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ABSTRACT 

This thesis describes both field and laboratory based investigations 
of an active landslide in the Fuller's Earth adjacent to Soper's Wood, in the 
Swainswick valley, north of Bath. 

A detailed field study and monitoring programme provided evidence 
of the changing morphology and the controls which affect the rate of 
movement of an inland landslide. In addition, the effects of landslide activity 
in enhancing the weathering grade, moisture content and geotechnical 
indices of the Fuller's Earth was studied. Geochemical analysis of ground 
water samples demonstrated the dominance of calcium with subordinate 
magnesium and potassium. It is proposed that these originate from the 
dissolution of impure calcium carbonate and the depotassification of illite by 
acidic ground waters. A representative sample of a shear surface was 
obtained from the landslide to investigate the nature of the failure "plane" 
and whether chemical weathering was occurring at a greater rate along 
shear surfaces due to the preferential percolation of acidic ground waters. 

To compliment these studies, laboratory based testing was carried 
out to determine the effects of calcium in pore water on the residual shear 
strength and Atterberg limits of clays, using "pure" montmorillonite and 
kaolinite. The results indicate these parameters are sensitive to the 
concentration of calcium in pore water. 

From these investigations, a model for the long term and seasonal 
stability of the landslide at Soper's Wood has been developed. The model 
emphasises the dominance of rainfall and ground water levels as the main 
controls on seasonal slope stability and indicates that the inherent residual 
shear strength of failure "planes" should be considered a dynamic property, 
showing seasonal variation dependent on the concentration of calcium in 
the ground water. In the long term, it is expected that the depotassification 
of illite and the dissolution of calcite will cause a gradual reduction in the 
inherent residual shear strength of the failure "planes", which will promote 
instability. 
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corresponding to the effective normal stress at the basal 
shear surface at Soper's Wood relating to the ground 
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CHAPTER 1 

A REVIEW OF THE GEOLOGY AND TOPOGRAPHY OF 
THE SWAINSWICK VALLEY, BATH; WITH EMPHASIS ON 

THE FULLER'S EARTH FORMATION 

1.1 Introduction 
The topography of the Swainswick valley, through which Lam Brook 

flows southwards to join the River Avon at Bath, is typical of the relief of 
much of the Bath area (see Figure 1.1). The reactivation of a known 
landslide in the Fuller's Earth formation in the fields adjacent to Soper's 
Wood, within the valley, provided an excellent opportunity to further the 
understanding of the slope stability problems which are characteristic of the 
formation in the south Cotswolds. The location of the landslide is indicated 
in Figure 1.1. 

This chapter reviews the general geology of the Swainswick valley, 
including a review of the Fuller's Earth formation of the Bath area, the 
topography of the valley and discusses how these interrelate in the 
development of superficial structures. The engineering significance of 
these structures is then briefly extended to the area of the City of Bath and 
their influence on its development is discussed. 

1.2 General Geology of the Swainswick Valley 
Fig 1.2 contains an extract from the 1: 63360 geological map of the 

Bath area (Sheet 265), published in 1965. In contrast to the previous 
1: 63360 geological map (1873) which indicated a typical sub-parallel 
outcrop pattern, much of the area in the 1965 map, including the 
Swainswick valley, is depicted as "Foundered Strata". This was 
subsequently described by Hawkins & Kellaway (1971) and is due to both 
colluvial head covering the hill slopes and the cambering of strata, 
preventing the accurate mapping of the outcrop of individual stratigraphic 
units. The succession in the Swainswick valley is mainly of Lower and 
Middle Jurassic age. In order to obtain an accurate assessment of the 
"undisturbed" geology, in the early 1970's a borehole was drilled near the 
southwest corner of Charmy Down as part of the A46 engineering studies 
and proved the thicknesses given in Table 1.1 (Chandler et al. 1976). 



Fig. 1.1 Extract from the 1: 50 000 "Landranger Series" Ordnance Survey map, Bristol and Bath sheet 172, showing the topography of the Swainswick valley and the surrounding area. The valley is bounded by the roads highlighted in black and 
the location of the landslide adjacent to Soper's Wood is indicated. 



S31ä3S 311100 1V311D 311100 SVII SVIl SVI1 -i3/ 
a3ddfl 31(301W 

- ---ý--- - ----- : )issvanf 3100iw : )ISSV2lflf ä3MOl 



4 

AGE STRATIGRAPHIC UNIT SUBDIVISION THICKNESS 

Great Oolite Lower Ra stones 
Fuller's Earth Upper Fuller's Earth clay 27 m 

Middle Jurassic Fuller's Earth Rock 4m 

Lower Fuller's Earth cla lo m 

Inferior Oolite Inferior Oolite 15 m 
Upper Lias Midford Sands 31 m 

Lower Jurassic Junction Bed 1m 

Middle and Lower Lias Dyrham Silts 15 m 
Lower Lias clay 65 m 

Table 1.1 Stratigraphic succession in the Swainswick valley, 
after Chandler et al. (1976). 

Kellaway & Taylor (1948), Green & Donovan (1969), Donovan & 
Kellaway (1984), Green (1992) and Kellaway & Welch (1993) provide 
general descriptions of the geology for the Bath and Bristol area. Although 
Green & Donovan (1969) produced a major paper on the subdivision of the 
Middle Jurassic, it is not considered necessary to review their paper in 
detail. However, a general summary of the lithologies is considered 
essential background for any geotechnical interpretation. For simplicity in 
this thesis, the stratigraphy is described from youngest to oldest. 
Great Oolite 

The Great Oolite outcrops over much of the south Cotswold plateau. 
The nature of the lithology can be seen to the north of the village of Upper 
Swainswick, near the garage after the three lane section of the A46 
(ST 753697). It consists of a moderately strong to strong, shelly, cream 
coloured, fine to medium grained oolitic limestone. The observed jointing is 

widely to very widely spaced, such that within the medium bedded strata, 
large discontinuity bounded blocks dominate the rock mass. The thickness 
of the Great Oolite varies over the plateau region of Lansdown and Charmy 
Down, but is generally less than 10 m thick; much of the Bath Oolite, 
Twinhoe Beds and Combe Down Oolite have been removed by erosion. 
Thus, now only a relict deposit of the Great Oolite forms the dip slope on the 

western side of the south Cotswolds and it is not until the Bradford upon 
Avon area to the east, that the full sequence of the Great Oolite is 

encountered. In the Lansdown/Charmy Down area, it is generally the more 
resistant Lower Ragstones which form the cap rock. As a consequence of 
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the structural geology and topography, this area is in contrast to that found 
south of the River Avon, as described by Brown (1991) in his study of the 
disused mines in the Combe Down area. 

In view of the Great Oolite forming a thin cap rock around the upper 
slopes of the valley, the ground water level in this part of the Cotswolds is 
frequently only just above the base of the Great Oolite. Hence in this area it 
is not a major aquifer, although to the east of Bath, water is extracted from 
strata of this age. 
Fuller's Earth 

In the Lansdown area to the west of the Swainswick valley, the 
Fuller's Earth has been described by Arkell & Donovan (1952). Both these 
authors and the subsequent site investigation for the A46 in the 1970's, 
failed to locate the presence of the montmorillonite rich horizon known as 
the Fuller's Earth Bed, which is present to the south of Bath. Although later 

papers by Green & Donovan (1969) and Cave (1977) have indicated the 
presence of further sub-divisions, especially to the north, in this part of the 
south Cotswolds the Fuller's Earth can be divided into three main units. In 

addition to the following summary, further details on the Fuller's Earth are 
given in Section 1.3, in order to provide a greater background on the main 
strata type studied in this thesis. 
A) Upper Fuller's Earth 

This consists mainly of a weak to moderately weak, medium grey, 
calcareous mudrock. The mudrock is interbedded with argillaceous 
limestone bands, especially towards the top of the sequence near the Great 
Oolite (Hawkins et al. 1986). These act as lines of preferential water flow 

within the relatively low permeability mudrocks. Near the surface, the 

mudrock weathers to a fissured brown clay. 
B) Fuller's Earth Rock 

The Fuller's Earth Rock is a moderately strong, rubbly limestone 

which is often oolitic and shelly. In its unweathered state it is grey, but 
frequently, because it is a zone of moderate to high permeability, it is 

unsaturated and in these areas it is brown in colour. 
C) Lower Fuller's Earth 

A sequence of weak to moderately weak, grey, calcareous, fissured 

mudrock, with occasional argillaceous limestone bands. Chandler et al. 
(1976) notes that it is similar to the Upper Fuller's Earth clay, but less 

plastic. 
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Inferior Oolite 

As indicated by Arkell (1933), only the Upper Inferior Oolite is present 
in the Bath area of the south Cotswolds. The Upper Inferior Oolite, seen on 
the south side of Lansdown (Hawkins 1977a), is mainly a well jointed, 
permeable, oolitic limestone. The stratigraphic unit has been sub-divided, 
but it is not considered necessary in this thesis to describe the sequence in 
detail as it was not encountered during this study. 
Midford Sands 

These Upper Lias deposits are grey, weakly cemented, silty fine 

sands. The strata contains frequent 'hard' horizons which are more 
thoroughly cemented by calcite and form thin to medium beds of moderately 
strong, calcareous sandstone. On exposure, as normally seen at outcrop, 
the sands oxidise to a yellow-brown colour. 
Junction Bed 

This distinct lithology, which acts as a convenient marker bed, forms 
the base of the Upper Lias. It consists of thin to medium bedded, highly 
fossiliferous, grey limestones, with iron-stained oolitic and conglomeratic 
bands and some thin mudrock layers. 
Middle and Lower Lias 

The Middle Lias is represented by the Dyrham Silts, a silty horizon 
between the Junction bed and the Lower Lias. The Silts vary in thickness 
from 0-30 m. In the Swainswick valley, some 5 km south of Dyrham, the 
type locality, the deposits are some 5-15 m thick. 

The Lower Lias is a very weak to weak, grey, fissured mudrock 
containing occasional argillaceous limestone bands and the interbedded 
Blue Lias towards the base. Near the surface, the mudrock has weathered 
to a silty clay. 

Structurally, the area is part of the south Cotswolds, in which the 

general regional dip is between 2° and 5° to the east. However, because of 
the intensely dissected nature of the area around Bath and the interbedded 

nature of the geology, the structure is dominated by superficial movements 
rather than tectonic influences. 

The properties of the Fuller's Earth are of particular relevance to this 
thesis. Hence, it is considered appropriate to provide more detailed 
information on the Fuller's Earth, in order to assist in the understanding of 
the superficial structures and as a background to the discussions in 
Chapter 3. 
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1.3 A Review of the Geology and Engineering Properties of the 
Fuller's Earth Formation 

1.3.1 The Geology of the Fuller's Earth Formation 
The Fuller's Earth formation has been recognised since 1799, when 

William Smith (Phillips 1844) noted a dominantly mudrock succession, 
which he termed the Fuller's Earth formation, between the Inferior Oolite 
and the overlying Great Oolite. Since that time a number of authors have 
described the stratigraphy of the formation, culminating with the work of 
Arkell and Donovan (1952) who investigated the detailed stratigraphy in the 
Bath-Stroud area. More recently Penn et al. (1979) described the Fuller's 
Earth strata between Bath and Frome. 

Lonsdale (1832) was the first to describe in any detail the 

commercially valuable montmorillonite rich Fuller's Earth Bed, which at that 
time was being worked from a number of small adits in the Bath area. 
Lonsdale's reference to the Fuller's Earth formation was therefore 
dominated by the commercial Fuller's Earth Bed. He separated the 
formation into four units; blue and yellow clay, with nodules of indurated 

marl; bad Fuller's Earth; good Fuller's Earth; clay containing beds of bad 
Fuller's Earth and layers of nodular limestone and indurated marl. 
Lonsdale (1832) was followed by a publication by Woodward (1876) who 
recorded brief details of the geology exposed at a number of localities. 
Subsequently, Woodward (1887 and 1894) proposed three main sub- 
divisions of the formation when attempting to correlate the stratigraphy in 

the Bath area. He introduced the terms Lower Fuller's Earth, Fuller's Earth 
Rock and Upper Fuller's Earth and proposed that they were independent 

sequential formations. However, soon afterwards Buckman (1901), 
following a detailed study of the ammonites of the Middle Jurassic, realised 
that the fossils did not necessarily correlate with the lithologies. As the 
fossils were considered to indicate time related zones, Buckman (1901) 

correlated the Fuller's Earth Rock of Bath with part of the Great Oolite of 
Gloucestershire. 

Arkell and Donovan (1952) examined the succession of the Fuller's 
Earth on the south-western spurs of Lansdown, just to the west of the 
Swainswick Valley, as part of their investigation of the Fuller's Earth 
formation along the 50 miles of strike from the Avon valley at Bath to the 
Vale of Moreton at Stow-on-the-Wold. A bomb crater 250 yards (229 m) 
south-west of Kelston Round Hill (ST 711675) and an exposure at Prospect 
Stile (ST 713683), just to the south of the race course at Lansdown, 
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revealed a succession of the Fuller's Earth similar to that described in 
Section 1.2. However, Arkell and Donovan (1952) showed that further to 
the north, at Dyrham Wood, the Fuller's Earth Rock separates into two 
distinct rock bands. These rock bands eventually pass laterally into the 
Great Oolite of the north Cotswolds, with the wedging out of the clays of the 
Fuller's Earth, as predicted by Buckman (1901). It is of note that Arkell and 
Donovan (1952) did not find any evidence of the Fuller's Earth Bed at 
Lansdown, although it had long been known to be an important commercial 
deposit to the south of Bath. 

The long section, shown by Green (1992), from Burford to the south 
coast, emphasises the lateral variation of the stratigraphy of the Fuller's 
Earth formation. Hence, the stratigraphy of the Fuller's Earth formation 

around the close vicinity of Bath, is only characteristic of this area. 
During the period of the Fuller's Earth formation, the Bath area is 

likely to have been a relatively shallow, quiet water, marine environment in 

which illitic, kaolinitic and some calcium montmorillonite clays were 
deposited. Periodically, the marine environment became more calcareous 
rich, such that the accumulated muds varied from weakly calcareous to 
highly calcareous, argillaceous limestones. These carbonate rich members 
occur throughout the Fuller's Earth formation, but are dominant in the Upper 
Fuller's Earth. The strata now referred to as the Fuller's Earth Rock is likely 
to have formed as a result of a change in depositional environment, with a 
shallowing of the seas and less suspended sediment in the water column. 
In this environment, ooliths formed to produce an oolitic, shell rich sediment 
which now forms the Fuller's Earth Rock. Towards the top of the Upper 
Fuller's Earth, the carbonate rich horizons become increasingly oolitic, 
indicating a shallowing of the seas, such that there is no clear boundary 

with the overlying Great Oolite. Brown (1991) noted that at Peasedown St 
John it was not possible, even in a trial trench, to locate the exact boundary 
between the increasingly oolite rich Upper Fuller's Earth and the overlying 
Great Oolite. 

The origin of the Jurassic Fuller's Earth Bed, which although only 
about 2.4 m thick, has been the subject of much controversy since the 
1930's. Some authorities have suggested a volcanic source and some that 
the formation may be due to a marine chemical precipitate. Jeans et al. 
(1977) investigated the montmorillonite rich Fuller's Earth Bed present to 
the south of Bath, but absent in the area of Lansdown and the Swainswick 

valley. They review the controversy of its origin and, by analysing samples 
obtained from the face of the commercial seam at the Combe Hay mine 
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(ST 730610), provide evidence that the Fuller's Earth Bed has been 
formed by the argillisation of volcanic ash deposited in a shallow marine 
environment. They found that the Fuller's Earth Bed contained a very small 
proportion of sand-grade material (0.4%) which consisted largely of 
pyroclastic minerals and rock particles. In addition, calcitic nodules in the 
deposit contained a much higher proportion of well preserved pyroclastic 
material than the surrounding smectite matrix. This is considered to be due 

to the local precipitation of mineral cement during the early diagenesis of 
the ash deposit which preferentially preserved the pyroclastic material 
within the nodules. The pyroclastic fragments show little evidence of 
abrasion supporting the view that most of the ash was air-borne. The bulk 

chemical composition of the Fuller's Earth Bed suggests that it is derived 
from a dominantly trachytic ash and K/Ar isotope analyses indicates a 

minimum age for the volcanism of 159 Ma. Work undertaken by Penn et al. 
(1979) found a calcareous microfauna existed throughout the bed. This 
indicated that ash did not accumulate at an abnormally rapid rate and 
contained sufficient nutrient to support deposit feeders. Thus, although 
Jeans et al. (1977) showed that the Fuller's Earth Bed is of volcanic origin, 
they recognised that it is not the result of one single catastrophic ashfall 
deposit which would have destroyed the existing community of microfauna. 

1.3.2 The Clay Mineralogy of the Fuller's Earth Formation 
Hawkins et al. (1986) analysed the clay mineralogy of the Fuller's 

Earth formation. They obtained samples of the Fuller's Earth Bed from the 
Combe Hay mine and samples of the Fuller's Earth formation from two 
localities in the Bath area (Soper's Wood and Wellsway), to compare the 

clay mineralogy of the Upper and Lower Fuller's Earth with that of the 
Fuller's Earth Bed. The sample locations are shown in Figure 1.3. 

The borehole at Soper's Wood first passed through approximately 
2m of the Great Oolite before extending through the entire succession of 
the Fuller's Earth formation. The abbreviated log of the borehole, shown in 
Figure 1.4, indicates approximately 40 m of blue grey, calcareous, 
randomly fissured, overconsolidated silty claystone, interbedded with 
occasional argillaceous limestone bands. The Upper Fuller's Earth clay is 

separated from the Lower Fuller's Earth clay by the Fuller's Earth Rock, a 
3m thick band of shelly oolitic limestone. The borehole log provides no 
evidence of the Fuller's Earth Bed found to the south of Bath. Samples 

were taken at 1m intervals from the core and XRD analyses undertaken on 
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both untreated and glycolated clay smears from the samples. The 

qualitative mineralogy of the samples is shown in Table 1.2. The Table 
highlights the dominance of illite, with kaolinite appearing strongly in all 
samples, however, montmorillonite is only shown to be "weak" or "very 

weak" on the qualitative scale, except in the uppermost four samples where 
it has been described as "present". 

The Wellsway borehole penetrated the Upper Fuller's Earth which 
was also sampled at 1m intervals. The mineralogy of the clay was 
investigated using the same technique and the results are displayed in 
Table 1.3. Table 1.3 shows the clay mineralogy to have a very similar 
distribution to that seen in the Soper's Wood borehole. Illite is again 
dominant, followed by kaolinite, with generally only a trace of 
montmorillonite present. However, in the uppermost three samples, the 
montmorillonite content is shown to be "weak". As in the Soper's Wood 
borehole, Hawkins et al. (1986) note that the Fuller's Earth Bed is absent in 
the Wellsway borehole, only 2 km north of the once commercial seam at 
Combe Hay. 

Samples of the Fuller's Earth Bed were obtained at 200 mm intervals 
from the seam at Combe Hay. Figure 1.5 shows the lithological sequence 
of the Combe Hay seam and the sample locations. The seam has been 
divided up into a Top Seam and a Whole Seam. The Top Seam was about 
0.5 m thick and consisted of a very calcareous silty claystone, with 
occasional boulder size calcareous nodules. The Whole Seam was 
dominated by a grey, slightly calcareous claystone, with occasional grey 
calcareous nodules. The samples were analysed by XRD and the results 
are again displayed qualitatively in Table 1.4. Hawkins et al. (1986) note 
that the mineralogy is notably different to that seen in the previous two 
boreholes. Here montmorillonite is the dominant mineral, with only a trace 

of kaolinite present throughout the seam and illite only present in the 

uppermost three samples. The calcite content, determined from whole rock 
powder mounts, clearly reflects the division between the highly calcareous 
Top Seam and the generally less calcareous Whole Seam, as depicted on 
the log in Figure 1.5. The peak in calcite content at 1.4 m is related to the 

thin band of cobble sized, calcareous nodules. 
Hawkins et al. (1986) compared the XRD diffractograms of the Top 

Seam with those of the Whole Seam and demonstrated that in the Top 
Seam the illite is randomly interstratified with montmorillonite. This 
interstratified illite-montmorillonite is absent in the Whole Seam, apart from 
in one sample at the top of the Whole Seam (depth 0.6 m), and only 
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Fig. 1.5 Lithology and sampling levels in the Fuller's Earth Bed seam at 
Combe Hay mine, after Hawkins et al. (1986), based on Jeans et al. 
(1977). 
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Fig. 1.6 Plots showing the variation with depth of the moisture content, 
Atterberg limits and calcite content of the samples of the Fuller's Earth 
formation obtained from the Soper's Wood borehole, after Hawkins et al. 
(1988). 
GO = Great Oolite; WUFEC = Weathered Upper Fuller's Earth clay; 
UFEC = Upper Fuller's Earth clay; FER = Fuller's Earth Rock; 
LFEC = Lower Fuller's Earth clay; 10 = Inferior Oolite 
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montmorillonite and kaolinite are present (see Table 1.4). Using methods 
developed by Srodon (1980 and 1981), they quantified the percentage of 
montmorillonite in the interstratified assemblage and showed that in the Top 
Seam between 52% and 84% montmorillonite is present, whereas in the 
Whole Seam, where illite is indicated to be absent in Table 1.4, 

approximately 98% montmorillonite is present. They suggest that the 

randomly interstratified illite-montmorillonite in the Top Seam is a possible 
relic of contemporaneous chemical weathering of the typically illite rich 

shallow marine deposits, reworked at the time of deposition of a trachytic 

ash which formed the Whole Seam. They report that Jackson et al. (1952) 

suggest that on chemical weathering, mica is altered to illite, which on 
further weathering, forms an intermediate interstratified illite-smectite, 
before developing into a smectite on continued weathering. They propose 
that on chemical weathering, potassium ions are lost from the interlayer 

space in illite by leaching and are replaced by calcium ions, with the 
formation of interstratified illite-smectite. This process of depotassification 
begins at the edges of the clay mineral and on continued weathering may 

proceed rapidly inwards. 
The work by Hawkins et al. (1986) has highlighted the difference in 

clay mineralogy between the montmorillonite dominated Fuller's Earth Bed 

and the generally illite rich clay of the Upper and Lower Fuller's Earth. They 
have shown that in the Top Seam of the Fuller's Earth Bed at Combe Hay, 

interstratified illite-montmorillonite is present. In addition, they have 

demonstrated that in the weathered zone of the Upper and Lower Fuller's 
Earth clay, there is an increase in the proportion of montmorillonite present 

and diffractogram traces have shown this to be interstratified with illite. In 

contrast to the relatively high montmorillonite component of the Top Seam, 

they found the percentage of the montmorillonite component in the 

weathered Fuller's Earth clay to be between 23% and 39%. However, they 

relate both the interstratified assemblage in the weathered clay of the 
Fuller's Earth and that found in the Top Seam of the Fuller's Earth Bed, to 

the chemical weathering of illite, with the formation of a randomly 
interstratified illite-smectite. 

The detailed analysis of the clay mineralogy has also confirmed the 
limited aerial extent of the Fuller's Earth Bed. Hence, from an engineering 
view point, especially with regard to the known landslides that occur in the 
Fuller's Earth formation, a knowledge of the clay mineralogy and 
geotechnical properties of the more aerially extensive Upper and Lower 
Fuller's Earth clays is more important. The process of depotassification has 



15 

resulted in the formation of interstratified illite-calcium montmorillonite in the 
weathered clay along the edge of the Cotswold escarpment, resulting in the 
material being named after its "fulling" properties. 

1.3.3 The Geotechnical Properties of the Fuller's Earth Formation and the 
Effects of Weathering 

The first published data on the geotechnical properties of the Fuller's 
Earth formation was provided by Chandler et al. (1976), following site 
investigations carried out in the Swainswick valley. Samples obtained from 
boreholes and trial pits in the Upper Fuller's Earth provided a mean liquid 
limit of 51% (range 40-65%), a mean plastic limit of 20%, giving a plasticity 
index of 31%. The Lower Fuller's Earth had a mean liquid limit of 44% 
(range 35-55%), a mean plastic limit of 17%, giving a plasticity index of 
27%. In addition, they report the Atterberg limits of the Head deposits 

overlying the Fuller's Earth formation. These had a mean liquid limit of 47% 
(range 30-70%), a mean plastic limit of 19%, giving a plasticity index of 
28%. They note that: 

"The results call for no particular comment as the Atterberg limits are 
unexceptional and the natural water contents are, as usual in weathered 
over-consolidated clays, approximately equal to the plastic limit ". 

Hawkins et al. (1988) report the moisture contents, Atterberg limits 

and calcite content of samples of the Fuller's Earth formation obtained from 

the Soper's Wood borehole and a borehole drilled at Down Farm; and of 

samples of the Fuller's Earth Bed from the Combe Hay mine (see Figure 1.3 
for sample locations). 

Figures 1.6,1.7 and 1.8 show the variation with depth of these 
indices for the samples obtained from the Soper's Wood borehole, the 
Down Farm borehole and the Combe Hay mine seam, respectively. 
Figures 1.6 and 1.7 indicate that, contrary to the opinion expressed by 
Chandler et al. (1976) regarding the Atterberg indices, the moisture content 
of the unweathered clay is less than the plastic limit. However, near the 

ground surface, where weathering has taken place, it tends to be greater 
than the plastic limit. Hawkins et al. (1988) relate the effect of weathering 
on the moisture content-plastic limit relationship, to the increase in the 

montmorillonite content in the more weathered zones due to the 
depotassification of illite. In addition, their data from trial pits in the Soper's 
Wood area, highlights a progressive increase in moisture content and 
Atterberg limits through the weathering grades. In comparison, Figure 1.8 
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Fig. 1.7 Plots showing the variation with depth of the moisture content, 
Atterberg limits and calcite content of the samples of the Fuller's Earth 
formation obtained from the Down Farm borehole: I- IV represent 
weathering zones, after Hawkins et at. (1988). 
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shows the moisture content profile of the unweathered Fuller's Earth Bed to 
be parallel to the plastic limit, but consistently 10% lower. However, those 

samples obtained from the Top Seam have lower Atterberg limits and 
moisture contents, consistent with the decrease in montmorillonite content 
(compared to the Whole Seam), as discussed in Section 1.3.2. 

Analysing the plots of calcite content with depth, Hawkins et al. 
(1988) note that there is a general trend of decreasing calcite content with 
decreasing depth shown in the samples taken from the Soper's Wood and 
Down Farm boreholes, displayed in Figures 1.6 and 1.7 respectively. In 

addition, a comparison of the liquid limit with the calcite content of the 
samples demonstrates a strong inverse relationship. Although it is less 

pronounced, this relationship can also be extended to the plastic limit and 
moisture content. Figure 1.8 also shows this inverse relationship in the 

samples of the Fuller's Earth Bed obtained from the Combe Hay mine. 
However, here the liquid limit decreases upwards through the seam, while 
the calcite content increases. This is to be expected as the calcite rich Top 
Seam (see Figure 1.5) clearly influences the results. 

The inverse relationship between the calcite content and the 
geotechnical indices is emphasised in Figure 1.9. It is of note that the 
Fuller's Earth Bed plots in the area of the weathered material in the graph of 
plasticity index against calcite content, probably due to the increase in 

montmorillonite content of the more weathered material. The plot of liquidity 
index against calcite content shows the weathered Fuller's Earth clay to 
have a positive liquidity index and the unweathered Fuller's Earth clay and 
Fuller's Earth Bed to have negative liquidity indices. This is due to the fact 
that although the weathered clay and unweathered Fuller's Earth Bed have 

similar Atterberg limits, the weathered Fuller's Earth clay has higher 

moisture contents due to the weathering process and stress release 
allowing the infiltration of surface water and the hydration of the clay. 

Hawkins et al. (1988) have shown that two relationships exist in the 
Fuller's Earth on weathering and have demonstrated the control that the 

calcite content has on the fundamental geotechnical properties of the clay. 
They envisaged that stress relief in the near surface strata aids the 

percolation of acidic ground waters causing chemical weathering. On 

weathering, calcite is removed and the depotassification of illite results in 

the formation of a randomly interstratified illite-smectite clay mineral. X-ray 
diffractometry analyses confirmed that calcite (in addition to quartz, pyrite 

and feldspars) comprises the bulk of the coarse silt fraction. Hence, the 
decrease in the proportion of a non-sorptive mineral such as calcite leads to 
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Fig. 1.9 Plots of calcite content with plasticity index (A) and liquidity index 
(B) for the Fuller's Earth clay and the Fuller's Earth Bed, after Hawkins et 
al. (1988): solid circles = fresh to slightly weathered Fuller's Earth clay; 
open circles = moderately to completely weathered Fuller's Earth clay; 
open triangles = Fuller's Earth Bed. 
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Fig. 1.10 Plots showing the variation with depth of the Atterberg limits 
and calcite content of the samples of the Fuller's Earth formation obtained 
from the borehole at Peasedown St John, after Hawkins & McDonald 
(1992). 
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an increase in the clay fraction, with increased plasticity of the clay. This 

effect is enhanced by the formation of interstratified illite-smectite increasing 
the proportion of swelling clay in the soil and hence the Atterberg limits are 
increased. Stress relief in the near surface weathered zone allows the 
hydration of the interstratified illite-smectite and hence an increase in 

moisture content results. Visual observations of weathering in the Fuller's 
Earth formation are indeed evident in the near surface material and 
Lawrence (1985) constructed a weathering scheme which is applied in 
Chapter 3. 

McDonald (1990) and Hawkins & McDonald (1992) provide further 

evidence for the inverse relationship between the calcite content and 
Atterberg limits of the clays of the Fuller's Earth formation. They plotted the 

variation with depth of the index properties and calcite content of samples 
obtained at 1m intervals from a borehole drilled at Peasedown St John, 
Bath (ST 71125815) which extended through the complete succession of 
the Fuller's Earth formation (see Figure 1.10). The inverse relationship 
between the calcite content and the indices is clearly evident, especially 
when the two are displayed as in Figure 1.11. 

1.4 Topographic Setting and the Development of Superficial 
Structures 

Hollingworth et al. (1944) were the first to describe superficial 
structures (cambers, gulls, dip-and-fault structures and valley bulges) in any 
detail, following the mapping of the Northamptonshire Ironstone. The 

region consists of a plateau, gently sloping to the east, at an elevation of 
150 to 90 m AOD, which has been incised by local rivers to a depth of up to 
60 m. The hilltop plateaus are capped by competent Jurassic strata of the 
Great Oolite and Inferior Oolite series (in many areas the plateaus are 
blanketed by a deposit of Chalky Boulder-clay), underlain by less 

competent Upper Lias clay, which in general forms the lower valley slopes. 
The regional tectonic dip of the strata is sub-horizontal, dipping at 
approximately 10 to the east. 

The authors put forward suggestions for the origin and mode of 
formation of the superficial structures. They considered that the structures 
formed as a result of plastic deformation in the Upper Lias clay and 
indicated that the structures were likely to be present in other parts of the 

country, where a similar combination of geology (sequences of sub- 
horizontally bedded competent strata overlying incompetent strata) and 
topography existed. The work of Hollingworth et al. (1944) was followed by 
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Kellaway & Taylor (1952), who reconsidered the origin of the superficial 
structures during their study of the east Midlands and proposed that they 

were formed under periglacial conditions. 
Subsequently a number of authors (Ackerman & Cave 1967, Cave 

1969, Higginbottom & Fookes 1970 and Horswill & Horton 1976) have 
described and discussed the formation of superficial structures in various 
parts of the country, especially in the east Midlands and the north 
Cotswolds. The combination of the geology and topography within the 
Swainswick valley in the south Cotswolds has many similarities to that 
described in Northamptonshire and the north Cotswolds and hence has 
facilitated the development of superficial structures within the valley. 

1.4.1 The Topography of the Swainswick Valley 
The dissected nature of the Swainswick valley has a topography 

typical of the south Cotswolds. Figure 1.12 shows a schematic topographic 

cross-section across the Swainswick valley between Beckford's Tower near 
Lansdown, to the west and Solsbury Hill, to the east. The estimated levels 

of the individual stratigraphic units, from both the authors field knowledge 

and thicknesses given in the literature, are shown on the cross-section. 
However, it should be emphasised that these levels are very approximate 
and that, in reality, the cambering of the stratigraphic units and the presence 
of landslips have substantially disturbed the strata, such that their dips are 
valleyward and much of the strata is masked by head deposits. 

The Great Oolite forms the cap rock of the broad plateau which drops 
from approximately 230 m AOD at Lansdown to 200 m AOD at Solsbury 
Hill, to the east. As Figure 1.12 shows, this competent rock is underlain by a 
series of incompetent and competent strata. The plateau has been deeply 
dissected by a number of rivers, in the case of the Swainswick valley, the 
Lam Brook has produced the steep sided valley. The close spacing of the 
contours and the topographic cross-section in Figure 1.12 highlights the 
steepness of the Swainswick valley, which separates the broad plateaus of 
Lansdown, Charmy Down and Solsbury Hill. The valley sides have varying 
slopes, the individual slope facets frequently being related to particular 
stratigraphic units. As a consequence, the valley sides contain slopes as 
steep as 22°, formed at the edge of the cap rock of the Great Oolite, but are 
typically 7° to 17° on the Fuller's Earth formation and underlying Liassic 

strata. 
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To the east of the Swainswick valley is the very steep sided valley of 
Chilcombe Bottom, a tributary valley to that formed by St. Catherine's Brook. 
A complete explanation for the formation of this over-steepened valley is not 
known, but it is believed to be related to significant water egress from the 

central area of Charmy Down, where the geological map indicates the 

presence of a structural low, as noted by the regional dip arrows. 

1.4.2 Superficial Structures in the Swainswick Valley 
Harmer (1907) suggested that the Limpley Stoke gorge, south of 

Bath, is related to glacial diversion and thus the Avon valley in Bath is in 

part over steepened due to the increased flow of the upper Avon catchment. 
Although there was clearly an early valley related to By Brook, the major 
incision of the river valleys would have been related to Quaternary erosion, 
made worse by the diversion of the upper Avon. The production of 
steepened metastable valley sides, resulted and still results in extensive 
landslipping and the development of superficial structures, as described by 
Kellaway & Taylor (1968). 

Shallow landslips and mud flows occur extensively in the Fuller's 
Earth formation within the Swainswick valley, with deeper rotational slides 
occurring in the Lower Lias. Chandler et al. (1976) noted the presence of 
cambering, deep-seated landslides, shallow slides and mudflows, within 
the Swainswick valley, which are typical of the area. Cook (1973) 
describes an investigation of a landslip that occurred in the Fuller's Earth 

clay, on a south facing slope of Lansdown (ST 727679), not far from 
Soper's Wood. Due to the proximity of this landslip, to the landslide 

adjacent to Soper's Wood investigated during the course of this research, 
the paper by Cook (1973) is summarised below. 

The landslide was initiated by the tipping of rubbish into an old 
quarry in the Great Oolite. Total downslope movement amounted to 

approximately 210 m and sterilised about 12 acres (0.05 km2) of land. The 

overall slip geometry indicated that a shallow translational slip had 

occurred, of type 'L" classification, after Hutchinson (1967). Cook (1973) 

suggested that the blockage of small spring outlets at the base of the Great 
Oolite contributed to increased pore water pressures, which during a period 
of heavy rainfall, helped to initiate sliding. Piezometer measurements led 
him to conclude that the major slips that occurred during the wet season 
were a consequence of perched water table conditions. 

A trial pit within the slip zone revealed a band of soft brown clay 
containing a distinct shear plane, sandwiched between the fill and the 
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weathered Fuller's Earth clay. Laboratory tests on the soft brown clay 
indicated an effective peak angle of friction of 17.4°, with zero cohesion and 
a residual shear angle of 12°. Slope stability analyses, undertaken using 
the infinite slab procedure (Skempton & Delory 1957) and assuming a 

gradient of 8.7° and residual shear strength parameters, demonstrated that 

the slope was only stable when the perched water table in the slip was 
greater than 0.5 m below ground level. It is worth noting that no analyses 

were undertaken using residual shear strength parameters for the steeper 

gradient of 12.7°, where clearly these analyses would have provided a 
lower factor of safety. 

The investigation by Cook (1973) highlighted the general condition 
of instability of the slopes of the Fuller's Earth formation in the area. This 
instability was re-emphasised by Chandler et al. (1976). They carried out 

slope stability analyses of west facing slopes in the Fuller's Earth formation 

within the Swainswick valley and concluded that the majority of these 

slopes were in a state of limited equilibrium. 
In addition to the extensive shallow translational slides over much of 

the Fuller's Earth formation and the deeper rotational slides in the upper 

part of the Lower Lias succession, as described by Kellaway & Taylor 

(1968), there are numerous mudflows around the egress points of springs, 

particularly at the edge of the Great Oolite plateau. In these areas, 

weathering and softening of the mudrock of the Upper Fuller's Earth has 

decomposed the rock structure to form an engineering soil of silty clay. In 

the later part of the Wolstonian and Devensian glaciations, this softened 

material moved as mudflows, frequently infilling the small valleys related to 

the individual spring outlets. Whilst the mudflows are often difficult to 

discern on topographic evidence, their presence has been determined 

during site investigation works. These mudflows are important, as the 

material forming them does not have the same intact competency exhibited 
by the general landslipped terrain, which forms in excess of 80% of the 

hillside slopes of the Fuller's Earth formation. 

Cambering has clearly occurred in the Great Oolite, as evidenced by 

the lateral valley-ward creep and the formation of gulls. However, the gulls 

are rarely identifiable from surface morphological expression. Hawkins 

(1977a) notes that gulls are present in the cambered Great Oolite in the 

cutting at the North Road entrance to Bath University (ST 764650), south of 
the River Avon. These only develop into cavities about 2m from ground 
level, within the medium to thickly bedded strata. Nearer the surface, within 
the thinly bedded weathered zone, voids tend not to develop as the 
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tensional strains are accommodated by small fractures and cracks. Hence, 
in the field above, there is no morphological evidence of the gulls below. 

The most pronounced cambered strata is that of the Inferior Oolite, as 
below this, the calcareous, silty fine sandstones of the Midford Sands have 

suffered intense decalcification and leaching, with the removal of fine 

particles in suspension. Although the cambering in the Swainswick valley 
is not as prominent as the cambered slopes in the 'Newton Brook' valley to 
the west of Bath (Hawkins & Privett 1979), the lack of a significant 
topographic feature at the level of the Inferior Oolite is largely a 
consequence of its disturbance by superficial movement to form a camber 
drape. Hawkins & Privett (1979) suggest that due to both the likely age of 
the cambering (Anglian or Wolstonian age) and the non-catastrophic nature 
of their formation resulting in relatively minor surface geomorphological 
expression at the time of formation, any morphological evidence of 
cambering tends to have been smoothed by more recent superficial 
movement of material valleyward. 

Using borehole data in the early 1970's, Chandler et al. (1976) 

produced a number of geological sections in the eastern part of the 

Swainswick valley, related to the realignment of the A46. Whilst these 

emphasise the presence of superficial features, it must be noted that these 

sections are based on relatively sparse information and with further data 

these would have undoubtedly have been refined. The accurate 
determination of superficial structures using borehole data frequently 

misses much of the structural disturbance, even when the analysis is 

carried out by someone with significant experience. 

1.4.3 The Development of the City of Bath 
The superficial structures in the Bath area have important 

engineering implications and have influenced the development of the City 

of Bath (Kellaway & Taylor 1968). By historic times the valley sides 
surrounding Bath had experienced a number of phases of landslipping, eg. 
the Bailbrook, Beacon Hill and Beechen cliff slides. Initially Medieval Bath 

was built on the alluvium deposits of the valley floor, however as the city 

grew during the 18th century, buildings spread onto the slipped Jurassic 

strata of the valley sides. In 1794, during the construction of Camden 

Crescent, failure of the slope occurred, preventing the full completion of the 

crescent. Between 1860 and 1870 the area below the crescent was built 

over, following which the Hedgemead slip, between 1875 and 1885, 

caused the collapse of 135 houses out of a total of 271, covering an area of 
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2.5 hectares (Hawkins 1977b). Moore (1880), whilst an alderman of the 
City of Bath, describes the slip and writes: 

"Many small houses in streets and terraces, suitable to residences for the 
artizan and mechanic classes were built afterwards (after Camden 
Crescent), some of which almost from the first showed signs of movement, 
and of late houses of a still better class, which unfortunately only add weight 
to an insecure surface and help on the creeping movement of all theron 
towards the valley". 

Although Moore was a famous amateur palaeontologist and highly 

regarded for his work on the Lower Lias, during city council meetings he 

commented that there were unlikely to be limestone horizons beneath the 
Hedgemead area (Hawkins 1977b). This was subsequently found not to be 
the case, with a limestone horizon at 29 feet (8.8 m) below ground level, 
having a head of water of 11 feet (3.4 m), while a limestone band at 50 feet 
(15.2 m) below ground level had a recorded head of water of 29 feet (8.8 

m). These high water heads on occasions produced pressures greater than 
the weight of the overlying hillwash such that the soil particles were 
separated and the effective stress/shear strength reduced. It was noted by 

a Mr Parfit that the water pressures were clearly significant, although he did 

not necessarily appreciate the principles of effective stress, subsequently 
explained by soil mechanics. Parfit noted that when the water level in local 

wells rose, the hillsides became unstable. Slip movement allowed the 

egress of water and hence the levels in the wells dropped dramatically and 
temporary stability developed. Through the subsequent drainage of the 
area stability was re-established, but rather than rebuild the houses, in 
1889 it was decided to create a public garden. Small slips still periodically 
occur elsewhere in Bath, the three most recent being the Beacon Common 

slip (1958-1961), the Perfect View slip in 1972 and the St. Magaret slip in 
1984. 

1.5 Aims of this Research 
This chapter has highlighted the steep topographic slopes of the 

Swainswick valley and drawn attention to the formation of the over 
steepened Avon valley and its tributaries during the Quaternary. In such 
dissected topography, where the strata has been shown to be dominated by 
interbedded limestone (competent strata) and mudrocks/calcareous 
siltstones (incompetent strata), superficial structures have developed. 
These superficial structures have important engineering implications and 
hence influenced the growth of the City of Bath and indeed continue to 
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cause numerous complications for geotechnical engineers during the 
present day. 

The active landslide in the Fuller's Earth in the fields adjacent to 
Soper's Wood provided the focus for the research described in this thesis. 
An investigation was carried out, at both a macro and micro scale, to further 

the understanding of the slope stability problems which occur in the Fuller's 
Earth formation around Bath. 

On a macro scale, Chapter 3 describes the field work undertaken to 

gain an insight into the changing geomorphology and rate of movement of 
an inland landslide in the Fuller's Earth. The effects of rainfall and ground 
water levels on the rate of movement and slope stability are studied. A 

comparison of the geotechnical indices of the recently slipped and 
apparently unslipped ground is undertaken to study the effects of mass 
movement on weathering rates and the geotechnical parameters of the 
Fuller's Earth. Ground water samples, taken from both inside and outside 
the visibly slipped mass, are analysed to investigate the chemistry of the 

ground water and determine whether active chemical weathering is 

occurring, with particular emphasis on the dissolution of calcite and the 
depotassification of illite. 

On a micro scale, Chapter 4 describes the analyses of a sample of 
the shear surface from the landslide using XRD and SEM techniques to 
investigate whether preferential chemical weathering occurs along the 
shear surface. In addition, the moisture content and calcite content of the 

clay surrounding the shear surface is analysed. 
To complement this investigation, a series of laboratory experiments 

and residual shear strength tests were undertaken to study the effects of 
pore water chemistry on the residual shear strength of clays. This work is 
described in Chapter 5. The findings of the field work and the laboratory 

analyses and testing are then brought together in Chapter 6, where a model 
is put forward for the long term and seasonal controls on the stability of 
inland landslides in the Fuller's Earth clay around Bath. 
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CHAPTER 2 

RESIDUAL SHEAR STRENGTH 

2.1 Introduction 
In the Swainswick valley and the surrounding Bath area, the Fuller's 

Earth formation outcrops on steep hill-slopes, many of which are 
landslipped as a result of oversteepened valley sides. Figure 2.1 highlights 
the location of the Fuller's Earth formation on the slopes around Bath and 
indicates that over 80% of the outcropped Fuller's Earth is landslipped. 
Thus, due to past failures, it is the residual shear strength of the near 
surface Fuller's Earth material which is mobilised in resisting movement on 
the valley-sides. Chandler et al. (1976) undertook stability analyses of 
selected slopes in the Bath area using residual shear strength parameters 
and showed that the slopes exist in a metastable state of limited 

equilibrium. 
The term residual shear strength (Tr) describes the minimum shear 

strength reached by a soil after suffering displacement due to shearing. 
This Chapter provides a historical review of the development of the 

understanding of the residual shear strength of soil, with emphasis placed 
on past work relevant to this thesis. 

2.2 Early Observations of Residual Shear Strength 
The residual shear strength of clays has been recognised since the 

1930's, when measurements of the shear strengths of soils at large 
displacements were carried out by Hvorslev (1936,1937 and 1939), 
Tiedemann (1937) and Haefeli (1938). 

Hvorslev (1936), during tests using a ring shear apparatus, noticed a 
reduction in shear resistance following peak shear strength and suggested 
that the shear resistance after failure depends on continuing displacement. 
It is probable that these tests were not fully drained and, in 1937, 
Tiedemann determined the drained residual shear strength of an 
undisturbed clay (Weser-Elbe clay), by carrying out drained tests in a ring 
shear apparatus. He described the strength attained as "pure sliding 
resistance" and found that the residual shear strength of the clay, when 
normally consolidated from a slurry, differed little from that of undisturbed, 
over-consolidated samples. 

Haefeli (1938) used the term "Restcherspannung" or "remaining 

shear strength" to describe the residual shear strength of soils at the 
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Fig. 2.1 Maps illustrating the location of the Fuller's Earth formation 
on the slopes around Bath. 

Map A: Extract from the 1: 63360 geological survey map of Bath 
published in 1873. Fuller's Earth = g6 

Map B: Extract from the 1: 63360 geological survey map of Bath 
(Sheet 265) published in 1965. The map highlights the large 
proportion of foundered/landslipped terraine in the Fuller's Earth 
Formation. 
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ultimate point of the stress-displacement curve, however his stress 
displacement curves indicate that he did not refer to a lowest strength 
independent of displacement. 

Casagrande (1949) is believed to have been the first to have used 
the term "residual" in his discussion of a paper by Binger & Thompson 
(1949). He noted, from laboratory tests, that the stability of a man made 
slope in Cucaracha Shale could be governed by a strength which is lower 
than the peak strength. 

In 1951, Haefili suggested the term "residual strength" as a 
translation of "Restcherspannung" and noted that the magnitude of the drop 

from peak to residual strength increased with liquid limit. However, his tests 

were not performed with controlled rates of displacement as the shear 

stress was applied by dead weights, with post peak movements retarded by 

a spring. This was followed by a paper by Hvorslev (1960), who noted that 

the shear strains promoted the orientation of clay particles in a direction 

parallel to the direction of shear, forming slickensided failure surfaces. 

2.3 Later Developments 
Since the pre 1960's work on residual shear strength, much research 

has been undertaken into furthering the understanding of the residual shear 
strength of soils. This section reviews these later developments in residual 
shear strength. 

In 1961, the construction of an embankment for the M6 motorway led 

to the reactivation of an old landslip at Walton Wood, just north of Madeley, 
Staffordshire. The landslide occurred in a 10.5 m thick zone of the Upper 

Coal Measures which had weathered to colluvial clay, in which kaolinite 

was identified as the dominant clay mineral. 
Early & Skempton (1972) give a detailed description of the study of 

this landslide, which is an important case study in the development of 

residual shear strength. Preliminary, earlier accounts, are given by 

Skempton (1964) and Skempton & Petley (1967). 

They report the first successful shear tests on samples of a slip 
surface from the landslide and found the residual shear strength 
parameters to be c'r =0 and 0'r = 14° (where O'r is the effective residual 
shear angle and c'r is the effective residual cohesion intercept). This was in 

reasonably good agreement with a conventional back analysis of this old 
but then still active landslip. Moreover, the residual shear strength of the 

shear surface was found to be much less than the "fully-softened" or "critical 

state" strength which was estimated 4o er=0 and O'r = 20°. In addition, 
Ciº'"11VtWil{y 
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residual shear strengths obtained from multiple reversal shear box tests on 
intact clay were found to be similar to those measured on the slip surfaces. 

Following these tests the slip surface was observed in thin section 
under the polarizing microscope and they noted that the clay platelets were 
orientated parallel to the shear surface. Hence, they concluded that a clay 
has a residual shear strength when shear displacements are sufficiently 
large to cause the development of a continuous slip surface at which the 

clay platelets are re-orientated by strains so that they are parallel to the 
direction of movement. Other researchers have since noticed this particle 
re-orientation (eg. Mitchell 1956 and Morgensten & Tchalenko 1967, who 
used optical microscope techniques and Yong & McKyes 1971, who used 
the electron microscope). 

In the 4th Rankine lecture, Skempton (1964) presented a number of 

case histories of landslides and brought the subject of residual shear 

strength to the engineering public, revitalising interest in the strength of 
landslipped clays. The residual shear strength tests reported by Skempton 

(1964), and by some later authors, were carried out using multiple reversal 

shear box tests, a technique which is likely to provide an over-estimation of 
the residual shear strength of a soil (Hawkins & Privett 1985). The 

development of a ring shear apparatus, as reported by Bishop et al. (1971) 

and Bromhead (1979), has overcome some of the problems associated with 

reversal shear box testing, eg. the continual change of direction of 

movement causing a realignment of the clay particles and hence peaks in 

the shear strength at the start of each reversal. 
Skempton (1964) emphasised the importance of choice of shear 

strength parameters in slope stability analyses and concluded that: 

" if a failure had already occurred, any movements on the existing slip 
surface will be controlled by the residual shear strength of the clay, no 
matter what type of clay is involved". 

His lecture highlighted that unlike peak shear strength, where the 

strength is affected by the previous stress history of the soil, the residual 
shear strength of a clay is independent of the consolidation history and is 

dependent only on the nature of the particles. He suggested that if the soil 
consisted entirely of clay platelets, then the residual shear angle would be 

comparable to the angle of friction (Ou) of the clay particles. Horn & Deere 
(1962) measured Ou for different layered minerals including biotite, talc and 

chlorite and Skempton (1964) proposed that their physical properties may 
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not be very different from those of the non-swelling clay minerals such as 
kaolinite and illite. 

However, Skempton recognised that the more rotund quartz grains in 

a sand or silt, cannot orientate themselves in the strain field at a slip surface 
and proposed that the residual shear angle for sands and silts may be 

given by the following relationship for particles in random orientation, 
shearing at constant volume: 

tanO'r = 7t/2. tanO� Equation (2.1) 

In the general case of a natural soil (which is likely to consist of silt, 

sand and clay grade material), he proposes that the non-platy, larger 

particles will tend to prevent O'r from being as low as Ou; the larger, rotund 

particles preventing the full orientation of the clay platelets and contributing 

a proportion of their own higher residual shear angle to the overall residual 
shear angle of the soil. Thus, he postulated a general correlation between 

residual shear strength and clay fraction. 

Following the 4th Rankine lecture and prior to the work of Lupini et al. 
(1981), much research was done to explore the relationship between clay 
fraction and residual shear angle and most authors report a reduction in 

residual shear angle with increasing clay content/plasticity. Figures 2.2 and 
2.3 display some of the relationships found by the various authors which 
are summarised briefly below. 

Borowicka (1965) reported that brittleness increased and residual 

shear angle decreased with increasing clay fraction, in reversal shear box 

tests on different artificial clay soils. A similar relationship was found by 

Blondeau & Josseaume (1976), who investigated the residual shear 

strength of clays of varying plasticity. 
Kenney (1967), from reversal shear tests, concluded that mineralogy 

was the most important factor affecting the residual shear strength and that 
he could find no satisfactory relationship between residual shear angle and 
plasticity index. In a later paper, Kenney (1977) noted the importance of the 

proportions of clay particles to massive rotund particles present in a mixture. 
His findings are supported by earlier work reported by Spears & Taylor 
(1972) who used a shear box to investigate the residual shear strength of 
mudrocks and found that the residual shear strength was related to the 

proportions of quartz to clay minerals present. 
Chandler (1966 and 1969) used reversal shear box and triaxial tests 

to study the residual shear strength of the Keuper Marl. He found that the 
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Fig. 2.2 Correlations between residual shear strength and 
plasticity index, after Lupini eta!. (1981). 
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Fig. 2.3 Correlations between residual shear strength and 
clay fraction, after Lupini et al. (1981). 
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clay fraction at the shear surface was higher than in the adjacent soil, 
indicating a breakdown during shearing of the silt size aggregations of clay 
minerals found in the Keuper Marl. Similar observations were made by 
Hutchinson et aL (1973) during their investigation of shear surfaces from a 
landslide in periglacially disturbed silty mudstones of the Etruria Marl. 

La Gatta (1970), Garga (1970) and Bishop et al. (1971) all used a 
strain-controlled ring shear apparatus and found that specimen preparation 
and stress history did not influence residual shear strength, supporting the 

conclusions of Skempton (1964) who reported the results of testing using a 
shear box. In addition, La Gatta (1970) found that the rate of shear had little 
influence on residual shear strength. 

Chattopadhyay (1972), as reported by Mitchell (1976), found that low 

residual shear angles were associated with platy particles and that sub- 

angular and needle-shaped particles gave high residual shear angles. 
This relationship of residual shear strength to particle shape is supported by 
Wesley (1977), who reported high residual shear strengths from shear tests 

on highly plastic tropical clays containing allophane and halloysite 

minerals. 
Fleischer (1972), Seycek (1978) and Fleischer & Scheffer (1979) 

report the results of ring shear tests on various stiff clays and noted a 

relationship between residual shear angle and plasticity index. This 

relationship was also found by Voight (1973) from an analysis of previous 
test data. Kanji (1974) and Kanji & Wolle (1977) report the results of 
reversal shear box-tests on the interfaces between soils and polished rock 
surfaces and note that the residual shear angle decreases with increased 

plasticity. 
Townsend & Gilbert (1973,1974 and 1976) measured the residual 

shear angle of clay-shales and natural soils using reversal shear box tests 

and a strain-controlled ring shear apparatus. They found that the residual 

shear angle was independent of initial soil structure and stress history and 
that it was substantially independent of effective normal stress above 
150 kPa. In addition, Townsend & Gilbert (1974) found that for the Dawson 

clay-shale the residual shear angle increases sharply when the plasticity 
index falls below a threshold value. This type of relationship was also 

proposed by Vaughan & Walbancke (1975) and Vaughan et al. (1978) who 

report the results of ring shear tests on clays of medium activity. 
In 1981 Lupini et al. published their paper titled "The drained 

residual strength of cohesive soils". They attempted to confirm the results of 
the work carried out over the preceding 20 years and investigated the 
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mechanism controlling residual shear. They report the results of three 
separate series of ring shear tests. 

