a



major problem to engineers and planners. In this context MAP
provides a useful supplementary technique for locating and
delineating undetected landslide areas in areas like the Derbyshire
case study area where most of the large landslides are of some
antiquity. It should be emphasised that susceptibility mapping
should be regarded as a preliminary ground investigation technique
providing only a guide to slope instability, not an absolute
indicator of instability, more detailed geotechnical investigations

are required to determine local variation.

4., Identification of undetected instability for highway engineering

Landslides are one of the most serious ground problems faced during
road construction in areas of moderate to high relief; they are
encountered more frequently in highway engineering than any other
type of natural hazard. In recent years there have been an
increasing number of reports relating slope stability to the
disturbance of pre-existing dormant or fossil landslips. In Britain
pre-existing landslips are generally attributable to events in the
recent geological past, particularly the Late Devensian and early
Flandrian periods. The geomorphological expression of some old and
dormant landslides is often very subtle as is borne out by the number
of old landslides that have not been discovered until reactivated by
engineering works. The recognition of these areas, which may be
interpreted as relic features of periglacial mass movement are

obviously important in engineering and planning projects.

It is apparent, therefore, that prior to site investigation in areas
susceptible to landsliding, a technique is required that is capable

of identifying slopes prone to instability and even fossil landslides
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which have remained undetected by aerial photograph interpretation
and field checking, possibly because they have been masked by
superficial material, vegetation or by agricultural practice. Such a
technique should be capable of being used during the desk study and
reconnaissance stages of engineering projects and should be used to
guide the eventual site investigation programme. For highway
reconnaissance surveys one is seldom in a position to pre-judge the
effect of engineering construction. Therefore, the hazard assessment
of slopes discussed in this project refers only to natural controls
of the landslide potential. The final susceptibility map provides a
useful guide to help the highway engineer choose a number of
potentially suitable routes, or provides assistance in the choice of
one route from a number of alternatives previously identified. The
technique provides a spatial perspective to the assessment of ground
conditions, enabling an engineering site to be placed within a
geomorphological context, (i.e. the position of the site in relation
to slopes above and below it; and how the site may be influenced by

processes operating outside the zone of immediate engineering

interest).

No large-scale highway engineering projects are currently planned for
the study region in Derbyshire. The situation in Derbyshire is very
different to that occurring in places such as California, Calabria
and regions of Czechoslovakia where present day instability still
poses a serious and costly environmental hazard affecting large
areas, sometimes densely populated. Although the Derbyshire case
study area does have some landsliding problems it cannot be compared
and considered in the same manner as the case examples mentioned
above. Therefore, the application of the Matrix Assessment Approach

to the Derbyshire study area should be regarded as a hypothetical
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case study in order to test the MAP model of DeGraff (1978). The
technique may well provide an extremely useful preliminary guide for
envirommental planning in places like California, Calabria and

Czechoslovakia which have continual large-scale mass movement

problems.

5. Hazard assessment subjectivism

There is often a subjective element in landslide hazard assssments,
this may be partly dependant upon the experience of the individual
researcher involved (Kienholz, 1978). For example, a great deal of
experience and professionalism is required in the compilation of
engineering geomorphological hazard maps and therefore these maps
tend to be highly subjective depending on the style and precision of
the individual involved. 1In order to reduce the level of
subjectivity, techniques should be used which are as objective as
possible, given the financial, time and policy restraints which are
imposed on the hazard evaluation project. Some investigations have
used a standard inventory/proforma to collect information for data
storage. Such schemes are still prone to subjective error and
usually require large numbers of workers either collecting

information in the field or by desk investigation.

The standardised and objective procedure of MAP overcomes this
subjectivism. Although the technique is based on the intuitive
processes by which an investigator perceives the controls on or
determinants of slope stability in an area which inevitably means
some degree of subjectivity, MAP systematises this intuitive process
by relating causal factors which are widely accepted to be conducive

to landsliding to a few basic measurable attributes/parameters, and
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by employing an objective numerical procedure. The technique follows
a simple and easily understood methodology where results can be
substantiated and clearly reproduced. This is important for the
reason that many hazard judgements are likely to meet opposition from

parties with interests at stake.

6. The End User

The concept of a map and the manner in which it is displayed is
controlled by the purpose to which it is to be used and the
experience and knowledge which is possessed by the user. The
intended purpose of a map will control the scale at which it is
drawn, in that the scale must allow for the representation of the
smallest significant detail for the purpose in hand. Under normal
circumstances where the map purpose defines scale, the scale then
defines the density of information to be obtained to achieve the
required information coverage on the map. The available information
used in the MAP case study was considered in the light of its
density, accuracy and original scale. The resultant landslide
susceptibility map was produced at a scale of 1:25,000 as the best
balance of available accurate information which would be meaningful
at a scale useful at the regional planning level, reconnaissance
stage of a large scale engineering project (e.g. road construction,
pipelines, railways, canals, pylons, etc.) and envirommental land

use/management projects }forestry, agricultural practices, building

developments, recreation, etc.).

The way in which the landslide susceptibi