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‘As soon as we pass from steel and concrete to earth, the
omnipotence of theory ceases to exist’

Karl Terzaghi, 1936

Proceedings of the first International Conference on Soil mechanics and Foundation
Engineering —T he relationship between soil mechanics and foundation engineering.

‘In civil engineering projects the largest element of technical and financial
risk usually lies in the ground’

‘The ground is a vital element of all structures which rest on it or in it, and there is no
other element about which less is known’

‘Insufficient attention is given to desk studies to provide valuable information at low cost’

(from: Report of the Site Investigation Steering Group of the Institution of Civil Engineers on
Site Investigation in Construction, Volume 1, Without Site Investigation Ground is a Hazard
Thomas Telford, London 1994.



Summary

This report is the second of an on-going series that is Chapter 5 looks briefly at the problems encountered in
examining the distribution, engineering properties and coring and sampling Mercia Mudstone due to its mechani-
regional variation of geological formations that are signifi- cal nature, which has characteristics common to both soil
cant to civil engineering, construction and land-use in and rock, resulting in behaviour which is predominately
Britain. In this volume the mudstone of the Mercia influenced by weathering and jointing rather than by sedi-
Mudstone Group is described in terms of its outcrop, mentary discontinuities. Some recommendations are made
mineral composition, geotechnical properties and engineer-as to the minimum procedures necessary to ensure
ing behaviour. adequate recovery of the material for engineering purposes.
Chapter 2 describes the global setting in which the The structure, compilation and method of statistical
Triassic sediments were laid down and how the Mercia analysis of the project's geotechnical database are
Mudstone Group, which comprises the major part of thesedescribed in Chapter 6. Emphasis was placed on the collec-
sediments in Britain, was formed under hot desert conditionstion of only good quality, reliable data with a good geo-
in a series of interconnected, inland basins with periodic graphical spread rather than including poor quality data
connection to the sea. The variation in sedimentary environ-that would add little useful information and might obscure
ment gave rise to a range of different lithological associa-the interpretation. The analysis of the database forms the
tions that can be divided into five units that are traceable, inbasis for Chapter 7 which describes the geotechnical prop-
broad terms, across Britain. In some areas more detailecerties of the Mercia Mudstone, how they vary stratigraphi-
stratigraphic subdivisions have been identified. cally, regionally and with weathering grade. Extended box,
Chapter 3 examines the composition of the Mercia scatter line and bubble plots are used to illustrate the
Mudstone Group in terms of its mineral components, how variation of index test results including particle size,
it varies as a consequence of the different sedimentarychemistry, consolidation, compaction, swell/shrink and
environments in which it was deposited and the physical strength. Statistical summaries of the geotechnical data are
and chemical changes after its deposition. It indicates howpresented as tables and extended box plots in the
an understanding of the mineral composition of the Appendix. The determination of particle size, its relation to
mudrock, especially of the clay fraction, can help to clay mineral content and the problems encountered caused
indicate its engineering behaviour particularly in terms of by the incomplete disaggregation of clay particles are
plasticity and strength. The latter part of the chapter discussed in detail.
describes in detail the regional variation in lithology and The use of in situ testing of Mercia Mudstone is
mineral composition of the mudstone of the Mercia described in Chapter 8. These tests have been developed in
Mudstone Group. response to the considerable difficulties that are experi-
The published literature of the past 30 years concerningenced in the determination of the mass strength and mass
the engineering behaviour of the Mercia Mudstone is stiffness of weak rocks such as the Mercia Mudstone due to
reviewed in Chapter 4, with regard to mineralogy, index the fissured nature of the unweathered rock. Pressure meter
properties, consolidation, strength, deformability, swelling, tests, plate bearing tests and penetration tests (static,
compaction, permeability, rock mass properties and geo-dynamic and standard) are described.
physical properties. Particular attention is paid to the devel- Chapter 9 summarises the main conclusions and is
opment of schemes for describing weathered material. followed by a list of references.



Preface

The British Geological Survey (BGS) has a responsibility  Although it is not the intention to look at every geological

for providing information on the physical properties of formation in the UK, the overall project is intended to study

rocks and sediments to enhance a wide range of activitiegshose formations which present serious engineering problems

both on land and offshore. The BGS maintains laboratory or upon which significant areas of the built environment are

facilities and undertakes a wide range of geotechnical andfounded. It is anticipated that the project will take a number

geophysical tests on core samples from boreholes, blockof years to characterise the necessary formations.

samples from trenches, and samples from rock exposures The study of the second formation has also refined the

in survey areas. As the national repository for geosciencemethodology established by the first study, of the Gault

data in the UK, the Survey also holds an extensive archiveClay, mainly with regard to improving the selection and

of geotechnical data in the form of site investigation databasing of geotechnical data from site investigation

reports acquired from the public domain. The geotechnicalreports.

data acquired from these surveys are currently being The Engineering geology of British rocks and soils

brought together in one common database format, viaproject thanks the many people who have helped in the

specific studies related to various geological map sheets occourse of this study. Special thanks are due to the project's

general studies such as tAagineering geology of British  advisory panel of Mr David Patterson (Highways Agency),

rocks and soils projectthe latest report of which is Dr John Perry (Mott MacDonald) and Prof Mike

described below. Rosenbaum (Nottingham Trent University) whose con-
Early work concentrated on the production of engineering structive criticism and advice are invaluable in ensuring the

geological maps and over the years a wide range of differenproject aims and outputs remain focussed on the needs of

types of maps have been produced both for BGS projectshe user community, and in guiding future progress.

and specialised commissioned studies for the Department offhanks are also due to the many staff of the British

Environment, Transport and the Regions (DETR). TheseGeological Survey, not named in the report as co-authors,

maps were developed with an associated database and oftasho have contributed to the success of the project.

a table, in which the engineering properties of all the forma-

tions on the map were assessed from the point of view of

civil engineering construction. This approach produced a

generalised geotechnical and geophysical appraisal of the

geological formations encountered on the maps, but did not

examine the variability of these properties for specific for- David C Holmes

mations outside the area of interest. Hence, the presenProgramme Director

approach of studying a single formation in more detail over (Environment & Hazards)

its total extent both vertically and laterally was instigated. British Geological Survey Keyworth

The Mercia Mudstone study described below is the secondNottingham

in this series of geotechnical studies. March 2002
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1 Introduction

1.1 BACKGROUND TO THE REPORT sequence. Other reports may address these materials in the
future. Halite is very soluble in water and is never encoun-

The Mercia Mudstone Group is a sequence of predomi-tered at the natural ground surface in this country having
nantly mudrock strata which underlies much of central and been removed by groundwater at some depth. Similarly
southern England and on which many urban areas and theigypsum, though less soluble, is frequently absent in the
attendant infrastructure are built. It is the mudstone that isnear surface zone. Sandstone represents a small proportion
most commonly encountered in construction and it is the of the sequence in most areas and is rarely a problem to
mudstone with which this report is primarily concerned. In construction.
order to assist readability this report uses the widely used, This report on the mudstone of the Mercia Mudstone
though stratigraphically inaccurate, term ‘Mercia Group is the second of a series on the rocks and soils of
Mudstone’ rather than the strictly correct but repetitious Britain which aims to satisfy a need of geologists and
term ‘mudstone of the Mercia Mudstone Group’ or ‘Mercia engineers for reference works describing the engineering
Mudstone Group mudstone’. behaviour of important geological formations.

Although the Mercia Mudstone appears to cause few
serious geotechnical problems compared with other, higher
plasticity, clays (Jones, 2000) it is significant to the con- 1.2 METHODOLOGY
struction industry because it is frequently encountered in
civil engineering activities involving foundations, excava- The properties and behaviour of geological materials are
tions and earthworks. Its nature is such that its propertiescontrolled by their texture, structure and mineral composi-
may vary between a soil and a rock depending on itstion. These factors are a reflection of their depositional
detailed lithology and its state of weathering. As a result of environment, diagenesis and subsequent tectonic history
this, in some cases, weaker material may be found belowthat also have a major influence on the current engineering
stronger rather than the more normal weathering progres-behaviour of the strata as a whole. Also, the near-surface
sion where the weakest material occurs at the surface and@one has been influenced by Earth surface processes acting
becomes fresher and stronger with depth. Consequentlyin the more recent past. In many instances the behaviour of
sampling and testing is difficult because the material may the material cannot be predicted unless the recent geologi-
not be suited to either soil or rock techniques. There is acal history of the site is understood.
significant problem with regard to measuring particle size The Mercia Mudstone study comprised several interde-
grading and plasticity due to the difficulties with disaggre- pendent parts. An extensive literature search was carried
gating the component particles. Some parts of the Merciaout at the start of the study to collect and review previous
Mudstone sequence may be subject to shrinking andwork thus guiding the activities of the study. At the same
swelling with changes in moisture content to a sufficient time an extensive geotechnical database was assembled
degree that structural damage to buildings or disruption infrom high quality site investigation reports which was then
some types of construction work is caused. analysed to establish the typical range and values of the

The Mercia Mudstone Group contains sandstone bedsmost commonly determined geotechnical parameters and to
and evaporite minerals, mainly halite (sodium chloride) look for regional variation in geotechnical properties.
and gypsum (calcium sulphate, ZB). These lithologies = When the scope of the database was clear, a sampling and
can cause significant problems to construction but theytesting programme was carried out to investigate in more
have not been addressed by this study on the basis that it idetail some of the geotechnical properties and behaviour
the mudstones that represent by far the greater part of th@ot satisfactorily covered in the database.



2 Geological background

2.1 GLOBAL SETTING

The crustal plates of the Earth's surface moved togethet

during the late Carboniferous Period resulting in the fusion of
all the continental masses to form the single, super continen

of Pangea (Figure 2.1). However, at the start of the Permian
tensional stresses within the super continent resulted in the

formation of a large infra-continental basin at a latitude ®f 15
to 20 north of the equator. This is a similar geographical
location on the Earth’s surface to that of the current position
of the Sahara Desert in northern Africa. This rifting was to
lead ultimately to the opening of the Atlantic Ocean farther to

the west. To the south, the Variscan mountain range of the

Hercynian fold belt separated the developing basin from the

Tethys Ocean and the continental mass that was to becom
Africa. To the north lay the landmass created when Laurentia

had fused with Greenland and Fenno-Scandia to form
Laurasia (Figure 2.2).

The climate of the basin was interpreted by Warrington
and Ivimey-Cook (1992) as being of a monsoonal nature with
prevailing winds from the north-east or east. When the wind
met the Variscan mountains it resulted in high rainfall events
which led to periodic floods draining northward into the
basin. The deposits of the Triassic Period in what is now
called northern Europe were laid down within this
framework. The Triassic Period extended from about 250 Ma
to 205 Ma before the present time (Forster and Warrington,
1985) and derives its name 'Triassic' from the threefold
lithostratigraphic division, recognised in Germany, of

Buntsandstein (sandstone), Muschelkalk (carbonate) and

Keuper (mudstone). However, in Britain, which is on the

Great Britain
c.325 MY BP

Figure 2.1 Supercontinent of Pangea in the late
Carboniferous Period 325 million years ago formed by the
collision of the continental masses of Laurasia and
Gondwana (after Keary and Vine, 1990).

Figure 2.2 Permo-Triassic regional tectonic framework of
the North Atlantic region. CB = Cheshire Basin, WB =
Worcester Basin, WC = Wessex Basin, NPB = North
Permian Basin, SPB = South Permian Basin, LBM =
London Brabant Massif (after Chadwick and Evans, 1995).

western margin of the basin, this three-fold division does not
represent the local sequence. The Muschelkalk facies is
missing and Triassic rocks are represented by the Sherwood
Sandstone Group (formerly Bunter Sandstone), Mercia
Mudstone Group (formerly Keuper Marl) and the Penarth
Group (formerly the Rhaetic). These have been described by
Warrington and Ivimey-Cook (1992) who identified five
lithological associations within the Triassic (Figure 2.3).

The lowest division, below the Hardegsen
Disconformity, comprises an unfossiliferous sequence of
sandstone, pebbly sandstone and conglomeratic sandstone
laid down as channel deposits in a braided stream fluvial
environment of a major, northward-flowing river system.
This environment lasted for approximately seven million
years at the start of the Triassic Period (Scythian) and the
deposits are now preserved as the lower part of the
Sherwood Sandstone Group. Above this is a complex
basinal sequence, between the Hardegsen unconformity
and the Arden Sandstone and its equivalents, which spans
about 20 million years from Scythian to Carnian times.
During the early part of this period the regional climate
became progressively more arid and inland sabkhas, saline
mudflats and temporary lakes slowly advanced southwards



—— 2.2 MERCIA MUDSTONE DEPOSITION IN

JURASSIC [ EETT LIAS GROUPLLLL] BRITAIN
M e
Rhaetian ~————=PENARTH GROUP=—c—oH The stresses that formed the main basin to the east of Britain
***** 1> — — = ST also led to the formation of a series of small, fault-bounded,
_ > > > > > subsiding basins in southern, central and north-west England
w Norian - . e that were controlled by the reactivation of fractures in the
S 1 - MERCIA Ce basement. Thus, in the south-west the controlling faults have
e S an east—west (Variscoid) trend, in the Midlands a north—south
© "= _.__ARDEN SANDSTONE MEMBER . " (Malvernoid) trend and in the north a north-east—south-west
b Carnian 7 _- - MUDSTONE - — (Caledonoid) trend (Chadwick and Evans, 1995).
< > > “Hﬂw The Mercia Mudstone Group was deposited in a mudflat
- T > - il environment in three main ways: settling-out of mud and
F | w | Ladinian .. —— GROUP _— o . . .. .
w silt in temporary lakes; rapid deposition of sheets of silt
ar-———- > ”%W and fine sand by flash floods; and the accumulation of
= | Anisian 4 > wind-blown dust on the wet mudflat surface. It is
I I |7 - SHERWOOD " L0 Raadla composed mainly of red and, less commonly, green and
> _ pugn g PP rirr————— grey mudstones and siltstones. Substantial deposits of
E (Soythian) 7. SANDSTONE Harecosen Dlsconfelmty halite occur in the thicker, basinal successions of Somerset,
- D I R < O Worcestershire, Staffordshire and Cheshire. Sulphate

ErMIAN M .';_f'—_r_ESKDAEGROJ,_— deposits (gypsum and anhydrite) and sandstone beds are
= common at some stratigraphical levels and are minor con-

stituents throughout the remainder of the group. The
outcrop of the Mercia Mudstone Group extends northwards
from Lyme Bay, through Somerset and on to both sides of
the Severn Estuary (Figure 2.4). It continues northwards
to replace the fluvial environments of the Sherwood through Hereford and Worcester before broadening out to

Sandstone Group. In the south and west of Britain, fluvial underlie much of the central Midlands. The outcrop bifur-

sandstones (Sherwood Sandstone) pass laterally into
interbedded sandstones, siltstones and mudstones, which
were deposited in a fresh to brackish water estuarine o
intertidal environment and themselves pass into evaporite
(including halite) bearing mudstone (Mercia Mudstone and
Haisborough Groups) which are found to the north-west.
The base of the Mercia Mudstone Group is thus
diachronous with the lowest beds of the group becoming
progressively younger southwards. Thick Mercia Mudstone
sequences continued to accumulate within fault-bounded
basins, but deposition gradually transgressed onto adjacen
basin margins, so that the group generally overlies and
confines the major, early Triassic Sherwood Sandstone
Group, but locally overlaps the group to overlie rocks of
Carboniferous or older age of adjacent high ground.