The first series was conducted on medium fine sand and powdered 
mica mixtures to simulate the properties of natural clay. The second used 
mixtures of Happisburg and London clay, allowing the clay fraction of 
naturally occurring clays to be varied between 20% and 48%. Their last set 
of tests used mixtures of well graded quartz and sodium bentonite to 
investigate the behaviour of a bentonite-sand mixture rather than the sand- 
silt-clay mixture of natural clays. They studied the nature of the resulting 
shear surfaces using thin sections and SEM examination and compared 
their observations to the value of O'r obtained for each test. 

Lupini et al. (1981) observed that three types of residual behaviour 

can occur depending on the proportion of platy, low friction, clay particles 
relative to silt and sand grade material present in the sample. Skempton 
(1985) summarises the three modes in Figure 2.4, with a graph of 0 'r 

against clay fraction. 
In soils dominated by non-platy, rounded particles (such as silt and 

sand), with a clay fraction less than 25%, the material fails by rotation of the 

particles and hence the failure is said to occur in the turbulent mode. Due 

to the dominance of the silt and sand particles, there is no preferred particle 
orientation, hence a zone of shear is developed and. the residual shear 
strength is high. In this mode the residual shear angle depends largely 

upon the shape and packing arrangement of the particles and not on the 

coefficient of interparticle friction (lßß). 
In soils where neither particle shape is dominant, usually with a 25% 

to 50% clay fraction, residual shearing occurs in the transitional mode. The 

transitional nature means that the residual shear angle is very sensitive to 

changes in particle size and shape. In this mode, different parts of the zone 

of shear, depending on the nature of the soil, will display behaviour 

characteristic of the turbulent and sliding modes. 
The sliding mode occurs in soils dominated by platy, clay particles, 

usually with a clay fraction greater than 50% by weight. In this material the 

clay particles become orientated by the shear displacement and one or 
more discrete shear planes develop depending on the actual nature of the 

material. In the sliding mode, in addition to the importance of particle shape 
and size and the coefficient of interparticle friction, they highlighted the 

significance of the mineralogy of the clay particles, and the effects of pore 
water chemistry on the residual shear angle. 
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Fig. 2.5 Drawings, from thin section analysis, of the residual 
shear structures seen in the tests conducted on the 
Happisburgh-London clay mixtures. After Lupini et at (1981). 
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Figure 2.5 contains sketches by Lupini et al. (1981) from their 

examinations of the shear surfaces created in the tests conducted on 
Happisburgh-London clay mixtures. These diagrammatically demonstrate 
the modes of shear described above. 

In addition to their conclusions on the modes of residual shear they 

state that: 

"Correlations between residual shear strength and soil index properties and 
gradings cannot be general. They may be valuable in studying the residual 
strength of a particular soil deposit, provided that they properly reflect 
changes in the more fundamental properties of particle shape, grading, 
mineralogy, pore water chemistry, etc". 

Lupini et al. (1981) recognised that the residual shear angle is 
dependent on the normal effective stress and this is highlighted by Hawkins 
& Privett (1985). 

Hawkins & Privett (1985) re-emphasised the curved nature of the 
failure envelope at low effective normal stresses and noted the importance 

of establishing the value of O'r at the effective normal stress relevant to the 

particular slope stability problem. The determination of the complete failure 

envelope enables O'r to be calculated at a variety of effective stresses. The 

complete residual failure envelope is defined by the Mohr-Coulomb failure 

criterion: 
t'r = C'r + ß'n. tanO'r Equation (2.2) 

where ti'r is the effective residual shear strength, O'r is the effective residual 
shear angle, ß'n is the effective normal stress and Cr 'is the effective residual 
cohesion intercept. 

In view of the initial curved nature of the envelope it is unrealistic to 

assume that C'r =0 and it is necessary to include a projected value of the 
envelope if realistic mathematical solutions are to be obtained. They 
defined the continuation of the envelope, at high effective normal stresses, 
as providing a straight line and the "lowest residual shear strength". 
Hawkins & McDonald (1992) redefined the residual shear angle for this 

portion of the envelope, as the "ultimate residual shear angle" (O'r(ult))" 
In 1985, Skempton gave a special lecture to the British Geotechnical 

Society which summarised much of the work put forward by previous 
authors. He stated that the post-peak drop in drained shear strength of an 
overconsolidated clay takes place in two stages. At small displacements 
the shear strength decreases to the fully softened state or critical state due 

to an increase in water content (dilatancy). After larger displacements, the 
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strength falls to the residual value owing to the reorientation of the clay 
minerals. However, in the turbulent mode, where rotund particles dominate 
he suggests that the critical state strength and residual strength of a soil will 
be similar. 

2.4 The Residual Shear Strength of the Landslipped Mudrocks 
and Clays of the Fuller's Earth Formation 

The individual works of Privett (1980) and Lawrence (1985), 

summarised by Hawkins et al. (1988), demonstrated that, in addition to 

controlling the index properties of the Fuller's Earth clay (see Chapter 1), 

the calcite content influenced the residual shear strength of the clay. They 

showed that samples of the Fuller's Earth Bed with calcite contents greater 
than 30%, had higher values of residual shear strength compared to 

samples with calcite contents less than 30%. To confirm the influence of 

calcite on residual shear strength, a sample with 52% calcite content was 
decalcified in the laboratory by acetic acid digestion. This produced a 
considerable reduction in 0'r from 27° to 11° at a normal effective stress of 
25 kPa and from 210 to 6° at 400 kPa. McDonald (1990) and Hawkins & 

McDonald (1992) investigated this relationship and their findings are 

summarised below. 
A series of ring shear tests were conducted on samples of Fuller's 

Earth clay obtained at 1m intervals from a borehole drilled near 
Peasedown St John, Bath (ST 71125815). Figure 2.6 displays O'r(ult) of the 

samples against the calcite content, as measured by titration. The graph 
shows two pronounced clusters. The upper cluster is defined by samples 
with a calcite content of 28% and above, with the ultimate residual shear 

angle having a range between 16° and 39°, generally increasing with 

calcite content. The second, lower cluster is defined by samples with O'r(uit) 

between 5° and 1111, for calcite contents of 6% to 34%. Hawkins & 

McDonald (1992) relate the clusters to the work done by Lupini et al. (1981) 

and conclude that the upper cluster is likely to be associated with the 

transitional mode of failure and the more consistent lower cluster, with the 

sliding mode of failure. 

To investigate this relationship further, a bulk sample of Upper 
Fuller's Earth clay was progressively decalcified in the laboratory. The 

sample was taken from the base of the Upper Fuller's Earth in a trial pit, at a 
depth of 2.5 m, at Peasedown St John (ST 71235802). As the majority of 
the non-clay fraction consisted of calcitic material, the decalcification would 
have the effect of increasing the clay fraction. Figure 2.7 graphically 
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Fig. 2.6 Plot of ultimate residual shear angle 
against calcite content for the samples obtained 
from the Peasedown St John borehole, after 
McDonald (1990). 
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displays the effects on O 'r(ust) when the bulk sample was progressively 
decalcified. The graph demonstrates that, for the laboratory decalcified 

samples above a 28% calcite content, any increase in calcite, will increase 
0 'r(ult) from about 5°-7°, to a maximum of 16° for the original sample 
containing 36% calcium carbonate. Below a 28% calcite content, the 

residual shear angle remains approximately constant. Due to the sensitivity 
of 0 'r(ult) above a 28% calcite content, Hawkins & McDonald (1992) 

consider that the results indicate that residual shear occurs in the 
transitional mode, while below this threshold, shear occurs in the sliding 
mode. 

This relationship was confirmed by SEM examination of the shear 
surface material retrieved from the ring shear apparatus. Samples of the 

shear surface with calcite contents above the threshold value displayed a 

stepped topography in plan section and appeared as a "multilayered stack 
of aligned clay platelets" when viewed in cross-section. This implied a 
stacking of shear surfaces across a shear zone. Those samples which had 
failed in the sliding mode showed "smoothly striated reflective surfaces" in 

plan section and appeared as discrete shear surfaces with clay minerals 
aligned parallel to the surface, when viewed in cross-section. 

The authors found that owing to the curved nature of the residual 
shear strength envelope, the threshold between transitional and sliding 
modes based on 0'r, shifts from approximately a 20% calcite content at 
25 kPa effective normal stress, to a 28% calcite content in the ultimate 
residual condition. When this effect is reconsidered in terms of residual 
shear strength (Tr), they found that such a variation in the threshold does not 
appear and the threshold consistently occurs at a 24% calcite content. This 

value may therefore be the better threshold for geotechnical considerations 
in the Fuller's Earth clay of the Bath area. 

It is interesting to note that O'r(ult) of the progressively decalcified 

samples with a calcite content above the threshold value is generally less 
than that of the samples obtained from the Peasedown St John borehole. 
One possible explanation for this is put forward by Hawkins & McDonald 
(1992). In the process of preparing a sample with acetic acid, the crystals of 
calcite may have had there edges rounded and smoothed. Thus, for the 

same calcite content, the value of O 'r(ust) will be lower for samples which 
have been treated with acetic acid, compared to natural samples. 

The presence of this threshold has important engineering 
implications, particularly with regard to the stability of natural slopes and 
man-made structures in calcareous mudrocks. Chapter 1 has shown that 
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with increased weathering of the Fuller's Earth clay there is a trend of 
decreasing calcite content, increasing moisture content and increasing 
Atterberg limits. In addition, in the weathered zone some of the illite present 
is transformed to a randomly interstratified illite-smectite. As this section 
has shown, if the calcite content of the Fuller's Earth clay is above its 
threshold value, a gradual decalcification of the clay will have a dramatic 

effect on the residual shear strength. 
The dissolution of calcite and the leaching of clay minerals is likely to 

alter the chemistry of the ground water percolating through a landslide in 

the Fuller's Earth and, in the sliding mode of shear, Lupini et al. (1981) 
indicated that the chemistry of the pore water is likely to influence the 

residual shear strength of the soil. Hence, the next section reviews past 
work conducted on the influence of pore water chemistry on the residual 
shear strength of soil, with a view to providing background to work 
undertaken in this thesis. 

2.5 Influences of Pore Water Chemistry on the Residual Shear 
Strength of Soils 

The sensitivity of the physical properties of clays to pore water 

chemistry has been known about since the early half of this century. In 

1941, Winterkorn and Moorman studied the effects of cation composition on 
the geotechnical properties of a grey-brown silty clay from Missouri, known 

as Putnam clay. From plane and triaxial shear tests they found that the 

peak shear strength of the clay was influenced by the chemistry of the ions 

adsorbed to the clay. 
Since their work, other authors have investigated the influences of 

pore water chemistry on the physical properties of clays (eg. Bjerrum 1954, 
Rosenqvist 1946, Skempton & Northey 1952, Rosenqvist 1953, Matsuo 
1957, Mourn & Rosenqvist 1961, Olson & Mitronovas 1962 and Warkentin & 
Yong 1962). However, though the early work investigated the influence of 
pore water chemistry on shear strength, this was confined to peak shear 
strength and it is not until Kenney (1967) that the results of investigations 
into the effects on residual shear strength are reported. Hence, as the 
testing described in this thesis concentrates on the residual shear strength 
of pure clays, related to the investigation of an active landslide in the 
Fuller's Earth clay, this detailed critique focuses on the post 1967 work 
related to residual shear strength. 

Kenney (1967) investigated the influence of mineral composition on 
the residual shear strength of natural soils. He conducted a series of 
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reversal shear strength tests on both natural soils and pure minerals, using 
2 to 3 mm thick samples placed between carborundum disks in a direct 

shear machine, at a range of normal stresses from approximately 20 to 
80 kN/m2. In addition, micas and clay minerals were prepared in Na+, K+ 

and Ca2+ homoionic states, by repeated washing in the respective solution 
of NaCl, KCI and CaC12 to study the effects of pore water chemistry. 

Kenney found that the residual shear strength of natural soils is 

primarily dependent on mineralogy, and to a lesser extent on system 
chemistry and the magnitude of effective normal stress. From his laboratory 

tests on pure minerals, he noted the following order of decreasing residual 
strength: massive minerals, micaceous minerals, kaolinite and 
montmorillonite. Hence for those soils containing large amounts of 
montmorillonite the residual shear angle is small compared to those 

containing large quantities of massive minerals, such as quartz. In addition, 
he proposed that the residual shear strength of clays and hydrous mica 
depended not only on the mineralogy of the clay minerals, but also on the 
type and concentration of cations in the pore water. He found that the 

residual shear strength of micaceous minerals and montmorillonite was 
strongly dependent on system chemistry and noted that the residual shear 
angle was increased by; (i) cations of a higher valency (Ca2+>K+=Na+), (ii) 

cations of greater polarizability (K+>Na+) and (iii) increased ion 

concentration in the pore fluid. Kenney attributes this increase in residual 
shear strength to an increase in bond strength and attractive forces 
between clay minerals and found that at low effective normal stresses these 
factors have greater influences on the residual shear angle than at high 

stresses. 
Kenney continued to investigate the residual shear strength of clay 

minerals, mineral mixtures and natural soils and in 1977 published the 

results of his further work. His conclusions support those of Kenney (1967) 

with regard to the effects of system chemistry on the residual shear strength 
of clay minerals. He found that the residual shear strength of a mineral 
mixture is dependent on the relative contents of massive minerals to clay 

minerals and on the residual shear strength characteristics of these 

components. Kenney writes: 

"In a mixture of clay-mineral particles, quartz particles and water, the clay 
minerals and water form a cohesive matrix and the quartz particles are 
discrete inclusions in the matrix. The strength behaviour of the mixture is 
dependent on the relative volumes of matrix and inclusions; for small 
volumes of quartz, the behaviour of the mixture is controlled by the clay- 
mineral matrix, and increasing volumes of quartz inhibit to an increasing 
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extent the clay-mineral particles becoming orientated parallel to the 
direction of shear displacement, thus causing increased shear resistance. 
Beyond a certain volume the massive minerals will form a continuous 
structure which resists applied forces and the clay mineral matrix only acts 
to fill voids". 

Thus in natural soils, it can be expected that the pore water chemistry 
will influence the residual shear strength of the soil as long as the 
behaviour of the soil is controlled by the clay mineral matrix, this broadly 

equates to the sliding and transitional modes of shear proposed by Lupini 

et al. (1981). 
The work by Kenney (1967) was followed by Ramiah et al. (1970), 

who investigated the effects of chemicals on the residual shear strength of a 
fine grained soil, containing 7% sand, 85% silt and 8% clay, by weight. 
Samples of the soil were treated with either a flocculant, calcium hydroxide 

or with a dispersant, sodium hexameta phosphate; the samples were then 

subjected to a series of residual shear strength tests in a direct shear box. 
They found that for both normally and overconsolidated soils treated with 
the flocculant, the O'r was higher at 33° compared to the soil treated with 
the dispersant, where 0 'r was 28°. In addition, they reported that 
increasing the concentration of the flocculant and dispersant had no effect 
on the residual shear angle in either case. They conclude that their findings 

are due to the flocculated soil having more interparticle contacts than the 
dispersed soil and consequently the clay with flocculant exhibits a higher 

residual shear strength. 
These conclusions differ from those of Kenney (1967), who found 

that for clays an increase in cation concentration increased the residual 
shear strength. Ramiah et al. (1970) fail to determine whether the 85% silt 
fraction was dominantly non platy minerals, such as quartz, or large platy 

clay minerals, such as kaolinite. The soil has a liquid limit of 45% and a 

plastic limit of 28%, indicating that it is likely to be dominated by the larger 

non-platy less sensitive minerals, such as quartz. This would affect the 

sensitivity of 0 'r to system chemistry, as Mourn & Rosenqvist (1961) 
demonstrated that the attractive forces and bonding between clay minerals 
is sensitive to pore water chemistry, whereas pore water chemistry will have 
little or no effect on the more rounded, larger minerals, such as quartz, as 

noted by Kenney (1967). In addition the dominance of quartz would mean 
that shear occurred in the transitional or turbulent mode so that no discrete 

shear plane would form; Lupini et al. (1981) concluded that in the turbulent 
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mode of shear, 0 'r depends largely upon the shape and packing 
arrangement of the particles and not on system chemistry. 

Prior & Graham (1974) report the results of reversal shear box testing 
of intact samples and samples of shear surfaces obtained from landslips in 
weathered Carboniferous shale. The testing was carried out at a range of 
low effective normal stresses (c. 20 to 120 kN/m2) providing a residual 
failure envelope for this low stress range with c'r = 5.0 kN/m2 and O'r = 8.2° 
They do not curve the envelope to the origin, however the results appear to 
approximate a straight line above ß'n = 20 kN/m2 such that their reported 
values may be equivalent to the "ultimate" case as defined by Hawkins & 
McDonald (1992). 

They note that it is unusual to observe values of c'r of such 
magnitude, as many authors state that C'r should be zero. Thus, from a 
literature search, they produced Table 2.1 which highlights the residual 
shear strength parameters of some clays where a residual cohesion 
intercept was noted, as determined in reversal shear box tests. This table 
does not give any indication of the percentage of clay minerals, simply the 

nature of the clay minerals present. 

Source Location and Material Clay Mineralogy CIr 0 'r 
kN/m2 

Skempton & Petley London Clay 1.5 13° 

(1967) 

Quigley eta!. (1971) Toronto varved clay illite, chlorite, montmorillonite, 20 16° 

vermicullite 

Chandler (1972) Uppingham Lias clay kaolinite, illite, montmorillonite, 10 200 

vermicullite 

Parry (1972) Bedford Oxford Clay vermicullite, montmorillonite, 20 12.5°- 

illite 25° 

Table 2.1 Examples of residual shear strength parameters for a 
variety of materials for which C'r ranges from 1.5 kN/m2 to 
20 kN/m2, after Prior & Graham (1974). 

They relate residual cohesion to physico-chemical forces and quote 
from Yong & Warkentin (1966), who wrote: 

"Cohesion is a property of the clay soil mass arising from physico-chemical 
forces of an interatomic, intermolecular and inter-particle nature.. . and is so 
dependent upon the interaction of the clay water system that a definitive 
description as to what constitutes cohesion becomes virtually impossible". 
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There is currently much debate regarding the presence of cohesion 
amongst engineering geologists and geotechnical engineers. However, 
Prior & Graham (1974) have indicated that it is affected by system chemistry 
and, from stability analyses, that the cohesion plays a part in the stability of 
the landslip they were studying. Hence, they propose that c'r is a parameter 
which cannot be ignored in stability calculations of shallow slip masses. 

Steward & Cripps (1983) and Steward (1984) studied the 
engineering implications of chemical weathering with regard to a landslip in 

a weathered Namurian pyritic shale, known as Edale Shale, at Mam Tor, 
Derbyshire. They used a modified ring shear apparatus that enabled the 
flow of specific chemical solutions through the the sample during shearing. 
The sample was first consolidated at an effective normal stress of 294 kPa, 

approximately equivalent to the in situ stress at the depth of the shear 
surface, and then each test started by establishing the residual condition 
using distilled water. Once the residual shear stress had reached a 
constant value, different chemical solutions were fed from a reservoir tank 
through the sample and a new residual shear strength established. The 

value of O'r, at that effective normal stress (294 kPa), was then calculated 
by assuming c'r equalled zero. 

Their experiments were carried out using solutions of NaNO3 and 
KNO3 on the dark grey mudstone. They state that the mudstone had a clay 
fraction of 40%, the remaining 60% comprised quartz with some feldspar 

clay minerals and diagenetic pyrite. Of the clay fraction, 50% consisted of 
expandable mixed layer clays, 21% illite, 23% kaolinite and 6% chlorite. As 
Figure 2.4 shows, a 40% clay fraction indicates that the mudstone is likely to 

shear in the transitional mode and hence it is less likely to be sensitive to 

system chemistry compared to shear in the sliding mode, as noted by Lupini 

et al. (1981). Having obtained the residual shear angle with distilled water, 
NaNO3 was then fed through the sample and the new residual shear angle 
measured. The sample was then flushed with distilled water and a solution 
of KN03 fed through. This process negated the effects of any variation due 

to the use of different samples and was repeated in reverse order to check 
accuracy. They consider the results to show that 0'r is sensitive to pore 
water chemistry. Treatment with a solution of 0.1 M KNO3 increased O'r to 
23°, from 22° obtained for distilled water; treatment with 0.1M and 1. OM 
solutions of NaNO3 decreased it to 20° and 19°, respectively, indicating that 
0'r may be sensitive to solution concentration. Their findings correlate with 
the previous work by Kenney (1967), who found that the residual shear 



45 

strength of montmorillonite was lower in the presence of Na+ ions compared 
to K+ ions. Steward & Cripps (1983) found that the changes were rapid and 
reversible suggesting that ion exchange takes place in the interlayer and on 
the outer surfaces of the clay minerals, affecting clay swelling and bond 
energies and thus influencing residual shear strength. 

The results were then compared with data from field investigations of 
the landslip at Mam Tor, Derbyshire. The ground waters were found to be 
rich in Cat+, Mg2+ and K+, probably from carbonate dissolution and the 
leaching of illite by acidic ground waters originating from the oxidation and 
dissolution of pyrite. They conclude that these mineralogical changes 
together with pore water composition play a part in determining the residual 
shear strength and hence the stability of the landslip. In addition, they 
indicate that other weathering reactions such as void creation (Vear & 
Curtis 1981) and the expansion of discontinuities, due to the precipitation of 
minerals from supersaturated solutions, may also occur and are of 
engineering significance. The volume change, according to Vear & Curtis 
(1981), may allow access to previously unweathered material by acidic 
ground waters. 

This interesting study related laboratory work on the influence of 
system chemistry on residual shear strength to weathering of a landslip for 
the first time. However, there are two issues arising from their technique for 

establishing the residual shear strength of the shale which should be 
discussed. The first is that the forcing of solutions across a shear surface 
may mean that the anisotropic alignment of clay particles parallel to the 
shear plane is disturbed, affecting the values obtained for residual shear 
strength. Steward (1984) states that concerns were held over the possibility 
of a change in effective stress and liquefaction of the clay using this 
technique. However, confidence was gained as the residual shear 
strengths obtained in tests performed with distilled water in an unmodified 
ring shear apparatus, were comparable to values obtained with distilled 

water under a flow regime. 
Secondly, the method used to establish the value of 0'r, where Tr is 

only determined at one value of ß'r, and 0'r calculated by assuming C'r 
equals zero, is likely to provide an over valued result due to the curved 
nature of the residual shear strength envelope. The assumption that C'r =0 
is in itself open to discussion, however Steward (1984) states that: 

" the value of C'r is not critical in comparative work where the normal stress 
is not changed". 
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In addition, it is interesting to note that Steward (1984) described the shear 
angle as an "apparent residual friction angle" (( 'ra) due to; (i) the constant 
normal effective stress during testing, hence 0 'ra values are not true 
residual shear angles for Edale Shale and (ii) displacement during 
shearing may have been insufficient to establish a full residual condition. 
She describes 0 'ra as probably an "intermediate minimum shear 
resistance". However, in Steward & Cripps (1983) the same method is 

used to establish this "intermediary minimum shear resistance" but it is 

quoted as O'r rather than 0'ra" 
Moore (1988 and 1991) considered the chemical controls upon the 

residual shear strength of pure kaolinite, montmorillonite, and weathered 
and unweathered samples of Weald and London Clay, using the same 
technique as Steward & Cripps (1983). Sodium and calcium chloride salts 
were used to conduct a series of ring shear tests on the pure clays, as Ca2+ 

and Na+ are important cations in fresh water and salt water systems, 
respectively. The results showed that both kaolinite and montmorillonite 
had lower residual shear strengths when treated with sodium chloride 
compared to calcium chloride (see Figure 2.8). In addition, the 
concentration of the cation affected 't'r, but as Figure 2.8 shows, there is no 
obvious linear trend. It is worth noting that the molarity of the calcium ion 

used, though broadly comparable with the concentrations found in 

seawater, is much higher than that found in natural fresh water systems. 
Testing on the Weald and London Clay revealed that weathered 

material has a lower residual shear strength compared to unweathered 
(see Figure 2.9). In addition, testing the Weald and London Clays using 
various concentrations of seawater to assess the influence of sea salts, 

showed that an increase in seawater concentration provided an increase in 

't'r. Figure 2.9 shows this trend, which is relatively linear. 

Moore (1991) concluded that in the sliding mode of shear, where 
clay content is high, residual shear strength is influenced by; (i) the type of 
clay minerals due to differences in particle size, shape and surface area 
and (ii) the type, valency and concentration of cations in pore water 
solutions. In the discussion of his paper, Moore (1992) proposes that an 
increase in residual shear strength and a decrease in plasticity occurs with 
increased salt concentration and cation valency, due to an increase in the 

strength of interparticle bonds. He notes that there should be closer control 
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of chemical conditions during testing procedures and proposes that 

changes in residual shear strength could be prevented by using naturally 
occurring ground water from sampling sites. 

From the results of these laboratory studies, Moore suggests that 

seasonal fluctuations in the concentration of salts in pore water can modify 
the residual shear strength of naturally occurring clays. This concept is 

expanded by Moore & Brunsden (1996). 

Moore & Brunsden (1996) calibrated observed seasonal fluctuations 
in the pore water concentration of a coastal mudslide in Weald Clay with the 

changes in residual shear strength reported by Moore (1991). From 

stability analyses they demonstrated that field observations of pore water 
pressures and the presence of undrained loading (as described by 
Hutchinson & Bhandari 1971) were insufficient to cause instability. It was 
only when variations in the residual shear strength of the clay due to 

changes in system chemistry were incorporated into the model, that it 

started to predict the observed behaviour of the mudslide. The correlation 
of pore water chemistry data obtained from the field with laboratory 

measured residual shear angles for use in stability analyses is innovative, 
however caution should be noted as the shear angle measured by Moore 
(1991) is the apparent residual shear angle as defined by Steward (1984). 

Moore & Brunsden (1996) propose a physico-chemical mechanism 
for the observed seasonal movement as follows: 
(1) During the winter months pore water pressures increase in excess of 
clay bond strength. Initially this results in small "stick-slip movements" in 

response to the gradual bond braking along the pre-existing shear surface. 
(2) Eventually the clay minerals at the shear surface become poorly 
bonded and have zero cohesion so that "surge behaviour" results. This 

movement aids the infiltration of air-borne salts deposited by winter storms 
and together with degradation and weathering processes there is an 
increase in pore water concentration. 
(3) The increase in pore water concentration results in a higher residual 
shear strength as it allows close range ionic bonding to develop. Thus, the 

mudslide has a higher residual shear strength at the end of movement 
compared to at the start. They use this to explain why higher pore 
pressures were required to trigger subsequent movements and why 

movement can cease while pore pressures remain high. 
(4) During periods of no movement (in their case study this corresponds 
to the summer months), the pore water becomes progressively more dilute 

due to the infiltration of rain water. This causes weakening of close range 
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ionic bonds and thus as winter approaches again, the higher winter pore 
water pressures increase in excess of clay bond strength and instability is 
induced. 

This physico-chemical explanation for the seasonal movement of 
coastal mudslides is clearly of interest and there may be a similar 
explanation for the seasonal movement of inland landslides. However, the 

control on pore water chemistry in inland slides is likely to be different to 
that of coastal mudslides, where sea water is washed onto the mudslide by 

winter storms. 
The most recent published work in this field is by Maio & Fenelli 

(1994). They consider the effects of sodium chloride solutions on the 
residual shear strength of kaolinite, sodium bentonite and on mixtures of the 
two clay minerals. The residual shear strength of the clays was established 
using a Casagrande direct shear box. Initially distilled water was placed in 
the water bath. However, once the residual shear strength had been 
established for a particular sample, the distilled water was replaced by a 
solution of 1M NaCl and the test repeated until a new value for the residual 
shear strength was obtained. The water bath was then emptied and refilled 
with a solution of saturated NaCl and the procedure repeated again. 

In direct contrast to Moore (1991), they find that the behaviour of 
kaolinite is not influenced by exposure to either solutions of 1M sodium 
chloride or saturated sodium chloride. However, they report that the 
residual shear angle for bentonite increases from about 6° in the case of 
distilled water, to 9° for 1M NaCl solution and to a value as high as 18° 
when treated with a solution of saturated NaCl. 

They conclude that this increase in residual shear strength is due to 
the increase in true effective inter-particle stresses (Sridaran & Ventakappa 
Rao 1979 and Chatterji & Morgenstern 1989), which vary with pore water 
salt concentration because of the existence of significant physico-chemical 
forces. This interpretation could explain the difference in behaviour of the 
bentonite and kaolinite samples. It is supported by their investigation of the 
shear surfaces by SEM which did not reveal any change in the micro- 
structure of the clays (ie particle aggregation) which might account for the 

observed changes in residual shear strength. However, it is worth noting 
that any precipitation of sodium chloride from the saturated solution will 
undoubtedly increase the residual shear strength of the clay, not as a result 
of a change in physico-chemical forces, but due to the relative decrease in 

clay fraction. 
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2.6 Conclusions 
The above reviews indicate that the residual shear strength of clays 

appears to be very sensitive to changes in pore water chemistry, however 
there is some lack of consistency between the results of various authors. In 

addition, previous workers have only observed the residual shear strength 
at one particular effective normal stress (or at a range of low effective 
normal stresses in the case of Kenney 1967) rather than defining the 

complete residual failure envelope for the samples tested. It appears that in 

general the residual shear strength of clays shearing in the sliding mode 

and possibly the transitional mode is increased by; (i) cations of a higher 

valency, (ii) cations of a greater polarizability, and (iii) increased ion 

concentration in the pore fluid. 
While failings in the various experimental techniques have been 

highlighted, it is worth emphasising the highly complex and sensitive nature 
of clay chemistry, such that a simplification of the systems is often necessary 
in order to preserve sample homogeneity. Within the research programme 
described in Chapter 5, work has been undertaken to investigate the 
influence of calcium ions in pore water on the complete residual failure 

envelope of clays, with particular reference to the study of the landslide in 

the Fuller's Earth adjacent to Soper's Wood. 



52 

CHAPTER 3 

A DETAILED INVESTIGATION OF AN ACTIVE 
LANDSLIDE IN THE FIELDS TO THE SOUTH OF 

SOPER'S WOOD, BATH 

3.1 Introduction 
The landslides found in the fields to the south of Soper's Wood are 

known to have been active on several occasions over at least the past 27 

years. Fresh scarps were evident in early January 1994 following the very 
high levels of precipitation in late December 1993, indicating that some of 
the landslides had become reactivated. Chapter 1 highlights the historical 
slope stability problems of the Bath area, hence the reactivated landslides 
in the fields adjacent to Soper's Wood provided an excellent opportunity to 
undertake a field study of an active landslide. 

This chapter describes the field investigation of the reactivated 
slipped area closest to Soper's Wood. This landslide was chosen as it was 
the most pronounced reactivation and it had been previously mapped and 
referred to by Lawrence (1985). Engineering geomorphological mapping 
and surveying for line and level were undertaken to gain an insight into the 

changing morphology and rate of movement of an inland landslide in the 
Fuller's Earth. The rate of movement is then compared to cumulative 
rainfall and ground water levels observed in standpipes located both inside 

and outside the visibly slipped mass, to study the effects of precipitation and 
ground water levels on slip movement rates and slope stability. 

Samples of the visibly slipped and unslipped Fuller's Earth clay were 
obtained from auger holes and logged to study the effects of mass 
movement on weathering grade. The geotechnical indices of these 
samples are then compared to study the effects of landslide activity on the 

geotechnical parameters of the Fuller's Earth. In addition, ground water 
samples were extracted from the standpipes for chemical analysis, to 
investigate chemical weathering and determine whether it occurs at 
preferential rates within the slipped mass, with particular emphasis on the 
dissolution of calcite and the depotassification of illite. 

For convenience, the landslide studied in this thesis will be 
described as being located "at Soper's Wood" or as the "Soper's Wood 
landslide". However, as Section 3.1.1 describes, in reality the landslide is 
located in the field just to the south of the wood. This clarification should 
prevent any confusion arising with a relict landslide situated within the 
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wood and with other landslides located to the south of the one investigated, 
which are not discussed in this thesis . 

3.1.1 Location 
Soper's Wood (ST 746667) is situated on the west side of the 

Swainswick valley, approximately 3 km north of the centre of the city of Bath 
(see Figure 1.1). The landslide investigated during this research is located 
in the field adjacent to Collier's Lane at the top of the valley, next to the 
southern boundary of the wooded area (see Figure 3.1 and Plate 3.1). As 
evident from the close contours in Figure 3.1, the land here is steep and 
consequently the main farming activity has been grazing. The area 
contains abundant geomorphological evidence of landslipping, including 
scarps, transverse cracks and rounded toes of slipped material. These are 
most clearly visible during the winter months, being masked by vegetation 
with the onset of summer. 

3.1.2 Geology 
The general geology of the Swainswick valley is discussed in 

Chapter 1. Figure 3.2 contains a summary geological map of the Soper's 
Wood area from the initial unpublished 1: 10560 Geological Survey map, 
Sheets Gloucs. LXXVII and Soms. VIIISW. The map emphasises the 
limestone plateau of the Great Oolite at the top of the valley and highlights 
the cambered nature of the margin of the Great Oolite. The landslide under 
investigation occurs in the Fuller's Earth, below the cambered spur of the 
Great Oolite, and is depicted on the map as "hummocky clay slips exposing 
fresh earth scars". 

In 1974, a research borehole (ST 74556774) was drilled 

approximately 20 m down-slope from Collier's Lane, in an old quarry 
(about 1.5 m deep) in the small field just to the south of the wood (see 
Figure 3.2). The detailed log of this borehole has been recorded in 
Lawrence (1985) and a summary log is shown in Figure 3.3. The borehole 

proved 26.85 m of the Upper Fuller's Earth, 2.95 m of the Fuller's Earth 
Rock and 10.85 m of the Lower Fuller's Earth. The summary log indicates 
that beneath the limestone of the Great Oolite, the Fuller's Earth in the area 
consists of interstratified claystone and limestone. The Fuller's Earth Bed, 
important to the south of Bath, is absent in this area; the volcanic ash being 

of only limited aerial extent. 
Although not indicated on the map in Figure 3.2, from the borehole 

drilled through the "in situ" strata, the projected Fuller's Earth Rock horizon 



ti -House 

13ý, 

ý, ýýýöuctl 

AI 1\1ýýV\ 
ý. , 

lying 
elds 

n>_ 
ý 

BUILDI 
site of) 

ý Sprs 

G ", .. _ 

-- -{ 

Woqt, Iey 

ell Ho- 

.. 

IýT .A Farm ý'ý 
ý 

arcombe,, 

ý 

Fig. 3.1 Enlarged extract (scale approximately 1: 17800) from the 
1: 25000 'Pathfinder' Ordnance Survey map, Bath and Keynsham 
sheet 1183. 



STUDY AREA 

/ 

+}ý^ý. i'' f° .'... 
ý'. ý..... ýý. ý-, 

.. 
^ý ,' 

ý`ý_ 
... 

-.. -'.. Mhýý". t .. ý __. 
rý"7ý^ý: ýr, "-ti'ýa1'r 

YIý. ý. .. 
ý' " M"`ýý 

ý.. _. 

f ýr. '.. 

.... ".. -' , tý' , ºrS'C: iA" 7r.: . ., u2 

r fK. ýý. a" .ý. w 
wr ' r; 

`. «r 5ý4` 

.. º .. . 
'}.. _. _.. 

''ý -r. aA: P. ý. '^. ý'ý 
. _. 

" 
UQ: tar fý7! " . ,... 4Lýiýf Y's"-' . cpº.. . "r ° ... , ', o, w; > ý. ý- .'k: i:: 71C. . SC:. ý o 

Plate 3.1 View from Solsbury Hill of the west side of the Swainswick 
valley. Soper's Wood can be seen in the distance to the right of the 
photograph; the landslide studied is located in the field adjacent to 
the wood. 

_- -- ,.,.. .. . w. ýll 
. 

-. 7p -- - 

-. 
ýaýº, -ýý.. 

w ý/, ý ý` 
` 

. _ý . 
ýýý r2 

, w.. 

r+: '� '? 

s_ - 
'J fýýý "' "... ' "Y 

u fý. 1ºaý 
. 

r"ý: ýý. -" - "I .. -äý\ý'ý ' 
\ýrAý" 

ý^". 

ýý, 

'ý . _R., 

ýý1., 
ý; 

ýý, 'qI ýä ýW 
yvw `. _Y jr1t . -4: 71 -' :y ; ýº,. - "wlp_.. 

'ý1 S 

ý, 
7ti+n; 

ýY'ýýi 
ý. ý1ýýºytýfý 

A. 

_ _. . 
ý, S 

. .ýi. . 
yý1,. A4 

A 
"ý !I 4-20-4t_ ý- 

tZ; 
.. 

saýý . _.. ̀. r=tIL''. - ... 
f. º. 

., 
ýý . ýý; ýý , +%.,,. +r, 'ý, ý. -. -,,,, r 

.. 
-"ý ý-ý.. ý-.; ̀, 

. ý: ý -a.. ý:: r' 

-:. v,. ý;,,. .., {y: ":: '"ý"-''E' 

: lilir ý üiai; 4rii: ra 
V. ' . ̀Ný'yý+' t.: 

ý"1ý"ý"ý. 

`ý,, 

. ýP, 
ý" ýýýCi. 

ý-ý... 
ý: 

_. 

ý"ti"ýýý, d` 
jý 

Yý. 

ýý,, 
ý; 

% 

;ýTi. glt: ' RFW%P+' `'. '! Rt'' - "A , '1ý 

Plate 3.2 AGA geodimeter and theodolite in use at Soper's Wood. 



56 

745 750 

Nk MUOFLOWS 
ý springr AND 

NIIMMIVKV -. f 

0ý 100 200 300 400 500m, 

CLAY SLIPS 
Ir 

STONY 
a nacc 

ýi' I r-ý 

_ R[1Rýuni cýýý /HUMMOCKY 
(jo "'"' "' L- L- \ýý / CLAY SLIPS 

1-CgM'616 
A 

EXPOSING 
EARTH SCARS 

N// CNN. 
-1 '' ý_ý 

ýý°jo. ýv 
eýý-Pý 

ý, 
ýUFE // ý; XXQ ý // !ýa. / . `- 

//Q. 
vt, krl-c6l 

uwunrvv ri "v 

11-1ý 

MZ' ýc 
ýo 
ý 

755 

Fig. 3.2 Summary geological map of the Soper's Wood area, 
after Lawrence (1985). Extract from the 1: 10560 Geological 
Survey Sheets, Gloucs. LXXVII and Soms. VIIISW. 
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Date Observation Author 
1978 A 1974 aerial photograph highlighted the Privett (1980) 

broad morphological features of the site and a 
geomorphological map of the Swainswick 
valley showed relict landslips and mudflows at 
So er's Wood. 

August 1980 Farmer regrades slope profile with building Lawrence (1985) 
debris. 

Late September - Renewed instability during period of heavy Lawrence (1985) 
early October 1980 rainfall, possibly after 23 mm of rain on 20th 

September. 
March-Au ust 1981 New eomo holo ical map produced. Lawrence (1985) 
Late Au ust 1981 Slope profile re raded by the farmer. Lawrence (1985) 
11 September 1981 Inspection after regrading revealed gradients Lawrence (1985) 

of 100 - 11 ° with locally steeper lopes of 130. 
15 September - 202 mm of rainfall recorded at Batheaston Lawrence (1985) 
15 October 1981 Weather Station. 
15 October 1981 Inspection revealed reactivation of the 1980 Lawrence (1985) 

slide. Farmer confirmed major movement 
commenced on 29th September and 
continued to 2nd October 1981. Following 
the slide the site was remapped and the slope 
re raded. 

Late September - Renewed movement o1 the 1981 slip mass Lawrence (1985) 
mid-December 1982 durin a period of prolonged heavy rainfall. 
Autumn 1983 Following heavy rainfall there was a reactivation Lawrence (1985) 

of a 1968 slide approximately 60 m down- 
slope from the principal scarp. Total rain in 
September and October was 195 mm. 

January - February Renewed movement of the 1968 slide. Entire McDonald (1992) 
1989 length of slipped mass reactivated and lower 

field boundary fence distorted. 
February - March A new geomorphological map indicated that Dalwood (1992) 
1992 the landslip had not moved in the preceding 

two years. 
March 1992 - Occasional visits did not reveal any signs of 
December 1994 fresh movement. 
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Table 3.1 Summary of past phases of instability at Soper's 
Wood. 
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can be located approximately half way down the top field towards the head 

of the currently active landslide (see Figure 3.22). However, it is recognised 
that some cambering due to creep will have affected the outcrop level of the 
Fuller's Earth Rock. In the same way, cambering of the Inferior Oolite 

resulting from the leaching of the Midford Sands has lowered the outcrop 
position of the Inferior Oolite compared to that expected from an 
extrapolation of the position of the Inferior Oolite from the borehole log. 
Hence, its location shown on the map in Figure 3.2 is downslope of the 

study area. This vertical displacement of the Inferior Oolite will clearly have 

an effect on the stability of the overlying Fuller's Earth formation, giving the 

strata an accentuated valleyward dip which may well have exasperated the 

effect of the slope failure. 

3.2 Investigative Techniques 
Following the evidence of renewed movement of the landslide in 

January 1994, a monitoring program was initiated. The field work and 
monitoring program included engineering geological mapping, surveying, 
augering, the installation of standpipes and ground water sampling. 

3.2.1 Engineering Geomorphological Mapping 
Engineering geomorphological mapping has developed as an 

important tool in ground investigation. Savigear (1965) discusses the 
technique, with modifications introduced by the Geological Society 

Engineering Group. Working Party (Anon 1972). 
In view of the explanations given in these documents and other 

papers (eg. Brunsden & Jones 1972), the landslipped area adjacent to 
Soper's Wood was subdivided into a square grid. Twenty eight squares, 

each 400 m2, permitted the accurate location of the geomorphological 
features, which were then plotted in the field onto graph paper to allow 

maximum accuracy. Gradients were measured using an inclinometer sited 

onto the head of an individual of similar build. 

3.2.2 Surveying Technique 
Nine survey stations were set up by eye in two parallel lines within 

the slipped area (stations Al-A5 and B1-B4), parallel to the expected 
direction of movement. In order to investigate any movement, the survey 
stations in each line were compared with a corresponding additional survey 

station downslope of the line, outside the main slipped area in apparently 

stable ground (stations AD and BD, respectively). Figure 3.4 shows the 
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Fig. 3.4 Map showing the location of the survey stations relative to 
the field boundaries in the area. 

Fig. 3.5 Schematic diagram showing the orientation of a 
survey station and the use of the adapted standpipe. 
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approximate locations of the survey stations relative to the field boundaries 
in the area. It can be seen that stations AD and BD are located in the lower 
field, downslope of the visibly slipped area. 

The survey stations consisted of breeze blocks (450 mm x 225 mm x 
100 mm), which were sunk into the ground and a masonry nail hammered 
into the top of each block to act as a survey datum point (see Figure 3.5). 
The blocks were installed vertically by some 400 mm in carefully dug pits 

and great care was taken to pack clay tightly around the blocks. This 

ensured that they portrayed any movement of near surface material, while 

at the same time preventing injury to cattle. 
An AGA geodimeter and theodolite were used to survey the site at 

frequent intervals during the winter, spring and summer of 1994 

(see Plate 3.2). The geodimeter and theodolite were first levelled above 
the datum point on survey station AD, which acted as a reference datum for 

the line of "A" survey stations, and a reflective prism levelled in turn above 

each of the datum points on the five corresponding "A" survey stations. 
Once the geodimeter had been corrected for the prevailing temperature and 

atmospheric pressure, the geodimeter was sited onto the centre of the prism 

using the telescope within the theodolite. The distance between the 

geodimeter and prism was then obtained using the electronic distance 

measurement facility of the geodimeter. Four readings were taken for each 

survey station and the values averaged. The inclination of the line of site 
from the geodimeter to the prism from the horizontal was then determined 

using the built-in inclinometer. Once this procedure had been completed 
for the line of five "A" survey stations, the geodimeter and theodolite were 
levelled above the datum point on survey station BD, which acted as a 

reference datum for the line of four "B" survey stations, and the procedure 

repeated. 
In order to calculate the vertical and horizontal distances of the 

survey datum points from their corresponding reference datums (AD and 
BD), it was necessary to measure the heights of the geodimeter and the 

centre of the prism above their respective datum points. Figure 3.6 

summarises the technique and calculations used. A comparison of the 
horizontal and vertical distances on a weekly basis allowed movement of 
the various survey stations, and hence of different parts of the slide, to be 

assessed. The data obtained can be found in Appendix II and the 
interpretation of the results is discussed in Section 3.5.1. 
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x= measured vertical height of geodimeter from reference datum point 

y= measured vertical height of prism from survey datum point 

a= measured inclination of prism from geodimeter 

D= measured distance between geodimeter and prism 
DH = calculated horizontal distance between reference datum point and survey datum point 

DV = calculated vertical distance between reference datum point and survey datum point 

z= calculated vertical height from geodimeter to prism 

Calculations: 

DH = D. cosa 

z=D. sina 

DV =x+ (z 

Fig. 3.6 Illustration displaying surveying technique and calculations. 
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3.2.3 Borehole Augering 
Boreholes were augered using a 20 mm diameter hand auger, with 

samples taken at 100 mm intervals. The first metre was easily drilled, 
however with greater depths the suction effect produced by the saturated 
clay made extraction of the auger difficult, limiting the depth to which each 
borehole could be extended. As there was some evidence that lateral 
creep was causing a reduction of the borehole diameter, it was necessary 
to undertake the augering as quickly as possible, with care being taken to 

ensure that the clay sampled was always from the undisturbed ground at 
the base of the borehole. In addition, the presence of fragmented blocks of 
argillaceous limestone within the Fuller's Earth meant that a number of 
boreholes had to be abandoned and restarted. 

3.2.4 Standpipe Installation 
The standpipes consisted of 4m long plastic pipes (19 mm i. d. ) 

which were plugged at their base. In order to use the standpipes as shear 
movement indicators, zones of weakness were created in the pipes by 

scoring them at 50 mm intervals throughout the lower 3 m. Between each 
score a2 mm diameter hole was drilled to allow the ingress of water. The 

standpipes were placed in the boreholes and the top of the borehole 

carefully sealed with remoulded clay to prevent the ingress of surface run 
off which would clearly distort the results. To further ensure that there was 
no ingress of surface water, an inverted cone of clay was created around 
the top of the borehole to divert surface run off and, where possible, the 

standpipes were also placed on hummocks. 
It was assumed that if the standpipes passed through an active shear 

surface, then further movement would snap the standpipe at a zone of 
weakness at the approximate depth of the failure surface. Figure 3.5 
displays the way in which the standpipes were used to indicate the depth at 
which failure takes place. In some instances it was not possible to discern 

whether the standpipe had snapped or kinked, however both provide an 
indication of the depth of the shallowest active shear surface. Hence, in the 
discussions later in this chapter, for simplicity the standpipes are quoted as 
being "snapped" if they provide an indication of the depth of the failure 

surface. On a frequent basis over the study period, the ground water level 

was established using a electronic dipper and the depth of the 
displacement zone ascertained using a plumb line. The records of this can 
be found in Appendix III and are discussed in Sections 3.5.3 and 3.6. 
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3.2.5 Ground Water Sampling 
Water was extracted from the standpipes using a hand held pump. 

The pump arrangement involved the interruption of a plastic extraction pipe 
by a 250 ml plastic bottle in which a vacuum was created, which extracted 
water from the standpipes. In general, the standpipes were pumped dry 

prior to sampling of the ground water. However, due to the relatively long 

refill time of approximately 3 to 4 days (this period was longer during the 
late spring/summer), the ground water was often not sampled until a week 
later (in the late spring/early summer, this interval was up to 3 weeks). 

Conductivity, temperature and pH were tested in the field using a 
WTW L91 conductivity and temperature meter and a Hanna Instrument pH 
meter. After these tests had been carried out, this initial water sample was 
disposed of and further water samples taken for return to the laboratory. In 

the laboratory the waters were immediately filtered, placed in clean plastic 
bottles and stored in a refrigerator, in order to reduce chemical alteration, 
prior to analysis by atomic adsorption spectroscopy (see Appendix I). 

3.3 Slip Geomorphology 

3.3.1 Discussion of Engineering Geomorphological Map (January 1994) 

An engineering geomorphological map of the site was produced in 
January 1994 (See Figure 3.7). In addition to the geomorphological 
features, the map displays the location of the survey stations and 
standpipes. The symbols, shown in Figure 3.8, are taken from the 
Geological Society Engineering Group Working Party report (Anon 1972), 

although it was necessary to add some additional symbols. An enlarged 
copy of the map may be found in Appendix IV. The nomenclature used 
below in discussing the various parts of the landslide is based in part on the 

terms used by Varnes (1958). 
Approaching the site along Granville Road past the Government 

Offices emphasises the plateau like nature of the Lansdown area (see 
Figure 3.1). This surface represents the gentle easterly dip of the Great 
Oolite. To the south of Colliers Lane is the valley of the Charicombe Brook; 

the upper part of this valley is terminated on the crest of the cambered spur 

of the Great Oolite which is present in the top field to the north of Colliers 

Lane, containing the landslide investigated (see Figure 3.2). This 

cambered spur creates the anomalous slope at the top of the field adjacent 
to the lane (see Figure 3.7). North of the crest of the spur, towards the 

Swainswick valley, the slope gradient gradually increases from 4°, some 
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20 m to 40 m into the field, to 11 ° where the slope is underlain by the 

outcrop of the Fuller's Earth formation. From about 50 m from Colliers Lane, 
the generally smooth morphology of the upper slope is interrupted by 

pronounced rounded scarps, running approximately SE-NW, parallel with 
the edge of the Great Oolite plateau. These rounded features are likely to 
be redundant scarps from earlier phases of movement. Between the scarps 
there are a number of depressions, probably resulting from the back 

rotation of landslide units, in which marshy ground is very prevalent and in 

one case builders rubble can be observed. It is understood that some of 
this fill material was placed on the hillslope in the late 1960's. 

The translational landslide active in 1994, which formed the main 
area of study, commences about 100 m downslope from Colliers Lane. 
This is believed to be a reactivation of a 1968 landslide which developed at 
the time of a very heavy rainstorm, soon after the builders rubble was 
placed in the hollows at the top of the Fuller's Earth formation (A. B. Hawkins 

pers comm., 1996). Its general morphology consists of a cluster of well 
formed scarps at the head of the landslide, about 35 m in length, while 
downslope the landslide is defined by two sub-parallel lateral shears. In 

the upper 50 m, within the main body of the landslide, there are numerous 
terracettes, areas of standing water and visible transverse cracks which 
extend off from the lateral shears. The general gradients in this part of the 

slope are between 10° and 15°. 
About 150 m down-slope from Colliers Lane, the main translational 

landslide splits into two distinct morphological features (see Plate 3.3). On 

the northern side, the main slipped mass has extended downslope as a 
discrete narrow translational landslide, defined as Slide A, on which survey 
stations Al to A3 are placed. On the southern side, the main translational 

slide has not extended so far valleyward and the lower feature is termed 
Slide B, on which survey station B1 is situated. 

The narrow translational landslide (Slide A) commences with a 
series of fresh, large scarps (see Plate 3.4). The main body of the landslide 

contains minor scarps and transverse cracks and is restricted by two sub- 
parallel lateral shears with clear slickenside striations (see Plate 3.5). The 
lateral shears form small slide levees which clearly define the edge of the 
landslide. As can be seen in some places, the lateral shears act as lines of 
preferential drainage and, although the ground within the landslide was 
extremely hummocky, it contained a defined drainage channel. At the foot 

of the landslide, a mudflow lobe of very hummocky and disturbed ground 
extends from the landslide, indicating a phase of past movement. This is 
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Plate 3.4 Fresh scarps evident at the head of Slide A. 

w, _, º 

Ar P. 9 

.t.. _. ._ -/rd? 
_., ý" 

, i"'ý+rýi, Y 
ýýýý 

ý', i, t/ä ýi'ii 
' ý77y1 

ýa- r 

,y.. ý"ý. 'ý .i ýýqý''7y ý /' ý 

ýý I', } 
ý ý' 

.. " 
ýý-.. ' y... 4,: ". 2 .ý 1' 'ja ýG , iiýý., ýl 

-- ý-' "J. r r 
" ,i/r ýý,:. ý'ý' +rýlz'ý:.. 

ýßýt !L ; /rffa' 
. ýý ý. `ýý' ý . 

ý"s: 

`": 
": " : 1_ : ; +l9 ý ýS. SE ,. iý'ý iý ,4 -47 +: i: Lrw%. "_. "l, \ , 'b. I:?.: ý.. ý. 

-ý lit, ! _. j 
ýý'`ýýýýý 

ýarilrr 

:. r, `ý ý ýiý, 

ý*; 4 . , 
rý '*. ý. 

. ý. ý:: -. ". - 
_. .. ". Y. 

- .. .i at 
,ý. _ý` 

Jj 

. d, .iA-" 'ý' "it`ý 
. r. � ýý - ;, i7i 

Plate 3.5 Slickenside striations visible on the lateral shear of Slide 
A. 



69 

overridden by the toes of more recent phases of movement. These toes 
have general gradients of approximately 9° to 11 °. 

Slide B commences upslope with a 20 m long main scarp, which, in 

plan section, appears as two joined arcuate scarps. Downslope of these 

arcuate scarps the slipped ground forms a poorly defined main body, 

containing minor scarps and transverse cracks, which ends abruptly with a 
steeply faced toe. This toe rests on an area of hummocky ground which 
forms a low raised area above the general hillslope terraine and may 
represent a relict mudflow lobe at the foot of the original 1968 landslide, 

which has since been superimposed by Slide B. Downslope of the 

southern arcuate main scarp, the landslide has become so saturated that a 
portion of the main body has the characteristics of a mudflow. The mudflow 
contains blocks of turf which have remained upright, appearing to "float" on 
the highly saturated clay (see Plate 3.6). Downslope of this area a second 
mudflow has developed, extending from the toe of the landslide. Here there 
is clear evidence of fresh movement. At the time of the visit in January 1994 

the mudflow had formed a thin, partially discontinuous veneer over the 

grass, flattening blades (see Plate 3.10). On subsequent visits the 

thickness of the flow had increased and again, upright blocks of turf were 

observed. Here slope gradients are between 15° and 21 °. 

