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DIRECTOR'S PREFACE

Since its inception in 1967, the Engineering Geology and
Geophysics Group has been responsible for providing
information on the physical properties of rocks and sedi
ments to a wide range of BGS activities both on land and at
sea. The Group has maintained a laboratory facility over
this period and has carried out a wide range of geotechnical
and geophysical tests on core samples from boreholes,
block samples from trenches, and samples from rock expo
sures in the survey areas. All the data obtained have been
collected and retained on a number of databases, which are
now being brought together in one common format via spe
cific studies on the various geological map sheets or general
studies such as the Gault Clay Project described below.

Early work concentrated on the production of engineer
ing geological maps and over the years a wide range of
different types of maps have been produced both forSGS
projects and special ised studies for the Department of
Environment. These maps were developed with the asso
ciated database and often a table, in which the engineering
properties of all the formations on the map were assessed
from the point of view of civil engineering construction.
This approach produced generalised geotechnical and geo
physical appraisal of the geological formations concerned
on the maps but did not examine the variability of these
properties for a specific formation outside the area of
interest. Hence, the present approach of studying a single
formation in more detail over its total extent both verti
cally and laterally was considered and the Gault Clay
Study described below is the first in this new series of
geotechnical/geophysical studies.

Although it is not the intention to look at every geologi
cal formation in the UK the overall project is intended to
study those formations which present serious engineering
problems or on which significant areas of the built en
vironment are founded. It is anticipated that the project

will take a number of years to characteri se the necessary
formations.

The study of the first formation has also been a search
for the best nlethodology with which to achieve the
desired end result. Therefore, the first study has evolved
as it has progressed. Its scope and emphasis has changed
and its timescale has been longer than that envisaged for
most of the formations still to be studied. It became appar
ent during the initial stages of the project that in order to
study and understand the variation in engineering behav
iour shown by a formation the geophysical properties
should also be considered and that geophysical. borehole
log correlation could assist in the interpretation of
regional variation in engineering behaviour. The scope of
the project was therefore expanded to include the
geophysical properties of formations and their regional
correlation.

The Gault clay project thanks the many people who
have helped in the course of this study, especially the civil
engineering industry whose contractors, consultants and
their clients have donated or made available geotechnical
information which has been central to the study. Thanks
are also due to the many staff of the British Geological
Survey, not named in the report as coauthors, who have
contributed in many ways to the success of the project.

Peter J Cook, DSc
Director

British Geological Survey
Keyworth
Nottingham

June 1995



EXECUTIVE SUMMARY

The Gault is a sequence of clays, mudstones and thin silt
stones with bands of phosphatic nodules of Middle and
Upper Albian age. Its outcrop stretches south-westward
fron1 East Anglia through Wessex to west Dorset and sur
rounds the Weald in an arc from North East Kent west
wards through Surrey to Hampshire where it turns south
and returns· eastward through west and east Sussex. The
Gault clay thickens to the south and reaches its maximum
developlnent of over 100 m in the Weald and thins to the
west as it passes into Hampshire and Dorset.

The Gault clay contains both clay and non-clay miner
also The major non-clay minerals are quartz and calcite.
Quartz usually makes up about 20% or more of the Gault
and its distribution is fairly uniform. Calcite is present as
fossil debris and as a cementing agent. The Gault is more
calcareous in the north east than the south and west.

The major clay minerals present are kaolinite, illite and
smectite. Two main clay mineral assemblages have been
identified 'Kaolinite-illite' and 'Smectite-illite' . Higher
concentrations of smectite have been found in fissures and
in the zones around shear surfaces in landslips.

A geotechnical database for Gault clay was compiled
from site investigations for major road developments and
smaller local developments. The data were divided into
eight geographical areas to study regional variation in
geotechnical properties.

The study of the geotechnical properties in the database
has shown that regional variations in geotechnical proper
ties exist. These variations appear to be largely a function
of depositional environment, lithology and stress history.
Individual borehole records of the geotechnical index para
meters generally show little variation with depth where the
Gault is at outcrop, except near to the surface. However,
greater variation is shown at subcrop and at depth.

Gault clay causes a number of serious geotechnical
problems. Ancient and recent landslides have been recog
nised throughout the outcrop of the Gault clay and in some
areas mapped. Most movement is of shallow translational
type with rotational elements at the back scarp and flows at
the toe region. Multiple retrogressive rotational failures
occur on some slopes. Where Gault clay is part of a major,
inland escarpment or coastal cliff, large, deep seated, land
slide complexes have developed as at Folkestone Warren
near Dover and at Ventnor on the Isle of Wight. Char-

actcristic slope angles measured in the field, used with
geotechnical laboratory test data, can establish the maxi
mum angle for long term stable slopes.

Gault clay contains significant amounts of smectite clays
in parts of its sequence. In the south-west, where the Gault
becomes siltier and more sandy, it is only of medium to
high expansive potential; the remainder of the outcrop falls
almost entirely in the very high expansive potential cate
gory. If foundations are placed at too shallow depth on such
a material seasonal shrinking and swelling may result in
damage to the building. Trees, shrubs or hedges may cause
desiccation and damage if planted too close to a building or
lead to swelling if they are removed prior to construction.

Gault clay may contain aqueous solutions of sulphate
and sulphuric acid in the ground in sufficient quantity for
potential chemical attack on concrete. The rate of attack is
very much influenced by the permeability of the concrete
and the position of the groundwater table.

Gault clay may be expected to be classed as medium to
hard with respect to its diggability but the sides of the
excavation itself may be unstable during and after excava
tion. The inflow of water into an excavation in Gault clay
may soften the clay making traffic movement difficult or
impossible for wheeled vehicles and may cause soft
patches in the sub foundation clay which might require
removal before foundation placement.

The recommended maximum slope angles for cuttings
and embankments in order to restrict the failures to less
than. 1% within 22 years of construction are between 1:3.5
and 1:5 depending on the slope height.

The design of a site investigation should be preceded by
a desk study and walk over survey. In areas which include
sloping ground it is important to look at slopes both in and
outside the site in order to ascertain their stability. The use
of cable percussion drilling and sampling may not prove
effective other than for disturbed samples. Modem rotary
coring techniques offer good quality samples but may
encounter problems with swelling. Near-surface, the use of
trial pits has significant advantages over percussive or
rotary drilling. When working in weak, sheared, disturbed
material, such as soliflucted and cryoturbated Gault clay, it
is essential that safety procedures are observed and suitable
support is installed to maintain the safe standing of the pit
walls during logging and sampling.



1 Introduction

The Gault clay of England is a clay formation which
causes a number of serious geotechnical problems and
exerts a significant influence on land-use and the con
struction of transportation routes. Its properties are such
that it may cause structural damage to buildings, due to
shrinking and swelling under the influence of moisture
content variation. This is a problem which has caused con
siderable financial loss during the protracted droughts of
recent years. The Gault outcrop is also frequently
associated with landsliding on both large and small scale.

This report on the Gault clay is one of a series on the
rocks and soils of Great Britain which aims to satisfy a
need of geologists and engineers for reference works
describing the engineering behaviour of important
geological formations present in the British landmass.

1.2 METHODOLOGY

The properties and behaviour of geological materials are
not solely the result of their component minerals. Their
texture, which is a reflection of their depositional environ
ment, diagenesis and subsequent tectonic history also have
a major influence on the current engineering behaviour of
the formation as a whole. Also, the near-surface zone has
been influenced by earth surface processes acting recently.
In many instances the behaviour of the material cannot be
predicted unless the recent geological history of the site is
understood.

The Gault clay study comprised three phases. Initially,
earth-surface processes were studied, then a detailed
examination of the geotechnical properties of the Gault
clay core from two research boreholes was carried out and
lastly the regional variation in lithological character, geo
technical properties and engineering behaviour was
reviewed using an extensive geotechnical database

assembled froin site investigation reports. The first phase
of the project addressed the influence of earth-surface pro
cesses on the behaviour of the Gault clay and its inter
action with adjacent formations, the Upper and Lower
Greensand. The relationship between the Gault clay and
the Upper Greensand, with regard to landsliding, hydro
geology and glacial history, was examined, in particular, at
sites near Shaftesbury (Dorset) and Sherborne (Hamp
shire). In the course of this work four boreholes were
drilled at Church Farm, Shaftesbury [ST 8650 2230], to
give lithological and geotechnical information which
would assist in the interpretation of the landslide pro
cesses. These data were added to in the second phase of the
project in which two research, cored boreholes were drilled
at Arlesey, Bedfordshire [TL 1887 3463] and Klondyke
Farm, Cambridgeshire [TL 5940 7010]. The latter holes
were logged with wire line geophysical tools to give in-situ
information. The cores were logged using geological,
geophysical and engineering geological methods and
subjected to close sampling for very detailed geotechnical
and mineralogical examination.

The regional study of geotechnical properties and
engineering behaviour was based on a collection of geo
technical data from published papers, site investigation
reports and laboratory reports. Much of these data were
obtained from local authorities, geotechnical engineering
consultants and contractors. The data collected were used
to compile two databases: (a) a geotechnical database
which would be used for studying regional variation and
subsequently incorporated into the BGS National Geo
technical Database and (b) a geophysical database of geo
physical logs of boreholes dri lled into, and through, the
Gault clay was assembled from as many sites as possible.
This enabled a detailed correlation of the geophysical and
biostratigraphical divisions of the Gault clay and adjacent
formations to be carried out. This provided the framework
within which the regional variation of geotechnical
properties was reviewed.





Table 2.1 Generalised Albian zonal scheme.

commonly comprise sandy clays with phosphatic nodules,
exhibit an upward increase in clay content and pass grada
tionally into the mudstones of the Gault. The depositional
environment indicates that they are more closely related to
the Albian sediments above them than the Aptian sands
below.

The boundary between the Lower and Middle Albian, i.e.
between the basal arenites (Carstone) and argillites (Gault)
has been placed at a level showing a change from predomin-

* DEFINITIONS

I. STAGE: the basic unit in chronostratigraphy

2. FORMATION: the basic unit in lithostratigraphy and can be defined as
the smallest mappable unit (scale dependant) and exhibits a distinct
lithology as compared with those above and below. The boundaries may
be fixed where sharp or randomly placed in a gradational sequence. A
Formation can be subdivided into:

MEMBER: for a minor or less extensive lithological variation within the
main sequence, e.g. sand lens

BED: each bed within the sequence

CENOMANIAN (pars) Mantelliceras mantelli

UPPER ALBIAN Stoliczkaia dispar
Mortoniceras infiatum

2.2 LITHOLOGICAL CHARACTERISTICS

Gault is the name given to the sequence of predominantly
clay facies sediments within the Albian Stage of the Lower
Cretaceous, which rests unconformably on older strata, and
is itself overlain unconformably by the Chalk (Plate 1).
Three major lithological units form the sequence, (Table
2.1).

(a) The Carstone (Lower Albian) is present at the base of
the sequence in East Anglia and southward through the
Weald to the Isle of Wight. It is an arenaceous facies which
together with older sands forms the Lower Greensand (in a
broad definition). It is up to 18 m thick, and passes grada
tionally upwards to the Gault clay.

(c) The Upper Albian of Wessex and the western Weald
shows the development of beds of sand and chert of the

antly arenaceous to argillaceous sediments which coincides
with the top of the mammillatum Zone (Table 2.1).

The Gault and Upper Greensand, whilst being separate
formations, occur as a lateral facies variation. The Gault
clay in eastern Kent extends to the top of the Albian stage
where the Upper Greensand is absent.

(b) The Gault (Middle and Upper Albian), is a sequence of
clays, mudstones and thin siltstones with variable bands of
phosphatic nodules. In East Anglia and East Kent, the
Gault extends upwards to include sediments of Upper
Albian age. In the northern part of East Anglia the clays
are replaced by the Red Chalk, a carbonate facies equiva
lent to the Middle and Upper Albian elsewhere, which
reaches a maximum thickness of approximately 2 m. The
Gault thickens to the south and reaches its maximum
development of over 100 m in the Weald. This clay facies
thins to the west as it passes into Hampshire and Dorset,
the upper zones being replaced by sand and chert of the
Upper Greensand. In the Penn Cross Borehole in west
Dorset the clay fascies has a thickness of only 1.9 m
(Anon, 1974).

'CARSTONE'

LOWER CHALK

UPPER

GREENSAND

CAMBRIDGE

GREENSAND

GLAUCONITE

MARL

GAULT

FORMATION*ZONE

Euhoplites lautus
Euhoplites loricatus
Hoplites dentatus

Douvilleiceras mammillatum
Leymeriella tardefurcata

Parahoplites nutfieldensis LOWER

GREENSAND

(based on Gallais, 1988 Ely memoir)

STAGE*

APTIAN (pars)

MIDDLE ALBIAN

LOWER ALBIAN

Plate 1 Arlesey Pit. The Chalk is
exposed at the top of the pit resting
unconformably on the Gault clay.
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Gault rests on sediments of Lower Kimnleridgian age and
this suggests the reilloval, prior to the deposition of the
Gault, of the order of 1200 In of sediments (Hancock,
1969). ]Jrumillond (1970) suggests a series of faults and
folds with a Charnoid trend extend across central Dorset
(the 'Mid-l)orset Swell') which alTected the deposition of
Upper Albian sediments (also the succeeding Cenomanian)
with local erosion and condensed sequences of injlatum
and di.\par zone arenites across the axis.

In the northern part of East Anglia, passing into Lincoln
shire and Yorkshire, the clay facies passes laterally into the
carbonates of the Red Chalk. Fossil remains of algal stro
matolitic mats found in these carbonates indicate that they
were probably deposited under shallow water or intertidal
conditions because analogous present day forms are
developed only in the photic zone.

A lateral facies change in the Upper Albian occurred
westwards from the Central Weald and resulted in the
formation of a laterally variable sequence of arenaceous
sediments, the Upper Greensand. This is considered to be a
proximal onshore or coastal shallows deposit. It reaches its
maximum thickness in western Wessex and, where the
Gault is absent to the west of Lyme Bay, it replaces the
Gault as the oldest Albian formation. The Upper Green
sand outcrop continues westward overstepping progres
sively older strata, until in the western limits, to the east of
Dartmoor in the Haldon Hills, inflatum zone sediments of

5

Upper Albian age rest on Permian deposits (Hamblin 1968,
1972).

The presence of glauconitic sands of the Upper
Greensand above the Gault which extend as far east as
Sevenoaks in the Weald and into southern Bedfordshire,
has been interpreted as a prograding to the east of the
shoreline conditions and possibly represents a minor
regressive phase (Sellwood and Sladen, 1981). This
eastward regression of the Upper Greensand is supported
by lateral variation in the stratigraphic position of chert
beds in the Upper Greensand of Wessex. Tresise (1961)
demonstrates that the relative age of chert beds is younger
in the eastern Wessex Basin than in the west on the
premise that the development of chert requires a low
energy environment. As onshore conditions regressed
eastward so the conditions for the chert development
regressed ahead of the high energy environment sands.
Tresise (1961) suggests that the Upper Greensand chert
had been formed by the precipitation of colloidal silica on
the sea bed and that the resultant siliceous sinter was later
converted to chert by the deposition of silica from solution
the secondary silica having been derived from the exsolu
tion of opaline silica from sponge spicules.

A sequence of passage beds occurs between the Gault
and the Upper Greensand where the clays pass up into
sands. These transitional beds occur primarily in the
Wessex basin and are locally several metres in thickness.



3 Mineralogical considerations

3.1 NON-CLAY MINERALS

The Gault contains both clay and non-clay minerals. In
studies of the Gault, as with most predominantly argilla
ceous sediments, most attention has been concentrated on
the nature and distribution of the clay minerals and, thus,
there is little information on non-clay mineral species
within the clayey facies (Shaw, 1981). The major non-clay
minerals are quartz and calcite. Quartz usually comprises
about 20% or more of the Gault and its distribution is
fairly uniform. Calcite is present largely as macrofossils,
(mainly shell fragments) and micro fossils (mainly coccol
iths). The Upper Gault tends to be more calcareous than
the Lower Gault and the Gault in the north-east tends to be
more calcareous than to the south and west. Recrystallised
calcite may act as a cementing agent. Other non-clay
minerals present are feldspar, mica, pyrite and, near to the
surface, gypsum. In the near-surface zone calcite may be
converted to gypsum by its reaction with acidic ground
water produced by the oxidation of pyrite during weather
ing. Two authigenic minerals, clinoptilolite and opal-CT,
are found in the upper part of the Upper Gault at Harwell
and may also act, locally, as cementing agents
(Milodowski et aI., 1982).

3.2 CLAY MINERALS

The· clay minerals present in the Gault are predominantly
kaolinite, illite «211m mica), and smectite. Also present
are vermiculite, chlorite and mixed layer clays. The distri
bution of these minerals within the formation is neither
uniform nor random but occurs as a small number of iden
tifiable associations or assemblages. The mineral compo
sition of a soil or rock and its variation have an important
bearing on the geotechnical behaviour. This is shown by,
for example, the relationship between stratigraphy, bulk
mineralogy, plastic limit and liquid limit for samples of
Gault clay from Harwell Boreholes 3 (SU 46801 86441)
and 4 (SU 46808 86440) (Figure 3.1) (Horseman et aI.,
1982; Gallois and Worssam, 1983; Wilmot and Morgan,
1982; Milodowski et aI., 1982). The upper part of the
Upper Gault exhibits very high liquid limits (>90%)
within the smectite-dominated zone. Clays with high
smectite content show high plasticity with low strength
and are likely to undergo significant volume change with
moisture content variation, have high swelling pressures,
low angles of internal resistance and low residual strength.
High smectite content can be inferred from the high
surface area of the clay mineral component and the
extremely high liquid limit results. The smectite content,
determined by surface area measurement, is a useful guide
to geotechnical behaviour and may be used in conjunction
with X-ray diffraction analysis to indicate the clay species
present.

An understanding of the geological origin and mode of
deposition of the high smectite clays, together with other
clay mineral analyses, can give a model of their regional
distribution which can be used as a guide to predict geot
echnical behaviour. A detailed account of the results of the
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mineralogical work done during this study is given by
Entwisle (1994).

3.3 REGIONAL VARIATION

A fence diagram based on the results of analyses of
material from boreholes, pits and natural exposures
(Jeans, 1978; Jeans et aI., 1982) (Figure 3.2) shows that
the Gault can be split into two major divisions on the
basis of its clay mineral composition: a kaolinite-illite
dominated assemblage and a smectite-illite dominated
assemblage.

The kaolinite-illite assemblage is characterised by large
amounts of kaolinite and illite with variable amounts of
vermiculite and mixed-layer phases, such as smectite
illite, smectite-vermiculite and vermiculite-illite. The
smectite-illite assemblage is characterised by smectite
and/or irregular mixed-layer smectite-mica as ·a major
phase where illite may be the major or minor component;
kaolinite is absent or present only in minor or trace
amounts (Jeans et aI., 1982). Three sub-assemblages
within the smectite-illite assemblage have been recog
nised: (i) smectite-illite (S-I), (ii) smectite-illite-quartz
(S-I-Q), (iii) smectite-illite-quartz-opal-CT-zeolite (S-I-Q
O-Z). Each sub-assemblage has a characteristic distribu
tion. S-I is restricted to clay-grade facies and clay lenses
within sand facies and S-I-Q and S-I-Q-O-Z are found in
sand-grade and silt-grade facies, (mainly the Upper
Greensand).

