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Abstract

ABSTRACT

The aim of this research is to develop an integrated and cost-effective site
investigation approach for slow moving landslides or potentially unstable slopes
found within the South Wales Coalfield, an area of complex geology and
hydrogeology. The research was based on the use and assessment of a wide range of
surface geophysical techniques, supported by GPS and Digital Photogrammetry
surveying, and the joint interpretation of the results which such techniques provide.

The South Wales Coalfield has one of the highest concentrations of urban landslides
in the UK due to its layered Carboniferous geology, Quaternary / Holocene
geomorphology, coal mining history and relatively high rainfall. Mynydd yr Eglwys
landslide (Ystrad, Rhondda Cynon Taff) was selected as the field study site because it
can be considered representative of the active landslides found within the area. In
autumn 1998, following an exceptional heavy rainfall period, a new compound deep-
seated failure developed in a previously mined hillslope. This deep-seated failure then
caused the reactivation of ancient periglacial debris slides downslope creating a
serious risk to the modern housing estate located close to the toe.

Electromagnetic (GEM-2), self potential, electrical resistivity tomography, seismic
refraction tomography, MASW and induced polarization geophysical data were all
acquired on the landslide. This combination of techniques provided information on
lithology, faulting, degree of rock fracturing/weathering, thickness of displaced
material, spatial distribution of areas with high water/clay content and the direction of
groundwater flow. The repetition of a few ERT and SP profiles showed the
applicability of geophysical monitoring in detecting changes in groundwater content
and defining preferential groundwater pathways within the hillslope.

Digital Photogrammetry from Helium balloon can provide a 3D landslide topographic
model with 10cm-level accuracy. Topcon HiPer Pro GPS+ instrument can be used in
RTK mode to monitor movement with 12mm and 15mm horizontal and vertical
precision respectively.
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Chapter 1 Introduction

1.1 Research overview

Over the last few decades the number of reported worldwide natural disasters,
including landslides, has increased. Natural disasters have caused fewer fatalities, but
have affected more people and resulted in greater estimated costs for remediation
(Source of information: OFDA/CRED International Disaster Database EM-DAT
[WWW 1.1]).

The worldwide increase in number of landslide events seems especially related to
deforestation and various other human activities such as: poor urban planning, poor
land-use management, an ever increasing population (which has pushed urban
development further into hazardous terrains) and possibly more frequent severe

weather events associated with climate change (Nadim et al., 2006; [WWW 1.1]).

According to the international disaster database EM-DAT, landslides account only for
the 5% of natural disasters worldwide (Figure 1.1) and are generally considered less
important than other natural hazards in terms of loss of lives, ranking only seven in
the list for causes of death as a result of natural disasters (after drought, storms,
floods, earthquakes and volcanoes; Nadim et al., 2006). However, this is probably an
underestimation, due to the fact that fatalities are recorded in the database under the
first trigger (i.e. earthquake, flood) even if they were caused by the associated
landslides (Nadim et a;l., 2006). It may also be that some events have simply not been
reported, or do not satisfy the database entry requirements (a minimum of 10 or more
people reported killed, 100 or more others affected, a declaration of state of

emergency and/or a call for international assistance).

366 major landslide events were reported worldwide from 1980 to 2008. They killed
20,008 people (an average of 690 per year), affected 7,031,523 others (average of
242,466 per year) and caused an estimated US$ 6,059,838,000 of economic damage
(data and statistics elaborated by [WWW 1.3] using EM-DAT information).
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Chapter | Introduction

The South Wales Coalfield has one of the highest concentrations of landslides in
Great Britain (6.72 per 100 km?; Geomorphological Services Ltd, 1987). In the
‘South Wales Coalfield landslip survey’ published in 1980 (Conway et al., 1980), 579
landslides were identified and mapped. However, this number is an underestimation.
For example, in their systematic and detailed survey of the Rhondda Valleys, Halcrow
(1993) identified 152 landslides, while BGS only 110. Some of the landslides were
probably not recognised by BGS or were below the minimum selected mapping

threshold (10 m in diameter; Forster et al., 2000).

The high density of landslides in the South Wales Coalfield landslides is due to many
inter-related factors, such as geology, structure, geomorphological history, hydrology,
hydrogeology and human activities. Between the 1860s and the 1960s, several
significant landslides caused damage to infrastructures, resulting in injuries and
fatalities. This period coincided in South Wales with the century of intensive coal
mining activities and associated rapid urban development (Bentley and Siddle, 1996;
Siddle and Bentley, 2000). The most important landslide disaster was the Aberfan tip
failure (October 1966), which raised global hazard awareness, research interest in
landslide geotechnics and the hazards and risks of uncontrolled spoil tipping and slope

instability in general.

After Aberfan disaster, there has been a significant reduction in landslides which
coincides with the demise of the South Wales coal industry. However, more recently,
two significant deep-seated landslides have occurred in the Rhondda Fawr Valley:
Blaencwm (1989) and Mynydd yr Eglwys (1998). These two landslide events
coincided with peaks in winter rainfall, raising concerns with the possibility that a
higher incidence of extreme rainfall events, possibly associated with climate change,

will likely increase the frequency of slope failures in the future.

For this PhD research project, Mynydd yr Eglwys landslide has been studied and

monitored using a wide range of geophysical and surveying techniques including:

e clectrical resistivity tomography;
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e electrical induced polarization;

e clectrical self potential;

e clectromagnetic ground conductivity mapping;

e seismic surveying (P-wave refraction tomography and multichannel analysis
of surface waves, MASW);

e digital photogrammetry from a helium balloon;

e GPS positional surveying.

The primary aim of this thesis is to develop an integrated and cost-effective site
investigation approach for slow moving landslides or potentially unstable slopes
found within the South Wales Coalfield. or in other areas of complex geology and
hydrogeology. The research is based on the use and assessment of the numerous
geophysical and surveying techniques listed above and the joint interpretation of the

results which they provide.

A general introduction to landslides and a literature review on the use of GPS, digital
photogrammetry and geophysical techniques on landslides is provided in the next
sections, which are followed by a description of landslides in the South Wales
Coalfield. The chapter concludes with a more detailed description of the aims of the

project.

1.2 Introduction to landslides

1.2.1 Definition and classification of landslides

A landslide is defined by Cruden (1991) as “the movement of a mass of rock, debris
or earth down a slope”. Several classifications of landslides have been proposed over
the past 50 years. The most widely known and adopted systems are the ones of Varnes
(1978), Cruden and Varnes (1996) and Hutchinson (1988). The classifications of
Varnes (1978) and Cruden and Varnes (1996) are based on the definition of the type
of movement and the type of material involved in the movement, as described before

displacement (Table 1.1; Figure 1.4). Five types of movement can be recognised
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(Cruden and Varnes, 1996):

1.

Fall: “starts with the detachment of soil or rock from a steep slope along a
surface on which little or no shear displacement takes place. The material then
descends mainly through the air by falling, bouncing or rolling™;

Topple: “is the forward rotation out of the slope of a mass of soil or rock about
a point or axis below the centre of gravity of the displaced mass™;

Slide: “is a downslope movement of soil or rock mass occurring dominantly
on surfaces of rupture or on relatively thin zones of intense shear strain™;
Spread: “is an extension of a cohesive soil or rock mass combined with a
general subsidence of the fractured mass of cohesive material into softer
underlying material. The surface of rupture is not a surface of intense shear.
Spreads may result from liquefaction or flow (and extrusion) of the softer
material™;

Flow: “is a spatially continuous movement in which surfaces of shear are
short-lived, closely spaced, and usually not preserved. The distribution of

velocities in the displacing mass resembles that in a viscous liquid™.