The Arden Sandstone, and equivalent sandstone bodies i
other areas, indicates a brief episode of deltaic or estuaring
deposition in which grey-green siltstone, mudstone and thick
sandstone beds were deposited over a period of a few millior]
years. Following the Arden Sandstone, during a period of 12
million years from the end of the Carnian into Rhaetian
times, typical Mercia Mudstone Group deposits were laid
down, similar to the basinal argillaceous evaporite bearing
deposits below the Arden Sandstone. They included both
subaqueous and subaerial deposits but only sulphates ar
present in the evaporite sequences because they are the res
of deposition from interstitial brines or shallow water, hyper-
saline sabkha environments. The sequence ends in lat
Triassic (Rhaetian) times with an unconformity that marks
the start of a widespread marine transgression. Rising se
level flooded the mudflats and, initially, laid down the
widespread, dark grey to black marine mudstone of the
Westbury Formation of the Lower Penarth Group that was
followed by the mudstone and thin limestone beds of the Figure 2.4 Outcrop of the Mercia Mudstone Group in
Upper Penarth and Lias Groups. The Mercia Mudstone Britain. The numbered regions correspond to those shown in
Group that comprises the deposits between the Sherwoo(Table 2.1, as followst. Wessex Basin; 2. Somerset/Avon/ South
Sandstone and the Penarth Group is described in more detawales; 3. Worcester/Knowle Basins; 4. Stafford/Needwood Basins;
regarding lithological variations across its outcrop in the UK 5. Cheshire Basin; 6. West Lancashire; 7. Carlisle Basin;
in the following section. 8. East Midlands/NE England.

Figure 2.3 Triassic lithofacies in England and the Southern
North Sea (after Warrington and Ivimey-Cook, 1992).




cates around the Pennine Anticline, with the eastern limbby interbedding of brown mudstones and siltstones with paler
running through Nottinghamshire into the Vale of York, grey-brown sandstones in approximately equal proportions.
before eventually reaching the North Sea coast at TeessideBedding is generally planar or sub-planar, and most sandstone
The western limb underlies northern Shropshire, Cheshirebeds are less than 0.5 m thick with intervening mudstone and
and Merseyside and much of the Formby and Fylde penin-siltstone partings of similar thickness. The sandstone is
sulas, passing offshore below the Irish Sea beforetypically very fine to fine-grained, less commonly medium-
extending onshore again on the northern side of the Lakegrained, highly micaceous, and moderately cemented by
District near Carlisle. In Cheshire, Warwickshire, the Vale ferroan calcite or dolomite. Beds of fine to medium-grained
of York and the Carlisle area, large parts of the outcrop aresandstone up to 5 m thick are present locally. These have a
masked by thick Quaternary deposits (mainly glacial till), lenticular geometry with internal cross-stratification and
with more patchy cover of superficial deposits elsewhere. probably represent sand-filled fluvial, distributary channels.
Thick sequences of the group dip below younger MesozoicSulphates (gypsum and anhydrite) are present as small veins
rocks in Dorset, Hampshire, north-east England and theand nodules but are not as abundant as in higher units. The
southern North Sea. In the south-east of England, the groupunit is typically a few tens of metres thick, but reaches a
pinches out in the subsurface around the margins of themaximum of 270 m in the Cheshire Basin.
London Brabant Massif, an ancient cratonic area composed This unit was formerly known in many areas as the
of Lower Palaeozoic rocks. The group is absent in the sub-Waterstones' due to the supposed resemblance of the highly
surface below London and the Home Counties. micaceous bedding planes to ‘watered silk’. This is the most
difficult unit of the Mercia Mudstone Group to define because
in most basins, both the base and top are gradational, and
2.3 LITHOSTRATIGRAPHICAL CLASSIFICATION lateral facies transition into the upper beds of the Sherwood
Sandstone and the lower beds of Unit B of the Mercia
The mainly arid, continental depositional environment has Mudstone can be demonstrated. In many areas it has not been
resulted in few fossils being preserved and this, coupled withdistinguished and Unit B lies directly on the Sherwood
similar material being deposited over long periods of time Sandstone. Thus, south of Birmingham, Unit A tends not to be
within, but not necessarily uniformly, over the area has mappable as a formation and, where recognised, is usually
resulted in extreme difficulty in correlating deposits from included in the top of the Sherwood Sandstone Group.
one area to another. The current lithostratigraphical classifi-Elsewhere, the unit forms the basal formation of the Mercia
cation of Triassic rocks in England and Wales is based on arMudstone Group and has been assigned a different forma-
extensive review carried out by the Geological Society of tional name (e.g. Tarporley Siltstone, Sneinton Formation) in
London (Warrington et al., 1980). The review correlates each basin. The base of the unit is both conformable and gra-
stratigraphical sequences from 28 areas of Britain. The termglational but also diachronous, becoming generally younger
Bunter and Keuper, based on supposed time correlation withsouthwards from the East Irish Sea area to Worcestershire.
the German Triassic sequence, were discontinued in favouiThe Eastern England Shelf is a notable exception; there the
of a more rigorous lithostratigraphical approach using the base of the unit is unconformable and is marked by a patchily
gross lithological characteristics of the various rock units. distributed basal conglomerate up to 1 m thick with a strong,
The former Bunter and Lower Keuper Sandstone units arecalcareous cement. Geophysical log correlation indicates that
now combined into the Sherwood Sandstone Group, with thethe lower part of Unit A in the Nottingham area is stratigraphi-
Mercia Mudstone Group corresponding closely to the former cally isolated from strata of the same age in the Needwood
Keuper Marl division. Basin to the west, but the upper part is in spatial continuity in
Many local names have been applied to formations the subsurface between these zones.
within the Mercia Mudstone Group as shown in the corre-
lation charts of Warrington et al. (1980). The profusion of Uni
: o - S itB
names reflects either the original depositional restriction of
a unit to an individual basin or the subsequent geographicalThis unit consists mainly of red and, less commonly, green
isolation of a formation at outcrop due to post-Triassic and grey dolomitic mudstones and siltstones. These show a
erosion. Thus, many of the lithostratigraphical subdivisions variety of fabrics ranging from finely laminated to almost
that have been recognised in the Mercia Mudstone aretotally structureless. In many cases the primary deposi-
unique to individual basins. However, despite this localised tional fabric has been deformed by frequent wetting and
nomenclature, five broad subdivisions, labelled A to E in drying of the substrate following deposition and the conse-
Table 2.1, are recognisable within the group in most basinsquent growth and solution of salts. Thin beds of coarse
and are used in the following description (Howard et al., siltstone and very fine sandstone occur at intervals through-
1998). The relationship of current stratigraphical divisions out the unit. Individual sandstone beds are typically 20 —
to former terminology has been addressed by Powell60 mm thick, greenish grey in colour, planar and or
(1998) and includes terms relating to the Mercia Mudstone current-ripple laminated and have strong, intergranular
Group. dolomite cements. Less commonly, gypsum cements occur;
these may be dissolved by meteoric waters in the near-
surface zone to leave a weakly-cemented or uncemented
2.4 LITHOLOGICAL CHARACTERISTICS sand at outcrop. Sandstone beds are usually grouped into
composite units of three or more beds, with greenish grey
The lithological characteristics of the subdivisions A to E of mudstone interbeds of equal thickness. These composite

Howard et al. (1998) are as follows: units vary from 0.15 to 1 m thick and many are sufficiently
resistant to form low, cuesta-like landforms. These
Unit A resistant beds are locally termed ‘skerries’, the more persis-

tent of which have been named in some basins.
This is a transitional lithological unit between the Sherwood Substantial deposits of halite, some of considerable
Sandstone and Mercia Mudstone groups, and is characterisedconomic importance, occur within this unit in the thicker,



MERCIA
Wessex Basin Somerset/Avon Worcester/ Stafford/ Cheshire Basin West Carlisle Basin East MUDSTONE
/South Wales Knowle basins Needwood Lancashire Midlands GROUP
basins UNIT
PENARTH GROUP PENARTH GROUP PENARTH
GROUP
Blue Anchor Blue Anchor Blue Anchor Blue Anchor Blue Anchor Blue Anchor E
Formation Formation Formation Formation Formation Formation
24m 30 40m 7 1lm 7 18m 15m absent 4 10m
mudstone mudstone Twyning mudstone Brooks Mill Cropwell
up tol25m up to 130m Mudstone up to 135m Mudstone Bishop D
Formation Formation Stanwix Shales Formation
60 125m 160m up to 300m 30 80m
Weston Mouth Butcombe/North Arden Dane Hills/
Sandstone Curry Sandstone Sandstone Hollygate Sandst C
1im up to 7m 3 12m up to 10m
Somerset Halite Droitwich Stafford Halite Wilkesley
up to 150m Halite up to 65m Halite Breckells and
up to 45m up to 400m Kirkham
Wych and Byley Mudstone Edwalton,
Mudstone formations Gunthorpe and
mudstone mudstone Eldersfield mudstone formations up to 450m Radcliffe B
. Mudstone up to 580m .
up to 175m thickness F i up to 180m formations
unknown ormation Northwich Preesall Halite up to 160m
up to 350m Halite up to 200m
up to 290m
Bollin Mudstone
Formation
up to 460m Singleton and
Hambleton
Tarporley Mudstone Sneinton
Sﬁzrrll:tr;;fk Maer/Den.stone Siltstone formations Formation A
10 45 Formation Formation 180 up to 90m
SHERWOOD SHERWOOD m up to 160m o270 up to 160m
SANDSTONE SANDSTONE A
GROUP GROUP SHERWOOD SHERWOOD SHERWOOD SHERWOOD SHERWOOD SHERWOOD SHERWOOD
SANDSTONE SANDSTONE SANDSTONE SANDSTONE SANDSTONE SANDSTONE SANDSTONE
GROUP GROUP GROUP GROUP GROUP GROUP GROUP

Table 2.1 Lithostratigraphical summary of the Mercia Mudstone Group in England and Wales. Some formations and halite beds of lamabexitéed. Mercia Mudstone Group Units
A to E correspond to those defined in the text (after Howard et al., 1998).




basinal successions of Dorset, Somerset, Worcestershiret is probably continuous in the subsurface between these
Staffordshire, Cheshire, west Lancashire and the Eastareas. Generally, BGS maps surveyed since 1980 show the
Midlands (Table 2.1). The halite beds do not crop out atunit as a continuous, though locally very thin formation
surface, but their projected surface position is often markedexcept in areas thickly covered by superficial deposits. Older
by subsidence hollows and collapse breccias formed inmaps, including those covering Somerset and Dorset, show
overlying strata. These features are formed not only bythe unit as a series of isolated outcrops. Therefore, the
natural dissolution but also by the effects of salt extraction apparent discontinuity of surface outcrop may be partly due
by brine pumping. Sulphates (gypsum and anhydrite) areto differences of approach between ‘old' and 'new' mapping.
abundant throughout the unit as veins but are not of
economic importance. Unit D
The unit is typically 150 to 300 m thick, though with
substantial variation between basins. Up to 1200 m occursThis unit resembles Unit B, but resistant dolomitic
in the Cheshire Basin, which includes two thick halite units sandstone units (‘skerries’) are less common and structure-
with a combined thickness of over 600 m. less red-brown, dolomitic mudstone dominates. Halite is
In the Worcester Basin, the unit is assigned to a singleabsent (although pseudomorphs after halite occur sporadi-
formation, the Eldersfield Mudstone. In the Cheshire Basin cally) but beds, nodules and veins of gypsum are abundant
and west Lancashire, major halite units have been used teither as thick beds and veins or as nodular masses.
subdivide the succession, with some further division of the Locally, gypsum forms deposits of economic importance,
mudstone based on lithological character. In the Eastfor example near Burton-on-Trent, Nottingham and
Midlands, the formations are based partly on fairly subtle Newark. Gypsum is absent in the near-surface zone due to
lithological characteristics and partly by using skerries as dissolution by meteoric water, weakening the fabric of the
mappable marker beds. The unit is not named in otherrock and locally resulting in a general lowering of the land
basins, though some of its components are (e.g. Somerseturface by up to 3 m.

Halite, Droitwich Halite). The unit is represented by the Twyning Mudstone in the
Taking the unit as a whole, original depositional conti- Worcester Basin, the Brooks Mill Mudstone in the
nuity is likely, at least in part, between all the basins. Cheshire Basin and the Cropwell Bishop Formation in the
However, correlation of individual formations between the East Midlands. The unit is unnamed elsewhere. As with
basins is highly uncertain and most should be considered agJnit B, (though not as markedly) the unit thickens substan-
being restricted to individual basins or even parts of basins.tially into the more rapidly subsiding depositional basins,
with the thickest sequence (140 m) developed in the
Uni Cheshire Basin and the thinnest (30 m) in the East

itC .
Midlands.