Around the margins of the London Platform at
Folkestone, Warlingham and Leighton Buzzard, thick,
localised, lenticular, clay bodies of the S-I sub-assemblages
are found at the base of the Gault. They contain fresh sand
grade volcanoclastic grains which include unabraded,

"glassy, pumice particles, sanidine fragments, apatite and
rutile needles.The S-I sub-assemblage is also present in the
upper part of the Gault where it occurs in clay units below
the base of the Upper Greensand. Jeans (1978) found that
the Upper Greensand was characterised by S-I-Q and S-I
Q-O-Z. Jeans et ai. (1982), reported that the smectite-illite
quartz-opal-zeolite assemblage in Upper Albian sequences
is only found in the Upper Greensand and is always
separated from a kaolinite-illite assemblage by the smectite
illite assemblage. However, Wilmot and Morgan (1982) and
Milodowski et ai. (1982) showed that the S-I-Q~O;-Z sub
assemblage was also found in the upper part of the Gault at
Harwell, with the smectite-mica zone between the S-M-O
Q-Z and the kaolinite-mica assemblage.

The smectite-mica clays of the upper part of the Gault
are not usually associated with sand-grade volcanoclastics,
although pumice and sanidine grains have been found in
the Upper Gault at Folkestone (Jeans et aI., 1982).
However, they do have similar trace element patterns to the
S-I clays at the base of the Gault at Folkestone,
Warlingham and Leighton Buzzard. This suggests that
smectite found in the Gault is of mainly volcanic origin. At
the base of the Gault at Folkestone, Leighton Buzzard and
Warlingham the smectite is a secondary bentonite, the
result of post-depositional argillisation of localised current
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accumulations of volcanic ash transported into the marine
environment by rivers draining from a nearby landmass.
The secondary bentonite is typically altered, coarse
grained ash, commonly interbedded with near-shore sands
and shows internal cross-lamination, which suggests rapid
deposition from turbidity currents. It also occurs as finer
grade deposits, usually interbedded with non-volcanic,
locally derived, terrigenous material which was deposited
relatively slowly. Secondary bentonite occurs as lenticular
deposits of limited lateral extent (hundreds of metres)
which vary in thickness from about 0.01 m to 4 ffi. The
smectite of the upper part of the Gault is derived from
volcanic ash distributed throughout the sediment, mixed to
varying degrees with terrigenous material, but it does not
form major concentrations typical of direct, air fall, deposi
tion of ash.

The kaolinite-mica assemblage is typically found in the
lower part of the Gault (except as described above), around
the Weald and west of Leighton Buzzard. The Gault in the

north east ( orfolk and Bedfordshire) contains only the
kaolinite-mica assemblage. In the south and east of the
Weald the Upper Greensand is missing and the smectite
illite assemblage is found above the kaolinite-illite assem
blage. South of the Weald the smectite assemblage is at its
greatest thickness in the Glyndebourne borehole where it is
about 75 m thick. It then dips below the Upper Greensand
and thins towards the west until it is replaced by the Upper
Greensand in Devon.

The distribution of the clay mineral assemblages,
described by Jeans (1978) and Jeans et al. (1982) has
formation control but little stratigraphic control. It is
possible that the smectite-mica clays represent the upper
part of the Gault or that there is a difference in the distribu
tion of clay minerals within the Gault of the same age. In
Jeans et al. (1982) the biostratigraphic bed numbers are
compared with the clay mineral assemblages using the
section at Folkestone as an example. This approach has
been extended by Entwisle (1994) using boreholes and

7
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exposures for which the clay mineral assemblages and
biostratigraphy have since become available.

3.4 DIAGENESIS AND WEATHERING

Most of the authigenic mineralisation and secondary
porosity which have developed in the Gault clay appear to
have formed at an early stage during the sediment's history.
Opal-CT cemented clays, of the upper part of the Upper
Gault at Harwell, have a relatively open, uncompacted
fabric which suggests that the rock fabric was rigidly
cemented by the precipitation of Opal-CT prior to signifi
cant burial and compaction. The apatite, seen in the lower
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part of the sequence, is present as a cementing agent and is
also interpreted as an early diagenetic change before sig
nificant compaction. In the more clay-rich samples from
lower in the sequence many of the diagenetic voids have
been crushed as a result of later compaction. Zeolite and
smectite are seen coating opal-CT lepispheres (Milodowski
et al., 1982). The diagenetic glauconite, and most pyrite,
which occur as infills within microfossil cavities pre-date
the development of diagenetic silica. The order of dia
genetic changes is interpreted as follows:

1) Precipitation of pyrite and glauconite in reducing
micro-environments within skeletal pore spaces.
Glauconite formation requires aluminium, silicon, iron





4 Geophysical correlation

4.1 REGIONAL GEOPHYSICAL CORRELATIONS

Whilst there are a number of measured, detailed lithologi
cal and biostratigraphic sections of some parts of the Gault
outcrop, there are few lithological correlations between the
sites. A small number of cored boreholes penetrate the
Albian and have been correlated with the outcrop sections
using faunal zonation. However, a considerable number of
non-cored boreholes penetrate the sequence and many of
these have been geophysically logged, although few sites
have a full biostratigraphic log.

Where boreholes do not penetrate the full sequence or
have not been fully analysed to determine their biostrati
graphic position it is not possible to place the geophysical
logs in their correct stratigraphic position. This is further
complicated in sequences lacking marker bands or those
exhibiting lateral sediment variation. However, if sufficient
coverage is available from other, fully penetrating bore
holes in the region it is possible to assign the site to its
appropriate stratigraphic position.

Borehole geophysical well-logs are a proven technique
of long-distance lithological correlation and this method
has been applied to the Albian, using the natural gamma
logs (Appendix 1, Figure 1). Where possible, the correla
tions are based on data obtained from boreholes which
have been both fully cored and geophysically logged (pri
marily those in East Anglia) with zonal or chronostrati
graphic control, but elsewhere correlations shown in the
figures are taken at levels of well-defined Iithological
variation.

Seventy-one hydrocarbon boreholes with natural gamma
logs through the Albian have been identified within the
BGS Wellog Database (Appendix 1). Among these 24 also
have sonic logs, 16 neutron (porosity) logs, and 11 density
logs. However, not all of these can be used for correlation
purposes. Several of the older data sets in north-east
Norfolk and in east Kent exhibit such poor definition that it
is difficult to identify the Albian even where its position
has been fixed from lithological logs of cuttings.

Without biozonal or palynological zonal evidence from
cores or cutting samples it is not possible from the geo
physical evidence alone to decide if variations between
successive sites represent changes in the true formation
thicknesses (i.e. true vertical thickness). Similarly, it is it
not possible to estimate the intersection angle between the
borehole and the dip of the strata and it is not possible to
ascertain if any sections have been faulted resulting in the
absence or repetition of parts of the sequence. At only one
site (Lomer, SU 5959 2356) are the effects of faulting
obvious as illustrated by comparison of the Lomer and
Homdean boreholes (Appendix 1, Figure 2). In this case, it
appears that two faults are present which affect the Albian;
the lower cuts out the majority of the Gault and possibly
the lowest beds of the Upper Greensand, whilst the upper
has removed approximately 15 m from the top of the
Upper Greensand together with part of the Glauconite Marl
(the basal Cenomanian is only half as thick as it is else
where).

Variations in the quality, and hence the usefulness, of
gamma logs are attributable to:
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(a) Differences in logging tools such as variations in
detector size; the larger detectors giving more detailed
logs.

(b) Variations in logging speeds; the slower the speed the
more detailed is the log.

(c) Variations in casing thickness. Each casing string atten
uates the signal by approximately '30%. Therefore, the
more casing strings which are present, the weaker will
be the signal. An apparent drop in signal may occur
where casing strings terminate within the sequence
falsely implying the upper sections are more arena
ceous than those below. For example the log from the
borehole at Aston Tirrold (Appendix 1, Figure. 9)
shows an apparent drop in gamma reading at 47 m
within the Upper Gault section. This feature does not
exist elsewhere and it is probable that the drop is asso
ciated with the termination of a surface casing string.

(d) The age of the log. Older logs are less detailed and are
of poorer quality than more recent ones, mainly as a
result of advances in the design and sensitivity of
logging tools and to data capture in digital form.

(e) The original purpose of the borehole. Boreholes drilled
specifically for stratigraphic research have more
detailed logs than those for hydrocarbon exploration
because it is uneconomic to log, in detail, formations
which are not of interest for reservoir potential or
source rock evaluation.

Further complications arise from the inconsistencies
between the various bed/zonal classifications of the Albian
used by the various workers. This is a serious problem for
Gault correlation. However, whilst there is a general agree
ment as to the ammonite zone sequence in the Albian,
different bed sequences have been erected for some areas.
These sequences have not been inter-correlated by
lithology. In the southern and western Weald 13 beds have
been recognised based on those observed at the type
section at Folkestone (Casey, 1961). However, in East
Anglia, Gallois and Morter (1982) recognised 19 subdivi
sions based on rhythmic sedimentation sequences. A third
lithostratigraphic classification has been applied to the
Dorset/Hampshire area, where beds are classified
according to those compiled by Lang (1914) for the Char
mouth area and this has been applied to the Albian section
of the core from the Winterboume Kingston borehole.

The highly variable nature of the sediments have pre
cluded long distance bed sequence comparison between
locations for the Upper Greensand. Also, the general lack
of faunas within these deposits has inhibited biozonal cor
relation, although some units are well represented. Where
biozonal control has been established, for example for the
Winterbourne Kingston borehole reported by Morter
(1982), the data indicate that the Upper Greensand is con
temporaneous with the Gault clay and supports the evi
dence for these being facies variations of comparable age.
This is exemplified by the position of the boundary
between the dispar and inflatum zones (beds 16/17 of
Gallois and Morter, 1982) which in East Anglia are within
the Upper Gault but at Winterbome Kingston occur in the
higher sections of the Upper Greensand.



Correlation of natural gamma logs is based on compari
son of the relative position, geometry and detailed charac
teristics of the positive/negative features (peaks/lows) on
the logs. In sedimentary sequences long distance correla
tions are relatively straightforward. In a limestone or sand
stone (i.e. low gamma) sequence, selected marker bands
are commonly mudstone or shale horizons which show as
higher gamma peaks and are readily recognisable (e.g.
marl bands in the Chalk). Conversely within a predomi
nantly clay sequence the marker bands are gamma lows
corresponding to siltstone, sandstone or limestone horizons
(e.g. cementstone bands in the Oxford Clay).

The Gault clay and Upper Greensand contain no well
defined lithological marker bands of value for correlation.
In the case of the Gault clay, comparisons are based on
mineralogical variations within the clays, namely glau
conitic and phosphatic nodule bands; both features show as
positive gamma values, glauconite due to an increase in
potassium content and phosphatic nodules due to their
enrichment in uranium.

Glauconite is present, also, as amorphous colloidal
granules, composed of an hydrated iron/potassium silicate
of variable composition, and is particularly common at the
base of both the Gault and the Chalk.

The phosphatic nodule bands frequently contain rolled,
or fragmental, shell debris and represent erosion levels
within the clay sequence. Sulphide accessory minerals are
not uncommon which suggests an anaerobic environment.
The basal beds of the Albian in Kent are, locally, up to
300 mm in thickness and are named the Sulphur Beds, an
allusion to the large quantities of massive iron pyrites
mixed with phosphate nodules that they contain.

The enrichment by uranium, which gives rise to high
gamma peaks, is probably also associated with anaerobic
conditions. Bacteria, in anaerobic conditions, act as catalysts
for the exsolution of soluble uranyl salts which form a sub
stitution series of calcium and uranium phosphates. The
nodules are concentrated in troughs within each erosive
cycle; the troughs can be likened to 'mega-ripples' with a
wave-length of kilometric scale and amplitudes up to several
metres. Nodule concentrations are lower on the intervening
ridges. Therefore, the position of the gamma log peaks in a
borehole and their strength will vary depending upon where
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it penetrates the troughs and highs of successive erosion
cycles in the sequence (Figure 2.2). Correlations are made
more difficult when the borehole, or its logging, does not
penetrate the full thickness of the Gault.

4.2 WELL-LOG CORRELATIONS

The location of the comparative sections for the Albian are
shown in Appendix 1 (Figure 1), together with the
locations of the selected boreholes which were used to
compile the ~ections. Although transgressive, the base of
the Gault clay is taken as the standard reference level
throughout. Whereas the top of the clay facies/base Upper
Greensand junction is not always present or clearly defined
and the upper boundary of the Albian (i.e. base of the
Chalk) has not always been logged, the base of the Gault
clay is well defined throughout. Owing to the lack of bio
stratigraphic zonal details for the majority of the sites the
general correlations are constructed for:

Top of the Albian
Top of the Gault (where Upper Greensand is present)
Base of the Gault

However, where local zonal details exist other correla
tions have been added and extrapolated as far as the log
data permits. These are primarily on the East Anglian
sections, (Appendix 1, Figures 3 and 4), where it has been
possible to erect furth~r correlations, based primarily on the
work by Gallois and Morter (1982). These levels are:

Boundary between Beds 16/17
Boundary between Beds 15/16
Upper/Lower Gault junction

In general the top of the Albian section is marked, almost
everywhere, by a large gamma peak corresponding to either
the Cambridge Greensand or to the Glauconite Marl; whilst
the base is marked by a further gamma peak at the level of
the glauconitic basal phosphate nodule band of the Gault.
The details for each of the comparative sections and indi
vidual site details are given in Appendix 1.



5 Geotechnical database

5.1 DATA SOURCES

The geotechnical database for the Gault has been compiled
frorn approximately 50 reports, the majority of the data
were taken from a relatively small number of investiga
tions for major road developments. Such investigations
provide an abundance of good quality data, often across
the entire outcrop, or occasionally (as in the case of the
M25 motorway) for a considerable distance along it. This
main data source has been supplemented by the reports of
investigations for smaller local developments, which have
tended to be more variable in quality. Whilst these latter
reports have improved the geographical data coverage,
some significant gaps inevitably remain along the predom
inantly rural Gault outcrop.

5.2 DATABASE STRUCTURE

The relational database structure for the geotechnical data
comprises eight data tables, at four hierarchical levels.
Table 1, (Reports), includes general information applicable
to each report. Table 2, (Boreholes), records the location,
ground level and depths to the top and base of the Gault for
each of 502 boreholes. The stratigraphy and lithology of
the 2500 individual 'samples' or test points is recorded at
the third level, in Table 3, (Samples and Descriptors). A
'sample' here refers, equally, to a specimen of soil or rock
which was removed for testing or, a test point, that is; a
position in a borehole at which an in situ test was carried
out. At the fourth level are the five tables, 3a-3e, in which
are recorded the numeric geotechnical data. Of these, Table
3a, (General and Index Properties), and Table 3c, (Soil
Strength), comprise the majority of the data.

The geotechnical data have been grouped into eight
geographical areas to examine whether variation in prop
erties takes place laterally along the outcrop (Figure 5.1).
The geographical division has been based on the nature of
the actual data distribution, to ensure at least a modest
amount of data in each for statistical analysis, rather than
on geological criteria. Areas 1 to 3 cover the main outcrop
from Wessex to Cambridgeshire. Areas 4 and 8 respec
tively cover the western and southern outcrops of the
Wealden syncline. Given the abundance of available
'motorway' data, the central section of the northern
outcrop has been divided into three areas, (5-7), to enable
more localised trends in the geotechnical properties to be
examined. The three BGS boreholes from which geotech
nical data were obtained for the full Gault sequence
(Arlesey, Klondyke and Harwell) are excluded and treated
individually.

5.3 DATA VALIDATION

The various tests, for which the data were obtained,should
have been carried out to the appropriate British Standard
(or other recognised international standard). However,
experimental and operator error may result in variation in
results between one contractor and another, and between
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one report and the next. The data, as compiled, will
inevitably include some which arc inaccurate to a greater
or lesser degree, resulting in a greater spread of results
than would probably be found within anyone report.
Whilst assessing the site investigation data prior to data
banking, efforts were made to reject clearly erroneous test
results.

Once the data entry had been completed, each field of
numeric data was examined, as a whole and for each of
the eight geographic areas. Any extreme values, high or
low, were checked against the data source, and those
which were obviously unrealistic for the Gault were
deleted as being gross errors. Each of the data sets were
then displayed as normal probability plots using statistical
graphics software. Where the data are normally distrib
uted, they will plot as a straight line. Some parameters,
such as cohesion, will typically show an even curvature or
skew when the data axis is arithmetic, but a straight line if
the axis scaling is changed to logarithmic. Such data dis
tributions are referred to as log-normal. Sinuous plots,
with the shape of an'S' or a reversed'S', show that the
data is more heavy or light tailed than a normal Gaussian
distribution (kurtosis). In practice, most geotechnical
parameters plot with a limited degree of curvature or
inflection, and the lines become noticeably ragged with
smaller data sets.

For data validation, the ends, rather than the general
shape, of the plots were examined. Sudden flexures here,
with one or more points clearly departing from the general
shape of the plot, indicate that these values are anomalous
"and unlikely to come from the same population as the bulk
of the data. Such data were also checked against the
source, and deleted when no plausible explanation could
be found for their unusual value. Although somewhat sub
jective, this validation procedure is quite rapid. A major
benefit is that the graphical display enables possibly
anomalous points to be seen in relation to the degree of
consistency in the body of the data.

5.4 DATA ANALYSIS

5.4.1 Statistical values

The data have been 'validated', as above, only in the sense
that gross errors and anomalous values have been deleted.
It is inevitable that all data of this type will be potentially
subject to several sources of error. An examination of the
frequency distributions from the Gault and other forma
tions has shown that any assumption of normal (Gaussian)
or other mathematically simple distributions is rarely satis
factory for geotechnical parameters.

In these circumstances the conventional summary statis
tics, such as the mean, and standard deviation can be very
misleading since they do not portray the more reliable bulk
of the data. These parameters (together with the less often
quoted skewness and kurtosis) are sensitive to atypical and
possibly erroneous values which may be expected in a geo
technical database derived from a variety of sources.
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Figure 5.1 The areas used for statistical examination of regional variation in geotechnical properties.

For the data analysis and presentation, the approach has
been to use 'robust' statistics, based on percentiles, rather
than conventional or 'classical' parameters. A percentile is
the data value below which a given percentage of the data
falls. For example, if the 10th percentile of a set of data
values is 57 then 10% of the values will be less than 57,
and 90% will be greater. The median, or 50th percentile, is
the most commonly used, as the central measure of a dis
tribution. The 25th and 75th percentiles are also widely
used and are known as the lower quartile and the upper
quartile respectively. A commonly used measure of spread
of a distribution is the Inter Quartile Range (lQR), i.e. the
difference between the upper and lower quartiles.