Table 1.1 Classification of slope movements proposed by Varnes (1978)

TYPE OF MATERIAL
TYPE OF MOVEMENT Engineering Soils
Bedrock : :
Predominantly coarse Predominantly fine
FALLS Rock fall Debris fall Earth fall
TOPPLES Rock topple [ Debris topple Earth topple
ROTATIONAL Few Rock slump Debris slump Earth slump
SLIDES units | ROKBIOCK | petyis block stide Earth block slide
TRANSLATIONAL Man
" | Rock slide | Debris slide Earth slide
units
LATERAL SPREADS Rock spread | Debris spread Earth spread
FLOWS Rock flow Debris flow Earth flow
(deep creep) (soil creep)
COMPLEX Combination of two or more principal types of movement

The term ‘complex landslide” was included in the classification of Varnes (1978) to

indicate a combination of two or more major types of movements within one

landslide, whereas in Cruden and Varnes (1996) and in the Multilingual Landslide
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Glossary (WP/WLI, 1993) ‘complex’ describes a style of landslide activity in which

two or more types of movement occur in a time sequence (see section 1.2.2.3).

Slides can be further sub-divided according to the shape of the surface of rupture into
rotational or translational slides, with curved or approximately planar shear surfaces
respectively (Varnes, 1978; Cruden and Varnes, 1996). In accordance with
Hutchinson (1988), Cruden and Varnes (1996) also consider a third an intermediate
type of slide called ‘compound’. which is particularly common in the South Wales
Coalfield. A compound slide is characterised by a non-circular surface of rupture,
which is steep at the rear scarp and flattens downslope. Due to the shape of the
surface of rupture, movement occurs only after development of internal displacements
and shears within the displaced material with the possible formation of obsequent (up-
hill facing) scarps and grabens (Hutchinson, 1988; Cruden and Varnes, 1996; Figure
1.5).

Earth materials are divided into rock (or bedrock) and engineering soils, which are
further subdivided into debris and earth. They are defined as:

1. Rock (Bedrock): “hard or firm mass that was intact and in its natural place

before the initiation of movement” (Cruden and Varnes, 1996 in accordance
with Shroder, 1971 and Varnes, 1978);

2. Engineering soils: “any loose, unconsolidated, or poorly cemented aggregate

of solid particles, generally of natural mineral, rock, or inorganic composition
and either transported or residual, together with any interstitial gas or liquid”
(Varnes, 1978). They can be further divided into:
a) Debris: “material in which 20 to 80 percent of the fragments are
greater than 2 mm (0.08 in) in size and the remainder of the fragments
less than 2 mm” (Varnes, 1978 in accordance with Shroder, 1971).
b) Earth: “material in which about 80 percent or more of the fragments
are smaller than 2 mm; it includes a range of materials from nonplastic

sand to highly plastic clay” (Varnes, 1978 citing Shroder, 1971).

Alessia Taboga 8



%

%

"#O# |
507

89::

#(

#&'

%

%

%

T#"

$é&



1

?
* % % &
; & ; 3
%
| 1 *
70 kkkkk
C
!
4
a |
[ [
0
-2
7
2 . $
6 +
&
ed
+) n
% 3 -BBS8
% % %
#
X & C
. # - &
/ $ / A !
G 7

.G5 0'%
I$ /A% 899= %

B8 1
N
*$
& %
I$ 1Al %

?B;;-

899B*-BBB

A

8B

%



899 @

%

TT806 ¢

%

?BBA

%

#

88

%



Chapter 1
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Table 1.2 Definition of landslide features according to WP/WLI (1993) (in Cruden
and Varnes, 1996; Dikau et al., 1996; Cooper, 2007). Numbers refer to Figure 1.7.

Number | Name Definition
I Crown Practically undisplaced material still in place and adjacent to the
highest parts of the main scarp (2)
Steep surface on the undisturbed ground at upper edge of the
) Main scarp landslide, caused by movement of the displaced material (13) away
from the undisturbed ground. It is the visible part of the surface of
rupture (10)
Highest point of contact between the displaced material (13) and the
3 Top .
main scarp (2)
4 Upper parts of the landslide along the contact between the displaced
Head . .
material and the main scarp (2)
5 Minor scarp Steep surface on the displaced material of the landslide produced by
differential movements within the displaced material
Part of the displaced material (13) of the landslide that overlies the
6 Main body surface of rupture (10) between the main scarp (2) and the toe of the
surface of rupture (11)
7 Foot Portion of the landslide that has moved beyond the toe of the
surface of rupture (11) and overlies the original ground surface (20)
8 Tip Point of the toe (9) farthest from the top (3) of the landslide
Lower, usually curved margin of the displaced material (13) of a
9 Toe landslide; it is the most distant margin of the landslide from the
main scarp (2)
10 Surface of Surface that forms (or that has formed) the lower boundary of the
rupture displaced material (13) below the original ground surface (20)
1 Toe of surface of | Intersection (usually buried) between the lower part of the surface of
rupture rupture (10) of a landslide and the original ground surface (20)
12 Surface of Part of the original ground surface (20) now overlain by the foot (7)
separation of the landslide
Displaced Material displaced from its original position on the slope by
13 . movement in the landslide; it forms both the depleted mass (17) and
material .
the accumulation (18)
(4 Zone of depletion Area of the landslide within which the displaced material (13) lies
below the original ground surface (20)
Zone of Area of the landslide within which the displaced material (13) lies
15 . ..
accumulation above the original ground surface (20)
16 Depletion Vo]un'w. bounded by the main scarp (2), the depleted mass (17), and
the original ground surface (20)
17 Depleted mass Volume of the displaced material (13) that overlies the surface of
rupture (10) but underlies the original ground surface (20)
. Volume of the displaced material (13) that lies above the original
18 Accumulation
ground surface (20)
Undisplaced material adjacent to the sides of surface of rupture (10).
19 Flank Compass directions are preferable in describing the flanks, but if left
and right are used, they refer to the flanks as viewed from the crown
)
20 g":fg;::l ground Surface of the slope that existed before the landslide took place
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Chapter |
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1.2.2.4 Velocity classes

:l;ls(:"} Description (\"‘i zjst‘c) Probable destructive significance
4 Catastrophe of major violence: buildings destroved by
7 Extremely rapid impact of displaced material; many deaths: excape
Sx1y —|unlikely . _
o Very rapid Some lives lost: veloctty wo great 1o permit all persons
’ sx 10 to escape . ' A
5 Rapid Escape cvacuation possible: structures. possessions.
310 and cquipment destroved
4 Moderate Some temporary an_d Insensitive structures can be
N0 temporarily maintained
Remedial construction can be undertaken during
3 Slow movement: insc11§ili\c structures can be ma inluincdi
with frequent mamtenance work iftotal movementis
310 not large during a particular acceleration phase
2 Very slow S\ 10 Some permancnt structures undamaged by movement
| Extremely slow lmp(;mu‘plfhl:: wuhou} nstruments: construcion
' possible with precautions
v v

Figure 1.10 Landslide velocities and possible consequences (after Cruden and

Varnes, 1996)

1.2.3 Basic principles of landsliding

Landslides occur when the disturbing or shearing stresses acting along a potential

surface of rupture exceed the available resisting stresses or shear strength of the soil

or rock.

Figure 1.11 shows the forces acting on a single mass of soil or rock resting on a plane

inclined at an angle B-to the horizontal. This plane could be a discontinuity, a bedding

plane or simply a suspected potential surface of rupture in a soil/rock slope. If other

external sources are excluded, the main force acting on the soil/rock mass is the

weight W, which can be resolved in its two components, one parallel (7=Wsinf) and

one perpendicular (N=Wcosf) to the plane. The main destabilising force is therefore

the component of the weight acting down the plane, which in terms of stresses (i.e.

force per unit area) can be defined as the destabilising or shear stress (t):

w .
T, =-—SsIn
= sinp

Eq. 1.1
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Chapter 1 Introduction

r, =c+(n-u)tang'= c'+n'tan ¢' Eq. 1.3

where n' is the effective stress supported by the grain structure, » is the total normal
stress, u is the pore water pressure, ¢’ and @’ are the cohesion and the angle of
internal friction determined using effective stress.