This is a thin but widespread unit that has been mapped at As a whole, the original depositional continuity can be
surface, albeit discontinuously, from the Dorset coast into inferred between all the basins in Table 2.1. Spatial conti-
Nottinghamshire. The unit has not been formally identified nuity is preserved in the subsurface between Dorset and
in the Needwood or other basins to the west and north-westyorkshire, but the successions in the Needwood, Stafford,
although it may be represented by a series of un-namedCheshire, west Lancashire and Carlisle basins are spatially
sandstone beds lying just above the Wilkesley Halite in theisolated.
Cheshire Basin (Wilson, 1993). In Worcestershire and
Warwickshire, the unit is represented by the Arden Unit E
Sandstone. Equivalents in south-west England are the
Butcombe, North Curry and Weston Mouth sandstones. TheThis thin but widespread unit is the uppermost within the
Dane Hills Sandstone of Leicestershire and the Hollygate Mercia Mudstone Group and is represented in all basins
Sandstone of the Nottingham district represent this unit inexcept the west Lancashire area. A single name, the Blue
the East Midlands. Anchor Formation, has been applied to this unit throughout

In central and south-west England the unit typically England and Wales since 1980 (Warrington et al., 1980). In
consists of up to 12 m of thickly bedded, medium to coarse-south-west England and South Wales, the unit consists of
grained, cross-stratified sandstone. The sandstone is modeinterbedded greenish-grey, dark grey and green dolomitic
ately to strongly calcareous or dolomitic and in some placesmudstones and dolostones with common gypsum.
cemented by quartz. The most resistant beds have beeklsewhere, the unit is more homogeneous in lithology and
quarried locally for building stone. However, these beds of consists of apparently structureless, pale greenish grey
sandstone are discontinuous and lenticular in geometry andiolomitic mudstones and siltstones known formerly as the
probably represent the fills of fluvial distributary channels. Tea Green Marl.
Where thick sandstone beds are absent the unit is repre- The unit is up to 40 m thick in south-west England but is
sented by dark greenish grey siltstone and mudstone with aenerally less than 15 m thick elsewhere. It was probably
few thin beds of dolomitic, very fine to fine-grained deposited in a coastal sabkha environment with periodic
sandstone. In the East Midlands, the Hollygate Sandstonamarine influence, presaging the widespread marine trans-
consists of up to 8 m of fine to medium-grained pale grey gression that deposited the dark grey to black mudstones of
sandstone interbedded with predominantly red-brown the lower part of the overlying Penarth Group (Westbury
mudstone; the sandstone beds are cemented mainly byormation). The base of the Penarth Group is a non-
gypsum; stronger cementation by intergranular dolomite or sequence, typically resting on a shrinkage-cracked and
guartz overgrowths occurs only in small patches and thinbored top surface of the Blue Anchor Formation.
beds. The sandstone weathers to a very poorly cemented or
uncemented sand in the near-surface zone but is MO, & MARGINAL CONGLOMERATES
competent below a few metres depth from the surface.

The unit forms a distinct marker in geophysical logs that Towards the margins of depositional basins and on the
can be traced in boreholes from Dorset to North Yorkshire; flanks of contemporaneous landmasses such as the



Mendips and Charnwood Forest, the Mercia Mudstone
Group contains abundant though laterally impersistent beds
of conglomerate and breccia, commonly strongly cemented
by dolomite. These conglomerates were deposited as
alluvial fan-gravels and contain abundant, large, often
angular, pebbles of local derivation. They are especially
common towards the base of the group where it onlaps
onto Carboniferous or older rocks. Sandstone beds also
occur locally towards basin margins in some areas; the
Redcliffe Sandstone of the Bristol area, which is up to 50
m thick, is a notable example.

2.6 FOLDING AND FAULTING

In most parts of England and Wales the Mercia Mudstone
Group has been subjected to only mild tectonic deforma-
tion (Figure 2.5). Dips are generally less than five degrees
except in the vicinity of faults, though steeper radial dips
occur locally around the flanks of contemporaneous land-
masses such as the Mendips. Larger faults affecting the
Mercia Mudstone Group, for example in the Cheshire
Basin, represent the reactivation of earlier, Carboniferous
or older structures. Recent geological mapping in the

Figure 2.5 Gentle folding and minor faulting in Mercia
Mudstone at Haven CIliff, east of Seaton, Devon.

Nottingham and Worcester districts indicates that the
Mercia Mudstone Group is disturbed by numerous small
faults (Figure 2.6); these may be present elsewhere but are
not mappable below even a thin cover of superficial
deposits. Though most of these faults have throws of 5 m
or less, this is often sufficient to isolate blocks of minor
aquifers formed by the thin beds of dolomitic siltstone and
sandstone within the Mercia Mudstone Group succession.

Figure 2.6 Minor fault in the Cropwell Bishop and Blue
Anchor formations of the Mercia Mudstone with
Westbury Formation exposed at the top right of the section
at Cropwell Bishop, Nottinghamshire.



3 Mineralogical considerations

3.1 INTRODUCTION

An appreciation of the mineral composition, diagenesis and
small-scale structure of the Mercia Mudstone Group can aid
an understanding of its engineering behaviour. The plasticity
of clays and mudstones is strongly influenced by the amount
and type of clay minerals present, particularly those of the
less than 0.002 mm grain-size. The nature and distribution of
intergranular cement in a mudstone will also affect its plas-
ticity as well as its strength, deformation, susceptibility to
weathering and the nature of the weathered material.

The mineral assemblage usually includes quartz, carbon-
ates, sulphates, mica, clay minerals and iron oxides and
significant thicknesses of halite deposits are present, at
depth, in some basins.

In the 1960s mineralogical studies of ‘Keuper Marl’,
mainly from the West Midlands, found that the clay
mineral content of the mudstones ranged from 60% to
more than 90% (Dumbleton and West, 1966a, b; Davis,
1967). These values were determined mainly by X-ray
diffraction analysis (XRD). However, when the clay
content was determined by particle size analysis it was
usually found to be between 10 and 40% (Sherwood &
Hollis, 1966; Davis, 1967). The analysis of whole-rock
mineral composition using X-ray diffraction methods may
not be reliable because phyllosilicates of greater than
0.002 mm, such as silt-size mica and chlorite, interfere
with the measurement of clay-size illite and chlorite.
Therefore, it is unlikely that the Mercia Mudstone Group
contains material with such a high percentage of clay-size
clay minerals.

The changes in the clay mineral assemblage present in a
sequence of rocks have been used as stratigraphical
markers in the absence of fossils (Taylor, 1982; Leslie,
1989). The clay mineral assemblage and the mineral com-
position of evaporite deposits are also indicative of the
depositional environment. Most of the available mineralog-
ical analyses of the Mercia Mudstone Group relate to
material from the south-west of England, South Wales and
the Midlands (Jeans, 1978). Bloodworth and Prior (1993)
carried out a detailed study of the clay mineralogy,
carbonate and sulphate content of the Mercia Mudstone
Group in the Nottingham area. In other areas information
was found principally in geological descriptions from
British Geological Survey memoirs and other literature.

The Mercia Mudstone Group has been a source of several
industrial minerals. Gypsum is currently worked in the East
Midlands in the Cropwell Bishop Formation (Figure 3.1).
Halite is extracted, by controlled pumping in the Northwich
and Middlewich areas and from a mine at Winsford.

The Mercia Mudstone is an important material for brick
manufacture and is worked in the East Midlands, the West
Midlands and the south-west. In the past anhydrite,
celestite, sandstone and agricultural marl have been worked
and ‘Draycott Marble’ from the ‘Dolomitic Conglomerate’
was quarried in south-west England. A number of minor
mineral deposits associated with ‘Dolomitic Conglomerate’
were also extracted in the Bristol area including pyrolusite
and smithsonite as well as a number of pigments.

Figure 3.1 Gypsum working in the Cropwell Bishop
Formation of the Mercia Mudstone Group in the quarry at
Cropwell Bishop.

This report is concerned primarily with the mudstone
facies of the Mercia Mudstone Group and more informa-
tion about the mineralogy of other lithologies is described
elsewhere (Entwisle, 1997).

3.2 DIAGENESIS

The physical and chemical changes that occurred within
the Mercia Mudstone after deposition (diagenesis) have
altered its original mineralogy and structure. A detailed
account of the diagenesis of the Mercia Mudstone Group in
the Cheshire Basin was given by Milodowski et al. (1994)
who described early, middle and late diagenetic processes.
A detailed description of the diagenesis of the clay
minerals was given by Bloodworth and Prior (1993).

3.2.1 General diagenesis

Early diagenetic changes included the precipitation of
nodular anhydrite and gypsum as ‘desert rose’ cements in
mud in the near-surface zone. This disrupted the sedimen-
tary fabric, which may have beeen further disrupted by the
hydration of anhydrite, which was deposited from hot high
salinity brines (<42°C), to form gypsum.

The oxidation state of iron was controlled during this
period which determined the colour of the rock. The red
iron oxide was characteristic of wind-blown detrital
material in hot, arid environments but bacterial decomposi-
tion of organic matter after deposition may have reduced
the ferric iron to ferrous iron. If sufficient organic matter
was present to reduce all the ferric oxide the resulting rock
became green/grey. Petrographic observations by scanning
electron microscope of the red/brown mudstones
(Milodowski et al., 1994) showed that they contained



minor amounts of disseminated, fine-grained red iron oxide and dolomite may also have influenced the development of
and that the green/grey mudstones contained smallthe clay assemblage.
amounts of framboidal and other fine grained pyrite. A model for the production of magnesium rich authigenic
Authigenic clays such as corrensite and smectite clays was put forward by Bloodworth and Prior (1993) who
developed in lacustrine environments with a high degree ofsuggested that reactions between detrital, degraded illite and
evaporation, which maintained high salinity conditions, saline water rich in magnesium, calcium, hydrogen,
and may line pores between grains in coarser material. carbonate and sulphate ions resulted in an authigenic
Dolomitic and anhydritic mudstones often undergo some ‘precursor smectite’. Smectite that formed at an early stage
degree of recrystallisation during burial. Silty laminae of diagenesis was accompanied by the formation of dolomite
within the dolomitic-anhydritic mudstones often contain and gypsum. Smectite that formed in conditions of higher
euhedral quartz, K-feldspar and albite overgrowths. salinity and alkalinity may have been restrained from further
Locally, these may fuse to form tightly interlocking diagenetic changes by the cementation of the rock fabric by
cements. Silt laminae and interbeds may be preserved withcalcium sulphate. This reduced permeability and hence the
relatively uncompressed fabrics due to this cementing. passage of pore fluids which reduced the availability of
Anhydrite cement may also fill cavities left by the dissolu- alumina and the potential for chemical changes to occur.
tion of halite that may be redeposited elsewhere as veins oSepiolite and palygorskite formed in conditions of high
as a cement. In the later stages of diagenesis ferroarsalinity with low levels of dissolved Gand relatively high
dolomite and ankerite (calcium/magnesium/iron carbonate)levels of dissolved silica. A relatively low content of
occur as rhombic overgrowths on corroded earlier aluminium ions in the groundwater favoured the formation
dolomite. In arenaceous facies of the Tarporley Siltstoneof sepiolite rather than palygorskite. Chlorite may have
Formation fibrous illite lines intergranular pore spaces. formed from the magnesium rich precursor smectite during
burial if sufficient aluminium ions were present and temper-
3.2.2 Diagenesis of clay minerals atures excged 100. qurensite was formed in conditions of
low alkalinity and salinity.
Clay minerals are classified as ‘detrital’ if they remained
unaltered after their deposition or ‘authigenic’ if they
formed after deposition by the reaction of detrital minerals 3.3 MINERAL COMPOSITION
with the pore fluid. The diagenesis of the clay mineral
components of the Mercia Mudstone Group was studied by
Jeans (1978), Taylor (1982), Leslie et al. (1993),
Bloodworth and Prior (1993), Milodowski et al. (1994), The main non-clay minerals present in Mercia Mudstone
and Pearce et al. (1996). The clay mineral assemblagere quartz, calcium and magnesium carbonates, calcium
comprises a ‘detrital’ phase (illite and chlorite) and an sulphates, micas, iron oxides, and halite. Feldspar may also
authigenic phase of mixed layer clays (generally chlorite- be present and several heavy minerals occur in very small
smectite, but also illite-smectite in south Devon), smectite, quantities. The distribution of carbonate and evaporite
palygorskite and sepiolite. The ‘detrital’ clay assemblages minerals in the Mercia Mudstone Group is summarised in
were preserved when the climate was relatively wet and theFigure 3.2.
influx of fresh water deposited terrigenous material and Quartz (SiQ) is present throughout the Mercia Mudstone
created conditions of low salinity. When conditions Group and it is usually the main sand- and silt-sized detrital
became more arid the authigenic clays, in particular themineral and may be well-sorted to poorly-sorted. In the
mixed layer clays, formed in magnesium-rich alkaline Cheshire Basin the quartz is usually angular (Milodowski et
groundwaters during conditions of extreme salinity, (Jeans,al., 1994) but elsewhere the grain shape varies between
1978; Bloodworth and Prior, 1993) and became compo-angular and sub-rounded even within the same sample.
nents of the clay mineral assemblage. Smectite andQuartzitic sandstones are sometimes cemented by syntaxial
sepiolite, often associated with gypsum and anhydrite, areovergrowths and welded grain contacts of redeposited quartz
also associated with an increase in salinity and alkalinity. may support an open structure. This occurs in parts of the
Studies using X-ray diffraction and scanning electron Arden Sandstone Member and skerries in both the West and
microscope techniques suggested that both illite andEast Midlands (Strong, 1976, 1979, 1983). However, the
chlorite have undergone regrading during diagenesis by theecrystallisation of quartz as overgrowths may not result in a
absorption of K by illite and Mg* by chlorite (Taylor, coherent cementing of the grains (Smith et al., 1973).
1982 and Leslie et al., 1993). The sharper X-ray diffraction Dolomite (MgCQ,.CaCQ) and calcite (CaCg) are
peaks observed for silt-sized fractions, as compared toimportant constituents of the Mercia Mudstone Group and
those for the whole rock and the clay-sized fraction, are often the main cementing agents. Dolomite is usually
suggested that the silt-sized mica and chlorite werethe dominant carbonate and may comprise up to 50% of the
probably well crystallised, and the clay fraction contained carbonate-rich beds. Calcite may comprise up to 30% of
authigenic illite and chlorite possibly when associated with the rock in some mudstones and over 30% in the limestone
other authigenic clays (Pearce et al., 1996). Scanninglithologies of South Wales. Calcite and dolomite both
electron microscope studies of mudrocks from the Cheshireoccur as finely disseminated particles but dolomite may
Basin have shown authigenic illite to be present in inter- also develop as euhedral rhombs more than 10 um across
granular pore spaces (Milodowski et al., 1994). and calcite may be found as discrete patches (Pearce et al.,
It is likely that the authigenic clays were formed early in 1996). The carbonates may have formed as a cement at an
diagenesis by reactions between the detrital clays andearly stage of burial, or at a later stage of diagenesis when
alkaline groundwater rich in Mg. The composition of the  the dolomite becomes iron-bearing, and may form ankerite.
groundwater was influenced by factors such as climate andAuthigenic carbonates fill intergranular pores spaces which
topography that controlled the rainfall, evaporation and thereduces porosity and permeability. Dolomite cement
circulation of water into and between the basins of deposi-showed little or no degradation in weathered, near-surface
tion. The presence and concentration of authigenic gypsunmsamples according to Pearce et al. (1996).