504.2 Box plots

The box plot is a simple compact graphical method of
summarising a frequency distribution, based on the robust
median and quartiles. The alternative term 'box and
whisker' plot is also in use.

The ends of the box are drawn at the lower and upper
quartiles (25th and 75th percentiles) with an internal
division at the median value. Side bars or 'whiskers' are
conventionally drawn from these ends to the lowest and
highest data values that are not 'outliers'. Outliers are
usually represented by individual crosses beyond the
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whisker ends. Simple summaries of the frequency distribu
tions of several batches of data may be compared by
drawing parallel box plots to a common data scale.

With a box plot it is possible to grasp the major aspects
of a distribution at a glance. The centre of the distribution
is shown by the median crossbar within the box. For an
indication of spread, the interquartile range is shown by the
length of the box. The whiskers illustrate the tail lengths of
the distribution. The relative position of the median cross
bar within the box and the relative lengths of the whiskers
indicate the skewness of the distribution.

To a first approximation the confidence with which the
parameters of an actual distribution can be used to infer
those of the total population increases as the square root
of the number of data values. Thus, if the height of the
boxes is drawn in proportion to the square root of the size
of each data set, the relative significance of each can be
compared.

As a summary of a geotechnical property distribution the
box plot has two particular limitations. First is the simple
convention to determine whether a value will fall within a
tail whisker or be classed as an outlier. The lower and upper
cutoffs are 1.5 X IQR below the lower and above the upper
quartiles respectively. However this approach is rather too
simplistic where the distribution exhibits appreciable non
Gaussian kurtosis. In these cases reasonable tail values will





6 Geotechnical properties

6.1 PARAMETER RANGE AND TH~=IR

VARIATION

The 'geotechnical properties of Gault clay, as collected for
the database, arc described in this section. The data were
obtained from tests carried out by the BGS - Engineering
Geology and Geophysics Group and from test results
reported in site investigation reports.

It is stressed that the geotechnical values quoted
should be used as a general guide only and not as a sub
stitute for adequate site investigation, or in detailed
design calculations.

'Box-and-whisker' plots are used to give an impression
of the distribution of values of widely used 'index' test
parameters, whilst scatter plots show the correlations
between specific parameters or the variation of a parameter
with depth in a borehole. Only geotechnical parameters
gathered in sufficient numbers for valid statistical analysis
are discussed.

Although the use of non parametric statistics is
advocated in Chapter 5, and have been used to analyse the
data in the geotechnical database, it is recognised that
some readers are more familiar with data being expressed
as arithmetic means. In order to make the data as useful as
possible and for comparision with data quoted elsewhere
the arithmetic mean has also been quoted in this chapter
where it is thought to be helpful.

The arithmetic means of the basic index parameters for
each area are summarised in Table. 6.1. Figures 6.1 to 6.12
show separate 'box and whisker' plots for each of the
Gault clay 'areas' (1 to 8) described in section 5, as well as
for the Arlesey (Ar), Klondyke (KI), and Harwell (Hw)
boreholes. The topmost 'box and whisker' in each figure
('All') represents the combined data for all areas and bore
holes. It should be noted that in some figures logarithmic
scales are used, where the parameter tends to follow a log
normal distribution.

The values of the geotechnical parameters determined
from samples from the Harwell borehole reflect the fact

Table 6.1 Arithmetic means of the basic index
parameters for each Area.

Arithmetic Means

Area 0 M/C LL PL PI
(Mg/m3) (%) (%) (%) (%)

1 1.94 24.1 53.9 24.4 29.5
2 1.91 29.9 89.2 30.3 58.9
2* 49.8
3 1.94 28.2 70.1 27.3 42.8
4 1.98 28.2 71.8 27.9 43.9
5 1.93 29.1 75.8 32.0 43.8
6 1.97 28.2 74.7 29.1 45.6
7 1.91 25.5 70.3 23.3 46.9
8 1.95 27.9 74.8 29.0 45.7

2* excluding data from the Harwell boreholes.
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that thcse samples were taken from a Gault clay subcrop at
depths of bctween 87 m and 155m below ground level,
and have not, therefore, been subject to weathering or the
degree of stress relief associated with Gault clay at out
crop. Some of the samples also contain very high smectite
contents. Therefore, the values appear to be anomalous
when compared with results obtained from other areas.
This is demonstrated by the relatively high values of bulk
density (median 2.07 Mglm 3), dry density (median
1.67 Mg/m3) , low moisture content (median 22%) and the
liquid limit, plastic limit and plasticity index results which
are shown in Figures 6.4, 6.5, and 6.6. These extremely
high liquid limits (> 160%) and plasticity indices (> 110%)
are due to high smectite contents (Milodowski et aI., 1982,
Horseman et aI., 1982) and are discussed in relation to
mineralogy in Chapter 3.

6.1.1 Density

Figure 6.1 shows that the medians for bulk density lie
between 1.89 Mg/m3 and 2.01 Mg/m3, with 1.94 Mg/m3 as
the overall median. This figure, as is the case with many
others, tends to be dominated by Area 6 (Figure 5.1).
Figure 6.2 shows that the median values for dry density lie
between 1.47 Mg/m3 and 1.53 Mg/m3, with the exception
of Area 1 (Figure 5.1).

6.1.2 Moisture content

Figure 6.3 shows the 'box and whisker' plot for moisture
content. Moisture content medians vary from 26% to 30%
with the exception of Area 1 (median 23%). The overall
median is 28%.

6.1.3 Atterberg limits

Figures 6.4, 6.5, and 6.6 show the 'box and whisker' plots
for the results of Atterberg limit index tests, i.e. liquid
limit, plastic limit, and plasticity index, respectively. These
plots are dominated, in terms of sample numbers, by Area
6. The liquid limit medians vary from 68% to 80%. Area 1
stands out by virtue of its low liquid limit values. The
plastic limit medians vary overall from 23% to 32%. Area
7 exhibits the lowest plastic limit results. The trends in
plasticity index are not dissimilar to trends in liquid limit.
Plasticity index medians range from 41 % to 48%, except
Area 1 (27%). With the exceptions of Areas 1 and 2 the
arithmetic means for plasticity index are very similar;
ranging from 42.8% to 46.9%. The Area 1 and 2 means are
29.5% and 58.9%, respectively.

6.1.4 Specific gravity

There are few values for specific gravity (or particle
density), Gs, in the database and no values for most areas.
Values range from 2.60 to 2.87 overall, with a median of
2.74. Values from Area 5, though sparse, are notably lower
than these (Gs =2.65). These compare with values of
between 2.71 and 2.73 from the Ely-Ouse tunnel project
which lie in area 3 (Samuels, 1975).



6.1.5 Particle size

Apart from values from thc Arlesey, Klondyke Farm, and
Harwell boreholes only 34 determinations of particle size
were collccted. Thc clay size contcnt «2 f.l111) for Gault
clay varies frOITI 15% to 650/0, though the lower limit is
quoted elsewhere as lying between 35% to 40% (Cripps
and Taylor, 1981). The silt size content (2 f.lm to 60 f-lm) is
often similar to the clay size content. Particles larger than
2 ITIm (coarse sand) usually constitute less than 1% of the
whole. The clay content at Arlesey ranges from 44% to
61%, and at Klondyke Farm from 21% to 61%. Standard
particlc size and 'sedigraph' analyses from the Arlesey and
Klondyke Farm boreholes (Prior et aI., 1993) show that the
silt size and clay size components tend to be well graded,
i.e. have an approximately log-linear grading plot, though
this is not always the case. An envelope of grading plots is
shown in Figure 6.7. The relationship between clay size
fraction and plasticity index is discussed in section 6.3.
The mineralogy of the clay size fraction was discussed in
detail in Chapter 3.

Carbonate contents are very variable and range overall
from 1.5% to 66.0%, with an arithmetic mean of 39.20/0.
The highest values are from Area 6 (Figure 5.1) and
indicate a 'marl' rather than a clay. Areas 1, 4, 5, 7, and 8
are, however, unrepresented in the database. Data from the
Ely-Ouse tunnel (Samuels, 1975) show carbonate contents
ranging frOITI 9(}0 to 19%. In general, the Upper Gault is
ITIOre calcareous than the Lower Gault. Whilst there is a
general negativc correlation betwecn carbonate content and
plasticity (Marsh and Greenwood, 1992), in some cases
high carbonate contents may be accompanied by high clay
size contents and high activity clay minerals as at Harwell
(Milodowski et aI., 1982; Hobbs et aI., 1982). A summary
of chemical test results is shown in Table 6.3. It should be
noted that it is derived from geotechnical classification
tests made according to the procedures described in
BS 1377 (Anon, 1990a), as distinct from the quantitative
mineralogical determinations described by Prior et a1.
(1993). ~

6.1.6 Chemical tests
Table 6.3 Arithmetic means and medians for chemical
test results.

* This is based on BRE Digest 250, 1981 now superceded by Digest 363,
1991.

Table 6.2 Classification of soil for precautions against
sulphate attack on buried concrete based on total sulphate
content*.

Results from four chemical tests are contained in the
database: sulphate content, pH, organic content and
carbonate content (Anon, 1990a) Figure 6.8 shows the
'box and whisker' plot (log scale) for total sulphate content
combined with the BS 5930 (Anon, 1981 a) sulphate classi
fication 1 to 5 based on the recommendations of the
Building Research Establishment (Table 6.2). Generally,
the results fall into classes 1 and 2. However, some data
values extend to classes 3 and 4 with only Area 2 having
results in class 5.

The 'box and whisker' plot for pH (Figure 6.9) shows
values for pH ranging from 3.4 to 9.1. The overall median
is 7.7, with medians for all areas ranging from 7.4 to 8.0.
The Harwell data give a median for pH of 8.9 with an
overall trend of decreasing pH with depth. Areas 2, 6 and 8
have pH values in excess of 8 and only a small number of
very low values are found in Area 7.

Very few organic content determinations were collected
for the database. All of these are from the Harwell
boreholes. Here, values for organic content range from
1.07% to 2.00%, with an arithmetic mean of 1.44%.
Organic contents from the Ely-Ouse tunnel (Samuels,
1975), obtained by bulk rock chemical analysis, ranged
from 0.4% to 0.8%.

Total Organic Carbonate
Sulphate content content
(%) (%) (%)

0.3 l.1 39.2
0.2 l.0 41.0

pH

Arithmetic mean 7.7
Median 7.7

6.1.7 Strength tests

Figures 6.10, 6.11, and 6.12, show the 'box and whisker'
plots for the results of triaxial strength laboratory tests (Le.
cohesion, cu ' effective cohesion, c', and effective friction
angle ~f). Areas 5 and 8 are not represented in the effective
strength data. The cohesion results \vere mainly obtained
from 'quick undrained' or 'unconsolidated undrained

..(UU)' triaxial strength tests. The cohesion is the intercept
of the failure 'envelope' on the Y-axis of the Mohr-circle
plot (Head, 1986). Usually, a 0' of zero is assumed in these
tests. Effective cohesion, c', and effective friction angle 0'
are usually obtained from 'consolidated undrained (CU)'
or 'consolidated drained (CD)' triaxial tests. Total
cohesion data are shown in Figure 6.10. Figures 6.10 and
6.11 are plotted on a log scale and hence the representation
of the results is skewed towards zero. It should be noted
that apparent inter-area variations lllay be influenced by
sampling and testing techniques. Triaxial strength (and
oedometer consolidation) summary data for the Arlesey
and Klondyke Farm boreholes are given in Table 6.4;
details are given in a series of separate reports (see refer
ences and bibliography), but statistical assessments are
included in the summaries for Area 3. The 'box and
whisker' plots show medians ranging from 85 kPa to
148 kPa for total (triaxial-undrained) cohesion, cu ' and
from 0° to 7° for total (triaxial-undrained) friction angle,
0u' The highest Cu median is for Area 1 and the lowest for
Area 4. Medians for effective cohesion, c', range from
7 kPa to 80 kPa, and for effective friction angle, 0', from
3° to 24°. With the exception of Area 1, medians for c' are
very similar, ranging from 21 ° to 24°. The total cohesion,
cu, when normalised to estimated present overburden
pressure, Po, gives median values of cu/Po ranging from

Class

1 Increasing potential for attack

~ I

5 ,

Total sulphate content
0/0

<0.2
0.2-0.5
0.5-1.0
1.0-2.0

>2.0
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r"fable 6.4 Arlesey and Klondyke Farm Borehole - oedometer and triaxial test sumlnary data.
----_.. -..-_._---_.. _.-._-------_._-- ------,.. ,-.,--"-_0___.0____"._------ -----_._.....-._----- -----_ ...__...__._".._----------_.-._-

OEDOMETER

BH Depth MC 'Yb(O) eo (T'sw Pc' Cc Ce koccl(p) Mv(p) OCI{
m 0/0 Mg/m3 kPa kPa X 10- 11 m/s m2lMN

_.------,-- ------_.- --- -_..,._- -- ------ ------ --- ..._----_._-- ._-----,.._______0-_.__ -

Arlesey 15.7 28.0 1.95 0.82 114 430 0.16 0.08 1.6 0.07 2.9
Arlesey 34.5 24.0 2.02 0.69 41 371 0.08 0.04 3.5 0.04 1.1
Arlesey 46.4 27.1 1.97 0.78 73 354 0.12 0.06 1.8 0.05 0.8
Klondyke 6.8 27.8 1.96 0.77 147 330 1.10 0.06 5.2
Klondyke 10.6 27.7 1.97 0.79 138 400 0.12 0.08 4.0
Klondyke 14.5 25.0 2.00 0.71 244 502 0.10 0.06 1.6
Klondyke 23.5 29.5 1.93 0.84 106 358 0.15 0.09 11.2 0.10 1.6
Klondyke 27.0 28.2 1.93 0.82 170 473 0.13 0.08 4.0 0.05 1.9

TRIAXIAL

BH Depth MC 'Yb(O) 'Yd(O) k(IOO) Mvi(lOO) c' 0' e 5'
m % Mg/m3 Mg/m3 X 10- 11 m/s m2/MN kPa degr degr kPa

Arlesey 35.5 24.0 2.00 1.63 3.10 0.10 73.0 19.4 38 193
Klondyke 6.8 27.8 1.99 1.53 12.70 0.16 12.7 23.5 32 41
Klondyke 10.5 27.7 1.94 1.54 5.40 0.35 23.6 27.3 33 74
Klondyke 14.5 25.0 2.00 1.60 6.40 0.18 29.9 24.2 38 92
Klondyke 23.5 29.5 1.99 1.49 2.60 0.19 22.6 25.0 44 129
Klondyke 27.0 28.2 2.02 1.51 3.10 0.15 29.3 22.5 341 38

MC = moisture content
kocd(p) = permeability at estimated overburden
Mvi(lOO) = coefficient of volume compressibility.(isotr) u] = 100
Cc = compression index
c' = effective cohesion
Ce = swelling index

-0' = effective friction angle
Mv(p) = coefficient of volume compressibility at estimated overburden
e = shear plane angle (to horizontal)
(J"' sw = swelling stress
k( I 00) = permeability at u3' of 100-150 kPa
Pc' = estimated yield stress
OCR = overconsolidation ratio
S' = effective shear strength
'Yb(O) = initial bulk unit weight
'Yd(O) = initial dry unit weight
eo = initial voids ratio

0.63 to 1.53; the lowest representing Areas 4 and 6, and the
highest Area 7. (present overburden pressure has been
estimated using the arithmetic mean bulk density for each
Area). Arithmetic means for the triaxial strength para
meters of each Area are given in Table 6.5.

Total shear values strength derived from unconfined
compression test data at Harwell give a range for su' of

Table 6.5 Arithmetic means for the triaxial strength
parameters of each Area.

Arithmetic means

Area cu 'PU c' 'P' culPo
(kPa) (0) (kPa) (0)
----

I 183 0 80 3 1.1
2 109 2 7 23 1.07
3 121 0 35 23 1.31
4 106 8 11 24 0.71
5 161 0
6 117 5 13 24 0.93
7 121 4 66 22 1.84
8 129 3

17

340 kPa to 1840 kPa in the Gault at depths of between
84 m and 132 m (Horseman et aI., 1982).

Total (undrained) shear strength, su' is calculated from
the following formula:

where (Jn is the normal stress, taken here as the overburden
pressure.Thus, when 0u is zero then Su =cu. Ideally 0u
should equal zero, however, factors such as fissuring and
non-saturation of clays may result in the Mohr-circle
failure envelope having a positive gradient at low applied
stresses, and hence 0u having a positive value. In many site
investigation reports no value for 0u is given and the
assumption is made in these cases that it is equal to zero.
Effective shear strength, s', is here derived from either
consolidated-drained or consolidated-undrained (with pore
pressure measurement) triaxial tests, using the following
formula:

s' = c' + (Jn tan 0'

The shear strength of a clay tends to increase with depth of
burial for a given lithology. The variation of shear strength
with depth for Gault clay is discussed in section 6.2.



6.1.9 Consolidation tests

Klondyke Farm (Arlesey has a single s' result of 193 kPa
at 35.5m). As might be expected, s' increases steadily
with increasing depth as shown by data from other deep
boreholes (Figure 6.13).

23.0
13.7
10.9

14.7
10.1
8.7

10.2
24.5

7.4
9.3

0/
(kPa)

6.1.8 Swelling tests

Gault clay is susceptible to swelling and shrinkage,
following an increase or decrease, respectively, of moisture
content. Swelling and consolidation data are relatively
uncommon in site investigation reports compared to other
geotechnical data and are consequently poorly represented
in the database. Data are available from the Harwell
boreholes, from the Ely-Ouse site investigation and from
Area 2. Swelling indices, Ce, from oedometer tests from
the Ely-Ouse boreholes range from 0.02 to 0.19, and
swelling pressures from 200 kPa to 1250 kPa (Samuels,
1975). A wide scatter of swelling values is found and no
clear trend with depth is apparent. Samuels (1975) reported
swell sensitivity ranged from 3.3 to 5.6 (block samples
only). This is indicative of diagenetic/chemical bonding
which may be broken by sample disturbance and remould
ing. Swelling data from Harwell (Hobbs et aI., 1982) again
showed a wide scatter of data and a poor correlation of
swelling parameters with Atterberg limits, depth, or clay
mineralogy, though an inverse relationship between clay
mineral (interplate) half-distance and swelling pressure
may be inferred (Madsen and Muller-Von Moos, 1985).
However, the 'free swell' test data show a zone of high
values (>200%) coincident with the high smectite content
and high plasticity values zone at the top of the Gault. At
Harwell the swelling pressures range from 110 kPa to
620 kPa and the free swell values from 140% to 340%,
thus placing the Gault entirely within the 'high swelling
potential' category (> 100%) of Holtz and Gibbs (1956).