3.3.2 Classification of Landslides 
Many authors have attempted to provide a classification for 

landslides (for example Sharpe 1938, Ladd 1935, Ward 1945, Hutchinson 

1968, Zaruba & Mencl 1969, Crozier 1973, Blong 1973a and 1973b, 
Coates 1977 and Varnes 1978) and a good review of these classifications 
can be found in Hansen (1984). However, due to the ever changing nature 

of the morphology of landslides and that in reality many are formed of a 

combination of features, categorising a particular landslide can be a difficult 

and subjective task. 
The landslide active in 1994 at Soper's Wood is best described as a 

translational landslide of Type L (after Hutchinson 1967 and 1968). In the 
lower half of the main translational landslide, the landslide splits into two 

separate features. The southern half has developed into a poorly defined 
landslide (Slide B), with zones that have become "supercharged with water 
and reach moisture contents far above their liquid limit" (Allison 1992) and 
hence are characteristic of mudflows. On the northern side, the main 
translational landslide has extended downslope to form a narrow, well 
defined translational landslide (Slide A). However, at the foot of Slide A or 



Plate 3.6 Blocks of turf which have remained upright on the 
saturated clay of the mudf low. 

Plate 3.7 View upslope showing the very disturbed nature of the 
intermediate toe in which survey station A2 is located. Survey 
station A2 is visible just to the right of the piezometer. 
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"accumulation zone" (Varnes 1978), the slipped mass has spread out into a 
lobe, characteristic of a mudflow. 

Slide A has some characteristics of a mudslide, as defined by 
Hutchinson & Bhandari (1971) following Fleming (1878) and Cailleux & 
Tricart (1950), and has a similar outline in plan view to the diagramatic 

sketches of a typical mudslide shown in Brunsden (1973 & 1984). 
However, when the total morphology, longitudinal cross-section and 
apparent movement pattern is taken into account, the author considers that 
the term narrow translational landslide best describes Slide A. The 

decision not to classify Slide A as a "mudslide" is strengthened by the 

comparison of photographs of mudslides in Brunsden (1984) and Allison 
(1992), which have a different morphology. 

Throughout the remainder of this thesis, the author has used the 
terms "slip", "landslip", "landslide" and "slide" to refer to the translational 
landslides at Soper's Wood. These are used for convenience and brevity. 

3.3.3 History of Instability 
The landslides at Soper's Wood have been periodically studied by 

the Engineering Geology Research Group at the University of Bristol. Table 

3.1 summarises the various phases of past instability recorded by previous 
workers at Bristol University. Movement in 1980,1981 and 1982 occurred 
on the now rounded principal main scarp, adjacent to the Great Oolite 

margin. However, since 1983 there has been renewed activity of a 1968 

slide, approximately 60 m down-slope from the rounded principal main 
scarp. From January 1989, until this study, there have been no observed 
signs of movement, there thus has been a five year period of inactivity. 

3.3.4 Comparison with Previous Geomorphological Maps 
A number of geomorphological maps have been produced in the 

past creating a useful chronological library of the geomorphology of the 
landslides. 

In 1978, Privett (1980) produced a 1: 2500 geomorphological map of 
the Swainswick valley which included the Soper's Wood landslides. 
Unfortunately, due to the scale of the map, it was not possible to record all 
the features in great detail. However, the map indicates a large main scarp 
about 50 m from Colliers Lane. Due to its location this is likely to be the 

same scarp as the relict principal main scarp shown on the enclosed 1994 

map. Valleyward, Privett has indicated areas of hummocky ground whose 
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outline is similar to that of the slide in this study and may be the remains of 
the 1968 slide. 

Lawrence (1985) produced two maps, one after the 1980 landslide 

and a second after the 1981 slide. However, the main area of land 

movement was above the currently active slide and unfortunately 
Lawrence's maps do not extend downslope sufficiently to include the 

currently active landslide. Despite the ground being regraded by the farmer 
before both the 1980 and 1981 phases of slipping, the landslides mapped 
by Lawrence (1985) have the same gross morphology, supporting the 

argument that movement occurs along pre-existing shear surfaces. 
The last map produced was that by Dalwood (1992) as part of an 

undergraduate dissertation (see Figure 3.9) and covers a similar area to the 
1994 map. Dalwood has recognised a set of relict scarps at the top of the 
field. Due to their similarity with those depicted on the map in this thesis 
(allowing for some subjectivity due to personal mapping styles), and the fact 

that no new phases of movement have appeared on these features since 
the work done by Lawrence (1985), it is highly probable that this section of 
the slope has temporarily stabilised. However, with movement further down 

slope removing supporting material, this state of stability is unlikely to be 

permanent. The area of study in this thesis has a similar gross morphology 
to that mapped by Dalwood, providing further evidence that the main 

movements at Soper's Wood are associated with pre-existing shear 

surfaces. However, recent movements have resulted in a new toe being 

superimposed on those displayed on Dalwood's map. In addition, the 

previously existing single scarp, as mapped by Dalwood, is now part of a 

cluster of scarps. 

3.4 Auger Hole Information 
Five boreholes (B, D, E, F and G) were augered in a line from the main 

scarp to the toe of the translational slide. Boreholes G and F are situated 
down the left side (northern side) of the main translational slide and 
boreholes B, D, and E are located down the centre of Slide A. A sixth 
borehole, C, was augered outside the visibly slipped area to act as a 

control. See Figure 3.7 for exact locations. 

3.4.1 Sample Descriptions and Weathering Profile 
The samples obtained were logged and are summarised below in 

approximate downslope order (except for borehole C). The strengths 
implied in the descriptions below are comparative strengths giving the best 
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estimate of what in situ strengths would be from samples extracted from a 
helical auger. 

The samples in each borehole are divided into weathering zones 
according to the weathering scheme developed by Lawrence (1985) for the 
mudrocks of the Fuller's Earth formation (see Table 3.2). The scheme is 
based dominantly on the colour changes produced by oxidation. 

Depth m Weathering Zone 

Borehole G 
0.1-0.3 Soft, medium to dark brown, silty CLAY, with vi 

occasional roots and occasional fragments of 
medium gravel. 

0.4 -1.0 Soft, medium brown, silty CLAY, with v 
occasional roots, occasional medium sand 
and occasional fragments of medium gravel. 

1.1 -1.3 Firm, medium brown with grey patches, iv 
silty CLAY, with occasional medium and 
coarse sand. 

1.4 -1 .5 Firm to stiff, mottled medium grey/orange/brown, iv 
silty CLAY, with occasional fine gravel. 

1.6 -1 .8 Stiff, mottled medium grey/brown, silty CLAY, with iii 
occasional roots. 

1.9-2.2 Stiff to very stiff, light to medium grey/brown, ii 
silty CLAY, with occasional roots. 

Borehole F 
0.1 -0.2 Soft to firm, dark brown, silty CLAY, with vi 

many roots. 
0.3-0.7 Soft to firm, medium brown, silty CLAY, with v 

occasional roots. 
0.8 -1.0 Soft, light brown, silty CLAY, with v 

occasional fine gravel. 
1.1 - 1.5 Very soft to soft, light brown, silty CLAY, with v 

occasional fine to medium sand. 
1.6-2.0 Soft to firm, light brown with mottled orange v 

and grey patches, silty CLAY, with occasional 
medium sand to fine gravel. 

2.1-2.5 Firm, medium grey, silty CLAY, with iv 
occasional fine gravel . 2.6-2.7 Soft to firm, light brown, silty CLAY, with iv 
occasional fine to coarse gravel. 

2.8-3.2 Firm, light brown with orange grey patches iv 
of drier material, silty CLAY, with occasional 
coarse sand to fine gravel. 
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Borehole B 
0.1-0.4 Soft, dark brown, silty CLAY with vi 

occasional roots and occasional medium 
oolitic limestone gravel. 

0.5-0.9 Very soft to soft, medium brown, silty CLAY. v 
1.0-1.1 Firm, light to medium brown, silty CLAY, with v 

occasional fine sand to fine gravel. 
1.2-1.9 Soft to firm, light brown, silty CLAY, with v 

occasional fine sand to coarse sand. 
2.0-2.7 Firm, light brown, silty CLAY, with iv 

occasional fine to coarse sand. 

Borehole D 
0.1-0.5 Soft, medium brown, silty CLAY, with v 

occasional roots and coarse sand. 
0.6-1.0 Very soft, medium brown, silty CLAY, with v 

occasional roots and fine gravel. 
1.1 Soft, medium brown, silty CLAY, with v 

occasional roots. 
1.2-1.6 Soft to firm, medium brown, silty CLAY. v 
1.7-2.2 Firm, medium brown, silty CLAY, with iv 

occasional medium sand to fine gravel. 
2.3-2.6 Firm to stiff, medium orange/brown, silty CLAY, iii 

with some sand and gravel. 
2.7-2.8 Very stiff, light grey with mottled orange patches, ii 

silty CLAY, with occasional fine gravel. 

Borehole E 
0.1-0.4 Soft to firm, medium brown, silty CLAY, with vi 

occasional medium oolitic limestone gravel. 
0.5 -1.0 Soft to firm, medium brown, silty CLAY, with v 

occasional fine to medium sand. 
1.1-1.2 Soft, medium brown, silty CLAY, with some v 

medium sand and occasional medium oolitic 
limestone gravel. 

1.3-1.6 Very soft, light brown, silty CLAY, with v 
occasional medium sand. 

1.7 -1.8 Soft, light brown, silty CLAY, with v 
occasional fine to coarse sand. 

1.9-2.1 Very soft, light brown, silty CLAY, with v 
occasional fine to coarse sand. 

2.2-2.6 Soft to firm, light brown, silty CLAY, with v 
some coarse sand. 
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Borehole C 
0.1-0.3 Soft to firm, dark brown, silty CLAY, with v 

some roots and occasional fine gravel. 
0.4 -0.5 Soft to firm, medium grey/brown, silty CLAY, iv 

with occasional roots. 
0.6-1.2 Firm, light brown/grey, silty CLAY, with iii 

occasional roots. 
1.3 -1 .9 Stiff to very stiff, orange/brown, silty CLAY, ii 

with much medium sand and occasional 
medium gravel. 

2.0-2.7 Very stiff, light grey/orange/brown, silty CLAY. ii 
2.8-3.0 Very stiff, medium green/grey, silty CLAY. 

A comparison of the various profiles reveals that all the boreholes 

within the slip (B, D, E, F and G) contain a large proportion of completely or 
highly weathered material, down to a known maximum depth of 3.2 m in the 

case of borehole F. In contrast, the highly weathered material only 
extended to a depth of 0.5 m in borehole C outside the slip. This indicates 

that the visibly landslipped terrain has extended depths of weathering 
within the slipped material, compared to that of the adjacent visibly 
unslipped material. Such exasperation of weathering is likely to be due to 

the greater aeration of the slipped material resulting from the dilation of the 

ground, with the development of minor scarps and transverse cracks 
allowing deeper oxidation to occur. However, within the visibly unslipped 
ground, the influx and percolation of surface waters is limited due to the 

relatively impermeable nature of the clay material. 
Borehole B is situated close to a set of active minor scarps and 

contains only completely or highly weathered soil. Clearly the large 

amounts of movement associated with this part of the slip, together with the 

cluster of minor scarps providing avenues for the infiltration of ground 
waters, has increased the depth of weathering. 

Borehole F, situated within the main body of the translational slide, 
has a similar weathering profile to that of borehole B. The enhanced 
weathering caused by the presence of shear surfaces within the slip and 
the dilated nature of the slipped ground has allowed the movement of 
ground waters and encouraged chemical weathering. 

Borehole G is similarly situated within the main body of the 
translational slide, but upslope of borehole F and closer to the main scarp. 
Here, however, highly weathered material only extends to a depth of 1.5 m, 
with the remainder of the weathering profile having similarities to borehole 
C. At this location the shear surface is believed to be deeper than the base 

of the borehole. Analysis of the movement of the landslide 
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Residual soil VI Soft to In the superficial material, claystone is weathered 
(hillwash/solifluction) firm to a soil in which the original rock fabric is 

completely destroyed. Mottled yellow-brown oxidation 
above the ground water level is extensive to 
complete. Some gleying occurs at shallow depths. 
Frequently contains many gravel and cobble fragments 
of weathered Great Oolite limestone derived from 
higher slopes. Seasonal desiccation features are 
common. 

Completely V Soft to Claystone is discoloured and oxidized and completely 
weathered firm weathered to a yellow-brown clay soil. Occasional 

small corestones may preserve relic laminations. 
Frequent gleyed fissures and root channels. 
Calcite content variable. 

Highly IV Firm to Fissured clay with extensive oxidation discoloration. 
weathered stiff Fissures are open and may be gleyed on surfaces. 

Oxidation alteration penetrates deeply from 
fissures. Litho4relicts (10-400. ) indicate some 
remaining structure. Calcite content variable. 
Some gypsum crystals on discontinuity surfaces. 
Many minor striated shear surfaces. 

Moderately III Firm to Claystone is partially oxidized and altered to 
weathered stiff clay. Open fissures and discontinuities are 

discoloured orange-brown on surfaces. Alteration 
penetrates into soil mass, becoming yellow and grey- 
brown along 15 mm wide zones parallel to fissures. 
Lithorelicts comprise 40--700ß of bulk soil. 
Original soil structure very evident. Calcite 
content variable. Many large gypsum crystals along 
fissure and bedding surfaces. Minor shear 
surfaces present with small displacements. 
resulting from overburden stress release and 
swelling. 

Slightly 11 Stiff to Slightly discoloured claystone. confined to narrow 
weathered very stiff oxidation zones adjacent to discontinuities which 

maN be open anu dark orown. Intact unweathered 
lithorelicts predominate t70-95%1 and original 
structure is largely unaltered. Fissures are scrs 
closely to closely spaced. Calcite content savable. 
Some large selenite crystals. often along major 
discontinuities. 

Fresh I Weak to Parent blue-grey silty claystone showing no oxidation 
very weak discoloration or any other weathering effects apart 

from closed stress release fissuring. Occasional 
open and extensive joints are iron stained. 
Occasional iron-rich fossil nodules with local 
brown discoloration zones. Calcite content variable. 

Table 3.2 Weathering scheme for the Fuller's Earth clay, after 
Lawrence (1985). 
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(see Section 3.5) has demonstrated that this area of the slide is the least 

active and hence has not been affected by the same level of extensive 
internal disturbance noted in other boreholes. This is supported by the 
augering of borehole G, when the clay was stiff making augering difficult. 
Thus, the depth of weathering has been restricted by the more intact nature 
of the ground below a depth of 1.5 m. 

Boreholes D and E are both situated in superimposed toes in Slide 
A. Borehole D penetrates highly weathered material down to a depth of 
2.2 m reflecting the very disturbed nature of the clay within the toe of the 
slip. Indeed, the ground here was notably highly fissured. Borehole E is 

situated on a larger toe and it is noted that it was completely weathered for 
the full depth of the borehole (2.6 m). 

3.4.2 Moisture Content Analysis 
The moisture contents of each of the samples extracted in January 

1994 were established and the profiles for each borehole are shown in 
Figure 3.10a and 3.10b. It should be noted that these boreholes are given 
in approximate downhill profile, with borehole C adjacent to the landslide. It 
is understood that the majority of the landslips near Soper's Wood have 
been most active in the wet season (autumn and winter months) and 
therefore it was considered appropriate to establish the moisture contents 
during the winter months. 

Most of the profiles show that at this time of year there is a general 
trend of decreasing moisture content with depth. The peaks within the first 

0.3/0.4 m indicate an extremely high moisture content which may represent 
organic rich material, a saturated open texture material or may possibly be 
due to the infiltration of surface waters aided by the presence of soil cracks. 

The upper borehole, G, clearly shows a high moisture content above 
0.6 m implying a highly disturbed upper zone which during wet periods 

experiences a very high moisture content. The log of borehole G indicates 

that roots are present in the upper zone but they are not considered 

sufficient to affect moisture content. Below 0.6 m there is a steady decrease 

in moisture content from approximately 45% to 35%. From the moisture 

content profile, the logging of the borehole and the topographic setting, it is 

considered that these moisture contents indicate a dilated upper zone to a 
depth of approximately 1 m, while the main lower zone shows little 

evidence of slip disturbance. 

The profile of borehole F indicates a high moisture content in the 

upper 1 m, probably due to similar reasons discussed above. Below 1m 
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the moisture content tends to remain at approximately 40%. It will be noted 
that at 1.5 m and 3 m, small zones of increased moisture content are 
present, while there is also a change at 2 m. These changes may represent 
zones of disturbance, with the peaks at 1.5 m and 3m possibly representing 
the moisture content adjacent to slip surfaces, as noted by Skempton 
(1964). The two deepest samples below 3m indicate a decrease in 

moisture content although at the maximum depth of augering, the moisture 
content is still at 35%, some 10% to 15% higher than the moisture contents 
found in the lower zone of borehole C outside the visibly slipped ground. 

In borehole B, the upper disturbed zone of high moisture content 
extends to 1.1 m. It would appear that the high moisture content at 0.4 m 

may be related to the auger hole passing near a fracture as clearly such 
high moisture contents at this depth are atypical except in dilated or very 
organic rich ground. The small peak of 49% at 1.4 m may indicate the 

presence of a shear surface and the 11 % change at 1.8 m suggests that an 
additional shear surface is encountered at approximately this depth in this 
borehole position. The lower moisture content of 23% at 2.2 m depth 
interrupts the general moisture content in the lower zone of approximately 
30%. This may represent a better cemented more calcareous band 

although this was not recorded during logging. 
Boreholes D and E are both located in the toes of the slip and the 

moisture content profiles show sufficient similarity to be treated together, 

although between the individual profiles there is some 0.3 m to 0.5 m depth 
difference. This is due to the topographic setting of the boreholes and the 

position of the boreholes with regard to the toes of slipped material. The 

boreholes show an upper zone with moisture contents of approximately 
50% to 80%, with a layer below having lower moisture contents as a 

consequence of the auger holes being placed in the toe areas of the slip. A 

pronounced reduction in moisture content occurs at approximately 1.5 m in 

borehole D and at about 1m in borehole E, suggesting that a shear surface 

may be present at this level. Hence, the material in the toe of the slip above 
the shear surface is more dilated and thus during the winter period it has a 

significantly higher moisture content (by approximately 20% to 30%). For 

the next 0.7 m in borehole D and 1m in borehole E, the moisture content 

profile is relatively constant, although notably in borehole E, a minor peak 

occurs at approximately 1.6 m, suggesting that a shear surface may be 

present at this depth. At a depth of about 2.2 m in borehole D and a depth 

of 2m in borehole E, both moisture content profiles show a second 
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pronounced reduction. This reduction may be related to the presence of 
another shear surface. 

The profile in borehole C indicates a high moisture content above 
0.4 m relating either to creep dilation in the upper zone and/or the 

presence of fossil root hollows. Below 0.4 m, the moisture content remains 
at approximately 40% until a depth of 1.3 m, at which point there is a 
pronounced change in moisture content. The pronounced change at 1.3 m 
may indicate the presence of a fossil shear surface above which the dilation 

related to past movement is sufficient to cause the material to have a 
moisture content some 15% to 20% higher than in the material below. 
Below a depth of 1.3 m, the moisture contents of 20% to 25% are relatively 
typical of slightly weathered calcareous mudrocks and it is likely that this 

zone has suffered little, if any shearing in the past. 
It is worth noting that in borehole C, below a depth of only 0.4 m the 

moisture content is less than or equal to approximately 40%. In 

comparison, the clay from those boreholes within the landslip has much 
higher moisture contents at this depth and a moisture content of about 40% 
is not reached until approximately a depth of 1m in boreholes F, B and E, 

1.5 m in borehole D and 0.6 m in borehole G. In addition, those boreholes 

within the slipped mass, never show the consistently low moisture content 
of approximately 20%, exhibited by the clay in borehole C below a depth of 
1.3 m. 

It is clear from the discussion above and the data provided in Figure 
3.10a and 3.10b that there are significant differences in the profiles of the 
soil moisture content, both downslope within a slipped mass and when the 

profiles within a slip are contrasted with a profile taken outside the main 
visibly slipped mass. 

3.4.3 Comparison of the Index Properties of Boreholes B and C 
In order to obtain a sufficient quantity of sample for index testing, the 

top sample of each borehole was discarded and the remaining individual 

samples combined in pairs down the profile of the borehole. Geotechnical 
index tests were performed on the pairs of samples obtained from 
Boreholes B and C (which are at approximately the same topographic level) 
in order to compare the properties of the highly weathered, slipped Fuller's 
Earth clay and the "relatively fresh" unslipped Fuller's Earth clay. In 

addition the calcite contents of the sample pairs were determined. The 

results are displayed in Figure 3.11 and the techniques used are described 
in Appendix I. 
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Work reported by Chandler et al. (1976) on the Upper's Fuller Earth 

clay in the Swainswick Valley indicated a mean liquid limit of 51% (range 

40% to 65%), a mean plastic limit of 20%, giving a plasticity index of 31 %. 
In addition, they found that the Lower Fuller's Earth clay had a mean liquid 
limit of 47% (range 30-70%), a mean plastic limit of 19%, giving a plasticity 
index of 28%. In this study, borehole B provided a mean liquid limit of 66% 
(range 45% to 100%), a mean plastic limit of 24%, giving a plasticity index 

of 42%. Borehole C provided an average liquid limit of 62% (range 45% to 

87%), a mean plastic limit of 24%, giving a plasticity index of 38%. These 

values are significantly higher than those reported by Chandler et al. 
(1976), especially with regard to the liquid limit. 

Hawkins et al. (1986 and 1988) discuss the effects of weathering on 
the geotechnical properties of the Fuller's Earth formation and observed 
that with an increase in weathering grade there is an increase in the 
Atterberg limits, moisture content and a decrease in the calcite content (see 

Chapter 1). The higher limits found at Soper's Wood are thus likely to be 

due to the relatively weathered nature of the near surface samples 
obtained, whereas Chandler's work included samples of unweathered 
Fuller's Earth obtained from a borehole located on the Great Oolite plateau 

of Charmy Down, some distance away from any slope feature. 
Indeed, if the indices of the samples above a depth of 1.3 m are 

ignored in the calculation of the average indices for borehole C (this 

corresponds to the change from moderately weathered to slightly 

weathered shown on the borehole log in Section 3.4.1), this provides an 

average liquid limit of 51 % (range 45% to 64%), a mean plastic limit of 21 %, 

giving a plasticity index of 30%, much closer to the values of Chandler et al. 
(1976). In comparison, if the same treatment is applied to borehole B, 

where the samples have all been graded at least highly weathered, this 

provides an average liquid limit of 56% (range 45% to 69%), a mean plastic 
limit of 19%, giving a plasticity index of 37%, still higher than the values of 
Chandler et al. (1976). This is probably due to the more weathered and 
dilated nature of the material in borehole B, even at depth. 

In Figure 3.11, both boreholes B&C show a strong correlation 
between moisture content and Atterberg limits and to some extent an 
inverse relationship with calcite content. 

In borehole B, the Atterberg limits and moisture content show a 

general trend of increasing with decreasing depth and hence, as the logs in 

Section 3.4.1 show, with increasing weathering grade from "highly 

weathered" at a depth of 2.7 m to "residual soil" at ground level. In contrast, 
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the calcite content profile indicates a decreasing trend with decreasing 
depth and increasing weathering grade. In addition, in the near surface 
material found in borehole B, the natural moisture contents more closely 
reflect the high liquid limits and only begin to approach the plastic limit at a 
depth of approximately 1.1 m. However, at this depth the moisture content 
is still high at approximately 40%, compared to the plastic limit of about 20% 

and even at the depth of the borehole (2.7 m), the moisture content is about 
30%, still some 10% higher than the plastic limit. This is in contrast to the 
findings of Chandler et al. (1976), who report that the moisture content of 
the Fuller's Earth was approximately equal to the plastic limit 
(see Chapter 1). 

In borehole C, above a depth of 1.3 m, a similar trend to that 
indicated by the profiles in borehole B can be observed. However, below 
1.3 m, where the log shows the silty clay to be only slightly weathered, the 
Atterberg Limits and moisture content are approximately constant and the 
calcite content is more variable showing no particular trend. In contrast to 
borehole B, in the material found in borehole C, the moisture contents are 
very similar to the plastic limits below the initial 0.3 m, and notably below a 
depth of 1.3 m are almost equal, with the moisture content dropping below 
the plastic limit after a depth of 2.5 m. 

These findings support the conclusions of Hawkins et al. (1986 and 
1988), who suggested that on weathering there is a gradual 
depotassification of the illite rich Fuller's Earth clay, transforming the illite 
into a mixed layer illite-smectite. In addition, the percolation of acidic 
ground waters in the weathered zone may result in the gradual dissolution 

of the calcite in the near surface deposits. Clearly an increase in the 

proportion of the mixed layer illite-smectite, coupled with a decrease in the 

proportion of a non-sorptive mineral such as calcite, will result in an 
increase in both the liquid and plastic limit. In addition, they suggest that 

natural moisture contents are generally below the plastic limit in the less 

weathered material, but above it in the near surface samples where 

weathering has increased the illite-smectite content and stress release has 

allowed the infiltration of surface water and the hydration of the clay. 
Hence in borehole B, which the log show to be at least heavily 

weathered for the whole profile and the topography to be highly disturbed 

due to slipping, the moisture content is higher than the plastic limit and 
indeed, above a depth of about 1.1 m is closer to the liquid limit. In addition, 
the calcite content increases with depth. In borehole C, the log shows that 

less weathered material is reached at 1.3 m, coinciding with the depth at 
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which the moisture content starts to approximate the plastic limit. Above 

1.3 m, dilation due to creep of the near surface material may have allowed 
the infiltration of ground waters. Hence, above a depth of 1.3 m, there is an 
increase in Atterberg limits and a decrease in calcite content, due to some 
near surface weathering, and the moisture content is greater than the 

plastic limit. However, unlike in borehole B, it is notably less than the liquid 
limit below the initial 0.3 m. 

The graphs of calcite content with depth show an overall inverse 

relationship with the geotechnical indices, supporting the observations 
made by Hawkins et al. (1986 and 1988) and Hawkins & McDonald (1992), 

see Chapter 1. This is more clearly shown in Figure 3.12, where both 

plastic and liquid limits show a decrease with increasing calcite content. 
Hawkins & McDonald (1992) showed that the silt sized particles within the 
Fuller's Earth were dominantly calcareous. Hence, an increase in calcite 
content corresponds to an increase in non-sorptive silt size particles (and a 
corresponding decrease in the proportion of clay minerals) causing 
reduced plasticity. 

3.4.4. Discussion 
At Soper's Wood, the logs of the boreholes have demonstrated the 

highly weathered nature of the slipped Fuller's Earth clay. These indicate 

that both the weathering grade and the depth to which weathering occurs 

are greater in the slipped material compared to the material outside the 

visibly slipped mass. The moisture content profiles for the slipped material 

are variable, compared to the smoother decrease with depth in the profile 
for the visibly unslipped material. In addition, these demonstrate that the 

slipped material generally has a higher moisture content compared to the 

unslipped material at a similar depth and that the slipped material never 

shows a consistently low moisture content at the depth of these boreholes, 

unlike the material outside the slip. 
A comparison of the geotechnical indices of samples from inside and 

outside the visibly slipped mass has shown the effects of the increased 

weathering of the slipped material on the geotechnical indices of the 

Fuller's Earth clay. In addition the study has confirmed the control that 

calcite has on the Atterberg limits of the Fuller's Earth clay . 
Within the slide, the moisture content and Atterberg limits all increase 

with decreasing depth and increasing weathering grade and the calcite 

content decreases. In addition, near the surface the moisture content is 

similar to the liquid limit, although below 1.1 m, it becomes closer to the 
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plastic limit. However, even at the base of borehole B (2.7 m), it is still 
some 10% higher than the plastic limit. 

Outside the landslide, above a depth of 1.3 m, there is a similar trend 

of increasing Atterberg limits and moisture content and a decreasing trend 

of calcite content, probably due to near surface creep dilation of the soil. 
However, below the initial 0.3 m the moisture content more closely reflects 
the plastic limit of the clay. Below 1.3 m, the Atterberg limits and moisture 
content remain approximately constant with a variable calcite content and 
the moisture content is shown to be approximately equal to the plastic limit, 
falling below it at a depth of 2.5 m. 

It appears that, as proposed by Hawkins et al. (1986 and 1988), the 
highly fractured nature of the slipped material has aided the infiltration of 
ground waters into the previously relatively impermeable clay, which has 

aided chemical weathering. The acidic ground waters have encouraged 
the transformation of some of the illite rich Fuller's Earth clay into an 
interstratified illite-smectite and has caused the dissolution of calcite. 

Clearly from the above observations there is an interrelationship 
between the degree of landslipping and the depth and grade of weathering 
in the Fuller's Earth clay. The increased weathering caused by the 
landslipping increases the geotechnical indices of the clay, compared to the 

adjacent unslipped ground. This has important engineering implications, 

especially if geomorphological evidence of a relict landslip is absent due to 

erosion, surface creep and the influence of agriculture (Chandler 1970). 

Thus, there may be no ground surface indication that an area of slipped 

ground is present, which will have different geotechnical properties 

compared to the surrounding unslipped material. 

3.5 Analysis of Landslide Movement 
The landslip was monitored from January to August 1994 to 

investigate the rate of slip movement, the changing morphology related to 

slip movement, and whether slip movement could be related to factors such 
as rainfall and ground water levels. In addition, the analysis aided the 
identification of those parts of the slip which were most active. 

3.5.1 Surveying Results 
Surveying was undertaken on 19 occasions from the 19th January 

1994 until 30th June 1994, a total of 163 days. Initially it was anticipated 
that surveying would be carried out at approximately weekly intervals. 

However, due to the non-availability of the AGA Geodimeter over the Easter 
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period, a longer interval occurs between the 10th reading (21st March 

1994) and the 11th reading (7th April 1994). Unfortunately, this period 
coincides with a phase of more rapid movement, as discussed below. In 

addition, from the end of April 1994, surveying was undertaken less 
frequently as the landslide appeared to have stopped moving. The data 

can be found in Appendix II. 

Figure 3.13 contains plots showing the horizontal and vertical 
components of cumulative movement of the survey stations over the entire 
period. It should be noted that they are in upslope order, as seen in Figure 
3.7, and each plot corresponds to one days surveying. These plots are 
displayed to compare the cumulative movement of the various survey 
stations and, due to some variation in the intervals between surveying, are 
not meant to provide an indication of the velocity of each survey station 
throughout the period. The cumulative movement of each survey station is 
discussed in turn below. 
Station Al 

Al, located in the toe of Slide A (see Figure 3.7), has remained 
effectively stationary. It shows no evidence of movement during the current 

phase of landslide activity, whereas significant movement has occurred 

elsewhere. This is supported by adjacent standpipe E, approximately 1m 

away, which has not snapped. 
Station A2 

A2 is located in an intermediary toe within Slide A (see Figure 3.7). 
Initially this rose by 0.15 m with a horizontal movement of 0.2 m. Movement 

of this survey station then continued as a dominantly translational 
movement until the 11th reading (7th April 1994). Between the 10th (21st 
March 1994) and 11th reading, a further 0.4 m of horizontal movement had 
taken place, although since that period the amount of translational 

movement has decreased, with a decrease in the level of the ground 
surface. Total cumulative horizontal and vertical movement was almost 2m 

and 0.05 m downwards (ignoring the initial upward movement). The 

surrounding toe has clearly been active and the initial rise of the station is 
likely to be due to the curved nature of a shear surface which exists beneath 

this part of the toe. In the later phases of movement, the gradual decrease 
in height is most probably due to the station tilting valleyward, due to the 
development of radial cracks in this part of the toe (see Plate 3.7). 
Movement is supported by the snapping of adjacent standpipe D, 

approximately 1m away. 
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Fig. 3.13 Plots showing the total cumulative movement of each 
survey station over the period of surveying (19 January 1994 to 30 
June 1994). 
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Station A3 
A3, situated in the main body of Slide A (see Figure 3.7), moved a 

total of 2.9 m horizontally and 0.9 m vertically downwards. As for station A2, 
there is increased displacement between the 10th and 11th readings. 
Soon after emplacement a small tension crack appeared right behind 

station A3. The large amounts of movement were confirmed by the 
freshness of the adjacent lateral shears and the enlargement of the minor 
scarps upslope of station A3. Slip movement caused standpipes A and B to 
be "drawn into" the slipped mass. Standpipe A was "drawn in" by 

approximately 0.5 m in total. In comparison, standpipe B was "drawn in" by 

0.8 m in the first four weeks of monitoring (corresponding to the 4th 

monitoring point). In order to avoid loosing the standpipe, an extension was 
made by splicing a length of plastic pipe and attaching the extension with 
jubilee clips. 
Station A4 

A4 is located on the left side of the main translational slide (see 
Figure 3.7) which showed much less movement. The total horizontal and 
vertical movement was 0.62 m and 0.07 m. The plot shows that movement 
was generally small and gradual, although again there is increased 

movement between the 10th and 11th readings. In this part of the slip, 
movement was confirmed by the snapping of nearby standpipe F, some 
6m upslope. As seen in standpipes A and B, standpipe F was also "drawn 
into" the landslide by some 0.1 m between the 10th and 11th readings, 
coinciding with the period of increased movement. 
Station A5 

A5 is located towards the head of the left side of the main 
translational slide (see Figure 3.7) and showed comparatively little 

movement. Total horizontal and vertical movement was 0.28 m and 
0.03 m. The single positive reading may be correct but the possibility of a 
slightly inaccurate reading cannot be dismissed. As in station A4, 

movement was generally very small and gradual. Initially standpipe G, 
located about 1m away, did not snap. However, between the 11th and 
12th reading (7th and 13th April 1994) standpipe G appears to have 

snapped at a depth of approximately 0.9 m. It is thought that the basal 

shear surface, along which the majority of movement has occurred, is below 

the maximum depth of standpipe G at this location (see Figure 3.22). The 

snapping of standpipe G, towards the end of the period during which the 

majority of movement occurred, is interpreted to have been caused by 

movement along a minor shear. 
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Station B1 
131 is situated between the two mudflows in Slide B (see Figure 3.7) 

and moved a total of 2.07 m horizontally, and 0.59 m downwards. However, 

this was only for the first nine weeks of monitoring up to reading 10 (21st 
March 1994). B1's survival for surveying to reading 10 was fortunate, as 
from reading 7 (3rd March 1994) the material on one side of the station had 
been removed by movement (see Plate 3.8). When surveying was 
undertaken on the 7th April 1994 (reading 11) the station had been "swept 

away" by the enlarged mudflow, formed by the joining of the two pre- 

existing mudflows (see Plate 3.9). This part of the landslide has clearly 
been very active as demonstrated by the loss of station B1. 

Station B2 
B2, situated just behind the scarp of the mudflow in Slide B (see 

Figure 3.7), moved 1.83 m horizontally and 0.46 m vertically downwards. 
The amount of movement of this part of the slip is less than that of 1311 but is 

still considerable. Movement was fairly consistent, but again between 

reading 10 (21st March 1994) and reading 11 (7th April 1994), cumulative 
movement increases from 0.87 m to 1.46 m horizontally and from 0.19 m to 
0.34 m vertically downwards. These dates correspond with the loss of 

station 131 and so clearly between these dates there was increased slip 
activity with the joining of the two mudflows. Although station B1 was 
discontinued after the 21st March (reading 10), the equivalent movement of 
2.07 m shown by station B1 was only some 0.9 m in station B2. 

Station B3 
B3, situated on the right side of the main translational (see Figure 

3.7), showed total downslope movement of 1.41 m horizontally and 0.50 m 

vertically. This is less than for B2, however it is interesting to note that the 

slip at B3 has moved considerably further than at A4, which is situated at 

approximately the same topographic level in the main translational slide. In 

addition, B3 shows a similar increase in movement between readings 10 

and 11. 

_Station 
B4 

B4 is located close to the head of the right side of the main 
translational slide at a similar topographic level to station A5. Total 
horizontal and vertical movement were 0.48 m and 0.06 m downwards, 

respectively. This is considerably less than at B3, but is again greater than 
the amount of movement seen at A5. In addition, at this location also, there 

appears to be increased movement between readings 10 and 11. 



Plate 3.8 View down the mudflow in Slide B showing the removal of 
soil by the mudflow from one side of survey station B1. 

Plate 3.9 View down Slide B showing the enlarged mudflow. Survey 
station 131 was swept away and is visible towards the edge of the 
mudflow. 
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3.5.1.1 Summary 
Along the line of survey stations Al to A5, the portion of Slide A 

containing stations A3 and A2 has been the most active, with movement 
occurring on the cluster of minor scarps behind standpipe B, down to the 
toe containing station A2. The upper area of the main translational slide 
containing stations A5 and A4 has shown much less movement. 

Along the line of survey stations 131 to B4, the mudflows, towards the 
bottom of the slope in Slide B, have shown the most movement with the loss 

of survey station 131. Stations B2 and B3, situated in the body of the main 
translational slide, showed significant movement, but less than that shown 
by station 131. The upper area of the main translational slide containing 
station B4 showed much less movement. From the plots there appears to 
have been a phase of enhanced movement between the 21st March 1994 
(reading 10) and 7th April 1994 (reading 11), although it is recognised that 
this period also represents an approximately 2 week interval between 

surveying. This is clearly evident in the cumulative movement shown by the 
'B' survey stations, but is also shown to lesser extent by movement of the 'A' 

stations. In addition, it appears that in the main translational slide, up-slope 
of where the landslide extends into two features, the side containing survey 
stations B3 and B4 has shown a greater amount of movement. 

3.5.2 Comparison of Landslide Movement with Precipitation 
Rainfall is recognised by many workers as a major factor influencing 

the frequency of landslides. Zaruba & Mend (1969) provide a review of the 
relationship between slope movement and precipitation, with examples of 
particular studies carried out in central Europe. Lichkov (1938) conducted a 
statistical analysis of 350 landslides and assessed their relationship with 
rainfall and snow melting in the Kiev area of Ukraine. Schmassmann 
(1953) assessed the dependence of landslides on the pattern of 
precipitation in the Basle Canton of Switzerland. However, these works 
generally relate to the relationship between landslide incidence and 
precipitation. 

In this country, most slope movements display a seasonal pattern, 
generally occurring in the wet period from October to April. Brunsden 
(1984) reports that coastal mudslides display a marked seasonal 
relationship with the incidence of wet and dry periods (as noted by 
Hutchinson 1970, Brunsden 1973, Prior & Eve 1975, Balteanu 1976 and 
Craig 1979) and that Prior et al. (1968 and 1971) observed that movements 
of mudslides correlate with 10-day and 30-day cumulative rainfall totals. 
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However, these investigations into the relationship between movement and 
rainfall have been concentrated on coastal mudslides and comparatively 
less work appears to have been carried out on the relationship between the 

pattern of movement of an inland translational slide and rainfall, during a 
particular phase of slide activity. Lawrence (1985) observed that renewed 
movement of the landslides at Soper's Wood appeared to coincide. with 
high levels of precipitation and this research attempts to investigate the 

relationship between movement rate and rainfall of the inland slide at 
Soper's Wood. 

The histogram in Figure 3.14 shows daily rainfall at Woolley Farm 
from the 1st November 1993 to the 1st August 1994 inclusive, as recorded 
by the National Rivers Authority at 9: 00 GMT each day using a Tipping 
Bucket rain gauge attached to a data logger. Woolley Farm (ST 749685) is 
situated in the Swainswick valley, approximately 750 m to the north of the 
landslips at Soper's Wood. 

The histogram indicates that rainfall was sparse in November 1993, 

totalling 45.4 mm. While in December 1993 it totalled 142.2 mm, with peaks 
occurring on the 8th, 12th, 18th and 30th of December, of 11 mm, 13.8 mm, 
17 mm and 12.6 mm, respectively. Total monthly rainfall is slightly less in 
January 1994, but at 117.8 mm is still high, with peaks occurring on the 4th 

and 17th of January, of 16.4 mm and 11.8 mm, respectively. 
Total monthly rainfall was less in February 1994, at 80.8 mm and 

remains at a similar level through to March 1994 when the monthly total 

was 82.2 mm. Peaks of 17.4 mm, 11.8 mm and 16.4 mm occur on the 10th 

and 22nd February and the 31st March, respectively. 
The monthly total drops again in April 1994 to 58.8 mm, with 14 mm 

recorded on the 3rd April and 21.4 mm recorded on the 8th April. In May 
1994 total monthly rainfall was back up to 78.6 mm with a peak of 18.2 mm 
on the 21st May 1994. (Unfortunately due to the failure of the data logger at 
Woolley farm, information was lost from the 7th May 1994 to the 7th June 
1994 and data for this period had to be obtained from the weather station at 
nearby Bath University (ST 774643)). Monthly totals for June and July 1994 

were much lower at 21.6 mm and 44.8 mm, respectively, with peaks of 
15.8 mm and 15.2 mm on the 6th and 31st July 1994. 

The reactivation of the currently active slide appears to have been 

caused by the very high levels of near continuous precipitation in late 
December 1993 and early January 1994, at a time of low 

evapotranspiration when consequently ground saturation is likely to be 

most intense. Movement continued through the spring supported by the 
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higher levels of rainfall during this period. In order to analyse this 

relationship in more detail, cumulative rainfall has been plotted against the 

cumulative horizontal movement of each survey station for the period of 
surveying (19th January 1994 to 30th June 1994), see Figure 3.15. As the 

scale of horizontal movement is so different in different parts of the slip, it 
has been considered necessary to vary the vertical axis scale for the 
different survey stations. It should be noted that straight lines join adjacent 
points and there has been no attempt to try and estimate the curve of the 
line. In addition, stations B4 and A5 show much smaller amounts of 
movement and therefore inaccuracies in the surveying technique may 
account for some of the more extreme readings. 

Each survey station (apart from that of station Al, which has been 
shown in the previous section to be effectively stationary) displays a very 
similar pattern of horizontal movement which is clearly intimately related to 
rainfall, even with the varying amounts of movement of each station. Five 
broad phases of horizontal movement which are related to rainfall are 
evident for each station and these are discussed below. 
Phase 1 Monitoring days: 0-21 (19th January-9th February. ) 
As demonstrated by the gradients of the two curves, cumulative rainfall 
increases rapidly at first and cumulative horizontal movement increases at a 
similarly rapid rate. 
Phase 2 Monitoring days: 22-43 (10th February - 3rd March) 
From the 22nd day of monitoring (10th February), there is a slight lowering 
in the rate of increase of cumulative precipitation and, from the same day, 

this decrease is displayed by the rate of horizontal movement. Thus, there 

appears to be no time lag in the response of the landslide to this small 
change in rainfall. Horizontal movement then continues at this slightly 

reduced rate until the 43rd day of monitoring (3rd March 1994), after which 
there is change in gradient of the profile and the rate of movement 
decreases further. This reduction in slip movement rate appears to be 

related to the decrease in precipitation which occurred on the 38th day of 

monitoring (26th February 1994), after which the rate of increase in 

cumulative precipitation levels off. There therefore appears to be about a 
6 day lag before the change in precipitation levels affects the rate of slip 

movement. However, this time lag is affected by the surveying interval and 

can therefore only be approximate. 
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Fig. 3.15 Graphs comparing the cumulative horizontal movement of 
each survey station (solid line) with cumulative rainfall (dashed line), 
for the period of surveying (19 January 1994 to 30 June 1994). Note 
the variation in vertical axis scale for cumulative horizontal 
movement. 
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Phase 3 Monitoring days: 44-56 (4th March-16th March) 
The two profiles then increase at similar reduced gradients until the 56th 
day of monitoring (16th March 1994) when there is an increase in the rate of 
horizontal movement. This increase in the rate of slip movement appears to 
be related to a wetter period which commenced on 54th day of monitoring 
(14th March 1994). Thus, there appears to be a time lag of 3 days between 
the increased level of rainfall and the increased rate of slip movement. 
Again, the effect of the surveying interval is recognised. 
Phase 4 Monitoring days: 57-84 (17th March-13th April) 
Cumulative rainfall and horizontal movement then continue to increase at 
this much higher rate until the 84th day of monitoring (13th April 1994) 

when the rate of slip movement drops and the slip effectively stops moving. 
This cessation of horizontal movement appears to be related to a drier spell 
of spring weather which commenced on the 81st day of monitoring (10th 

April 1994). Hence, from the graphs it would appear that the rate of slip 
movement did not decrease immediately and it is likely that there has been 

a lag of 4 days. 

Phase 5 Monitoring days: 85-End (14th April-30th June) 
From the 85th day of monitoring (14th April 1994) day until the 112th day of 
monitoring (11th May 1994) all stations show little evidence of new 
horizontal movement. Cumulative rainfall levels then increase sharply on 
the 121st day of monitoring (20th May 1994), before levelling off on 
approximately the 137th day of study (5th June 1994). However, this 
increase is only reflected by relatively small amounts of new movement for 

stations A2, A3, A4, A5, B2, B3 and B4. 
Within these five main phases of the horizontal component of 

movement, each survey station and hence the different parts of the 
landslide, exhibit different rates of movement and these are displayed in 

Table 3.3. The rates of horizontal movement for each phase have been 

determined by calculating the total horizontal distance moved by a 

particular survey station during each phase and dividing this by the phase 
duration. Hence, it is recognised that the rates are affected by the choice of 

phase subdivision. 
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STATION LOCATION PHASE 1 

19/1-9/2 

10"7 m/s 

PHASE 2 

10/2-3/3 

10"7 m/s 

PHASE 3 

4/3-16/3 

10.7 m/s 

PHASE 4 

17/3-13/4 

10-7 m/s 

PHASE 5 

14/4-30/6 

10"7 m/s) 

Al Toe of Slide A 0.00 0.00 0.00 0.00 0.00 

A2 Toe of Slide A 3.19 1.96 1.06 3.05 0.11 

A3 Main Body of Slide A 5.44 3.61 1.95 3.68 0.10 

A4 Main Translational Slide 0.75 0.55 0.11 1.37 0.05 

A5 Main Translational Slide 0.30 0.24 . 0.09* 0.68 0.03 

131 Slide B 5.64 3.16 2.18 

B2 Main Translational Slide 1.80 1.62 0.94 3.78 0.24 

B3 Main Translational Slide 1.59 1.25 0.58 2.81 0.19 

B4 Main Translational Slide 0.56 0.34 0.10 1.11 0.04 

Table 3.3. Horizontal velocity of each survey station during the 
five phases of movement. *This negative velocity is likely to be due to 
surveying errors due to the small movement of station AS during phase 3. 

Table 3.3 indicates that during all the phases of movement, along the 
line of the A survey stations, stations A2 and A3 show the greatest 
horizontal velocity, although the velocities shown by station A3 is greater 
(apart from in phase 5). Stations A4 and A5 move at significantly slower 
rates, compared to stations A2 and A3. In addition, station A5 moves at 
approximately half the rate of station A4. Along the line of the B survey 
stations, station B1, showed a significantly higher horizontal velocity, 

comparable to that of station A3. Stations B2 and B3, show comparable 

velocities, but these are significantly less than that for station 131. As is seen 

along the line of the A stations, the station at the head of the main 
translational slide, station B4, shows the lowest horizontal velocities. A 

comparison of the horizontal velocities of stations B3 and B4, with the 

velocities of stations A4 and A5, at similar topographic levels, indicates that 

the right side of the main translational slide is moving at a greater rate than 

the left side. 
Figure 3.16 contains plots of vertical cumulative movement against 

cumulative precipitation for each survey station for the period of surveying. 
It should be noted that again the graphs have been drawn to various scales 
in order to emphasise the relationship between rainfall and movement. 
Those plots displaying relatively large amounts of vertical cumulative 
movement (stations A3, B1, B2 and B3) clearly display a similar relationship 
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Fig. 3.16 Graphs comparing the cumulative vertical movement of 
each survey station (solid line) with cumulative rainfall (dashed line), 
for the period of surveying (19 January 1994 to 30. June 1994). Note 
the variation in vertical axis scale for cumulative vertical movement. 
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with cumulative rainfall as that for horizontal cumulative movement and the 

same five phases of movement can generally be identified. However, 

where cumulative vertical movement has been relatively small, the 

relationship is less clear (stations A2, A4, A5 and B4). Previously it was 
concluded that station Al had not moved, therefore this station can be 
ignored. It appears that where the topographic effects of slipping has been 

more dramatic, the scale used shows that a definite relationship exists 
between cumulative rainfall and cumulative vertical movement, but where 
the topographic effects of slipping are small and the vertical axis has been 

exaggerated to an almost unrealistic extent, the relationship is less clear. 
The plots in figure 3.16 again indicate that along the line of the A 

survey stations, the parts of Slide A containing stations A2 and A3 are most 
active and, along the line of the B survey stations, the parts containing 
stations 131, B2 and B3 are much more active than the area containing 
station B4. In addition, a comparison of the total vertical and horizontal 
distances moved by each station, indicates that, as would be expected in 

slopes with a gradient in the order of 1: 3, the amount of vertical movement 
is significantly less than the horizontal movement. An attempt was made to 
determine the vertical velocities of the stations during each phase of 
movement, but due to the small amounts of displacement and the opposing 
effects of both upward and downward movement, the results did not provide 
any useful information. However, due to the significantly greater amount of 
horizontal movement compared to vertical movement, the horizontal 

velocities shown in Table 3.3 can be taken to approximate the true velocity 
of the various parts of the landslide and are indicative of a slow moving 
landslide. 

3.5.2.1 Discussion 
The results indicate that once the landslide at Soper's Wood is 

active, regardless of the amount of movement in different parts of the slip, 

any significant decrease or increase in the level of precipitation is reflected 
by the rate of movement. Not withstanding the fact that surveying was not 
undertaken everyday or more than once a day, from the data presented in 

this thesis, where there is a dramatic change in rainfall there appears to be 

a time lag of between 3 and 6 days between the two events. When there is 

an increase in rainfall levels, the lag time appears to be slightly shorter (c. 3 
days). The lag following increased levels of precipitation is likely to be 

related to the time it takes surface water to infiltrate into the slipped mass via 
minor scarps, lateral shears and transverse cracks and migrate along shear 
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surfaces and hence increase pore pressures/reduce shear strength and 
enhance the rate of slip movement. In addition, the effects of seepage of 
ground water through the "in situ" geology cannot be ignored. Hence, the 
time lag is also likely to reflect the time it takes for surface waters to 

percolate down through the strata and along the sub-horizontal limestone 
bands within the Fuller's Earth, resulting in increased pore water pressures 
within the landslide where limestone bands are present. When there is a 
decrease in the amount of rainfall there appears to be a longer time lag (c. 

4-6 days). The lag on a decrease in rainfall levels reflects the time it takes 
for pore pressures to reduce along shear planes within the slip. 

Figure 3.15 shows that the majority of slip movement had been 

completed by the 13th April 1994 (84th day of monitoring) coincident with a 
prolonged period of very little rainfall from the 10th April 1994 (81st day of 
monitoring) until 20th May 1994 (121st day of monitoring). During this 

period it is likely that, due to increasing insolation at this time of year, 
evaporation would be more pronounced resulting in a condition of soil 
moisture deficit. As a consequence there would have been an increase in 

effective stress. Thus, although renewed rainfall was recorded after the 
20th May 1994, little further movement was recorded for most of the survey 
stations. However, if this increased rainfall had precipitated in the main wet 
period during movement phases 1 to 4, a substantial increase in movement 
would be expected. It thus appears that, in a drier period, once the 
landslide has stopped moving for a prolonged period (phase 5), the 
landslide becomes insensitive to precipitation levels. Thus, it requires a 
substantial and prolonged period of rainfall for sustained movement to be 

restarted. Whereas if the landslide is already moving (phases 1 to 4), the 
landslide movement rate is very sensitive to precipitation levels. This may 
be related to a seasonal effect and indirectly, vegetation may play an 
important role in controlling slip movement. 

During the late spring (April/May) vegetation growth increases, 

particularly on the slipped ground, due to the greater amount of water in this 
disturbed zone. During the late spring and summer, the increased grass 
cover over the slipped area will collect rainwater, which will tend to 

evaporate with the warmer weather, reducing the amount of water available 
for infiltration compared to the winter period. This effect may be partially 
balanced by the presence of desiccation cracks which will provide 

additional avenues for surface water infiltration. In addition, much of the 

rainfall that infiltrates into the ground will be be taken up by roots and hence 

moisture penetration will be retarded and possibly halted. Hence, an 
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equivalent amount of recorded rainfall during the summer and winter will 
have very different effects. In the winter, due to a relative lack of vegetation 
cover, most of the recorded rainfall will penetrate into the slipped mass and 
thus slip movement will be sensitive to recorded rainfall. Whereas in the 
summer, little of the recorded normal summer rainfall will penetrate into the 
slipped mass and thus there is a reduced effect, with slip movement 
appearing to be insensitive to recorded rainfall. 

The demand for moisture by the grass roots during the summer 
months, together with the effects of evaporation, will result in capillary rise 
further reducing effective pore pressure, increasing effective stress and 
hence the shear strength of the soil. Indeed, this will be enhanced further 
by the growth of roots seeking moisture such that the root system will aid the 
apparent shear strength of the soil mass. Greenway (1987) amongst 
others, has highlighted the effects of vegetation on slope stability, notably 
on shrub and tree covered slopes. 