The pore water pressure depends on the height of the water table. As for most hard
rocks and many sandy/gravelly soils the water does not alter significantly the values
of ¢"and @', it is evident from equation 1.3 that an increase in water table (i.e. due to
rainfall) causes a decrease in intergranular friction and therefore in the effective stress
and the shear strength of the material.

For partially saturated soils, the shear strength is given by (Fredlund et al., 1978):
T, = c+n—u, )tan ¢'+(uw —u,)tang" Eq. 1.4

where u,, is the pore water pressure, u, is the pore air pressure and ¢ '’ is the property

of the soil which accounts for the contribution of (u,-u,) on strength.

When a sample of loose cohesionless soil (sand, gravel) or normally-consolidated clay
is sheared at a constant normal stress, the strength gradually increases. When a dense
cohesionless soil or an over-consolidated clay is sheared at a constant normal stress,
the strength initially increases till to a maximum value or peak strength (due to
dilation, friction) and then decreases down to a minimum value or residual strength
(due for example to orientation of plate-like clay particles), with the formation of

shearing surfaces.

In nature, sliding has been observed to occur in soils along a single slip surface of
only millimetres thickness (i.e. along a particular weak horizon such as a bedding
plane) or along shear zones (i.e. when shearing affects a thick bed of uniform
material). A change of soil fabric occurs in these shear surfaces/zones, but can also
occur in the material above the slip surface/zone, due to distortions in the displaced
material. Peak strength will be mobilised in a first-time landslide, but not everywhere
at the same time, with the development of a progressive failure within the slope. If

shear zones/planes exist already on site, as for example in the case of relict landslides,
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than the shear strength will be at/near the residual value and will be more easily

mobilised. These and other basic concepts of soil and rock mechanics can be found in

many textbooks (i.e. Brunsden and Prior, 1984; Anderson and Richards, 1987,
Bromhead, 1992; Tanzini, 2001).

1.2.4 Landslide causes

The causes of landsliding can fall under the following three categories: factors that

contribute to increased shear stresses acting on the potential surface of rupture; factors

that contribute to low shear strength of the soil/rock and factors that contribute to

reduce shear strength of soil/rock (Varnes, 1978; Cruden and Varnes, 1996).

Factors that contribute to increased shear stresses include (Varnes, 1978; Cruden and

Varnes, 1996):

Removal of lateral or underlying slope support (due for example to: erosion by
streams, rivers, waves and glaciers; weathering; previous landsliding;
subsidence or faulting; human activities such as quarrying, cutting, mining,
removal of retaining walls and alteration of water levels in artificial lakes or
reservoirs);

Imposition of surcharges/loads (such as: weight of water from rain, springs or
leaking services; seepage pressures; weight of snow or accumulated
sediments; human constructions such as fills, waste piles and buildings);
Transitory earth stresses (mainly due to earthquakes, but also volcanic or
anthropogenic explosions, failures in adjacent slopes, vibrations caused by
human activities);

Uplift or regional tilting (due for example to tectonic forces, volcanic
pressures or melting of extensive ice sheets);

Increased lateral pressure (due for example to presence or freezing of water in

cracks and swelling pressures of clays).

Factors that contribute to low shear strength include (Varnes, 1978; Cruden and

Varnes, 1996):

Composition and texture of materials (weak or potentially weak materials,
materials with loose fabrics or textures);
Mass structure and slope geometry (weakening due to discontinuities;

presence of massive beds over weak/plastic ones; alternation of permeable

Alessia Taboga 18



Chapter 1 Introduction

sands/sandstones and impermeable weak clays/shales; strata inclined towards
a free face);
Factors that contribute to reduced shear strength include (Varnes, 1978; Cruden and
Varnes, 1996):

- Changes due to weathering and other physiochemical reactions (such as:
fissuring; hydration or base exchange in clays; removal of cement solutions;
physical disintegration of granular rocks);

- Changes in intergranular forces due to water content and water pressure in
pores and fractures;

- Changes in structure (fissuring and fracturing caused by human activities);

- Other causes, such as weakening due to creep or to action of trees or

burrowing animals.

A thorough discussion of landslide causes can be found in Crozier (1986). According
to this author, slopes can be in one of three states: stable, unstable / marginally stable
(they will fail sometime in the future), and actively unstable (movement is already
occurring). With reference to these three states, the causes leading to failure can be
grouped into:
- preparatory factors, which cause a stable slope to become susceptible to failure
(marginally stable), but without initiating movement;
- triggering factors, which initiate movement, causing a marginally stable slope
to become actively unstable;
- controlling (or perpetuating) factors, which are responsible for the type, the
duration and the rate of movement of an actively unstable slope.
It is important to underline that a landslide can rarely be attributed to a single cause

(Varnes, 1978).

1.2.5 Slope stability assessments

Slope stability assessments commonly use a traditional deterministic limit equilibrium
approach, based on the calculation of a factor of safety for the most critical surface of
rupture. The factor of safety is defined as the ratio between the resisting forces (and/or
their moments) and the destabilising forces (and/or their moments) and it is

theoretically equal to 1 when the slope is at the verge of failure, is less than 1 when
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Chapter | Introduction

changes in loads and geometry in time. Discussion and examples of applications of
finite element methods can be found in Duncan (1996) Griffiths and Lane (1999).
More recently, Frangois et al. (2007) and Ferrari and Laloui (2011) have described the
use of a 2D and 3D finite element mesh for the hydro-mechanical modelling of large
landslides characterised by slow movements primarily caused by variations in water
pressure. Firstly, advanced 3D hydrogeological finite element modelling is used to
calculate the values of water pressures at any point and time within the slope. Then,
these calculated water pressures are used as inputs for 2D and 3D geo-mechanical
modelling. Numerical simulations are carried out to calculate variations of stresses
and displacements in space and time. The calculated displacements are then calibrated
against the measured ones. The final valid model provides a useful platform to
analyse the physical behaviour of the slope, in particular it allows evaluating the
effects of variation of different parameters, establishing critical water levels and
predicting rates and distribution of displacements in response to different conditions

induced for example by climate change or remedial works.

Slope stability assessments of unstable or potentially unstable slopes require the

knowledge of (Bogoslovsky and Ogilvy, 1977, McCann and Forster, 1990; Hack,

2000):

1. Slope geometry: slope angle, topography, surface area, thickness of displaced
material, three dimensional shape on any surface of rupture (shear surface/zone);

2. Slope geology;

3. Slope structure: location and geometry of faults / fractures, dip of strata and
bedding planes ;

4. Geotechnical and mechanical proprieties of slope materials;

5. Hydrogeology: height of the groundwater table, distribution of moisture content
above the water table, temporal and seasonal variations in the groundwater table;

6. Ground movement: quantification and characterisation of ground displacements in

both time and space.

The investigation of an unstable (or potentially unstable) slope starts with a detailed
desk study of all available information (i.e. published literature, existing geotechnical
reports, topographic maps, geological maps, remote sensing, air photographs, digital

terrain data and satellite imagery). After the desk study, site reconnaissance (walk-
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over surveys), topographic and engineering geomorphological mapping are carried
out. The ground is normally invasively investigated using trial pits, trenches,
boreholes (or rarely with expensive adits and shafts). All exposures and boreholes are
logged and samples taken for geotechnical analysis. The hydrogeology of the slope is
investigated by monitoring groundwater levels with piezometers and also by carrying
out dye tracing and pumping tests. Identification and classification of slope materials
and the determination of their engineering properties is carried out using in situ tests
(i.e. vane shear, in situ shear box, dynamic and static cone penetrometer, in situ shear
test) and laboratory tests on samples (i.e. shear box. triaxial apparatus, shear ring).
Displacements are monitored with ground surveying (i.e. with EDM, GPS),
photogrammetry or other instruments such as inclinometers and extentiometers. A
thorough description of all these conventional methods and instruments are available

in all slope stability textbooks (i.e. Bromhead, 1992; Cornforth, 2005; Tanzini, 2001).