Compressibility data from the Arlesey and Klondyke Farm
oedometer tests are summarised in Table 6.4. These
indicate a coefficient of volume compressibility, Mv, (at
equivalent effective overburden stress) of 0.05 m2/MN to
0.10 m2/MN for Klondyke Farm and 0.04 m2/MN to
0.07 m2/MN for Arlesey. Here, the value of Mv tends to

either decrease uniformly with depth,
or to increase to a stress close to the
pre-consolidation stress, Pc', and then
to decrease uniformly with further
stress increase. Compressibility data
from Area 2 (Marsh and Greenwood,
1992), largely derived from SPT tests,
show an overall decrease in Mv with
depth (to 20 m) from values of
0.28 m2/MN to 0.02 m2/MN. Hyde
and Leach (1975) quote Mv values of
0.02 m2/MN to 0.12 m2/MN for the
Gault at Didcot (Area 2). Compression
index, Cc, for Arlesey and Klondyke
Farm ranges from 0.08 to 0.16 and 0.1
to 1.1, respectively, whilst swelling
(rebound) indices, Ce, range 0.04 to
0.08 and 0.06 to 0.09, respectively.

Val ues of pre-consolidation
(estimated maximum previous over
burden) stress range from 354 kPa to
430 kPa for Arlesey and 330 kPa to
502 kPa for Klondyke Farm. These

3.3
1.5
1.4

c'r
(kPa)

4.7
4.5
2.7

3.8
1.1
3.5
3.2

Gault clay is well known to be susceptible to landsliding
(Chandler, 1984; Toms, 1953; Hutchinson, 1969;
Hutchinson ct aI., 1980; Gostelow, 1990; Gostelow, 1991;
Hobbs, 1990; Forster, 1992). Residual strength is an
important parameter in the case of Gault clay, as it deter
mines the strength along pre-existing shear planes, and
hence is crucial in the quantitative analysis of slope
stability. Few data are available for residual strength from
the database. Determinations of residual strength, using the
Bromhead ring-shear apparatus, were carried out on
samples from the Arlesey and Klondyke Farm boreholes
(Entwisle, 1993), and for a landslide at Shaftesbury
(Entwisle, 1992). Denness (1969) and Humphris (1979),
reported in Chandler (1984), made determinations of
residual shear strength, using reverse shear box tests and
ring shear tests, respectively, for Gault clay at Blackgang,
Isle of Wight. Values of effective residual friction angle,
0/, from the Arlesey and Klondyke Farm boreholes range
from 9° to 25 0. At Shaftesbury 0/ ranges from 10° to
25°with striking differences locally across landslide shear
zones. Similar ranges are reported for 0/ at Blackgang: 7°
to 25°; differences at certain levels within the Gault suc
cession have been attributed to lithological changes
(Chandler, 1984).

Estimates of residual shear strength, Sf', at Arlesey and
Klondyke Farm range from 49 kPa to 76 kPa and 14 kPa to
40 kPa, respectively. At Shaftesbury values of sr' range
from 9 kPa to 24 kPa. Results of these tests are sum
marised in Table 6.6. Hutchinson et al. (1980) quoted
values for 0/ of 12° for 'low liquid limit' Gault and 7° for
'high liquid limit' Gault at normal effective stresses at
Folkestone Warren. Values derived from back analysis at
Folkestone Warren tend to be several degrees higher.
Values of effective residual friction angle, 0/, are depend
ent on the value of normal effective stress applied. Thus
care should be taken that values are compared at similar
stresses.

Total and effecti ve shear strength data from the
Klondyke Farm borehole are summarised in Table 6.4.
Values of effective cohesion, c', range from 12.7 kPa to
29.9 kPa for Klondyke Farm (Arlesey has a single c' value
of 73 kPa at 35.5 m). Effective friction angle, 0', ranges
from 22.5° to 27.5° (19.4° at Arlesey). Values of effective
shear strength, s', range from 4 kPa to 138 kPa for

Table 6.6 Arlesey, Klondyke Farm and Shaftesbury - residual
strength test summary data.

BH Depth LL PL PI Smec. Clay
(m) (%) (%) (%) (%) (%)
--- ----- -----

Arlesey 15.0 40 20 20 12.6 26
Arlesey 18.0 80 27 53 18.8 46
Arlesey 42.0 75 29 46 57

Klondyke Farm 4.0 63 26 37 13.0 48
Klondyke Farm 11.0 72 25 47 17.5 50
Klondyke Farm 26.0 83 23 60 23.8 21

Shaftesbury, BHI 10.8 38
Shaftesbury, BH2 5.64 32
Shaftesbury, BH2 5.65 46
Shaftesbury, BH2 5.66 46

c ' Effective residual cohesionr

0/ Effective residual friction angle
Clay Clay size fraction, <2 f.l (% of whole rock)
Smec. Smectite content (% of whole rock)
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data give estimated over-consolidation ratios, OCR, of 0.8
to 2.9 for Arlesey and 1.6 to 5.2 for Klondyke Farm. These
translate to inconsistent estimates of the 'maximum
erosion', with a range from -9.3 m to +30.0 m for
Arlesey and +8.7 m to +24.3 m for Klondyke Farm. P~re

consolidation stresses in the range 3350 kPa to 3850 kPa
are quoted for Folkestone Warren by Hutchinson (1969).
Matthews (1977) suggested values greater than 5000 kPa
for the Isle of Wight. These are an order of magnitude
higher than those from Arlesey and Klondyke Farm, but
reflect the greater depth of the samples at Folkestone and
the Isle of Wight.

Values of the coefficient of consolidation, Cv, range
from 0.4 m2/yr to 10.4 m2/yr for Arlesey and 1.0 m2/yr to
6.7 m2/yr for Klondyke Farm. These result in estimates for
the oedometer permeability, kCoed)' of between 1.6 to 3.5 X

10- 11 m/s and 4.0 to 11.2 X 10- 11 mis, respectively.
Hutchinson et aI. (1980) quoted a value for field perme
ability, k, of 7.3 X 10- 11 m/s for slip zone Gault clay. The
higher values of Cv are not confined to the weathered
Gault and are generally higher than those quoted by Cripps
and Taylor (1981). Initial swelling pressures, a'sw'

measured in the oedometer, ranged from 41 kPa to 114 kPa
for Arlesey and 106 kPa to 244 kPa for Klondyke Farm.
Voids ratio vs. (log) stress plots for Arlesey and Klondyke
Farm are of similar shape with a marked high rebound
(high Ce value). Values for secondary consolidation, Ca,
from the oedometer test, range from 0.0002 to 0.002 at
Arlesey and 0.0003 to 0.0017 at Klondyke Farm. The trend
is for an overall increase in C with increasing applied
stress.

Consolidation data are difficult to convey in a database
format. Values of Cv and Mv may be quoted at specified
stresses such as 100 kPa or 200 kPa, or at a stress equiva
lent to the estimated overburden stress. Oedometer tests
from different sources tend, however, to be carried out at
different stress increments which depend on specimen size,
test equipment etc. It is possible to interpolate between
stresses, but this is not always reliable.

6.2 DEPTH PROFILES

The majority of boreholes represented in the geotechnical
database are less than 30 m depth. The exceptions are
given in Table 6.7. Of these, only the Harwell, Arlesey, and
Klondyke Farm boreholes penetrate the Gault sub-crop,
87 m below G.L. at Harwell and 15 m and 4 m at Arlesey
and Klondyke Farm, respectively. Investigations at Didcot
Power Station (Hyde and Leach, 1975) penetrated over
40 m of Gault. In addition, the Ely-Ouse tunnel boreholes
penetrated the Gault sub-crop at between 20 m and 80 m
below G.L. (Samuels, 1975), the. Channel Tunnel bore
holes (Varley et aI., 1993) at between 30 m and 130 m

Table 6.7 Boreholes in the geotechnical database greater
than 30 m depth.

Sheet No. BGSNo. Depth Area

SP60SE 68A 49m 2
SU48NE 93S 94-132 ill 2 (Harwell)
TL13SE 45 71 ill 3
TQ35SW 132 36m 5
TQ35SW 144 35 m 5
TQ45NE 1006 35 m 6
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below ground and sea floor levels, and the 45m thickness
of Gault clay at Folkestone Warren (Toms, 1953;
Hutchinson, 1969; Hutchinson et aI., 1980) at a depth of
approximately 135 m.

The variations of geotechnical parameters with depth are
shown in Figures 6.13 to 6.19. These data are shown in the
form of 'scatterplots' (i.e with data points unrelated to each
other), or as 'line plots' (i.e. connected data points from
individual boreholes). To produce the line plots, data have
been restricted to only those with more than 3 data points
in the same borehole. However, scatterplots show all
available data points, unless otherwise indicated. Where
large numbers of data points are involved, the line plots
invariably become jumbled. In the case of the scatterplot it
should be noted that no inter-relationship of data points nor
geological stratification are implied. Depths are taken from
the ground surface in each case.

Figure 6.14 shows the depth profile line plot of natural
moisture content (MC) for all data except Harwell. A clear
trend is seen of a gradual decrease in natural moisture
content with increasing depth. Between ground level and
5 m the decrease in moisture content is marked. However,
at a depth of approximately 15 m the moisture content
values .tend to approach a minimum value of about 25%,
below which there is little variation. However, borehole
68A (sheet SP60SE, Area 2) shows moisture content
decreasing progressively to a depth of at least 50 m. The
few anomalously low natural moisture content values (as
low as 5%) are likely to be in error. The scatter becomes
more marked at· shallow depths, where natural moisture
content is affected by the surface environment. The
uppermost Harwell moisture content data (95 m-105 m)
range between 23% and 27% and do not appear to follow
the trend with depth extrapolated from the other, shallower,
data, whereas the lowermost Harwell data (119 m-133 m)
lie between 20% and 25%.

Natural Moisture Content v Depth plots from the
Klondyke Farm and Arlesey boreholes are shown in Figure
6.15. Klondyke Farm values remain largely unchanged
with depth (MC =25%-29.5%) but in the case of Arlesey
there is a slight decrease with depth between 17 m and
22 m, below which there is little change with depth, except
for an indication of minor cyclicity ranging between 23%
and 28%. At Ely-Ouse there is little change in moisture
content with depth (Samuels, 1975). However, moisture
content data from the Channel Tunnel (not incorporated in
the project database) indicate a general increase in
moisture content with depth, both within the Gault clay
and the overlying Chalk Marl (Varley et aI., 1993) values
typically ranging from 15% to 25% within the Gault clay
between 30 m and 115 m below sea floor. The Folkestone
Warren landslide investigation (Toms, 1953; Hutchinson,
1969) gave a moisture content v depth profile for the Gault
Clay between c. 140 m and 190 m below G.L., which is
essentially uniform at 20%-23% but with three zones of
higher moisture content at the top, middle, and bottom of
the formation. Also, the moisture content drops below 20%
close to the underlying Folkestone Beds. Moisture content
data from the Ely-Ouse water tunnel (Samuels, 1975) for
the Gault clay, at depths ranging from 19 m to 73 m, again
show a uniform depth profile with values close to 25%.
Few differences are seen between moisture content profiles
20 km apart and at different burial depths.

Cripps and Taylor (1981) quoted the following ranges
of moisture contents for the Gault Clay: 32%-42%
(weathered) and 18%-30% (unweathered). The natural
moisture content is discussed further in relation to



Plate 2 Selbourne Brickworks. Weathered, desiccated
highly fissured Gault clay with water flowing through the
oxidised fissures.

liquidity index in chapter 3 (Mineralogy). Samuels (1975)
gave the mean natural moisture content for the Ely-Ouse
Tunnel as 25.6%. At Folkestone Warren (Hutchinson,
1969) the mean natural moisture content was given as

22%. The bulk density variation with depth (Figure 6.16)
tends to show a mirror image of that for the natural
moisture content data.

The variations of total cohesion, cu, and total
(undrained) shear strength with depth are given in Figures
6.17 and 6.18. There is a large amount of scatter that tends
to increase with depth. Such scatter is reported elsewhere
for Gault clay (Samuels, 1975). This may be due to varia
tions in sample size, testing technique, saturation, and
sample disturbance, as well as lithological variability.
There does not appear to be a marked increase in cohesion
with depth below about 5 m, with the exception of Area 5.
Area 5 exhibits an apparently continuing trend of increas
ing strength with depth down to 35 m, reaching values of
700 kPa. Area 5 accounts for most of the values above
400 kPa in Figure 6.17. Area 6, though adjacent and
having a larger data set, exhibits a distinctly lower spread
of values at depth. Also, the plot showing 'envelopes' of
data for each Area (Figure 6.19) reveals· an apparent
'pinching' of the envelopes of Areas 2, 4, 6, and 8 at
approximately 15 m depth. Hyde and Leach (1975)
showed the shear strength increasing overall with depth
from a value of about 50 kPa at 3 m to about 600 kPa at
35 m depth. This gives a total strength gradient, culD, of
approximately + 17 kPa/m. Strength gradients for Ely
Ouse (Samuels, 1975), and for a site in Oxfordshire (Area
2) reported by Marsh and Greenwood (1992) are approxi
mately +7 kPa/m and + 10 kPa/m, respectively. However,
the equivalent gradient at Harwell is negative overall.

Near-surface strength profiles may be influenced by
weathering and stress-relief to depths of at least 10 m.
However, the depth of weathering is usually quoted as
being between 0 m and 5 m, and typically as 3 m. Com
parison of weathering descriptions given in site investiga
tion reports is difficult if the standard BS 5930 classifica
tion has not been used. In many site investigation reports no
direct assessment of weathering is made. Weathering of the
Gault is associated with the type and frequency of the
fissures present (Plates 2 and 3). Fookes and Denness
(1969) described the fissures found in the Gault at sites on

.the Isle of Wight. They found that the intensity of fissuring

Plate 3 Arlesey Brickpit. Fresh
Gault clay showing concoidal
fracture and much less fissuring
than the weathered material shown in
Plate 2.
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If the Harwell data are removed this equation becomes:

PI = -16.4 + 0.84(LL)

PI =-18.9 + 0.86(LL)
The equations for individual Areas are as follows:

plasicity values not found elsewhere. Although the values
were rigorously checked and were consistent in adjacent
boreholes the results are so high that the possibility .of con
tamination by drilling mud cannot be completely ruled.
The contribution of the Harwell data is shown in Figure
6.23. The Area 1 envelope, in Figure 6.22, is confined to
the lower end of the plot, mainly in classes CI (intermedi
ate) and CH. Area 2 (not including Harwell) spans CH, CV
(very high) and CE classes. Area 3 covers a relatively
small zone mainly within the ·upper part of the CH and
lower part of the CV classes. Area 4 is similar but extends
slightly into the CE class. Areas 5 and 6 both have large
envelopes which extend well below the'A-line'. The Area
6 envelope in particular covers a very wide zone from CL
to CE and MH to MV. Area 7 has a long but narrower
envelope spanning classes CL to CE with few data points
below the A-line, whilst the Area 8 envelope is even
narrower and shorter, ranging from CH to CEo The Area 6
envelope is influenced of course by its large data set.
Figure 6.23 clearly shows the anomalous Harwell data set
located well into the CE class but never-the-Iess on the
same best-fit line. The equation for this overall best-fit
(linear) 't-line' is:

PI = -16.3 + 0.85(LL)
PI = -22.5 + 0.91 (LL)
PI = -12.6 + 0.79(LL)
PI =- 3.0 + 0.65(LL)
PI = -15.0 + 0.78(LL)
PI = -19.0 + 0.86(LL)
PI = -10.2 + 0.81(LL)
PI = -25.8 + 0.96(LL)

Area 1
Area 2
Area 3
Area 4
Area 5
Area 6
Area 7
Area 8

The 'activity' plot is used to show the plasticity of the
clay size fraction of the soil, and is a function of its clay
mineralogy (Skempton, 1953). Values for activity, Ac,
range from 0.5 to 3.0, but with most values lying in the
range 0.7 to 1.0. These compare with values quoted by
Chandler (1984) for Blackgang, Isle of Wight of 0.48 to
0.82. It is clear from Figure 6.24 that despite variations in
numbers of data points there is a difference in Ac values
from one area to another. The data from Area 3 (all from
Arlesey and Klondyke Farm boreholes) are compact and
centred in the 'normal' classification zone, whereas data
from Areas 1 and 5 are widely scattered across the zones.
Activity data should be treated with some caution, how
ever, as particle size results for the Gault are often influ
enced by poor disaggregation of clay minerals during
sample preparation.

Correlations between Atterberg limits and other index,
chemical, or strength parameters can be made where
sampling points coincide. A negative correlation between
calcite (or carbonate) content and liquid limit is indicated
by Marsh and Greenwood (1992) and Samuels (1975).
This correlation is shown for Arlesey, Klondyke Farm, and
Harwell in Figure 6.25. It is clear from this plot that the
highly plastic upper part of the Harwell Gault plots sepa
rately from the rest. The Arlesey and Klondyke Farm data,
as well as the lower Gault data from Harwell, appear to lie
on a similar line. However, taken in isolation, the Harwell

The relationship between pairs of selected geotechnical
parameters, irrespective of depth, is shown in the form of
'scatterplots' in Figures 6.20 to 6.27. These can be used to
estimate parameters by means of correlations with more
easily measured or more widely available parameters, and
to classify soils by virtue of their locus on the plot.

A fundamental physical property relationship is that
between bulk density (l'b) and moisture content (w).
Deviations from the best-fit line indicate either changes in
specific gravity (particle density) or errors in measurement
or recording. A plot of l/l'b v 100/(100 + w) for all data is
given in Figure 6.20. This shows a slightly non-linear,
inverse correlation with quite a wide scatter of points.

Classification of soils by their plasticity and related
parameters is made using the Casagrande 'plasticity' plot
and the Skempton 'activity' plot (Skempton, 1953). The
former relates liquid limit to plasticity index and the latter
relates per cent clay size «2 Jl) to plasticity index. These
plots are shown for the whole data set in Figures 6.21,
6.22, 6.23, and 6.24. The 'plasticity' plot includes the 'A
line' which is an arbitrary division between silts/organic
soils (below the line) and clays (above the line), and the
grouping codes used in the Unified Soil Classification
system (Wagner, 1957); it is not a best-fit line to the data
points. It will be noted that the linear best-fit (,t-line') to
the data has a steeper gradient than the 'A-line'.

The 'plasticity' plots in Figures 6.21 to 6.23 show a con
siderable variation for each area from CL (low) to CE
(extremely high) with a small proportion placed below the
'A-line', as well as a considerable overlap of areas. These
plots do not include the data from the upper part of the
profile at Harwell because this gave extremely high

6.3 PARAMETER CORRELATIONS

increased with increasing degree of weathering but not that
the fissure fabric and size were unaffected. The pattern of
fissuring was not altered by minor lithological variation. As
samples of the Gault from Harwell are unweathered
throughout, the strength variation is clearly due to factors
other than weathering including mineralogy, cementation,
and structure. This also applies to boreholes from the
Ely-Ouse and the Channel Tunnel. Unfortunately, individ
ual strength profiles are not given in Samuels (1975) and
for the Channel Tunnel single values of undrained cohesion
(derived from unconfined compression strength tests) of
1000 kPa and 1500 kPa are quoted for UK under sea (60 m
depth) and under land (130 m depth) sites, respectively
(Fugeman et aI., 1993). Undrained shear strength values
(from unconfined compression strength tests) at Harwell
ranged from 340 kPa to 1840 kPa. These appear to have a
positive correlation with carbonate content (Horseman et
aI., 1982).