3.3.1 Non-clay minerals



Calcium sulphate is commonly present in the Mercia component of the clay mineral assemblage and has been
Mudstone Group as both the hydrous form gypsum reported as clay-size mica in some reports (Perrin, 1971).
(CasSQ.2H,0) and the anhydrous form anhydrite (CapO  Chlorite is a minor component and is present as detrital,
Anhydrite is stable at depth or at the surface at tempera-well-crystallised, silt-sized particles up to 0.05 mm long
tures above 4Z but transforms to gypsum, in the presence and as poorly- to well- crystallised clay-sized patrticles. In
of water, in the near-surface zone if the overlying beds arethe lower and the upper parts of the red Mercia Mudstone
removed by erosion. The conversion to gypsum is accom-and the Blue Anchor Formation they are often the only clay
panied by an increase in volume of 63% (Shearman et al. minerals which have been identified.

1972) which can produce brecciation and distortion of the The authigenic clay minerals; smectite, palygorskite,
surrounding rock. In general, the transformation is sepiolite and mixed layer clays (chlorite-smectite) are usually
complete within 50 to 100 m below the surface. Gypsum present as clay-sized particles in the middle part of the
may be found as finely disseminated crystals in pores, as alercia Mudstone Group but are often absent from the lower
cement, as nodules or veins and as massive deposits up todhd upper strata. Smectite may be present as a minor part of
m thick that may also contain anhydrite. Gypsum is usually the clay mineral assemblage at some horizons in the middle
found in the upper part of the Mercia Mudstone Group par- and upper part of the red Mercia Mudstone but it is rare in the
ticularly in the Cropwell Bishop Formation and its strati- lower part and absent in the Blue Anchor Formation.
graphic equivalents in other basins. Gypsum is often Magnesium-rich palygorskite and sepiolite are present in
removed by groundwater in the near-surface zone. minor or trace quantities. Sepiolite is often associated with

Strontium sulphate (celestite) is present in small quantitiesthe Arden Sandstone Member and equivalent strata (Jeans,
as disseminated crystals or small nodules in the more gypsif1978; Bloodworth and Prior, 1993) and in some skerries and
erous parts of the Mercia Mudstone Group. In the Bristol gypsum bands above and below this member (Taylor, 1982).
area the nodular beds are sufficiently rich in celestite for Palygorskite is sometimes present in the upper red beds asso-
their extraction to be commercially viable and they were the ciated with gypsum. These minerals have not been identified
world’s main source of this mineral until the late 1970’s. in the Cheshire Basin. Palygorskite and sepiolite may be
The celestite-rich beds are probably the same age as thpresent in concentrations below the detection limit of X-ray
gypsum rich beds of the East Midlands (Thomas, 1973). diffraction techniques and are not recorded unless a more

Halite is present in the major basins or at basin marginssensitive technique is used such as a scanning electron micro-
of the East Irish Sea Basin, the Cheshire Basin, thescope with a back scatter facility.

Staffordshire Basin, the Worcestershire Basin, the The mixed layer clays can be highly variable in the pro-
Somerset Basin and East Yorkshire. It is present either aportions of their component clays. The mixed layer clay
high purity beds with interbedded mudstone or, mixed with chlorite-smectite may be dominated by chlorite or smectite
mudstones and siltstones in ‘Haselgebirge facies’. Halite isor may form the regularly interlayered mineral corrensite.
highly soluble and is not usually found within 40 to 60 m A study of chlorite-smectite in the Nottingham area by

of the surface in Britain since it is removed by groundwa- Bloodworth and Prior (1993) found that the proportion of

ter. Its solution results in the collapse of overlying strata smectite interlayers increased as the proportion of mixed
which forms a breccia. layer clays in the clay mineral assemblage increased.

Mica is often present as silt-sized to fine sand-sized
plates usually of muscovite with some biotite. Haematite or
pyrite is present at or below the detection limits of X-ray
diffraction analysis. Where iron is present ag*Fasually
as haematite, the rock is red and where it is in its reduced | Present usually in minor quantities but sporadically distributed
Fe2+ form, usually as pyrite, the rock is green or grey |
(Leslie, 1989).

Other non-clay minerals which may be present as minor
constituents of the Mercia Mudstone Group are feldspar Minor constituent: Carbonate and sulphate minerals <20% of
and heavy minerals such as titanium-iron oxides, apatite, whole rock or assumed from description
zircon, monazite, tourmaline, rutile, magnetite, anatase,
barytes, barycelestite, ilmenite, xenotime and chromite.

Several copper minerals and native copper are present ir

the mineralised zone at the base of the Weatheroak Major constituent: Carbonate and sulphate >20% of whole
Sandstone near Redditch (Old et al., 1991). Pyrite is rock or assumed from description
commonly overgrown and replaced by later diagenetic
sulphides of copper, zinc, lead, arsenic, cobalt, nickel,
silver and mercury. Anhydrite may be replaced by chal-
copyrite, chalcocite and pyrite in the Cheshire Basin.
Malachite specks are present in a celestite-rich breccia af
Henbury near Bristol (Kellaway and Welch, 1993).

Major or minor constituent

3.3.2 Clay minerals 7
g

The major clay minerals of the Mercia Mudstone Group Mineral currently exploited
are illite, chlorite, mixed layer clays (illite-smectite, 4
chlorite-smectite) and, in some horizons, smectite. The dis-
tribution of clay minerals in the Mercia Mudstone Group is
summarised in Figure 3.3.

The detrital clays illite and chlorite are present through- Key to Figure 3.2 (opposite)The distribution of carbonate

out the Mercia Mudstone Group, illite is the major and evaporite minerals in the Mercia Mudstone Group.

Major celestite in some parts of Avon previously exploited.
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Figure 3.2 The distribution of carbonate and evaporite minerals in the Mercia Mudstone Group.



3.4 REGIONAL MINERALOGICAL VARIATION deposited. Evaporite deposits of gypsum and anhydrite

occur as nodules, beds or net-like deposits and, in the
This section is limited to those areas for which mineralogi- centre of the basins, thick halite deposits such as the
cally information was available and does not include the Somerset Halite Formation were formed. Sandstones are
East Irish Sea Basin and north Cumbria. siliceous and/or dolomitic. In Gloucestershire and
Somerset the evaporites contain strontium sulphate
(celestite) and barium sulphate (barite). Very small
amounts of galena and zinc blende are present dissemi-
nated in the evaporites or in small cavities.

Jeans (1978) described three mudstone facies separated
The marginal deposits of the sedimentary basin in the southby two cycles of carbonate-sandstone-carbonate, the
west comprise breccias, conglomerates and sandstones wittbunscombe Cycle’ and the ‘Weston Cycle’ between
intercalations of finer material. They were largely derived Sidmouth and Branscombe and between Seaton and
from local sources as scree and flash flood deposits and wer€harton, in south Devon. However, these two cycles are
formerly named ‘dolomitic conglomerate’. The most highly the same and probably equivalent to the Arden Sandstone
dolomitised breccias and conglomerates are buff, yellow orMember (Warrington et al., 1980). In the lowest mudstone,
orange-brown in colour, whereas the less dolomitised are redhe dolomite content ranged from 1% to 20% and was
and green or grey green. In areas where they lie ondominant over calcite that was in the range 0% to 5%.
Carboniferous Limestone the basal deposits may fill palaeo-Above this mudstone is a cycle of carbonate-sandstone-
caves in the limestone. carbonate. Within the carbonate facies the relative impor-

The marginal deposits in the Cardiff area of South Walestance of the two carbonates varied, sometimes dominated
comprise up to 35 m of coarse clasts with finer interbedsby calcite but most of the ‘cycle’ was dolomite-rich (up to
and have been subdivided into continental and lacustrine50% dolomite). The sandstone group also contained more
shore subfacies (Waters and Lawrence, 1988). The conti-dolomite than calcite. The upper mudstone, usually,
nental subfacies comprises conglomerate, much of which iscontained more calcite than dolomite particularly near the
derived from the Carboniferous Limestone, and sandstonetop. Dolomite was the dominant carbonate of the Blue
with local fine intercalations. These deposits interdigitate Anchor Formation, of which it formed up to 50% in some
with red mudstone and grade into the typical red mudstonebeds.
of the Mercia Mudstone Group. The distribution of the lllite and chlorite dominated the clay mineralogy of the
deposits was controlled by the basement topography at théower mudstone. Higher up the succession there was a
time of their deposition. change to a greater proportion of the mixed layer illite-

The lacustrine shore deposits, to the west and south osmectite in south Devon and to chlorite-smectite in other
Cardiff, are of clastic or carbonate types. The clastic areas. Higher up and into the carbonate-sandstone-
sediments are reworked deposits of the lake shore and thearbonate cycle the clay mineral assemblage consisted of
carbonate deposits are of limestone and associated evapoillite, chlorite, mixed layer illite-smectite, smectite and
itic beds. They can be seen at Sully Island and at Dinassepiolite. The more complex assemblage was also present
Powys. At the base of the Sully Island succession is a thin,in the lower part of upper mudstone. However, higher up
clastic shore zone deposit above which is a residual ferri-and into the Blue Anchor Formation the clay assemblage
crete or perilittoral dolomite. Above this there is an evapor-
itic dolomite comprising an array of zoned rhombic
crystals, up to 300 mm in length, and partially dolomitised
calcite spar. The rhombic dolomite may be ferroan and
haematite cement is common. Some parts of the bed have
suffered dissolution and fracturing and the cavities are
filled by ferroan calcite spar. The rhombic dolomite may be
replaced by haematite stringers or irregular laminae with a
residue of quartz grains.

The Evaporitic Dolomite Unit (Leslie, 1989) consists of
6 — 9.2 m of red dolomite, detrital clays (mainly illite) and
guartz with a haematite-rich cement. This unit comprises
four sections. Lower and upper sections are of laminated Major constituent: Clay minerals ~>30% of clay particles
and rippled dolomite. The dolomite contains between 52
and 53% calcium carbonate. Most of the sedimentary struc-
tures have been lost due to recrystallisation. Above the
lower section there are about 3 m of dolomite containing
replaced evaporite nodules. Some nodules, originally ) _ )
composed of calcite spar with abundant anhydrite inclu- Major or minor constituent
sions, have been partly dolomitised. Other nodules contain
either carbonate or quartz-replacement sulphate nodules
Underlying the upper unit is about 2 m of carbonate that

3.4.1 South-west England and South Wales

MARGINAL DEPOSITS

1
Present usually in minor quantities but sporadically distributed

Minor constituent: Clay minerals ~<30% of clay particles

precipitated at or just below the water table. ’
’ Mineral currently exploited
BAsIN DEPOSITS 4

In the main part of the basin in south-west Britain red or
green, dolomitic or calcareous, mudstones, siltstones ancKey to Figure 3.3 (opposite)The distribution of clay
sandstones, typical of the Mercia Mudstone Group, were minerals in the Mercia Mudstone Group.
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Figure 3.3 The distribution of clay minerals in the Mercia Mudstone Group.



changed to a ‘detrital’ assemblage of illite and chlorite with the Arden Sandstone Formation is usually a dolomitic,

a minor component of illite-smectite and trace quantities of sometimes calcareous, quartz sandstone or siltstone. It may

palygorskite at some levels (Mayall, 1981; Leslie, 1989). be close-packed and contain some grain to grain pressure

At Branscombe the transition from less than 85% to greaterwelding and minor secondary quartz growth. Phosphate

than 85% illite and chlorite took place between 45 and 65 bioclasts may also be present (Strong, 1983).

m below the base of the Blue Anchor Formation. Nodular  Skerries in the Blue Anchor Formation may be

gypsum was abundant in laterally impersistent beds in thecomposed of angular or sub-angular quartz in a micrite

lower part of the Blue Anchor Formation and the upper 300 matrix; or composed of silt-size, and less commonly, sand-

mm of red mudstone. size quartz grains scattered in a uniform microspar matrix.
A similar transition in clay mineral content, was identi- Some skerries are composed of bioclastic fragments up to

fied between 50 and 70 m below the Blue Anchor several mm in diameter in a micrite or microspar matrix

Formation at St. Audrie’s Bay in Somerset. The authigenic (Strong, 1979; 1983).

clay minerals were mainly mixed layer chlorite-smectite

with smectite and in some beds minor sepiolite or paly- ; :

gorskite (Leslie et al., 1993). Above the transitional zone 3.4.3 Cheshire Basin

and in the Blue Anchor Formation more than 90% of the The eight formations recognised within the Mercia

clay mineral assemblage comprised illite and chlorite with Mudstone Group in the Cheshire Basin (Evans et al., 1993;

minor chlorite-smectite, intermittent smectite, and paly- Wilson, 1993) are the Tarporley Siltstone Formation,

gorskite. The Blue Anchor Formation may contain between Bollin Formation, Northwich Halite Formation, Byley

60% and 80% carbonate in beds of 0.2 to 0.9 m thick. Mudstone Formation, Wych Mudstone Formation,
In the Upper Mercia Mudstone Group at the Penarth Cliffs Wilkesley Halite Formation, Brooks Mill Mudstone

in South Wales, the clay mineral assemblage was illite, Formation and the Blue Anchor Formation. They were

chlorite and minor mixed-layer chlorite-smectite clay. described by Wilson (1993) and the mineralogy, petrology

Smectite, palygorskite and sepiolite have not been identified. and diagenesis were studied by Milodowski et al., (1994).