1.3 Global Positioning Systems for the monitoring of surface

displacements

Global Positioning Systems (GPS) are increasingly being used for surveying on
landslides in Great Britain (HSMO, 1996), but they are still not used in common
practice, perhaps because considered too be expensive and require a high level of
technical competence in their use. Mynydd yr Eglwys landslide for example is
monitored by professignal surveyors on behalf of the Rhondda Cynon Taff Borough
County Council (RCTCBC) using a conventional EDM (Electronic Distance
Measurement instrument). GPS systems allow the operator to navigate and obtain
three-dimensional positions everywhere on the Earth’s surface, by receiving and

processing communication signals broadcast by satellites in a 20,200 km high orbit .

Typically, the precision quoted for the conventional EDM monitoring of landslide
surface displacements is of the order of a centimetre in accuracy and precision (Gili et
al., 2000). In recent years, several authors (Gili et al., 2000; Rizzo, 2002; Coe et al.,
2003; Mora et al., 2003; Briickl et al., 2006; Demoulin, 2006; Peyret et al., 2008) have

demonstrated that dual-frequency GPS systems can be used for this purpose at sub-
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centimetre accuracy and precision.

When compared with traditional EDM surveying methods, GPS monitoring has
several advantages (Gili et al., 2000; Malet et al., 2002; Briickl et al., 2006):

a) The technique does not require line of sight surveying;

b) The technique can be used in poor weather conditions;

c) The technique provides high accuracy over large survey areas which can be
covered in relatively short survey time;

d) The cost of instruments is reducing constantly and is now similar to a high

quality surveying total station.

However, to obtain maximum GPS accuracy and precision there must be good
satellite coverage and geometry and measurements can be negatively affected by
nearby obstacles (multipath issues). Moreover, a high level of technical competence

by the operator is required.

When compared with data obtained using other instruments (i.e. inclinometers,
extensometers and traditional geodetic techniques), GPS displacement measurements
have all shown good agreement (comparisons are reported in Gili et al., 2000; Malet
et al.,, 2002; Coe et al, 2003; Squarzoni et al, 2005). These displacement
measurements have often been compared with rainfall and pore water pressures for a
better understanding of landslide dynamics (examples can be found in Malet et al.,

2002; Coe et al., 2003, Demoulin, 2006; Peyret et al., 2008; Baldi et al., 2008).

GPS has been also used for continuous monitoring by Malet et al. (2002), Mora et al.
(2003), Peyret et al. (2008) and Baldi et al (2008). Continuous GPS monitoring could
be very useful to establish the threshold of pore water pressures necessary for initiate
or accelerate ground movement and as a possible early warning system (Malet et al.,
2002) . However, such continuous monitoring techniques are very expensive and may
be suited to remote Alpine research projects, but not practically applicable on
landslides that are subject to urban vandalism such as the one considered in this

project.
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More technical details on the GPS surveying techniques used in this research project

are provided in Chapter 2.

1.4 Digital Photogrammetry

Lillesand et al. (2004) define photogrammetry as the “science and technology of
obtaining spatial measurements and other geometrically reliable derived products
from photographs™. In digital photogrammetry, such measurements and products are

derived from digital or digitized historical film-based imagery (Konecny, 2003).

Since the 1970s-1980s, analytical photogrammetry has substituted analogue
photogrammetry and has been widely used to produce digital elevation models
(DEMs) and to evaluate surficial ground movements. If the camera parameters are
known, or if the software used for photogrammetry has self-calibration options, high
resolution DEMs and ortho-rectified photos can be obtained from quality historical
aerial photographs taken in different epochs. Displacement vectors and DEMs of
height difference can be calculated to determine changes of volume (Oka, 1998;
Briickl et al., 2006; Wangensteen et al., 2006; Walstra et al., 2007; Baldi et al., 2008).
When compared with GPS and geodetic techniques, photogrammetry has the
advantage of not requiring physical site access (a very important health and safety
consideration in landslides). It can provide high spatial resolution DEMs over large
areas and information on long-term landslide kinematics (Casson et al., 2003; Mora et

al., 2003; Chen et al., 2006; Baldi et al., 2008; Dewitte et al., 2008).

Unfortunately analytical photogrammetry has historically relied on the use of
expensive and complex stereo-plotters that need experienced operators (Chandler,
2001). Modern digital photogrammetry potentially offers several advantages over
older traditional methods (Chandler, 1999; Baily et al., 2003):

e Automatic generation of DEMs by image matching techniques;

e Production of DEMs of consistent precision because based on regular grids;

e Production of high-density DEMs due to an increase in ground sampling rates

(sampling rates are 100 times those of manual photogrammetric methods and
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1000 times those of modern ground surveying techniques);

e The possibility to modify DEM resolution according to the user’s needs, without
significant changes in costs;

e Availability of relatively inexpensive software packages that run on UNIX
machines or high specification PCs;

e Availability of user-friendly software packages that can be used potentially by in-
experienced photogrammetrists (although according to Baily et al. (2003) a high
level of expertise is still required to avoid simple pitfall errors);

e Availability of software packages that can create additional products (i.e. fly-
throughs. animations, ortho-photographs) and provide additional image analysis
tools:

e Improvement in overall accuracy and processing time when compared to
analytical photogrammetry, if the area under investigation is extensive and

requires dense data coverage.

Digital imagery can be obtained by scanning conventional large format analogue
photographs or directly using high-resolution digital cameras. Traditionally analogue
film is generally preferred option for aerial applications however advances in
professional digital imagery have now virtually replaced film. Photogrammetric high-
quality scanners are too expensive for occasional users (Chandler, 2001 and
references therein; Baily et al., 2003). To date, digital cameras have not been used for
aerial applications because they do not provide the necessary high resolution required
to be cost-efficient (Chandler, 1999; 2001 and references therein). However, digital
camera technology is- constantly changing and inexpensive cameras can provide

sufficient resolution for close-range applications.

1.5 The use of geophysics on landslides

The practical application of terrestrial applied geophysical techniques to landslide
characterisation is fairly recent: the first technical articles on this subject were
published in the 1960s and 1970s (Cadman and Goodman, 1967; Denness et al., 1975;
Bogoslovsky and Ogilvy, 1977, Miiller, 1977, Novosad et al., 1977, Yamaguchi,
1977). The restricted use of geophysics to landslide research was mainly due to the

logistical difficulties of transporting the heavy analogue equipment and batteries over
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areas of difficult landslide terrain. These pioneering articles concentrated
predominantly on techniques such as geoacoustic, vertical electrical sounding,
electrical profiling/mapping, seismic refraction and self potential mapping. The use of
electromagnetic techniques was first introduced in the 1990s, with the research of
McCann and Forster (1990) and Caris and Van Asch (1991). The recent development
of highly portable, digital geophysical equipment has lead to increased applications of
geophysical surveying for landslide research. Over the past decade, improvements in
digital technology and data analysis has allowed the application of two and three-
dimensional imaging techniques to landslide research (e.g. 2D/3D electrical resistivity
tomography : Bichler et al., 2004; Lebourg et al., 2005; Friedel et al., 2006; self-
potential tomography in: Lapenna et al., 2003: Perrone et al., 2004; Colangelo et al.,
2006; 2D/3D seismic refraction tomography in: Meric et al., 2005; Godio et al., 2006;
Heincke et al., 2006). Authors have also explored the use of four-dimensional
imaging using electrical resistivity and self potential tomography repeated in time
(e.g. Suzuki and Higashi, 2001; Jomard et al., 2007; Colangelo et al., 2006). Also
other techniques have recently been applied to landslide characterisation, such as
ground penetrating radar (Bruno and Marillier, 2000; Cardarelli et al, 2003; Bichler et
al., 2004; Heincke et al., 2005), high-resolution seismic reflection (Bruno and
Marillier, 2000; Ferrucci et al., 2000; Briickl and Paroditis, 2001) and spectral

analysis of surface waves (Israil and Pachauri, 2003; Godio et al., 2006).