3.5.3 Piezometric Information 

Standpipes were placed in boreholes B to G and a seventh 
standpipe, A, emplaced near the right lateral shear at a similar level to 

standpipe B. For standpipe locations see Figure 3.7. At frequent intervals 
between the 19th January 1994 and the 3rd August 1994, the ground water 
level was ascertained (for data see Appendix III). The results for all the 

standpipes are compared with cumulative rainfall for the period in Figure 
3.17. As some of the standpipes were dry at certain periods, dashed lines 
have been inserted to demonstrate the likely level of the water table during 
this period. 
Considering each of the standpipes in turn: 

_Standpipe 
E 

Standpipe E was installed in the toe at the bottom of the slope on the 
22nd January 1994 to a depth of 2.6 m and after four days a ground water 
depth of 0.73 m was recorded. Standpipe E is located in a now redundant 
toe and past movement will have increased the secondary permeability of 
the clay due to its more open and possibly fractured structure and hence the 
initial response was fairly rapid. The standpipe shows an almost ideal 

summer/winter relationship with fluctuations in the ground water level 

appearing to be caused by rainfall levels. 
Standpipe D 

Standpipe D was installed on the 4th February 1994 to a depth of 
2.8 m, but snapped at an approximate depth of 0.9 m before the first 
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Notes: 
The draining of the standpipes prior to extraction of ground 
water samples may have affected some of the readings and 
these are highlighted by the numbered circles which refer to the 
points discussed below. 
1. (Date: 16/3/94) Standpipes B, D and F were drained 
on the 11/3/94. This may account for the decrease in the 
measured ground water level in these standpipes, however this 
lower ground water level also coinicides with a period of less 

rainfall. 
2. (Date: 23/3/94) All the standpipes were drained after 
measurements were taken on the 16/3/94, prior to ground water 
sampling on the 23/3/94. This is likely to account for the reduced 
ground water levels measured in the standpipes. In addition, 
due to the failure of the electronic dipper normally used, a larger 
diameter dipper was used which would not fit through the 
spliced section of the additional plastic pipe attached to 
standpipe B. Hence, no reading was recorded for standpipe B. 
3. (Date: 5/5/94). Ground water samples were obtained 
from the standpipes on the 27/4/94 and this may have enhanced 
the minima in the measured ground water level. However, this 
minima also coinicides with a period of little rainfall. 
4. (Date: 27/5/94). All the standpipes were drained on 
the 7/5/94 for ground water sampling on the 11/5/94. However, 
the majority of standpipes were found to still be dry on the 
11/5/94 due to the preceding period of little rainfall and hence no 
measurements were recorded. Thus, the readings which were 
made on the 27/5/94 could be affected by the draining of the 

standpipes on the 7/5/94. However, due to the recent rainfall, 
the shallow nature of the water level recorded and the long time 
interval, this is considered unlikely. 
5. (Date: 3/6/94). The recorded decrease in the height 
of the ground water level may be enhanced by the sampling of 
the ground waters in the standpipes on the 27/5/95. 
6. (Date: 30/6/94). All standpipes were drained at the 
end of measurements on the 3/6/94, prior to ground water 
sampling on the 30/6/94. This may influence the ground water 
level recorded on the 30/6/94, although due to the long time 
interval this is considered unlikely. 
7. (Date: 3/8/94). Ground water samples were taken 
from all standpipes on the 30/6/94, after which the standpipes 
were drained. However, due to the long time interval, this is 

considered unlikely to affect the results. 

Fig. 3.17 Graphs comparing ground water level (solid line) with cumulative 
rainfall (dashed line) for each standpipe over the period of monitoring (19 
January 1994 to 3 August 1994). Note the variation in vertical axis scale for 

water table depth. 
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reading. The initial response of the standpipe was slow and on the 18th 
day after installation, a ground water depth of 0.48 m was recorded. The 

piezometric profile shows large fluctuations, which can be broadly 

correlated with rainfall. This is probably due to the location of D on the 

active toe of the slip, approximately 1m above the general level of the 
hillside, where the ground is likely to be very dilated and fractured due to 

earlier movement. Hence, Figure 3.17 indicates that the ground water 
dissipates very quickly from the toe during periods of lower rainfall. Initially 

the piezometric surface rose to almost ground level, but then dropped 

almost 0.5 m, most likely due to lower precipitation rates, however slip 
movement still continued. Thus, the continued movement of the toe may not 
be directly related to high pore pressures but to the toe being pushed by the 

unstable ground upslope of this standpipe. 
Standpipe B 

Standpipe B was installed in the centre of the slip on the 
22nd January 1994 to a depth of 2.65 m and after just four days a ground 
water depth of 0.56 m was recorded. The standpipe snapped at 
approximately 0.6 m between the 1st and 2nd readings (26th January 1994 

and 2nd February 1994). The water table is shallow, even reaching ground 
level during the middle of the study. In addition, the piezometric surface 
displays a very broad response to rainfall. It should be noted that the three 
readings taken after the 78th day of monitoring (7th April 1994), which 
show the water table at ground level, were probably influenced by the 
presence of a puddle around standpipe B during this period. Slip 

movement had caused a depression to form which was filled by surface run 
off. The puddle was successfully drained on the 90th day (19th April 1994) 

and it did not refill. After early June 1994, with a decrease in rainfall and an 
increase in evaporation, as anticipated, the ground water level dropped and 
was continuing to drop when the study ceased. 

_Standpipe 
F 

Standpipe F, located in the upper part of the slip, was installed to a 
depth of 3.20 m on the 26th January 1994 but snapped before the first 

reading at a depth of approximately 2.6 m. Later in the study, between the 
23rd March 1994 and 7th April 1994, standpipe F appeared to have 

snapped at a shallower depth of about 1.4 m. After seven days a ground 
water depth of 0.34 m was recorded. The water table stayed at a shallow 
depth, remaining steady during a period of constant rainfall. When the 

rainfall profile changes dramatically on the 81st day of monitoring 
(10th April 1994) there is a corresponding drop in the elevation of the 



107 

ground water table. With increased rainfall after the 121st day of monitoring 
(20th May 1994), ground water level responds temporarily, after which, 
with a decrease in rainfall and the onset of summer, with both associated 
evaporation and plant growth, the ground water level dropped. 
Standpipe G 

Standpipe G was installed on the 4th February 1994 to a depth of 
2.20 m and after six days a ground water depth of 0.89 m was recorded. 
Initially standpipe G did not snap, but between the 7th and 13th April 1994, 
it snapped at a depth of about 0.9 m. The water table is again shallow and 
shows a very good response to rainfall, of a similar nature to that shown by 

standpipe F. 
Standpipe A 

Standpipe A was installed at the inner edge of Slide A, close to the 
lateral shear, on the 18th January 1994 to a depth of 2.5 m, but snapped at 
a depth of approximately 1.2 m before the first reading. After eight days the 
water level in the standpipe was found to be at ground surface. The water 
table over the period was shallow, only dropping to a depth of 0.97 m at the 
end of the study, and shows an approximate response to rainfall. Although 
initially the ground water level was equivalent to ground surface elevation, 
within a further eight days, being so close to the side scar, the ground water 
level showed a general decrease with time as water was able to escape 
from the lateral extremities of the slip. 
Standpipe C 

Standpipe C, located outside the landslip, was installed on the 26th 
January 1994 to a depth of 3.00 m. Even after 7 days the depth of water 
was still at 2.15 m, indicating a relatively slow response for this standpipe 
located away from the currently active landslip. The ground water level is 
deeper than in standpipe B, located at approximately the same topographic 
level, and there is also a high degree of fluctuation in the profile. During the 

period of February and March 1994, the rainfall is relatively consistent but 
fluctuations of about 0.6 m in the ground water level occur. This may in part 
reflect the effects of ground water sampling. After the 81 st day of monitoring 
(10th April 1994), when there is less rainfall, the ground water level 
dropped until the later period of rainfall towards the end of May, when the 

piezometric surface showed an increase of almost 1m after which it 

continued to decline. The levels shown between the 140th and 196th day 

of monitoring are not considered reliable, particularly the final reading. 
Unfortunately this was not plotted up quickly enough for a further visit to be 

made to check this value. 
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3.5.3.1 Discussion 
From the readings it is clear that the water table within the visibly 

slipped ground is considerably shallower than outside the slip, probably 
due to selective recharge in the disturbed zone. In addition, all the 
standpipes within the slip had a faster initial response compared to 
standpipe C, this is most likely due to the increased disturbance and 
dilation of the soils within the slipped mass caused by the presence of 
transverse cracks, lateral shears and minor scarps. This increased 
permeability also enables the ground water level to respond to changes in 
rainfall, clearly displayed in standpipes F and G and to a lesser extent in 
standpipes B, D and E. The increased permeability may have also been 
exasperated by selective percolation along shear surfaces. 

The study has highlighted the importance of standpipe location 

within a landslip, as there is variation in the ground water level between 
different locations. For example, standpipe D, located in the active toe of 
the slip, shows very large fluctuations in the ground water level; the 

presence of radial cracks and the dilated nature of the soil, is likely to allow 
the rapid dissipation of ground water. In contrast, standpipes G and F, 
located in the main body of the slip, show less extreme responses and 
probably more accurately represent the general ground water level in the 

main body of the slip, for use in slope stability analyses. In addition, if it 

could have been anticipated where the major movement was going to take 

place, standpipe B would have been positioned differently, as ground 
movement caused the ponding of water in a topographic hollow. This 

would have reduced the reliability of the actual ground water level 

measured, as the pool of water may have caused localised seepage into 

the ground. 

3.5.4 Comparison of Slip Movement with Ground Water Level 
In Figure 3.18 cumulative horizontal movement of survey stations A2, 

A3, A4 and A5 is compared to the variation in the ground water level in the 

standpipe nearest to that station. Locations and approximate distances 

can be scaled from Figure 3.7. 
Horizontal movement of station A2 is compared with the level of the 

ground water table in standpipe D and movement can be very broadly 

correlated to the ground water level in standpipe D. However, after the 
initial rise in ground water level to almost ground surface, the water table 
drops rapidly, but slip movement continues. This may well be an example 
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of undrained upslope loading, similar to that described by Hutchinson & 
Bhandari (1971), where movement of the upslope area "pushes" the lower 

area. 
Horizontal movement of Station A3 is compared with the ground 

water level in standpipe B, and up to the 78th day of monitoring 
(7th April 1994), an increase in height of the water table corresponds with 
continued movement, probably due to the increasing pore water pressures 
along the shear surfaces within the slip. However, due to the problem of 
ponding, the pattern is less obvious later in the study, but with clear 
evidence that the ground water level drops towards the end of the study, it is 

not surprising that the slip has stabilised. 
Horizontal movement of Station A4 shows a clear relationship with 

the ground water level in standpipe F. Up to the 84th day of monitoring 
(13th April 1994), when the majority of movement occurs, the water table is 

shallow at approximately 0.3 m below ground level. During this period 
pore water pressures are high inducing instability. The ground water level 
then rapidly drops and the slip becomes inactive for a prolonged period, 
presumably the pore water pressures have fallen below a certain critical 
value for these particular ground conditions. However, from the 105th day 

of monitoring (5th May 1994) the plot indicates that there is an increase in 
the height of the water table to 0.37 m on the 128th day (27th May 1994) 

and the station shows evidence of very small amounts of movement. The 

prolonged period of inactivity may have caused the slip to stabilise, 
however the rapid decrease in the depth to the water table, probably 
caused pore pressures to temporarily increase and some movement to 

occur. The water table quickly drops again with the onset of summer and so 
no renewed movement was sustained. 

A comparison of the horizontal movement of station A5 with the 

ground water level in standpipe G shows a similar relationship to that of 
station A4 and standpipe F. 

3.5.5 General Discussion 
This study has shown that once the landslide is moving, movement is 

sensitive to rainfall and ground water levels and there is a general 
relationship between rainfall, ground water levels and slip movement, 
although a lag of some 3 to 6 days is frequently noted. This relationship is 

particularly clear in the body of the main translational landslide. At the 

active toe of slide A, undrained loading caused by movement of the main 
body of the slide is thought to occur. 
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It appears that in addition to general infiltration, rainfall selectively 
penetrates into the soil along disturbance zones such as transverse cracks, 
lateral shears and minor scarps, raising the ground water level, which in 

turn increases pore pressures and reduces effective stress, encouraging 
slip movement. This effect will be enhanced by the presence of limestone 
bands within the Fuller's Earth, along which ground water will preferentially 
percolate. It is likely that the percolation rate controls the length of delay 
involved between rainfall and an increase in pore water pressure. With a 
termination of rainfall, the ground water level drops, resulting in a decrease 
in pore pressures, with a corresponding increase in effective stress, and the 

slip stops moving. Again there is a time delay between a reduction in 

rainfall and the dissipation of pore pressures. 
However, this investigation has shown that once the slip has 

temporarily stabilised for a period of time during a drier period (eg. summer 
months), increased rainfall, which would have caused a significant increase 
in the rate of movement of the previously active slide during the wet period 
(winter months), causes only relatively small amounts of movement which is 

short lived. This is likely to be due to a combination of the following factors: 
(1) During the period of stability, the ground water level has dropped, 
increasing effective stress and hence the residual shear strength of the 
landslide. 
(2) With the onset of summer, vegetation levels on the slip have 
increased such that all the recorded rainfall does not infiltrate into the 

slipped mass but much is lost due to evaporation. Hence, less water is 

available to increase the height of the water table and promote movement. 
In addition, if the increase in rainfall is not sustained, the presence of 
vegetation means that roots will take up moisture, which together with 
general evaporation, prevents the increase in ground water level from 
being sustained. Clearly this applies to "normal" levels of summer rainfall 
and not necessarily to very exceptional levels of summer rainfall, such as 
that experienced in July 1968 (Hawkins 1973). 

3.5.6 Comparison of Geomorphological Maps at the Start and End of 
Movement 

The initial geomorphological map was produced in January 1994 at 
the start of monitoring. A second geomorphological map was made in May 
1994 when it appeared that the main wet season movement had ceased. 
Figure 3.19 compares the geomorphology of the slip in January 1994 (in 

black) and May 1994 (in red). 



Fig. 3.19 Comparison of landslide geomorphology in January 1994 
(in black) and May 1994 (in red). 
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The main morphological differences are highlighted below (the particular 
points can be seen on the map in Figure 3.19 by referring to the numbers in 
the green circles): 
(1) In the main translational landslide a number of new transverse 
cracks have appeared with some pre-existing cracks being extended. In 
addition, some of the transverse cracks adjacent to the lateral shears, have 
developed into minor scarps. 
(2) Slide A has shown little change in gross morphology, although a 
number of new transverse cracks are evident and radial cracks have 

appeared in the toe containing survey station A2. 
(3) The morphology of Slide B has changed considerably. The two 
mudflows existing in January 1994 have combined to form one large 

mudflow. The clay in the main body of the landslide, between the two 
existing mudflows, became so saturated with water that it lost all its internal 

strength and flowed down slope. This occurred between the 21st March 
1994 and the 7th April 1994. (See Plates 3.10,3.11 and 3.12). 
(4) The toe of Slide B, adjacent to the mudflow, has extended down- 
slope with the addition of a number of transverse cracks within the foot of 
the slide. 
(5) A new scarp has appeared in place of an existing crescentic crack, 
evident in January 1994, in the crown behind the northern arcuate scarp of 
Slide B. In addition, a new crescentic crack has appeared behind the latest 

scarp. 
(6) The lateral shear on the right flank of the main translational slide, 
adjacent to the head of the mudflow, has extended with the formation of a 
new toe. 
(7) The ground within the landslides in January 1994 was soft and 
boggy, whereas in May 1994 the surface was considerably harder and 
desiccation cracks were evident. 
(8) The remapping has highlighted the difference between the mode of 
movement in the mudflow and landslide. In the mudflow, movement occurs 
on a grain by grain basis, due to the highly saturated nature of the soil, 
hence the changing geomorphology. Whereas in the landslide, units of 
material move along discrete basal shear surfaces and the gross 
morphology remains relatively constant. 

In addition, from the mapping together with continual observation 
over the period of movement, two patterns of movement were observed: 
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Plate 3.10 View upslope of the lower mudflow in January 1994. 

Plate 3.11 View upslope of the lower mudflow in February 1994. 
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Plate 3.12 View across slope of the toe of the large combined 
mudflow in April 1994. 
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Plate 3.13 View of the right edge of the main translational landslide 
showing a propagating transverse crack extending off from the 
lateral shear towards the centre of the landslide. 
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(A) Transverse Crack Propagation. (See Figure 3.20). 
(1) Due to the irregular outline of the lateral shear and the current 
general gradient, the hill mass moves obliquely against part of the lateral 

shear. See point (1) in green on Figure 3.19. 
(2) This oblique movement causes a transverse crack to form, extending 
off from the lateral shear towards the middle of the slipped mass. 
(3) Continued movement of the slip causes the crack to propagate 
towards the centre of the main body of the slide and widen, with some dip 

slip movement occurring due to the shearing motion. See plate 3.13. 

(B) Retrogressive Scarp Migration (See Figure 3.21). 
(1) Due to the depth of the main scarp, the ground in the crown upslope 
of the main scarp was unable to fully support it and a crescentic crack 
appeared. See point (5) in green on Figure 3.19. 
(2) Continued movement caused the crescentic crack to grow and 
eventually the crown gave way to form a new scarp behind the pre-existing 
main scarp. 
(3) Due to the depth of the newly formed main scarp, a new crescentic 
crack forms in the crown. With continued time and slip movement this can 
be expected to collapse to form a third scarp behind the pre-existing two. In 
this way the main scarp migrates up-slope. 

It is clear from this observation that at Soper's Wood not only does 
the landslide increase in length by the slipped mass moving down slope but 

also by the main scarp migrating up-slope. Plate 3.14 shows retrogressive 
scarp migration at Soper's Wood. 

3.6 Longitudinal Slope Profile 
An accurate longitudinal section of the landslide along the axis of 

Slide A was developed in March 1994 (see Figure 3.22). Along the length 

of the slip, twenty-nine datums were surveyed with the geodimeter to 

provide a detailed surface topography. In addition, the standpipes within 
the slip were also surveyed. The surface topography data were then plotted 
and the actual profile drawn in from field knowledge together with the 
details recorded on the geomorphological map made in January 1994. The 

positions of the standpipes and survey stations are indicated. 
Standpipe F snapped at a depth of 2.6 m and, as its location is in the 

centre of the slip mass, the most likely explanation was that it was snapped 
by movement along a shear surface, probably the basal shear surface. 
Later on in the study, standpipe F snapped at a shallower depth of about 
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Fig. 3.20 Transverse crack propagation in the landslide at Soper's Wood. 

Fig. 3.21 Retrogressive scarp migration in the landslide at Soper's Wood. 



Plate 3.14 Photograph of retrogressive scarp migration seen in the 
landslide adjacent to Soper's Wood. 



119 

0 

E 

W 
J 

fý 

41 
N 

O 

U) 
)00O rn ý °w n° 

Co `ncm 
NTTTTTT 

cr 
rn O) 

V 
L 
cu 

0 
0 

N 

C) 
CL 
0 
C/) 
." 
C) 
V 
ý 
'ü 
C 
ca 
C) 
t 

rn 
0 L 

s 
c 0 
ý U 
C) 
Cl) 

ß 
C 

ü 
rý 
Cn 
C 
0 

J 

N 
N 
M 

ý 
LL 



120 

1.4 m, but as no surface expression was evident, it is assumed that the 
standpipe was snapped by movement along a minor shear within the 
slipped mass. Hence, it is not indicated on the profile. Due to the 
orientation of minor scarps and toes, the principal longitudinal basal shear 
surface was considered to be approximately planar, extending under the 
length of the slip, with the failure surfaces of minor scarps joining it and the 
shear surfaces beneath toes bifurcating from it. Field observations have 
shown the scarps curving downwards at such an angle that they can be 

expected to join the basal shear surface. Only those surfaces with evidence 
in the field have been shown on the longitudinal section, although their 
exact curvature within the slipped ground is not known. Arrows on the 
shear surface indicate current movement, with the length of the arrow 
providing a very approximate indication as to the relative amounts of 
movement. 

The other standpipes provided useful information as to the location of 

other shear surfaces. Initially, standpipe G (depth 2.2 m) did not snap 
supporting the suggestion discussed above, that the basal shear surface 
was below the depth of this standpipe at approximately 2.6 m. However, 

between the 7th April 1994 and the 13th April 1994, towards the end of 

movement phase 4 when adjacent station A5 showed its highest velocity, 
standpipe G snapped at an approximate depth of 0.9 m. This is likely to 
have been caused by small amounts of movement occurring along a minor 
shear surface present at this depth and has not been shown on the profile, 
for similar reasons to that discussed for standpipe F above. 

Standpipe B snapped at approximately 0.6 m. Due to the presence 
of a nearby minor scarp, it was deduced that this standpipe was snapped by 

the shear surface extending down from the scarp, as shown on the section. 
Standpipe D snapped at 0.9 m, and due to its position in the toe of the slip, 
the cross-section shows a shear surface bifurcating from the basal shear 

and cutting through D underneath the toe of the slide. Standpipe E did not 

snap, however the presence of a relatively large toe means there must be a 

shear surface beneath it, albeit of some previous period of movement, 
believed to be 1968. At present no movement is occurring along this shear 

surface, as supported by the surveying and the non-snapping of standpipe 
E. 

As discussed in Section 3.3.2, this longitudinal section indicates that 
the slide is a predominantly translational slide and fits into the Type "L" 

category, according to the classification by Hutchinson (1967). However, as 
typical in such situations, where an older toe stabilises, newer upper toe 
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shears ride over the pre-existing toes. The section compares well with the 
profile produced by Lawrence (1985) of the 1980 landslide further up the 
slope. He classified the upper part of the 1980 slope movement as a 
markedly non-circular shallow rotational slip of Type "N" and the lower part 
as a predominantly shallow translational slide of 1 to 5m depth, of Type "L". 

3.7 Ground Water Chemistry 
Section 3.4 has demonstrated that within the visibly slipped mass 

there is increased weathering compared to within the unslipped ground and 
showed the effects of this on the geotechnical indices of the Fuller's Earth 

clay. It was proposed that the change in the geotechnical properties of the 
clay was as a result of the depotassification of illite and the dissolution of 
calcite by chemical weathering. 

This section investigates the geochemistry of the ground water, both 
from within the landslide at Soper's Wood and from outside the visibly 
slipped mass, to determine whether chemical weathering is occurring at 
present; with particular emphasis on the dissolution of calcite and the 
depotassification of illite as these are likely to effect slope stability (see 
Chapter 2). This study was undertaken conscious of the presence of the 
Fuller's Earth Rock horizon and other "in situ" limestone bands that are 
present in the Fuller's Earth formation and the effects that their presence 
may have on ground water chemistry. A review of calcium carbonate 
equilibria chemistry can be found in Chapter 5. 

3.7.1 Ground Water Analysis 
Ground waters were sampled from the standpipes at approximately 

monthly intervals between the 16th March 1994 and the 3rd August 1994. 
The results of the chemical analyses of the ground water samples obtained 
from standpipes F, B, E, C, and A over the period have been analysed and 
these are discussed below. As not enough water samples were obtained 
from Standpipes G and D for an adequate analysis of the variation in 

ground water chemistry over the period, the analysis of these water 
samples is not discussed. 

Figure 3.23 displays calcium, magnesium and potassium 
concentrations for the ground water samples taken from each of the 

standpipes over the period of study. The following points are noted: 
(1) The levels of calcium are significantly higher than those for 

magnesium and potassium. It is likely that the majority of the calcium 
originates from the dissolution of calcium carbonate within the Fuller's 
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Earth. The magnesium found in the ground water samples is likely to 

originate from the dissolution of impure calcium carbonate. The 

concentration of potassium in the ground water at Soper's Wood is similar 
to a potassium concentration of 5.4 mg/I found in the ground waters 
emerging from a crush zone within a landslide at Mam Tor, Derbyshire, as 
reported by Vear & Curtis (1981). They attribute the presence of potassium 
in the ground water to the leaching of potassium ions from illite by acid 
ground waters originating from the decomposition of pyrite. Hence, the 

potassium present in the ground water samples is likely to originate from 

the depotassification of illite caused by chemical weathering of the Fuller's 
Earth clay. 
(2) Calcium concentrations vary between 61 mg/I and 335 mg/I. A 

calcium level of 335 mg/I is high for natural ground waters; the hardness 

classification of water (Sawyer & McCarty 1967) classifies water with over 
300 mg/I of calcium as very hard. If the calcium is considered to only come 
from the dissolution of calcium carbonate then the concentration of 
dissolved calcium carbonate would be between 153 mg/I and 837 mg/I. A 

calcium carbonate concentration of 837 mg/I is very high for natural fresh 

water (see Chapter 5) and thus some of the calcium present in the ground 
water may come from the dissolution of gypsum, although no gypsum was 
noted during the logging of the auger hole samples. However, Lawrence 
(1985) noted its presence in trial pits. 
(3) Magnesium and calcium levels found in those ground water samples 
obtained from standpipes within the landslip are higher than in the water 
samples obtained from standpipe C outside the slipped mass. This 

observation is less clear for potassium. This implies that enhanced 
dissolution of calcium carbonate is likely to be occurring within the slipped 
Fuller's Earth clay, probably due to the increased permeability caused by 

lateral shears, minor scarps, shear surfaces and transverse cracks allowing 
the percolation of acidic ground waters. This is supported by water flowing 

out from the base of the toe of the slip, during the winter and early spring. 
Outside the slipped mass, the lower permeability of the visibly unslipped 
ground inhibits the flow of ground water and hence dissolution levels would 
be lower. However, the presence of the Fuller's Earth Rock and other "in 

situ" limestone horizons cannot be ignored and the higher levels of calcium 
found in the ground water within the landslide may be partially caused by 

ground water flowing from the impure limestone into the disturbed slipped 

ground. In the visibly undisturbed ground outside the landslide, the lower 

permeability may hinder the flow of waters from the limestone bands. 
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(4) Calcium and magnesium concentrations over the period of study 
vary considerably in those ground water samples obtained from standpipes 
within the slip, whereas the concentrations found in the ground water 
samples from standpipe C are much more constant. 

Figure 3.24 displays the calcium concentration and temperature of 
the ground water samples obtained from the standpipes over the period of 
study together with daily rainfall. From the graphs the following points are 
evident: 
(1) All the profiles for calcium concentration for ground water samples 
obtained from standpipes within the slip are similar. 
(2) For the ground water samples obtained from standpipes within the 

slip there is a general correlation between calcium concentration and 
rainfall, although sampling and temperature readings are widely spaced 
and hence correlation can only be approximate. 
(3) For the standpipes within the slip, calcium concentrations appear to 

show an approximate inverse correlation with temperature. Work done by 
Picknett et al. (1976) demonstrated that in the laboratory there is increased 
dissolution of calcium carbonate with decreasing temperature. This is due 
to the increased solubility of carbon dioxide at lower temperatures causing 
increased acidity (see Chapter 5). 

Figure 3.25 displays the calcium concentration, pH and temperature 
of the ground waters obtained from the standpipes over the period of study 
and demonstrates that: 
(1) The pH of the ground water within the slip is slightly lower at around 
7.25 compared to outside the slip where it varies between 7.7 and 8.1. This 

may indicate more open system conditions within the slipped mass related 
to the increased dilation of the slipped material, allowing an abundant 
supply of carbon dioxide. Outside the slip the less permeable nature of the 

clay may have led to more closed system conditions, with a limited supply of 
carbon dioxide. 
(2) There is little correlation between temperature and pH. This is likely 
to be due to the buffering effect caused by the dissolution of calcium 
carbonate. 

3.7.2 Ground Water Chemistry Variation within the Slip 
On the 5th and 6th May 1994, six additional standpipes (X, Y, Z, W, 

U, and T) were placed in the northern half of the landslide along the line of 
the existing standpipes, so that twelve standpipes now formed a profile 
down the slip from main scarp (standpipe G) to toe (standpipe X). For 
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standpipe locations see Figure 3.26. Ground water samples were extracted 
from the standpipes on the 27th May 1994 and the results of the chemical 
analyses are discussed below. 

Figure 3.27 displays the variation in calcium concentration, 
conductivity and pH of the ground water obtained from the standpipes down 
the slip profile. Conductivity correlates well with calcium concentration 
which varies considerably down-slope. In addition, there is a very broad 
inverse correlation between calcium ion concentration and pH, which varies 
between 7.1 and 7.6, indicating open system conditions. 

Inspection of the graphs in Figure 3.27 reveals that those water 
samples taken from standpipes F and T, have the highest concentrations of 
calcium. In standpipe F, this may be due its location in the centre of the 
main translational slide. Thus, the water sampled has percolated some 
distance within the slip allowing it to reach its level of maximum dissolution 

and hence concentrations of calcium are high. In standpipe T, the higher 

concentrations are likely to be due to its location at the edge of the active 
toe, where water was observed to egress. Hence, the water has migrated 
down the length of the slip increasing in calcium concentration as it 

migrates down-slope. It is recognised that these concentrations may also 
have been affected by both the lithology and permeability of the in situ bed 

rock. 
This longitudinal profile indicates that where there is an increase in 

concentration, it is likely that the ground water has not been diluted by 

recently infiltrated rainfall. Downslope from standpipe F, the presence of 
the cluster of minor scarps at the head of Slide A has allowed rain water to 

penetrate, reducing the calcium ion concentration in the ground water, 
which again rises as the ground water percolates down Slide A dissolving 

calcite, towards a peak in calcium concentration at standpipe T. The lower 

values of calcium found in the ground water sampled from standpipes E 

and X may represent dilution due to the infiltration of rain water in the relict 
disturbed toes of the slip. 

Figure 3.28 displays the downslope variation in levels of calcium, 
magnesium and potassium in the ground waters sampled. Again calcium 
levels are significantly higher than those of magnesium and potassium. In 

addition, there is a very broad correlation with the variation in magnesium 
concentration down-slope, supporting the suggestion in Section 3.7.1 that 
the magnesium originates from the dissolution of impure calcium carbonate. 
There is no correlation with potassium concentrations which show very little 



Fig. 3.26 Engineering geomorphological map of the landslide 
adjacent to Soper's Wood showing the location of the additional 
standpipes. 
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variation down slope (apart from in the ground water sample obtained from 

standpipe G which may be due to an erroneous reading). 

3.7.3 Discussion 
The dissolution of calcium carbonate within the Fuller's Earth clay is 

undoubtedly occurring. However, exact levels resulting from the dissolution 

of disseminated calcite within the clay are difficult to predict as the 

concentration of calcium in the ground water will also be affected by the 
dissolution of any gypsum present and the presence of "in situ" argillaceous 
limestone bands. 

The significantly lower calcium concentration in the ground water 
sampled outside the visibly slipped mass, is likely to indicate that increased 
dissolution rates of disseminated calcium carbonate are occurring within 
the more permeable, disturbed Fuller's Earth clay. However, the ground 
water concentrations may in part reflect water preferentially flowing from the 
limestone bands to the disturbed area as egress here will be easier than 

where "in situ" clay cover is present. 
The downslope variation in calcium concentration in the ground 

waters sampled from the standpipes within the slip, as shown in 
Figure 3.28, indicates that within Slide A, containing standpipes Y to T, 
there is a significant increase in calcium concentration in the ground water 
from the cluster of minor scarps (standpipe Y) to toe (standpipe T). This 
supports the suggestion that the disseminated calcium carbonate in the 
Fuller's Earth clay is actively being dissolved by the percolation of ground 
waters downslope within the landslide. Hence, the concentration of calcium 
in the ground water increases down the landslide. In addition, the 
magnesium present in the ground water is likely to originate from the 
dissolution of impure calcium carbonate and, according to Crabtree (1986), 
this may increase the rate of calcite dissolution. 

The knowledge that active dissolution of detrital calcite in the Fuller's 
Earth clay is occurring within the landslide has important implications for the 
long term stability of the slope. Hawkins et al. (1986 and 1988) and 
Hawkins & McDonald (1992) have demonstrated that decalcification of the 
Fuller's Earth clay dramatically reduces the residual shear strength of the 

clay if shear occurs in the transitional mode. Hence, if failure is occurring in 

the transitional mode, the dissolution observed at Soper's Wood is likely to 

reduce the residual shear strength of the landslide and with time the slip 
may further destabilise, causing renewed movement. 



132 

In addition to calcite dissolution, this study has also shown that 
potassium ions are being leached from the clay minerals in the Fuller's 
Earth. In Chapter 1 it is proposed that this results in the formation of a 
randomly interstratified illite-montmorillonite. Chapter 2 reports the work of 
Kenney (1967) and Chattopadhyay (1972), who note that the residual shear 
strength of montmorillonite is significantly less than that of illite. Thus, if illite 
is being transformed to a mixed layer illite-montmorillonite along shear 
surfaces within the landslide, with time this will result in a decrease in the 
residual shear strength of the shear surface, additional to the decrease 
which will occur as a result of calcite dissolution, further promoting 
instability. 

3.8 Conclusions 
(1) The production of geomorphological maps of the landslide has 
indicated that the slide active in 1994 is very likely to be a reactivation of a 
1968 slide, supporting the argument that the majority of movement occurs 
along pre-existing shear surfaces. The upper part of the slide consists of a 
translational landslide, about 50 m in length, which downslope extends 
into two distinct morphological features. On the northern side, the main 
translational landslide has extended to form a well defined narrow 
translational landslide (Slide A). On the southern side, the main 
translational landslide has not extended so far valleyward and the lower 
feature is termed Slide B. 

(2) A study of the logs of samples of the Fuller's Earth clay, obtained 
every 100 mm from auger holes drilled both inside and outside the visibly 
slipped mass, has demonstrated the highly weathered nature of the slipped 
Fuller's Earth clay. The logs indicate that both the weathering grade and 
depth to which weathering occurs are greater in the visibly slipped material 
compared to in the material outside the landslide. 

(3) An analysis of sample moisture contents revealed that there are 
significant differences in the soil moisture both within the slipped zone and 
when the slipped zone is contrasted with the moisture content profile of the 

auger hole drilled outside the visibly slipped mass. 

(4) A comparison of the geotechnical indices of samples from inside and 
outside the landslide has shown the effects of the increased weathering of 
the slipped material on the geotechnical indices of the Fuller's Earth clay. 
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In addition, this study has confirmed the control that calcite has on the 
Atterberg limits of the Fuller's Earth clay. 

(5) Along the line of survey stations Al to A5, the portion of Slide A 
containing stations A2 and A3 was most active. Station A3 moved a total of 
2.9 m horizontally and 0.9 m vertically downwards. Station Al, situated on 
the lowest toe of the slip, was effectively stationary. The upper area of the 
main translational landslide containing stations A4 and A5 showed much 
less movement. 

(6) Along the line of the B survey stations, stations 131 and B2 were the 

most active, with stations B3 and B4 in the upper area of the main 
translational slide showing less movement. Station 131 moved 2.07 m 
horizontally and 0.59 m vertically downwards. However, this was only in 

the first nine weeks of monitoring, as between the 21st March and 7th 
April 1994, there was an enhanced phase of movement during which time 

station B1 was swept away by the mudflow. 

(7) In the main translational slide up-slope of where the landslide splits 
into two separate morphological features, the side containing survey 
stations B3 and B4 has shown a greater amount of movement than the side 
containing stations A4 and A5. 

(8) A comparison of cumulative movement for each survey station with 
cumulative rainfall reveals that the two are intimately related, even with the 

varying amounts of movement of each station. Where the change in rainfall 
levels is dramatic, there appears to be a time lag of 3 to 6 days between the 
two events. 

(9) The majority of slip movement had been completed by the 
13th April 1994, coincident with a prolonged period of very little rainfall 
from the 10th April 1994 to 20th May 1994. Increased levels of rainfall 
after the 20th May 1994 caused only comparatively small amounts of 
further movement. 

(10) A comparison of ground water levels in the standpipes within the 
landslide, with ground water levels in the standpipe placed outside the slip 
as a control, revealed that the water table within the slip is considerably 
shallower than outside the slip, most likely due to selective recharge in the 
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slipped mass. In addition, all the standpipes within the slip had a faster 
initial response, probably related to the increased dilation of the soil within 
the slipped mass. 

(11) The study has highlighted the importance of standpipe location 
within a landslide, as there is some variation in the ground water level 
between different locations. This is clearly important when considering 
slope stability analyses. 

(12) A comparison of the geomorphological map produced at the start of 
monitoring in January 1994, with a second map produced in May 1994 

when the majority of movement appeared to have taken place, highlighted 
two patterns of movement; transverse crack propagation and retrogressive 
scarp migration. 

(13) Geochemical analyses of ground water samples extracted from the 

standpipes revealed that the concentration of calcium varied between 
61 mg/I and 335 mg/I, significantly higher than the levels found for 

magnesium (2.1 to 14.4 mg/I) and potassium (1.21 to 10.03 mg/I). It is 

likely that the majority of calcium in the ground water originates from the 
dissolution of calcium carbonate in the Fuller's Earth. The magnesium 
found in the ground water samples is probably originating from the 
dissolution of impure calcium carbonate. The presence of potassium is 
likely to originate from the depotassification of illite, as noted by Vear & 
Curtis (1981). 

(14) Magnesium and calcium levels found in the ground water taken from 
those standpipes within the landslip are significantly higher and more 
variable over the period of study than the levels found in standpipe C 

outside the visibly slipped mass. This implies enhanced dissolution of 
calcium carbonate within the slip. 

(15) The calcium concentration found in the ground water varied 
downslope within the landslide. This variation is likely to be related to the 

positions of the sampling standpipes within the slip relative to the flow of 
ground water. Hence, at the head of the slip, ground water concentrations 
of calcium are low and in general increase downslip as the ground water 
percolates downslope dissolving calcium carbonate. 
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(16) The knowledge that active dissolution of detrital calcite in the Fuller's 
Earth clay is occurring within the landslide has important implications for the 
long term stability of the slope. If shear is occurring in the transitional mode, 
as described by Lupini et al. (1981), the dissolution of calcite observed at 
Soper's Wood is likely to reduce the residual shear strength of the landslide 

and with time the slip will further destabilise. 

(17) In addition to the dissolution of calcite, this study has also shown that 
potassium ions are being leached from the clay minerals in the Fuller's 
Earth. Thus, if illite is being transformed to an illite-montmorillonite along 
shear surfaces within the landslide, this will also result in a decrease in the 
residual shear strength of the shear surface, further promoting instability. 
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CHAPTER 4 

A STUDY OF A SHEAR SURFACE IN THE FULLER'S 
EARTH CLAY 

4.1 Introduction 
The investigation of the landslide at Soper's Wood described in 

Chapter 3 demonstrated that both the weathering grade and the depth to 
which weathering occurs are greater in the ground within the landslide 

compared to in the material outside the visibly slipped mass. In addition, 
chemical analyses of ground water samples indicated that; (i) the 
dissolution of calcite within the Fuller's Earth clay is occurring and (ii) 

potassium is being leached from illite, the dominant clay mineral within the 
Upper and Lower Fuller's Earth, which results in the formation of a 
randomly interstratified illite-montmorillonite. 

Through the use of trial pits in the landslide at Soper's Wood, 
Lawrence (1985) noted the presence of discrete shear planes, although he 
did not install inclinometers to determine the depths at which movement 

was taking place. McDonald (1990) demonstrated the increased 

permeability of shear surfaces within the Fuller's Earth and proposed that 
the shear surfaces act as preferential zones of ground water percolation 
within a landslide. 

This chapter describes the study of a small sample of Fuller's Earth 

clay containing a discrete shear surface taken from a trial pit within the 
landslide at Soper's Wood. The research was intended to investigate 

whether the dissolution of disseminated calcium carbonate and the 
chemical weathering of illite is occurring at a greater rate along shear 
planes within the visibly landslipped Fuller's Earth clay, due to the 

preferential percolation of acidic ground waters. The detailed morphology 
of the shear surface has been investigated to gain an understanding of the 

nature of the shear surfaces within the landslide at Soper's Wood. In 

addition, the variation of moisture content across the slip surface has been 

analysed to determine if there is an increase in moisture content at the 

shear surface due to the percolation of ground waters along it. 

4.2 Field Technique 
A hand dug trial pit of 1.5 m depth was carefully excavated across the 

right lateral shear of Slide A at Soper's Wood; this permitted the shear 
surface to be traced down from ground level. This proved more difficult than 
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first anticipated and occasionally the shear surface became hard to follow. 
However, its location was confirmed at a depth of about 0.8 m by the easy 
removal of the clay above it to reveal a highly polished slip plane (see Plate 
4.1). A specially made steel box (85 mm x 245 mm x 160 mm), which had 

sharp bevelled edges to aid penetration, was then pushed into the wall of 
the trial pit at the level of the shear surface, so that a portion of the shear 
surface was contained within the box (see Plate 4.2). The box was then 
dug out and immediately wrapped in 3 layers of cling film to prevent 
moisture loss during transportation. 

4.3 Sample Preparation 
In the laboratory the boxed sample was sawn in half using a high 

speed rotary blade to obtain a "fresh" clay surface (see Plate 4.3). One of 
the boxed halves was then put aside as a reference and the second was 
used for sampling and analysis. A flat piece of wood was placed in the 
back of the boxed sample to be used for analysis and the clay pushed out 
so that 10 mm was revealed. This was then sliced off using a "cheese 
wire" and disposed of to remove any remnants of steel from sawing. A 
further 10 mm of clay was then pushed through to provide a fresh "slab" of 
Fuller's Earth clay containing the shear surface. 

The "slab" was first divided into broad lithological units which were 
logged. The initial idea was then to extract a profile of "mini-cores" down 
the length of the "slab", using a'3 mm diameter cork borer and a perspex 
template. However, this proved unsuccessful and the edges of the "slab" 

were then divided into 44,5 mm wide samples using a razor blade (see 
Plate 4.4). The samples were carefully cut away and placed in clean, oven 
dried and pre-weighed 10 ml glass jars for standard moisture content 
analysis. Following the moisture content analysis the individual samples 
were ground to a rock flour using a pestle and mortar and the calcite 
content determined by titration. Finally, the slab was cut up into units for 
XRD analysis. 

Figure 4.1 contains a plan view of the slab showing the lithological 

units. The position of the 44 samples taken for moisture content and calcite 
content analysis and the location of the units taken for XRD analysis are 
also displayed. The shear surface drops from sample numbers 20 and 21 

on the left edge to sample number 16 on the right edge of the "slab". 



Plate 4.1 Photograph showing polished surface of the slip 
plane. 

Plate 4.2 Photograph of the hand dug trial pit showing the technique 
used to obtain a block sample containing the shear surface. 
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XRD UNIT 
44 Soft, light to medium brown with 44 

43 occasional orange mottling, silty 43 

42 CLAY. 42 
41 Firm, light to medium brown with 

41 

40 occasional orange mottling, silty 40 

39 CLAY. 39 
ý 38 ----- 38 

37 37 

36 Stiff, light to medium brown, 36 

35 silty CLAY. 

34 

33 

32 

31 

H 

30 Very stiff, light brown with mottled 
30 

29 orange patches, very silty CLAY, 29 

28 with much sand to medium gravel. 28 

27 27 

26 26 

25 25 

24 24 

23 23 

22 Stiff, light to medium - 22 

brown, silty CLAY. 1 
20 

19 

18 
17 
16 

15 

14 
13 

12 

11 

10 
9 

35 
34 

33 

32 

31 

20 

19 
qC\ 18 

17 

T 
5 mm 1. 

H 

G 

F 

E 

D 

C 
15 

14 
Stiff to very stiff, medium to dark 1 3 
brown, uniform, silty CLAY. 

12 

11 

10 
9 

B 

7 

6 
5 
4 

3 

2 

B 

A 

Fig. 4.1 Schematic plan view of the prepared slab showing the 
position of the shear surface and the discriptions of the various 
lithological units. Sample numbers for moisture and calcite 
content determination and XRD sample units are also displayed. 



141 

4.4 Moisture Content Analysis 
Moisture content analyses were first conducted on the samples 

obtained from the right edge of the "slab". The profile of the moisture 
content recorded for each of the 5 mm thick samples is displayed in Figure 

4.2. The graph shows a relatively sudden change in the profile between 

samples 16 and 15, with sample 16 corresponding to the level of the shear 

surface. Above the shear surface the moisture content of the clay is very 
varied, whereas below it the profile is relatively uniform at about 63%. This 

relationship was confirmed by a second moisture content analysis 
conducted on the samples from the left edge of the "slab". Fig 4.3 compares 
the two moisture content profiles which are very similar, but are offset from 

each other due to the dip of the shear surface. The left samples still exhibit 
the difference in moisture content profile above and below the shear 

surface which is contained in samples 20 and 21. The generally slightly 
lower values exhibited by the samples taken from the left edge of the "slab", 

may be accounted for by the likely loss in moisture during the one day delay 

between the analysis of the right samples and the left samples, even though 
the "slab" was wrapped in cling film during the interval. 

The moisture content profiles for both the right and left edges of the 
"slab" indicate a very varied moisture above the shear surface between 

approximately 23% and 96%, whereas below the shear surface the 

moisture content is much more uniform at about 58% for the left edge and 
63% for the right edge. Above the shear surface, the disturbed and slipped 
clay is likely to be fractured and more permeable relative to the clay below 
the shear surface. Ground water will preferentially percolate through such 
zones, further softening the clay, so that high moisture contents are 
developed, such as for right sample 43 at 96%. The variable nature of the 

profiles above the slip plane can also be correlated to the lithology of the 

clay, with the lower moisture content exhibited by right samples 21 to 32 

and left samples 25 to 32, related to the very silty clay unit E, containing 
much sand and gravel. Clearly where the soil contains a high proportion of 
sand and gravel, the moisture content will be lower due to the less sorptive 
nature of sand and gravel sized material compared to clays. The peaks 
shown by right and left samples 43 correlate well with unit H, described as 
soft silty clay. Below the shear surface, the recently unslipped clay is 
lithologically fairly uniform and likely to be less disturbed and hence less 

permeable, providing a more stable moisture content profile; although the 

remarkably high values are likely to be related to the generally dilated 

nature of near surface material as a result of stress relief. 
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4.5 A Comparison of Calcite Content and Moisture Content 
Calcite contents were determined for the samples obtained from the 

right edge of the "slab" to establish whether there was a decrease in calcite 
content at the shear surface due to the percolation of acidic ground waters 
along it. 

Figure 4.4 shows the profiles of calcite content and moisture content 
for the samples from the right edge of the "slab". The calcite content profile 
indicates a very varied calcite content above the shear surface of between 

approximately 11 % and 68%, whereas below the shear surface the calcite 
content is very low and uniform at about 2%. At the level of the shear 
surface contained in sample 16, the calcite content is approximately 22%, 
intermediate between the generally higher values found above the shear 
surface and the very low values below the shear surface. However, the 

results provide no conclusive evidence that calcium carbonate dissolution 
is occurring at a preferential rate along the shear surface. 

A comparison of the calcite and moisture content profiles shown in 
Figure 4.4 demonstrates a clear inverse relationship between the two 

profiles. The nature of this relationship is remarkable considering the very 
small sample size of this study. Figure 4.5 shows calcite content plotted 
against moisture content for the samples and emphasises this relationship. 
The two outliers to the trend represent samples 43 and 44. As shown by the 
log, the clay here was soft and the very high moisture content of sample 43 
is likely to be caused by a portion of saturated clay. Sample 44 is right at 
the edge of the slab and the lower moisture content of the sample may be 

as a result of handling and/or the loss of moisture through the "open end" of 
the top of the sample. 

These results provide further evidence that an inverse relationship 
exists between calcite content and moisture content, as initially 
demonstrated by Hawkins et al. (1986 and 1988), and emphasise the 

control that calcite content has on the moisture content of the Fuller's Earth 

clay, even at a very small scale. The control of the moisture content by the 

percentage of calcite present can be explained by the non-sorptive nature 
of calcite compared to clay minerals. Hence, a decrease in the calcite 
content leads to a relative increase in clay fraction and thus moisture 
content. 

4.6 Normalisation of the Moisture Content Profiles 
Trotter (1993) studied the weathering properties of an "earthflow" in 

Tertiary calcareous mudrock in New Zealand. He found that from an 
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analysis of samples obtained from boreholes both inside and outside the 
perimeter of the "earthflow", the relationship between the geotechnical 
properties and the calcite contents of the calcareous mudflow were similar 
to those reported by Hawkins et al. (1986 and 1988) for the Fuller's Earth 
formation. To study the effects of the variation in the borehole moisture 
content profiles as a function of weathering alone, he removed the effects of 
any intra-profile variation in calcite content by normalising the borehole 
moisture content profiles to a calcite content of zero. He did this by 

assuming that: 

" all the calcite is removed without bulk volume change and that water then 
occupies the available pore space. " 

To investigate any variations in the moisture content profile which are 

not controlled by the variation in calcite content, the moisture content was 

normalised according to the method described by Trotter (1993). Figure 4.6 

graphically displays the normalised moisture content profile for the samples 
from the right edge of the "slab" according to Trotter's method and 

compares the profile to the profile for calcite content. Above the shear 

surface contained in sample 16, the normalised moisture content profile is 

variable, with values between approximately 54% and 160%, whereas 
below the shear surface the moisture content is lower and more uniform at 

about 66%. According to Trotter (1993), this indicates that the material 
above the shear surface is fissured allowing the percolation of ground 
waters and weathering to occur. Whereas below the shear surface the lack 

of fissuring has inhibited the percolation of ground waters and hence the 

normalised moisture content is more uniform. However, a comparison of 
the normalised moisture content profile to the calcite content profile, shows 
that the normalised moisture content profile is simply caused by replacing 
the calcite with water and does not add significance to this investigation. 

As calcite is non-sorptive, it is much more useful to normalise the 

moisture content so that it reflects that of the clay minerals within the Fuller's 
Earth alone, without the calcite. This is expected to highlight any change in 

the moisture content profile of the clay across the shear surface. As a 
consequence, in this research the moisture content has been normalised to 

a calcite content of zero, using the following equation: - 

Normalised W%= Mass of Water / (Total Dry Mass - Mass of Calcite) 
Equation (4.1) 
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This method assumes that the soil consists of just clay minerals and calcite, 
and that all the moisture is contained by the clays. Any layers of water that 
may exist adsorbed to the calcite are ignored. 

Figure 4.7 displays the profile of the normalised moisture content 
according to the new method in this study. The shear surface is located in 

sample 16 and it is clear that above the shear surface, the normalised 
moisture content profile still shows some variation, with the majority of 
samples having a moisture content between approximately 62% and 83%, 

with an average of 76%. However, below the shear surface the normalised 
moisture content remains remarkably constant with an average of 65%. In 

addition, their appears to be a peak in the normalised moisture content at 
the approximate location of the shear surface. 

The variation in normalised moisture content above the shear 
surface supports the interpretation of the standard moisture content profile 
and can be explained by the recently slipped material being more highly 

weathered and fissured so that ground waters can percolate through the 
sample. The clays therefore have a higher and more variable normalised 
moisture content. Below the shear surface the recently unslipped material, 
which is lithologically more consistent, is likely to have a lower permeability 
inhibiting the percolation of ground water. Hence, the moisture content is 
lower and more uniform, although it is still high due to general dilation of the 
soil caused by stress release. The change in moisture content at the shear 
surface is so sudden that the shear surface may be acting as a barrier to 
water moving at approximately right angles to the surface. Thus, it may 
prevent ground water passing from the recently slipped material to the 
unslipped material. 

4.7 Analysis of the Shear Surface by SEM 
Samples of the shear surface were viewed using a scanning electron 

micrograph to study the detailed structure of the clay minerals around the 

shear surface. 
The samples were prepared for SEM analysis by partial drying at 

room temperature. Then, in order to view one side of the shear surface in 

plan section, some of the samples were snapped along the line of the shear 
surface; care was taken to prevent any sliding at the shear surface as this 

would disturb the orientation of the clay particles. In addition, some of the 

samples were broken across the shear surface so that a fresh cross- 
sectional profile was revealed. 
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Plate 4.5 displays six photographs from the investigation. 
Photographs "A", "B", "C" and "D" are plan views of the shear surface and 
demonstrate its smooth nature, although minor slickenside striations are 
visible at this scale. In general these striations were fairly shallow and ill- 
defined. The only deeper gouge is shown in photograph "B", however there 
was no evidence of the fine silt grain which may have formed it. 
Photographs "E" and "F" are cross-sectional views of the shear surface and 
the material below it. These highlight the relative smoothness of the shear 
surface and the horizontal orientation of the layer of platy clay minerals at 
the surface; below it the orientation of the clay minerals can be seen to be 

random. This demonstrates the change in geometry of the clay minerals 
immediately adjacent to the shear surface, from a random arrangement only 
2 pm from it to an almost parallel arrangement at the line of failure. 

The SEM examination indicates that the strain created by movement 
along the shear surface in the Fuller's Earth clay at Soper's Wood has 

caused the re-orientation of the platy clay minerals so that they are parallel 
to the direction of movement, creating a very smooth surface. In addition, 
only a few rare striations are visible. McDonald (1992) showed that silt and 
sand size particles in the Fuller's Earth are dominantly calcitic (although 

some silica is also present). Hence, the smoothness of the shear surface 
may be due to the percolation of acidic ground waters along it causing the 
dissolution of any silt and sand sized particles. However, it may simply be 
that at the level of the shear surface, there is a very low proportion of silt and 
sand sized particles due to lithological variation. 

4.8 Mineralogy Across the Shear Surface 
Early & Skempton (1972) report the results of x-ray diffraction 

analyses performed by R. E. Grim in 1962 on samples of clay obtained from 

the shear zone in the Walton's Wood landslide and on samples of the 

ambient clay. They found that there was no difference between the 

mineralogy of the clay samples. In order to study any variation in 

mineralogy across the shear surface obtained from within the landslide at 
Soper's Wood, particularly with respect to clay mineralogy due to increased 

chemical weathering at the shear surface, samples from each of the 
lithological units shown in Figure 4.1 were analysed by x-ray diffraction (see 

Appendix I for laboratory technique). 
Whole "rock" powder mounts were made up from each of the 

lithological units and these were analysed to identify the dominant non-clay 

minerals present in the lithological units. The x-ray diffractograms obtained 



Plate 4.5 Photograph discriptions. 

A. Plan view showing the smooth nature of the shear 
surface. Feint striations are visible. 

B. Plan view of a tool mark gouged out by movement at 
the shear surface. 

C. Plan view highlighting a band of striations on the 
shear surface. 

D. Plan view of the material above and below the shear 
surface. 

E. Cross-sectional view showing a layer of platy clay 
particles aligned parallel to the shear surface. Below the 
shear surface the clay particles are randomly orientated. 

F. Cross-sectional view of the shear surface. Notice 
the alignment of the layer of clay minerals at the shear 
surface. 
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Plate 4.5 Scanning electron micrographs of the shear surface obtained 
from the landslip at Soper's Wood, Bath. 
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from the whole "rock" powder mounts made up from units A and B, located 
below the shear surface, were dominated by quartz peaks with subordinate 
calcite peaks. However, the intensity of the peaks was generally relatively 
low, between approximately 200 and 400 counts, except for the (101) 

quartz reflection which was much higher at approximately 1450 counts in 

unit A and 1750 counts in unit B. In addition, minor peaks of feldspar, 

gypsum and pyrite were evident, however these were often partially 
masked by the more prominent peaks of quartz and calcite. 

In comparison, the x-ray diffractograms from the whole "rock" powder 
mounts made up from units C to H, above the shear surface (unit C includes 
the shear surface), were dominated by calcite peaks with subordinate 
quartz peaks. In addition, above the shear surface, the intensity of the 
counts was generally higher between approximately 200 and 750 counts, 
except for the (104) calcite reflection which varied between approximately 
900 and 2700 counts in the individual units and the (101) quartz reflection 
which varied between approximately 500 and 1150 counts. As found below 
the shear surface, minor peaks of feldspar, gypsum and pyrite were evident 
and again these were often partially masked by the more prominent peaks 
of calcite and quartz. 