3.4.2 West Midlands TARPORLEY SILTSTONE FORMATION

The Eldersfield Mudstone Formation forms the lower part Tarporley Siltstone Formation (formerly known as the
of the Mercia Mudstone and contains between 2% and 33%Keuper Waterstones) is the basal formation of the Mercia
dolomite. The lower parts of this formation usually contain Mudstone Group. The Helsby Sandstone Formation, the
less than 10% calcite and it may be absent, for example irhighest formation of the Sherwood Sandstone passes gra-
the Stowell Borehole in Gloucestershire. The dolomite dationally into, and in part is laterally equivalent to, the
content of the Arden Sandstone Formation is usually Tarporley Siltstone. This represents a transition from the
between 10% and 30%. The dolomite content of the upperdominantly aeolian and fluvial quartz sandstones of the
red mudstone, the Twyning Mudstone Formation, is Sherwood Sandstone to inter-tidal deposits at the base of
normally between 10 and 20% and its calcite content isthe Mercia Mudstone Group. Typically the Tarporley
usually similar to the rest of the succession. The Blue Siltstone Formation comprises interbedded siltstone,
Anchor Formation contains between 10 and 30% dolomitereddish brown and greenish grey mudstone and thin, fine-
(Jeans, 1978). to medium-grained sandstone. In some areas the coarser
lllite and chlorite are present at the base of the Merciasandstone and siltstone facies are more typical of the
Mudstone Group. The clay mineral assemblage in most ofHelsby Sandstone Formation. In the Malpas area a major
the middle and upper Eldersfield Mudstone Formation, part of the Tarporley Siltstone passes into a dominantly
Arden Sandstone Formation and the lower part of thesandstone facies, the Malpas Sandstone. The rocks
Twyning Mudstone Formation comprises a mixture of comprise largely detrital, angular, quartz silt and clay
illite, chlorite, and mixed layer chlorite-smectite clay (often minerals with minor amounts of detrital K-feldspar, albite,
present as corrensite). Smectite is present, sometimes witlmica (muscovite and biotite), chert fragments, and
sepiolite in, and adjacent to, the Arden Sandstonetitanium-iron oxides. Minor amounts of sub-micron-sized
Formation. The dominant clay minerals in the upper part ofiron oxide are present in the red-brown facies but are
the Twyning Mudstone Formation and the Blue Anchor largely absent in the grey or green facies. Detrital heavy
Formation are illite with subordinate or minor chlorite. minerals are present mainly at the base of siltstone
Skerries in the Warwickshire and Worcestershire arealaminae and interbeds, and include ilmenite, zircon, rutile,
are usually dolomitic sandstones or siltstones with angularmagnetite, tourmaline, apatite, monazite, xenotime and
to sub angular quartz grains which are often cemented withchromite. The clay minerals are dominated by illite with
dolomite. Quartz, gypsum and barycelestite cements arevariable proportions of smectite and chlorite. However,
rare (Old et al.,, 1987). The Weatheroak Sandstone, neacorrensite was dominant with minor illite in a sample from
Redditch (Old et al., 1991) is a pale, flaggy sandstone,the Bridge Quarry, Grinshill (NGR SJ 523 238)
typically cavernous, calcareous or felspathic with green (Milodowski et al., 1994). The petrography of the
mudstone interbeds. Copper mineralisation is present at itsTarporley Siltstone Formation shows that many of these
base. Secondary malachite predominates, mostly as graisediments comprise well defined, small, complex, fining
coatings. In particularly heavily mineralised specimens upwards cycles rather than discrete siltstone and mudstone
cuprite and native copper inclusions, tenorite overgrowths, laminae.
chalcocite and hydrous copper silicate are also present. A The Malpas Sandstone contains well-rounded low grade,
vuggy, fine-grained, felspathic sandstone above themetamorphic silty mudstone grains composed of illite,
Weatheroak Sandstone is composed of angular to subquartz and chlorite. This assemblage is typical of the
rounded quartz with some feldspar and is grain supportedLower Palaeozoic basement rocks from the Midlands or
with a well developed secondary silica cement. In this areaWales.
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BoLuin MubsToNE FORMATION and may be dominant. Interlaminated siltstones and
mudstones are typically convoluted into folds. Gypsum
nodules are present in the laminated facies; veins are
common and mostly sub-parallel to the laminations. The
laminations are of siltstone and dolomitic siltstone that pass
into microcrystalline dolomite or anhydrite or a mixture of
both. Fissures that developed under hypersaline conditions
'are filled by fine-grained anhydrite or anhydrite-dolomite.
®rhe mineralogy of the Byley Mudstone Formation is
similar to that of the Bollin Mudstone Formation.

Samples of brecciated Byley Mudstone Formation from
near Knutsford were well-packed, cemented, contained
gypsum and/or anhydrite to varying degrees and were
stronger than expected (Strong, 1992). The breccias may be
primary depositional breccias or conglomerates rather than
the result of collapse following halite dissolution. Some
samples were cemented by gypsum and anhydrite that may
be the result of a complex sequence of partial dissolution
followed by deposition in the voids. Calcite and microcrys-
talline calcite were also present. The main detrital compo-

The lower half of the Bollin Formation (Wilson, 1993) is
reddish brown, massive mudstone with interlaminated
reddish brown or greenish grey mudstone and siltstone
with some thin beds of sandstone. The upper half is mainly
reddish brown, interlaminated mudstone and dolomitic
siltstone. In some areas, near the top of this formation
halite beds up to 2 m thick are present and crystals of halit
occur elsewhere.

Many of the siltstones are silty, micro-crystalline
dolomites and anhydritic micro-crystalline dolomites in
rhythmical cycles of 0.2 to 0.4 mm thick. The laminae may
be silty but can also be gypsiferous or anhydritic mudstone
or gypsum or anhydrite. The gypsum or anhydrite may
locally disrupt the sedimentary fabrics. Siltier facies
contain mainly fine angular detrital quartz grains with
minor amounts of albite and K-feldspar in a clay matrix.
Trace amounts of apatite, anatase, rutile, titanium-iron
oxides, zircon, monazite and xenotime are also present
Micaceous laminae are present which contain silt and fine oo N . .
sand size muscovite and biotite. The red-brown rocks NENtS were angular, silt-sized quartz and clay minerals with
contain disseminated iron oxide but this is absent from themmo_r'K-feIdgpgar, al.b'te’ muscovite gnd traces of green,
green facies. Dolomite is an important component andchlorltlsed biotite, fine-grained titanium oxides, zircon,

occurs as rhombs or irregular specks with an averagemonaz'te and ilmenite. Fine-grained, disseminated iron

dimension between 0.005 mm to 0.02 mm. In more silty oxide was present in the red-brown facies but was absent in

specimens or in silty bands quartz occurs as angular graind?€ 9reen facies. The formation comprises a uniform clay
averaging from about 0.03 mm to about 0.05 mm in mineral assemblage of illite, corrensite and minor chlorite.
diameter. Bands of fibrous gypsum are often present. Other

minerals present are muscovite and tourmaline. WycH MubsTONE FORMATION

The typical clay assemblage in this formation is L .
dominated by illite with minor chlorite and occasionally 1he Wych Mudstone Formation is typically a structureless
corrensite. In earlier studies (Taylor et al., 1963) the only reddish-brown siltstone, silty mudstone and mudstone with

clay mineral identified, from thin section, was illite. occasional thin, very fine quartz sandstone beds. The
formation often contains abundant disseminated dolomite
and anhydrite or gypsum. Nodules of gypsum and
NoRrTHWICH HALITE FORMATION anhydrite are also present. The hydration of anhydrite has,

The Northwich Halite Formation (formerly the Lower N places, disrupted the strata to form a breccia. The
Saliferous Beds) is up to 283 m thick and comprises 25%dominant minerals are mainly quartz as angular, silt- or
mudstone and 75% halite. Mudstones and siltstones aréand-sized detrital particles within a matrix of fine clay,

interbedded with the halite and contain laminated gypsumWith minor amounts of K-feldspar and coarse muscovite,
or anhydrite and microcrystalline dolomite similar to the also of detrital origin. The clay content is similar to that of

underlying Bollin Formation and the overlying Byley the Byley Mudstone Formation and consists of a uniform
Mudstone Formation_ The purest parts Of the Sequenc@.ssemblage Of |”|te, corrensite and minor Chlonte.

consist of 95% sodium chloride but may contain inclusions

and thin laminae of gypsum, anhydrite or micro-crystalline \y es ey HaLTe FormaTion

dolomite. The halite has undergone extensive and probably

repeated recrystallisation. Euhedral halite crystals haveThe mineralogy of the Wilkesley Halite Formation is
grown within the mudstone and siltstones producing similar to that of the Northwich Halite Formation. However,

‘Haselgebirge facies'. the clay mineral assemblage is a fairly constant assemblage
lllite and chlorite are present throughout the mudstone of illite, corrensite and minor amounts of chlorite.

and siltstone facies. A gradual increase in the corrensite

content of the clay mineral assemblage occurs UpPWardsgrooxs MiLL. MupsToNE FORMATION

from zero at the base of the formation to an important

component at the top. The Brooks Mill Mudstone Formation consists of two

generally structureless reddish brown mudstones with sub-

ordinate sandstones and anhydrite or gypsum beds. A 6.4

m thick anhydrite or gypsum bed with interspersed

The Byley Mudstone Formation forms the lower part of the mudstone partings occurs about one third distance above

‘Middle Keuper Marl’. This formation has a laminated the base of the formation (Wilson, 1993). The formation

facies, and a blocky structureless facies. The laminatedalso contains typically about 10% dolomite and some

facies contain red and green interlaminated siltstones anctalcite (Jeans, 1978).

mudstones commonly 0.2 mm to 5 mm thick (Wilson, The mudstones show an intercalation of reddish-brown,

1993 and Milodowski et al., 1994). The mudstones are silty, pelloidal mudstones with thin laminae of ferruginous

commonly rich in dolomite and gypsum or anhydrite. clay-pellet sandstone, structureless to weakly laminated

Arthurton (1980) noted that detrital quartz was generally dolomitic mudstones and reddish-brown or green, silty

dominant in the siltstones but dolomite was usually presentmicro-dolomite and silty dolomitic mudstones and siltstones.

BvyLey MupsToNE FORMATION
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The red-brown mudstone comprises highly compacted NoTTINGHAM AREA
pelloidal mudstone often interbedded with fine-grained sand o stratigraphy and the clay mineralogy of the Mercia

laminae. The clay minerals present are illite, corrensite andy;,qstone Group in the Nottingham area were described by
chlorite at the base and illite with chlorite at the top. Bloodworth and Prior (1993) and Jeans (1978).

BLUE ANCHOR FORMATION Sneinton Formation

The Blue Anchor Formation consists of poorly laminated rhe gpeinton Formation is approximately equivalent to the
greenish-grey mudstones with some local brown mottling. \keyper \Waterstones’ and includes the Woodthorpe and
The detrital minerals are dominated by angular, silt- or copwick formations (Warrington et al., 1980) and their equiv-
sand-sized quartz in a clay matrix with minor to trace quan- glents (Elliott, 1961). It is marked by an upward change from
tities of K-feldspar, muscovite, biotite and chlorite with dominantly sandstone to interbedded sandstones and
trace quantities of apatite, altered titanium-iron oxides, yudstones. It consists of interbedded fine- to medium-
zircon, xenotime and monazite. _ . grained sandstones, siltstones and mudstones; pebbly sand-
The clay mineral assemblage is illite and minor chlorite giones are rare and occur mainly at the base. These beds are
that is similar to the upper part of the Brooks Mill mainly red-brown with micaceous laminae and gypsum

Mudstone. nodules. The sandstone beds are generally about 0.3 m thick
but may range up to 1.90 m. The argillaceous beds are mostly
3.4.4 East Midlands less than 0.7 m thick but can be up to 4.1 m.

. . . ) The whole rock dolomite content varies from about 2%
The Mercia Mudstone Group in the East Midlands consistStq more than 20% in the middle of the formation and is

largely of red-brown and some grey-green, laminated or generally more than 6% with the lowest values usually near
structureless, dolomitic, commonly gypsiferous, mudstone the pase (Bloodworth and Prior, 1993; Jeans, 1978).
and argillaceous siltstone. Thin beds of greenish-grey OrGypsum is not present at the base of the Sneinton
grey dolomitic siltstone or sandstone skerries are alsopgrmation in the Cropwell Bridge Borehole but occurs

present. higher up starting at about 15 m above the unconformity
with the Nottingham Castle Formation (Sherwood
L EICESTERSHIRE Sandstone Group). Above this the rock contains between 1

. ) ) ] ] and 20%. The peak value is about 8 m below the top of the
The Mercia Mudstone Group in Leicestershire consists of formation. The clay mineral assemblage is dominated by

red-brown, silty mudstones with greenish-grey bands andijjite with subordinate chlorite and smectite is uncommon.
patches. Thin, pale, greenish-grey, quartz siltstones occur

throughout and sandstones (skerries) are present in the , ,
upper part of the Group. Gypsum occurs throughout asRadcliffe Formation

nodules, up to 100 mm across, and as secondary veins ofhe Radcliffe Formation (Elliott, 1961; Warrington et al.,

satin spar (Worssam and Old, 1988). 1980; Charsley et al., 1990 and Howard et al., in prepara-
Marginal facies of coarse breccias and sandstones argon) comprises finely laminated and colour banded, red-

present at the interface with Precambrian inliers in prown, brown, pink, mauve and grey-green, locally

Charnwood Forest where breccias fill depressions in themijcaceous mudstones. A few thicker beds of fine-grained
former Triassic land surface. The sandstones are interbedsandstone occur. The mineral composition is similar to the