Traditional methods for the investigation of landslides (i.e. boreholes, trial pits, in situ
and laboratory tests) usually provide accurate and quantitative site information at
precise locations. However, they are logistically expensive, intrusive and provide only
single-location information at a particular time, requiring uncertain interpolations and
extrapolations between a number of locations. Moreover, boreholes often suffer from
several practical difficulties, including restricted access to critical locations and
eventual disruption due to the ground movement. Samples have limited size and may
not reflect the strong spatial variability of parameters and the presence of
discontinuities. By contrast, geophysical techniques can provide a non-invasive
(therefore environmental-friendly) high-resolution means of investigating the
subsurface along continuous profiles, providing wet and dry parameters of soils/rocks
in situ over large ground volumes (Bogoslovsky and Ogilvy, 1977; McCann and

Forster, 1990).
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A brief introduction to geophysical methods with an explanation of the principles
behind their applicability for the characterisation and monitoring of landslides is
reported in the next sections. More details on the principles of the geophysical

techniques selected for the project are provided in Chapter 2 and in references therein.

1.5.1 Seismic methods (refraction, reflection and surface waves)

Near-surface seismic refraction is based on the measurement of the times required for
elastic waves (compressional or shear) to travel from a source to motion sensors
(geophones) deployed on the ground after being refracted at boundaries of contrasting
seismic velocity. These travel times provide information on the layer velocities and
the depth to refracting boundaries. In general, compressional (P-wave) seismic
velocities depend on lithology, degree of compaction/litification, density, porosity,
pore structure, fracturing/weathering degree, saturation degree and properties of the
pore fluids. Shear or (S-) waves do not propagate through fluids and will be only
slightly affected by the presence of water due to the consequent slight increase in

density (Israil and Pachauri, 2003).

The physical properties of landslide materials may be very similar to those of the
underlying undisturbed geology. However, landslide materials usually undergo
changes in physical structure and texture that result in changes in their bulk properties
and therefore in their P and S wave velocities (Bruno and Marillier, 2000). Variations
in seismic velocity in the displaced material can result from changes in: materials’
shear or bulk modulus caused by ground movements (extension/compression),
degrees of fracturing/weathering, porosity and presence of interstitial groundwater. As
a consequence, displaced materials are often characterised by seismic velocities lower
than the ones for bedrock geology and by higher coefficients of attenuation
(Bogoslovsky and Ogilvy, 1977; Caris and van Asch, 1991). Moreover, Bogoslovsky
and Ogilvy (1977) showed that areas characterised by different values of velocities
may develop across the displaced material due to different degrees of compaction and

deformation within the slope.
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Seismic velocities may also provide information on the mechanical and geotechnical
parameters of the materials composing the slope. If the velocities of both P and S-
waves are known, a seismically derived Young’s modulus and Poisson’s ratio can be
determined. Furthermore, seismic velocities measured in the field can be compared to

the ones measured in laboratory to assess the quality of rock (RQD).

Seismic refraction has indeed been widely employed on landslides to define their
internal structure (i.e. depth and geometry of shear surfaces/zones and bedrock,
thickness of displaced material), the mechanical properties of soils and rocks
composing the slopes and the fracturing degree of rock masses. Examples are reported
in: Bogoslovsky and Ogilvy (1977), Miiller (1977), McCann and Forster (1990), Caris
and van Asch (1991), Giraud et al. (1995), Frasheri et al. (1998), Mauritsch et al.
(2000), Cardarelli et al. (2003), Israil and Pachauri (2003), Bichler et al. (2004),
Meric et al. (2005), Briickl and Briickl (2006), Godio et al. (2006), Heincke et al.
(2006).

The fundamental requirement for the seismic refraction to work is that the velocity
must increase with depth. Moreover, thin layers with poor velocity contrasts (hidden
layers) or gradational changes in velocity are often very difficult to detect (i.e. slip

surface in homogeneous material; Bogoslovsky and Ogilvy, 1977).

The seismic reflection technique is not affected by velocity inversions and can
potentially provide information on slope structure in areas of complex geometry. The
technique is based on the measurement of two-way travel times of waves reflected by
boundaries of contrasting acoustic impedance (product of density and velocity).
However, the practical use of seismic reflection on landslides is very limited. This is
due to the fact that it is technically difficult and expensive to obtain shallow high
frequency reflection data at terrestrial sites, particularly in areas of varying
topographic relief (Brabham et al., 2005). The examples of seismic reflection data
reported in the literature (Bruno and Marillier, 2000; Ferrucci et al., 2000) provide
information on slope structure at depth but are characterised by lack of signal at near

surface, the depth of interest in terms of displaced material and surface of rupture.
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Stiffness is an important parameter in slope stability analysis as it can be related to
shear strength (Hack, 2000). Shear (S) waves are more sensitive to changes in normal
stiffness than compressional (P) waves, but they are more difficult to generate by
using impulsive and explosive sources and therefore are less commonly used. As a
consequence, the possibility of determine S-wave velocities through the measurement
of surface waves, which are very easy to produce and detect, has generated a lot of
interest over the last few years. The surface wave technique is robust and has the
additional advantage of not suffering from the problem of hidden layers. In the
method of spectral analysis of surface waves (SASW), surface waves are detected by
a pair or receivers and the recorded signals are processed to produce a profile of shear
wave velocity in depth (details can be found in Israil and Pachauri, 2003). Examples
of the use of SASW on landslides are reported in Israil and Pachauri (2003) and
Godio et al. (2006).

During the 1990s, the Kansas Geological Survey developed a new method of
multichannel analysis of surface waves (MASW), which provides 2D profiles of S-
wave velocity through multi-channel recording of surface waves. The simultaneous
use of more than two geophones reduces acquisition time and improves data quality
compared to SASW technique (Park et al., 1999; Miller et al., 1999; 2000). MASW
method is badly affected by lateral changes in elastic properties and by severe
topography. Therefore its applicability on landslides is not certain. For this project,
MASW data were acquired at Mynydd yr Eglwys landslide as part of a Leeds
University M.Sc. thesis (Bottomley, 2008) simultaneously with seismic refraction (P-)

wave data.

1.5.2 Electrical resistivity methods

Electrical resistivity techniques are based on the in-situ field measurement of
contrasts in the electrical resistivity of Earth materials. In electrical sounding,
profiling and mapping, data acquisition involves the injection of current into the
ground (using a 12V battery) via a couple of electrodes and the measurement of
voltage through another couple of electrodes. In electrical resistivity tomography (or
ERT) instead an array of electrodes is deployed, which work alternatively as current

or potential electrodes. Hundreds of readings are taken along a profile which are used

Alessia Taboga 29



Chapter 1 Introduction

to obtain a 2D section or a 3D distribution of resistivity within the slope. Detectable
contrasts in electrical resistivity are observed when there are changes in: lithology (i.e.
clay content), degree of fracturing, porosity, permeability, water content and water

conductivity.

Previous landslide research has shown that the contrast in resistivity between the
displaced material and the stable material is mainly due to differences in water
content and/or fracturing degree. Furthermore, Bogoslovsky and Ogilvy (1977) and
Miiller (1977) underlined that shear surfaces/zones are generally characterised by
mechanical disturbance, altered mineralogical composition, increased water and/or
clay content, and increased water salinity: all factors which lead to a decrease in

resistivity.

Electrical resistivity methods have been deployed on landslides to determine the
lateral limits and the thickness of the displaced material, to define the internal
structure and the geology of the slope (in particular the depth to and the geometry of
the shear surface/zone) and mainly to investigate the groundwater distribution and the
moisture content of the different layers composing the slope (Bogoslovsky and
Ogilvy, 1977; Caris and van Asch, 1991; Frasheri et al., 1998; Lapenna et al., 2003;
Perrone et al., 2004; Meric et al., 2005; Lebourg et al., 2005; Sass et al., 2008). In
addition, laboratory experiments and field applications have shown that the repetition
of resistivity surveys in time can provide information about groundwater distribution
and flow and their changes in time (electrical resistivity mapping in: Denness, 1975;
Bogoslovsky and Ogilvy, 1977; Yamaguchi, 1977; electrical resistivity tomography
in: Suzuki & Higashi, 2001; Lebourg at al., 2005; Friedel et al., 2006; Jomard et al.,
2007).