Compressibility data from Area 2 (Marsh and Green
wood, 1992) showed an overall decrease in the coefficient
of volume compressibility, Mv, with depth (to 20 m) from
values of 0.28 m2/MN to 0.02 m2/MN. The authors equate
this trend with the decreasing degree of weathering with
depth. Hyde and Leach (1975) quoted Mv values decreas
ing steadily from 0.12 m2/MN at 2 m depth to reach a
minimum of 0.01 m2/MN at 42 m depth at Didcot (Area
2). Hutchinson et al. (1980) quoted values for Mv of
0.19 m2/MN for the Upper Gault and 0.3 m2/MN for the
Lower Gault, and corresponding Cv values of 1.9 m2/yr
and 0.14 m2/yr; these values having been obtained from
remoulded specimens as part of ring shear tests.
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data would give a positive correlation as the uppermost
part (above 120 ill depth) has both high plasticity and high
carbonate content compared with the lower (below 120 m).
Figure 6.25 shows that the correlation only applies locally
and cannot be extrapolated more broadly or from Upper to
Lower Gault or vice versa. The correlation between car
bonate content and strength would be expected to produce
a positive correlation.

Correlations between effective residual friction angle,
and plasticity index and per cent clay size are given in
Figures 6.26 and 6.27, respectively. Generally, these show
an inverse correlation, that is effective residual friction
angle decreases with increasing plasticity index and with
increasing proportion of clay size fraction. However, there
are insufficient data, as yet, for this correlation to be used
in a predictive manner, and it should be noted that per cent
clay size data are unreliable if complete disaggregation has
not taken place during sample preparation.

6.4 SUMMATION

Whilst the Gault clay may be described generally as a mod
erately to extremely plastic, overconsolidated, very stiff to
hard, clay soil or a weak mudrock, study of its geotechnical
properties has shown that important regional variations in
geotechnical properties exist. Consequently engineering
behaviour can be expected to vary regionally. These appear
to be largely a function of lithology which in turn is a
function of depositional environment and stress history. The
geotechnical index parameters generally show little
variation with depth where the Gault is at outcrop, except
near to the surface. For example, the Atterberg limits and
moisture contents are frequently constant to depths of 20 m
or more. However, in the few instances where the full
thickness of Gault is tested at subcrop and at considerable
depth, as at Harwell, the Channel Tunnel, and the Ely-Ouse
Tunnel, then the picture is different. In these latter cases
index properties show greater variation with depth, at
Ely-Ouse to a limited extent and at Harwell to a consider
able extent. Some minor cyclicity is noted in the case of
geotechnical index parameters. These probably relate to
minor lithological variations, in particular particle size.

The Atterberg limits appear to bear a relationship to the
calcium carbonate content, though this is not necessarily a
simple one. The Gault is generally a silty clay, often with
similar proportions of silt size to clay size fractions. Despite
this, it may be highly plastic and even extremely plastic, due
to the relatively high content of smectite within the clay size
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fraction. Some determinations of clay size fraction may be
inaccurate due to the difficulty of achieving complete disag
gregation. This is suggested by comparing clay mineral
contents from geochemical analyses and clay size fractions
from mechanical analyses. A significant anomalous layer of
extremely high plasticity Gault clay has been identified at
Harwell with liquid limits as high as 180%. Such levels have
not been recorded elsewhere, even in the nearby Didcot
area. Zones of high plasticity have been recorded elsewhere
but nowhere else does the liquid limit exceed 125%. Whilst
the anomalous values at Harwell were repeated in two
boreholes and have been rigorously checked, the possibility
of drilling mud contamination cannot be totally ruled out.

The clay size particle content has been found to be very
variable. The determination of this parameter is subject to
experimental error and some data may be underestimates.
The relationship between carbonate content and clay size
content, and between carbonate content and·index geotech
nical parameters has been found to be different at different
locations. The carbonate content of the Gault is very vari
able and in some cases Gault clay may be classified as a
marl.

The Gault clay is particularly susceptible to landsliding.
The key geotechnical parameter for landslide analysis is
effective residual strength. Values of effective residual
shear strength have been found to be reasonably consistent
for a given test type and a given normal applied stress.
Values are low for the higher plasticity Gault clays. The'
Gault clay is also particularly susceptible to swelling and
shrinkage in the engineering environment. Swelling data
have been found to be disappointingly sparse in the data
base. Where present, the data on swelling are often unclear
and, frequently, do not correlate well with geotechnical
index tests. Part of the problem is the diversity of test types
and the reported correlations which may have been derived
from other soil types. The 'free-swell' test is simple and
may be a useful index test to use with the Gault clay. How
ever, most indications are that the Gault clay has a high
swelling potential and has shown high swelling pressures
and swelling strains under certain conditions. Consolidation
data have revealed an apparent wide variation in pre-con
solidation stresses, as derived from oedometer or triaxial

-tests. However, reliable data are limited and an areal inter
pretation is difficult to make with any confidence.

The correlation of geotechnical properties between
boreholes or between areas is difficult because of poor or
non-existent stratigraphic descriptions of the formations in
site investigation boreholes. Biostratigraphic zonations are
not yet used in site investigations.
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Figure 6.4 Box and Whisker plot: Liquid limit, LL
(%).
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Effective shear strength vs. Depth (All) Natural moisture CO~ltent vs. Depth (All < 30m)
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Total Cohesion vs. Depth (All) Total shear strength vs. Depth (Triaxial - All)
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Bulk density (measured) vs. bulk density (calculated) - (All)
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Activity - Gault Clay (All)
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Residual friction angle vs. Plasticity index (All)
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Figure 6.26 Scatter plot: Effective residual friction angle vs. Plasticity index (All).
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7 Groundwater considerations

The hydrogeology of mudrock formations has a significant
influence on its engineering behaviour and the regional
groundwater system. A review of the hydrogeology of the
Gault clay and adjacent formations was given by Fenwick
(1994). Heterogeneity, particularly fracturing, is a
significant control on· groundwater flow through mudrocks
because flow through the matrix is extremely slow (Plate
2). The near-surface hydrogeology of the Gault clay is
strongly controlled by its level of disturbance and degree
of weathering; thus statistical analysis of locally measured
hydraulic properties may not give a representative picture
of regional values. Also, it is important to measure in-situ
hydraulic conductivity to assess bulk permeability and to
define the significance of groundwater sample chemistry
which is dependent on the method of abstraction of the
sample. Profiles of natural groundwater chemistry can be
useful in helping to evaluate groundwater flow through
mudrocks.

7.1 POROSITY AND PERMEABILITY

Mudrock porosity is dominated by small, planar pores, of
less than 1 fl in size. Mudrocks normally have had a high
porosity and low permeability from deposition, generally
with little subsequent development of a diagenetic porosity
(Alexander et aI., 1987). In the Gault and Upper Greensand
porosity is dominated by intergranular pores. But fractures
and, in the Upper Greensand, diagenetic voids are likely to
be significant in terms of their bulk permeability. Cripps
anQTaylor (1981) found that the porosity of the Gault
varied between 31 % and 48%, the higher values being
derived from published dry density and specific gravity
values. This agrees well with the values calculated during
this project from values of specific gravity and dry density
in the project database. Values ranged from 31.5% to
48.0%, though one value of 52.9% was calculated from a
particularly low bulk density sample. Alexander· (1983a)
stated that porosity ranges from 35% to 40% in the Upper
Greensand.

At Harwell Brightman et al. (1987) found the
permeability of Gault clay to be 8.3 X 10- 12 ms- I .

Alexander (1983a) stated that the hydraulic conductivity of
the Upper Greensand in the same region ranged from
1 X 10-9 to 1 X 10-6 ms- I, and its regional range was
1.3 X 10- 8 to 1.5 X 10-7 ms- I . Laboratory hydraulic
conductivity values tend to be lower than field values
because the contribution of fissure flow in the field is
absent in the laboratory. At Harwell Brightman et al.
(1987) found the specific storage of Gault clay to be
2.3 X 10- 5 , and that of the Upper Greensand to be
1 X 10-6. Permeability was determined during oedometer
and triaxial testing of material from the Klondkye Farm
and Arlesey Boreholes (Chapter 6) and the results are
quoted in Table 6.4.

The depositional history of a material is important
because rapidly changing palaeogeography results in very
variable lithologies and heterogeneous flow paths with
vertical and horizontal variability in porosity and hydraulic
conductivity (Alexander, 1983a). In the Gault and Upper
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Greensand these features are not extreme, but variations in
particle size distributions and pore morphologies in these
formations influence groundwater fluxes passing through
them. Marine and non-marine environments affect hydro
chemistry differently, and salinity gradients can cause the
migration of water even in the absence of other gradients
(Alexander, 1983a).

The diagenetic processes which have affected the Gault
and Upper Greensand have significant implications
(Milodowski et aI., 1982). Diagenesis is important in deter
mining the chemistry and the orientation of the diagenetic
mineralisation in pores and this has a particularly signifi
cant influence on matrix permeability.

Milodowski et aI. (1982) described the different types of
pores in the Upper Greensand at Harwell. The fossil
porosity consists of large pores (20-50 flm). These pores
are often filled with authigenic mineral growth and tend to
be isolated, unless their walls are breached. Consequently
they do not contribute significantly to groundwater move
ment. Intragranular pores, those within grains, are a minor,
insignificant, component of total porosity, though they are
hydraulically connected. Intergranular pores, often less
than 1 flm in size, are the main source of porosity. Dia
genetic pores are usually large (5-100 flm), inter
connected, and are significant to groundwater flow. They
are always lined with opal CT, which is sometimes covered
with zeolite growths and clay bushes up to 10 flm in size.
Intergranular fractures do not contribute, significantly to
overall porosity, but they may be important routes for
water movement; some of these are cemented by pyrite,
while others are open and clear.

The porosity of the Gault is similar to that of the Upper
Greensand though localised diagenetic voids are only ever
found in the upper Gault (Milodowski et aI., 1982). Larger
fractures are more common in the Gault, and can increase
its permeability by over an order of magnitude. Com
paction has produced a closely-packed sediment fabric
throughout. Intergranular porosity is both laminar and
equant in the upper Gault, but mainly laminar in the lower
Gault (Milodowski et aI., 1982). This may cause the ratio
of vertical to horizontal permeability to vary through the
unit.

The depth of weathering will vary with clay mineral
composition, site location and site conditions, such that
local conditions largely control the hydrogeological and
hydrochemical environment of the near-surface mudrock
(Alexander et aI., 1987). Hence regional assessments
based on the premise of 'uniform' conditions are not well
supported by local· shallow investigations. The effects of
chemical weathering on British mudrocks is usually
confined to the top 3 m to 5 m and rarely extends to a
depth of 10 m in unfractured masses (Alexander et aI.,
1987). Major structural factors, or impersistent litho
logical features, will enhance in-situ permeability and
facilitate the movement of fluids into the rock mass, and
cause local modifications of flux-patterns (Alexander et
aI., 1987).

Periglacial disturbance results in higher bulk
permeability near to the surface, cryoturbation shears
tending to be more randomly oriented and more steeply



inclined than low-angle solifluction shears (Newrnan,
1985).

Chinsman (1972) found that permeability, and its
variability, in the Gault clay decreased with increasing
load. This effect was irrespective of its state of weathering
or disturbance and he attributed it to the closure and
constriction of fissures. Also, fissure spacing was observed
to increase with depth in trial pits in the Gault. Free
moisture was sometimes evident frolll fractures in trial
pits, indicating that they are a groundwater flow path (Plate
2). He also observed silt-filled wedges and veins down to
the top 2 ill of unweathered Gault, which would increase
near-surface permeability.

The reduction of stress on excavation of a fissured clay
will cause the fissures to open, allowing a more rapid
distribution of pore water pressure, so that the pore water
pressure adjustment to long-term equilibrium conditions
WIll occur more rapidly. Pore water pressure decreases
with excavation, though there appears to be a time-lag
between the two (Chinsman, 1972). There may even be
drawdown behind a Gault clay cutting, since pore water
pressure change seems to be a function of both vertical and
lateral stress changes.

In those zones of the Gault exhibiting high permeability
some water content changes may occur during typical
construction periods, especially under low levels of stress.
High in-situ permeability also allows seepage and
rapid softening during water impoundment (Chinsman,
1972).

7.2 PERMEABILITY HETEROGENEITY

Fracturing in the Gault is common and is frequently open.
It is divided into two types by Milodowski et ai. (1982).
Firstly, large aperture (Imm-5 mm) open fractures across
core, with clay particles on their flanks orientated parallel
to them; these may be natural joints or may be drilling
induced fractures. Secondly, microscopic fractures exist
which are several millimetres long and are often lined with
authigenic pyrite. Tectonic discontinuities could be
included as a third fracture type. These are often slicken
sided and are common in the Weald, where tectonic effects
are more pronounced, than further north. Glacio-tectonic
faults and disturbance may be present in the more northern
Gault outcrops, where it may have been affected by
overlying, mobile ice during the last Ice Age. Fissures
from these two processes may be quite extensive and
therefore significant in hydrogeological terms. Fractures in
the Upper Greensand are sometimes infilled, which
reduces their impact on bulk permeability (Milodowski et
aI., 1982).

Other components affecting the permeability of the
Gault are silt veins, bands of shattered siltstone, phosphatic
nodules, pyrite nodules, selenite crystals and occasionally
thin seams of silt-size and sand-size particles between
fissure faces. These minor variations will be reflected by
in-situ permeability (Chinsman, 1972).

Overconsolidated clays, such as Gault clay, usually give
a lower magnitude and faster rate of settlement than
predicted from tests on laboratory samples. This may be
attributed to considerably greater mass permeability in the
field than is measured from samples. Chinsman (1972)
found that the field permeability of the Gaul t can be at
least an order-of-magnitude greater than laboratory
permeability. He attributed this to the lack of homogeneity
on the larger scale mainly as a result of fissuring, three
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dimensional drainage and anisotropic stress conditions in
situ.

7.3 PORE WAllER CHEMIS1"RY

At Harwell, where the Gault is over 95 m below ground
level (bgl), the dominant pore water chemistry comprises
Na, CI and 504 (Brightman et aI., 1985). At Milton where
the Gault is found at a shallower depth (2.8 m bgl), it is
dominated by Ca, Mg and S04, with significant Na and CI.
At a site on the Upper Greensand outcrop to the north of
Harwell, Brightman et aI. (1985) found that the Upper
Greensand groundwater chemistry is dominated by Na, CI
and HC03, with significant S04, although the solutions are
not very saline.

Stable isotope results from the relatively low salinity
waters of both the Upper Greensand and the Gault are
representative of recent local meteoric recharge mixed with
small proportions of saline groundwater (Alexander et aI.,
1987; Brightman et aI., 1985). The stable isotope results
also correlate with the depths from which the individual
samples were obtained.

Alexander et aI. (1987) found that increased salinity
with depth coincided with locations of postulated
downward vertical flow. Whereas, where there was thought
to be vertical upward groundwater movement, differences
in composition are associated with distinct horizons, which
could be a result of changes in migration direction over
time.

In low-flow environments with minimal hydraulic
gradients, it is differences in fluid chemistry, leading to the
processes of osmosis and diffusion, which are the major
cause of solute migration rather than fluid movement itself
(Alexander et aI., 1987). This migration will be further
restricted by the considerable potential of mudrocks for
ion-exchange and sorption reactions.

The oxidation of pyrite, which is frequently found in
Gault clay, is enhanced by microbial breakdown, and could
result in acidic pore waters, which would enhance leaching
and the transport of pollutants, as well as locally increasing
porosity and permeability by the dissolution of unstable
phases en route (Alexander et aI., 1987; Milodowski et aI.,
1982). However, calcite in the Upper Greensand and upper
Gault would buffer this, minimise its effect and reduce the
solubilities of many ions. (Alexander et aI., 1987). This
also has implications for the transport of leachate from
waste disposal sites.

Brightman et aI. (1985) showed that a temperature rise
would strongly influence solute transport; a 40°C rise in
temperature on a clay sample caused a significant increase
in dissolved concentrations, which has important
implications for heat-generating waste. Large fractures will
usually be lined with the detrital component phases
through which they cut. In the Upper Greensand and Upper
Gault these will be smectite, illite and opal-CT, and in the
lower Gault illite and kaolinite, thus creating a significant
potential for ion-exchange (Milodowski et aI., 1982).
Swelling clays, such as the vermiculite and smectite
groups have a much higher specific surface area and
therefore higher cation exchange capacities than non
swelling clays such as the illite or kaolinite groups
(Alexander et aI., 1987). Thus, the Upper Gault, in
particular, has considerable potential for ion-exchange and
sorption reactions with passing solutes. However, the
diagenetic voids in the Upper Greensand and in parts of the
Upper Gault are mainly lined with opal-CT and only minor



zeolites and smectite, and therefore, do not provide much
ion-exchange capacity (Milodowski et aI., 1982).

7.4 ROLE IN '-fHE REGIONAL
HYDROGEOLOGICAL REGIME

The Gault clay acts as a confining or leaky layer above
several aquifers on which it rests unconformably. Ground
water level fluctuations in an aquifer will generally be
lower for greater thicknesses of confining Gault, because
of the dampened recharge response. Any deviations from
this are usually attributed to abstraction effects though
significant changes in hydraulic properties, such as faults,
may impart smaller scale fluctuations (Alexander, 1983a).
Alexander et al. (1987) found that the standard deviation of
aquifer groundwater levels is a useful statistical measure of
their variability.

The Lower Greensand is highly permeable but
regionally very variable in thickness, and is sometimes
absent (Alexander, 1983a). It has a restricted outcrop at
Harlow, resulting in' poor recharge potential, so that its
deeper waters can be saline. This restriction of its ground
water movement suggests it is effectively confined by the
Gault (Alexander, 1983a).

The Great Oolite underlies the GaultlUpper Greensand
to the north and east of Bridport in south-west England. It
is a fissured limestone with an abundance of springs at out
crop and is a significant aquifer for water supply. Where it
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lies under the Oxford Clay its waters are non-potable and
do not fluctuate seasonally more than a few kilometres
from outcrop, and this could also be the case where it is
overlain by the Albian (Alexander, 1983a). The Great
Oolite has a higher head than the Corallian at Harwell,
implying upward flow through the Oxford Clay
(Alexander, 1983a). If there is a similar upward head
gradient where it lies directly below the Gault/Upper
Greensand, a similar situation could occur.