ded with red-brown mudstones and often contain clasts ofsneinton Formation but is generally more dolomitic, con-
the local basement rock. The marginal facies usually passaining between 20 and 40% dolomite, which decreases
laterally into typical Mercia Mudstone within a distance of towards the top of the formation (Bloodworth and Prior,
a few metres. 1993; Jeans 1978). The clay mineral assemblage is
An account of the petrography of the skerries in the dominated by illite with minor chlorite.
Coalville area was given by Worssam and Old (1988).
The skerries are moderately well sorted siltstones with .
thin, alternating quartzitic and carbonate (mainly Gunthorpe Formation
dolomite) layers. Grains are angular to sub-rounded andThe Gunthorpe Formation (Charsley et al., 1990) is equiva-
are usually coarser in the quartzitic layers than thelent to the Carlton and Harlequin formations of Elliott
carbonate ones. The quartzitic layers also contain(1961) and Warrington et al. (1980). It consists of interbed-
dolomite grains up to 0.02 mm across. Mica usually ded, red-brown, orangey red-brown and subordinate grey-
makes up to 10% of a skerry and is mostly muscovite green mudstones, siltstones and very fine-grained sand-
with some biotite that may be partially or completely stones. The mudstones and siltstones are blocky and the
altered to chlorite. Plagioclase, apatite, zircon and micro-sandstones occur in thinly-bedded and laminated facies. The
cline are present in small amounts. skerries consist of dolomitic siltstones and fine-grained
The clay minerals of the Gunthorpe Formation near sandstones and are present at many levels and individual
Ibstock are dominantly illite with chlorite and little or no skerries may be persistent or impersistent. Gypsum occurs as
mixed-clay chlorite-smectite. However, at Loughborough nodules (Ambrose, 1989) and in veins (Rathbone, 1989).
chlorite-smectite or corrensite is an important component The dolomite content within the Gunthorpe Formation
in the upper part of the formation. In the Cropwell Bishop varies between 7% and 30%, and the gypsum content
Formation at Croft, illite, chlorite-smectite or corrensite between 0% and 24%. The dolomite content may be
and chlorite are present. However, at the top of thecyclical within the sequence. The main difference between
Cropwell Bishop Formation and the Blue Anchor this formation and those below is the appearance of mixed
Formation in Leicester the clay assemblage comprises illitelayer chlorite-smectite clays. The clay mineral assemblage
and chlorite (Jeans, 1978). contains illite, mixed layer chlorite-smectite and chlorite.
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The chlorite content decreases slightly from the bottom to50% near to the top of the formation. Sepiolite is present
the top of the formation but the illite content decreases near the base of the formation and is associated with zones
rapidly in the lower part of the Gunthorpe Formation as the with a higher proportion of mixed layer chlorite-smectite
corrensite content increases. Near to the top of theand with skerry bands (Taylor 1982).
Gunthorpe Formation the mixed layer clays may be absent. The clay mineral composition of the Cropwell Bishop
Formation near Newark, East Leake and in the Fauld mine
shows a similar pattern to that found to the south of
Nottingham (Taylor, 1982). At East Leake, sepiolite and
The Edwalton Formation was defined by two persistent palygorskite are associated with the main sulphate bed.
skerries, the Cotgrave Sandstone Member at its base andaylor (1982) separated the Cropwell Bishop Formation
the Hollygate Sandstone Member at its top (Elliott, 1961; into a lower division, the Fauld Member, rich in authigenic
Warrington et al., 1980; Charsley et al., 1990; Howard et clay minerals, which contained less than 85% illite and
al., in preparation). The Cotgrave Sandstone Member is achlorite, and an upper division, the Hawton Member,
persistent, red-brown or yellow, fine- to medium-grained which contained more than 85% illite and chlorite.
sandstone with localised mudstone and siltstone interbeds.
The sandstone is poorly cemented and contains voids du -
to the dissolution of gypsum. Most of the Edwalton Blue Anchor Formation
Formation consists of thick, blocky, silty mudstone and The Blue Anchor Formation in the Nottingham area lies
siltstone and thinner grey-green units, some of which areabove the Cropwell Bishop Formation and was formerly
poorly laminated. Some dolomitic siltstone and fine- to considered to be the upper part of the Glen Parva Formation
medium-grained sandstone skerries occur within this by Elliott (1961) but was renamed by Warrington et al.
formation. The Hollygate Sandstone Member comprises up(1980). Its lower boundary is defined by the colour change
to six beds of grey-green to yellow or brown, fine- to of the mudstone from red-brown to pale greenish-grey. The
coarse-grained, commonly poorly cemented sandstonesupper boundary is a sharp disconformity marked by an
Typically the sandstone makes up 60% to 75% of the uneven surface of grey-green silty mudstones and is overlain
member. The remainder is red-brown with some grey- by the dark grey to black shaly mudstones (Westbury
green, mostly silty, mudstones with sand grains. Formation) at the base of the Penarth Group. The Blue
Gypsum is usually an important constituent of the rock Anchor Formation is a pale greenish-grey, usually blocky,
and may make up to 50% of the whole. The dolomite dolomitic, silty mudstone or siltstone with some darker,
content, usually, varies between 2% and 20% but can be apyritic, laminae particularly near the base. There are
high as 50% (Bloodworth and Prior, 1993). Jeans (1978)scattered, coarse, aeolian quartz sand grains.
found calcite below the Hollygate Sandstone Member. The In the Nottingham area this formation has similar mineral
clay mineral assemblage of the Edwalton Formation characteristics to the top of the Cropwell Bishop Formation
comprises illite, mixed layer chlorite-smectite and chlorite. with a dolomite content, mainly greater than 20% (Jeans,
The proportion of the mixed layer clays increases towards1978) and little or no gypsum. The clay mineral assemblage
the top of the formation and replaces illite. The chlorite is dominated by illite with subordinate chlorite.
content is fairly constant throughout. Corrensite is present
throughout and smectite is present at the top of the
formation. Sepiolite occurs in the Hollygate Sandstone
Member (Bloodworth and Prior, 1993; Jeans, 1978). Geophysical logging of the Mercia Mudstone Group shows
that the basal beds to the north and east of Newark, contain
sufficient radioactive minerals, to act as a marker in the
natural gamma ray log. To the north, in the Seaton Carew
The Cropwell Bishop Formation (Charsley et al., 1990; Formation, the grains of radioactive minerals are sur-
Howard et al., in preparation) is equivalent to the Trent rounded by bleached haloes. There are evaporites above
Formation and lower part of the Glen Parva Formation of the Seaton Carew Formation, the Esk Evaporites, and
Elliott (1961) and the Trent and Glen Parva Formations of within or above the ‘Green Beds’ from North
Warrington et al. (1980). The lower boundary of this Nottinghamshire to Middlesborough. The evaporites
formation is the top of the Hollygate Sandstone Member consist of anhydrite and gypsum and may be up to 30 m
and the upper is the base of the Blue Anchor Formation.thick in parts of north Yorkshire. Halite is present at depth
The formation consists mainly of red-brown or brown silty in the Whitby area.
mudstone, usually blocky but with some laminated beds. The Retford Formation in central and north
Grey-green beds of siltstone and silty mudstone becomeNottinghamshire, was formally called the ‘Green Beds’ by
more common towards the top. Warrington et al., (1980) and comprises in the north mainly
Gypsum occurs throughout the formation as veins, green, grey or blue mudstone with thin bands of siltstone
nodules and beds but may be absent near surface due to iend sandstone but in the south it is a more sandy and rhyth-
removal in solution. The host rock may contain up to 40% mically bedded sequence. At its base there is a pale-
gypsum. The Newark Gypsum contains both bedded andcoloured conglomerate derived from the pebble beds of the
nodular gypsum. The dolomite content is consistently high Sherwood Sandstone. Gypsum and anhydrite are present as
and varies between about 10% and 30% and is generallyhin bands. The fine- to medium-grained quartz was
more than 20% (Bloodworth and Prior; 1993, Jeans 1978). probably derived from the Sherwood Sandstone. Fine
The clay mineral composition shows an increase in illite micas (biotite, muscovite and chlorite) are concentrated on
with a proportional decrease in the mixed layer chlorite- silty bedding planes. Calcite is sometimes present as a
smectite content from the bottom to the top of the formation. cement (Edwards, 1967).
The percentage of smectite interlayers in the mixed layer The clay minerals at the base of the Retford Formation
clay decreases from 100% near the base to between 0% armtbmprise illite with minor chlorite. However, mixed layer

Edwalton Formation

3.4.5 North and east of Newark

Cropwell Bishop Formation
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chlorite-smectite is present as corrensite or more smectite-aggregates of evenly sorted clastic quartz and feldspar
rich mixed clays. This contrasts with the Sneinton scattered in a coarsely crystalline, sometimes interlocking
Formation that contains no mixed layer clay minerals gypsum matrix, with laminated fine-grained dolomite.
(Bloodworth and Prior, 1993). Other skerries contain silt-sized quartz with scattered
Near East Retford the arenaceous members of thefeldspars and mica with patches of intergranular fibrous
Sneinton Formation comprise well sorted, closely packed,gypsum and streaks of dolomite (Smith et al., 1973).
coarse silt- to fine-sand sized, sub-angular to angularGypsum has been quarried from the Clarborough Beds in
clastic grains (Smith et al.,, 1973). The quartz has the East Retford area.
secondary overgrowths. Feldspars are also present and The Gunthorpe Formation above the Clarborough Beds,
show alteration with secondary overgrowths. The over- at Gringley-on-the-Hill, north Nottinghamshire, contains
growths do not appear to form a coherent cement. Whereangular to sub-rounded, equant, irregular silt- to sand-sized
the rock is red, haematite form secondary coatings alongquartz, slightly eroded potassium feldspar and calcite. Mica
joints. The detrital heavy minerals include zircon, apatite, flakes up to 0.1 mm across are common. The porosity
tourmaline, rutile, garnet, leucoxene and anatase. The clayaries significantly from the silty areas to the more clayey
mineral composition is typical of the Sneinton Formation areas that enclose them. In the siltier areas, the clay matrix
and comprises mainly illite with chlorite. and dolomite cement reduce the intergranular porosity.
Between the Sneinton Formation and the ClarboroughDolomite and calcite commonly occur as granular to
Beds the rocks comprise red mudstones with bands of siltymassive cements. Dolomite occasionally occurs as
micaceous mudstone that contain illite and minor chlorite. euhedral rhombs up to 0.01 mm across and shows no
The skerries are laminated, usually dolomitic and are evidence of dissolution in the near-surface zone. The clay
sometimes argillaceous and micaceous (Smith et al., 1973)matrix is dominated by illite with minor amounts of
The Clarborough Beds consist of about 3 to 13 m of chlorite and corrensite. Chlorite occasionally forms
mudstone and silty mudstones with much gypsum anddiscrete but irregular patches up to several tenths of a mil-
skerries. These beds are probably equivalent to the Easlimetre across (Pearce et al., 1996).
Bridgford Gypsum at the base of the Gunthorpe Formation. The upper part of the red beds of the Mercia Mudstone
The gypsum occurs as irregular bands and veins. TheGroup comprises red mudstones with green bands and
skerries are variable in composition. Some are very poroussome skerries. Gypsum is common as bands and stringers.
greyish green, argillaceous, dolomitic siltstone with small The Blue Anchor Formation consists of light green, grey
cavities and consist of well-sorted, angular, fine sand size,or greyish green mudstone or silty mudstone and is calcare-
qguartz grains with plagioclase, orthoclase, mica andous in some places. Grey, fine-grained bands of sandstone
dolomite of coarse and very fine silt size. However, they are also present. Pale greyish green dolomitic limestone
can also be dense with fine sand-sized, roughly beddedhas also been recorded.
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4  Geotechnical literature review

4.1 INTRODUCTION

The Mercia Mudstone Group in the UK is characterised by
a sequence of brown, red-brown, calcareous clays and
mudstones, with occasional beds of impersistent green
siltstone and fine-grained sandstone. In its unweathered
state the Mercia Mudstone may be described as an intact,
jointed, ‘weak’ rock (Figure 4.1), whereas in its fully
weathered state it is a reddish-brown, ‘very soft’ to ‘hard’
silty clay, but frequently containing less-weathered
mudrock clasts (Figure 4.2). The depth of weathering can
be considerable, exceeding 30 m in some areas, however, it
is more typically 10 to 15 m. The weathering profile is
usually progressive, with strength and stiffness tending to
increase with depth but may be influenced by lithological
differences (Figure 4.3).

Early published work specifically on the geotechnical
properties and classification of the Mercia Mudstone
includes Birch (1966) and Chandler (1969). The former,
described work supported by the Construction Industry
Research Association (CIRIA) and carried out at
Birmingham University, and covered a range of laboratory
and field tests on samples from the UK.

4.2 WEATHERING AND CLASSIFICATION

The primary classification of the Mercia Mudstone has, in
the past, been by weathering zone. These classifications
should not be used to derive quantities for strength and
stiffness. The first of these was by Birch (1966). This was a
simple division into ‘weathered” and ‘unweathered’ zones.
In most engineering applications the weathering classifica-
tion attributed to Skempton and Davis (1966), and quoted
by Chandler (1969) (Table 4.1), was used to classify the

Figure 4.1 Unweathered (Zone I) jointed Mercia
Mudstone (Cropwell Bishop Formation) classifiable as a
‘weak rock’.
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Figure 4.2 Fully weathered Mercia Mudstone (Zone 4b)
reddish/brown and greenish/grey silty clay.

Mercia Mudstone prior to geotechnical testing; sometimes
with minor modifications to suit local conditions (Chandler
and Davis, 1973). In the literature, the weathering zone
designation has traditionally been by Roman numerals
(I-IV). Throughout this report, Arabic numbers have been
used for convenience.

Bacciarelli (1993) re-assessed the weathering classifica-
tion of Mercia Mudstone. He sub-divided Chandler’s Zone
3, in a similar manner to Zone 4, and recognised the signif-
icant effect of alternating bands of ‘weak’ and ‘strong’
material. The re-assessment was based on bridge founda-
tion work near Honiton in South Devon. The proposed sub-
division of Zone 3 was as follows:

Zone 3a
Zone 3b

lithorelict / particle dominant
matrix dominant

An additional division for soil/rock with interbedded Zone
2 and 3 material was provided between Zones 2 and 3, as
well as additional comments on permeability for Zone 4
material. The significance of alternating bands of different
weathering zone was also discussed for a site at Ratcliffe-
on-Soar, Nottingham by Seedhouse and Sanders (1993).
The problems inherent in devising a scheme to describe
the weathering state of rock masses are due to the variety
of physical and chemical processes that cause weathering
and the wide range of mineralogical and structural charac-
teristics of the rock masses being affected. The problems
were addressed by the Engineering Group of the
Geological Society’s Working Party on The description
and classification of weathered rocks for engineering
purposes (Anon, 1995). They concluded that it was imprac-
tical to devise a single scheme to suit all the weathering
processes that act on the full range of rock types and rec-
ommended a strategy that comprised five alternative
approaches. The first approach is a factual description of



Figure 4.3 Weathered Mercia Mudstone near Honiton,
Devon. ‘Moderately weathered’ material (Zone 3a) near
surface becomes ‘slightly weathered” (Zone 2) with depth,
but is ‘highly to fully weathered’ (Zone 4a/4b) at the
bottom of the section as shown by the smearing of
material to the left of the spade.

weathering which is mandatory. The other four approaches
are applicable to different situations where distinct zones
and classes of a weathering sequence can be recognised
unambiguously. Approach four is a prescriptive weathering
classification incorporating material and mass features

formation-specific schemes such as Chandler’s (1969) and
its later developments. The five-fold approach to weather-
ing description and classification has been adopted by BS
5930 (1999) with the suggestion that classes/zones may be
more rigorously defined using local experience, site
specific studies or reference to established schemes.

The weathering state of mudrocks has a significant effect
on their strength and deformability when measured in both

Table 4.2 A weathering classification applicable to the
Mercia Mudstone (after Anon., 1995).