For example, Suzuky and Higashi (2001) were able to draw a conceptual cross section
model of groundwater flow for a weathered rock slope in Japan by evaluating the
changes in resistivity in a repeated profile and by comparing these changes to rainfall
and pressure head. Jomard et al. (2007) carried out a controlled water injection on part
of the deep-seated La Capiére landslide in the French Alps. This injection was
coupled with hydrological studies (natural and artificial tracings), time-lapse

resistivity tomography and geodetic monitoring using a tacheometer. This
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combination of studies led to delineation and quantification of two different water
flows (shallow and deep) within the slope, but no surface displacements were
detected, meaning that the relatively rapid shallow water flow along the slip surface
did not cause the increase in pore water pressure necessary for detectable

displacements to occur.

Many ERT profiles were acquired on Mynydd yr Eglwys landslide as part of this
project. A sub-set of lines were also repeated in time and the resistivity changes were

compared with local rainfall, borehole water levels and GPS monitoring data.

1.5.3 Electromagnetic induction methods

The electrical conductivity of the subsurface (inverse of resistivity) can be measured
using electromagnetic low frequency ground conductivity instruments. These
instruments have the advantage of not requiring direct contact with the ground, being
consequently less time-consuming and invasive than electrical resistivity techniques
to deploy. A primary electromagnetic field is generated by a transmitter coil and
propagates through the ground inducing eddy currents in conductive materials. These
eddy currents generate a secondary electromagnetic field which is detected by a
receiver coil and it is compared with the primary field to determine the conductivity

of the materials in the subsurface.

Fixed frequency EM-31 and EM-34 ground conductivity metres have been used on
landslides mainly to investigate the water distribution within the slope (McCann and
Forster, 1990; Caris aﬁd van Asch, 1991) and to delineate the lateral limits of the
displaced material (Caris and van Asch, 1991; Bruno and Marillier, 2000; Meric et al.,
2005). The electromagnetic profiles acquired by Caris and van Ash (1991) and by
Bruno and Marillier (2000) showed higher values of conductivity on displaced
materials. The authors interpreted these high values as due to wetter conditions or to
an increase in the clay content respectively. The profiles acquired by Meric et al.
(2005) instead were characterised by lower values of conductivity across the

displaced mass. These low values were attributed to a high fracturing degree.
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In electromagnetic induction methods, the variation of conductivity with depth can be
determined either by changing the coil spacing of fixed frequency instruments (if
possible, as for EM-34) or by using a multi-frequency instrument with fixed coil
spacing (Won et al., 1996; Witten et al., 1997; Won, 2003). In 1995 Geophex
developed a highly portable, broadband multi-frequency electromagnetic instrument
(GEM-2), which could offer the possibility of rapidly mapping 3D conductivity
changes over large areas and at different depths. Its use on landslides has not been
reported in the literature and it was tested on Mynydd yr Eglwys landslide as part of

this project.

1.5.4 Electrical Self Potential

The self potential method is based on the measurement of natural electrical voltage
potentials measured between two points on the ground. These potentials can be
generated by electrochemical or mechanical processes in the subsurface.

Electrical self potential (SP) variations measured on landslides have been associated
with moving groundwater (or streaming potentials). Negative voltage anomalies
correlate with the downward movement of groundwater and positive anomalies to
upward flow. By repeating the surveys, the SP method can also be used to investigate
the variations of groundwater flow with time. Moreover, SP anomalies have been
used to delineate the landside lateral limits as the measurements become generally
strongly positive when crossing onto the displaced material. Examples on the
applications of SP profiling/mapping can be found in: Bruno and Marillier (2000),
Lapenna et al. (2003), Perrone et al. (2004), Meric et al. (2005) and Colangelo et al.
(2006). Lapenna et al. (2003) and Perrone et al. (2004) acquired also SP tomography
profiles, which provide 2D sections of the charge occurrence probability factor (COP)
function. Strong horizontal changes in COP seemed to correlate well with the lateral

limits of the landslides.

Bogoslovsky and Ogilvy (1977) underlined that the patterns and signs of SP
anomalies can be influenced also by lithology (i.e. a positive anomaly can be due to
flowing water but also to high clay content) and therefore results must be compared

with other techniques.
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Self potential profiling and mapping was carried out at Mynydd yr Eglwys and a few

SP profiles were repeated again as part of a longer-term monitoring project.

1.5.5 Induced polarization

Induced polarization (IP) is an electrical technique that measures the electrical
capacitance effects of ground materials, i.e. the ability of a material to store electrical
charge. If current is injected through the ground, polarization may occur in areas with
clay or metallic grains. Therefore when the current is switched off, electrical potential
does not drop immediately to zero, but decays in time. IP could in theory help by
resolving the geophysical ambiguity between clay-rich and wet silica-rich areas. Both
these lithologies found on landslides are characterised by low electrical resistivity
values. Many modern resistivity instruments have the capability of simultaneously
measuring resistivity and IP, however this procedure can increase the surveying time
by at least three fold. To date, the IP method has hardly ever been used in any

landslide research studies (Marescot et al., 2008).

Marescot et al. (2008) used the IP technique in combination with resistivity
measurements in order to distinguish areas of high water content from faults/fracture

zones rich in clay or areas of localised graphite enrichment in the bedrock.

A few IP profiles were acquired at Mynydd yr Eglwys as part of this project and

practical comparative trials were undertaken using a variety of types of electrodes.

As resistivity (or conductivity), chargeability and self potential contrasts can be due to
several different factors, all these methods require borehole calibration or integration

with other techniques for a more reliable interpretation of the results.

1.5.6 Other geophysical methods

Compared to electrical resistivity and seismic methods, ground penetrating radar
(GPR) has the potential to provide the high resolution at shallow depth necessary to
detect very thin slip zones (Sass et al., 2008). The method is based on the

measurement of the travel times of electromagnetic waves reflected at boundaries of
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contrasting dielectric constant. GPR can define the exact depths of boundaries that
appear as sharp contrasts, instead of smoothed zones as in ERT inversions (Sass et al.,
2008). However, GPR surveys have proven unsuccessful on landslides due to the
common presence of clay and boulders. Clay causes rapid radar signal attenuation and
boulders act as diffraction sources (Bruno and Marillier, 2000; Friedel et al., 2006;
Sass et al., 2008). Moreover, the acquisition and processing of GPR data in areas of
rugged landslide topography involves complex topographic corrections (Heincke et
al., 2005). Only a few successful examples of GPR on landslides have been reported
in the literature and involve mainly surveys on rock masses (Cardarelli et al., 2003;

Heincke et al.. 2005; Spillman et al., 2007).

When a landslide is actively moving, rocks and soils will transmit transient audio-
frequency waves. By adapting available earthquake monitoring technology, these
landslide micro-seismic events can be used to predict sliding surfaces and remotely
record landslide activity. This is the only geophysical method which would provide a
real-time warning of an impending failure. Such telemetric systems are very
expensive to deploy and monitor, but examples of their use are reported by Cadman
and Goodman (1967), Miiller (1977), Novosad et al. (1977), Rouse et al., (1991),
Frasheri et al. (1998).

Despite these research advances, geophysical methods are still not routinely used on
active and relict landslides, especially in the UK. The reasons for this, often cited by
engineers, are that geophysics provides information on physical parameters not
strictly correlated to the geotechnical and mechanical properties required by
engineers. Geophysicists may also have a tendency to overestimate the capabilities of
particular techniques and to not properly explain to engineers the limitations of
physical penetration depth and resolution of any geophysical technique (Jongmans

and Garambois, 2007).