The variation in the observed calcite content above and below the 

shear surface is as expected from the calcite content profile shown in Figure 

4.4. In addition, from a qualitative assessment of the relative intensity of the 

peak reflections, it appears that below the shear surface there is a relatively 
lower proportion of non-clay minerals compared to above the shear surface. 
This broadly correlates with the lithological description of the units and the 

very consistent moisture content of the material below the shear surface. 
To investigate any variation in clay mineralogy across the shear 

surface due to weathering, the clay fraction (<2 µm) of the units was 
sedimented onto glass slides and air dried (see Appendix I). This 
technique ensures a high proportion of clay minerals are orientated with 
their basal (001) sections parallel to the slide, thus enhancing the clay 
mineral reflections. To aid the identification of the various clay minerals 
present the slides were then treated and analysed by x-ray diffraction in the 
following order; air-dried, treatment overnight with ethylene glycol at 60°C, 
heated to 300°C for at least 30 minutes and 550°C for a minimum of 4 
hours. The order of the treatments is important as the effects of each stage 
are irreversible. 

In each of the units analysed the following clay minerals were 
identified. Illite was identified in all the diffractograms by sharp well defined 
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reflections for (001) at approximately 10.36 A, (002) at 5.09 A and (003) at 
3.38 A. These peaks are unaffected by glycolation and heating. 

Kaolinite was identified by reflections for (001) at 7.15 A and (002) at 
3.58 A. The (001) and (002) reflections for kaolinite can be confused with 
the (002) and (004) reflections for chlorite, respectively. Heating the clay 
samples at 550°C causes the collapse of kaolinite to a metakaolin which 
shows no diffraction pattern (Brindley & Brown 1980). In all samples, the 

reflections at 7.15 A and 3.58 A totally collapsed on heating to 550°C, 
indicating the absence of chlorite. 

Montmorillonite was identified by basal (001) spacings between 
14 A and 15.7 A. The basal spacing of air dried samples of 
montmorillonite is known to depend on the interlayer cation, Grim (1953). 
This is supported by McAttee (1956) who noted that ideally at room 
temperature sodium montmorillonite would have a "single water layer" 

resulting in a (001) spacing of 12.4 A, while calcium montmorillonite would 
have a "double water layer" and a corresponding (001) value of 15.4 A. 

Hence, from the reflections of the basal spacing, the montmorillonite 
identified is calcium montmorillonite. This correlates with the presence of 
calcium rich ground waters found in the landslide at Soper's Wood (see 
Chapter 3). In all the units, the montmorillonite appeared to be 
interstratified with illite to some degree. Pure montmorillonite is identified 
by the presence of a regular sequence of reflections (Srodon 1980) and 
thus there would be a distinct (001) peak relative to the illite (001) peak. 
However, in all the samples there were diffuse reflections of intermediate 
basal spacings between the two peaks indicating a degree of 
interstratification. In addition, the (002) illite peak had a broad base, which 
on glycolation, shifted to form a low angle shoulder, characteristic of illite- 

smectite interstratification. 
Treatment with ethylene glycol, causes the maximum expansion to 

about 17 A of the basal spacing of the montmorillonite proportion of the 
interstratified clay mineral, whilst the illite basal spacing remains unaffected. 
Hence, glycolation increases the intensity of the (001) montmorillonite 
reflection, as well as shifting it relative to the (001) illite reflection, providing 
an indication of the proportion of the two component minerals. MacEwan 
(1949) reported a minimum requirement of a glycol saturated (001) peak at 
17.7 A for the confirmatory identification of montmorillonite. However, 
Srodon (1980) recorded a range of 16.5 to 17.3 A and demonstrated that it 
depended on the layer charge density, the type of interlayer cation and the 

relative humidity. Schultz (1964) stated that heating to 300°C for at least 30 
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minutes volatises all the absorbed ethylene glycol and water within the 

montmorillonite lattice which results in a decrease in basal spacing to 10 A, 

reinforcing the illite peak. However, in this study the volatisation of the 

adsorbed glycol and water only partially occurred at 300°C and the total 

collapse of the expanded montmorillonite occurred after heating to 550°C. 
Srodon (1980) stated that the absence of a glycolated reflection 

between 5.3° and 8.7°28 indicates that the interstratification is random. In 

addition, Srodon (1981) noted that, based on the work of Reynolds & Hower 
(1970), on glycolation where there are separate 10 A and 17 A peaks 
(characteristic of illite and montmorillonite) this is indicative of a randomly 
interstratified illite-smectite. All the samples analysed produced discrete 
illite and montmorillonite peaks on glycolation, with no intermediate 

reflections and hence the interstratification is likely to be random in nature, 
as first proposed by Lawrence (1985) and Hawkins et al. (1986 and 1988). 

Srodon (1980) described three methods for determining the 

proportion of illite and montmorillonite in pure interstratified illite- 

montmorillonites. However, these methods are only applicable to relatively 
pure illite-smectites, as where there is a substantial proportion of discrete 
illite present (such as in naturally occurring soils), the methods cannot be 

used due to interference. Thus, Srodon (1981) suggested an alternative 
method, which uses glycolated reflections at about 15-16°20 and 31-32°20. 
However, in this study the diffractograms did not show distinct enough 
signals for measurement, especially in the 31-32°20 region. Indeed, 

Srodon (1981) stated: 

"It may not be possible (to use the method) if the reflections are very diffuse 
(soil minerals), or if the amount of an expanding mineral in the mixture is 
small. Pure smectite can be identified in amounts as low as 10%. At the 
other end of the randomly mixed-layered series it may be difficult to identify 
precisely 40-45% S (smectite) mineral in quantities as high as 50% of a 
sample because at this illite-smectite layer ratio the 31-32°20 peak 
becomes weak and diffuse. " 

Other methods for quantifying the proportions of minerals have been 
developed by various researchers. These use either the peak intensities of 
reflections or the calculation of the areas below the peaks (eg. Schultz 
1964). However, due to the interference of the reflections of the clay 
minerals in the diffractograms obtained in this study, it becomes difficult to 

calculate the area beneath the peaks, or to measure an intensity of a peak 
above the variable general background level, and thus the results become 



153 

highly subjective. Hence, a qualitative analysis of the clay mineralogy 
found in the units at Soper's Wood has been carried out. 

The qualitative clay mineralogy of the individual units, based on the 
x-ray diffraction data and diffractograms from both the untreated and treated 
slides, is shown in Table 4.1. The table identifies those clay minerals 
present in each unit and shows there approximate qualitative proportions. 
The calcium montmorillonite identified is randomly interstratified with illite 

and the approximate proportions of illite and Ca-montmorillonite are as 
identified from an analysis of the intensity of the (001) montmorillonite 
reflection and the (001) illite reflection of the glycolated samples. The 

proportion of illite includes that of pure illite and illite randomly interstratified 

with Ca-montmorillonite, as due to interference between reflections it is 
difficult to distinguish between the two. In addition to the clay mineralogy, 
minor reflections of quartz were evident in units A and B and minor 
reflections of calcite and quartz were evident in units C to H. However, 
these reflections were significantly reduced compared to the whole "rock" 

samples, indicating that the majority of quartz and calcite is greater in size 
than 2 µm. 

XRD UNIT QUALITATIVE PROPORTION OF CLAY MINERALS 

H illite>Ca-montmorillonite>kaolinite 

G Ca-montmorillonite>illite>kaolinite 

F Ca-montmorillonite>illite>kaolinite 

E Ca-montmorillonite=illite>kaolinite 

D Ca-montmorillonite>illite>kaolinite 

C Ca-montmorillonite»illite>kaolinite 

B Ca-montmorillonite»>illite=kaolinite 

A Ca-montmoriIIonite»>iIlite=kaolinite 

Table 4.1 Qualitative proportion of clay minerals identified in 
the XRD units. 

Units A and B are dominated by interstratified calcium 
montmorillonite and contain approximately equal proportions of illite and 
kaolinite. Unit C contains slightly less Ca-montmorillonite, but is still 
dominated by calcium montmorillonite and contains subordinate kaolinite. 
Figure 4.8 displays the diff ractograms for unit C. Unit D, immediately above 
the shear surface, is less dominated by interstratified calcium 
montmorillonite but still shows a similar trend of 
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Ca-montmorillonite>illite>kaolinite. A similar relationship is also shown by 

units F and G. However, unit E shows approximately equal proportions of 
illite and interstratified Ca-montmorillonite with sub-ordinate kaolinite and in 
unit H, illite is dominant, followed by interstratified Ca-montmorillonite and 
kaolinite. Figure 4.9 displays the diff ractograms for unit E as an example. 

These qualitative results indicate that there is an increased 

proportion of calcium montmorillonite randomly interstratified with illite in 

unit C, containing the shear surface, compared to in units D to H above, in 

the recently slipped ground. This may be interpreted to indicate that the 

preferential percolation of acidic ground waters along the shear surface 
encourages increased rates of chemical weathering at the shear surface. 
Hence, potassium is leached from illite at a greater rate, resulting in the 
formation of a higher proportion of randomly interstratified illite-Ca- 

montmorillonite. The analysis has shown that the montmorillonite is 

calcium montmorillonite, which is to be expected as the ground water has 
been shown to be rich in Ca2+ (see Chapter 3). 

Above the shear surface the clay in units D to H still contains Ca- 

montmorillonite, but in smaller, variable proportions. This is as expected, as 
from the moisture content profile it was interpreted that above the shear 
surface the recently slipped clay would be disturbed and fractured, resulting 
in a secondary permeability. This allows the infiltration of surface water and 
hence some chemical weathering can be expected to occur. 

The very high proportion of Ca-montmorillonite in those units below 
the shear surface is contrary to that expected. From the lithology and the 
moisture content profile, these units were interpreted to indicate that the 
recently unslipped material below the shear surface was less permeable 
and lithologically more uniform. In addition, it was suggested that the shear 
surface may act as a barrier to the vertical percolation of ground water 
across it. This was supported by observations made using the SEM which 
demonstrated the parallel orientation of clay minerals at the shear surface. 
One possible explanation for the increased weathering apparent in units A 

and B is that stress relief in this relatively near surface material has resulted 
in the dilation of the clay. Thus, ground water, possibly emerging from 

nearby limestone bands within the Fuller's Earth, is able to migrate through 
this more uniform recently unslipped clay and hence, over time, weathering 
has occurred. 
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4.9 Conclusions 
(1) Moisture content analysis has demonstrated the more variable levels 

of moisture content in the recently slipped ground immediately above the 

shear surface (23% to 96%) compared to the more uniform levels in the 

recently unslipped material below it (60% to 66%). This is interpreted to 
indicate that the recently slipped material is more disturbed and permeable 
relative to the recently unslipped material below the shear surface. 
However, the values below the shear surface are still high and this is 

attributed to the generally dilated nature of the near surface material. 

(2) Calcite content analysis provided no evidence of preferential 
decalcification along the shear surface. This may be due to the thickness of 
the samples relative to the shear surface. 

(3) The study has re-emphasised the inverse relationship between 

calcite content and moisture content for the Fuller's Earth clay. The nature 
of this relationship is remarkable considering the very small sample size of 
this study. 

(4) A new method for normalising the moisture content to a calcite 
content of zero has been used successfully to investigate the moisture 
content of the clay minerals alone. This method assumes that all the 
moisture present is held in the clays. 

(5) The normalised moisture content profile supported conclusion (1) 

and showed that the moisture content of the recently slipped clays is higher 

compared to that of the recently unslipped clays below the shear surface. 

(6) SEM examination has demonstrated the parallel alignment of clay 
minerals at the shear surface due to shear displacement. The anisotropic 
alignment may be acting as a barrier preventing ground water percolating 
vertically across the shear surface. Hence, the higher normalised moisture 
contents seen above the shear surface and the marked change in both the 

standard and normalised moisture content at the shear surface. 

(7) Under SEM examination no silt/sand particles were observed 
embedded on the shear surface and it appeared remarkably smooth, 
indicating that shear is likely to be occurring in the sliding mode, according 
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to Lupini et al. (1981). This may be due to the dissolution of the calcitic 
particles at the shear surface by percolating ground waters. 

(8) XRD analysis of the clay mineralogy of the shear surface and 
surrounding material indicates that increased rates of illitic weathering, 
resulting in the formation of an increased proportion of inter-stratified illite- 
Ca-montmorillonite, is likely to be occurring along the shear surface. 

(9) The study has proved the validity of the sampling techniques and 
further research could be carried out on a deeper, more established, 
"gleyed" shear surface at an alternative site in the Fuller's Earth using these 
methods. 
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CHAPTER 5 

AN INVESTIGATION INTO THE EFFECTS OF CALCIUM 
IN PORE WATER ON THE RESIDUAL SHEAR STRENGTH 

OF CLAYS 

5.1 Introduction 
The chemical analysis of the ground water within the landslide at 

Soper's Wood, described in Chapter 3, highlighted the dominance of 
calcium. The concentration of calcium was found to vary with location 

within the slip and to correlate broadly with seasonal precipitation. Chapter 
2 reviews previous work carried out to investigate the effects of pore water 
chemistry on residual shear strength and emphasises the influence of pore 
water chemistry, although there is some conflict between the results of 
different authors. Hence, this chapter describes an investigation to study 
the effects of calcium in pore water on the residual shear strength of pure 
clays, related to the landslide at Soper's Wood. 

Previous research has studied the effects of pore water chemistry on 
residual shear strength at one particular effective normal stress, ignoring 
the effects of the curvature of the residual failure envelope. In the present 
study, the residual failure envelopes for pure clays treated with solutions of 
calcium, at concentrations approximate to the levels found in the ground 
water in the landslide at Soper's Wood, have been defined. This has 
enabled an analysis of the effective residual cohesion intercept, residual 
shear angle and residual shear strength at various effective normal 
stresses. In order to interpret the results and behaviour of the clays it is 
important to have an understanding of clay mineralogy and its associated 
chemistry. Hence, these are reviewed below. 

5.2 A Review of Clay Structure (based on the work by Grim 
1968, van Olphen 1977, Bowles 1979 and Brady 1990) 

Clay minerals are phyllosilicates formed by the interlocking of silica 
dominated and aluminium/magnesium dominated sheets. There are two 
main building blocks for the sheets, silica tetrahedra and aluminium/or 
magnesium octahedra, respectively. In the silica tetrahedra, each silicon 
atom is equidistant from four oxygens with silica at the centre, these 
tetrahedra are then joined horizontally to form a "tetrahedral sheet" or "silica 

sheet". In the second structural unit, the octahedra consist of an aluminium 
(or magnesium) ion surrounded by six oxygen or hydroxyl groups, these are 
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then linked horizontally to from an "octahedral sheet", also called the 
"gibbsite sheet" (aluminium) or "brucite sheet" (magnesium). Shared 

oxygen atoms between the sheets bind them together to form unit layers, 
which are stacked on one another to form the clay mineral. The specific 
nature and combination of the sheets within the layers allows the formation 
of various clay types and controls their physical and chemical properties. 
There are three main clay types formed by these combinations: 
1: 1 Type minerals 

The most commonly occurring clay mineral in this group is kaolinite. 
The "unit layers" of this group consist of one silica sheet and one gibbsite 
sheet bound tightly together by shared oxygen atoms. The unit layers are 
then held together by hydrogen bonding and van der Waals forces. These 
forces result in considerable strength, with little tendency for the interlayers 
to take on water and swell, and the effective surface area is restricted to its 

outer faces. This together with little isomorphic substitution, provide 
1: 1 clays with a relatively low capacity to adsorb ions. Their average 
specific surface area is between 5-20 m2/g and their average size is 
between 0.5-5.0 gm. 
2: 1 Type minerals 

Here the unit layers consist of one octahedral sheet sandwiched 
between two tetrahedral sheets. The group consists of three broad types of 
minerals, expanding, limited expanding and non-expanding. 

In the expanding group or smectite group, of which montmorillonite is 
the most common member, the unit layers are held loosely together by a 
combination of very weak oxygen-oxygen and cation to oxygen linkages. 
The cations are attracted to the external and interlayer surfaces of the clay 
due to the isomorphic substitution of aluminium for silica in the tetrahedral 
sheet and magnesium for aluminium in the octahedral sheet, creating a 
negative charge imbalance. The cations, with there associated water 
molecules, cause expansion of the clay mineral. In the expanding group 
the large internal surface area exceeds the external surface area and the 

average specific surface area is between 700-800 m2/g. Their size is 
between 0.01-1.0 µm. 

Limited expanding clay minerals such as the vermiculites have much 
more isomorphic substitution in the octahedral and tetrahedral sheets and 
therefore have a very high negative charge imbalance. This causes the 
water and cations to be strongly adsorbed in the interlayer space. Hence, 
due to the strength of the adsorption, they bind the unit layers together and 
there is less expansion compared to smectites. 
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The non-expanding group consists of fine grained micas and illite. 
Here the major source of charge imbalance is caused by the isomorphous 
substitution of about 20% of the silica atoms in the tetrahedral layer causing 
a high negative charge in the interlayer space. Potassium ions are strongly 
attracted to the interlayer space and, as they are of the right size to fit into 
the spaces adjoining the tetrahedral sheets, act as a binding agent and the 
mineral is non expansive. Properties such as hydration, cation adsorption 
and swelling are less intense than in smectites but more than in kaolinite. 
The specific surface area and size is intermediate between kaolinite and 
smectite due to the tightly held interlayer potassium ions and the average is 
between 70-100 m2/g and 0.2-2.0 µm, respectively. 
2: 1: 1 Type minerals 

This group is represented by the chlorites and they have a size and 
surface area similar to that of illite. Here 2: 1 layers such as those found in 
vermicullites, alternate with a bruccite sheet which replaces the interlayer 

charge compensating cations found in vermicullites. Due to the 
replacement of some Mg by Al in the bruccite sheet, it carries a net positive 
charge which nearly compensates for the negative charge in the 2: 1 layer. 
There is little water adsorption between the crystal units and so this type of 
clay is non-expansive. 

5.3 Clay Mineral Chemistry (based on the work by van Olphen 
1961 & 1977 and Brady 1990) 

Clay minerals commonly exhibit an overall negative charge due to 
exposed crystal edges and isomorphous substitution. The charges caused 
by exposed crystal edges are due to the dissociation of the OH groups at 
the edge of the clay crystal. They are pH dependent, with a high pH 
causing increased dissociation and hence increased electronegativity, 
whereas at a low pH, protonation (the attachment of H+ ions to the surface 
of the OH group) takes place and a positive charge is exhibited by the 

crystal edge. At an intermediate pH there may be no charge. 
The charges caused by isomorphous substitution are constant and 

are much greater then those caused by broken crystal edges. The 

substitution may occur in both the tetrahedral and octahedral sheets and it 
is the ionic diameter which governs the substitution, not the pH. Under 

certain circumstances, eg if A13+ replaces Mgt+, a positive charge can result, 
however the substitutions leading to negative charges far outweigh those 
producing positive charges and so a net electronegativity results. 
Isomorphous substitution is common in 2: 1 type clays and may occur in 
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certain 1: 1 type clays, but to a lesser extent. In 1: 1 type clays exposed 
crystal edge charges are the dominant cause of the electronegativity. 

The negative charges associated with the clay particles attract 
cations which adsorb to the crystal surface. These are subject to 

replacement by cation exchange which depends on the valency, 
concentration, size and charge density of the various ions. Generally 
higher valency ions replace those of lower valency, however by mass 
action it is possible for a cation of a lower valency to replace an adsorbed 
cation of higher valency, if their concentration in the solution is very high. 

The adsorbed ions give rise to an ionic or electric double layer with the clay 

crystal forming the overall electronegative inner ionic layer and the 

adsorbed cations forming the outer layer. In addition, a large number of 

water molecules are attracted to the adsorbed cations which are hydrated. 

The adsorbed cations remain attached to the particle when the clay is dried, 

therefore when the dry clay is brought into contact with water a hydrated 

electric double layer is spontaneously created. 
When clays form a dilute suspension in distilled water they disperse 

and the particles repel each other due to their smallness, their negative 
charge and diffuse double layer. In this situation the attractive van der 
Waals forces that exist between clay particles are unable to compete with 
the repulsive forces of the double layer. Highly hydrated mono-valent ions, 

which are not very tightly held by the clay particles, help to stabilize the 
dispersed solution. However, if di-valent or tri-valent ions are introduced to 
the solution, these are exchanged for the mono-valent ions, and are more 
tightly adsorbed to the crystal causing the diffuse counter ion atmosphere to 
be compressed towards the crystal surface. The degree of compression of 
the double layer is governed by the concentration and valency of the 

cations in solution. The higher the concentration and valency the more the 
double layer is compressed. Due to the compression of the double layer, 

the range of repulsion is considerably reduced and the attractive van der 
Waals forces are able to dominate and cause flocculation. The van der 
Waals forces remain practically the same regardless of the electrolyte 
concentration. The degree of flocculation is governed by the Schulze- 
Hardy rule which states that the higher the valence of the cations, the 

greater their flocculating power and hence the lower the flocculating 

concentration. 
There is a second short range repulsive force, which should not be 

entirely disregarded, caused by hydration. A thin layer of water a few 

molecules thick is usually adsorbed to the particle surface and hence in 
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bringing the clay particles closer together, the work of desorption of the 
water is manifested as short range repulsion. The energies involved are 
not sufficiently large to affect the balance of the repulsive double layer 
forces and the van der Waals forces at the large distances from the surface 
of the clay, where the fate of the colliding particles is decided. 

There are a number of different flocculating structures that can form 
depending on the charges that surround the clay particles. If the crystals 
have positive edges then a face to edge floc results, forming a card-house 
structure. However, if the crystals are a mixture of charges, then edge to 

edge or face to face structures may result, forming thick flakes. 

5.4 A Review of Calcium Carbonate Dissolution 
In pure water at 25°C calcium carbonate is only soluble to 14 mg/I, 

compared to gypsum 2400 mg/I, halite 370000 mg/I, and silica 5 mg/I 
(Drew 1985). However, in natural ground waters, concentrations of 
calcium carbonate of up to 450 mg/I are normal. This solvent action of 
natural waters depends dominantly on their acidity/aggressivity. 

There are a number of sources of acidity in natural waters including 

sulphuric acid from 'acid rain', organic acids from decaying matter and 
mineral acids. However, the dissolution of calcium carbonate is dominated 
by carbonic acid from dissolved carbon dioxide (Gunn 1986), as it is a 
relatively strong acid and carbon dioxide is universally available, 
particularly within the unsaturated soil zone where it is generated by the 
decay of organic matter and by respiration from plant roots. Thus, this 
section will deal with the sequence of reactions caused by carbonic acid. 

Picknett et al. (1976), Bögli (1980) and Spears (1986) provide 
detailed accounts of the sequence which Gunn (1986) has summarised as 
follows: 

C02(air) + H2O C02(aq) + H2O Equation (5.1) 
Carbon dioxide in the soil atmosphere dissolves in water. Kinetically 

slow. 
C02(aq) + H20H2CO3 Equation (5.2) 
Dissolved carbon dioxide hydrates to form carbonic acid. Kinetically 

slow. 
H2CO3. H+ + HCO3 Equation (5.3) 
Carbonic acid dissociates into hydrogen and hydrogen carbonate 

ions. Kinetically fast. 
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CaCO3 Ca2+ + C032- Equation (5.4) 
Calcium carbonate dissociates. Kinetically slow. 
H+ + CO32- HC03 Equation (5.5) 
The CO32- produced in equation (5.4) associates with H+ from 

equation (5.3) to from hydrogen carbonate. Kinetically fast. 

The reaction in equation (5.5) acts as a driving force reactivating the 
other four processes. The removal of'the C032- from the solution-mineral 
interface drives reaction (5.4) to the right causing more calcium carbonate 
to dissolve. The association of H+ with CO32- in equation (5.5) upsets the 
equilibrium and drives reaction (5.3) to the right causing further dissociation 
of H2CO3. This in turn disturbs the equilibrium in equation (5.2) causing 
further carbon dioxide to dissolve in the water. This cycle continues until 
the system is in equilibrium and the forward and reverse reaction rates are 
equal. At this point the solution is saturated with calcium carbonate 
(Picknett et al. 1976). 

The full sequence can be summarised by the equation: 

CaCO3+ H2CO3 - Ca2+ + 2HC03 Equation (5.6) 

There are two main conditions for calcite dissolution, "open-system 

conditions" and "closed-system conditions" (Freeze & Cherry 1979). In 

open conditions there is an abundant supply of carbon dioxide present and 
the amount of dissolved carbon dioxide remains constant. This situation 
occurs when rain water infiltrates into the soil and dissolution of calcium 
carbonate occurs above the water table where abundant carbon dioxide is 

present in voids. 
Closed systems exist when the supply of carbon dioxide is cut off 

before reaction with calcium carbonate and the H2CO3 consumed during 

reaction is not replenished by further dissolving of carbon dioxide. This 

would occur when rain water passes through a non carbonate unsaturated 
soil zone to the saturated zone charged with carbon dioxide. If it then 
encounters carbonate minerals, dissolution will occur and the concentration 
of dissolved carbon dioxide will decline due to the absence of any carbon 
dioxide containing voids in the saturated zone. Hence, the amount of 
calcium carbonate that can be dissolved is less than in open conditions. 

Equilibrium pH's (ie at saturation) are lower, usually below 8, and the 
HCO3_ and Ca2+ concentrations are higher under open conditions, due to 
the increased solubility for a given initial carbon dioxide partial pressure. 
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However, it is important to note that ground water may proceed through 
both these idealised conditions during its lifetime. 

In addition, water saturated with respect to calcium carbonate is 

unlikely to remain in equilibrium for very long. For example, water in an 
open system, saturated with calcium carbonate under relatively high partial 
pressures of carbon dioxide, will reach a state of disequilibrium if it moves 
into an area where there is a lower partial pressure of carbon dioxide. The 
dissolved carbon dioxide will degass quicker than the precipitation of 
calcium carbonate and the water would become supersaturated. In 

addition pH will rise. If the water were to remain in this zone for a period of 
time a new equilibrium would be reached with the precipitation of the 

excess calcium carbonate. 
For any fixed partial pressure of carbon dioxide in contact with water, 

solubility increases with decreasing temperature. Hence, due to increased 

acidity, the solubility of calcite increases at approximately 1.3% per degree, 

according to Picknett et al. (1976). However, though this is true in 

experimental systems, in natural ground waters, carbon dioxide partial 
pressures and the nature of the system are also important controls on solute 
concentrations (Smith & Anderson 1976). 

5.5 The Laboratory Simulation of Calcium Carbonate 
Dissolution 

The work described in Chapter 3 indicated that in the landslide at 
Soper's Wood, the dissolution of calcium carbonate is likely to be a major 
source of calcium in the ground water. Therefore, in order to try and 
simulate natural ground water chemistry as closely as possible, 
experiments were conducted to create stable solutions of calcium ions in 
the laboratory from the dissolution of calcium carbonate. These solutions 
could then be used in ring shear tests to investigate the effects of pore water 
chemistry on the residual shear strength of clays. 

The review of calcium carbonate equilibria highlights its instability. In 

addition, carbonic acid is unstable in the laboratory under normal 
atmospheric conditions. Thus, a technique was developed to create a 
system where there was abundant carbon dioxide under high partial 
pressures causing any calcium carbonate present in the system to dissolve. 
By varying the amounts of calcium carbonate in the system, it was expected 
that solutions of different Ca2+ concentrations could be created. These 

solutions then needed to be tested for their stability over a period of time, 
equivalent to the length of a ring shear test, as any precipitation of calcium 
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carbonate from solution during a ring shear test is likely to alter the residual 
shear strength of a clay sample. 

5.5.1 Laboratory Technique 
Three sets of experiments were conducted and the following basic 
technique was used, with some adaptions in the third experiment. 

Heavy 100 ml polyethylene bombs, which could withstand 
pressures of 125 p. s. i (856 kN/m2), were thoroughly cleaned and filled 

with 100 ml of "Purite" (deionised water). A predetermined amount of 
"analR" grade calcium carbonate was then added, together with 5g of dry 
ice and the lid quickly sealed. The lids were then machine tightened to 
11 N. 

The bombs were thoroughly shaken and then left for 5 days to allow 
the system to equilibrate, after which they were opened and 10 ml aliquots 
pipetted off twice a day until no solution remained. The pH of the bulk 

solution was measured prior to each pipetting. The aliquots were then 
placed in evaporating dishes. Once evaporation had been completed the 
precipitated calcium carbonate was weighed and the amount of dissolved 

calcium carbonate calculated at the time of extraction of the aliquot. A 

profile with time of the concentration of Ca2+ could then be constructed to 
assess the stability of the solutions. 

The polyethylene bombs were under intense pressure and on 
sealing, the safety valve of the bombs was often explosively released, 
indicating that 125 p. s. i (856 kN/m2) had been exceeded. 

5.5.2 Experiment 1 
Three bombs were set up each containing 0.1 g CaCO3,5 g dry ice 

and 100 ml Purite (providing a calculated concentration of 400 mg/I Cat+). 
Figure 5.1 shows the change in the concentration of Ca 2+ and pH, with time 
after opening, for the three bombs. Ca 2+ concentrations may be multiplied 
by a factor of 2.5 to find the amount of dissolved calcium carbonate. Bombs 
1 and 2 display similar patterns with an initial drop in Ca2+ concentration. 
The level then remained approximately constant until the 28th hour, when it 
drops off rapidly. This is supported by the appearance of a white scum of 
CaCO3 floating on the surface of the solution, which is comparable to the 
rafts of CaCO3 seen floating in travertine systems, described by Chafetz et 
a/. (1991). The pattern is less clear for the third bomb. All the bombs show 
a trend of increasing pH with time, which is rapid at first, probably due to the 
initial rapid exsolving of dissolved carbon dioxide. 
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The results from this initial experiment indicated that it may be 

possible to create stable solutions of Ca2+ for a 24 hour period, using this 
technique. 

5.5.3 Experiment 2 
A second, more detailed experiment was conducted to confirm and 

further define the stability of the Ca2+ solutions. Seven bombs were used, 
approximately representing the range of CaCO3 concentrations found in the 
ground water at Soper's Wood: - 

P =100ml Purite + 5g dry ice (control) 
A =100ml Purite + 5g dry ice + 0.005g CaCO3 (equivalent to 50mg/I CaC03) 
B =100ml Purite + 5g dry ice + 0.01g CaC03 (equivalent to 100mg/I CaCO3) 
C =100ml Purite + 5g dry ice + 0.02g CaC03 (equivalent to 200mg/I CaC03) 
D =100ml Purite + 5g dry ice + 0.03g CaCO3 (equivalent to 300mg/I CaCO3) 
E =100ml Purite + 5g dry ice + 0.04g CaC03 (equivalent to 400mg/I CaC03) 
F =100ml Purite + 5g dry ice + 0.05g CaC03 (equivalent to 500mg/I CaC03) 
G =100ml Purite + 5g dry ice + 0.06g CaC03 (equivalent to 600mg/I CaC03) 

Figure 5.2 shows how calcium ion concentration varies with time 
after opening, for each bomb. Most of the bombs show the same pattern, 
however the relationship is very different to experiment one and it is hard to 
draw any conclusions from the results. The pattern is also displayed by the 
control sample, indicating that it may be caused by experimental error. 

Figure 5.3 shows the variation of solute pH with time for the various 
bombs. In all cases pH increases with time after opening and all show 
similar relationships. In addition, the pH for all the bombs is significantly 
higher than the control due to the dissolved CaCO3 acting as a buffer, 
hence those bombs with greater quantities of CaCO3 have higher pH's. 

5.5.4 Experiment 3 
The results from experiment 2 provided no clear answers and it was 

thought that experimental error due to the method of evaporation and 
weighing may have affected the results. It was therefore decided to 
undertake a similar experiment, but this time to analyse the concentration of 
calcium in the aliquots using atomic adsorption spectroscopy as this would 
be more accurate (see Appendix I). In addition, 8 ml aliquots were taken to 
further define the profiles. The temperature in the laboratory was also 
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monitored using a thermograph. Six polyethylene bombs were used, 
containing different amounts of calcium carbonate: - 

P =100ml Purite + 5g dry ice (control) 
A =100m1 Purite + 5g dry ice + 0.01 g CaCO3 (equivalent to 100mg/I CaCO3) 
B =100ml Purite + 5g dry ice + 0.02g. CaCO3 (equivalent to 200mg/I CaCO3) 
C =100ml Purite + 5g dry ice + 0.03g CaCO3 (equivalent to 300mg/I CaCO3) 
D =100ml Purite + 5g dry ice + 0.04g CaCO3 (equivalent to 400mg/I CaCO3) 
E =100ml Purite + 5g dry ice + 0.05g CaCO3 (equivalent to 500mg/I CaCO3) 
F =100ml Purite + 5g dry ice + 0.06g CaCO3 (equivalent to 600mg/I CaCO3) 

Figure 5.4 shows the variation in Ca2+ concentration with time and 
indicates that the solutions may be stable over a longer period than 
previously thought, however there is still some variation in the 

concentrations. An analysis of how solution pH varies with time in Figure 
5.5 demonstrates a gradual rise in pH over the period, as seen in the first 
two experiments. In addition, the temperature in the laboratory was found to 
vary between 15°C and 26°C over the five day period. 

5.5.5 Discussion of Results 
The results from all three experiments show significant variation from 

each other, making it very difficult to say conclusively how long the solutions 
of calcium will be stable. In addition, the concentrations obtained are less 
than expected from chemical calculations. These inconsistencies would 
affect the results of any experiments conducted using these solutions to 
investigate the effect of Ca2+ concentration in pore water on the residual 
shear strength of clay. Following discussions with P. L. Smart (pers. comm., 
1993), it was concluded that calcium carbonate equilibria is too unstable, 
being affected by carbon dioxide partial pressures, pH and temperature, 
which are all difficult to control during a ring shear test, as exemplified by 
the large variation in laboratory temperature during experiment 3. The idea 

of using calcium carbonate as a source of calcium ions was therefore 
abandoned in place of using calcium chloride as a solute, as it is highly 

soluble, stable and unlikely to form complexing agents in solution. 

5.6 Investigation into a New Ring Shear Technique 
The initial experiment indicated that the Ca2+ solutions may have 

only been stable for a 24 hour period and thus their chemical stability would 
have been inadequate for use in the routine ring shear test which takes 
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approximately 4 days (see Appendix I). A new ring shear technique was 
investigated which would allow the use of a new solution of Ca2+ and clay 
sample for each normal effective stress. Thus, each solution of Ca2+ would 
be used for less than 24 hours. A series of these tests, done at a range of 
effective normal stresses, would allow the complete residual failure 

envelope to be defined for a particular clay and pore water. 

5.6.1 Multiple Shear Technique 
Pure "SPS" grade kaolinite, from English China Clays International 

Limited, was left to consolidate overnight at the required effective normal 
stress. The water bath was filled with deionised water. The next morning a 
shear surface was created by failing, under the same load, at a speed of 
60°/minute (44.52 mm/minute) for 25 minutes. The sample, now in the 

residual condition, was then left for eight hours at a strain rate of 
0.024°/minute under the same load and the residual shear strength 
measured at the end of this period. This procedure was done for each 
effective normal stress with a new kaolinite sample and solution of 
deionised water. All the samples came from the same homogenised batch 

of kaolinite. 
Figure 5.6 shows the results obtained by this technique. These do 

not form a typical residual failure envelope created by the routine 
technique, described in Appendix I, and any residual shear angles taken 
from the envelope are likely to be inaccurate. The ultimate residual shear 
angle is 6°, much lower than an angle of 10.4° (see Figure 5.9) obtained by 
the routine method described in Appendix I. The unusual envelope is likely 
to be due to the large amounts of extrusion caused by the creation of a 
shear surface under high loads and the incomplete consolidation of the 

samples. On dismantling the apparatus it was found that in some cases, at 
least half the sample had been extruded. 

5.6.2 Multiple Shear Technique with Staged Consolidation 
A second approach was tried where each sample was consolidated 

by slowly increasing the effective normal stress up to the required level. 
The load was only increased once the sample appeared to have ceased 
consolidating. Consolidation was monitored using a vertical dial gauge 
and it was found that it took approximately an hour for the sample to 

undergo the majority of consolidation under each load. Once the full 

consolidation had been completed to the required effective normal stress, a 
shear surface was created by the previous method, but only under a load of 
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27 kPa to avoid excessive extrusion. The sample was then left overnight at 
a strain rate of 0.024°/minute under the required effective normal stress and 
the residual shear strength measured the following morning. This 
processes was repeated for each effective normal stress with a new clay 
sample and solution of deionised water. 

Figure 5.7 shows the results for this technique. Again using this 
technique, O'r(ult) is 6.7°, lower than 10.4° obtained by the routine method. 

5.6.3 Discussion 
These techniques provide different results to the routine method, 

described in Appendix I, most likely due to the significant amounts of 
sample extrusion. However, due to the lack of stability of the calcium 
carbonate derived solutions and the decision to use calcium chloride to 

create stable Ca2+ solutions, these techniques were not be needed and the 

routine method was used for the investigation. 

5.7 The Effects of Calcium Ions on the Residual Shear Strength 

of Kaolinite and Montmorillonite 
Samples of "pure" kaolinite and montmorillonite (see Section 5.7.5) 

were used to investigate the effects of calcium in pore water on the residual 
shear strength of clays, with particular reference to the landslip at Soper's 
Wood. Using "pure" clays reduced the number of variables which may 
affect the residual shear strength of the clay, such as the proportion of silt 
grade material. Kaolinite and montmorillonite were chosen as they are both 

present in the Fuller's Earth clay (interstratified illite-montmorillonite forming 

as a result of the weathering of illite in the Fuller's Earth) and are both 

readily available in a pure form. In addition, they represent the two 

extremes, in terms of size and behaviour (eg swelling properties), in the 
family of clay minerals. 

5.7.1 Preparation of the Clays 

5.7.1.1 Kaolinite 
"SPS" grade kaolinite was obtained from English China Clays 

International limited. However, a chemical flocculant (polyacrylate) is used 
in the production process and it was necessary to remove the flocculant 

prior to testing. Winterkorn & Moorman (1941) treated Putnam Clay with 
HCI to replace all the exchangeable cations with H+, prior to creating 
various homoionic clays to study the changes in the physical properties 
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induced by ionic substitution (see Chapter 2). However, van Olphen (1977) 
does not recommend this method for preparing clays, as the acid attacks 
the clay mineral edges, dissolving aluminium ions, which are then 
adsorbed in preference to H+. Up to 40% of the exchangeable cation sites 
may be affected and, due to the high valency of AI3+, the aluminium ions are 
very hard to remove or exchange. Therefore, as recommended by van 
Olphen (1977), the kaolinite was washed in deionised water to remove the 
flocculant. 

Enough kaolinite for six ring shear and Atterberg tests was placed in 

a 10 litre bucket filled with deionised water. This was then stirred with a 
mixer at high speed for 15 minutes and left to stand. After 30 minutes, the 
kaolinite had flocculated and settled to the bottom of the bucket, leaving a 
chemical scum on the surface of the supernatant fluid. The fluid was 
syphoned off and replaced with fresh deionised water, the mixture stirred 
again and left to stand overnight. The clay flocculated again and the 

supernatant fluid was removed. The sample was then split into two 10 litre 
buckets of deionised water, stirred again at high speed for 15 minutes and 
left for a further 24 hours. The kaolinite flocculated again, but not as 
effectively as before. The washing process was repeated for each bucket 

and 48 hours later the kaolinite was still in a dispersed state. This indicated 
that the salts in the solution had fallen below their flocculating values and 
the majority of the chemical flocculant had been removed by agitation and 
washing. 

An attempt was made to extract the kaolinite by using a large vacuum 
filter, this was unsuccessful as an effectively impermeable cake of clay soon 
formed on the filter paper. However, centrifuging the kaolinitic sol in 

250 ml containers provided a solution for extracting the clay. The kaolinitic 

sol was centrifuged for 7 minutes at 3500 rpm. This separated out the 

majority of the "cleaned" kaolinite, with only a slightly milky supernatant fluid 

remaining which was disposed of. As a result of centrifuging, "cleaned" 

kaolinite was obtained. However, to check that the flocculating chemicals 
had effectively been removed, the kaolinite was redispersed in a 10 litre 

bucket and left to stand. After 24 hours, the clay was still in a dispersed 

state, confirming that the washing process had been successful. The 

centrifuge process was then repeated to extract the clay. 
The centrifuged kaolinite was then placed in evaporating dishes on 

top of a "hot plate" and stirred every 30 minutes until a dry paste developed. 
This took approximately 2 days. At night, to prevent uneven drying, the 

evaporating dishes were removed from the "hot plate" and sealed with cling 
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film. The dry kaolinite paste was then thoroughly homogenised, prior to 
storage in clean containers. 

5.7.1.2 Montmorillonite 
The montmorillonite used was "Wyoming Bentonite". This is 

commonly assumed to consist dominantly of sodium montmorillonite and 
Bowels (1979) states that: 

".. bags of clays of high activity, commercially available for drilling and 
grouting, are loosely called bentonite, although they are merely 
montmorillonite clays". 

XRD analysis of the clay confirmed that the clay fraction was dominantly 

sodium montmorillonite, with some subsidiary calcium montmorillonite (see 
Section 5.7.5). 

As for the kaolinite, the montmorillonite was washed with deionised 

water. Enough montmorillonite for six ring shear and Atterberg tests was 
placed in a 10 litre bucket filled with deionised water, stirred at high speed 
for 15 minutes and then left to stand. Unlike the kaolinite, the 

montmorillonite did not flocculate, but formed a hydrated dispersed sol, 
characteristic of sodium montmorillonite. The sol was left to stand overnight 
and then split into two 10 litre buckets which were filled to the top with 
deionised water, stirred for 15 minutes and left to stand. After 24 hours, the 
sample was found to still be in a dispersed hydrated state and was remixed. 

To extract the montmorillonite from the sol, it was centrifuged for 
12 minutes at 3500 rpm in 250 ml containers; again a milky supernatant 
fluid remained, from which it was not possible to extract the clay and it was 
disposed of. In addition, after centrifuging, the 250 ml containers were 
found to contain a layer of darker silty material adhered to their base. On 

emptying the bucket used for washing the clays, a similar layer was found. 
In order to keep the samples as homogeneous as possible, this silt grade 
material was removed. Again as for the kaolinite, the centrifuged 
montmorillonite was redispersed in deionised water, left to stand for 
24 hours and then the centrifuge process repeated. 

Using the same procedure as for the kaolinite, the centrifuged 
montmorillonite was warmed in evaporating dishes. However, it took 

approximately 14 days for a dry paste to develop. After the initial two days 

when the clay was stirred every 30 minutes, due to the very slow drying 

nature of the hydrated montmorillonite, the clay was only stirred 4 times a 
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day. The dry montmorillonite paste was then thoroughly homogenised, 

prior to storage in clean containers. 

5.7.2 Preparation of Solutions 
Three litre solutions of Ca2+ were prepared by weighing out the 

corresponding amount of CaCI2 and dissolving it in deionised water. The 
Ca2+ concentrations prepared cover the range found in the ground waters at 
Soper's Wood and correspond to 0,80.1,160.2,240.3,320.4 and 400.5 

mg/I Ca2+, which equates to 0,200,400,600,800,1000 mg/I CaCO3 

respectively. 

5.7.3 Experimental Technique 
It was important that the sample pre-treatment and geotechnical tests 

were undertaken following the same procedure for each clay type. This 

ensured that the results for a particular clay type would be relative to each 
other, as any variation in the procedure would have caused increased or 
decreased levels of cation adsorption, making it difficult to compare test 

results. 

5.7.3.1 Kaolinite 
For each concentration of Ca2+ solution, one full brass pot, of the type 

used in the cone penetrometer test, of "clean" kaolinite paste, was added to 
2 litres of the corresponding Ca2+ solution in a plastic bucket, mixed at high 

speed for 5 minutes until all the kaolinite had dispersed and left to 

equilibrate. All the samples of kaolinite flocculated and settled to the bottom 

of the bucket. After 17 hours, the supernatant fluid was syphoned off from 
the flocculated clay. The plastic buckets containing the treated clay were 
then placed on a "hot plate" and any new supernatant fluid that formed was 
removed with a syringe. As the kaolinite thickened it was stirred frequently 

and warmed to a dry paste. The treated kaolinite samples were then placed 
in clean plastic pots for storage. 

Atterberg tests were conducted on the individual treated clay 
samples (see Appendix I), a portion of which were used in ring shear tests. 
Samples were placed in the ring shear apparatus at a moisture content just 

above their plastic limits. The ring shear test method was routine (see 
Appendix I), except that the water bath was filled with the corresponding 
Ca2+ solution instead of deionised water. 
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5.7.3.2 Montmorillonite 
A similar procedure was used to prepare the montmorillonite, except 

that a 3/4 full brass pot of montmorillonite (66 g), of the type used in the 

cone penetrometer test, was added to 2 litres of the corresponding Ca2+ 

solution in a plastic bucket. However, unlike the kaolinite, the 

montmorillonite treated with the weakest concentration of Ca2+ solution 
(80.1 mg/I), formed a very hydrated dispersed sol and no supernatant 
solution formed. This sample could be seen to have thixotropic 

characteristics. The remainder of the montmorillonite samples flocculated 

by progressively greater amounts as the concentration of the Ca2+ solution 
increased, forming a progressively denser hydrated sol and providing a 

greater amount of supernatant fluid. The depth of supernatant fluid was 

approximately 3 mm for 160.2 mg/I Ca2+; 10 mm for 240.3 mg/I Ca2+; 

15 mm for 320.4 mg/I Ca2+ etc. 
Following the removal of any available supernatant fluid, the plastic 

buckets were placed on a "hot plate" and any new supernatant fluid that 
formed was removed with a syringe. As the sols thickened, they were 
frequently stirred and warmed to a paste, prior to being placed in clean 
plastic containers for storage. Due to the smaller amount of supernatant 
fluid that formed from the samples treated with lower concentrations of Ca2+ 

solution, naturally these took longer to warm to a paste. 
Unfortunately, due to the loss of some of the material during 

treatment, it was not possible to split the treated montmorillonite samples for 

ring shear tests and Atterberg tests. Thus, routine ring shear tests, with the 
water bath filled with the corresponding Ca2+ solution, were first carried out. 
The samples were placed in the ring shear apparatus at moisture contents 
just above their plastic limits. Atterberg tests were then conducted on the 

remoulded clay obtained from the ring shear tests. Due to the small sample 
size, it was not possible to use the cone penetrometer method to determine 
the liquid limit. Hence, the Casagrande apparatus was used following the 
four point method described in BS 13770 (1991). 

5.7.3.3 Discussion 
The individual buckets of treated montmorillonite effectively formed a 

flocculating series with increasing concentration of Ca 2+ solution, as 
described by van Olphen (1977). The following interpretation explains 
these observations. For the montmorillonite treated with 80.1 mg/I Ca2+ 

solution, the concentration of Ca2+ ions is not great enough to cause much 
compression of the hydrated double layer which surrounds the clay 
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minerals. Thus, the individual clay platelets repel each other and a very 
hydrated dispersed sol forms. For the montmorillonite treated with 
increasing concentrations of Ca2+ solutions, there is progressively 
increased compression of the hydrated double layer. This allows the 
attractive van der Waals forces to dominate and there is increased bonding 
between the individual clay platelets and a denser, flocculated, hydrated 
clay results. 

5.7.4 Results 

5.7.4.1 Kaolinite 
The results from the ring shear tests were plotted and the complete 

residual failure envelopes for the samples of kaolinite treated with different 

concentrations of Ca2+ are shown in Figure 5.8. In establishing the 
complete residual failure envelopes for the kaolinite treated with 160.2, 
240.3,320.4 and 400.5 mg/I Ca2+, the value of 'Cr 'achieved at 
ß'r, = 615 kPa was ignored, as it was significantly higher relative to the 
values of 't'r obtained at lower effective normal stresses. It is believed that 
these unusually high values of 't'r may have been obtained as a 
consequence of sample extrusion during the later stages of the ring shear 
test. A study of the residual failure envelopes in Figure 5.8 reveals no 
obvious trend/differences between the various envelopes. However, the 
effective residual shear strength, residual cohesion intercept and residual 
shear angle were analysed at a range of normal effective stresses for each 
calcium concentration and the results are presented in Figures 5.9,5.10 
and 5.11. 

Figure 5.9 illustrates the relationship between O'r and Ca2+ 

concentration at five effective normal stresses, together with the ultimate 
residual shear angle. The gradual lowering of O'r with increasing effective 
normal stresses, due to the curvature of the failure envelope, is evident. For 

a'r, = 25 kPa, there is a broad trend of increasing O'r (from 14.0° to 21.8°) 

with Ca2+ concentration. However, at normal effective stresses above this 
level, no obvious relationship is evident. Indeed, for ß'r, = 150 kPa and 
above, Or appears to be largely unaffected by Ca2+ concentration. 

Figure 5.10 illustrates the relationship between the effective residual 
cohesion intercept and Ca2+ concentration at five effective normal stresses, 
together with the value of the ultimate effective residual cohesion intercept. 
The increase of effective residual cohesion intercept with increasing 

effective normal stress, due to the curvature of the envelope is evident. 
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However, at each effective normal stress, an increase in Ca2+ concentration 
leads to an increase in Cr. 'This is most marked when ß'n = 150 kPa and 

above, where C'r increases from 7.5 kPa to 18 kPa. In addition, a 

pronounced change in Cr 'occurs at almost all effective normal stresses, 
between the samples tested using distilled water and the samples tested 

using a solution of 80 mg/I Ca2+. Some scatter in the plots is evident, most 
likely due to the subjectivity involved in locating the tangent to the residual 
failure envelope at a particular effective normal stress. 

Figure 5.11 shows plots of residual shear strength against Ca2+ 

concentration for six values of ß'r, and all the graphs show an overall 
increase in 'L'r with Ca2+ concentration. For 5'r, = 150 kPa (the clearest 
line on the effective normal stress diagrams in Figure 5.10), T'r increases 
from 32.5 kPa to 38 kPa. Again, due to the curvature of the residual failure 

envelope, residual shear strength increases with increasing effective 
normal stress. 

The Atterberg limits for each of the treated kaolinite samples were 
determined and are displayed in Figure 5.12. The plot shows a clear 
increase in the liquid limit between the untreated kaolinite sample 
(WL = 57%) and the kaolinite treated with a solution of 80.1 mg/I Ca2+ 
(WL = 65%). Thereafter, there is no obvious trend with increasing Ca2+ 

concentration. There is no noticeable increase indicated by the "less 

sensitive" plastic limit and hence, as expected, the plasticity index of the 

samples mirrors the liquid limit. 

5.7.4.2 Montmorillonite 
The complete residual failure envelopes for the samples of 

montmorillonite treated with different concentrations of Ca2+ solutions were 
plotted and are displayed in Figure 5.13. In establishing the failure 

envelopes for the montmorillonite treated with 240.3 mg/I Ca2+ solution, the 

value of 't'r achieved at ß'n = 615 kPa was ignored. As for some of the 
kaolinite samples, this higher value of 't'r is believed to be a consequence 
of sample extrusion during the later stages of the ring shear test. 

A study of Figure 5.13 reveals the marked increase in the height of 
the complete residual failure envelope between the untreated 
montmorillonite sample and the sample treated with a solution of 80.1 mg/I 
Ca2+. Thereafter, with increasing calcium concentration, there is no obvious 
change in the position of the complete residual failure envelopes. Some 

extrusion of the clay was observed during the ring shear tests. The 

extruded untreated clay formed a very hydrated and voluminous state in the 
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water bath and had a "soapy" texture. In comparison, the extruded clay 
treated with 80.1 mg/I Ca2+ was less voluminous/hydrated. Thereafter, for 

each of the remaining samples (160.2,240.3,320.4,400.4 mg/I Ca2+), the 

extruded clay did not form a hydrated/voluminous state in the water bath, 
but had a "brittle" look to it. The change in nature of the extruded clay with 
increasing calcium concentration, appears to relate to the change observed 
in the height of the complete residual failure envelopes. 

The effective residual shear strength, residual cohesion intercept and 
residual shear angle were analysed at a range of effective normal stresses 
(see Figures 5.14,5.15,5.16). As for the kaolinite, the change in 't'r, c'r and 
Or, with increasing effective normal stress is evident. 

Figure 5.14 displays the relationship between O'r and Ca2+ 

concentration at five effective normal stresses, along with the ultimate 
residual shear angle. At each effective normal stress, there is a marked 
increase in the value of Or between the untreated montmorillonite and the 

montmorillonite treated with 80.1 mg/I Ca2+. This is most noticeable at the 
lower effective normal stresses. At effective normal stresses of 50 kPa and 
above, there is a trend of increasing Or with Ca2+ concentration after the 
initial marked increase. However, at 6'r, = 200 kPa and in the ultimate 
condition, this trend is less pronounced. At the very low value of effective 
normal stress of 25 kPa, above a concentration of 80.1 mg/I Ca2+, there is 

no obvious trend in O'r. This may be due to the difficulties in applying a true 
tangent to the curved portion of the failure envelope at this very low effective 
normal stress. In all the plots, the value for the montmorillonite sample 
treated with a solution of 240.3 mg/I Ca2+, forms an outlier to the trend, this 
is most noticeable at lower effective normal stresses. This outlier is difficult 

to explain and may be due to contamination during sample preparation. 
Figure 5.15 illustrates the relationship between the effective residual 

cohesion intercept of montmorillonite and Ca2+ concentration at five 

effective normal stresses, together with the value of the ultimate effective 
residual cohesion intercept. Above a value of ß'r, = 100 kPa, all the plots 
show a broad trend of increasing c'r with Ca2+ concentration and, as for Or, 

there is marked increase between c'r for the untreated montmorillonite and 
C'r for the montmorillonite treated with 80.1 mg/I Ca2+. Thereafter, with 
increasing Ca2+ concentration, the increase in C'r is more gradual. The lack 

of any visible trend below ß'r, = 100 kPa, may again be related to the 

subjectivity involved in establishing the curved portion of the residual failure 

envelope at these low effective normal stresses and the difficulty in 
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establishing an accurate tangent. Once again, the value of c'r for the 

sample treated with 240.3 mg/I Ca2+ forms an outlier to the trend. 
Figure 5.16 displays plots of the residual shear strength of 

montmorillonite against Ca2+ concentration for 6 values of effective normal 
stress. All the graphs show a trend of increasing 't'r with increasing calcium 
concentration, although the trend is most pronounced at higher effective 
normal stresses. In addition, as for 0'r and c'r, there is a marked increase 
between the value of t'r obtained for the untreated montmorillonite and that 

obtained for the montmorillonite treated with 80.1 mg/I. Thereafter the 
increase in 't'r with increasing Ca2+ concentration is more gradual. Once 

again, the values obtained for the montmorillonite treated with 240.3 mg/I 
Ca2+ form an outlier to the trend. 