However, in the west of England the Gault becomes
progressively siltier and passes laterally and vertically into
Upper Greensand. Thus the overlying Gault/Upper Green
sand in the south-west may be significantly permeable,
and with a downward head gradient it could leak recharge
to the limestone and dampen groundwater level
fluctuations within it. Some outliers of Chalk lie on top of
the Albian in this area and may contribute water to it in
turn. Where the Gault/Upper Greensand is of very low
permeability, this will highlight the low storage potential
of the limestone and will amplify groundwater level
variations, which can result seasonally in artesian
conditions. (Alexander, 1983a).

The Gault is thus an important modifier of the regional
hydrogeological regime. It restricts groundwater fluxes
through it and therefore helps to control the recharge and
discharge of adjacent aquifers. The Gault acts as an
imperfect confining layer over underlying aquifers, and the
Upper Greensand may locally act as a combined aquifer
system with the overlying Chalk.



8 Implications for land-use and engineering construction

INTRODUCTION

The Gault clay docs not have a large outcrop compared to
many other geological formations. Historically there has
been generally little construction on it other than isolated
dwellings. It would appear that the problems it presented
had been recognised and avoided if possible. In more
recent times with increased population and more
sophisticated requirements for transport, construction has
had to move onto less tractable geological materials
including Gault clay. The development of the motorway
network since the 1960s and the associated development of
housing, industry and retail premises has highlighted this
problem. However, Gault clay can offer reasonable
foundation conditions for structures if suitably designed
foundations are used, which take into account the geo
technical properties of the material.

The problems posed by Gault clay are largely a result of
its geological history and mineral composition especially
the presence of smectite clays. High smectite content may
increase plasticity, decrease strength, cause large volume
changes with moisture content variation, high swelling
pressures, low angles of internal resistance and low resi
dual strength. The smectite content and plasticity data from
Arlesey, Klundyke Farm and Shaftesbury show that as the
smectite content increases so do the liquid limit and plas
ticity values (Figures 8.1 and 8.2). The differences between
the boreholes may be due to modifying effects of local
mineral variation, to regional variation or to systematic
experimental error. The relationship between depth, Atter
berg limits and smectite content for samples from the
Arlesey borehole are given in Figure 8.3. This shows that
the clay mineral assemblage determined by the height of
the X-ray diffraction peaks changes down the borehole
from a smectite/mica assemblage at the top to a
kaolinite/mica assemblage at the bottom but the change is
not reflected by any significant variation in the plasticity
limits or plasticity index. However they do follow quite
closely the smectite content, as determined by surface area
measurement. Therefore, smectite content, derived from
the determination of surface area is a much better indicator
of plasticity of the material than clay mineralogy deter
mined by X-ray diffraction.

8.1 SLOPE STABILITY

In Britain at the end of the last Ice Age, approximately
10 000 years ago, the downslope mass movement of
material was an almost ubiquitous process. At that time the
downslope slumping of waterlogged material in periglacial
conditions (solifluction) was active over most of Britain,
particularly in the ,'soft rock' areas of clays and sands in
the south and east. The result of this activity was to leave
much of Britain draped in a mantle of fossil solifluction
sheets and head deposits. Solifluction deposits may contain
fossil shear surfaces capable of reactivation if the stress
conditions alter adversely. Since that time of intense
activity further sliding has taken place as reactivations of
earlier slides and as first time failures.
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Ancient and recent landsliding have been recognised,
and in some areas mapped, throughout the outcrop of the
Gault. The review of research into landsliding in Great
Britain, commissioned by the Department of the Environ
ment (Anon, 1987a), attributed a landslide density of 5.00
to 9.99 slips per 100 km2 to the Gault outcrop. However,
the study was based on information from published sources
and could not take into account landslides that were
unrecorded or unrecognised. The bias towards under
estimation was recognised by the authors and in the case of
the Gault, where slips are mainly shallow and in ·rural
areas, the underestimation may be considerable.

Landslides on Gault clay are often difficult to classify in
detail since the characteristic topographic features which
enable the type of movement to be identified frequently
have degraded to an indistinct hummocky topography of
coalesced slumps and flows with varying degrees of
weathering. However, most movement is of shallow trans
lational type with rotational elements at the back scarp and
flows at the toe region. Multiple retrogressive rotational
failures occur on some slopes. In some areas where Gault
clay is part of a major, inland escarpment or coastal cliff
then major, deep-seated, landslide complexes have devel
oped as at Folkestone Warren near Dover and at Ventnor
on the Isle of Wight.

Major landslides are usually easily seen during geologi
cal mapping but shallower landslides on Gault clay may be
difficult for the nonspecialist to identify and may be
degraded beyond recognition by natural weathering and
erosion processes. Agricultural activity can mask the sur
face expression of landsliding and ploughing can remove
all surface traces in a few seasons, but below the depth of
ploughing shear surfaces, capable of reactivation, will
remain.

8.1.1 Causes of shallow landslides

Examination of the geological setting of shallow landslides
in Gault clay show that the clay is frequently overlain by
more permeable strata (Upper Greensand, superficial
deposits) which, if water-bearing, will cause a spring line
to form at the interface with the relatively impermeable
strata below. Water issuing from the springs results in an
increase of the pore water pressure in the material below,
reducing its strength and, therefore, the stability of the
slope. Thus, the landslides are a result of the coincidence
of a clay lithology below water-bearing strata on a slope
too steep for the strength of the material of which it is
composed, under the prevailing hydrogeological con
ditions. Groundwater conditions in a landslide may be
isolated from the underlying clay as a result of reduced
permeability normal to the failure surface and the intro
duction of directional permeability along it (Chinsman,
1972). Pore water pressures thus may be practically
independent of those in the undisturbed formation below.
Groundwater levels in landslide material tend to fluctuate
with high amplitude in response to rainfall events,
implying the existence of perched water tables. Whereas,
in weathered or unweathered Gault, the groundwater level



••
•

•• •
•• ••(I

•

100

• Arlesey

80 (j Klondyke

• Shaftesbury

60

20

Figure 8.1 A plot of
plasticity index and whole
rock smectite content for
samples from boreholes at
Arlesey, K10ndyke and
Shaftesbury.

o • •
o 10 20 30 40 50

Whole rock smectite (%)

Figure 8.2 A plot of
liquid limit and whole rock
smectite content for
samples from boreholes at
Arlesey, KJondyke and
Shaftesbury.

E

100

80

60

40 • •

•••••• •

•
••

•

• Arlesey

(j Klondyke

• Shaftesbury

20

o

o 10 20 30 40 50

Whole rock smectite (%)

displays a far smaller amplitude, changing gradually with
the seasons rather than rainfall events (Chinsman, 1972).

Local variations in water table levels and material
properties make it difficult to predict a maximum stable
slope angle for a lithology which forms a hill side but by
using representative geotechnical test data and assuming
the 'worst case' groundwater conditions, a first approxi
mation can be calculated using the 'infinite slope' method
(Skempton and De Lory, 1957).

The maximum stable slope angle for a lithology cannot
be calculated unless the groundwater conditions are
known. Groundwater levels are linked to rainfall and show
a short term variation with the annual cycle of weather and
a longer term variation with climatic change. Therefore,

the maximum stable angle of a slope will vary through
time as groundwater level varies. However, it may be
assumed that, ultimately, the least stable groundwater
condition (excluding artesian conditions), that of ground
water at the surface, will occur. If the maximum stable
slope angle for this condition is calculated it will indicate a
maximum safe, slope angle for that lithology, for long term
stability. In the time since the last Ice Age the 'ground
water level at the surface' condition will probably have
occurred and failure of slopes steeper than the maximum
stable angle will have taken place, reducing the slope angle
until a mature stable slope is formed. These m~ture slopes
will now be at, or below, the maximum stable angle.
Slopes that exceed this angle may not be mature slopes and
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Figure 8.3 A plot of Atterberg limits with whole sample smectite content and clay mineral
assemblage for samples from the Arlesey borehole.

may still be at risk from landsliding if groundwater con
ditions alter.

Examination of slope angles formed by landslide-prone
lithologies in the field, in both slipped and stable areas can
establish the maximum angle for long term stable slopes
which can be compared with the theoretical value calculated
using geotechnical test data and the Skempton-De Lory
infinite slope equation (Forster and Culshaw, 1994).

8.1.2 Shallow slope instability

Gault clay is a high-to-extremely-high plasticity, over
consolidated clay and therefore, it is particularly prone to
landsliding. Shallow landsliding in Head deposits derived
from Gault clay may also present potential instability prob-

43

lems. Head is in a remoulded condition and, therefore, tends
to have strength parameters close to the residual strength of
its parent material. Its formation may have included pro
cesses such as solifluction which left ancient shear surfaces
within the material. Therefore, even on modest slopes, Head
deposits may suffer slope instability problems due to its
inherent weakness or the reactivation of ancient shear sur
faces. Unstable slopes are often capped by the Upper Green
sand, gravel or sandy Head. The residual angle of internal
friction of Gault clay in the Thame area was found to be in
the range 17°_32° (triaxial tests) or 10°_15° (ring shear
tests), these values are broadly consistent with values from
other areas quoted in section 6. The calculated maximum
slope angle for conditions where groundwater is at the
surface is 12.5° using a residual angle of internal friction



determined by triaxial compression tests and 6° using a resi
dual angle of internal friction determined by ring shear tests.
The slope angle based on triaxial test results may be an
overestimate because the test may not take into account the
effect of fissuring in the soil mass which would weaken the
material as a whole. However, the ring shear test, which uses
completely remoulded material, may underestimate the
slope angle. The average angle of stable Gault clay slopes
observed in the Thame area is about 7° and the maximum
angle of observed slopes is 9°. These figures are between the
two laboratory based estimates. The slope angles found on
landslid Gault clay slopes vary from 7° to 14° with an aver
age of about 10°. Therefore, the limiting angle for shallow
landslides in the Thame area would appear to be about 7°.
This figure is probably applicable to slopes over much of the
Gault outcrop.

8.1.3 Major deep-seated landslides

Major deep-seated landslides involving Gault clay are
much less common than shallow slides but they can be the
cause of significant damage and are much more difficult to
control. Deep-seated sl ides occur typically at coastal
outcrops where erosion by the sea maintains a high, steep,
cliff profile. Examples of deep-seated slides are found on
the southern coast of the Isle of Wight notably at Ventnor
and at Folkstone Warren near Dover. Deep-seated move
ments also occur inland where there is a suitable escarp
ment as is the case at Shaftesbury, Dorset. The mechanism
by which these deeper slides take place is different to that
of shallow sliding and the influence of near, horizontal,
preferred planes of weakness has been cited by some
authors as being the controlling factor in the case of the
Gault clay (Bromhead et aI., 1991; Hutchinson et aI., 1991;
Gostelow, 1991), and other clay formations (Barton, 1984;
Barton and Thomson, 1988; Bromhead, 1978).

The origin of these preferred planes of weakness is not
well understood and has been attributed to several possible
mechanisms. Hutchinson (1988) showed that under mild
tectonic compression interbed displacement of up to
100 mm can occur where a thick brittle clay is adjacent to a
stiffer stronger rock. The displacement would be sufficient
to cause shear failure and a reduction of the peak friction
angle to the residual value thus supplying a potential failure
plane for landsliding. Barton and Thomson (1988) discussed
the possibility of layered mineralogical composition, and
thin, confined, aquifers under high piezometric pressures.
Gostelow (1991) put forward a mechanism involving
transient water pressures set up during the evolution of the
sedimentary basin containing the Gault.

The investigation of the landsliding at Shaftesbury
(Gostelow, 1991) indicated that a failure plane which had
been intersected by two site investigation boreholes had
followed a narrow band enriched in smectite (Bloodworth,
1990). This band was attributed to the deposition of
secondary bentonite derived from an adjacent volcanic ash
blanketed landmass. Detailed geotechnical and
mineralogical examination of a failure plane in material
from a cored borehole at Klondyke farm (TL 5940 7010)
showed no major difference in matrix fabric between the
area of the failure plane and other samples in the borehole.
However, the precipitation of smectite along micro
fractures appeared to have been responsible for the failure
plane development (Prior et aI., 1993). To what degree
there is a potential for smectite-rich bands to act as
incipient failure surfaces is not clear. However, if they do
act in this way then they would not be sufficiently thick or
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widespread throughout a sequence to be detected by
normal geotechnical sampling and testing and other
methods must be developed to detect them.

8.1.4 Implications for land use and construction

Although some active landsliding in Britain is due to
natural causes the main cause of first time landsliding and
the reactivation of ancient landslides has been attributed to
human activity (Anon, 199Gb). Common causes of slope
instability are the removal of support from the foot of a
slope, loading at the top of a slope, deforestation, decreased
strength due to weathering or the build up of high pore
water pressures within the slope. These changes may be the
result of natural processes or may be brought about
artificially. It is very important that any work that affects
natural slopes in Gault clay avoids undercutting, top
loading and, above all, the introduction of large amounts of
water to the slope. When dealing with a sloping site or a
site adjacent to a slope, a survey should be carried out to
determine not only the stability of the slope within the site
but also the stability of the area around it, especially up and
down slope, which may affect, or be affected by, the
development of the site. The survey may include aerial
photography, engineering geomorphology mapping, trial
pitting, boreholes, field testing, geophysical investigation
and laboratory testing. The results of the survey should
enable a calculated stability analysis to be carried out.
Depending on the findings of the study, slope instability
mitigation measures might be required such as regrading,
vegetation, the installation of shear keys, the construction
of a free-draining counterweight at the toe, the removal of
water from the slope and its surrounding area (drainage) or
a combination of such measures. It is important that water
is removed from a susceptible slope to an area which will
not, itself, be made unstable. Removal should be done in
such a way that the method of removal is not liable to be
disrupted by minor landslide movements resulting in the
discharge of water onto the slope itself.

8.2 FOUNDATIONS

8.2.1 Shrinking and Swelling

When clay soils absorb water or become desiccated their
volume increases or decreases respectively. The magnitude
of the change in volume is controlled, primarily, by the
type of clay minerals present and is indirectly measured by
the plasticity of the clay soil (where the clay fraction forms
a significant proportion of the soil). Two modes of
swelling in clay minerals are recognised, inter-crystalline
swelling and infra-crystalline swelling (Grim, 1962). Inter
crystalline swelling occurs when moisture is taken up on
external clay crystal surfaces and in inter-crystal voids; this
causes relatively small volume changes. Infra-crystalline
swelling occurs when moisture is taken up between the
weakly bonded inter-molecular layers of the clay crystal
and gives rise to very large volume changes with variation
in moisture content. This mode of swelling is characteristic
of the smectite family of clay minerals. Gault clay, in some
areas, contains significant amounts of smectite clays and
reference to the plasticity chart Figure 6.21. shows it to be
of mainly high to very high plasticity. As a general rule for
clay soils, the higher the plasticity the greater is the soil's
potential for volume change with changes in moisture
content. The activity chart Figure 6.24 shows that Gault



clay falls in the very high expansive potential zone except
for the outcrop in the south-west (area 1) which is only of
medi urn to high expansive potential because the Gault
becomes siltier and more sandy in this area.

The ground below a typical green field site on shrinkable
clay may be subject to a seasonal variation in moisture con
tent to a depth of 1 ill to 1.5 m. This will cause shrinking
and swelling of the clay soil and in years of severe drought
this may result in damage to foundations in the soil which
have been insufficiently deeply placed, and, hence, damage
to the super-structure. Since the 1940s the Building
Research Establishment has recommended that a minimum
foundation depth of 0.9 m is needed to avoid seasonal
volume changes due to wetting and drying when con
struction is on an open site on swelling clay, (Anon, 1993).

Where trees, shrubs or hedges are growing on a clay soil
site a zone of reduced moisture content, compared to the
surrounding soil,may be detected to a depth of 5 m or 6 m
below the vegetation and a zone of permanent desiccation
may be present below large trees. Where trees, shrubs or
hedges are removed prior to construction, there will be a
potential for long term swelling and surface heave as the
desiccated soil re-establishes an equilibrium moisture con
tent with its surroundings. This rise in the ground surface
will not necessarily be uniform over a site and the resulting
uplift could be potentially damaging to shallow, strip
foundations. The use of bored piles linked by a reinforced
ground beam may be preferable to a deep strip foundation
taken to below the desiccated zone. In the case of floor
slabs, strip, and piled foundations precautions should be
taken to allow for, or avoid, lateral and upward forces.
Compressible material may be placed adjacent to strip
foundations and below ground beams and floor slabs to
allow for seasonal stresses. The upper part of piles may be
sleeved in polythene sheeting, pvc or cardboard tubes, to
allow for negative skin friction, and the pile itself rein
forced. Alternatively, suspended floors could be used
instead of floor slabs on compressible material. The design
of foundations on shrinkable clay sites is discussed in
Building Research Establishment Digest 241 (Anon, 1980b).

The effect of trees in the post-construction phase can be
equally damaging if planted too close to a building. The
severity of the drying and shrinking of the soil caused by
the removal of the soil moisture by the tree's roots will
depend on the size and species of the tree. In general, trees
should not be planted closer to a building than 0.5-1.0 X
the height of the mature tree unless suitable deep
foundations have been used to minimise the effects of soil
desiccation due to the tree. In the case of existing trees a
number of management options are possible to restrict
growth and minimise soil moisture variation (Anon, 1985).

In industrial buildings in which processes involving large
amounts of heat are installed, consideration must be given,
at the design stage, to the potential for the drying out of the
clay below the factory floor and the consequent effects of
the clay shrinkage on the floor slabs and foundations.

8.2.2 Chemical attack on buried concrete

Gault clay contains iron sulphide which may break down
on weathering and under the influence of bacterial action
to form sulphuric acid and sulphates in acid solution. If
calcium carbonate is available, for example, from fossils,
then calcium sulphate may be formed as selenite crystals.

The presence of aqueous solutions of sulphate and
sulphuric acid in the ground gives a potential for chemical
attack on buried concrete which may reduce the effec-
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tiveness of buried structures. The sulphates and sulphuric
acid react with tri-calcium aluminate in Portland cement to'
form calcium sulpho-aluminate or ettringite. This reaction is
accompanied by expansion and loss of strength. The rate of
attack is influenced by the permeability of the concrete and
the position of the groundwater table (sulphates are brought
into contact with the cement in concrete by movement of
their solutions in water). If a structure is permanently above
the water table it is unlikely to suffer attack. When a
structure is below the groundwater table but the ground
water is not mobile, reaction will be limited as the sulphates
in the groundwater are not replaced. However, if there is
movement of the groundwater then the sulphate removed by
reaction with cement will be replaced, thereby continuing
the proces. Structures such as retaining walls, which have
only one side in contact with the groundwater, are par
ticularly vulnerable if water drains behind or through them.

Concrete of low permeability is required to resist
sulphate attack, hence it should be adequately compacted
and cured. Additionally, sulphate-resistant cements, that is,
those in which the tricalcium aluminate is low, can be used
to reduce the potential for chemical reactivity. However,
where soil permeability is low, or when groundwater flow
is very low or absent, the potential for attack will be low
even where the sulphate content of the soil is quite high. In
some circumstances it may be acceptable, and cost
effective, to allow for a few centimetres of concrete to be
sacrificed on the outside of a mass concrete structure rather
than use a sulphate-resistant cement or to protect the con
crete from sulphate attack by using impermeable geo-mem
branes or bituminous or epoxy tar coatings (Lea, 1970).