A summary of the applicability of the methods is reported in Table 1.5, whereas a
summary of the literature review is provided in Appendix C. Reviews on the
application of geophysics to landside research can be found also in Bogoslovsky and
Ogilvy (1977), Miiller (1977), McCann and Forster (1990), Hack (2000) and
Jongmans and Garambois (2007).
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Table 1.5 Geophysical methods and their potential applications for investigation and

monitoring of landslides

Geophysical method

Potential application on landslides

Electrical resistivity tomography (ERT)

Delineation of landslide lateral limits
Determination of slipping material thickness
Determination of depth and geometry of slip
surfaces/zones

Determination of changes in lithology (i.e. clay)
and/or water content

Monitoring of changes in ground water table and
moisture content with time/rainfall

Induced polarization (IP)

Distinction between areas of water saturated
silica-rich sediments and areas with
predominantly clay.

Self potential (SP)

Delineation of landslide lateral limits
Determination of direction of groundwater flow
Monitoring of changes in groundwater regime wth
time/rainfall

Electromagnetics (low frequency) (EM)

Delineation of landslide lateral limits
Identification of changes in water/clay content
within the slope

Ground penetrating radar (GPR)

Determination of near surface structures
Determination of location and geometry of
fracture and fault systems in rockslides/rockfalls
(Very limited success on landslides due to
common presence of wet and clay-rich materials,
vegetations and surface fractures)

High-resolution seismic reflection

Determination of internal structure and geometry
of the slope at depth (limited applications)

Seismic refraction (P & S waves)

Determination of internal structure (i.e. depth and
geometry of slip surface and bedrock)
Determination of rock quality and rock fracturing
degree

Determination of seismic Young’s modulus and
Poisson’s ration (engineering properties)

Surface waves analysis

Determination of degree of compaction

Microseismic monitoring

Determination of landslide activity with
possibility of issuing a prompt warning;
Determination of slip surface location
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1.6 Landslides in the South Wales Coalfield

Conway et al. (1980) identified 579 landslide sites in the South Wales Coalfield. The
landslides are mainly concentrated in the Ebbw, Sirhowy and Rhymney valleys of the
north-eastern coalfield and in the Rhondda, Ogwr, Garw and Llynfi valleys of the
central coalfield (Conway et al., 1980; Forster et al., 2000). These high density and
uneven distribution of landslides are a reflection of several inter-related factors which
will be briefly discussed in the following sections: geology, structure,
geomorphology, mining and other human activities, hydrology, hydrogeology and

engineering properties of the materials.

1.6.1 Geology, structure and geomorphological history

The South Wales Coalfield is an east-west trending asymmetric synclinal basin, which
extends from the coastal area of Kidwelly in the west to Pontypool in the east,
covering approximately 2700 km®, and which is characterised by sedimentary rocks of
Upper Carboniferous (Westphalian) age known locally as the Coal Measures. The
Coal Basin is underlain and surrounded around the edge by the older rocks of
Millstone Grit, Carboniferous Limestone and Upper Old Red Sandstone. The
geological contact between Coal Measures and Millstone Grit is considered to be the

boundary of the Coalfield (Figure 1.13; Conway et al., 1980).
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the Coalfield. Although sandstones dominate. the sequences comprise also of
mudstone, siltstones and thin coal seams. The Upper Coal Measures have been
divided into Llynfi, Rhondda, Brithdir, Hughes, Swansea and Grovesend Beds on the
basis of coal seams which are persistent across the coalfield. The sedimentation of
Pennant Sandstone was diachronous in the basin and proceeded in a SW-NE
direction. As a consequence, Pennant Sandstone can be found already in the Rhondda
beds in the western area, whereas only from the Brithdir beds in the west. Both Lynfi
and Rhondda Beds are mainly argillaceous in the east. Here they contain sequences
of mudstones and siltstones intercalated with sandstones and conglomerates and are
known as ‘Red’ or ‘Deri Beds’ (Woodland and Evans, 1964; Bentley et al., 1980;
Conway et al., 1980).

After their deposition, during the Variscan orogeny, the Coal Measures were
deformed and uplifted. The South Wales Coalfield generally has the structure of an
east-west trending asymmetric syncline, with a steeper southern limb and with
thinning of the sedimentary succession towards east. Several folds, numerous normal
faults and thrusts are super-imposed onto this synclinal structure. The major folds are
the Pontypridd-Maesteg Anticline and the Llantwit-Caerphilly, Pengam, Gowerton
and Llanelli Synclines. The faults trend predominantly NW-SE (Hercinyan trend),
although some other major faults, such as the Neath and Swansea Valley
Disturbances, follow a Caledonian NE-SW trend (Conway et al., 1980; Donnelly,
2005). These major faults are generally not single isolated discontinuities, but are
broad zones of fracturing, which may extend over tens of metres, and usually have a

clay-gauge infill which,can be saturated or not (Donnelly, 2005).
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13,000 years BP), major icefields approached the Coalfield from the Brecon
Beacons and smaller glaciers developed in coalfield valleys. Glaciers eroded the
valley sides and then, due to rapid warming at the end of the Dimlington Stadial,
retreated relatively rapidly leaving the valleys over-deepened and with over-steepened
sides. After, there was a return to cold conditions in the Loch Lomond Stadial
(approximately 10,800-10,000 years BP) followed by a final rapid warming in the
Flandrian (approximately 1000 years BP; Woodland and Evans, 1964; Conway et al.,
1980; Wright and Harris, 1980; Siddle and Bentley, 2000; Wright, 2000).

Glacial sediments, such as lodgement tills (Boulder Clay) and melt out tills (Sand and
Gravels), were deposited during the Devensian period and can now be found in the

valley floors and hillsides.

With the melting ice, thick, wet and unstable moraine material would have resulted in
very unstable conditions. The Periglacial conditions and over-steepened valley sides
promoted the initiation of numerous landslides and other downslope mass
movements. Landslides involved the formation of shear surfaces/zones which now
remain as relic features in the landscape as they have become stabilised. Frost
weathering and solifluction originated drift deposits (‘Head’), which consist mainly of
gravel of sandstones/mudstones and can be found almost everywhere in the Coalfield
in the upper and top parts of the valley slopes (Woodland and Evans, 1964; Conway
et al., 1980; Wright and Harris, 1980).

Till sediments were left in potentially unstable positions on over-steepened valley
sides and may have undergone mudflow/gelifluction. Therefore, although still
mapped as Boulder Clay, the tills now found in the lower parts of the valley sides and
eventually spread on the valley floors have been reworked, that is they are not in situ

(Wright and Harris, 1980; Wright, 2000).

Apart from the glacial and periglacial deposits described above, superficials also

include alluvium, forming the valley bottoms, and hill peat.

In the highest areas of the Central and Eastern Coalfield plateau, the Pennant

Sandstone is characterised by the presence of narrow and relatively fresh fissures
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(dilated joints) clearly caused by coal mining activities but also by the presence of
exceptionally wide and long fault grabens, fault scarps, topographic scarps, trenches
and gulls, which trend parallel or obliquely to the valley crests. A graben can be more
than 4 km long, 300 m wide and up to 6 m deep, while the fault scarps can be 1-4 m
high and up to 5 km long. These are features typical of lateral spreading, involving
extension of the jointed/faulted strong Pennant Sandstone caprock on the more
deformable argillaceous sequences underneath, which cannot be explained by mining
subsidence alone. They were probably originated by valley de-glaciation and
gravitational stress relief following the Devensian ice retreat. Lateral spreading,
tilting, rotation and fault reactivation in the Pennant Sandstone may have occurred in
periglacial conditions, during cambering, valley bulging, landsliding and other forms
of mass wasting, although mining subsidence can have later contributed to the
acceleration/reactivation of movements. Interestingly NW-SE trending graben and
fault scarps can be found near or at the intersection of the scarps of some of the major
first-time deep-seated rotational or compound landslides that have occurred in the last
150 years (i.e. New Tredegar, East Pentwyn, Bournville and Daren Ddu landslides in
Ebbw Fach Valley and Blaencwm landslide in the Rhondda Fawr Valley). These
features are probably characterised by a high fracturing degree and by joint dilation
and provide preferential groundwater flow pathways. These factors reduce the rock
strength and introduce water within the slope and therefore increase the susceptibility

to failure (Donnelly et al., 2000; Donnelly, 2005).