The Atterberg limits for each of the treated montmorillonite samples 
were determined and are displayed in Figure 5.17. The plots show a 
significant decrease in the liquid limit obtained for the untreated 
montmorillonite (WL = 740%) and that obtained for the montmorillonite 
treated with 80.1 mg/I Ca2+ (WL = 330%). Thereafter, with increasing Ca2+ 

concentration, the liquid limit gradually decreases. No noticeable change is 

shown by the "less sensitive" plastic limit and hence, as expected, the 

plasticity index mirrors the liquid limit. 

5.7.5 Discussion 
The results indicate that both the residual shear strength and 

Atterberg limits of kaolinite and montmorillonite are sensitive to the 

concentration of calcium in pore water. However, the influence of pore 
water chemistry is more pronounced in montmorillonite than kaolinite. This 
is as expected from a consideration of the surface area to size ratios and 
the known behaviour of the two clay minerals (see Section 5.2). 

The results compare favourably with the data reported by Kenney 

(1967), Steward & Cripps (1983), Steward (1984), Moore (1988 and 1991), 

and in part with those of Maio & Fenelli (1994), see Chapter 2. Maio & 

Fenelli found that the residual shear strength of bentonite increased with 
increasing concentrations of sodium chloride solution, however they found 

that kaolinite was insensitive to pore water chemistry. They suggest that 

where the residual shear strength of kaolinite varies with pore water 

chemistry, this is likely to be due to the high electrolyte concentration used, 

which causes a change in the clay aggregate size and micro-structure. 
They state that: 
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"The range of concentrations Moore (who found that kaolinite was sensitive 
to pore water chemistry) used gives rise to very interesting phenomena of 
micro-structural change, as experiments on sodium-montmorillonite 
suspensions by Stawinski et al. (1990) and Chen et al. (1990) seem to 
show". 

However, the concentrations used in this study are low (maximum 
concentration = 400.5 mg/I Cat+) and are equivalent to the concentrations 
seen in natural ground waters in the landslide at Soper's Wood. Therefore, 
the difference between the sensitivity shown by the kaolinite in this study 
and the insensitivity of the kaolinite in Maio & Fenelli's study is unlikely to 
be explained as proposed above. 

It is important to re-emphasise that these studies concern that of 
residual shear strength and not peak shear strength. As discussed in 
Chapter 1, in the sliding mode of shear (the expected mode of failure for 

pure clays) residual shear strength involves the re-orientation of clay 
particles parallel to the direction of movement, forming a discrete shear 
surface. Thus, as described by Skempton (1964), the residual shear 
strength of a clay is independent of its previous consolidation history. In 

addition, Chandler (1966 & 1969) and Hutchinson et al. (1973) noted that 
during shearing any silt sized aggregations of clay minerals were broken 
down, such that the clay fraction at the shear surface was higher than in the 
adjacent soil. Thus, a change in the flocculated clay micro-structure is 
unlikely to affect the residual shear strength of the clay. 

Sridharan & Rao (1979) and Chatterji & Morgenstern (1989) 
proposed a "modified effective stress law", which incorporates the physico- 
chemical forces of interaction, in an attempt to explain the influence of clay 
chemistry on effectives stress and the behaviour of clays. The results 
obtained from the research presented in this thesis can be explained by the 
known physico-chemical effects of clay systems, as described in Section 
5.3, and used by previous researchers (Mourn & Rosenqvist 1961, Olson & 
Mitronovas 1962 and Warkentin & Yong 1962) to explain the effects of 
electrolyte solutions on the peak shear strength of "pure" clays. A similar 
explanation is proposed by Moore (1988 and 1991). 

To confirm that the effects seen were not as a result of changing 
mineralogy and are indeed due to physico-chemical effects, XRD analyses 
were carried out on remoulded samples obtained from the ring shear 
apparatus (see Appendix I for technique). From the manufacturers 
descriptions, it was expected that the samples would be "pure" clays, hence 
XRD analyses were carried out on air dried samples. 
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Figure 5.18 displays the x-ray diffractograms for each of the kaolinite 

samples and, as expected, highlights the clear dominance of kaolinite. An 
inspection of the diffractograms indicates that they are all very similar, each 
showing near identical peaks. Hence, there is no variation in mineralogy 
between the various samples. Thus, clearly the sensitivity of the residual 
shear strength and Atterberg limits of the kaolinite to calcium concentration 
in the pore water is not related to any change in the overall mineralogy 
between samples. 

Figure 5.19 displays the x-ray diffractograms for each of the 

montmorillonite samples and, as expected, emphasises the dominance of 
montmorillonite. Again each of the diffractograms display very similar 
reflections, indicating no overall change in the mineralogy of the samples. 
However, an inspection of the basal (001) reflection of montmorillonite 
indicates that the reflection migrates with increasing calcium ion 

concentration. McAttee (1956) notes that at room temperature, ideally 

sodium montmorillonite would have a single water layer resulting in a (001) 

spacing of 12.4 A, while calcium montmorillonite would have a double 

water layer and a corresponding value of 15.4 A. Thus, the position of the 
(001) montmorillonite reflection will provide a qualitative indication of the 
degree of substitution of sodium by calcium. 

SAMPLE (001) REFLECTION INTERPRETATION 

Untreated Montmorillonite Dominant peak at 12.97 A, Na montmorillonite dominant, 

with shoulder at 15.96 A. subsidiary Ca montmorillonite. 

Montmorillonite + 80.1 mg/I Ca2+ Broad reflection, with peaks Approximately equal amounts 
at 12.30 and 15.94 A of Na and Ca montmorillonite. 

Montmorillonite + 160.2 mg/I Ca2+ Broad reflection, with peaks Approximately equal amounts 

at 15.44 and 13.46 A. of Na and Ca montmorillonite; 
Ca slightly dominant. 

Montmorillonite + 240.3 m q/1 Ca2+ Peaks at 15.90 and 15.59 A. Ca montmorillonite. 

Montmorillonite + 320.4 mg/I Ca2+ Broad reflection, with peaks Approximately equal amounts 

at 15.73 and 13.71 A. of Na and Ca montmorillonite; 
Ca slightly dominant. 

Montmorillonite + 400.5 m /I Ca2+ Peak at 16.08A. Ca montmorillonite 

Table 5.1 Qualitative analysis of (001) montmorillonite 
reflection. 
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Fig. 5.18 X-ray diffractograms for the samples of 
kaolinite treated with solutions of calcium at the 
concentrations shown. 
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Fig. 5.19 X-ray diffractograms for the samples of 
montmorillonite treated with solutions of calcium at the 
concentrations shown. 
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Table 5.1 presents a qualitative analysis of the position of the (001) 

montmorillonite reflection and indicates that with increasing concentration 
of calcium there appears to be a trend of increasing substitution of calcium 
for sodium. The most noticeable change is between the untreated sample 
and the sample treated with 80.1 mg/I Cat+. In the untreated sample, Na- 
montmorillonite is dominant whereas in the treated sample there are 
approximately equal proportions of sodium and calcium montmorillonite. 
Only calcium montmorillonite is evident in the diffractograms for the 
samples treated with 400.5 mg/I Ca2+ and 240.3 mg/I Ca2* and this may 
explain the behaviour of the montmorillonite treated with 240.3 mg/I Ca2+. 
From the XRD diffractograms of the samples treated with 80.1 mg/I, 160.2 

mg/I and 320.4 mg/I, it would be expected that the sample treated with 
240.3 mg/I Ca2+ would also show approximately equal proportions of 
sodium and calcium montmorillonite. The dominance of calcium in the 
montmorillonite treated with 240.3 mg/I Ca2+ is contrary to the trend and 
may have been caused by contamination of the sample during the 
treatment stage. 

An increase in the concentration of Ca2+ in the pore water will cause 
the compression of the diffuse hydrated double layer surrounding the 
individual clay particles, suppressing the repulsive forces, such that the 
attractive van der Waals forces are able to dominate. The degree of 
compression increases with increasing Ca2+ concentration, such that the 
effect of the van der Waals force is enhanced, as the range of repulsion is 
reduced. Thus, the bonding between clay minerals increases with 
increasing Ca2+ concentration. This accounts for the observed increase in 
'Z'r and C'r. As the effects are purely physico-chemical, no change would be 
expected in the value of the effective residual shear angle. 

The presence of Na+ adsorbed to the untreated montmorillonite 
enhances the effect. Na+ is known to stabilise the hydrated double layer, 

such that repulsive forces dominate and the clay platelets exist in a more 
dispersed state. Thus, with an increase in the concentration of Ca2+ in the 
pore water, Na* will be exchanged for Ca2+ causing compression of the 
double layer and allowing the attractive forces to dominate. This explains 
the marked increase in residual shear strength observed between the 
untreated montmorillonite sample and the sample treated with 80.1 mg/I 
Ca2+. 

For the kaolinite, a broad increase is noted in O'r at the very low 

effective normal stress of 25 kPa. This is most probably related to the 
curvature of the failure envelope at this low value of ß'n. For the 

k, 
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montmorillonite, at all levels of 6'n there is a notable increase in O'r 

between the untreated montmorillonite (which the XRD analysis has shown 
to be dominated by sodium montmorillonite) and the sample treated with a 

solution of 80.1 mg/I Cat+. In addition, after this marked increase, O'r 

increases gradually with increasing Cat+ concentration. These two 

phenomena may be related to the substitution of calcium for sodium 
changing the character of the clay and hence its frictional properties. XRD 

analysis indicates that the substitution was greater between the untreated 
sample and the sample treated with 80.1 mg/I Cat+. This coincides with the 

biggest change in O'r; with increasing Cat+ concentration, the XRD 

analyses show the substitution to be less great and hence the change in O'r 

is gradual. At the higher values of effective normal stress, the load applied 

may counteract the change in the frictional properties, such that, apart from 

the initial increase, the change in O'r is less pronounced. 
The liquid limit and plasticity index of the kaolinite and 

montmorillonite samples show opposing behaviour. The liquid limit of the 
kaolinite shows a marked increase between the untreated sample and the 

sample treated with 80.1 mg/I Cat+. This correlates with Yong & Warkentin 

(1966) as reported by Sridharan, Rao & Murthy (1988) in their study of the 

liquid limit of kaolinitic soils. Yong & Warkentin (1966) observed that by 

saturating kaolinite with di-valent and tri-valent cations, electrostatic 
attraction is developed between positive and negative faces, leading to an 
open structured, flocculated particle arrangement. This results in a higher 
liquid limit, as water becomes entrapped within the void spaces of the 
flocculated structure. 

In contrast, the liquid limit of the montmorillonite decreases with 
increasing Cat+ concentration, markedly at first. The marked reduction in 
the liquid limit between the untreated montmorillonite and the 

montmorillonite treated with 80.1 mg/I Cat+ can be explained by the change 
from a sodium dominated montmorillonite to a calcium/sodium 
montmorillonite. Thereafter, the more gradual decrease in liquid limit can 
be explained by the increase in bond strength between the clay particles, 
with increasing Cat+ concentration. 

The results have important implications for slope stability at Soper's 
Wood and at other sites. However, it must be recognised that the changes 
observed in the complete residual failure envelope with Cat+ concentration 
have been demonstrated on pure clays and will undoubtedly be diluted in 

natural soils, where the presence of silt and sand sized particles will also 
affect the residual shear strength of the soil. Kenney (1977) proposed that 
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pore water chemistry will influence the residual shear strength of the soil as 
long as the behaviour of the soil is controlled by the clay mineral matrix (ie if 
failure is in the sliding and transitional modes of shear). Chapter 3 has 

shown that the concentration of calcium in the ground water at Soper's 
Wood varies with location within the slip and also to a certain extent with 
rainfall/seasonally. Thus, in the Fuller's Earth clay, pore water chemistry 
can be expected to play a role in determining the residual shear shear 
strength of the clay as long as failure occurs in the sliding or transitional 

modes of shear. The illite in the Fuller's Earth can be expected to show a 
behaviour intermediate between kaolinite and montmorillonite (see Section 

5.2). 
The effects of pore water chemistry on the residual shear strength of 

the Fuller's Earth clay are likely to be enhanced in the weathered zone. 
Here chemical weathering has caused the dissolution of calcite and the 
transformation of 'some of the illite to an interstratified illite-montmorillonite. 
Kenney (1967) found that smectites exert a greater influence on the 

residual shear strength of a soil than would be expected from their 

proportion in the dry soil mass. Chapter 4 has indicated that preferential 
weathering is likely to be occurring along shear surfaces within the Fullers' 
Earth, such that the proportion of interstratified illite-montmorillonite is 
increased. In addition, if the dissolution of disseminated calcite occurs at a 
preferential rate along the shear surface (although this was not observed 
during the investigation of the relatively shallow shear surface described in 
Chapter 4) the clay fraction will increase. Thus, pore water chemistry can 
be expected to play a greater role in determining the residual shear 
strength of the failure plane. 

A knowledge of how the engineering properties of clay minerals alter 
with solution chemistry may be applied to slope stabilization work. Matsuo 
(1957) presents the results of a study on the effects of cation exchange on 
the stability of a landslip at Kashio, Japan. Prior to failure there was "little 

change in external conditions" and hence an investigation was carried out 
to determine whether physico-chemical factors may have caused the failure 
of the slope. Chemical analysis of the ground water showed it to be rich in 
Ca2+ and analyses of the cations adsorbed to the landslipped soil indicated 
that Ca2+ was dominant. However, Matsuo (1957) noted that the quantity of 
adsorbed Ca2+ was only three quarters of the total cation capacity of the 
soil. From these observations he proposed that the soil was originally 
saturated with respect to Ca2+ and that some of the adsorbed cations have 
been leached from the soil during the years preceding failure. 
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He reported the results of shear tests to determine the peak shear 

strength of both the natural soil and of the soil artificially saturated with 
Cat+. He found that the angle of friction for the Ca2+ saturated soil was 
higher at 0.45° compared to 0.06° for the natural soil. It is of note that these 

values are remarkably low. In addition, he reported the value of "apparent 

cohesion" to be 0.163 kg/cm2 and 0.08 kg/cm2, for the Ca2+ saturated soil 

and the natural soil, respectively. The results of slope stability analyses for 

the landslide using the strengths for both the Ca2+ saturated soil and the 

natural soil provided a factor of safety of 1.3 and 0.6, respectively. Hence, 

Matsuo (1957) proposed that the leaching of Ca2+ from the soil had brought 

about the failure of the slope and suggested that the slope may be 

stabilised by the addition of aqueous solutions of calcium salts into the soil 

at the head of the slip, in order to increase the shear strength of the soil. 
In the 1970's work was conducted in California into the stabilization 

of clay slopes by ion exchange (Arora & Scott 1974). Chemical solutions 

were pumped into boreholes and tension cracks within a landslide. This 

allowed the solution to permeate through the slipped mass and along shear 

surfaces and, by ion exchange, stabilize the slope. Clearly, a detailed 

analysis of the clays to establish there chemical state was needed prior to 

stabilization work. This technique was evaluated by the California State 

Division of Highways (Mearns et al. 1973) who monitored an active 
landslide following chemical treatment. However, due to changing rainfall 
patterns over the time of investigation, the results were inconclusive. The 

simplicity and relative cost effectiveness of these ion exchange techniques, 
if successful, need to be balanced against the environmental 
consequences of pumping potentially toxic chemicals into the ground. 

Further work is clearly necessary to improve the definition of these 

relationships and establish the repeatability of the experiments, extending 
them to other pure and naturally occurring clays. However, the techniques 

that have been used to ensure accuracy are time consuming and further 

investigation would make a valuable research project in itself. In addition, 
the use of naturally occurring clays poses certain problems due to sample 
heterogeneity. Steward (1984) and Moore (1988 and 1991) overcame this 

problem by using an adapted ring shear apparatus, although this method 

allows a determination of the apparent residual shear angle rather than the 

true residual shear angle (see Chapter 2). However, it may prove possible 
to use the modified apparatus to test the same sample at a range of 

effective normal stresses and solution concentrations over a long period of 
time, as long as sample extrusion is controlled by the use of a very low 
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strain rate. This would enable the construction of the complete residual 
failure envelopes for a single sample at a range of solution concentrations. 

5.8 Conclusions 
(1) The results indicate that the residual shear strength of kaolinite and 
montmorillonite increase with increasing Ca2+ concentration. This is most 
marked between the untreated samples and the samples treated with 
80.1 mg/I Ca2+. 

(2) The influence of Ca2+ concentration is most pronounced in the 

parameters, C'r and 't'r. 

(3) XRD analyses of the samples demonstrated that the overall 
mineralogy of the samples remained constant. However, the (001) 

montmorillonite reflection can be seen to migrate with increasing Ca2+ 

concentration. This has been interpreted to indicate that Na+ is being 

exchanged for Ca2+, with increasing Ca2+ concentration in the pore water. 

(4) The behaviour of the clays can be explained by physico-chemical 
effects. An increase in Ca2+ concentration in the pore water causes 
compression of the hydrated double layer surrounding the clay particles. 
Hence, the repulsive forces between clay platelets are reduced and the 

attractive van der Waals forces are able to dominate. Thus, with increasing 
Ca2+ concentration, bond strength increases and C'r and T'r increase. 

(5) The liquid limit and plasticity index of kaolinite and montmorillonite 
show opposing behaviour. The liquid limit of the kaolinite shows a marked 
increase between the untreated sample and the sample treated with 
80.1 mg/I Cat+. This is interpreted to result from a change in the 

arrangement of the kaolinite platelets from a dispersed state in the 

untreated sample, to an open flocculated structure in the presence of Cat+. 
In contrast, the liquid limit of the montmorillonite decreases with increasing 
Ca2+ concentration, markedly at first. This can be explained by the increase 
in bond strength between clay particles with increasing Ca2+ concentration. 

(6) The results have important implications for slope stability, however 
the effects will undoubtedly be diluted in natural soils. Where the behaviour 

of a soil is controlled by the clay mineral matrix (ie in the sliding and 
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transitional mode of shear), pore water chemistry can be expected to play a 
role in determining the residual shear strength of the clay. 

(7) The levels of calcium used in the ring shear test correspond to the 
levels found in the ground waters within the landslip at Soper's Wood. 
Thus, if shear is occurring in the sliding mode, pore water chemistry can be 

expected to play a part in determining the residual shear strength of the 
Fuller's Earth clay at Soper's Wood. These effects are likely to be greater in 
the weathered Fuller's Earth clay. Here chemical weathering has increased 
the proportion of interstratified illite-montmorillonite and caused the 
dissolution of calcite, leading to a relative increase in the clay fraction of the 

soil. 

(8) An increased understanding of how pore water chemistry effects the 

complete residual failure envelope of clays may allow the further 
development of alternative methods for slope stabilisation using solution 
chemistry. 

t, 
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CHAPTER 6 

A MODEL FOR THE STABILITY OF THE LANDSLIDE 
ADJACENT TO SOPER'S WOOD 

6.1 Introduction 
The opening chapter of this thesis describes how the combination of 

the geology and topography within the Swainswick valley has facilitated the 
development of superficial structures. This combination is characteristic of 
the over-steepened Avon valley and many of its tributaries in the 

surrounding Bath area. Beneath the plateau cap rock of the Great Oolite, 

the Fuller's Earth forms the upper hill slopes of these valleys and is 

characterised by the presence of extensive translational landslides. 

This chapter attempts to incorporate the literature reviewed in 
Chapters 1 and 2, with the results from the investigations described in 
Chapters 3,4 and 5, to produce a model for the stability of the landslide in 
the Fuller's Earth adjacent to Soper's Wood. This landslide is typical of the 
many that exist in the Fuller's Earth. Hence, although the model is derived 
from the investigations of the landslide adjacent to Soper's Wood, it is 

expected that it will apply to the many other similar landslips in the 
formation around Bath. It is important to recognise that this model applies to 
slopes which have already slipped and, as a result of pre-existing shear 
surfaces, are at their residual shear strength. 

The stability of the landslip adjacent to Soper's Wood is considered 
in two ways; the "long term stability" of the landslide and the "seasonal 

stability" of the landslide. The long term stability is concerned with the 
general decrease of the residual shear strength of the shear surfaces within 
the slipped mass with time. Superimposed on this long term decrease are 
seasonal effects which cause the periodic movement of the landslide. This 

chapter will show that these seasonal effects are the dominant control 
concerning whether movement will or will not take place during a particular 
year; although clearly with a general decrease in residual shear strength 
over time, the "threshold" at which movement occurs will be reduced. 

6.2 Long Term Controls on Slope Stability 
The Fuller's Earth clay has been shown to have a variable calcite 

content (see Chapters 1 and 2, and Section 3.4.3). McDonald (1990) 
demonstrated that the material of greater than clay grade in size was 
dominantly calcitic; XRD analyses described in Section 4.8 indicated that 
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quartz is also present, with subsidiary feldspar, pyrite and gypsum. Chapter 
2 reviews the control that the calcite content exerts on the geotechnical 
indices and residual shear strength of the Fuller's Earth. Hence, it is likely 
that in any landslide, the shear surfaces present will have propagated, 
where possible, through a zone of lower calcium carbonate content. This is 

supported by the study of the shear surface in Chapter 4, which indicated 
that the failure surface was located just below a zone of high calcium 
carbonate content. 

The analysis of the ground waters from within the landslide at 
Soper's Wood, described in Chapter 3, indicated a dominance of calcium 
with subordinate potassium and magnesium (see Figure 3.23). The 

concentration of calcium was shown to be very high and is likely to result 
from the dissolution of calcium carbonate within the Fuller's Earth by acidic 
ground waters. It is believed that these acidic waters have also caused the 

chemical weathering of illite, where potassium ions are leached from the 
illite and exchanged for calcium ions, with the formation of a randomly 
interstratified illite-montmorillonite. 

Natural ground water is usually acidic and, as discussed in 
Chapter 5, carbonic acid is probably the most important source of acidity. 
However, other potential sources of acidity include; sulphuric acid from 

pyrite degradation (Hawkins & Pinches 1987); acid rain (Henderson-Sellers 
1984 and Mellanby 1988); organic acids, such as humic acid (Freeze & 
Cherry 1979). Of these potential subsidiary sources of acidity, sulphuric 
acid derived from the degradation of pyrite is likely to be the most 
prominent. In addition to the chemical attack of the host soil material, the 

sulphuric acid reacts with calcite to form gypsum. The development of 
gypsum on the outer edge of the core obtained from the Soper's Wood 
borehole (see Figure 3.3) was reported by Lawrence (1985), implying that 

pyrite degradation was taking place. In addition, x-ray diffractograms, 
described in Section 4.8, displayed minor peaks of gypsum and pyrite. 
However, gypsum was not recorded during the logging of the auger hole 

samples described in Section 3.4, This may have been due to the 

saturated state of the soil and the high solubility of gypsum. 
These acidic ground waters will not only percolate through the 

dilated slipped material, but will preferentially percolate along shear 
surfaces, as evidenced by the outflow of water from the basal shear surface 
at the toe of the landslide adjacent to Soper's Wood. The investigation 
described in Chapter 4 demonstrated that preferential weathering of illite to 
form a randomly interstratified illite-montmorillonite is occurring along shear 
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surfaces. In addition, it is likely that the acidic ground waters will also cause 
the dissolution of grains of calcite along shear surfaces and adjacent 
calcareous cement. Hence, with time, a shear surface can be expected to 
show a gradually decreasing calcite content (thus an increase in clay 
fraction) and an increasing proportion of randomly interstratified illite- 

montmorillonite. 
Chapter 2 has demonstrated that a decrease in the calcite content of 

the Fuller's Earth results in a reduction in the residual shear angle of the 
material to a minimum value, when failure is likely to be in the sliding mode 
of shear (Lupini et al. 1981). In addition, as reported by Kenney (1967) and 
Chattopadhyay (1972), montmorillonite has a lower residual shear angle 
compared to illite. Thus, over the long term, the shear surface can be 

expected to show a decrease in residual shear strength as a result of 
natural chemical weathering. 

It is of note that Alonso et al. (1993), when referring to the presence 

of a clay band on which a large landslip took place at Cortes de Pallas, 
Spain, considered that this failure horizon may have been created by the 

preferential removal of dolomite leaving a clay rich band. As discussed by 

these authors, it is of vital importance to test the correct sample obtained 
from the field, if appropriate results are to be determined from a laboratory 

strength test. In the initial part of their study they took a general field sample 
which provided a shear strength that from stability analysis would have 
implied that the slope could not have failed. However, when the shear 
horizon was identified, the true nature of the material on which failure took 

place was subjected to laboratory strength tests, which provided similar 
results to those obtained from back analyses. 

In an attempt to determine the residual shear strength of the failure 

surface at Soper's Wood, a residual ring shear test was undertaken on 
remoulded material taken from within 5 mm either side of the shear surface 
described in Chapter 4. The remoulded material therefore contained the 

weaker material on which the slip had taken place; although it is recognised 
that the value provided will not be the true residual shear strength of the 

shear surface, due to the incorporation of the additional material either side 
of the failure surface. Figure 6.1 displays the complete residual failure 

envelope for the remoulded sample and indicates that the envelope forms a 
straight line from an = 25 kPa and above. This provides values of 
O'r(ult) = 9.41' and C'r (ult) =4 kPa. For comparison, a general homogenised 

sample was tested. This represented a wider zone through which the shear 
surface passed and hence was expected to have a higher residual shear 
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strength. Figure 6.2 displays the complete residual failure envelope for the 

general homogenised sample, which provides values of O'r(ult) = 10° and 

c'r (ult) = 12.5 kPa. It is interesting to note that the ultimate residual shear 
angle is only slightly higher, compared to the value of the ultimate residual 

cohesion intercept which is significantly higher, than the corresponding 

parameters obtained from the material immediately adjacent to. and 
including the shear surface. 

A comparison of O'r(ult) = 9.4°, obtained from Figure 6.1, with Figure 
2.6 indicates that movement is occurring in the sliding mode. As the 

envelope forms a straight line above a normal effective stress of 25 kPa, it is 

expected that, in this case, the r 'r(ult) of 9.4° will also represent the residual 
shear angle of the basal shear surface at Soper's Wood (see Table 6.1). It 
thus may be hypothesised that, due to the preferential flow of ground water, 
a significant amount of disseminated calcite along the shear surface has 

already dissolved. Hence, any further dissolution of calcite along the shear 
surface will not produce a significant reduction in the residual shear angle, 
although clearly the continued chemical weathering of illite will cause some 
reduction of the residual shear angle with time. 

6.3 Slope Stability Analyses of the Soper's Wood Landslide 
Chapter 3 stressed the close relationship between rainfall levels, 

ground water levels and slip movement at Soper's Wood. This section 
describes slope stability analyses carried out on the left side of the 
landslide, containing Slide A, in order to investigate these relationships by 
determining the factor of safety under a number of different ground water 

conditions. 

6.3.1 Method of Analysis 
The longitudinal section in Figure 3.22 indicates that the established 

failure surface is approximately parallel to the hill slope and is translational 
in nature. Thus it was appropriate to use one of the non-circular methods 
for slope stability analysis. Three methods were considered, which are 
described below; "the infinite slope procedure", "Janbu's simplified method" 
and "Janbu's rigorous analysis". 

(A. ) Infinite slope procedure (Haefili 1948 and Skempton & Delory 1957) 
In this method, the slide is assumed to occur on a planar shear 

surface which is parallel to the ground. The slope is assumed to be infinite 
in extent and is treated as a single unit. The ground water conditions along 
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the length of the slip are assumed to be constant, with ground water 
seepage parallel to the shear surface. The factor of safety is calculated 
from the following expression which takes into account the principles of 
effective stress and residual shear strength: 

F= Cr' + .z-h. w)cos2a tand; 
y. z. sina. cosa 

Equation (6.1) 

where: 
7= unit weight of soil 
z= depth to shear surface 
yW = unit weight of water 
hw = height of the ground water table above the slip surface 
a= inclination of shear surface from horizontal 

Cr I= effective residual cohesion intercept of soil 
Or = effective residual shear angle of soil 

(B. ) Janbu's simplified method. (Janbu et al. 1956) 
This is a method for the analysis of non-circular slip surfaces. In this 

procedure the slipped mass is divided in to a number of slices whose 
normal forces act at the centre of the slice base. The factor of safety is 
obtained by considering the overall force equilibrium of all the slices. 

Janbu et al. (1956) assume that the interslice forces are zero but 
introduced a correction factor (f0) to compensate for this. The correction 
factor is related to the depth and length of the shear surface and the shear 
strength values (cr' and O'r) for each slice. It can be obtained from the chart 
in Figure 6.3. Whilst Janbu initially used 0 and c, this has been taken to be 

equivalent to effective stress and residual shear strength conditions. The 
factor of safety, according to this method, can be calculated using the 
following iterative equation: 

-. 9r 'l + (W-u. d). tanO',, 
F= fo. E cos2a + cosa. sina. tan ý'r 

F(assumed) . E(Wtana) 

Equation (6.2) 
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where: 
fo = shape correction factor 
W= weight of soil slice 
u= mean pore pressure on base of slice 
Cr' = effective residual cohesion intercept of soil slice 
o'r = effective residual shear angle of soil slice 
a= inclination of slice shear surface from the horizontal 
d= width of slice 
I= length of slice shear surface 

The mean pore pressure on the base of the slice can be calculated by: 

u= yN, h Equation (6.3) 

where: 
IW = unit weight of water 
h= head of piezometric surface above slip surface (hw. cos2a) 
hw = height of the water table above the shear surface 

7= unit weight of soil 
z= depth of soil slice 

The weight of the soil slice (W) can be calculated by: 

W=z. y. d Equation (6.4) 

(C) Janbu's Rigorous Analysis 
Janbu (1954) developed this method for both circular and non- 

circular slip surfaces. The analysis is more accurate and less sensitive to 
the effects of interslice forces compared to the simplified method, as it 

considers both moment and force equilibrium. The position of the line of 
thrust of the interslice forces is assumed and moments taken about the 

centre of the base of each slice, satisfying overall moment equilibrium. In 

addition the interslice shear forces can be calculated and the factor of safety 
established. 

Slope stability software packages are able to run Janbu's rigorous 
analysis. This usually involves inputting the co-ordinates of the topography, 

shear surface and ground water level into the programme, together with the 

geotechnical properties of the different strata present. The computer then 
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conducts either an undrained or drained analysis using Janbu's rigorous 
method. 

Generally, although the software allows the geotechnical engineer to 
insert different parameters for different soil/rock horizons, which is strictly 
applicable to the consideration of first time failures, it does not adequately 
cater for the analysis of existing landslips. In these situations the soil/rock 
horizons will be displaced, such that the shear surface will separate 
materials with different geotechnical properties. The software does not 
easily allow this to be inserted, but clearly such phenomena are important 

when considering, analysing and assessing the true ground conditions 
related to particular slope failures. In addition, within the individual 

stratigraphic units, the software assumes that the shear strength parameters 
remain constant and does not allow for changes in the shear strength 
parameters related to the curved failure envelope. As a consequence, 
although the distance between the ground surface and shear surface 
changes and hence the effective overburden pressure changes, the 

software does not take into account the necessary change in residual shear 
angle. 

6.3.1.1 Discussion 
All three methods, by necessity, involve simplifying assumptions in 

order to analyse the stability of pre-existing landslides and by their nature 
are unable to account for; (i) the effects of friction along lateral shears, (ii) 

any movement which may occur by internal deformation of the material 
within the slide, (iii) the effects of movement along minor scarps within a 
slide and (iv) the retrogressive migration of scarps upslope. Clearly a 
knowledge of these geomorphological features is important when 
conducting stability analyses of pre-existing landslides. Thus, the factor of 
safety obtained from stability analyses should not be regarded as a true 
factor of safety, but should be used relatively to check the sensitivity of the 
parameters which control slip movement. 

Bromhead (1992) recommends the infinite slope procedure for 

shallow translational landslides, and describes it as being: "... as useful as 
any other method of slope stability analysis and yields extremely good 
results", comments very much supported by D. F. T Nash (pers. comm., 
1994). Hence, as a result of these remarks and a consideration of the 
various simplifying assumptions used in the analyses, for the study of the 
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translational landslide adjacent to Soper's Wood, the robust and simple 
infinite slope procedure is used. 

6.3.2 Conditions and Parameters 
The analyses were conducted for the northern half of the landslide 

containing slide A and shown in longitudinal section in Figure 3.22. For 

simplicity in the analyses, the depth of the basal shear surface is taken as 
2.6 m, as deduced from the snapping of standpipe F (see Section 3.6). 
From topographic evidence, the angle of the shear surface from the 
horizontal was taken as 14.2°. Clearly this is an overall angle, as the shear 
surface has been assumed to be a straight line providing a translational 
slip, as discussed in Section 3.6. 

The landslide is part of a long term degradation of the hillside and 
therefore the appropriate analysis is that for drained conditions using 
effective stress parameters. A mean unit weight for the landslipped Fuller's 
Earth of 20 kN/m3 was used, after Chandler et al. (1976), when they 
described the eastern side of the valley. 

Section 3.5.3 highlighted the importance of standpipe location within 
the landslide, as there was variation in the ground water level between 
different positions. It was concluded that the ground water levels in 

standpipes G and F probably most accurately represent the general ground 
water level in the slide for use in slope stability analyses. Hence, the 
ground water levels measured in standpipe F, situated in the main body of 
the slide, will be used for these analyses. 

Section 3.5.4 indicated that when standpipe F showed that ground 
water levels were 0.3 m from the ground surface, the slip was unstable. 
Conversely, when the ground water level was seen to drop below about 
0.45 m from the ground surface, movement ceased. It is rare that such 
detailed measurements are available. Hence, it was thought appropriate to 

consider whether the stability analyses would support the field observations 
of temporary stability/movement by providing factors of safety above and 
below unity, dependent upon such relatively small changes in pore water 
pressure. Stability analyses were therefore carried out using ground water 
depths of 0.3 m, 0.45 m and 0.8 m. 

As discussed in Chapter 2, due to the presence of pre-existing 
discrete shear planes, along which the clay minerals have been shown to 
be aligned parallel to the direction of movement (see Chapter 4), the correct 
shear strength parameter for use in the analyses is that of residual shear 
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strength. Figure 6.1 displays the complete residual failure envelope for the 

remoulded material taken from within 5 mm either side of the shear surface 
described in Chapter 4 (see Section 6.2). The effective residual shear 
angle and effective residual cohesion intercept were then determined for 

the appropriate effective normal effective stress at the depth of the basal 

shear surface. This clearly will vary with ground water level. Table 6.1 
illustrates the appropriate effective normal stresses for the three ground 
water levels, together with the effective residual shear angle and residual 
cohesion intercept, corresponding to these effective normal stresses. It can 
be seen that, as the complete failure envelope forms a straight line above 
6'n = 25 kPa, the values correspond to the ultimate condition (see Section 

6.2). 

GROUND WATER LEVEL 6'n 0'r C'r 

0.3 m b. . 
I. 28 kNm'2 9.4° 4 kNm-2 

0.45 m b. . I. 29 kNm'2 9.4° 4 kNm2 
0.8 m (b. 9.1. ) 32 kNm'2 9.4° 4 kNm'2 

Table 6.1 Residual shear angle and residual cohesion intercept 
corresponding to the effective normal stress at the basal shear 
surface at Soper's Wood relating to the ground water levels 
shown. 

There is much discussion in the literature as to what value of residual 
cohesion intercept should be used in slope stability analyses. Many 

authorities recommend that a residual cohesion intercept of zero is applied. 
However, studies by Chandler & Skempton (1974) have drawn attention to 
this unrealistically low value and they recommend a value of 1 kPa. 
Considering the values of c'r obtained from the investigation described in 
Chapter 5 and the effects of pore water chemistry on the parameter, the 

value of 1 kPa suggested is still likely to underestimate the value of the 

residual cohesion intercept. In addition, as discussed in Chapter 2, Prior & 
Graham (1974) propose that c'r is a parameter which should not be 

underestimated in stability calculations. As a consequence, in the following 

analysis the measured value of the residual cohesion intercept was used. 
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6.3.3 Results 
Infinite slab analyses, using the parameters discussed in Section 

6.3.2, provided the factors of safety displayed in Table 6.2. 

DEPTH TO GROUND WATER m FACTOR OF SAFETY 
0.3 0.7 
0.45 0.71 
0.8 0.76 

Table 6.2 Factors of safety obtained from infinite slab analyses 
for the landslide adjacent to Soper's Wood. 

6.3.4 Discussion of Results 
The results indicate that the slip is unstable even when the ground 

water is at a depth of 0.8 m. This is in contrast to the observed relationship 
and provides an underestimation of the factor of safety. The difference 
between the observed and analysed relationship, may in part be due to the 

approximations that have to be made in the analysis. The choice of shear 
surface depth and its inclination has been determined using the method 
discussed in section 3.6. This may have provided an incorrect estimation. 
The mean unit weight of the soil may be erroneous, however this is 

considered unlikely, although it is acknowledged that the Fuller's Earth is 

not uniform but contains argillaceous limestone bands and fragments of 
limestone. 

Assuming all the other assumptions made are correct, a back 
analysis was undertaken to establish what value of O'r would be required if 
the factor of safety was unity for a ground water level of 0.45 m depth, as 
indicated by field observations. This analysis indicated that a value of 0'r of 
16.1 ° would be required to establish a limited equilibrium condition for a 
ground water depth of 0.45 m. Clearly the back analysed value of 16.1 ° is 

significantly greater than the measured residual shear angle of 9.41. In 

view of the varying lithologies forming the Fuller's Earth formation, this 
slope stability analysis involving limited testing on the more clay rich 
material may not provide a realistic simulation of the actual ground 
conditions. However, Section 6.2 has indicated that shear is occurring in 
the sliding mode, such that the calcite content may be expected to have little 

effect on the value of the residual shear angle. Hence, from the work on 
pore water chemistry described in Chapter 5, and the increased 
montmorillonite content noted at the shear surface (see Chapter 4), it is 
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proposed that the difference is, in part at least, due to the effects of calcium 
in the ground water at Soper's Wood. The presence of the calcium rich 
ground water is likely to increase the residual shear strength of the shear 
surface, such that, as observed, the slide ceases movement when the 
ground water level falls below a depth of 0.45 m. 

6.4 A Generalised Model for the Seasonal Control of Slope 
Stability 

Combining the observed interaction of ground water level, rainfall, 
slip movement, evaporation, vegetation, and ground water chemistry, as 
discussed in Chapter 3, with the knowledge of the effects of calcium 
concentration in pore water on residual shear strength, as determined in 
Chapter 5, enables the construction of a generalised model for the 
seasonal control of movement of the landslide adjacent to Soper's Wood 
(see Table 6.3). It is recognised that no field observations are available for 
the autumn period. 

During the winter period from December to March, rainfall levels are 
high (see Figure 3.14). Due to the combination of low evaporation rates 
and low vegetation levels, this results in a sustained shallow water table 

within the main body of the landslide (see Figure 3.17); although some 
variation in the ground water level between different locations within the 
landslip was observed. High rainfall levels and a shallow water table 
encourage the flow of ground water downslope through the landslipped 
material, as evidenced by the outflow of ground water from the toe of the 
slip. This results in the dissolution of calcium carbonate within the Fuller's 
Earth, encouraged by the lower winter ground water temperatures (see 
Figure 3.24), such that the ground water has a high calcium concentration. 
Picknett et al. (1976) demonstrated in the laboratory that there is increased 
dissolution of calcium carbonate with decreasing temperature. As 
discussed in Section 3.7.3, calcium in the ground water will be derived from 

a combination of the dissolution of calcite both from the limestone bands 

present within the Fuller's Earth and the dissolution of disseminated calcite 
within the clay. 

A high calcium concentration in the ground water will result in cation 
exchange with the surrounding clay minerals. However, due to the high 

rainfall levels over this period, there will be a continual replenishment of 
calcium in the ground water. Ca2+ ions will adsorb to the clay platelets 
causing a reduction in the thickness of the hydrated double layer. Thus, the 
attractive van der Waals forces will have a greater influence and 
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consequently the strength of ionic bonding between individual clay platelets 
will increase. This is manifested as an increase in residual shear strength, 
as demonstrated by the laboratory testing described in Chapter 5. Hence, 
during this winter period, the inherent residual shear strength of the shear 
surfaces within the landslide will be high. However, the high levels of 
rainfall and the shallow water table result in high pore water pressures, 
such that effective stress is reduced and slip movement results, irrespective 
of the high inherent residual shear strength. As long as rainfall levels are 
high enough to sustain the shallow ground water level and high pore water 
pressures, slip movement is continuous; although the rate has been shown 
to be closely dependent on rainfall levels (see Figure 3.15). 

In the spring (April and May), rainfall is more sporadic, with 
occasional periods of higher rainfall, such that the ground water table is 

subject to fluctuations (see Figures 3.14 and 3.17); a shallow ground water 
level corresponding to periods of higher rainfall. The sporadic nature of 

rainfall, combined with increased evaporation and vegetation levels, results 
in the ground water table rarely being sustained at a shallow level for a long 

period. Hence, pore water pressures are only temporarily raised. As 
discussed in Chapter 3, vegetation is thought to hinder the infiltration of 

surface water into the landslip. In addition, soil moisture is removed by 

roots taking in water, which is then lost to the atmosphere through 

evapotranspiration. During this spring period, calcium concentrations in the 

ground water were found to still be high (see Figure 3.24). Hence, as for 

the winter period the inherent residual shear strength of the shear surfaces 
is expected to be high. Thus, a combination of the high inherent residual 
shear strength and the sporadic, generally short lived periods of higher 

rainfall, which result in only a temporary increase in ground water level and 
pore water pressures, results in only small amounts of "stick-slip" style 

movement (see Figure 3.15). 

During the summer months of June, July and August, rainfall levels 

are generally low (see Figure 3.14). In addition, evaporation rates are at 
their highest and the slope is relatively heavily vegetated. Hence, the 
ground water level is relatively deep (see Figure 3.17). Calcium 

concentrations in the ground water were found to be lower than in the 

winter and spring. The lower calcium concentrations are likely to result from 
the lower rainfalls levels and the higher summer ground water temperatures 
(see Figure 3.24). The lower rainfall levels result in a greatly reduced flow 

of ground water through the landslide and limestone bands within the 
Fuller's Earth. This, combined with the higher ground water temperatures, 



217 

which causes a decrease in the solubility of calcite, results in less calcium 
carbonate dissolution and hence calcium concentrations in the ground 
water are relatively low. 

The more diluted ground water in the summer will cause a 
weakening of the close range ionic bonds and hence the inherent residual 
shear strength of the failure surfaces can be expected to be lower than in 
the winter and spring. However, due to the relative paucity of rainfall and 
the deeper ground water levels, pore water pressures are relatively low 
(and effective stress high), and thus no movement of the slip generally 
occurs. In addition, as discussed in Chapter 3, the presence of vegetation 
results in less rainfall infiltrating into the landslide to raise ground water 
levels. It is proposed that during this period, as a result of the low calcium 
concentrations in the ground water, the shear surface has its lowest 
inherent residual shear strength. Hence, the landslide is most vulnerable to 
further movement if sufficient rainfall occurred to raise ground water 
levels/pore pressures, despite the presence of vegetation. This in part may 
explain the large amounts of landslide movement that occurred during a 
period of exceptionally high rainfall in the summer of 1968, as reported by 
Hawkins (1973). 

During the autumn months of September, October and November, 

rainfall levels increase, with occasional periods of heavy precipitation. 
Thus, the ground water level can be expected to slowly rise and be subject 
to fluctuations; peaks in the ground water level corresponding to periods of 
higher rainfall. Initially, evaporation rates can be expected to be relatively 
high and the slope vegetated, but with a decrease in temperature and 
insolation over the period, the rate of evaporation will decrease. 

Early on during this autumn period, the inherent residual shear 
strength of the failure surfaces is likely to be low, as a result of the low 

calcium concentrations in the ground water over the summer months. Thus, 

when more heavy periods of rainfall occur, pore water pressures will 
increase and, as a result of the lower "summer" inherent residual shear 
strength, renewed movement of the landslip takes place. However, 
following a period of heavy rainfall, calcium concentrations in the ground 
water can be expected to increase (due to the dissolution of calcite within 
the Fuller's Earth). With further autumnal rainfall and a decrease in ground 
water temperature, calcium concentrations in the ground water will 
approach the higher levels of the winter and spring. Thus, due to the 
increase in calcium concentrations in the ground water, the inherent 

residual shear strength of the shear surfaces is likely to increase during the 
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autumnal period and approach its higher winter value. Hence, for further 

movement to occur during the late autumn/winter, prolonged heavy rainfall 
which will result in a shallower ground water level and higher pore water 
pressures, such as have been recorded in the winter, will be necessary to 
overcome the increased inherent "winter" residual shear strength of the 
failure surfaces. 

This model may account for the three phases of renewed movement 
of a landslide, upslope of the active landslide studied in this thesis, which 
occurred during the early autumn of 1980,1981 and 1982, see Table 3.1. 
However, these periods of activity may have also been affected by some 
regrading of the slope by the farmer. In addition, it is of note that a 

reactivation of the landslide studied in this thesis occurred during the 

autumn of 1983. 

6.5 Discussion 
This model has highlighted the dominance of rainfall as a control on 

the movement of the landslide in the Fuller's Earth adjacent to Soper's 
Wood. High rainfall levels result in a raised ground water level and 
increased pore water pressures. This reduces effective stress and slip 
movement occurs. However, the model has shown that the concentration of 
calcium in the ground water affects the inherent residual shear strength of 
the failure surfaces within the landslide in the Fuller's Earth. Thus, the 
inherent residual shear strength of the shear surfaces can be considered a 
dynamic property, showing seasonal variation. 

This was first proposed by Moore (1988 and 1991) and used to 

explain coastal mudflow movement by Moore & Brunsden (1996), see 
Chapter 2. However, the sources of the changes in pore water chemistry 
which result in a change in the inherent residual shear strength of the 
failure surfaces are different for a coastal mudslide and the inland slide 
described in this study. For a coastal mudslide, the salts in the ground 
water are derived from sea water washed onto the landslip by storm action. 
Whereas, for the inland slip in the Fuller's Earth, the calcium in the ground 
water is derived from the dissolution of calcium carbonate within the 
formation. 

Though this model has been derived from the field investigation of 
the landslip in the Fuller's Earth adjacent to Soper's Wood, it is expected 
that it will apply to other similar landslides in the formation around Bath. 
The proposition that the inherent residual shear strength of the slip is lowest 
in the summer and early autumn has important implications for engineering 
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works and the current perception of slope stability risk. It is generally 
perceived that slope movement occurs during the winter period. This is 

clearly the case, as the model has shown that the combined effect of high 

rainfall and shallow ground water level/high pore water pressures are the 
dominant control on slip movement. However, it is proposed that it is during 
the summer and early autumn, that the inherent residual shear strength of 
the shear surfaces within an inland landslide in the Fuller's Earth is at its 
lowest and hence the slip is most vulnerable to movement. Thus, if 

unusually high levels of rainfall occur during this period, large amounts of 
movement can be expected. Hence, when conducting stability analyses, 
the combination of parameters which would provide a worst case factor of 
safety would be those of the "summer" inherent residual shear strength and 
"winter" ground water levels. 

In this chapter, models for the long term and seasonal controls on 
slope stability have been put forward. It is appreciated that much of the 

model is conjectural and open to discussion. However, it is hoped that the 

step taken to propose a model for inland slope stability in the Fuller's Earth, 

which includes the effects of pore water chemistry, will spur other workers 
into providing similar or indeed, contradictory models, for other inland 

slopes. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

The research described in this thesis was undertaken to further 
elucidate the instability associated with the Fuller's Earth formation around 
Bath. In the Bath area the formation rests conformably between the Inferior 
Oolite and the Great Oolite, which forms the topographic cap rock in the 
area. The combination of sub-horizontally interbedded competent and 
incompetent strata with the steeply dissected topography, characteristic of 
the south Cotswolds, has resulted in the development of near surface mass 
movement. The Fuller's Earth formation is characterised by the presence of 
translational landslides. 

Previous work undertaken on the Fuller's Earth formation by 

researchers at the University of Bristol has emphasised the influence of 
calcite on the Atterberg limits and residual shear strength of the formation. 
In addition, published work, reviewed in Chapter 2, has highlighted the 
effects of pore water chemistry on the residual shear strength of clays. 
Hence, this research was carried out at both a macro and micro-scale to 
investigate the controls on slope stability in the Fuller's Earth; with particular 
emphasis on the role of calcite and ground water chemistry. 

The reactivation of an active landslide in the Fuller's Earth in the 
fields adjacent to Soper's Wood in the Swainswick valley, approximately 
3 km to the north of Bath, provided a unique opportunity. A field 
investigation, which included monitoring of the active slide, provided macro- 
scale data. This, combined with laboratory work, allowed the development 
of a model for the long term and seasonal stability of the landslide. 

7.1 Field Investigation 
A geomorphological map was produced in January 1994 which 

allowed comparison with previous maps. The January 1994 map indicated 
that the slip feature consisted of a translational landslide, about 50 m in 
length, which downslope extends into two distinct morphological features 
(see Figure 3.7). On the northern side the landslide has extended to form a 
well defined narrow translational landslide (Slide A), whilst on the southern 
side the main translational landslide has not extended so far valleyward 
and the lower feature is termed Slide B. 

Logging of samples of the Fuller's Earth, obtained every 100 mm 
from auger holes drilled both inside and outside the visibly slipped mass, 
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has demonstrated that both the weathering grade and depth to which 
weathering occurs are greater in the visibly slipped material compared to in 
the material outside the active landslide (see Section 3.4.1). An analysis of 
sample moisture contents revealed that there are significant differences in 
the soil moisture both within the slipped zone and when the slipped zone is 

contrasted with the moisture content profile of the auger hole drilled outside 
the visibly slipped mass (see Figures 3.10a and 3.10b). The moisture 
content profiles for the auger holes within the slipped material show 
significant variation with depth; peaks in the moisture content profiles may 
indicate the presence of fossil shear surfaces. In contrast, the moisture 
content profile for the auger hole outside the slipped mass shows a 
smoother decrease with depth. In addition, the slipped material generally 
has a higher moisture content compared to the unslipped material at a 
similar depth. 

A comparison of the geotechnical indices of samples from inside and 
outside the visibly slipped mass has shown the effects of the increased 

weathering of the slipped material on the geotechnical indices of the 
Fuller's Earth clay (see Figure 3.11). In addition, this study has confirmed 
the marked influence that calcite has on the Atterberg limits of the Fuller's 
Earth clay (see Figure 3.12). 

In borehole B (which extended to a depth of 2.7 m), located within 
the landslip, the moisture content and Atterberg limit profiles increase with 
weathering grade and the calcite content profile decreases (see Figure 
3.11). In addition, near the ground surface the moisture content is similar to 
the liquid limit, although below 1.1 m it starts to approach the plastic limit. 
However, even at the base of the borehole it is still some 10% higher than 
the plastic limit. 

In comparison, in borehole C (which extended to a depth of 3.0 m), 
located outside the landslip, below a depth of 1.3 m the Atterberg limits and 
moisture content remain approximately constant and the moisture content is 

shown to be approximately equal to the plastic limit, falling below it at a 
depth of 2.5 m (see Figure 3.12). Above a depth of 1.3 m there is a trend of 
increasing Atterberg limits and moisture content and a decreasing trend of 
calcite content, similar to the trend seen throughout borehole B. However, 

unlike in borehole B, below the initial 0.3 m the moisture content more 
closely reflects the plastic limit of the clay. 

These differences are likely to be due to the dilated and fractured 

nature of the slipped material, allowing the percolation of acidic ground 
waters through the previously less permeable Fuller's Earth clay. The 



ýý1) 

acidic ground waters increase the rate of chemical weathering within the 

slipped mass. Two important components of this weathering are the 
depotassification of illite with the formation of a randomly interstratified illite- 

montmorillonite and the gradual dissolution of calcite. Hence, the recently 
slipped material is more weathered and the increased montmorillonite 
content, together with a possible decrease in non-sorptive calcite, results in 
increased plasticity with decreasing depth/increasing weathering grade. In 

addition, in the slipped samples, where transverse cracks, minor scarps and 
lateral shears have allowed the infiltration and percolation of surface 
waters, the clay is hydrated. Thus, natural moisture contents tend to be 
high, generally above the plastic limit. Outside the slipped mass, a similar 
process, due to near surface stress relief, is likely to account for the 
increased plasticity and moisture content above 1.3 m. Below 1.3 m, less 

weathering has occurred such that the moisture content is approximately 
equal to the plastic limit and the Atterberg limits remain approximately 
constant with depth. 

The installation of 10 survey stations within the landslide allowed 
regular monitoring of slip movement and highlighted the most active parts of 
the landslip (for locations see Figure 3.7). Surveying commenced on the 
19th January 1994 and ceased on the 30th June 1994, however the 

majority of the measured movement was noted to have been completed by 
the 13th April 1994 (see Figures 3.13,3.15 and 3.16). Along the line of 
survey stations Al to A5, the portion of Slide A containing stations A2 and 
A3 was most active. Station A3, moved a total of 2.9 m horizontally and 
0.9 m vertically downwards. Station Al, situated on the lowest toe of the 

slip, was effectively stationary. The upper area of the main translational 
landslide containing stations A4 and A5 showed much less movement. 

Along the line of the B survey stations, stations B1 and B2 were the 

most active, with stations B3 and B4 in the upper area of the main 
translational slide showing less movement. Station B1 moved 2.07 m 
horizontally and 0.59 m vertically downwards. However, this was only in 

the first nine weeks of monitoring, as between the 21st March and 
7th April 1994, there was an enhanced phase of movement during which 
time station B1 was swept away by the mudflow. Station B2 moved a total 

of 1.83 m horizontally and 0.46 m vertically downwards. In comparison, 
station B4 moved a total of 0.48 m horizontally and 0.06 m vertically 
downwards. In addition, the results demonstrate that in the main 
translational slide, up-slope of where the landslide splits into two features, 
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the side containing survey stations B3 and B4 has shown a greater amount 
of movement than the side containing stations A4 and A5. 

A comparison of cumulative movement for each survey station with 
cumulative rainfall reveals that the two are intimately related, even with the 
varying amounts of movement of each station (see Figure 3.15). Once the 
landslide is moving any decrease or increase in the level of precipitation is 

reflected by the rate of movement. However, where the change in rainfall 
levels is dramatic, from the data presented in this thesis, there appears to 
be a time lag of between 3 and 6 days between the two events. In addition, 
a comparison of the ground water levels measured in the series of 
standpipes installed within the landslip, demonstrated that there is a 
general relationship between rainfall, ground water level and slip 
movement (see Figures 3.17 and 3.18). 