Chemical tests recorded in the Gault clay database
indicate soil conditions to be generally near to neutral or of
slightly alkaline pH, only very rarely have low pH values
indicating potentially damaging acidic conditions been
recorded (Figure 6.11). Therefore, acid attack on concrete
or metal services below the water table is unlikely.

The database values for sulphate content and sulphate
class were derived largely from site investigations carried
out before 1991. These investigations carried out sulphate
testing in accordance with contemporary British Standard
procedures. In the case of sulphate these were the methods
described in Building Research Establishment Digest 250
(Anon, 1981a) which included acid extraction to give total
sulphate. In 1991 the recommendations in Digest 250 were
superseded. The more recent Digest 363 (Anon, 1991)
emphasises the classification on the basis of sulphate
solubility in water. As a consequence, formations con
taining gypsum are moved to lower classes than those
indicated by tests based on acid soluble sulphate content.
Consequently, some of the data quoted for gypsiferous
formatio'ns such as the Gault clay may indicate higher
sulphate classes than would be the case if tested by the
current recommendations in Digest 363.

The database values for Gault clay (Figure 6.8) indicate
that total sulphate content ranges from 0.02% to 3.5% with
a median value of about 1.1 %. In terms of the old standard
this would indicate sulphate classes of 1 to 5 with a median
value of 2. However under the new recommendations the
sulphate class would need to be reassessed for all samples
witha suiphate content greater than 0.24%, using a 2: 1 soil
water extract. The soil water extract would be expected to
reduce the sulphate class of the sample from the original
classification. However, the presence of high sulphate
values in some samples of Gault clay indicate that there is a
potential for attack which would require sulphate-resistant
concrete mixes or other preventive measures to be used.
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Land lide in the Gault are ften initiated after high or
inten e rainfall. rabb and W t (19 6) m nilOr d an
embankm nt, 7 m high, with lope f 1:2 built f ver
c n lidated, part re-m ulded, Gault clay on the

ambridge rth rn Bypa (A45). They ~ und that cyclic
annual change in pore wat r pre ure ccurred to a depth
of about 2 m, with the highe. t pore water pre ure

ccurring at the nd of the winter. Thi . coincided with the
period when m t land lide occurred. The lope wa
welle t at the t e, but there wa al 0 an area of po itive
p re water pre ure higher up in the lope at the end of the
winter, demon trating that infiltration an ccur further up
I pe, perhap through oil crack. ince macro per

meability appear to greatly exceed micro permeability in
the Gault, it i po ible for an out-of-pha e pore water
pre ure condition to exi t, which would have a ignilicant
effect on hort-tenn failure ( hin man, 1972).

The I ng term tability of motorway ulting and
embankment in England and Wale ha been reported by
Perry (1989). The lUdy concentrated on el cted length
of motorway which included the principal geological
formation encountered by the motorway y tem,
including the Gault. Gault clay proved to be the geological
material with the highe t p rcentage failure rate for both
cUlling and embankment . The failure rate for CUlling
wa 9.6% and for embankment 8.2%. The lope had been
cut mainly at a lope of 1:2.5 (22 0

) but ometime 1:3
(180

) and were 10 or 22 year old. In both embankment
and cUlling the u ceptibility to failure increa ed with
increa ing lope height and increa ing age. Twenty two
year old, Gault clay cutting with lope cut at 1:3 between
5.0 m and 7.5 m high had a failure rate of more than 50%.
Slope a ociated with open ditche were more likely to
fail than lope without drain. The maximum lope angle
recommended by Perry (1989) for cutting and embank
ment in Gault clay in order to re trict the failure to Ie
than I% within 22 year of con truction are:

to 00 ther i a ignili ani p
the excavati n along fi ur
than th e figur .

In addition to the pr blem po ed by Ii ur ,the fabric
of the Gault clay i u ually affected by weathering t a
depth f everal metr . In th e area whi h were ub
jected to periglacial action during the la t Ice Age
cry turbation may have di turb d the tructure of the clay
and may have br ught ab ut the intr duction f verlying
dep it of contra ting ge technical pr pertie int the
clay. eature uch as and-filled ice wedge may be
encountered in excavation which will them elve be
un table at the angle f ut and, if wat r-bearing, may
cau e the clay to often to the detriment of it tability.

The inflow of water into an excavation in Gault lay
may take place through normal precipitation a rain or
now, through overlying permeable trata or from urface

water cour e . The re ult may be to cau e problem to
con truction due to the increased moi ture content of the
clay making traffic movement on ite difficult or
impo ible for wheeled vehicle especially on temporary
haul road (Plate 5). Where water i allowed ingre to
foundation excavation, the welling of the clay may cau e
oft patche in the ub-foundation clay which may require

removal before foundation placement. If thi i likely to be
a problem then a blinding of lean concrete immediately
after excavation may be nece ary to protect it from
wetting.

8.3.2 Cutting and embankment

The a e ment and mea urement of pore water pre ure
di tribution i neces ary for the calculation of effective
tre in lope tability analy i for cutting and embank

ment . Seepage force al 0 have a bearing on tability if
eepage velocitie are ufficiently high, and a tudy of total

head di tribution i nece ary to a es it effect. If eep
age ha a major component normal to, and into, the lope it
would tend to have a tabili ing effect (Crabb and We t,
1986).

Plate 5 Arle ey Brickpit.
Remoulded, wet Gault clay in the
pit floor cau ing poor trafficability.
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8.4 SITE INVESTIGATION PROCEDURES

The design of a site investigation should include a desk
study and walk-over survey as described in Building
Research Establishment Digests 318 and 348 (Anon,
1987b, 1989). Where the investigation is in an area which
includes sloping ground, even slopes as low as 7°, it is
important to look at slopes outside the prospective
development in order to ascertain the stability of slopes
which could affect the developed area should they fail. Air
photography, engineering geomorphology and geophysics
may be used to advantage where conditions are suitable
and expert advice should be taken as to their application to
the site in question.

The use of cable percussion drilling methods in the
Gault clay may be effective for recovering disturbed
samples, such as required for testing for earthworks. How
ever, sampling by means of U 100 driven samples may not
prove effective for obtaining undisturbed samples. The
use of driven sampling tubes in deep boreholes may
reduce the sampled material to shattered Iumps of clay
due to the opening up of fissures (Woods, 1955) thus
reducing the ability to determine structural and textural
information. The use of modern, rotary coring methods
with water or mud flush can produce very good quality
samples. Although, in the past, rotary methods have
encountered problems such as difficulty in extracting the
core barrel from the borehole, the need to ream out the
borehole before the next core run and core softened by
absorbing water from the flushing medium (Samuels,
1975).

In the shallow, near-surface zone, where the weathering
state and periglacial disturbance is of major importance the
use of trial pits has significant advantages over the use of
cable percussion or rotary drilling. This is especially true
where slope stability is being assessed and the logging of
shear surfaces and discontinuities is important. In order to
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obtain the maximum information from a pit it is desirable
for the pit to be viewed and logged by an engineering
geologist during its excavation in order to identify shear
surfaces which may be obscured in the finished pit walls
by smearing. These surfaces are frequently revealed as
planes of detachment as the excavator bucket removes
material from the pit. If safe to do so, the dip and strike of
the plane may be measured and a block sample taken for
shear strength measurement in the laboratory. The
detection of thin shear planes in the pit walls is difficult
after excavation, even when the face has been cleaned by a
sharp tool. When working in any excavation it is essential
that safety procedures are observed and suitable support is
installed to maintain the safe standing of the pit walls
during logging and sampling. When working with weak,
sheared, disturbed material, such as soliflucted and
cryoturbated Gault clay, the importance of safe working
practices cannot be over emphasised.

The use of geophysical methods in conjunction with
more established investigation procedures may be helpful
in the early stages of site investigation especially in areas
of slope instability. Geophysical techniques can be used to
help determine the dimensions of landslide masses, the
depth to failure planes, the distribution of areas of high
moisture content, the location of perched water tables and
the depth to the regional water table. Methods which have
been used with success on landslides include resistivity,
conductivity and seismic refraction but better equipment
and new methods are constantly being developed and other
techniques may also offer useful information. It is
important that geophysical methods should be seen as part
of an integrated site investigation programme and that a
limited trial be made to establish the most suitable
technique before a full scale geophysical survey of the
whole site is commissioned. McCann and Forster (1990)
reviewed the use of geophysical methods in landslide
investigations.



9 Conclusions

GEOLOGY

The Gault is a sequence of predominantly clay facies
sediments with mudstones, thin siltstones and bands of
phosphatic nodules of Middle and Upper Albian age
(Lower Cretaceous ). In East Anglia and East Kent, the
clay facies extends upwards to include sediments of Upper
Albian age. In the northern part of East Anglia the clays
are replaced by the Red Chalk, a carbonate facies
equivalent to the Middle and Upper Albian elsewhere,
which reaches a maximum thickness of approximately
2 m. The clay thickens to the south and reaches its maxi
mum development of over 100 m in the Weald. It then
thins to the west as it passes into Hampshire and Dorset,
the upper zones being replaced by sand and chert of the
Upper Greensand. The Gault can be divided into two parts
on the basis of lithology, the Lower and the Upper. The
Lower consists mainly of medium and dark grey, weak
mudstones and silty mudstones. The Upper division is
paler, has a higher calcium carbonate content, and smectite
is the dominant clay mineral group.

MINERALOGY

Gault clay contains both clay and non-clay minerals. The
major non-clay minerals are quartz and calcite. Quartz
usually makes up about 20% or more of the Gault and its
distribution is fairly uniform. Calcite is present mainly as
shell fragments and micro fossils (coccoliths); recrystallised
calcite may act as a cementing agent. The Upper Gault clay
tends to be more calcareous than the Lower Gault clay and
in the north east the formation tends to be more calcareous
than to the south and west. In the near-surface zone calcite
may be converted to gypsum by its reaction with acid
groundwater produced by the oxidation of pyrite. Other
non-clay minerals present are feldspar, mica and pyrite.
Two authigenic minerals, clinoptilolite and opal-CT, are
found in the upper part of the Upper Gault clay at Harwell
and may act as cementing agents.

The major clay minerals present are kaolinite, illite and
smectite. Two main clay mineral assemblages have been
identified:

1) 'Kaolinite-illite'. This is characterised by kaolinite and
illite with variable amounts of smectite, vermiculite and
various mixed layer clays.

2) 'Smectite-illite'. This is characterised by smectite and
illite or mixed layer smectite/illite; kaolinite is present
as a minor or trace component. Within this assemblage
two sub-assemblages are recognized:
i) smectite-illite and ii) smectite-illite-quartz-opal-CT
zeolite.

The distribution of the clay assemblages within the
Gault clay has been defined by Jeans (1978) and Jeans et
al. (1982). Secondary bentonite is found as localised
deposits at the base of the Gault and has been found in a
number of boreholes, (Leighton Buzzard, Warlingham and
Folkestone). Above these deposits the kaolinite-mica
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(illite) assemblage is present throughout the Gault in the
north-east (Cambridgeshire and Norfolk). To the south and
west the top of the kaolinite-illite assemblage is found suc
cessively lower in the sequence further south and west
until the boundary is at about the LowerlUppcr Gault inter
face in the Kingston Lisle, Glyndeboume and Shaftesbury
areas. Above the kaolinite-illite assemblage the smectite
illite assemblage is present. This is usually the smectite
illite sub-assemblage of bentonitic clay origin but in the
upper part of the Upper Gault in the Harwell borehole the
smecti te-mica-quartz-opal-CT-zeolite sub-assemblage is
present, which is more typical of the Upper Greensand. It
is suggested that the influx of smectite in the Upper Gault
was due to volcanic ash eroded from a nearby landmass
(Jeans, 1982).

Higher concentrations of smectite have been found in
fissures and in the zones around shear surfaces in land
slides, this may be due to shearing following weak zones
of high smectite content material deposited as ash falls or
to smectite formation in already fissured, tectonically
faulted or slipped material. Diagenesis may have produced
the high smectite content in the upper part of the Gault
clay at Harwell.

GEOTECHNICAL DATABASE

A geotechnical database for Gault clay was compiled using
site investigation reports selected from the data collected
during the project and entered into a computer. The
majority of the data were taken from a relatively small
number of investigations for major road developments.
Such investigations provide good quality data, often across
the entire outcrop, or for a considerable distance along it.
These were supplemented by the reports of investigations
for smaller local developments.

The data were divided into eight geographical areas to
study regional variation in geotechnical properties. The
division was based on data distribution, rather than
geological criteria, to ensure sufficient data in each area for
statistical analysis. Areas 1 to 3 cover the main outcrop
from Wessex to Cambridgeshire. Areas 4 and 8 cover the
western and southern outcrops of the Wealden syncline
respectively. Given the abundance of available motorway
data, the central section of the northern outcrop was
divided into three areas, 5 to 7.

The data subsets were analysed and the results displayed
as box plots which give a simple, compact, graphical
method of summarising a frequency distribution, based on
the robust median and quartiles. The summaries of the
geotechnical data are useful guides to the engineering
properties of the Gault provided the limitations in the
quantity and quality of the source data are remembered and
over-interpretation is avoided.

GEOTECHNICAL PROPERTIES

Whilst Gault clay in the United Kingdom may be described
generally as a moderately to extremely plastic, over-



consolidated, very stiff to hard, clay soil or a weak mud
rock, study of its geotechnical properties has shown that
important regional variations in its geotechnical properties
exist, and consequently its engineering behaviour varies
regionally. These appear to be largely a function of
lithology which in turn is a function of depositional
environment and stress history.

Taken as individual borehole records, the geotechnical
index parameters generally show little variation with depth
where the Gault is at outcrop, except near to the surface.
However, where the full deposit of Gault has been tested at
subcrop and at considerable depth, as at Harwell, the
Channel Tunnel, and the Ely-Ouse Tunnel, index pro
perties show greater variation, including minor cyclicity,
with depth which probably relates to minor lithological
variations, in particular those related to particle size.

The Atterberg limits appear to bear a relationship to the
calcium carbonate content, though not a simple one. The
Gault is generally a silty clay, often with similar pro
portions of silt and clay size fractions. Despite this, it may
be highly plastic and even extremely plastic, due to the
relatively high content of smectite within the clay size
fraction. Comparison of clay mineral contents from geo
chemical analyses and clay size fractions from mechanical
analyses suggest that some determinations of clay size
fraction may be inaccurate due to the difficulty of
achieving complete disaggregation. A significant layer of
extremely high plasticity Gault clay with liquid limits as
high as 180% has been identified at Harwell within the
depth range 94 m to 119 m. The plasticity of samples from
elsewhere was found to be less than 125%.

The relationship between carbonate content and clay size
content, and between carbonate content and index
geotechnical parameters has been found to be different at
different locations. Gault clay has a very variable carbonate
content and in some cases it may be classified as a marl.

Values of effective residual shear strength, required for
landslide analysis, have been found to be reasonably con
sistent for a given test type and a given normal applied
stress. Values are low for high plasticity Gault clay. Gault
clay is particularly susceptible to swelling and shrinkage,
to the extent that the engineering environment may be
badly affected. Swelling data are sparse in the database and
when present, they are often unclear and do not correlate
well with geotechnical index tests. In part, this is due to the
diversity of test types and correlations which may have
been derived from other soil types. However, most
indications are that the Gault clay has a high swelling
potential and has shown high swelling pressures and
swelling strains under certain conditions. The 'free-swell'
test is simple and may be a useful index test to use with the
Gault clay. Consolidation data have revealed an apparent
wide variation in pre-consolidation stresses, as derived
from oedometer or triaxial tests. However, reliable data are
limited and an areal interpretation is difficult to make with
any confidence.

The correlation of geotechnical properties between
boreholes or between areas of the U.K. has proved to be
difficult because poor stratigraphic descriptions of the
formations in site investigation boreholes hinders their
direct comparison.

GROUNDWATER CONSIDERATIONS

Gault clay, has a significant influence on regional ground
water systems, affecting the recharge, discharge and
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hydrochemistry of the surrounding aquifers. The near
surface hydrogeology of Gault clay is strongly linked to its
level of disturbance and weathering. Locally measured
hydraulic properties of the Gaul t may not gi ve a
representative picture of its regional values because flow
through the matrix is extremely slow and heterogeneity,
particularly fracturing, is a significant control on ground
water flow. Also, it is important to measure in-situ
hydraulic conductivity to assess bulk permeability, and to
define the significance of groundwater chemistry which is
dependent on the method of abstraction of the sample.
Profiles'of natural groundwater chemistry can be useful in
helping to evaluate groundwater flows through mudrocks.

For a waste disposal site or a clay liner to such a site, the
clay mineralogy of the Gault clay may play an important
role in the retardation of the passage of contaminants, and,
in the former case, the Gault's calcite content would be an
important buffer to acidic leachates.

The Gault is an important modifier of the regional
hydrogeological regime. It restricts groundwater fluxes
through it and therefore helps to control the recharge and
discharge of adjacent aquifers. The Gault acts as an imper
fect confining layer over underlying aquifers and the
Upper Greensand may locally act as a combined aquifer
system with the overlying Chalk.

IMPLICATIONS FOR LAND USE

The problems posed by the Gault clay are largely a result
of its geological history and mineral composition, namely
discontinuities and the presence of smectite clays. High
smectite content may increase plasticity, decrease strength,
cause large volume changes with moisture content vari
ation, high swelling pressures, low angles of internal
resistance and low residual strength.

Landslides

Ancient and recent landslides have been recognised, and in
some areas mapped, throughout the outcrop of the Gault.
The review of research into landsliding in Great Britain
commissioned by the Department of the Environment
(Anon, 1987a) attributed a landslide density of 5.00 to 9.99
landslides per 100 km2 to the Gault outcrop. However, the
study was based on information from published sources
and could not take into account the very large number of
landslides which were unrecorded or unrecognised.

Most movement is of shallow translational type with
rotational elements at the back scarp and flows at the toe
region. Multiple retrogressive rotational failures occur on
some slopes. Movement may be difficult to classify in
detail since the characteristic topographic features, which
enable the type of movement to be identified, have often
degraded to an indistinct hummocky topography of
coalesced slumps and flows with varying degrees of
weathering. In some areas where Gault clay is part of a
major, inland escarpment or coastal cliff large, deep seated,
landslide complexes have developed.

Examination of the geological setting of the shallow
landslides in Gault clay show that they are frequently over
lain by more permeable strata (Upper Greensand, super
ficial deposits) which, if they are water bearing, will cause
a spring line to form at the interface with the relatively
impermeable strata below. Water issuing from the springs
increases the pore water pressure in the material reducing
its strength and, therefore, the stability of the slope.



Examination of slope angles formed by landslide-prone
lithologies in the field, in both slipped and stable areas can
establish the maximum angle for long term stable slopes
which can be compared with the theoretical value cal
culated using geotechnical test data and the Skempton/De
Lory infinite slope equation.