APPROACH 4: CLASSIFICATION INCORPORATING
MATERIAL AND MASS FEATURES

Class | Classifier
A | Unweathered

Typical characteristics

Original strength,
colour, fracture spacing

B |Partially weathered Slightly reduced strength,
slightly closer fracture
spacing, weathering
penetrating in from
fractures, brown

oxidation

Further weakened, much
closer fracture spacing,
grey reduction

C |Distinctly weathered

D |Destructured Greatly weakened,
mottled, ordered lithore-
licts in matrix becoming
weakened and disordered,

bedding disturbed

Matrix with occasional
altered random or
‘apparent’ lithorelicts,
bedding destroyed.
Classed as reworked
when foreign inclusions
are present as a result of

E |Residual or
reworked

: . e transportation
(Table 4.2) that is based on, and conforms with, existing
Table 4.1 Weathering classification of Mercia Mudstone, after Skempton and Davis (1966).
State Zone Description Comments
Fully weathered 4b Matrix only Can be confused with solifluction or

drift deposits, but contains no pebbles.
Plastic slightly silty clay. May be

fissured
Partially weathered 4a Matrix with occasional clay-stone Little or no trace of original(Zone 1)
pellets, usually about sand-size structure, although clay may be
fissured
3 Matrix with frequent lithorelicts Moisture content of matrix greater
becoming less angular with than that of lithorelicts
increasing weathering
2 Angular blocks of unweathered marl Spheroidal weathering matrix
with virtually no matrix starting to encroach along joints; first
indications of chemical weathering
Non-weathered I Mudstone (often fissured) Moisture content varies due to

depositional variations
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w . The various weathering systems do not fully distinguish
between lithologies; for example, mudstone, siltstone and
sandstone, or the relative proportions of them. Lithology is,
however, important to the engineering behaviour of the
formation. Grainger (1984) proposed a lithological classifi-
cation for mudrocks (Figure 4.5). Bacciarelli (1993)
proposed a lithological prefix to the zonal divisions where
K Zone IV A different lithologies are interbedded, and suggested that
this would allow less conservative foundation designs to be
0 2 4 6 8 10 12 14 used than were current at that time. Cragg and Ingman
i — (1995) pointed out the limitation imposed by the depth
1| A dependence of weathering classification schemes, such as
Zone Il that of Chandler (1969), when disrupting factors such as
Zone IV evaporites, or regional variations in particle-size occur.
s 1 Evaporite solution and re-precipitation result in contorted,
Y S S S S brecciated and degraded material, often at depths where a
0 2 AL STRAIN % 0 *? " more competent material might be anticipated. Birch
(1966) reported the presence of ‘soft’ bands confined
between ‘hard’ bands at depth, and attributed these to litho-
logical variability (Figure 4.3).

The Mercia Mudstone was reported (Chandler et al.,
1968; Birch, 1966) as having a two-stage structure, formed
by the aggregation of clay-size particles into silt-sized
peds, and the agglomeration of these weakly cemented by

the laboratory and in the field, thus it is important in the iron oxides. The primary ‘intra-ped’ structure is stronger
assessment of foundation suitability. This is particularly than the secondary ‘inter-ped structure (Chandler et al.,
important in the case of the Mercia Mudstone (Chandler, 1968). This implies that damage to the structure can be
1969). The effect is seen in the shape of the stress vs. straiidused by sample disturbance associated with drilling. This
curve where essentially brittle behaviour for Weathering has the effect of reducing deformation moduli and, to a
Zone 1 material becomes entirely plastic behaviour for Zonelesser extent, strength values. This is demonstrated by the
4 material (Figure 4.4). Frequently, it is difficult to obtain results of particle size analyses (PSA), where the per cent
undisturbed specimens to test for strength and deformability,clay values obtained from British Standard (British
and estimates are made from in situ standard penetration testtandards Institution, 1990) methods are significantly
N-value, cone penetrometer data, or more recently, self-smaller than the value determined by mineralogical
boring pressuremeter results. Zone 4b material is typicallyanalysis (Dumbleton & West, 1966a, b; Davis, 1967).
‘very soft’ to ‘firm’ and has widely varying geotechnical Davis (1967) quoted mineralogically determ_lned values for
properties, in particular strength and stiffness. In some case§® clay content of 60 to 100%, compared with particle size
Zone 4 material is described as ‘'friable’ and even ‘granular’.analysis determined values of 10 to 40%, and quoted
Zone 4b may be confused with head derived from Mercia values for aggregation ratio, Ar (ratio of clay content from
Mudstone. The Mercia Mudstone is found to be ‘water- Mineralogical analysis to clay content from particle size
softened’ where its upper boundary acts as an aquicludeanalysis) of 1.4 to 10.0. This suggests that the measures
below sandstone or permeable fill. Here it can be expected teemployed to disaggregate samples in the BS1377 particle
have low strength and high deformability. An undrained Size analysis test (British Standards Institution, 1990) are
cohesion range of 12 to 600 kPa was repor[ed for Zones 2 t(ynsuccessful in the Case. of the Mercia .Muds.tone. Chandler
4 in the Coventry area (Old et al., 1989) with considerable (1967) suggested that disaggregation is mainly a problem
overlap across the zones. Zone 1 material is rarely recordedvith unweathered Mercia Mudstone, and cited carbonate
in engineering site investigations. Zone 2 material may be(cement?) content as one possible cause.
subject to ‘spheroidal’ weathering. The Mercia Mudstone is often described as having an
Weathering tends to increase the measured plasticity of affinity’ for moisture when used as an earthwork material.
the Mercia Mudstone from ‘low’ to ‘intermediate’ or ‘high’  Therefore, this might imply that it has a tendency for
and reduce the beneficial mechanical effects of over-consoli-swelling and shrinkage, and long-term degradation. The
dation, for example, strength and stiffness. There is a notablég€sults of ‘moisture adsorption’ tests were described by
increase in plasticity from Zone 3 to 4. In general Zones 1 toBirch (1966). The intake of water by an unsaturated
3 have a ‘low’ to ‘intermediate’ plasticity whilst Zone 4 has mudstone may result in softening (strength reduction) or
an ‘intermediate’ to ‘high’ plasticity. Chandler (1969) slaking (strength redu_ctlon and structural breakdown), or
suggests a boundary between weathering Zones 3 and 4 atkpth. However, slaking usually results from repeated
liquid limit of 38%. However, this is not borne out by Old et cycles of wetting and drying. Few data on swelling,
al. (1989). Chandler (1969) suggested that many propertieshrinkage, and slaking are available in the literature.
attributed to over-consolidation were modified by weather-
ing, leaving the soil in a pseudo-over-consolidated state
similar to that obtained when soils are remoulded at water4.3 LITHOLOGICAL CONSIDERATIONS
contents below the liquid limit. Natural moisture contents at ) ) ) )
depth are usually close to the plastic limit. Sometimes the The Mercia Mudstone is a heavily over consolidated and
Mercia Mudstone, and lithorelicts within it, is described as Partially indurated clay/mudrock. It has been credited with
having a 'shaly’ fabric. The siltstones within the Mercia ‘@nomalous engineering behaviour and ‘unusual clay min-

Mudstone are usually well-cemented, fine-grained, and haveeralogy’ throughout the literature (Davis, 1967). The
a conchoidal fracture. former is usually attributed to aggregation of clay particles
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Figure 4.4 Stress vs strain graph for Mercia Mudstone
Weathering Zones 1, 3 and 4 (drained, cell pressure 68.95
kN/m?) showing change from brittle to plastic behaviour
as weathering progresses (after Chandler, 1969).
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Figure 4.5 Classification of mudrocks suggested by Grainger, 1985.

into silt-sized peds or clusters. The clay mineral composi-
tion is dominated by illite (typically 40-60%), with addi- depending on location and proximity to gypsiferous bands.
tional mica, chlorite, swelling (mixed-layer) chlorite- All five sulphate classes, 1 to 5 (Building Research
smectite, and corrensite (mixed layer chlorite-smectite), Establishment, 1991; British Standards Institution,1972)
with, less commonly, smectite, palygorskite and sepiolite may be encountered, but typically, the Mercia Mudstone is
(Bloodworth and Prior, 1993; Perrin, 1971; Dumbleton and placed in Class 1 (Forster et al., 1995). Carbonate contents
West, 1966a, b). Other minerals found throughout therange from 1 to 20% (Sherwood and Hollis, 1966;
Mercia Mudstone include quartz, dolomite, and calcite. Chandler, 1969; Birch, 1966). Dolomite may substitute for
Cementing agents are important. These probably includecalcite and be as high as 35% (Jeans, 1978). The Mercia
secondary silica, haematite, and carbonates (Davis, 1967)Mudstone is, in the main, not classified as a marl, despite
Dumbleton and West (1966a, b) reported the presence othe former nomenclature Keuper Marl, according to the
haematite, mainly in the fine particle size range, in all red classification of Fookes and Higginbottom (1975). This
coloured Mercia Mudstones but not in the grey. Keeling classification, which requires that a ‘marl’ has a carbonate
(1963) reported the presence of disordered kaolinite. Jeansontent of between 35 and 65%, describes the Mercia
(1978) recognised two distinct clay mineral assemblages:Mudstone as a ‘marly claystone’. However, Chandler
a) a detrital assemblage of mica with minor chlorite, and b) (1967) described some Mercia Mudstone as ‘marl’. Many
a neo-formed assemblage of magnesium-rich clays supersite investigation reports described large parts of the
imposed on the detrital sequence. Bloodworth and PriorMercia Mudstone as ‘siltstone’. As with many UK
(1993) found illite and chlorite throughout the Mercia mudrock/clay formations the clay and silt sized fractions
Mudstone sequence in Nottingham, with magnesium-rich are often very similar, making the distinction between
clays in the upper and middle parts modified by diagenesis.mudstone and siltstone difficult based purely on visual
Mixed-layer clays (chlorite-smectite and illite-smectite) inspection. Isotropic, non-fissile argillaceous rocks are sub-
decline upwards being replaced by illite. Similar trends divided into mudstones, siltstones, and claystones by
have been found in south-west England (Leslie et al., Grainger (1984) according to particle size and quartz
1993). More details of the mineralogical composition of content. The proposed boundary between mudstone and
the Mercia Mudstone are given in Section 3. siltstone is at a quartz content of 40%, and the boundary

The sulphate content of Mercia Mudstone ranges widely,
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Table 4.3 Typical values for the engineering properties of Mercia Mudstone (after Chandler and Davis, 1973 and Cripps
and Taylor, 1981).

Chandler and Davis (1973) Cripps and Taylor (1981)
Property Unweathered Weathered Unweathered Weathered

Bulk density (Mg/m3) 2.480 1.840 - -
Porosity (%) 1-50
Natural water content (% 5 35 5-15 12-40
Liquid limit (%) 25 60 25-35 25-60
Plastic limit (%) 17 33
Plastic index (%) 10-35
Undrained shear strength 130 - 2800
S, (KPa) (from pressuremete

data)
Young's modulus, E(MPa 250 2 100 — 1200 10 -100
Modulus of volume 0.004 0.4 0.008
compressibility m
(m3/MN)
Effective friction angle, >40 25 =40 25-42
2 (°)

between mudstone and claystone at 20%. Grainger (19845tandards Institution, 1990) were, to a greater or lesser

divided further according to ‘durability’, based on the com- degree, unsuccessful. Birch (1966) showed that increased

pressive strength and the slake durability (2 cycles). remoulding during sample preparation resulted in a higher

Grainger’s (1984) classification of mudrocks is shown in % of clay-size contents. Chandler (1967) suggested that

Figure 4.5. disaggregation was mainly a problem with unweathered
Mercia Mudstone, and gave carbonate content as one
possible cause. A significant positive relationship between

4.4 INDEX PROPERTIES (log) aggregation ratio and activity was given. Activity is
defined as follows:

Typical values for the engineering properties of Mercia

Mudstone are shown in Table 4.3. In order to describe the, lp

aggregation of clay particles into peds or clusters, thec™

0
aggregation ratio (Ar)_ has_ been used (Da_vis, 1967). The % clay
presence of aggregation is demonstrated in the_results of where: b is plasticity index (i.e. liquid limit -
particle size analyses, where % clay values obtained from plastic limit)
British Standard methods test (British Standards % clay is the percentage clay-size
Institution, 1990) are significantly smaller than the actual fraction

or so-called ‘true’ value obtained from mineralogical
studies (Dumbleton, 1967; Dumbleton and West, 1966a, b
Davis, 1967). Davis (1967) quoted ‘true’ values for %
clay-size content of 60 to 100%, compared with measured
values of 10 to 40%.

The aggregation ratio (Ar) is defined as follows:

'Davis (1967) found that there was a large rise in activity
with decreasing clay-size fraction, and attributed this to the
free surface area of aggregated clay particles being no
different to that of disaggregated particles.

The determination of the plasticity of the Mercia
Mudstone may be influenced by the methodology of the

% clay mineral liquid limit and plastic limit tests. Birch (1966) reported

% clay-size that increased remoulding using a Hobart mixer during
sample preparation resulted in higher values of liquid limit.
where: % clay mineral is the % clay content He also reported that this effect was influenced by the
(from mineralogical analysis) moisture content of the mix, and that most of the increase
% clay-size is the % clay-size fraction in liquid limit was ‘temporary’. The latter would imply that
(from particle size analysis) aggregations, having been destroyed, could reform with