It can be concluded that in addition to general infiltration, rainfall 
selectively penetrates into the soil along disturbance zones, such as shear 
surfaces and transverse cracks, increasing the height of the water table. 
Pore pressures subsequently increase, with a reduction in effective stress, 
encouraging further movement. This process is likely to be enhanced by 
the presence of in situ limestone bands within the Fuller's Earth formation. 
These form avenues for ground water percolation and are known to cause 
high pore water pressures at their exit points. It is likely that the percolation 
rate controls the length of delay involved between rainfall and an increase 
in pore water pressure. The termination of a particular rainfall event results 
in a decrease in the height of the ground water level. This results in a 
decrease in pore pressures, sufficient that movement ceases. 

The majority of slip movement had been completed by the 
13th April 1994, coincident with a prolonged period of very little rainfall 
from the 13th April 1994 to 20th May 1994. Increased levels of rainfall 
after the 20th May 1994 caused only comparatively small amounts of 
further movement (see Figure 3.15). This is likely to be due to an increase 
in effective stress which is in part related to a decrease in pore pressures, 
resulting from soil water evaporation coincident with a period of low 

precipitation between 13th April 1994 and 20th May 1994. In addition, 
indirectly vegetation may play a role in controlling slip movement. 

During the late spring and summer months when vegetation levels 
increase, particularly on the slipped mass, the increased grass cover will 
collect water which will evaporate in the warm weather, reducing the 

amount of recorded rainfall available for infiltration. This effect may be 

partially balanced by the presence of desiccation cracks which will provide 
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further avenues for surface water infiltration. The vegetation will also take 

up moisture which will be lost to the atmosphere by evapotranspiration, 
reducing the amount available for infiltration still further. Hence, an 
equivalent amount of rainfall during the summer and winter will have very 
different effects. In the winter, due to a lack of vegetation cover, most of the 

recorded rainfall will penetrate into the slipped mass and thus slip 
movement will be sensitive to recorded rainfall. Whereas in the summer, 
less of the recorded rainfall will penetrate into the slipped mass and thus 

there is a reduced effect, with slip movement appearing to be insensitive to 

recorded rainfall. 
A comparison of ground water levels in the standpipes within the 

landslip, with those in the standpipe placed outside the active landslide, 

revealed that the water table within the main body of the slip is shallower 
than outside the landslide, most likely due to selective recharge in the 

slipped mass (see Figure 3.17). The standpipes within the landslide had a 
faster initial response due to the increased disturbance and dilation of the 

soil within the slipped mass. In addition, the study has highlighted the 
importance of standpipe location within a landslide, as there is some 
variation in the ground water level between different locations. This is 

clearly important when considering slope stability analyses. 
A comparison of the geomorphological map produced at the start of 

monitoring in January 1994, with a second map produced in May 1994 

when the majority of movement appeared to have taken place, highlighted 

a number of morphological changes (see Figure 3.19). The morphology of 
slide B had changed considerably; the two mudflows existing in 
January 1994 had combined between the 21st March 1994 and 
7th April 1994 to form one large mudflow. However, in contrast, Slide A 

showed little change in morphology. In the main translational slide 

additional transverse cracks have appeared, with some pre-existing 
transverse cracks being extended. In addition, some of the transverse 

cracks adjacent to the lateral shears have developed into minor scarps. 
Field observations, together with the mapping, identified two patterns of 

movement; transverse crack propagation and retrogressive scarp migration. 
From the geomorphological mapping and the snapping of the specially 

adapted standpipes at depth, an accurate longitudinal section of the 
landslide was constructed for use in slope stability analyses (see Figure 

3.22). 
Ground water analyses were undertaken at Soper's Wood to 

determine whether chemical weathering is occurring at present; with 
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particular emphasis on the dissolution of calcium carbonate and the 
depotassification of illite. The ground water at Soper's Wood was sampled 
from the standpipes at approximately monthly intervals between 
16th March 1994 and the 3rd August 1994. 

Geochemical analysis of the ground water samples revealed that the 

concentration of calcium varied between 61 mg/I and 335 mg/I, 
significantly higher than the levels found for magnesium (2.1 to 14.4 mg/I) 
and potassium (1.21 to 10.03 mg/I), see Figure 3.23. It is likely that the 

majority of calcium in the ground water originates from the dissolution of 

calcium carbonate within the Fuller's Earth. However, due to the high 

concentrations measured, some of the calcium may come from the 
dissolution of gypsum, although this was not recorded during the logging of 
the boreholes. The absence of gypsum may be a result of its high solubility. 
The magnesium found in the ground water samples is probably coming 
from the dissolution of impure calcium carbonate. The presence of 

potassium in the ground water is likely to originate from the 
depotassification of illite, as noted by Vear & Curtis (1981). 

Magnesium and calcium levels found in those boreholes within the 
landslip were noted to be significantly higher and more variable over the 

period of study than the levels found in borehole C outside the visibly 
slipped mass. This implies enhanced dissolution of calcium carbonate 
within the landslide. However, the higher ground water concentrations may 
in part reflect ground water preferentially flowing from "in situ" limestone 
bands into the disturbed area, as egress here will be easier than where "in 

situ" clay cover is present. 
In May 1994, additional standpipes were installed along the length of 

the slip to enable sampling of ground waters down the full length of the 
landslip (see Figure 3.26). Geochemical analysis of the ground water 
samples demonstrated the downslope variation in calcium concentration 
within the slip mass, which is likely to be related to the positions of the 

sampling standpipes within the slip relative to the flow of ground water (see 
Figure 3.27). Hence, at the head of the landslide, ground water 
concentrations of calcium are low and in general increase downslip as the 

ground water percolates downslope dissolving disseminated calcium 
carbonate within the slipped clay. However, where there are significant 
avenues for the infiltration of rain water, such as minor scarps, the 

percolating ground water is diluted by the newly infiltrated rain water so that 
the concentration of calcium in the ground water appears to be lower. 
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From the study it can be concluded that dissolution of calcium 
carbonate is undoubtedly occurring, however it is difficult to establish the 
exact levels of the dissolution of detrital calcite within the Fuller's Earth clay 
as the concentration of calcium in the ground water will also be affected by 
the dissolution of any gypsum present and the presence of "in situ" 
limestone bands. The significantly lower calcium concentration in the 
ground water sampled outside the visibly slipped mass is likely to indicate 
that increased dissolution rates of calcite are occurring within the more 
permeable, disturbed Fuller's Earth. In addition to the dissolution of calcite, 
this study has also shown that potassium ions are being leached from the 

clay minerals in the Fuller's Earth. 

7.2 Small Scale Analysis of a Shear Surface 
A sample of a shear surface was obtained from a trial pit within the 

landslide in the Fuller's Earth at Soper's Wood to investigate whether the 
dissolution of disseminated calcium carbonate and the chemical 
weathering of illite is occurring preferentially along shear planes, due to the 
percolation of acidic ground waters. 

The shear surface was sampled by pushing a specially made steel 
box into the wall of the trial pit, so that it enclosed the failure surface. On 

return to the laboratory, a 10 mm layer was extruded from the box, 

providing a "slab" of Fuller's Earth clay which contained the shear surface. 
The slab was then divided into broad lithological units which were logged 

and analysed by XRD. In addition the edges of the slab were divided into 
44,5 mm wide samples for moisture content and calcite content analyses 
(see Figure 4.1). 

Moisture content analysis (see Figures 4.2 and 4.3) revealed more 
variable levels of moisture content in the recently slipped ground 
immediately above the shear surface (23% to 96%) compared to the more 
uniform levels in the recently unslipped material below it (60% to 66%). 
This is interpreted to indicate that the recently slipped material is more 
disturbed and permeable relative to the soil below the shear surface, 
although the values are still high. This is attributed to the generally dilated 

nature of the near surface material. The moisture content profile was 
normalised to a calcite content of zero to investigate the moisture content of 
the clay minerals alone (see Figure 4.7). This method assumes that the soil 
consists of just clay minerals and calcite, with all the moisture contained by 
the clays. Any layers of water that may exist adsorbed to the calcite are 
ignored. The results obtained support the routine moisture content 
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analyses and there is a peak in the normalised moisture content at the 
approximate location of the shear surface. 

A comparison of the calcite content and moisture content of the 
samples revealed a remarkably consistent inverse relationship, considering 
the very small sample size of this study (see Figures 4.4 and 4.5). These 

results emphasise the control that calcite content has on the moisture 
content of the Fuller's Earth clay, even at a very small scale. However, 
calcite content analyses provided no evidence of preferential decalcification 

along the shear surface. It is thought that this may be due to the thickness 

of the samples relative to the shear surface. 
Samples of the shear surface were examined by SEM to gain an 

understanding of the nature of the shear surfaces within the landslide 

adjacent to Soper's Wood (see Plate 4.5). This highlighted the parallel 
alignment of the clay minerals at the shear surface, compared to the 
random orientation of the clay platelets away from the failure plane. This 

anisotropic alignment may be acting as a barrier preventing ground water 
percolating vertically across the shear surface. Hence, the higher moisture 
contents seen above the shear surface and the marked change in both the 

standard and normalised moisture content profile at the shear surface. The 

examination also revealed the remarkably smooth nature of the shear 
surface, with an absence of any silt/sand particles. Thus, it is interpreted 
that shear is likely to be occurring in the sliding mode and it is thought that 
the preferential dissolution of calcitic particles along the shear surface has 
already taken place. 

XRD analyses of whole "rock" powder mounts made up from the 
lithological units indicated that the dominant non-clay minerals present 
were calcite and quartz, with subordinate feldspar, gypsum and pyrite. The 

clay mineralogy of the units was analysed by sedimenting the clay fraction 

onto slides and revealed a qualitative increase in the proportion 
interstratified illite-Ca-montmorillonite at the shear surface, compared to in 
the clay above it. This has been interpreted to indicate that increased rates 
of illitic weathering, due to the preferential percolation of acidic waters, is 
likely to be occurring along the shear surface. 

7.3 Effects of Calcium in Pore Water on the Residual Shear 
Strength of Clays 

The chemical analysis of the ground water within the landslide at 
Soper's Wood highlighted the dominance of calcium. Thus, experiments 
were carried out to determine the effects of calcium in pore water on the 
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complete residual failure envelope of clays. This enabled an analysis of the 

effective residual cohesion intercept, residual shear angle and residual 
shear strength at various effective normal stresses. 

In order to try and simulate natural ground water chemistry as closely 
as possible, three preliminary experiments were undertaken to investigate 
the possibility of creating stable solutions of calcium in the laboratory from 
the dissolution of calcium carbonate (see Figures 5.1,5.2,5.3,5.4 and 5.5). 
It was expected that these solutions could then be used in ring shear tests 
to investigate the effects of pore water chemistry on the residual shear 
strength of clays. Unfortunately, the results of the experiments showed 
significant variation, making it difficult to say conclusively how long the 

solutions of calcium were stable for. It was concluded that calcium 
carbonate equilibria is too unstable for use in ring shear tests, being 

affected by carbon dioxide partial pressures, pH and temperature, which 
are all difficult to control during a test. Hence, it was decided to use calcium 
chloride as a solute. 

Samples of "pure" kaolinite and montmorillonite were used in the 

study. The kaolinite used was obtained from English China Clays 
International Limited and the montmorillonite used was "Wyoming 
Bentonite". Following XRD analyses, the "Wyoming Bentonite" was found to 

consist dominantly of sodium montmorillonite. Using pure clays reduced 
the number of variables which may affect the residual shear strength 
obtained from ring shear tests, such as the proportion of silt grade material. 
In addition, kaolinite and montmorillonite were chosen as they are both 

present in the Fuller's Earth and represent the two extremes in terms of size 
and behaviour (eg swelling properties), in the family of clay minerals. Prior 
to testing, the clays were washed repeatedly in distilled water to remove 
any remnants of chemicals used in the production of the clays. 

The washed clays were then divided into six sub-samples. Each of 
these was then treated with solutions containing a specific concentration of 
calcium. The concentrations used covered the range found in the ground 
waters at Soper's Wood and corresponded to 0,80.1,160.2,240.3,320.4 

and 400.5 mg/I Cat+, which equates to 0,200,400,600,800,1000 mg/I 
CaCO3 respectively. Each of the treated samples of kaolinite and 
montmorillonite were then subjected to Atterberg tests and residual ring 
shear tests. 

The results indicate that the residual shear strength of kaolinite and 
montmorillonite are sensitive to the concentration of calcium in pore water 
(see Figures 5.8,5.9,5.10,5.11,5.13,5.14,5.15 and 5.16). However, the 
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influence of pore water chemistry is more pronounced in montmorillonite 
than kaolinite. The residual shear strength of kaolinite and montmorillonite 
increase with increasing calcium concentration in the pore water; this is 

most marked between the untreated samples and the samples treated with 
80.1 mg/I Cat+. In addition, analyses of the results at various effective 
normal stresses indicated that the influence of Ca2+ concentration is most 
pronounced in the parameters C'r and ti's. 

Following the ring shear tests, samples of the clays were subjected to 
XRD analyses and these demonstrated that the overall mineralogy of the 

clays remained constant for the different calcium concentrations. However, 

the (001) montmorillonite reflection was observed to migrate with increasing 
Ca2+ concentration (see Figure 5.19). This was interpreted to indicate that 

sodium is being exchanged for calcium, with increasing calcium 
concentration in the pore water. This migration was most noticeable 
between the untreated sample and the sample treated with 80.1 mg/I Ca2+ 

and explains the marked change in residual shear strength observed 
between these two samples. 

The observed changes in residual shear strength can be explained 
in terms of physico-chemical effects. An increase in Ca2+ concentration in 
the pore water causes compression of the hydrated double layer 

surrounding the clay particles. Hence, the repulsive forces are reduced and 
the attractive van der Waals forces are able to dominate. Thus, with 
increasing Ca2+ concentration, bond strength increases and c'r and t'r 
increase. 

In addition to residual shear strength, the Atterberg limits of the clays 
were found to be sensitive to Ca2+ concentration, although the 
montmorillonite and kaolinite displayed opposing behaviour (see Figures 
5.12 and 5.17). The liquid limit of the kaolinite shows a marked increase 
between the untreated sample (WL = 57%) and the sample treated with 
80.1 mg/I Ca2+ (WL = 65%). Thereafter, there is no obvious trend with 
increasing Ca2+ concentration. There is no noticeable increase indicated 
by the "less sensitive" plastic limit and hence, as expected, the plasticity 
index of the samples mirrors the liquid limit. The change in liquid limit is 
interpreted to result from a change in the arrangement of the kaolinite 

platelets from a dispersed state in the untreated sample, to an open 
flocculated structure in the presence of Ca2+. In contrast, the liquid limit of 
the montmorillonite decreases with increasing Ca2+ concentration, 
markedly at first from 740% to 330%. As for the kaolinite, due to the 
insensitivity of the plastic limit, the plasticity index follows the trend of the 



230 

liquid limit. The decrease in liquid limit shown by the montmorillonite 
samples can be explained by the increase in bond strength between clay 
particles with increasing Ca2+ concentration. 

The levels of calcium used in this study correspond to the levels 
found in the ground waters within the landslide adjacent to Soper's Wood. 

In addition, kaolinite and montmorillonite are present in the Fuller's Earth 

clay and it is expected that the behaviour of illite will be intermediate 
between these two "end members". Thus, pore water chemistry can be 

expected to play a part in determining the residual shear strength and 

geotechnical parameters of the Fuller's Earth clay at Soper's Wood, as long 

as clay grade material dominates and shear occurs in the sliding mode. 

7.4 A Model for the Stability of the Landslide Adjacent to 
Soper's Wood 

Combining the results from the field and laboratory investigations 

enabled the development of a model for the stability of the landslide in the 
Fuller's Earth adjacent to Soper's Wood. Stability is considered at two 
levels; long term and seasonal. Although this model is derived from the 
investigations of the landslide adjacent to Soper's Wood, it is expected that 
it will apply to many other similar landslips in the Fuller's Earth formation 

around Bath. It is important to recognise that this model applies to slopes 
which have already slipped and, as a result of pre-existing shear surfaces, 
have a residual shear strength. 

7.4.1 Long Term Stability 
It is proposed that acidic ground waters percolate through the dilated 

slipped material. Indeed, preferential percolation is likely to occur along 
shear surfaces, as evidenced by the outflow of water from the basal shear 
surface at the toe of the landslide. These acidic ground waters cause the 
dissolution of calcium carbonate within the Fuller's Earth and the chemical 

weathering of illite with the formation of a randomly interstratified illite- 

montmorillonite. Hence, with time, shear surfaces, can be expected to show 
a gradually decreasing calcite content and an increasing proportion of 
randomly interstratified illite-montmorillonite. Thus, over the long term, as a 
result of these two components of weathering, shear surfaces can be 

expected to show a decrease in residual shear strength (see Chapter 2). 
However, ring shear tests conducted on the sample of the shear 

surface obtained from the trial pit within the landslide adjacent to Soper's 
Wood, indicate that shear is occurring in the sliding mode (see Figure 6.1). 
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In addition, SEM analyses demonstrated the smooth nature of the shear 

surface (see Plate 4.5). It is thus hypothesised that, due to the preferential 
flow of ground water, a significant amount of the dissolution of the 
disseminated calcite along the shear surface has already occurred. Hence, 

as it is thought that shear now occurs predominantly in the sliding mode, 
any further reduction in the calcite content along the shear surface is not 
expected to produce a significant further reduction in the residual shear 
strength. Although clearly the continued chemical weathering of illite will 
reduce the residual shear strength with time. 

Slope stability analyses undertaken using the measured residual 
shear angle and cohesion of material taken from within 5 mm either side of 
the shear surface (O'r = 9.4° and c'r =4 kNm-2t, indicated that the slip is 

unstable even when the ground water is at a depth of 0.8 m. This is in 

contrast to the observed relationship, where slip movement ceased when 
the ground water fell to a depth of 0.45 m, and provides an underestimation 
of the factor of safety. Indeed, back analyses indicate that a value of 
O'r = 16.1 ° would be required for the factor of safety to be unity for a 
ground water level of 0.45 m depth. It has been shown that shear is 

occurring in the sliding mode, such that the calcite content may be expected 
to have little effect on the value of the residual shear angle. From the work 
on pore water chemistry and the increased proportion of montmorillonite 
noted at the shear surface, it is proposed that the difference is, in part at 
least, due to the effects of calcium in the ground water at Soper's Wood. 
The presence of the calcium rich ground water is likely to increase the 
residual shear strength of the shear surfaces, such that, as observed, the 
slide ceases movement when the ground water falls below a depth of 
0.45 m. 

7.4.2 Seasonal Stability 
Combining the field investigation data with the effects of pore water 

chemistry on residual shear strength allows the construction of a seasonal 
model for slope stability. The model highlights the dominance of rainfall 
and ground water level as controls on slope stability and indicates that the 
inherent residual shear strength of a failure surface within the landslide 

should be considered a dynamic property, showing seasonal variation 
dependent on the concentration of calcium in the ground water. There are 
four principal phases to the model: 
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December to March 
Rainfall levels are high. Together with low evaporation rates and low 

vegetation levels, this results in the observed shallow water table and high 
pore water pressures. Calcium concentrations in the ground water are 
expected to be high, resulting in a high inherent residual shear strength. 
However, the raised pore water pressures induce slip movement, the rate of 
which has been shown to be dependent on rainfall, irrespective of the high 
inherent residual shear strength. 
April to May 

Rainfall is more sporadic. This, combined with increased 

evaporation and vegetation levels, results in the ground water rarely being 

sustained at a shallow level for a long period. Hence, pore water pressures 
are only temporarily raised. Calcium concentrations in the ground water 
were found to still be high and hence the inherent residual strength of shear 
surfaces is expected to be high. Thus, the combination of high inherent 

residual shear strength and sporadic, generally short lived periods of higher 

rainfall, results in only small amounts of stick-slip style movement. 
June to August 

Rainfall levels are low. Hence, as a result of high evaporation rates 
and relatively high vegetation levels, the ground water level is relatively 
deep. Calcium concentrations were found to be low and hence the inherent 
residual shear strength of the shear surfaces can be expected to be low. 
Thus, it is during this period that the slip is most vulnerable to movement. 
However, due to the relative paucity of rainfall and the deeper ground water 
levels, pore water pressures are relatively low and thus no movement of the 
slip generally occurs. 
September to November 

Rainfall levels start to increase after the summer low, with occasional 
periods of heavy rainfall. Initially, evaporation rates can be expected to be 

relatively high and the slope vegetated, but these will decrease over the 

period. Early on, the inherent residual shear strength of the failure surfaces 
is likely to be low, as a result of the low calcium concentrations in the 
ground water over the summer months. Thus, when more heavy periods of 
rainfall occur, pore water pressures will increase and, as a result of the 
lower "summer" inherent residual shear strength, renewed movement of the 
landslip takes place. 

Following a period of heavy rainfall, calcium concentrations in the 
ground water can be expected to increase and, with further autumnal 
rainfall and a decrease in ground water temperature, calcium 
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concentrations in the ground water can be expected to approach the higher 
levels of the winter. Thus, the inherent residual shear strength of the shear 
surfaces is likely to increase during the autumnal period and approach its 
higher winter value. Hence, for further movement to occur during the late 
autumn/winter, prolonged heavy rainfall, which will result in a shallower 
ground water level and higher pore water pressures, such as have been 

recorded in the winter, will be necessary to overcome the increased 
inherent "winter" residual shear strength of the failure surfaces. 

7.5 Avenues for Further Research 
The research described in this thesis has enabled the development 

of a model for the long term and seasonal controls on inland slope stability 
in the Fuller's Earth. It is hoped that this model may be extended to other 
inland slopes in different geological and topographical settings. However, 

clearly further research is required to confirm or indeed contradict the model 
put forward in this thesis. 

Ideally an active inland landslide in a different geological setting 
should be subjected to a similar investigation. If finances permit, this should 
involve; (i) the continuous recording of surface movement at a number of 
positions down the length of the landslide; (ii) the continuous measurement 
of pore water pressures using very sensitive rapid-response piezometers 
located at the depth of the basal shear surface; (iii) regular sampling of 
ground waters for chemical analyses; (iv) regular sampling of material 
obtained from the approximate level of the basal shear surface for 

exchangeable cation analysis. 
Further analysis of the ground water from another landslip in the 

Fuller's Earth is required to differentiate between the various sources of 
calcium in the ground water. The use of strontium isotopes to try and 
source the origin of the calcium may prove to be a useful tool, enabling a 
qualitative estimate of the contribution from in situ limestone bands, 
disseminated calcite and gypsum. In addition, a detailed study of an older 
"gleyed" shear surface using the techniques developed in Chapter 4 will 
provide further information on the nature of shear surfaces in the Fuller's 
Earth and other formations. 

This research has emphasised the effects of pore water chemistry on 
the complete residual failure envelopes of clays. This should be extended 
to include other clays, both pure and naturally occurring, to try and obtain a 
suite of consistent results. In addition, other pore water chemistries, 
applicable to different geological settings, should be considered. These 
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experiments are time consuming and would make a valuable research 
project in itself. 
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APPENDIX I 

LABORATORY TECHNIQUES 

This appendix describes the routine laboratory procedures used 
during the course of this research. New techniques developed during the 
research and techniques which have been adapted by the author are 
described in their appropriate sections. 

Atterberg Limits and Moisture Content 
The two index properties described by Atterberg (1911) are the liquid 

and plastic limits. These were determined according to British Standard 
13770 (1991). Apart from for the montmorillonite samples described in 
Chapter 5, where the Casagrande apparatus was used, the liquid limits 

were determined using the falling cone penetrometer method. This method 
is considered superior to the Casagrande apparatus, as it is both more 
reliable and less prone to operator error (Sherwood & Ryley 1968). 

The moisture content of a sample is defined as the mass of water in a 
sample divided by the mass of the dried sample, expressed as a 
percentage. It is found by drying the sample in an oven at 105°C for 
24 hours. 

Determination of Calcite Percentage 
This was determined using the carbon dioxide titration method 

adapted from Grimaldi, Shapiro & Schnepfe (1966). 0.5 g of rock powder 
is weighed out accurately into a 250 ml boiling flask. 50 ml of deionised 

water, 1 ml of bromophenol blue indicator and 1 mI of 0.2 M hydrochloric 

acid are then added to the flask and a yellow colour is obtained. The 

solution is then brought to the boil. If the solution regains the original bluish 

purple colour of the bromophenol blue indicator, further 1 ml measures of 
HCL are added until the yellow colour persists. The solution is then titrated 

with 0.2 M sodium hydroxide to a blue-purple end point. 
The percentage of CO2 is then calculated by 

Zx2.2 

sample mass 
where, 

Z= (molarity of HCI x vol. of HCI) - (molarity of NaOH x vol. NaOH) 

Then, assuming that all the carbon dioxide liberated originates from 
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the digestion of calcite, the percentage of calcite is determined by 

2.27 x percentage CO2 present 

X-ray Diffraction 
The mineralogy of samples was investigated by X-ray diffraction 

using a Phillips PW 1800 diffractometer combined with a PW 1730/10 

generator which supplied 45 kV/40 mA. To identify the dominant non-clay 

minerals present in samples, whole "rock" powder mounts were made up. 
Then, using a nickel filter, all samples were exposed to CuKa radiation and 

scanned between 2° and 65° at a rate of 2°/minute. The peaks of the 

diffractogram obtained are then attributable to probable minerals present by 

consulting the minerals search tables in Brindley & Brown (1980) and the 

JCPDS card index. 

To identify the clay mineralogy of a sample, it is necessary to 

enhance the peak intensities of the clay minerals. Hence, the clay fraction 

of samples was sedimented onto glass slides and air dried. This technique 

ensured a high proportion of clay minerals were orientated with their basal 
(001) sections parallel to the slide, thus enhancing the clay mineral 
reflections. The slides were then exposed to CuKa radiation and scanned 
between 2° and either 37° or 46°, at a rate of 11/minute. The procedure 
used is described below. 

The disaggregated soil sample was centrifuged and the suspension 
containing particles less than 2 µm in size removed. The suspension was 
then filtered through a 0.45 pm membrane. The resultant clay slurry was 
sedimented onto a glass slide using distilled water and allowed to dry at 
room temperature. In order to identify the clay mineral groups present, x-ray 
traces were obtained for the following pre-treatment methods: 
(1) Untreated, air-dried sample. 
(2) Ethylene glycol treated sample. The samples were exposed 
overnight to ethylene glycol fumes at 60°C in a desiccator. This causes the 
lattice of expandable minerals to swell producing a peak shift to lower °20 

angles. 
(3) Sample heated to 300°C for at least 30 minutes. This volatises all 
the absorbed ethylene glycol and water within the lattices of the swelling 

minerals, decreasing their basal spacing. 
(4) Sample heated to 550°C for a minimum of 4 hours. This destroys 

any kaolinite peaks and enhances the 14.0-14.3 °20 chlorite peak. 
The order of treatment is important as the effects are not reversible. 
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Atomic Absorption Analysis 

The elemental composition of ground water samples was analysed 
using a Phillips Atomic Absorption Spectrophotometer PU9000. Samples 

were diluted to the appropriate concentrations and lanthinum chloride 
added to prevent the formation of complex cations which would lead to 

erroneous results. The machine was then calibrated for the appropriate 
element using the appropriate standard at three different concentrations. 

Scanning Electron Microscope Examination 
The investigations were carried out using a Cambridge 250 Mk III 

scanning electron microscope. The clay samples were prepared for 

examination by first partially air drying the samples and then coating them 

with a film of gold. It was not possible to use very moist clay samples as the 

gold would not 'take' to the samples. However, partially drying the samples 
allowed the gold to adhere to the surface without too much visible distortion 

of the clay structures. 

Routine Residual Shear Strength Testing 
Residual shear strength was determined using the Bromhead ring 

shear apparatus (Wykeham Farrance WF 25850). Bromhead (1979) 
describes the details of the apparatus and its use is discussed extensively 
by Privett (1980) and Lawrence (1985). In summary, an annulus of 

remoulded soil (100 mm o. d. and 70 mm i. d. ) is confined between two 
bronze annular porous plates and held in a water bath. A normal load is 

then applied to the upper platen and the lower platen is slowly rotated. 
Using two matched, calibrated proving rings and dial gauges which bear 

onto a cross arm on the upper platen, the shear stress is measured. The 

normal load is gradually increased enabling a failure envelope to be 

produced for the sample. The technique used is described below. 

A remoulded sample, at approximately its plastic limit, was packed 
into the annular space of the lower platen. To enhance even consolidation 
during testing it is important to obtain a level upper sample surface; this was 
achieved by slicing off any excess soil using a sharp razor blade. The 
lower platen was then placed in the machine, confined by the upper platen 
and the water bath filled with distilled water. A normal load of 27.5 kPa was 
then applied to the sample via a loading system and the sample allowed to 

consolidate over a twelve hour period. A shear surface was then produced 
in the sample by failing under the same load for thirty minutes at the fastest 
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speed available of 600 per minute (44.52 mm/min. at median sample 
diameter). Following the recommendation made by Privett (1980), a few 
drops of light oil were smeared on the centralising pin to reduce friction. 

Once a shear plane had been produced, the sample was left to shear 

under the same load for at least eight hours at the slowest strain rate of 
0.024° per minute to obtain the residual condition, at which stage the axial 
gauge readings were recorded and the normal load increased. The use of 
this slow strain rate facilitated pore pressure dissipation and minimised 

sample extrusion. Past experience indicated that after eight hours the 

proving ring dial gauges had stabilised and the residual condition had been 

reached. Each sample was tested at six normal effective stress values; 
51.9 kPa, 125.4 kPa, 247.9 kPa, 370.3 kPa, 492.8 kPa and 615.2 kPa. 

Effective normal stress was then plotted against shear stress producing 

good failure envelopes that usually gently curved towards the origin. 
To prevent elevated shear stresses being measured due to the build 

up of extruded soil, it was important that any extruded soil was removed 
from the inner diameter of the ring shear via a small hole drilled in the upper 
platen using a wash bottle, as recommended by Lawrence (1985). In 

addition, as recommended by Privett (1980), the proving rings were tapped 

prior to readings being recorded. This caused the dial gauge readings to 
drop and then pick up slightly after a few minutes. Privett (1980) attributed 
this phenomena to stick-slip motion during shearing. However, as 
discussed by McDonald (1990), it appears to be caused by the gauge 
displacement arm sticking within its housing due to the presence of small 
amounts of dirt. Tapping the rings therefore freed the arm so that the true 

value of residual shear strength could be recorded. 
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APPENDIX II 

SURVEY DATA FOR THE LANDSLIDE ADJACENT TO 
SOPER'S WOOD 



Iql 
IO, 

ImI'bý'dýd'd dm ýýImiÖl 
pdnm. oleýnýämý IöI<IOý 

lb bbm ý' ý iv ,rm 
Nýý p1 mlpý'mlpl 0 

i^p 
nIONi 0 dý II löm 

< ým m'mml°ý l 
'I 

Iq 
p 

Ný NNNNhfÖÄnr 

_-. _i 

ý<ý ^ý ' N l 0u l ý hI Ie ý im m' m ýo mýý. lo bý m mui m t 
ý 

.. .mýnnn In n^. IA _ 
om n'n nnI 
� býmmmmm--RRa 

; -ý-r; '- " ý-- " ý-"- 
ImIDiýÖImýýIýmNý'ýmI^I 

< Im dý 
1 

ý 

-} -" ---- . _. . _. _. . -"----- "- 
iÄ ^m{p{pÖýÖtppN ýpOIÄ N L\ N NG N N'N ,N 

N 
Hi hr 0ý 

------ . _. _ .. 
"ýNf'^G^^'^ ýIef 'ý 

p ty ^ 
ýN N'N ýN Nýý^ 

h 
IN. 10Ib' b Iý b 'b N N1 

. ol 
Iý'ý'blmlb, 

b b^^ý. ýIaI 
y II Ip ,Q n ý'm'm ý: ý'ý'm ý 'mlm ý 

^ ý 
<1ý'ý ^m ̂m'ým'. m mI '-'R"ý aý 

---ý_ 
^ : ---=- I -- "--"---+-ý -: 

ý 
_. _.. ý_. _. _, _, 

ý- ý-r --"ý ý_. --'-- ---. _. _-_. .::.; 
ý1 p 

Ifg10I1yIOINIINItb'Jý, 
NiNrPI ný^ mýOI 

'Ivil . 

ýIQIm1ý1^y'm10'b'b 

0 
ýI 

y 
N-'r 

yy ^1 pp11 
I' 'C, piNlmlOmi'O pmiiOmi'01'N pdi'ýÖ 

ÖA 

'I Ir <0,10ý, ý10 m mlm 
ý"ýr' ^'N 

' 'ý ý'ýpp Upf Alpm np ý ýpp nIÖ N 

I 
ýýý 6rNýÄrNýN R'Rý1ýýrýfýi 

A b 
ýý 

ý ý . 'N, i0, ýlb 
b0bb. 

Iý, $'' ý1 

ý _-' _s_-. ý_ --. _. __ 
I 

__ 

;' IN ,bý, nýnrn nln rrÄ' 
ý, r , 

ý 

nnn ý"' 
p I 

iýp ý 'Ni 0 ý. m mým mm-. R Na 
' 

' _-. _. -. _' " 
i 

IpINýý''a. 

ailtNp al N IýlalaeD ýI<rý 

' 
I I 

ý 
1 

Iý1 

-ý --ý--1-ýýý- 

ýI 

i 
1ý m'^I^I, N'0'mIRIýy b mIb 

3+'ýi 
a, 

.ý 
üi 

r`cý ý< ý 'ým 

Q 

T--ý_.. 
_. -ý -. -. -. -.. ' ý. ---^-ý! 

' I"'" 
$} f''el'f, fr! l N e'! 10 N1 yg 

ý 
tý 

ý 

ýIýý"e ý ý ^ 
Lb- 

1ý ia 
v ' , , ýmýý 'm; ml ý mm 

'01ýýn, n'nin, n . -le" A 
- 

r ý ° ' 

, Iýi 
lý'm'mröö, 

m'"Iý"R'ýQa I 

-ý { ý_. 
--. T-' 

'ý 
, -ý-ý--1^ -"ý- ý--1 

I' 
r 

'ý Iii'ý ýýT-ý-_"--ý.. ý-. --"--iý--" - -ý . 
II Iý10, ^, mIAIýImimýnlNrm ýi ýIp 

R'$ 
c0lo^, a71ý nlhl 'n1mla IAI<' b b'blb b'ac i -`y'"I 

iI 
iI 

IOr i. 
d-Imll(f 

blm'nIm mlm NýNI 
O, ý m flv'ý'N NmN ýla 

l 
'N 

II IýýQ m ' 

mlm ý ' 
ýI ýý'm Y1rb'U1 nN 

p 
n' Zý 

d u" ö'r. 1 ýýý ý i: Irylg N^I'Ný7 
' 
° ýý I ý ý , mlu l 

iN , blý b101010'b ý ýIýlal 

-Jý_ý. ý. 'ý'. -_ý__-" _ý-'ý-t 
' 

m ' ým oi I{p 
, 

;ý m'dý1e I IN , 
ý'ý'n nlnlnlnli ýý ,A. 

II1ý: ý' 

,. i" r ý<r p . iNý It0 ý mým mýÖým, 
ý "ý. R 

NaI 
ý 

'dýýO! tamaD N 
pplmý}lý; 

Q"p0p1OIm, ýýÄIgI 
Iýi OImIOIdIO didlý'IN'CImIO'ý Q l 

Ij ý' Ipdi'ý'Iý ýýýIblýýl rýIpdiNlNr 
'ýp N' 

NNINININ 
yýi 

m'Ipln O; 

i' Iý 
N 

Äý -.. 

^. 

-. .. _. 
I 

IaSip n'n 
nA 

/ýý0 
Ar 

I N mI IbII'11iC', blm mmýý'ýIýIýI$I 
Ib , _ým m, b mlb I I` ýý 

_`-T_'_`c-' - - --' 

'I! I 
; ̂ '<ý'I^ýminin! nI^. Nými"e-, 

w 
' 

Iý ýý 
Id', <IýIIý / . 'Innnn, 

ýlýý'Rýýý I 

' 
ýmým m mým. I 

I ` 

ýý Q' y p 
Im^ICNp'mlmf. 

mINNIOImI<1 
1ýIC, N'"It°9iýt7Ic7't7'Il7, 

ýIdIýImIQr 

-" 

m ý'p, 
N ndddd. m mý ' IO 
ppnýýý'NN'NrNIitV'ý 

010 Oý 

---1 ---. -.. --. _ . -pý .I ý"t-p- 

r 

ýT? 
ýý{? 

ýfph* 
p NI 1 

ýpý 
N 

ý ý 
< 

lal b c! b1b bmb. ý. ý ýlý! ýI 
ýb1ýbb Im bb 

--ý ' ---- -- - ---r-I--' 
I 

1 N 
''; ý'ý <ý'ý'n ý''nlnin'ý ^m mlÄ, . 

--- 
" I, '1 

A ý ry fV ý10 ;I `l "! . eh ý" 4 
IP1'< ö'^ Im'm'm 

m m^-IR R 3' 

ý ' 
'; ' 

p 

Iý 
n 

týpp, (ppýp tppppD 
äl0<IiýIýIt7rNIt71NIýýýiNI(DIýýÖI h! 

m ýýýIýielml ý ýiýl ý'^ý^ 

- i, 

{p 

Iý 
(ý. y5 

'- 

'I 
'ýý01[. i'CI 

ýýIÖ'rIý"b'. 
"ýýIÖýN 1 

ý; 
g <, tp 

fOým 
m'm'mlm! d ýmým 

'Tý-^---"-_--_-. "-ý--: -: _ . ý "I 

'I plalý 
ýýý' ý$ mxnO 

+.: ^'$r'$. - 
üS'öi" öýI 

. ', 
ýý< ý 

b1 +. 
' 
+. 1 +. ' 

. 
I 

l 
II '' ' '' 

III A' W"O n'n n. n n^ I; I, ;: iý 
A 

1 
' 1 ý 1 1 iA, Iý 

ýI, m, m, m Ö 
mý R'R I 

I 
' 

tp II IýIOIýImIArmlm 
'NI 

I ý'61m 
ýImýlcm'ýIcm71ý1`cPi, IýýýIýImläl 

I l I ýI ýý 

I, I Iý dl ýý 1 IýI 'ý 1ý 
II !ý O'NýýýIrn pýiipýi, 

Iiaý,, 
1o`ý'i ý'm ýýIm ü' 

< 

'IIr ' I'f 

'ý O'I, öIý'`u3ý1ýr l1`rýýfirfl' 
ýý ýr 

< 
ý ý 

ý 
ý 

ýIý ý Iýýý3 I lýlý'ý ýi 
_1 I ýý Iý'ý: ýý, ýhIýIý'ý'm; ýý ' ;I ý1' ' I; i 

' ; ý; Iýh; ýý, ýIýýýýý: ýý 'N rý 
o' 

-, . 1 ý ° I ýýýiý'Im 

nýN I plýlýrý 
<IýIN 

ý 

ýiAýnýnl I Iý 
NNINNIm 
dldýdid, N'Nlm 

ýIýiýIý ý `ýI ý 

mn ÖN 

ýial 

ýý 
ý;, 

!Ii. r, lel 
Ib-IýOý pICOýýmm, m'Ný^ ý 

II IýýpINIýýÖÖ'Ölplýlm 
b'ýnIÖI^I ^ 

1 ' 'I l mIe n 
-1 < 

` ö ' 

. -. -. - -_.. , Iml 
ý 

,, 
ýý 

II 
ýp yNý I 

,ýp 

ýI' ýj tý( 
I 

N'ý 
A 

ý' 

ýý7ý'jýý ý'ýýrý 

N Iýi` Q I 1ý1 I 
I 

I 
I 

ý n ^, I 'ý '^ ; 
I . 

nlý 
ý 

I IýI 
III ý1' 

I ý'Irý 

Im I1p ep q 
IýI Iý''IN Olýiýit0ýý ''NrNýe I 

; 
'; 1, 

I 
I 

tý 
fl mne)rNN'NINI '! IeI Iýppý33++OINý11clmlmhimrmjgýýlýn', mý 

l <ý 1 ! ýýI 

1 
I' 

? 
4ý ýmý ýmIA ýýýI IAI , . -ý-ý-ý .. ýII 

ä012G1n'öýööý; 

öý'ýjýIýýi I plmlýýlQQ 
g$ o, -$gN' 

+S i : 
ý 

l i ýSrýý i. SIM ýý 
IE' ° i ý 1ý l 

, 1 a ýIýIý'mIýýýIýIViIý ý ia7 
. - IIiI ýI 

Nrm 
e1e., I1 ; pý rn pý 

ý < blýýrn m I b1 n ný11n 
ý! ý 

ý '"IA 
1 ý 

^ 
m L ry jn j S 

<Iýp 
m m 1I 'iÖýý'Cp 

aDýýý'ýýý'ý ý' N"IV 
Ö 

I 
I" ^I 

I _ r_-. _-_-. _±. + 
I I 

' ý 
I I' 

IIIIý 
. -. .. -.. ý 

_n. co II; 
1fIpIý. mIýIý 

e) .ým 

NINIaIý 

i ý'ý'ý! ýI IýQ1 iýýýIý ý 

if pOp 
pýI II Iýi, 

p V N' N 
NI 

INr01A INI I. 

<1ý : I-1ýýýý. ý'4 
I11 

III IA1 
ýIý 

ý' 
i nI1.1 1 ýIý ýýýýý; ýýs ry ar ýý6Iý; ý ý . 

II I- ýI0 
0110 ý0 ^ ^Iý 

ý; Iý 1; ý ým r, 
(p pý pý 

1 tp nýR1 nl 
IAýý 

'n 
i'11 ý I1 

r I p rý m mIm I lo, I1p mIý ODICDImImI-'ýIN, N Ö 

ýI^ I _I I-r---"---- 

pp 

I If InIýININi(NONtmply Itnlm 

ONi Qýa]+ 6lmlml°JI1? 1ý1ý'ý'IViIý b mIý 
ý 

ý 

m II Ifý 'ýNýOIm10Inýnlnl 
ý. 

leý 
I I'p 

mlý iolýýmlm! i0 ý$ý$1^ p@ 
', 

nlm o' 
I 

IýI 

ýI, 1 
T ; 

Ifl inln 
I, 
n' 

± 

'n+-ý"^' 
. Iýr.. 

OIIf ý f: 1 f: ý ýýý ý' Kl 
ý' 

bw mIýImIý b mlýý ý Ij. jl 
Ifpr 

01 10 m: 0. ýr Iý ýa " äe7 < ml 
In 

Ii IN 'ýplý Aln'! ý 
mllýlý;.. 

ýI , 
m'ýIýý 

"I I 
1 

I 1 .. a j 
p, Iý'I<Ifýp1ý1 p I1p1ý 

ýýý1ýý ýICpI^ý... N, N ÖI 

III 1 I Ipn_ý 

p 

I' I' IýIpIöIäIýIýIýIýIýINIIýIp^i 

ýp 
Im'b 

0 b', 

ýiýÖÖÖ 
IýIQýý 

ýIb10 ml0 
ýl^I^Iý 

m 

N 

Ö 

a 

I 

I 
I 

1; 'ý II 

I 
Ip 

^Iý ýIýIý 

tp Oý 
< 

mn I n 

ý 

pý 

11ýI 
88 

ýI1.11if 
011eIO iý10 8'd mýn lý m' 

^^ ýI Iýr< Iý ý 
N 

m' ý d ý 

lp11p11mýýIp1 

1 
ýO 

^, ^' II tý 
OOO1i1 0011 OOýý 0ý11 

ý I 
II ' 1IIe, lvilj' 

ý 

r II 
IýI'ý 

rI 

I lf. itp 
, 'I 

ITI I 1 

/ý I Iý AI 
ýI 

I'I 
1I I 

ý"" I 
ýI e m m tp 

oD O aD, mlýl '^INi1Výo 
I 

ffq Il 

o 

1 I 

l< 

m(((ýyyyy 
YIN 

Iblm 
h 

I 
ýNI 

ml 
l 

l 

I' 
N! N NINIý+ Im 

dlmlbldlKilm 
i$ ýIý ý 

Ig 

lý? 
ý 

y 
ý 

ý 
a 

ý' II I 
Im! n! Oflnlm ýiärýilýIýilýilsi 

3 Iý n n 

lm 

IQi, 
' 

ý 
IIII 1I 

NININý 
I 

'ýIý'Inlw"1'Rjýl II 
l I 

I 

II 
Iý 

i 
IOjý 

ý< b 

lý lý 
ä 

I --r-. .. 
III 

loý äi'löi! ýI, 
mjýlýýýj ý ý 

' b 
ýI 

m Ibrbr ý 
L. 
ý 

ý . "I LNI I In 
Iý I 

P 
. 

n m o ýI ý ý1ý! '�1 
1I 

^I 

I 

ý 1 

' 
ý 
' 

Iý 
h ý g, 

$ , ýp I^I^INýiIVýei 

ý 

f e] lp Q 

Nlml 
sm Im 

ýýpp 
m f 
fÖ 

ý' m ýmmýlý qýldOININ 
ýý ý 

! ý, O ý m ý f 
ýI $I ý�I m ýIplý11pýI1; ýI 

<I 
ý .ý 

^ 

ý 

Yalprlý I NýImImfl II III " I 

Ipý 
ý ý I 

ý Iý 

1 ý-ýr-_ý_ 

I 1(y' I tmp3Iý1NIýApl01r ' 
ý '1 

ý ýI 
ý a 

1p 
ý 

ý 
0 

pp ýýpp ýýpp 
1p 010I1p ý^ I^ N 

.-ý 
N 

- 
ý p1ýq1 I Iý NÄ IN 

A ttýý I-^ 
pp1ý 
n 

n 
ý^ Im ý Iý IIý I1I < I ý 

h 

ý 
Im 
m 

pi 
m 

1p 0 10rý 
1011p1 rp1 IM rý 

IIII 

mlm OýIýNINýöI 
' , II 1 l I 

I 
fl ml"IN 

ýIplý1, ý nl 1+1ý1t7 
< 

m mIN101 I 
r n, n'n ýho 
t'11t71t'IINIfIe) 

ý 
b 

e) 
n 
O 

N 
m 
O 

NI mI Ip 
mlý1ä ä ý10 I`ýIm m ° 1 

rn 
ý1I 

ö1 

I 
IOIA 

^' I ygC 
mIY ? i^ 

I 
ý 

ý' n If ý', jý1 
n ý' ý N 1 

R bi 
I 

ý- 

ý nlo ý~ ýýy`{ ý! f I ' N ýII IýIý'iöl 
II 

ý! ý'r$IýIýI^ 

II 
ý ý ü 

I 

hl " 1 
ýI, < 
NI '`^$IýIýiAIý 

, 
il 

ý 
n 

` m 
O1 ? ' ýiý i ý'' Iý ý1 

Ii 

6 

I 
ýý ý 

, 

m 
v m 

I 
m m m m 

balo i, IdIAi'`ýt`ý'ý'1ý 
1ý'A $'1äý1 ^I-ININreI 

I ' I I^ýý! 

(y ý1 Im 
ý NI IaDI 

Q l 
ýy! 

ý'II 

N 
NImINImIn 

i 
'pI I 

1Ä 

ý 

bÖ 
Im 

i 
I 

II 
III! 

I 

' 
ýI(pO 

lppýlýlpNflpNýippý ý 
610! t', 

IO101010 

N 

IýIý 

pNI 
I ým 01 

O rIý nllal 
AIAI 

II 
I10mp1 

ý. 
p 

ý 
ý 

I 

101 ý p ^ m 
( ( pp 

-" - 

II 
Ieý 1 

^ [p 
IN ooýI Ix 

ýä'ýý ý b ai 101ý10I 

ý 

tÖ tG ýýpp fÖ 
ýIý 

01bItp110i I 
IN N 

ýa ý 
II 

ttpp p ýI 11plýlýlmlNlm lR 
m'I'ImIý ýý 

,1 

I0 I 

lýll<Iýl emi 
y ýp lý 

I 

Igi 
ý 22 ýp`` 
g 

ry. lfý ýp x11$I^I^ININýÖ' 
" 

II 
1 

I 

I 

I 

il 
I 

ýý 
I IIiI 

I 

I 

t 

i 
ýI 

I 

I 

I 
IIIIII 

riilII 

1I1 

1 

IiII 
I Iöl 

ýI I 

I 
I 

IIIý III II 
II 

ýý_ 

IQý ' 

ý ;' I 
II I 

II o E 
ý III 

ýý ý. 

i' o 
IEl 

; I 
I 

I 

I 
I 

r 

IIii Iý I-1 
I 

iI 
.. 

I 
ýi I 

II pl 

IjI 
E' ý 

Eý 
y 

i 
hI 

II 
IýI 

iil I 

EýEI , pI 
ý 

EI EIýI I1 1 
ý 

I4 ýEIýI 

I ýI IE1=r 
r El I 

I 
iE'ý 
ýý 

_I I.. I ý 
Z 

1 
IeI, IE 

I Elolo I° 
.. m pp£''- 

I I l 

e 
pp 
3 
t 

E ýe 

O 

I 

I 
I I 

"I Iý II 
1 I 

ixlýý 
III 

IS 
Iw l. 

. 
I.. I 

" ý 
EI 
w 

EII^-- 10äE1 
I 

- äIÖI ol`I I, 
oi_', er > ý 'k I 

I I 
ý 

ý 
ý 

w'I 
I« 

°' I 
. E' ýýpýý hEIQI 

; E CCppI 
IFjI«I 

I 

I^ 

0 
I 

" Ö 

IE . ýIg E 
G iY 

ßlý 
V Ö SC 

_I. . 9lwlw EE EI ý'o mm Iv dq Ü Ü 

C 
o 
m 
1 

ý 

e 
q0 

I 
= ff N l'f 

I IýIEI 1 
VIvIV'O 

yäplE'E'EIEI ý 
1�ý L. L. L. 10 I1 

t .l C 
9 
w "- 0 

ý 131 C Bjw' 
Iol«I 'I 

IYI I- e1 LmI 
r'ö I $' 

, "I 
I 
,S 

pý1 
öIý I I 

. " 
ö 

L: E 
v 

I 91 ýr 
.. t I . 

s' 
ý ölialýlý w' Iýýr01 

.: 1.; 1.: e, w 11 
_ EIE Elwl 
I'le 

... vl`. I e ýI II ý 
l 
mc 

-ýQ11a1 ýI 
Ö < I 

4 0 

ccc EI ýýSc IE 
w 

ITC 

ö 
I 

Ö 

S 

ä 
-p I ý I 

C I 
I- i ul$ üls äi m elclclel 

i I- ` 9'SIý ý ý wle ww 

v - ý 

I 1 gq ml ý+' tI I r! «I 1 
-IE ö! ý+ I 

wl ' 10 ýI 

I 

I 
c li ýIw 
01ý 

ü e a 

' iÖI ' « Öa 8ýc1¬ 
w 

IlpiOl i 
e ele I I«I« 8 Q181ýý EI 10,10 I- ' 

'ö 

'u 

E 
o 

ý 
m o-c 

Iý- 

clw d 

1, a, y ýG ý 
m ovlo I - Iä1öö 

' odd 
"r E 

a 
1 ý 

o 

I I 

' 

l lo 
ý 

< 5'S cc 
.. 

ýEI 
ýIý I 

ooal o'vvv 
- 

$ 
I @I 

I ZI 
n ý�jýý 

I= 

ý'ýL. :: 'C o'o ö 

L. 
I E 
l 

c 
QS o I~ 

oi 

w 
0I - 
v 

w wl ;w ýIpl i" c 0S10ý 
ýý ' 1 Iýd I, a; 

o cl 01 
gg 
0 

ý 
ILIQIY. I > .. I L 1LILL <ISIý 

m 
wý i mlwldlc 3 Zlm 

0'0 LLI<ILLILLILL LL 
l 

QI 
I E 

SISIrýI>ISý I l SI 
ý 
ggI 
pI 

m ýIC, I ýI`I 
ý 
ri 

cl ý zz Z"ýI ýIýIE'ýýISI 
LLI(-LIf"iIý ýIýINIýI=I II 

257 



_a 
NmÖÖÖÖÖmN, ýiým 

°mQ "- ^^ ý t0 N 01 ^A 

d' 
IIN I 

'dIY'Q'ÖIÖm'NmIN 10 1ý 
IQ 

N 
nlm mlmlOir01 m m'm, m O 
mN 

IN 
IN'N Ndd 1 m 

' 
m^nälA'1r0Öý 10Öý ° m'vý{ Y ýN In rA nA ný N Nr IO N 

Im 
ýR 

-- -NN- 
^: 

N 
Olýýýiýr. Pl-117M__"- 

t0.1 If ^ , 
, 

ý 

p r P)Im. ýO.. 
-_NO 

is_ 'Om mm tD 
mm m Ný Ill 

. . _. 

d m^ÖÖ_ÖÖÖN m'01N 
01 O Of O 

.-^ 
"_ Öý, 10 Z; 

. ý.. _. -__. ýý--_--. ý-. __.. __"_ 

rdI IN'Im. lt+j't7Im1 

, 
Q''O '', W tTlý? ItA, Oý N ,m 10' I OIt7 'Ö < " 

" --1- - __'_..... _. -f. -. -. -. -. .. 

N d, t7ýd V1' Idr ýIONi'^I^I 

,C 
1t7 

I^1 

I r 
iSl 

m 

Np1N mlm'm'mrm 

N tp'ý ý^ 
ý^^ 

^'NIN, ý 
j Itp N cm N NIN . Iýrýýýýý ý^^1t7wl, ýý p Im: ý 

N, 
^r(^ tp g__, R 91 m 

m 

ýOpm1'pOOÖ00ý'Ö1rýIý^-"-. 

"--IýI 

NIO' 
N 

I 

^ 'ma0' 
Pfnlt'ýINIm1 

" ' Or im' 

I 
I 

Idii 
ll 

. 

m'ýý'ff'VIYI 
Ini{Gppig 

A I I l A A IrI 

t' 
_ .-___ ^ 

N 

' 

: ( y ( ý 
J. 

ý 
I'mi22 

! 
^ 

m ý 

ppIN tppýh'ýý tp' p'ý ýpp 
Ný m ; ty 

R 

---` 
. 

l II 

ý 
. _. _ ... -. 

mIO O I'' 
iNNODINImIN Im 

, 
d 

yýIä 

IN 
OI 

ý, ý mým ýrn 
Im 
0NiNImý1ý. 

1 

'fffI I`výInlyrt7ldn. N 
N 

Iy 
Imlm mIm rn 

tpAIm 
na, 

, 
I°INÄlmtO ImmimlNlS11mt1, IÖRI I 

N N 
I 

1 ýý, 

N(( 

-Tý"-ý--'_"-"- 

I° 
r^r AmI^N1(ýO. 

N' np'NN' 
ý 

, 
IýI A 

IAIA LýIýIý 
l 7 

Ný 
b tp "AI I . 