In terms of present landscape, the Neath and the Cynon-Taff valleys divide the
dissected plateaux in three parts: the Western, the Central and the Eastern Coalfield
Plateau. Of these, the Central and Eastern Plateaux are characterised by higher
topographic relief (up to 600 m - at Craig y Llyn), narrower valleys (up to 300 m
deep), steeper valley sides and by caprocks of strong and well jointed Pennant
Sandstone overlying weaker argillaceous sequences (Conway et al., 1980; Siddle et
al., 2000b). All these factors contribute to make these slopes more susceptible to

failure.
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1.6.2 Mining

The South Wales Coalfield is one of the most extensively mined areas in the World.
The long history of ironstone and coal mining has defined the region, its urbanization

and has modified the landscape of the area with significant effects on slope stability.

In the north-eastern coalfield, ironstone was worked at least from the middle of the
16™ century. Initially it was dug by hand and successively extracted from pits and
horizontal tunnels driven into the valley sides (adits). Coal was mined on small scale
certainly from the 13" century and probably also before, in Roman times (Conway et
al., 1980). Large scale mining in pre-industrial times was concentrated in the areas of
Llanelli and Neath, and then, in industrial times, spread from the north-east outcrop of
Aberdare-Blaenavon across the coalfield (Statham, 2004). From the 17" century until
1850, coal was mined mainly in the south west for copper smelting, iron manufacture
and house use. From 1850 until 1913, the demand for Welsh steam coal increased
dramatically, leading to a very significant growth in the number of collieries and in
population in the central South Wales Coalfield. The 1920s economic depression and
the loss of many foreign markets after World War I, caused a rapid decline in the
demand for coal. After WWII, the coal export trade had died away, then there was a
gradual decline after nationalisation in 1947, until the last deep mine, Tower Colliery

closed in 2009 (Brabham, 2005).

Since records began (around 1850), more than 1,300 coal-mining operations have
been mapped within the coalfield, extracting an estimated total of 3 billion tons of
coal. Vertical sequences of as many as 13 exploitable coal seams have been mined in
some coalfield areas. The distribution of coal mines across the Coalfield was not
uniform. It was determined by a combination of topography, stratigraphy, geological
structure, coal quality, transport and technological developments. Coal mining was
very limited in the area north-west of the Neath Disturbance due to structural
complexities, whereas it was very significant in the central and north-eastern parts of
the coalfield. The highest density of coal mines was in the Rhondda valleys, where an
estimated half a billion tons of coal were extracted over 160 years (Statham, 2004;

Brabham, 2005).
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Coal was initially extracted from bell pits and horizontal tunnels driven into the valley
sides (adits or drifts) and then from deep shafts. From the early 1800s, underground
mining was carried out by the ‘pillar and stall’ method of extraction, while from the
early 1900s mainly by the mechanised longwall method (Donnelly, 2005). In the
‘pillar and stall’ method, drifts (stalls) were driven into the coal seam, while areas of
unworked coal (pillars) of similar or narrower width were left between them to
support the roof, with partial coal extraction (60-70%). These relatively low
extraction rates were however improved by the middle of the 19" century for example
by halving of the pillars or their removal during retreat. In the longwall method,
parallel drifts were driven into the seam and the coal between them was worked in
slices, providing support only to the face. After the slice was mined, support was
withdrawn and moved forward in the direction of the advancing coal face, leaving the
unsupported area to collapse behind (Statham, 2004). Nowadays, these methods of
coal extraction can be seen in the underground tours and exhibitions at Big Pit

National Coal Museum (Blaenafon, Ebbw Vale).

Coal mine workings can cause local and regional subsidence, with lowering and
tilting of the ground surface. Using the longwall mining method, the ground collapses
and subsides over a wide area almost immediately (within a few months; Statham,
2004). On the contrary, subsidence above ‘pillar and stall’ mine workings can affect
small areas if the strata above collapse into a mine void (crownholes), or wide areas if
some of the coal pillars deteriorate or collapse. Moreover, subsidence can vary
considerably and randomly in time, depending on many factors, such as depth of
workings, seam thickness, geological stability, groundwater levels and possible

infilling at the time of mining (backstowing) (Statham, 2004).

A mining subsidence trough can develop when several coal seams are mined at depth
up to a common inter-colliery boundary. As a consequence, the ground may tilt
towards the subsidence trough, rendering the slope more susceptible to failure, as
probably happened for the deep-seated Ffaldau landslide, in the Rhondda Fach Valley
(Halcrow, 1998; Siddle, 2000).

Apart from lowering and tilting of the ground surface, regional mining subsidence can

have other effects which influence slope stability, such as the alteration of stress and
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strain patterns within the slope, the modification of hydrogeology and the reactivation

of normal faults.

While a coal seam is mined, the strata above and in front of the advancing face within
the “angle of draw’ are subjected to tensile strains, whereas the strata immediately
behind to compressive strains. Therefore, while underground mining proceeds, strata
experience different phases of tension/compression, with widening of joints and
development of new fissures. These fractures and fissures have a strong effect on the
hydrogeology of the Coal Measures, as they increase the transmissibility and storage
capacity of sandstones while they may render ineffective argillaceous aquicludes (see

next section; Bentley et al., 1980).

Tracer experiments at Aberfan showed also that groundwater can move faster within
the sandstone caprock along the tension corridors created by mining subsidence and
that the boundaries between compressional and tensional zones can indeed function as

hydraulic discontinuities (Mather, 2000).

Mining subsidence can also cause fault reactivation. Since 1876, at least 45 cases of
mining-induced fault reactivations have been reported in the South Wales Coalfield.
The reactivation of mainly NW-SE trending principal faults has generated
topographic scarps on the ground surface, sometimes associated with fissures and
compressional features, causing damage to buildings, services and utilities in urban
and industrial areas. Fault movements have also promoted first-time failures of natural
slopes and the reactivation of relict (periglacial) landslides. As previously mentioned,
the fault scarps and the associated fissures found on the upland Pennant Sandstone
plateaux have magnitude and extension significantly greater than the features found in
other mining areas in the United Kingdom. These faults were probably reactivated
during valley deglaciation and mining subsidence has only later intensified their
movements. It is difficult to differentiate between features induced by mining
subsidence and features due to valley de-glaciation alone. Faults may reactivate also
many years after ceasing of mining subsidence probably because of groundwater level
rise induced by water discharge or mine-water rebound following the switch off of

mine pumps (Donnelly, 2005).
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Also shallow workings can influence slope stability. For example they may offer
preferential groundwater paths or they may affect the distribution and magnitude of

fractures, displacements and stresses/strains within a hillslope.

It has been noted that an unusual relatively high number of major first-time deep-
seated landslides have occurred in the South Wales Coalfield in the last 150 years
compared to only 44 deep-seated landslides of periglacial origin mapped by Conway
et al. (1980). This observation lead to the study of the influence of mining on hillslope
stability in the South Wales Coalfield, and on deep-seated failures in particular,
carried out by Halcrow and the Department of Mining Engineering of Nottingham
University (Halcrow, 1998; Jones and Siddle, 2000). Physical and numerical
modelling showed that shallow workings carried out on steep hillslopes in a shallow
seam with pillars of unworked coal left at the outcrop and deeper in the hillside have a
strong influence on slope stability, especially if the pillars trend parallel to the valley
side. Results showed that after coal extraction: high-angle vertical fractures can reach
the surface (joint opening) in the area above the deeper pillar; compressive stresses
concentrate in the areas above the pillars, while tensional stresses develop between
them (with potential bed separation); the compressive stresses are concentrated in the
small areas of the pillar floors (punching of the pillar into the floor) with development
of lateral displacements in the rocks below the seam. Furthermore, a high number of
continuous fractures develop above and below the deeper pillar consistent with the

fractures observed on site and with the formation of potential deep-seated slip zones.
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