Deep-seated major landslides involving Gault clay are
much less common than shallow slides but they can be the
cause of significant damage and are much more difficult to
control. Deep-seated slides occur typically at coastal out
crops where erosion by the sea maintains a high, steep cliff
profile. The mechanism by which these deeper slides take
place is different to that of shallow sliding and the
influence of near-horizontal, preferred planes of weakness
has been cited by some authors as being the controlling
factor in the case of Gault clay (Bromhead et aI., 1991;
Hutchinson et al., 1991; Gostelow, 1991), and other clay
formations (Barton, 1984; Barton and Thomson, 1988;
Bromhead, 1978).

Although some landsliding in Britain is due to natural
processes the main cause of recent, first time landsliding
and the reactivation of ancient slides has been attributed to
human activity (Anon, 1990b). Common causes of slope
instability are the removal of support from the foot of a
slope, loading at the top of a slope, deforestation,
decreased strength due to weathering or the build up of
high pore water pressures within the slope. Where the
stability of a site is in doubt, a survey should be carried out
to determine its stability and the stability of the sur
rounding area which may affect, or be affected by,
development of the site. Depending on the findingsof the
study slope instability mitigation measures might include
regrading, vegetation, the installation of shear keys, the
construction of a free draining counterweight at the toe and
the removal of water from the slope and its surrounding
area.

Shrinkable clay

When clays absorb or release water their volume
increases or decreases respectively. The ability to under
go large volume changes is controlled, primarily, by the
type of clay minerals present and is characteristic of the
smectite family of clay minerals. Gault clay contains
significant amounts of smectite clays in parts of its
sequence. Although in the south-west, where the Gault
becomes siltier and more sandy, it is only of medium to
high expansive potential the remainder of the outcrop
falls almost entirely in the very high expansive potential
category.

Shrinkable clay may be subject to seasonal variation in
moisture content to a depth of 1 m to 1.5 m. If foundations
are placed at too shallow depth on such a site seasonal
moisture variations will cause shrinking and swelling
which may result in damage to the foundation. The
Building Research Establishment has recommended that
a minimum foundation depth of 0.9 m is needed to
avoid seasonal volume changes due to wetting and drying
when construction is on a swelling clay, open site (Anon,
1993).

Where trees shrubs or hedges are present the zone of
moisture reduction may extend to a depth of 5m or 6 m.
When such vegetation is removed prior to construction,
there will be a potential for long term swelling and surface
heave as the desiccated soil re-establishes equilibrium
moisture content with its surroundings. This rise in the
ground surface will not necessarily be uniform over a site
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and the resulting uplift could be potentially damaging to
shallow, strip foundations. The use of bored pi les linked by
a reinforced ground beam may be preferable to a deep strip
foundation taken to below the desiccated zone. In the case
of floor slabs, strip and piled foundations precautions
should be taken to design for, or avoid, lateral and upward
forces (Anon, 1980b).

The effect of trees in the post construction phase can be
equally damaging if planted too close to a building. In
general trees should not be planted closer to a building
than 0.5-1.0 X the height of the mature tree.

Chemical attack

The Gault clay contains iron sulphide which may weather
in the near-surface zone to form sulphuric acid which can
react with calcite to form gypsum. The presence of
aqueous solutions of sulphate and sulphuric acid in the
ground gives a potential for chemical attack on concrete.
The rate of attack is influenced by the permeability of the
concrete and the position of the groundwater table.
Concrete above the water table will be unaffected and con
crete of low permeability will resist sulphate attack. Also,
sulphate-resistant cements can be used to reduce the
potential for chemical reacti vity or concrete can be
protected· from sulphate attack by the use of a wide range
of materials including impermeable geo-membranes and
impermeable coatings. Alternatively allowance may be
made in the foundation design for sacrificial cover.

Excavation

As a heavy clay Gault clay may be expected to be classed
as medium to hard with respect to its diggability and it
may be moved using normal digging machinery. However,
Gault clay is a fissured overconsolidated clay and the
stability of the sides of the excavation itself may be a
problem during and after excavation. The fissures may
reduce the strength of the material to only slightly higher
than its residual strength. (Skempton et aI., 1969). Thus,
fissures which are inclined into the excavation at angles
greater that the residual friction angle and are intersected
by the excavated face will be likely to act as failure planes
for a slide into the excavation.

The Gault clay is usually affected by weathering to a
depth of several metres and in those areas which were
subjected to periglacial action during the last Ice Age cryo
turbation may have introduced overlying deposits of con
trasting geotechnical properties into the clay. Features such
as sand wedges may be encountered in excavations which
will themselves be unstable at the angle of cut and may be
water-bearing causing the clay to soften to the detriment of
its stability.

The inflow of water into an excavation in Gault clay
may wet the clay making movement difficult or impossible
for wheeled vehicles and may cause soft patches in sub
foundation clay which may require removal before
foundation placement.

Cuttings and embankments

The long term stability of motorway cuttings and
embankments in England and Wales was studied by Perry
(1989). The Gault proved to be the geological. formation
with the highest percentage failure rate for both cuttings
and embankments. The recommended maximum slope
angles for cuttings and embankments in order to restrict



the failures to less than 1% within 22 years of construction
are:

Site investigation

The design of a site investigation should include an initial
a desk study and walk-over survey. Where the investi
gation is in a sloping area it is important to consider slopes
outside the prospective development to ascertain their
potential for instability which could impinge on, or be
caused by, the development.

The use of cable percussion drilling methods and
sampling by means of U 100 driven samples may suffer
some limitations when used in the Gault clay. The use of

Slope height
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1:3.5

Slope height
2.5 m-5.0 m

1:4

Slope height
>5.0m
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modern rotary coring teehniques offer, higher quality
samples but in the past has encountered problems in
extracting the core barrel from the borehole and the need to
ream out the borehole before the next core run. Precautions
may be needed to avoid the core absorbing water from the
flushing medium and softening.

In shallower, near-surface zones, where the weathering
state and periglacial disturbance is of major importance, the
use of trial pits has significant advantages over the use of
percussion or rotary drilling. When working in weak,
sheared, disturbed material, such as soliflucted and cryo
turbated Gault clay, it is essential that safety procedures are
observed and suitable support is installed to maintain the
safe standing of the pit walls during logging and sampling.

The use of geophysical methods in conjunction with
more established investigation procedures may be helpful
in the early stages of site investigation especially in areas
of slope instability.
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APPENDIX 1

REGIONAL GEOPHYSICAL BOREHOLE LOG
CORREI.JATIONS

Borehole geophysical well-logs are a proven technique of long
distance lithological correlation and this method has been applied
to the Albian, using the natural gamma logs (Figure 1). At only
one site (Lomer, SU 5959 2356) are the effects of faulting
obvious as illustrated by comparison of the Lomer and Horndean
boreholes (Figure 2). In this case, it appears that two faults are
present which effect the Albian; the lower cuts out the majority of
the Gault and possibly the lowest beds of the Upper Greensand,
whilst the upper has removed approximately 15 m from the top of
the Upper Greensand together with part of the Glauconite Marl
(the basal Cenomanian is only half as thick as it is elsewhere).

East Anglia

Two north-south comparative sections have been erected for East
Anglia and the Thames Valley. The westernmost, from Hunstanton
through Tring to MaddIe Farm, (11 km south-west of Wantage)
approximately follows the Albian outcrop (Figure 3) whilst along
the line of the second, from South Creake to Canvey Island, the
Albian is present beneath other formations (Figure 4).

The comparative plot for the western section (Figure 3) shows:

a) Rapid thinning northwards between the Arlesey and Klondyke
Farm boreholes, primarily of the central part of the formation.
Further thinning occurs north of Lakenheath.

b) Zonal evidence from the Klondyke Farm cored borehole
indicates this reduction in thickness may be the result of a
combination of a decrease in sediment deposition rate and an
increase in intraformational erosion. This is supported by
comparison with the Arlesey borehole log which shows a
thinning above the level of Bed 15 from 36 m to 9 m and a
reduction from 21 m to 2 m above Bed 17, suggesting
considerable pre-Chalk erosion.

c) Between Gayton and Hunstanton there is a facies change from
clays to ferruginous carbonates of the Red Chalk.

d) Correlation with the Tring borehole is by log feature
identification from Arlesey and from Harwell to the south
west.

e) The Arlesey borehole collapsed at a depth of 69 m before
logging which cut off the lowermost 4.5 m of the Lower
Gault. The level of the base has been fixed from the observed
base in the core.

f) The Cambridge and Soham boreholes are sited on the Albian
outcrop (with thin Drift cover) hence the upper part of the
sequences are missing.

g) The presence of the Upper Greensand to the south-west of
Tring.

For the central East Anglian section the correlation plot
(Figure 4) shows:

a) South of the Ellingham borehole the Carstone below the Gault
is absent, with Gault resting directly on the Palaeozoic
basement of the Anglo-Brabant massif.

b) Core from the Canvey Island borehole shows the Lower Gault
to be limited to a few centimetres of marginal facies sediment
(Smart et aI., 1964)
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c) The overall sequence is much thinner and of more constant
thickness than shown in the western section. However, north
of Breckles, on the Lexham log there is a localised thickening
which particularly affects the upper divisions.

d) At South Creake evidence from lithological cuttings indicates
the presence of Upper Greensand above Red Chalk and the
gamma log indicates the latter to be considerably thicker than
at Hunstanton.

BerkshirelNorth Downs section

The correlation section (Figure 5) indicates the presence of
Lower Gault in the group of boreholes drilled by the Gas Council
in the early 1960's at Cliffe-at-Hoo. These boreholes are approxi
mately 15 km to the south-west of the Canvey Island Borehole,
(where the Lower Gault is virtually absent) and the successions in
them are comparable to that seen at outcrop, approximately
10 km to the south. The rapid increase in the thickness of the
Gault is assumed to be due to penecontemporaneous faulting
affecting the rate of deposition. From lithological evidence from
other boreholes (which lack geophysical logs) to the west and
north, the Lower Gault is absent along the line of the Anglo
Brabant Massif, but appears preserved in down-faulted troughs
against the older basement. These faults were probably active in
the early part of the Upper Albian. A period of erosion, indicated
by the formation of a dominant phosphatic nodule band marks the
base of the Upper Gault.

The division of the Lower Gault at Warlingham is by extra
polation of the features from Cliffe-at-Hoo. The Upper Green
sand is seen to thin to the east and is absent east of Warlingham,
although the uppermost 4.3 m of the Albian are assigned to this
unit in the Canvey Island borehole by Smart et aI. (1964).

Sussex and Kent sections

a) The borehole sections (Figure 6) demonstrate the thickening,
and facies change to the Upper Greensand, to the west at the
top of the Albian.

b) The Glyndebourne borehole shows the Albian to be composed
entirely of the Gault clay facies (Lake et aI., 1987). However,
the next location on the section, Stanmer, 10 km to the west,
contains 41.22 In of Upper Greensand. A comparison of the
logs from these sites, together with that from Middleton
(37 km further west) is shown in Figure 7, and indicates that
some of the gamma peaks can be traced from the clay and into
the sand facies. The nature of these peaks is not known, but
they may represent glauconite enriched bands. Those
indicated on Figure 7 demonstrate the western continuation of
lithostratigraphic features identified on the gamma log and are
not drawn at chronostratigraphic zonal boundaries.

c) The four log sections in Kent (Figure 8) are from coal
exploration sites and no lithostratigraphic details exist. The
log for Glyndebourne, 37 km to the west, is added for
comparative purposes only.

Hampshire and Berkshire

The majority of the gamma log data for the sections in the
Hampshire/Dorset/Berkshire area (Figures 9, 10 and 11) are
obtained from hydrocarbon exploration sources.

The Albian, as a whole, is seen to thin to the south and south
west, the Gault in particular thins to the south-west, as shown in



Figures 9 and 10, whilst the Upper Greensand retains a fairly con
stant thickness. The Winterbourne Kingston borehole was drilled
as a stratigraphic and geothermal testing facility and the thick
nesses of the Albian units were determined from the borehole
core, (Morter in I{hys et aI., 1982). ()ther stratigraphic research
sites are at Glyndebourne (Figure 6), which was drilled as a fully
cored Albian (Gault clay) test and at Shrewton which was primar
ily targeted at the pre-Mesozoic basement, consequently no cores
were taken in the Albian.

The log for Shrewton (Figure 11) indicates a starting point
below the base of the Chalk. However, comparison of the trace
with those from Farley and Lockerley suggests the gamma low
seen at the top of the section at Shrewton is just below the Chalk.
Therefore, the top of the Albian is placed at a depth of 182 m.

The boundaries on the Winterbourne Kingston section are
based on those obtained from the core (Morter in Rhys et aI.,
1982). The boundary at 300 m (between the dispar and in/latum
zones) is at the top of the Foxmould which is recognised at its
outcrop as a distinctive sequence of glauconitic sands and sand
stones. This level has been extrapolated to neighbouring sites and
equates to the boundary of beds 16/17 of Owen (1975).

The base of the Albian is seen to overstep locally, but pro
gressively to the south-west, from the Lower Greensand onto
variable sections of the Upper Jurassic, mainly Kimmeridgian or
Oxfordian argillites (Figures 9 and 10).

No logs have been found of the Albian south of the monocline
on the Isle of Wight. However, the logs at the southern end of the
section shown in Figure 11 indicate the Albian to be comparable
to that seen to the west in the Isle of Purbeck (Figure 10)

Other areas

Other areas of Albian sediments occur outside the main line of
outcrop, but owing to facies changes and a lack of availability of
geophysical logs, these are not included in the correlation sections.

Sinall outliers form the Haldon Hills of south Devon (east of
Dartmoor) and cOin prise a sequence, up to 80 m thick, of
varying grain size sandstones, gravels and shell beds now
recognised (Hamblin and Wood, 1976) as being of Upper Albian
to Lower Cenomanian age. No logged borehole sections were
available within these sands and correlation with the East
Devon/West Dorset sections was only possible by partial
ammonite zonation indicating that the lower sections - the
Telegraph HiU and Woodland Sands units and the lower part of
the Ashcombe Gravels -- are of Upper Albian dispar Zone age.
The location of the Albian/Cenomanian boundary is unclear, but
probably occurs within the upper part of the Ashcombe Gravels
or at the junction with these gravels and the overlying Cullum
Sands.

The sequence northwards from the Wash through Lincolnshire
is a continuation of the Red Chalk facies developed in northern
Norfolk and is everywhere underlain by the Carstone. This shows
a gradational boundary with the overlying unit as seen elsewhere
beneath the clay facies (i.e. Gault). The Red Chalk reaches its
maximum development of 8 m thickness in southern Lincolnshire
and thins northwards.

Passing northwards the Carstone thins out over the Market
Weighton axis and reappears beneath the Red Chalk with a
gradational junction some 20 km north of the Humber: the Red
Chalk continues unaffected across the Market Weighton axis.
All the Lower Cretaceous deposits (a mixture of sandstones,
ironstones, limestones and clays) have thinned out approxi
mately 35 km north of the Humber. A further 15 km north
eastwards the Red Chalk reappears but is underlain by 90m
of clays (Speeton Clay) with a basal sandstone and inter
calated limestone and ironstone beds. Approximately 1 m of
banded clays above a non-sequence near the top of the Speeton
Clay and immediately below the Red Chalk have been assigned
to the Albian and possibly are the lateral equivalent of the
Carstone.

DETAILS OF BOREHOLES USED IN THE COMPARATIVE SECTIONS

Location NGR Depth to Thickness Thickness
top Albian Gault UGS
(m) (m) (m)

Hunstanton TF 68574078 18.25 1.85 absent
Gayton TF 7280 1974 12.7 9.5 absent
Marham TF 7051 0803 33.43 11.97 absent
Lakenheath TL 74808300 66.4 20.2 absent
Soham TL 5928 7448 4.0* 19.05* absent
Klondyke Farm TL 5940 7010 4.05 27.01 absent
Cambridge TL 4316 5949 6.5* 37.75* absent
Arlesey TL 1887 3463 15.75 57.2 absent
Tring SP 9121 1036 86.2 71.2 absent
South Creake TF 8573 3402 160.85 3.36 3.13
Lexham TF 7280 1974 170.5 26.0 absent
Ellingham TM 026~ 9847 267.5 10.8 absent
Breckles TL 9551 9469 224.7 12.9 absent
Four Ashes TM 0220 7180 266.7 13.35 absent
Stowlangtoft TL 9480 6880 211.7 14.5 absent
Clare TL 7898 4533 221.0 11.05 absent
Canvey Island TQ 69038330 363.3 4.0 4.3
Cliffe at Hoo TQ 69037711 209.39 59.84 absent
Harwell SU 46768645 6.4 66.13 23.1
Aston Tirrold SU 5579 8722 5.0 70.7 20.2
MaddIe Farm SU 3053 8233 103.7 66.2 20.3
Strat B SU 68206520 308. 65.65 32.5
Hook Lane SU 5754 5388 246.2 63.55 45.1
Stockbridge SU 4103550 222.89 64.19 47.47

* Data used by permission of British Petroleum pIc.
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Location NGR Depth to Thickness Thickness
top Albian Gault UGS
(m) (m) (m)

------_ .. _....._.._----------- --------------_._-

Lockerle SU 3068 2591 412.95 48.15 42.65
Fordingbridge* SU18761180 610.7 29.68 8.82
Cranbourne SU 0341 0907 443.0 39.5 31.6
Spetisbury ST 8942 0230 296.6 38.6 41.9
Winterbourne Kingston SY 84709790 289.8 21.32 34.5
Waddock Cross SY 8035 9125 371.0 43.83 18.6
Wareham SY 9059 7210 533.55 24.43 36.12
Wytch Farm SY 0104 8574 578.7 25.55 33.4
Herriard SU 6788 4655 212.3 74.6 34.1
Humbly Grove SU 71154484 192.75 70.5 30.35
Strat A SU 9480 5280 435.9 80.35 28.05
Stanwell TQ 0648 740 306.15 76.0 11.35
Warlingham TQ 43765719 124.7 88.68 12.5
Sandhills SZ 4571 9085 1013.9 35.85 20.45
Cowes SZ 5004 9417 922.3 36.94 21.36
Southampton SU 4156 1202 575.05 39.63 30.28
Chilworth SU 3928 1798 437.5 45.9 35.1
Farley SU 2359 2853 438.55 49.7 45.85
Shrewton SU 0314 4199 182.0 46.69 47.51
Horndean SU 7154 1260 410.35 56.7 40.25
Middleton SU 9745 0140 343.3 57.4 23.9
Stanmer TQ 3263 1142 315.4 62.08 41.22
Glyndebourne TQ 4421 1140 48.36 104.24 absent
Paddlesworth Court TR 19904041 126.0 42.75 absent
Eastling Wood TR 3033 4729 266.8 23.7 absent
Northwall Road TR 3681 5356 216.8 29.05 absent
Swanton Court TR 2387 443 248.15 12.25 absent
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