<Im N 
t(yý I_ N 

. 
N-"^I^INIt'1iý 

, ý^I I^Iýiý 
ýIr" ý m 

p ý p p NIýIm"Sm'SIr^'N R a' 
fl mm 

ÖýÖmm' 

r"nl 

Ö'OÖ ÖIdInI^ Ä 

01 iYlN : 

IN' 
I, 

_N'<nIMIýISImIS'm 
mIAIVA 

AI 
l" 

mlO Ný m 

I 

lN m l ý I ý 

-" 

IýI IýfNp NINpIIfpllýpp 1pý1ýppl- tp Ig,, N 
t ý I 

ý 
<m ý ^ . - m, h. ý 

, 
ýp I 

ý y Vlý 
ý1<I V y mt 

lt 
^' ^ý 

ýaDraD, mlaDIaDN : yl'pi dm lt 
fp 

p 
INI 

^^ 

dl Nn'mNN 0,0, 
pm 

m 
Ie 

'°Odi 
pJ 

.. J__ l'iNIÄi^Im, 
, '1<"ýId mA I 

n 

' r 
I' , 

Oppp 

ra 
1 MIN 1' 

1'OIýImIýIOlII01IIýIý 
m tOimlÖOI 

tVIN' t'/. 
_ 

ý< 

NIfV fVI tp ý l N 

' 

ttýýf"NIrypl 

'-"__ý- 
IIý411t"1ý0 

mI'm ^ýý 
tý 

ýý"ejý 
" 

mi 
ä ý ö 
p, 

1lIlýIditö P/' 
Týl I 

O 
^_ 

_ r mi_ ýrý ^ IN N' I IýI ro"a7ýýto_ loi i ' It'r_.. 
I_ ^'l'fINI_ N ttpp ýýpptýppýp ý ýpp o I_ WItD_Im m'mlm, ml^I^IR RIZ 

'a: m_o_rno Im'ý' 
,ý 

INýl7t_omNt_n ImIý 
ýý ' I 

I 
Ie, mMpp f1 

IdImINt7ýt7lnrYm', 

mooIOIaO. I Im 
I 

I 
m 
I 

I' 
uuYC¢' . ; 

888W 
WW ý 

IOý. 

Iä 

AA 

O 

ý' 

^^^ 

Im 

mlý, ^NNO ' 

< Im 
NylfV C'f. 

Ni^IR'q 
; 

IIý I( IIV OVIN 
^I 

mlNf0l7fýl lM' t7 
__ 

^imlw. 
^ 

Ii i0iOl0 Jr 
J 
OiF 

lo, 
< 

. - I° oo äii 

---_--------"- -ýý 
III ' I 

- -'-- 
di Iý mmmm m'mIm'mlmlolA 
QýI m0.. ' 

m'Imi 

:A 
<ItNO'ý 

^ ^I^IýININ'; 
ÖI 

r I'ml, y y tý 
I^' 

A' d 
ýIýNNNNINmI IN 

, M ýM MI 
t7lN 

ý iRN 
{ 

'OI<ISIt7iý 
t. lll7 t 

' "ý -. - __. i 
YiO6'I IW WW ?Q ý% 

ý888 iY JJ >i 10 010, -1 
» 

y 
` 

___ ^ / ^In wir^ { 
_I^I^I^I^ ýr m 'ol Io öl, o F I I, "r", . 

.dA, NIN NýN 
mIAImýSI 

N pp 
11 

týN 
IImAIn 

n ;z-,, 
2R AI ýW 

II. 

1' Hint, ý' 
0 _m, NO 

IýI<irnlöl 
e 
Iýtnýöiý 

. 
I ry^Öhö 

ölö 
c 

äIýIýIt'1 
I" °`üil 

IAArý ý. In, 
mr 

N 
gr 

ý'< 
I. N. 

Im 
t0 ýi 

l 
ý I 

- 
' 

___. ^' ^IN N'9 
^ ' 

I 
'M Iý ýIý 

I ^ 
mlNrn^ihlm rilnl V1 

_DI_Imým mm 'ý'R Ro 

N Iý- 
Iss I I'ý Immrnn'mi1 

NýYINý '=I iNYdddd Sr I1`IÄ 
m' . I I 'ý C ''a t9 

-r-7-ý 4 T -ý , Ia Iý. A. ^mmA_8' Iýppýppl 
ryNfyI 

l'I^I'18 

YI01ýÖIg1 

, 
'I 

IýI<I Iml'll 
.5 l 9 

--r-----ý---"---- " I22 

dNd ý0pp 
IýIOIIO/Iý ÖIOrÖ'ÖIÖ! nl 

Iý 
N 

r m' ý 
m . m _, _I pr t, I ý'ý'ý'_ 1^ 

_ 
61 mml__I_I_I_1 ^I! "JINN 1p (p m ItOýIImISmýý. 

^I^ N RIR 
., 

d INr^Iý 
Om1 

m 
ONi mImIN alymil 

Cýj'N a"d dý dm Iml''ý, 
4: ý. - _nlýi, 

l 'ýI<m11ý 
'^I^ 

IN 
I 

ý ^ ^ 

ImINIýIPfINI 
N, IfI 

Im. 

iG, 
ý n00 0ISIO m. t'fln, N" 

tý 
ao o^II 'Il'fItN9It9 

1Sýýi 
IN 

ý<m 

_"pI i"_. _. ... 
Iö 

I Inltplm. fýp 

,OI 
ýtppýtpp 

Yp 
yfUf** 'Yý"l'týlaYry1011aÄi 

ýmlhl 
I'V 

' ._ 
IN 

I 
ý 

. _. _ i1 
-- --- -- ý 

I f7 I ! I_I_ _I_1 ^Iw, lw, l1^; 
I 

' 1 IýIý'Iý'1ý ý ý; ý'-, ^IRIR ö 

I171!! _QQI_IN N ýINI IA 

'iýIt7I 
IýI 

ýI<II 

Om 
''^ 

OI 

Ii I 
< 

N 
(y IIý 

I 
p 

Omtý 
m 

t I 

y 
m 

m týýIt^ýI(ap 

ftpýIN AIIAi 

lN l? I.: 
M co 

-yI-Y+I 

N 

(fpI 

. -. -. _.... 

. 
iÖIrÖ I 

' l O N 

- ^I'I Ip 
IN 

N 
S l7 f7 17 

^ 
t7lt. f 

^i^'^I"ý I_I ^ 
Im ýlm2 mlim^I^ R'« m 

_ nININ'N IA t'l, N' 

alý; 
`ri$'aö"t°otölu'NIýýIry 

^IcI`v 
_ý 

I 

' 
Iryl 

i 

rn 
ö 
^I 

I I' 

Iý 
Iý 

° 
1< 
I 

ö 

tý 
In 

I^ 

Ion 
lc`3 

ý Iý 

I 
I I`°jvý 

výh öry' 
cýrN 

ýýý 
^I^ 

" 

IO 

m 

, 
l 7; 

y'ý 
r-4-_4-_... _. 

id mýim rn^tI'. gINhI IýIýr 
w; n AIc%qpIIiL ýIý, e, _ S9 ý_Imll, 

mlm1001^ INrNIIÖ 
I ^ 

_ - 

Mlm O"m 
tpplIm 

ý+1 p 
IýI°ImI$INININ 

NI''ýIRIÖ I< IýIý _ I'i pl h, ý ^A Im ^ ^ 

Id 
O 

ý NI I 
4 Ä 

r 
' 

I0 

< 

m 

^ 

It"i 

I^ 

IS 
M 

Ä 

^ 
l7 
N 

(y 
, 

^In, 
lQQ11IgQIN 

býI 
I^IXiýKj m to N1 1 t'lN 'p M _ý ' 

ý° ööm 

i r 

IyN" 
I_I Iey INItn1^I 

r 
ýIi: 

IýIý 
ýý äSýQ''1 

ry tp 
I I.. IýIýr 
l . _I_ 

I N 
r^ 

I_ _ _, _r NI 
: _ ^ ^ ^ ^ . 

IW N ýI 
^^ , m NIS m 

lmllmlml^I^ININ 
Ö' 

^_. 

m'N NI N' IN I I 
ISImIm ýINIx 

mdt. l 
oo t0 m m, tOltO dd 

ý<ujý_I'_I^r_N_ 

I I l O 

OI ml^ 
mN 
^Io I { 

m Im 

I ' 

N 
I ý 
N 
m 

1ff d 
m 

ýNI 
t0 tOIYImIm 

ff 

Im 
d 
A 

NI glýl 

1j1I 
IIAIý l ý 

p 

-" 
I_IýI_I II` 

¢ 
ItQp7 

Iýpy 

rcýl' ryfýIýICyI/yAl 

ý 

ry 
l 

I mý 
l 

. 
^-iý 

- _r 
N 

Iý 
I m 

t0 tý 
_ 

ý 

_ 
17 
.ý 

1ý'f 
_ 

t'1 
_ 

' ^ 
m ý p 

10 
m 

^ 

1NI p l p l l_I^iNIIý l(Ormlm m 
ý ^ I Ii 

I 

( ýI INA 
A 

ý<oaö 

ImNINIOI 
lmlrnm'mIrnIý 
eýIýIINtý 

e ý'i, I ö 

IN 
'^m 

R I 

I 

ý n t^ ý m ^{ý 
(ý p l 

I 

r1 I71ý1 K 
t e R dI ^ O A N ý ý 

gg 
üSi 

ggl 
üSlt I 

- 

1 QQ St Stlalglýfleý. 
ö' t t ý i l 

NI 
ItOIý 

^ 

I__ 

rýl_^ 
I^ N N ý 

I tm0 t7 
S 

l7 l0 
ý 

l'l 
ý 

f7r_r.: IN 
l9 ýl 

ýIm 
m l'l m IO1lg 

OD co 

lýI 
ýIdl ^ý^r p ý1 fNIN 

m ^ 

I r 

I I l I 

I 

ýIN ý<ImIý tom1_mnl mlm mm1_0 I.: 
'ný11'InI Y 

p 
t4i 
ý 

m 
ý1 

mIÖ 
^Id 

1 I ý 
0 

10 
IS 

A 
'a 
m 

A 
m 

n 
m 

m m m I, Ip 
miH 

aD 
O iýI a m 

A 
N 11ý 101^ ý11{oylý 

Itýp; 
Qjl 

m ^ n r: ým 
I ý < N tý t. jlflf7 rr 

m 
I 

I 
'f'f " 

ý 
I 

r 

ý 
I 

I', ''ýI ö 
CI 
E 

II 
I 

I 

1 ' 
IQI 

ýh 

I 
III 

ýý 
I. 
I, Q 

I 
I iri 

x E E 
o 

I 
I 

I 
Ix' -ý EIE 

II 
i E 

E' 
E 

I 
' 9 

I E 
E 'ý 
o D ! I EI $ IE w 

ö 
º 

OrolE l 

l l 
v ö 

ý 
ij 

I 
IE 

D E 

I 
ý 

X 

IEö 

,;: ýu ý$V 
I 

9 

c 
« 
g 
a 

E 

ill 
o 

c 
o ffi 

L° 

y 
ö 
= . v ö t I $ 

EI 1ý6 
I 

i1z 

clöll 
ä 

p 
81c 

Cli 
A ýI 

=v 

°Iý I 
E I°I I 

1II 
ölý1 ýöl 

E 
b ICt 

ý 
- 

g 
EIEE E1 n 1 

y 
ý E .4 .4 1 

l "I r 
a 
ii , 1 1 , 

EI I 6I I lä c 

m C 

s 
m ý 
O 

888 8ä¬ 
cccc ää8w 

. - ý oiý 

I°e m 
S 

Te 
° 
= 

ö 
Ö 

'i 
rn 
C 

ý 

ý 
ý 

8 
8 
p 

8 
8 
M 

8 
8 
p 

8 
I 9 

M 

o IýIt°e 
_ E cRII 

IMI 
' 

oo Öý 
QI 

1 
a 

8 Be 

1 I 8Iä, ý ý a I4 
ýclClýIEIE ýIýI 

IN 

j Ä 
Tuýö 
ölyll, 

a ý äaý 
ý B 

4 
0 01 0 0 0l 

gvgypO1 VE ml° IIý Z ><ý 

ýý1 
a 
° 

ý 
E 

ý 
d 

> 
a 
öI 

_ 
ö 

E 
ý 

t 
v 

O 
m 
O1 ý 

G 
ö 

Ö 
ö 

r 

C 
ö 

ý 

C inlon 
ý1ö öý E 

I=1ýý 
ýr1 
L7 

=1 > 
öý 

< 
M ýG ä, 

M 

ölslaälý, 1ý 
vrolv öISý 

rý 
CIa 

< I 

258 



i 
.- WI 

iN' 
INIý ASÖ', Ö Ö. N'mIN N'n 

O Wrm; IO 
rýIfiMM . 'M, ý^"YImIqI , m 

, iNIM NI 
INI 

q 'W, AIAInmI nNNMp M 
SI11f 

ý IýN n. MMM MrNInIm N' 

INi 

I" 

f0 YNW 

IN" 

"m 
N E' 

I$n, 
n'! ý 

l 

O 
Im " 

I 

Ib'ýOAi 
OniOni OAi'ý 

ýNIryIm' 
. 

{OI Öw" 
^IN 

ýI 
. 

ÖÖÖ 

1 

lý 
j 

ý 

'M 
ýi ý... 

Iý6A ý 

Ifý 

._ .ýy -- .... __ ___ . 

e IÖ. 
OAi'A'Of nmA M^ m. OrA 

WCm ý'f'ÖId <Ö. M N1m'mÖ ýrm 
l ° j I 

_. _ ý. _ ___ _'-_. --' T. 

NImImmý'ý, re' 

"tNtpprQlrý 

N NýIN" 
'W'O p M'Yle'Y'Y eý m^ I 

ml 'e. eo 
°! ' 

°' m 

r"__. . 
raI AImIYIYIMIIm"a 

-ýtl 

a ImI^Iý ". ^^ "1ý' Im NN 
plý'ý, lý l ýý 

p, 
OI ^� M ^, ý 

I 
nrn n N nrA ei a 

ým 
H IfDIýrW WrWrW ml N Ng' mi ýI 

1m M 
Ö1ÖÖOrÖi^I'ý"; NIRIÖ+ 

I^ ^ý 
p p p p pp ý p Iýjmlý0lt7iNIN'IN;, fýt7 ^ ^, týl 

I^ I^ 
r 

: 

a. i Im. ýItOpýIMM! YnQ^mlmlÄ; m 
IýCWý8'ÖV<O'äe^NIfDN 

_ ýý- 

,M' 

el Q'r Cg. 
-'mOlrg 

ý 
mlIO^Iyl IQýII Ir 

ý' , 

Y 
If I. 

ý. 
" 

In IýI' 
IIO 0I0A 01n 

I-wz 

IN 

ýMY 

YA 

lny 
^'^rOfWOlOi"0i-^INININ, fCm fD m m fD ry 

. N' : fmOiNi000010'^'^'N'Riýr ,I 

p ý p p o lýI t_7eý. 1ý^. ý, eýiNiR 
Ilyl 

IýGII^Itýf 

ý . __ 
, 

l l 
ý 1 

fp 
W yyi 

Iýýpp 

iý DIN', Ö! NINrNININýN 
gjlfmOlOOilýl 

m 

Qv+r 

i01 nmim. Y. Oi r 

pp 

' 

r 

Iý'1OýIpmpNIhININI'NIN 

plOl^ 

ýr 

I 
m 

+ tp tp tplm tpr 
r 

ýID 
YýI^INIt7IC_f l0 mýýj, 

rXrAI1R, N ^I OO delwjmiOAiýOAI'ý^INN, 
I^I^ WI 

G 
lfmOlNIýiÖÖÖIÖ^I. -m I 1m O^I^^I^I INN'^I ý^ pp pp p po o ^Im Iný I 17it7Ný'CfIN^.: Iý'IRR 

Oý oomf (Oi 

pmpýý' 
IýOIgI 

' 

a`I nýiNl^I^ 
mlÖi`p'INNhINiý'iH 

Up Iml 
tl, 

' 
I_ OIýmIN NIhININIýIäIOmilýItil 

I 

-. ý 

jIG ý 

"lA`1 
ýýIÄIIT'ÄOni0A1^^'ININ 

, 

ý' " 'ÖÖÖIÖÖ. -I^I1lIfON. 
m h''1O 

I IN , m1^I^I ^I. -j^I NINIýI 
Imjp pl0ppp 

{AVI m6lý'JMt71t71e7^I. 
ýIý'', ýrR 

I^ ^I^r 

I^ A MI 

_. i; jiiIii .. _. _ 

0,1N01 

IÖ 
17I 

Y1 
'q" 

! ., r ^º^ .. ^^ 

rOINIR 88 IN"^NN"1pp1pOIMrW'I 
ýIN1Or^" 11 

10 fOtO[D, l7 t7 
iÖ, b Imr 

YI 
I I 

Y 
Agm. n}IfNIpmIýA{INI1pIOIgý 

IQ QI^ImIiN'Nlüi""11nININ'NI 
^ 
MII 

NI Q^mI 
' 

C 
le' ý IIýýI^I^ 

I fp 

lpplý 
1I 

NtAON^Nlm 

.- 
Iff'e 

Yf N ID A 
N" ^I^I -' 

ý 1Ni^ nlnr, 
^ 

1. jrYl ^ ^ 
I 

I 
m' WWrW Wm IM IIN q 

""ý 

M ml m'm m'm mIN I IMIOOOOO^1^INR 
OI 

, 
I^I^I^ ^I. -I^ I^ 

m 
IýI tp Ip I/OIIýIt7 

I^ 

, I iP I , pIp pp. ry I(7If7MIM^I^, 
ý, ý N^ 

^'I.. 
I^ 

^^ nn 1. ^^ Nln 

IOýIýIIýiA 

1ý 1ý 
N! N 

nIWIý I 
I I 

1pp tpp mm 
I'ý'oINInltýp" tOIt0+1^plfmplNl Nlm! gI (fry'ýý1 

I" 'I 
IýIm _mIý elý 

N 
W 

NIff NINý 
.Nf.. 

- . 

f 
WIOiIWIW N 

'ýt 

OAi ^rNNI ý, IÄ ýi^ WqrÖ 

ý I^ I. tp mm ý 
n1 IýIIM .-Ö 

ÖI'OIÖÖjýI^Iml 

I^I^ IINIRI^I f 

AI 1`$ý ^ 

o 
I^i 

opp^pop p1 ýi 
- ^I"jl'/l^ ^117 

ý 

I1m7Iý, 'OfIW WAm 1NI^I 
IN 

M(7M, 
IMMiNN'ýMf' 

mýýIý IfI ý 

ý NI(lyyI^ pýIpý pI I.. IMýOII IW1pý(pymlOilpISNMrIýINI 

, NI $RI 
ý'mI 

IýIYI I N N ^ " - l 
Il 

l 1 
I 
ýj! 

O 
` 

ýýQy 
I 

lt'f Y 

ff^O 
(^7 
Y 

ý^7 
. ll 

I^I1^ýI^ 

1j 
@f 

ýrV NA 
w 

li I 

' 

ý 
' 

, I p ýp ý p ý p pýý i Y i YIOOmmO mm 0 
, I I 

mlOmiOmiI 
Vo I 

I^I^ 

I' INI 
IIOI^ 

I^I I^I^I^I^ININ'ýý 

_ 
I 

m 
NI ' 

It 
^ 

p It7 p 
t7 
^ 

p ý" 
p p l7 

p " f Il7 
^ ^ 

p 
17 tý 1/'J^ 

I^I. -I^I 

'YI 
pýQ11rmpNtppI01 fAfpp 

A 
fmmfpp , 

I, WIIDIMI ýImI^INI1n'NIN INý 
Ö miý'IhI I' 

Nrem'm'mO)fL^ 'IYYIN IW Im W mWW^N fV W 

a Iq" mItA01Nm1. 
^-Iý Nýcpý imýMjlfnf, 

, I, 'Oim öl71M 
ö 

l? 

IMImIWr`"ýr0 

m IN Iýq Oeýp fp öý 
I 
^I' 

l 

l^ ^ 
öl N R I g1 

ýIO 

m I 

äm 

t+j 
fp 

l17 
l1^n 
l 

1 
lý 
Io 
t7 

IN 
lý 

p 
/7 

INI 
13 . 

ýp ^a, 

. 

ýIY 
ý 

OIýIIÄA 
ppp 17 

: 
I 1 

R ^I ^ I 
Il 

l I , 
I 

I 1 Im I 
I 

I O 
I 

I I rI 
^ 

I10 IN I I 171t7 ^. /7 iaßýeýi 

I 

I 
ffff y IýrQIýIININN N N, mrN mIA 

OI Im'I^m. 
mtOm10.17NOI^Iý1 m l 

m m m 

I, 

m; mlýfNpplýmpltnpltntpplfmOltApýýýAIoI'I 

IýIGIýjIp'l0hýllpp7ýýlapp7ýýmpýlýItýiINI IY 
N 

m I I I 

ýIO 

m 

I 

Iý 
ý 

ONi 

pY 

l01 

Yp I 

_. 

aiIäI1/ý 01 AMf^IpN'111.0. 
rlf l Ytp ITIöA I 'c`ýi IVý ImIe IWI iO i: O iTiO iq'^^leyINIWI 

- 

^' '-' 

ý p OrpIÖI^ IýIY IOIO 101I -INrR, 
Ör 

r I^I^^I^I^I^ rI II^ I 

gI 
ý I^ 

I 

CS I^ R 

i^I 

R 
^I , 

ßIß " p p p , ýeIR , R 
^I^I^ IMIý 

IYI 
Iý'N'^'InIÄ 

nlý A Im1MWINI 
ýO'AIOrm; 

mmlmmlNýNI^Imi N 
m'mmmmN "r 

m10 

Y ia INifONfpOIýfNO b 
A^'ýMIqIN" r 

I Dpnll'jiMplllp7llMlNmlylrl^ 
H WNI m, Iý m 

I;; QQýý1jj1I^I 

OIý. jý 
ý nl 

YI 

(ý 
fý 
Yr 

ýy ýy 
fýýN Iý nrl1pp'^IN p. 

. 

YIYIYIý{ýýI^, A' 
`` 

W 
^ 

YINI r 
I Iml^, W mIW W'W ^ 'NINiW. mInI {p'HiImlÖöIöI I IfD O^^ IrNINIO' 

^ ^I^ ^ 

mI(pI I I 
f0 ý 

o 
t7 

oo 
l+l1 

Ip 1 11ý1`YI 
r 

ý ý 
^ ."^ ýIý Rt 

, I 1 
I I 

I^ 
1 ^I I I 

I 
I 

'YI ýIW4INjNINI^"NI 
'IOIýQIN'gl IDIäIp. mlmlmlmlm ý'ý 

Zi N ÖI 

"IM 
I M 

I^OIIY (DD" 
IA. r 

yy y mp 
I N 

ll^I 
I I 

efp 
ýmyl 

.. 
Ie 

oTi 
ýImI1pIýINIm'NIOmiIm 

^1^IN NIRI 
^ 

N iNl Im mIWIppffIppýý Oi Ol fp 
lt 

p 1M O OIIO'f OI 

^ 
OIý'ýINIIR I^ ^ ^^ 

IIAýý 
N 

ýIýIRIR 
ýIý RI ^ ^ 

II I I I I ^ ^ ^ ^ I I f^ ^I^I^ ,, 
I IC 

m 1 
plpýI ff VV mm 

IOmMI117e7M1N7NmpýtD 

ml^IOWIOrO'O'NNý 
MINI 
NITI 

r IM t- 

-l 

Is 
IÖ 

ý 
m 

ý ýINI IMýM, Y 
tm7 [mý 1A7 7IIýyI 

Iq'I 
fO1m7 1 

l (I 1 ̂ m'^WWrWW1Wi^ýI 
! 

Q 
ýIOI 
O 

Ö 
OI OI'1'iNIRIIgi j 

m 
fp 
^ 

'I ýi 
^ 

tJI 
^ 

Fý 
^ 

(Qiil4illýl ^ IMII'll^, 
r 

f 
ý m 

ýppplý l(OO 
I 

ýIý'mpellýl^I Im 
OiýWImIýlO, 

IýIý. ry m m m 

NImI 
NIO! 

I 

IC ý 

m 

ý, Ip 
t0ýp7 
OI 

{p 
OilOmfl 
ýINI 

Oni 

pu? ý 

p 
O 
fppO1ýI 

Omi 
ý ppýý(M(yylýn}INIn INNýIYIINI 

I 
I 

ý 
O 

W 
ý 

_m ý 

n 
N 

n Ä 
NI 

-.. 
�-. 

_. r. -ý-. 

m 
pp NýI. 

pp. ýýIpmmý 

IN1Oi 

t7IOl N 'iý 
O iO iýIÖ1'O i'^! ^'N 

I ,I 
NIÖ1 

I tNO M 

^ 
ÖIÖ 

^^ 
Oi O 

Ö bm$ " ý^ 
INI N 

m 
'1$I M 

^ 
C4i 
^ 

19i 
^ 

14iI 
^ 

; I 
^ 

19i(Qi'i^rýIg+ni Rr 
^^ 

ý ID 

ml 

ttpp 
O 
^ 
W 

m mW 
^ 
^I^I 

m Im mýI pý 
IýIyy ^N 

^ Iýir^I ^ 

Om 
gM 
ry^ 

I 
7 

I el 
ý 

ý 
ýpp 

I 

(fl, 
l 
MA 
nl° nl 

M 
Ä 

A 
n 

N 
Ä yÄN 

13 e 
N 
e 

ý 
yyy 

I m 
$ 
g 

N 
m ýj ý ýI ýI 

slýol 

I 

äl ýý 
ýiýl 

_" 

N AI 
. -Iý' 

lýAa N m 
ä 
ý" 

oifr OlIW 
I 

plrnloi"^ "ä mrWIW I^IN 
I Y 1d NW I 

m 1 m 
M ^ öö ö s o 

ryl ö 
^I^N l 

N 
11pp 
OI 
^I 

ý 

ttýýl 1lpp 
Ip 

N 
N1 

p 
17 

p 
17 

p N 

^ 

N pp pm l ä3Fýýl^Iý 
, epl 

ý'Ri 1^ 

I 

4 
C D 

ýI ö NyýNNy W ýýil\IlNiltý"iýI'ýINI(ýi ý N ý 
IIO 

m ý m im /lyy 
m m 

m 
b y m 

i °D Uqi 
pý 

NNn °ý 
fm 1 ý 

ýi m 
1mý 'ýIry 1 

W l ý M l I' 

N 

ý m 
fNO 

^ 
Y mmmlm; mlý< 

Ir 
1N 

' 

Y 
N (m g 

r m NI 

I 

ýp 
tD 

ý 
m IO oi O 

pý 
O 

m Y 
. - 

,, Nm IN 1ß 
R ý 5 

N 
m ýplN 

10I' 

i 
p 
t7 

N 
o 
l'l 

I U 

pp 
l7 

u)N 1 O ipd 
opppYMI 

ll7lf7lý 

I^ ll 

o i ýq1ý 
ý`' I 

ý 
QI 
ml 

t7 mt71 
ýI'll^. 

ýIl 
^. 

ýIýIýINI 
ý 

I 

n 
o 

I`IC ! 
fO 

'ýI 
NI 

OM I 
WI 

OMi OQiI OMi fm7I 
NIO 

I 

p IOb' ý ý^ I 
fp 
011 0A1 

N 
m 
Of 
N 

1ý fp 
Of01 Q 1 
N N 

ý 
O AI18I 

I0 I 
q I 1Be ', ^ 

p f Wlmmlmlml^I WI 
iN N IOq WIm 

I^ 

I m 
^I ^I 

pýý p 
0 
^I 

01 
OI 

0i 
O 

ppfý 
O 

m 

^ 

YI 
ýI 

f 
1D1 ýINI 1p1 

NIýi r ^ 

m 
1ý 

fp 
IOIN 

N Qp 
^I 

I 
p ýI 

I 
oIo ýýl }` 
p p ! "1 

N'ý 
^It7 

' 
llglRl "r 

I' 
rl 

I I I I ý( I I I, 
, 

1 
I 

II 

I I' öIEI 
II 

' 

, 
lOl 

>L I 
Ii, IL', 

>I° 
I I o_ 

_EI I 
ý I oI E 

r Iý" II 

I 
' 

E E 
ýIý 

L ý 

EI 
EIE 

" ýIÄI 
vj 

g 
bI 

ý, 

1" II 
E 

,.., , I, 
Y E 

=' 
Iýi 

I . 
jEI 

4ýI 
IN I E'a c 

EI 
ll 

o ' I 

m 
°lö 
Ek 
Oc 

I 
4 
E 

ä 
' 
aeII 

° 

I'D E 
OI 

I ý 

4i 
' 

I 
I .. E 
I4 Er IE 

o 

ý II 
vý 
9 

Ný.. 
ý S P 

O 
ý= 

VV lö C iS « 
I 

I 
t o 
C ý 

1 S 
S ö tCf o $Y 

ia 
. 
1QI 

p 
I ý " "" N 

I l 
.. R8f !I 

1 
x IIci OI 

E q8 wl 
yIE EiE E Elwjýl ý o 

Wä 
11 
" E v_ v 

l 
8 S IwI ä I= 

vIVI ` i7 
O t18'wl 

l l 
og > vA ioccc Iýc� 

ý«Z 

O � 
ý` ý m 

H 
il s 

w 

- 

w 
E 

Iw 
ö 

IQ °t ýlo 
ON 

ý 
üö ce ý8 

EI�Iý 
I6'ýI 

ecl ýýIwl a ý1 ý 
l_ ö I 

OD Cy 
p ýý SV_v vE 0 

i = 
E 

ö0 
< 
o 

c 
g 

' 
GI 
v 

G 
v 

GI 
vl 

G 
v 

l 

ö 

I` 
d 
` 

« I 
GGý 

; ý 

commal 

«ýýIý<sl=lýr >= q aö o 
LL 

ý 
« 

d I m 
¢I 

dl 
sl 

'& 
sl 

! l£I«I 
>=1 

$ l v v I 
ý 

Iý' I < x aa I IýI 
IrE 

M 
! 

259 



mm Tý NIn m NI I Oý ml N' y 
mýaý im!.; nInI I"In" 

im it 

m 
° $INj In'ä I 

^, v Im Ä' INlml "N! 
ÖI I7INýI 

INIm 
NIý INIÖI Iiýi' 

". 
ý... 

_. _. - _ý_. __«_ i-Jýýyý-. _ýT'r_ý_'i__jý.. 

m Imin "nI ý NI IMP O ýImo p 
IN X, NIOII NIoIf0 N 

, I 

' IO, m, im; ni IOý Oilm. inlýNpl 

Im 

e7 "Ö Oilý Yf m 
[f 

- 
O ýl i S 

ý 
ý 

l IV I 

pi 
NI iNtf 

a al mm IO'ýI IýiÖI 
i 

I5 
ÖIm 

IN 'I^'b ^n 'N m IN^. 'ý'N^+I NIýINIOf 
INI^, 

NIý 
I 

- 

yý "Iý,, 
'mlmi I0 

ml eINI'I olnl ImIÖ 

m'e' nm Im 
pOp V1l Im n' 

Im 
NIOI 9ýN 

I 

pp NISI 
IOI1ý 

p NIýI IN 

1ffO p NIý'? 
I INIS 

tp 
^ 

SIÖ SN I 
It 

^ N 

, I 

iI 
_ 

a nI 
InI^ 

ý ml' (. '' m, Ný f IS, IWl 

mm l< , s' m I IýIp mIP 
l 

SImI mIm 

Iý aa ým^ Ä NIaD' N ol Is1Iý NIý NIý N ýolý ýp p 
NIýI LOIN 

IýI ImISI IN N in, Ni lmlöl lilflýi 

_mllm: 
Imlm 

i' mL'^n Ipm 
ýIm 

FIR 
InI 

" m "ý IT Iol1' Im ni 
"NýIa 

INio 
lP)I'ý 

Rig Ng ý p NIOI ININ 
^ 

e'ýmlmýrn Im. 
ofpI miNi mlýl 

ýW'W, 

'Iml 
l .Q tO 

{ 
Ö' 

mI I- ýI 

ImI 
I JIJ ip O V 

ImIý~ml 
iý'NI Inlý 

ý , I I 
p! ý yyp p Q ol1' n 

, NýýI NIoI jiI M; 
NIImI INI 

ý' ° 
I 

e'' ýI^ im, Pý pý m ÖI Im 
"mp. i 'm N 

ImIS 

Ivi Im m dlui h Iý 

I ý 
Iý 
m 
n 

N 
mI^ 

IWIWI mm JJi 
I. IýI 

< <I l 

rn Iml7 
f Iným 

ýtpp ýýff oolýýpp n ^ INm N ý P)Iý I Isä Niýl N NIo 
IP11 

, 

Iý, 

i IýIjS' OI15. ^IIh 
mf1 Im 

i IýIýI Im^In iNIÖ 

Ia 

N 

IO 

N 

01 INIP1ý 

IýI$I 

pm mI 
' 

N N 

( y 
ýtOIS 

ýIupi 

tp 
g ýp 

I 

N p 

-' 

tOI- i IN 
i O I NIo tOI 

OI lPll ^I^ Nm 

ýýý 
INItO 

", ^, iN11 

m 

. 

I 

iSl 

Iy 
Oi 

im Nj 

tV 

l fp feeýOO Nlml 
NiNII 

NN 

In 
Im 

IN 

RiSl 

_. 

' i 
IO 

S { 
l 

yy ((ýý IwIyÖy" ý, ýý 
INIÄI 

1SI 
^I1p 

m 
ýý 

ý 

N 

Q Ilf 

io 

Imlry 

R 
' 

OOmi'm 

Iý1 Ö Iplllpý 

totppl SI N Ol ISIý N m' N 
^N 

I i 
, 

-. __ 

PJ I 
I 

I I 

, 
101 I. I IIn: SI 

Imla 

m" m'Qa' Im m IN'm 
ý 

I 
N 5 

ANN ImIQ? 
I^IN 

pmd 
u nl 

fl^`. 
IN 

S 
min 

" 
olf0 mn', 

NImI 
(N IÖ Ia7I" 

I p 
Nlim, 

ýNIW 
(VIý 

p 
101ý 

QOi 

imlN 

IpppýýIOi' 
IpNII 

mpp 
IfVI 

mlYj IOIi^Ö^l IYIPf 

I 
I 

ýI ' m 

Oi 

N 

m 
N 

PI 

Cnp" 

m 

N 

' 
ý 

N 

O 

(ý 

llnl 

SIm 

OI NIS 

ý m 

n 

týp 

h 
N 

ýp m 

ýmp 
N ^IIO 

I 
n N1 I 

-_ 

ý t0 I N 
Ö 'NjO 

i N ý Nj N 

IfI ImIS 
, emýlý^N 

I^ 
II 

IýI 
rIýI 

jm 

AI 

INISII 
N pSý 

O 

N 
omi 

^qýp 

N 

ml 
N 

mi 
^ý 1N W ý1{00O 

l0 
+ 
ldv 

Of 
m 

l 

I"I 

Iý 

ýppý pq m 

fI 
Oi^NI 

l"'IýýppI 

o I I l 
^ 

cNcpp 
o 

m 

t 

ýQý? 
ýI (ý{I ,{S 

Ip m S ývpl rSp S 

m f 
lýmNp 

N I 
llOl 

^ ppl IN 0 `ý N ! NO 
N N 

älöl 
I°ml1°I IýIýi 

m 
m 
P1 . P) ^ N 

ý N pý 
nl ; 

mlý 
1 4 

P ý 
m ä 

_ 

Im 
O Ni IO 

,INm 'I^ 

n 
N 0 

^ l7 
N 

^ 
N mI 0 15 

mN ýp 
N 

(p 
O p 

p4j 
ýýpp 
N 
^ 

i= 

Id 
mn 
of 

Iýi^' ýi 

O mllol hI 
m N: 

N 

ý 
N 

o 
N 

S 

m 

p 

t0 

N 

pNý 
N 

ppp 
Pf1 

I 
ýNpI 

N 

O1 

I10 

mIIN 

N 

pM 

mm 

mp 

N 

m 
O 

Ipm OSpi 

N 
I 

I g o N Ol N Il'1 N 

Iý 

' 
pp , 

ý, 
ItOO"Im 

II 
o pp 

Y 

I[np 

c0 

g 
Yf 

ýy 
ÖI' eýII ``ýýQQ 

ýp 

ýIpD 

! 

Ipn 

m ß 
^ I I 

tO 
mi^' N. 

g N o In N .IN5 m - ?N O 
^ 

pp 
t0 

p p 
N 
^ 

, V 

I 

I 
l ö' 

I 

II 
a aI i.. 

Iä 

EE o'E I ö 
ä 
E c 

I 

ä 
c 

" 

.I m! im 
o' E c 

I 

m 

ö 
m 

l 
E 
ol 

o aI', a 
äl Elä EI ° o 

a 
E ä 

a 
El 

; 
ä 

mI 
El 3I , mlý L 

äl IEIm 
°° I 

E ä 
= 

E = 

° 
v vl 

ýIý v9 co 9 v I 9 v 9l I~ v 

cc 
'in ý 

Cc E 
t 

x EItI EI ýt 
E -9 

E ýIE 
E 
ýkI 

t 
E 

E .k 
E 

E 
t 

iE 
EI ý 

E 

E "'I EI"I Elä E Zi E ä El 
tE 

; pl E: ä E 
E 
ä E 

E 
ü mI 

ý 
ä ýIäI Is a i m ý m z _ o ; ýc 

a i ö rx 
, c 

7 ýF 
w 
> 

rö aýol 
d`o 

s >Ix >x 
d 
> 

ö 
x aýi > 

$ 
x w > o 

lý 
x >Ix° 

v' 
> 

z 
° i' 

ý 

Vi 
, 

IC 
QI Q IQ'a 

IM M 

aa e a v a 
m 

4 
m 

a m IN IN m Imlm 
M 

m 
M 

m 
O 

mI 
s 
m 

260 



st 
Z! N C) N CO 

' 
NN N CO 'M f` Ist N Om (D (D 

u') n 
Co 00 

an 
IOým 

Om 
I mIWI 

II-N 
OI(O 

C7 tý 
O! N 

N 
OO 

'tD M 
. stW 

OO 
NC Ost 

O'p pL-. O N, !OO 'O, O ý 'OO O I- " '0 - Ö0 

st 
0) 

'(D 

i(De, 
NN 

1010ý 

W r` 
`)n m 
iO'W 

I(D 
Q) Q) 
DD'OD 

nM 
10'(D 

N'm 
NI(D 

N O 
'N 

IM 
OO 

NN 
nIN I IV'W 

sf, tD 
m 

h 

CD"st 
WýO 
0")f) 

(ý+ Q', O' O .O Cy K: ) 0 , 00 O'O 
, 0. - !Or-! OO 

'M 
N 

' 
Co N IV'm ;M Cf)' 

l ,m 0)I 
ý N. 4ý 0'm" 

Mf 

-_ 

'O C) 
NN 

. -t'-, 

. -ý 
' )A m 

W 
mW 

' "O tn 
fý: m M ' 100 

Q Ö 
O, W 
0'- 

mm 
ON 

CO' 
10 0 

ON 
00 

i OA 
0O 

I RC. stlM 
p 

Olst 
, ; - 00 

i<» IM ý(. ) I 
'N 

'O'O 

O OD 

'' ', e'M, 
O ,O ' 

'M ý0 (O 
t" 'ý IS "M "t l 'm'm 

Nr, I(D 1 I 
IN r` 

,O ! 
Im Im ((pp I I 

IQ O, O'. - 
W, W 

I, "Ö (V' 
10(D 
la, Ö 

O; N 
OÖ 

00 
IOÖ 

I, ý, (p 
O, - 

Iý N 
i, O, - 

O a{ 
' 

, 
ÖýO 

C» 
a 

, NIN' 
O 

1CN") S :I 1m; ýý I(MDIO 10t- 
ON 

, (D4, 
p Ö 

I (D'O 
_ I n 

'nINI N: U ; 7 
ýM Ö R 

--" 

I 
N 'QOI 

-ý . -ý- 

OOD 
IÖ- 

_ 

I IODCUI 

1O NI 
O(D 
100 'Q%0 

; .O 
1 O! O 

RI( D 
I 0's-" 

, 
I 

l 
I 01" , ' 

00 

" ,ý ^INI 
I0'O' O 

O: ý IMIV 
O 

I 
n, n 

II 't`'W 
W ' 

ýlW ýOOj m O! pp 8 Cj'(I IS 

' "(p 
1 

p'N 

-t------ 
; 
i ýp'pM 

r_. _"_ -" 

ln ((pp' 

sW� 
QO O .. 

m 
'' ON OO 

ON 
O0 

O IO 

! 00 
IR W 
c5, -: 

Ist N 
Ö'. - 

' O'st 

, O'O 

fýIM' 

10'OI 
IWIW 

M M 
m 

Ih 
h'M Imm 

W 
((ppm 

(D O 
O)'W 
NN 

ýý 

I 
'JJ 

iO 

QIO'ý Ö, ý I 
; 
ÖN ý Co 

ý N O 
' co '< 

, 
>'* 

(p 
I Öý 

l 
1 Ö, ý I ÖÖ 

" 

INNI 
O st 

Iý" 
,, 

IÖ'Ö' 
I 

, 
(p N()., mM 

, 
(p I . ýýýý 

aM}I(DI IN, 
ýý Co, 

1JJ I l , 
a IO" I (O In W 

ON 
, O, W 
00 
I 

. OIN 
O10 1» 

I C'O'sf 

I CD Iý 

V "- 
ý'R 

i 00 

_ , 
i Is Ia I 

_ 

s! 
I CM IWI 

S 

I, 
'S 

IOIý ss{{OI 
i)AÖ' 

, 
Mtti 
0 M" 

",, 
ÖI 

IOmplý 

0Oiými 
IýIöI W')m 

AI (D i OI I I IN 
I 'N IQ 1C7I Q Iý O N' Ö'O f OIO 

, 
O'N 

Im 
010 

:Nn 
ý !O 

,O 
O 

, °O O 

ý7 

Ih_INpi 
IOIO1 

t, 1m 
Sm 

O 

I' 
l 

ppm 
I(D 

' 
st'm 

W' 
f'O:. - ei m 

I, 

(n W! ImW 
'W. - W(D I fýIet 

I 1. -igpp" 
2,1c104 

m I 

-- --- 

3i QIQI 

- 

I I 
Q': 1 CJ 

10 N 
0O 

0,0 
OO 

Nlm IO. ln 
ý OIÖ 

7 

, 

N(O I 
10,0 

" 

0- 
!00 

s! I NIWI 
pI 

IO ImIW 
ýe-I Ö 

QM 
Iý' M 

M 
IÖ N 

^ ^I 
(p 

, IM'(mpi m 
II ýI 

' ý 
hI "N ý 

'm 
I I Q'Oi , 1 O D 

Q; --: I 10 ý 
I ' 

0 

, 
0, 

ý O 
ÖIÖ 

)AI 
i Ö'- 

L 
-1(D I ÖjÖ 

I ä"j 
IÖ10 

ISI ! 

OI 

IÖ 
NIýI 

i0101 
N'm 

77 
IýIm 

f ', I^ 

'NI 
ý I'ý'^, 

N'st 
ION 

MIý 
O 

OIý 
Mi 

Iml((1 

'^ 
rM� 

!S 
mý Im 

' . -! m 
m! 

l 
l 

INIý 

I IQIOI QIO I O'ý- 0! O OIO 0; -- 1 CýO I OIIO I QIO 

INýmI INIm 
I 

IN. nl 
'apýIW 

j 

- _- 

QO QOI 0ý OIÖ Ö Ö, ý I OýO p1O 1 100 

! 
O) IM 

IOISI 'a 
m 

Ir. n 

, 

NIO) 
N NI 

l. i 
N! WI 

(ý 'SI 
! Co I)A 

!O 
1(n 

VI 
r`I 
(ö ' 

I 
It` W 

I 
g QýI Qý OýI ÖIÖI 

" 

I 
Ö Ö 3: - 

N 
l 

M 
ÖýÖ I I Ö 

C9 
C IO 

OIO 

, 
s! I(D N 

OIS 
ýI 

I 
t` 

(D 
et a 
(ljýMý 

IOI 
mIMI 
SIýI IWIW 

; ÖIÖ 
W; N 
m)IÖ aNsýt Ö 

C7 
(A 
Ö 

cpN 
4) (Up)I(p öIý 

_-. __ 

Q; OI 
i' 

QI O Oj-I 

II 

O', O' 

II 

010 Os- I 
I 

OO I O i0 IQIp 

rn 
C7 

l L L-I ' 
oi (ölm r? 

nIW' 
Iö c$: 

m'(), S'o' MIW 
ö' ö N' ä ön u' IU) S uý 

. 

cýh 
Q OI Qio 10 ! ÖI Q; 0" , 

"0m 
( 
0 

'- 
c lo 

o 
Ö . -. 

(S Q o 
Ö 

, 
ýý ý ,1 

N1p 

O! 
I 

I" 

hIýp - 
w INI. 

cOýý IS' ' 
mIW 
S 

Igý i O_ 
I 
ý 

_ 
N ltepý M 

N I 
O 

QIO'I I 
L L-I 

0 9 
c 

O QÖ' ,O 
O ÖI 

M 

OO 
I O 

Ö OI 
O 
O 

IO 
ýÖ 

p 

1 1 
I I I 

IQ O 

'C' 

� 

j 
r 

i I, 'I I 
i 
I 

. 
I 

I 
i 

ý 

Iý 

1 

I 

IGIý pI läI Irý 

E 
E EI EE E E.. 

l 
E! E _I 

EE 
I.., 

ý 

EE E E E E E 
I d E "'IE 

,C 
dEl 

C 
cIE 

Iý" C 
CIE 

I« 

°'E 

I 
m 

« m 
E 
m d 

I 
c a) 

: i 
ic 
al 

E 
ar 

0 > 
E 

I 
EidI 

' Ela,! I E 
a) Eld E aE) 

d Ew 
,, l ö 0 

Z 
a, > oIo a, I> at > ý > o a) >o ar 

> 
> 
o > a o > > 

o 

I 
Iý 

ý 
ý 

ýIýI 
I 

ý il 
N E Iý r 

a, o rIý 
a, o rýý1l o e ; rlý r - A 

' 
I; ol >I S >ý2 1 I>I21 a. o; >iSl 

o 
, >IS S >I S > 2 > 

'H QI Q' 
N'Q I 

iM Mý I 
Q'Q' l 

V e' 
a! a' 

'(g hf) 

'Q Q 
ý! ý- mim 

NI 
ml 

N 
m 

M 
m 

M et 
Co m m 

261 



t0 
. '- , CM 
O 

8 'O 
8, p 

"., 

Cp n, QN, 
O)8' pý, 10 

O"10p 88" 1`-' 0'8 
101 

0 
OO 

0 

ý'I 

OliOlpi 
O 
ÖIO Ö 

1 
8 OO '00 , 0,0 OO O"p " Ö'p ' 'Q'OI QIO I QIQ 

i-i 

ý 88 
O)"tn 

8 . 
C, )c 

:88 
pl'Q 

1 ioo : CO O N .N 

ö'ö , 
. 

'oo; 
ICý' 

öio 
NICA ý1 ^ 

N cvZ' QO S O, O ýOQ OO : QQ C5 0 jO 
l 

, 010 IpIO 

sp}'O 
OO 

c 
0O 

; ýI OQ)IN 
8 

O: w'Ö 
- iVpIN 

lO o 

; 010 

ýS 8 
Niv 
O 

I f0 
IÖ jÖ 

1 (pp 'co, I 

N , 
O'0 10'O "O O IQO I IQ'O 

: 
1Q O ' OI01 1 O10 

O 

1 
IOIOI 

rn 
, O"$ 

Ölp IgY$ Iý 

8 , 
ýýýý ý IM 

8 
. 
SI^ 

ý$ 
S Iplfni S + ISý 

IO 

" 

N 

-_ - 

90 9O 'ad 

-. 

OQ dQ d OiR 
I 

1diQ IR R 

CT 

aä 88 
'co ý 

;8 0 ýý ýý0 tý O 

' Ip 8 
1 OI^ 

'08 
"OIý1 I 

, 
NIO)1 

81 
NI 

8Iý 

. 

'R Q " 'Q O OO OO 
" 

l QO o 'O 
oiOl 
61,6 

1 

: - 

oý IOiOI 

Oýf Ot' IN I88 ;O tpp 
O 

IN t0 
p öÖ 

-1 
ý IR 88 pp 

----- 
fAI I IS 

r---. i_ F_ -- - QIQthlaý 

_ OI .S 

-' t 
pp 

ýI ýýI 
Ö 

" 
ýý 

0 
00 . 

O 
: 1Qo 

I Ö'O 
; 

, 
ÖÖ O, o 

, 
ZZ 

, IWýW 

I 

; 
QR 

O 
010 

I 
1 

I 
O0j 

QýQ 

v V, 
ýý" 

^pp ý0 "CA N 
' ̂  ý Ia IIV I 

"Ný I IýU) 
I l+) co I ;ý 1 Ca C0 1 

(O II' 1 SCplo 

i(3) 

""pp 
O 
U 

C') ýn 
ý 
aQ 

; . - 
C5 5 

; 

, CC 
O 0 
d d 1 0d 

l d 
2iý ý I N 

Ö 
O 

ý 

nr ý C , 
; I l 

I 

i IÖ o Ö 0 0 

ff U) 

0 
,N O) 

U) u) 
I 

I^! n 

Il I 

! 

l OU) 

. o) 
1 

Im 

I 
ý rn 

OO OO ' 'OIO 

, 
I0 ý 

+ 
010ý O 

IO 
O 
I 

Öi 

O) "CT Op ý 

I$8 , 
B'S 

' 
sNs{{ 

O 

I 

IO'r O) ýý}} 
I Ö, 

O 

ýf0 1ý <IC'O , I 
0', Oi 

ÖIý; 
pý 

I 
p IO 

S N 
IO 

I 

_- _ 

"Q d IÖ d dld IC d I, Ö Q 
, IC7'i6 ; 0 01 Ö IÖ Q 

I 
d, 

ý' 
Cýpppp f_ 

0 
N 

ÖO 
I' 

Iýfý 

Oý 

1 hpplC_O 

ý 
10'0 

ý 
Of'O 

1 SIÖ 
' OpIýI 'NIý 
I OIOý OIO 

Cf 
ICp I ! 

Cp 

i 

- 
_ 

r c 

_ 

oQ (Do 
II dlo 

l 
Qid l, olq 

I 
i dlo ý (616 

, 
d d d Q 

aaI con 
ö 

;N öl1 ! mý 
1 18', 8 

i Icoý nl a) ý lö 1 I$; ö1 iSI n 8 rn 
S n $ 

co 

rn C 
'Q 

dd a101 qlq l dld , , dld did d d d q dl 

°' 
' 

ýýý Ln ý'$ l ; orn 
"$ 

m 

' 

'' rn1rn 
ý .-< 

, 
jrIN 

1 
Dim I47 N I 
010 

I 
l h-lo 

lcol 
rn+o 

Ih O cý 'V ICD I ýBIOI IOICOI Or 
Lnl cCpp 
p 

tn ^ 
m 
O 

N 
p 

N 0 O' Q0 
. OIO 0"d 1Rp ; 

dIÖ 
; dlpl O d Q p 

- 
(D " IN 1Cp 

" Ipo 
IN 

C7 I lQ l0 IC'0 1 
j 

. QO "OO 0O iQO I CjiiO O IO I OIO 0 0 0 0 

Ialýl 
I ý ipipN 

I$ 
I<INI i 

Ir I 
n CcpplC 

O IN 

ýI 
8 10 

_ 
O O 

7II Ö O- 8 N NN 
8 

o I d RI RIpI Oo I Rlp R o 
I 
I o 

. 
cI d d d 

ý 

R 

1p, ý1 
ý 

IU-, 

p IS 

1 

On 
Ö'N 

f` 
N 

C+) 

N OD 

O 0 
C7 
p 

r 
IÖ 

Cn 
1 
COnp 
C9 

'fe 

Oý{ 
O) Ö to 

ý- Ö aý 
I, ' ý OIR' 010 

I 
0 O 

1 
010 0 o O OI 'Old 

, 

O 
. 
O Q 

o 
O 

NI . 3ýI 
ico"-I 
lo, $I 

IWI M IS M 
ö 

N 
c`li 

SI 
IO 

ý 
SI O 

'- ýII f I'7CA 
'öl° 

O M 
ö '8 0 

ý N Q'pl Rld d o Q10 d1 d o dl 06 d o Q O 
dý 

1 l 

>' 
O \'ri 

NOI 
IO $I 

ý) 
ý}j 
O 

NI 
M 

" N 
8 "ýq 

i"0 

0 

101 0 
S I 

I l S rl p ý C 
8" 

E1 
, IQIOi 9; (: 5I I 

QI O RI O 
IO 

OIOi 
r 
o 

(o 
Ol 

O 
"016 

O 
O o Q O 

)m ;' 'II 
ý I I 

dy 
3r I 

ý1 
ii 1 

t%%ý' I 
i 

I 
I 

cjý, 1, I 
,i I 

Ö 
QQS 
t E'ý E E E EI ̀  EI EI E E E E E 

. aý at 
°' I cl at a' 

e .5 
at 

cm c 4r-) 
d c aýi e aýr c aýr c ai c d 

II 
I 

I 
+ 

E E at 
E E at I 

E E at 
°' E E 

a, 
01 E E 

d 
41 
E E 

aa 
at E E a, 

a' E E 
at 

°1 E E 
m a)i 

ýý 

al 
DD I I 

at > 
>a 
ý2 

al > 
>10 

at > 
>O 

at 
> 

> 
o 

ý 
Ot 
> 
0 

> 
o 

at 
>I 
0I 

> 
O 
2 

a) > 
>O 
Om 

at 
> 

> 
o 

at 
> 
ý 

> 
o 
2 ý 

a A -A z 
m! 

E 
I> aýi'ö ö 

Ri" 
m 
> 

ö d 
> 

ö 
s 

m 
> o x 

ö 
>s 

d 
> 

ö 
x i a ý/% ?' Iý 

IQ 
IQ I 

N 
IQ Q IQ 

Ql ä I 
Q m I co 

IN IN CO) CO a} 'a! 0 IOD m m "O P 

262 



263 

APPENDIX III 

RECORDS OF GROUND WATER LEVELS FOR THE 
LANDSLIDE ADJACENT TO SOPER'S WOOD 
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APPENDIX IV 

ENGINEERING GEOMORPHOLOGICAL MAP OF THE 
LANDSLIDE ADJACENT TO SOPER'S WOOD 
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