Davis (1967) quoted values of Ar ranging from 1.4 to 10.0; time. This has been shown for other, more highly aggre-
that is the mineralogically derived clay content was always gated soils, for example tropical red clays by Dumbleton
larger than the particle-size derived clay content. This (1967) and Northmore et al., (1993). The latter subjected
suggested that the measures employed to disaggregategopical clay soils to non-standard preparation procedures
samples in the BS1377 particle size analysis test (Britishinvolving mixing with a Seta grease worker (a tool which
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remoulds by repeated forced extrusion of the soil paste) forsolidated’. Standard laboratory consolidation testing
extended periods. This usually resulted in significant equipment does not provide adequate stress levels to char-
changes in the value of liquid limit obtained. In the case of acterise fully the consolidation behaviour, including the
one soil type (halloysitic) the liquid limit increased, and in over-consolidation ratio, of hard, unweathered Mercia
the other (allophanic) it decreased. The standard proceduréudstone.
for the liquid limit test (British Standard Institution, 1990)
employs hand-mixing of the soil sample ‘for at least 10
minutes’ prior to the test. This level of hand-mixing is 4.6 STRENGTH AND DEFORMABILITY
adequate for most temperate climate soils, but becomes
unreliable for highly aggregated soils. The BS1377 Part 2,A considerable amount of work on the strength of Mercia
Note 4.4.3.2 (British Standard Institution, 1990) says that Mudstone was carried out during the mid-1960's in the
care should be exercised when testing ‘residual and highlyMidlands, particularly at Birmingham University. Chandler
plastic soils’ and that these soils should be hand-mixed for(1967) and Chandler et al. (1968) described the results of
40 minutes, and that comparisons should be made betweedrained and undrained triaxial tests on specimens of ‘Kings
the two preparation techniques. Haider (1989) applied Norton marl’ obtained from block samples in a brick pit in
extended hand-mixing times (up to one hour) to Mercia Birmingham, and discussed in general terms the geological
Mudstone and found that there was no change from thefactors influencing the strength of the Mercia Mudstone.
standard ten minutes. He concluded that whilst the MerciaChandler (1967) saturated triaxial specimens by increasing
Mudstone was an aggregated clay its aggregations werdghe back pressure to around 275 kPa. The Mercia Mudstone
broken down during the normal mixing time, unlike those is usually described as a heavily over-consolidated soll,
of some tropical clays. He attributed this to differences in showing considerable dilation at low effective stresses.
the cementing agent. The above means that the determingSome stress-strain plots at low effective stresses appear to
tion of activity potentially becomes doubly unreliable, i.e. indicate a distinct yield point at around 1% axial strain that
from both the plasticity and the particle size term. Chandler (1967) attributed to ‘structural breakdown’ and
The plasticity of the Mercia Mudstone ranges from ‘structural rigidity’. The yield point, which is not univer-
‘low’to *high’ in the Casagrande classification, but with the sally observed, coincides with the onset of dilation. This is
majority of data falling within the ‘low’ and ‘intermediate’ reflected in load vs. settlement results for pile tests
groups. Some silty Mercia Mudstone falls below the (Chandler et al., 1968). Results of tests carried out over a
Casagrande A-line. Arithmetic means for liquid and plastic range of effective confining stresses showed the convex-
limit for the Coventry area were found to be 35% and 20%, upward shape of the Mohr envelope; the effective friction
respectively (Old et al., 1989). Weathering tends to angle changing from 40.5° at low stresses to 20.9° at high
increase the measured plasticity of the Mercia Mudstonestresses. A ‘strength sensitivity’ of 4.25 was quoted.
from ‘low’ to either ‘intermediate’ or ‘high’. Chandler Chandler (1967) attributed this to clay aggregations and
(1969) suggested a boundary between weathering Zones 8alcite crystals. An increase in cohesion and a decrease in
and 4 at a liquid limit of 38%. However, this was not borne friction angle are noted with disaggregation (destructur-
out by OId et al. (1989). ing?) associated with decreasing moisture content at
Variations in natural moisture content within the Mercia failure. In the Cheshire area the removal of gypsum in
Mudstone may be wide. Chandler (1967) quoted a range ofsolution has resulted in what Marsland and Powell (1990)
22 to 25% for a Mercia Mudstone profile at Kings Norton, described as a broken fabric.
Birmingham. Chandler et al. (1968) indicated that moisture  Strength, based on unconsolidated undrained (UU or
content has a particularly important influence on all QU) triaxial tests, standard penetration tests, and rock pen-
physical properties including geophysical, strength and etration tests, for the Mercia Mudstone in the Coventry
compaction. The concept of ‘critical degrees of saturation’ area, are described by Old et al. (1989). Hobbs et al. (1994)
(points of inflection obtained from plots of resistivity vs. obtained values for Mercia Mudstone near Gainsborough
saturation) (Chandler et al., 1968) is related to effective for ¢’ and @' from isotropically consolidated, undrained
grain size, hardness, compaction, or cementation. (CIU) triaxial tests of 14.7 kPa and 20.9°, respectively.
These results agreed with those of Chandler (1967). The
tendency to obtain unreliable results and positive values for
4.5 CONSOLIDATION g, in the UU triaxial test, due to partial saturation, was
highlighted by Chandler et al. (1968).
Generally, the Mercia Mudstone is described as having low The rate of increase of strength with depth for the
compressibility and a high rate of consolidation, but is very Mercia Mudstone was quoted as 37.5 kPa/m (Cripps and
variable (Birch, 1966). The consolidation settlement of Taylor, 1981). This relatively high rate reflects the age and
unweathered Mercia Mudstone, under normal engineeringdiagenetic changes of the Mercia Mudstone. Results from
loads, has been described as ‘negligible’ (Birch, 1966). TheMarsland and Powell (1990) indicated an increase in
compressibility of the Mercia Mudstone, based on ultimate bearing pressure with depth, derived from pres-
oedometer consolidation data for the Coventry area, wassuremeter and plate bearing tests, of approximately 1.0
described as ‘very low’ to ‘medium’, and the rate of con- MPa/m for Mercia Mudstone near Warrington, Cheshire.
solidation as ‘low’ to ‘high’ (OId et al., 1989). There is Weathering tends to reduce the shear strength of
unlikely to be a clear relation between consolidation mudrocks to a common value irrespective of lithostratigra-
behaviour and maximum previous overburden (pre-consol-phy (Cripps and Taylor, 1981). Unweathered Mercia
idation stress) because the Mercia Mudstone has undergonkludstone (Zone 1) tends to exhibit brittle failure at low
some form of diagenesis. However, Chandler (1967) strains, whereas the weathered material (Zones 2 to 4)
suggested that a likely ‘pre-consolidation load’ was equiva- tends to exhibit a more plastic failure with a lower elastic
lent to an overburden of between 230 and 610 m (assumingnodulus. The effect of weathering on strength and
an overburden density of 1.12 Mgim Chandler (1967, deformability has been investigated by Chandler (1969).
1969) described the Mercia Mudstone as ‘heavily overcon-Deformation behaviour, ranges from brittle for Zone 1
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material to fully plastic for Zone 4 material. Effective data by Little and Hataf (1990). These tests were strain-
strength parameters were reported as follows (Chandlergcontrolled, low frequency, cyclic tests carried out on undis-

1969; Cripps and Taylor, 1981): turbed, reconstituted, and remoulded specimens. Different
strengths were obtained for reconstituted and undisturbed

Zone Cohesion (kPa) Friction angle (°) materials at similar over-consolidation ratios, and a

1 28 40 reduction in stiffness was found due to cyclic straining for

3 17 42-32 both undisturbed and reconstituted specimens.

4 17 32-25 Residual strength is a function of both particle size dis-

tribution and particle shape. The residual strength,ob

Mercia Mudstone, in common with other ‘hard’ clays, is the Mercia Mudstone is described as ‘high’ at 18 — 30°
reported as being particularly susceptible to sample distur-(Cripps and Taylor, 1981). This fitted well with an overall
bance (Cripps and Taylor, 1981). All types of laboratory plasticity / residual strength classification for UK
strength tests, and in particular deformation tests, aremudrocks in the same reference. Jones and Hobbs (1994)
affected by disturbance. quoted values for gof 22 — 30° for unsieved and grease-

Case histories involving pressuremeter testing of Merciaworked Zone IVa material. These values were similar to
Mudstone were described by Mair and Wood (1987). the effective stress values obtained from isotropically con-
Leach et al. (1976) reported in situ Menard pressuremetersolidated, undrained, triaxial tests; a result that did not
tests on Mercia Mudstone from Kilroot, Co. Antrim, that suggest a significant strength sensitivity as indicated by
gave undrained shear strength values up to 230% higheChandler (1969); although the relative size of the samples
than values obtained from triaxial tests on samples frommay have accounted for the difference in results.
the same depth and the overall mean value was slightly
more than double. Similar results were obtained for com-
parative elastic moduli obtained from pressuremeter, plate-4.7 SWELLING, SHRINKAGE AND DURABILITY
loading, and oedometer tests (Meigh, 1976). These showed
that pressuremeter results were highly variable but Swelling and shrinkage are the visible effects of the relation-
generally much higher than triaxial and oedometer results.ship between volume change and water content of clay soils.
The pressuremeter results from unload/reload tests werdHowever, they are properties rarely determined in the course
higher than those from initial loading by about the same of routine site investigations in the UK, at least on undis-
factor. Marsland et al. (1983) found that pressuremeter testurbed samples. This means that reliance has to be placed on
results gave elastic moduli twice the value of those estimates or correlations from other index parameters, such
obtained by either back-analysing bridge abutment settle-as liquid limit, plasticity index, and density. The reason for
ments or from plate loading tests. Clarke and Smith (1993)the lack of direct swell/shrink test data is that few engineer-
referred to self-boring pressuremeter tests carried out in thang applications actually require these data for design or con-
Mercia Mudstone at West Burton. Shear strength wasstruction. Frequently, those structures most affected by
quoted as 0.13 to > 7 MPa, and shear modulus as 30 tewell/shrink, such as houses, pipelines and pylons, receive a
2685 MPa. Self-boring tests can be configured for either minimal site investigation with little, if any, geotechnical
strength or deformation measurement. Seedhouse andesting. Such site investigations would tend to focus solely
Sanders (1993) discussed the results of a high pressuren strength, plasticity, and possibly consolidation. It is
dilatometer used at Ratcliffe-on-Soar, Nottingham to usually not until after construction is finished that problems
determine deformability and strength. associated with swelling and shrinkage become apparent,

Site investigation for the second Severn crossing and theand the need for remedial measures is recognised. Swelling
M5 Avonmouth Bridge produced strength and deformation and shrinkage behaviour is also related to clay mineralogy,
data for the Mercia Mudstone, both from laboratory and in and to physico-chemical properties such as surface area or
situ tests (Maddison et al., 1996; Parry et al.,, 1996). Atinterplate distance. These properties may ultimately give
Avonmouth plate bearing tests gave vertical drained elasticbetter correlations with shrink/swell behaviour than index
moduli (assuming a Poisson’s ratio of 0.2) in the range 62 toproperties, but are more difficult to determine.
92 MPa for initial loading, whilst pressuremeter tests gave The Mercia Mudstone is generally considered to have a
equivalent horizontal moduli of 79 MPa. At the Severn high ‘affinity’ for water, but a low swelling potential, due
crossing, in situ plate bearing tests typically gave drainedto its low content of recognised swelling clay minerals, and
vertical elastic moduli of 96 MPa, whilst laboratory tests also perhaps to its aggregated structure. The dissolution of
gave 70 MPa, both at stresses < 3 MPa (Maddison et al.gypsum may result in large volume changes, irrespective of
1996). Plate bearing and pressuremeter tests indicatedlay mineralogy. Swelling of compacted samples of Mercia
vertical to horizontal elastic moduli ratios of between 1.16 Mudstone was found by Chandler et al. (1968) to be a
and 1.27 at the Severn crossing (Parry et al., 1996) and 1.4 dtinction of placement moisture content and liquid limit.
Avonmouth (Maddison et al., 1996). Unconfined compres-  The durability of mudrocks was discussed by Moon and
sive strength data from the second Severn crossingBeattie (1995) and Hawkins and Pinches (1992). Birch
(Maddison et al., 1996) gave a median value of 16.6 MPa.(1966) described the reluctance of unweathered Mercia
Initial shear modulus was quoted as 25 MPa. Design valuesMudstone at natural moisture content to break down in
of shear strength for the Mercia Mudstone from triaxial tests water even after months of immersion, albeit without
and from pressuremeter tests were ¢=0, g=51°, a@idOc mechanical abrasion, as compared with rapid breakdown
MPa, respectively. when it was predried.

Cone penetration testing of over-consolidated clays was
discussed by Meigh (1987), but without specific reference
to the Mercia Mudstone. He stated that the macrofabric4.8 COMPACTION
had a marked effect on the ‘cone factor’ results, thus
making interpretation in terms of shear strength difficult. ~ Chandler et al. (1968) found that at low compactive efforts

Cyclic triaxial data were compared with static triaxial higher placement moisture contents resulted in higher dry
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density, whereas at high compactive efforts lower Mudstone on ‘intact’ permeability is not clear. In theory a
placement moisture contents resulted in higher dry density.ped structure should impart a higher permeability to the
They concluded that there was little to be gained from sub-undisturbed Mercia Mudstone compared with the reworked
jecting the wetter (weathered) Mercia Mudstone to heavy or destructured fabric.
compaction, and that placement moisture content was
crucial to the stability of compacted Mercia Mudstone fill.
Chandler et al. (1968) also showed that there was a marked.10 GEOPHYSICAL PROPERTIES
increase in California bearing ratio (CBR) with placement
moisture content reduction, for example from 10 to 110% Chandler et al. (1968) found that seismic compressional
for a 5% moisture content reduction. The swelling of velocities ranged from 915 to 2750 m/s. Young's moduli,
compacted samples of Mercia Mudstone was found to be aderived from shear wave tests, were between 207 and 1720
function of their placement moisture content and liquid MPa, with Poisson’s ratios between 0.3 and 0.5.
limit. In the field, weathered Mercia Mudstone was easy to Geophysical depth probes gave resistivity values of
compact but ‘hard’ material of low moisture content was between 15 and 45 ohm m. Low resistivities were found to
difficult. relate to low seismic velocities and low Young's Moduli,
The moisture condition value (MCV) test is increasingly both in the field and in the laboratory. Pinches and
used as a rapid indication of likely compaction behaviour. Thompson (1990) described good correlations between
Typically, the Mercia Mudstone has specified moisture seismic velocity and lithology for the Mercia Mudstone in
condition value ranges of 8 to 12 (Class 2A — wet) and 12north-east Nottinghamshire. The ratio of compressional to
to 15 (Class 2B-dry) for general cohesive fill shear wave velocity (yVs) was recommended as a means
(Department of Transport, 1991). The moisture condition of determining Poisson’s ratio§). Values for the dynamic
value may be correlated with undrained shear strength,shear modulus (@ of Mercia Mudstone were given as 5 to
California bearing ratio, and moisture content. 11 GPa.
Geophysical methods were used by Maddison et al.
(1996) to determine dynamic deformation moduli for the
4.9 PERMEABILITY second Severn crossing. These were at least an order of
magnitude greater than the static elastic moduli obtained
The ‘mass’ permeability of highly indurated, mudrocks from laboratory, plate bearing, and pressuremeter tests. A
tends to be dominated by the presence of fissures that argypical value of 11.9 GPa was given for the elastic modulus
capable of increasing the mass permeability by orders ofof Mercia Mudstone.
magnitude over the ‘intact’ permeability. Permeability of
‘intact’ mudrock is a subject of some debate, owing to the
likely non-Darcian nature of pore-water movement through 4.11 ROCK MASS INDICES
clays. Bacciarelli (1993) describes Zones 4a and 4b as
having lower permeability than underlying layers. Available rock mass data consist mainly of values of rock
Laboratory values for permeability were quoted by Tellam quality designation (RQD) and fracture index (FI). The
and Lloyd (1981) as 16-10¢ m/day (16°-1011 m/s), per- mean RQD for Mercia Mudstone in the Coventry area was
pendicular to bedding, and field values:Q03 m/day 36% (OId et al., 1989). This places it in the ‘poor’
(106-108 m/s), mainly parallel to bedding. Porosity was category. Maddison et al. (1996) quoted an RQD of 40%, a
guoted as 20-40%. Locally the ability of the Mercia solid core recovery (SCR) of between 46 and 53%, and an
Mudstone to yield water is influenced by the proximity of average FI of between 101 and 158 mm for Mercia
sandy layers within it. Permeability through discontinuities Mudstone at the second Severn crossing. Care should be
may be influenced by the presence of infilling material taken in extrapolating weathering or other classifications,
such as halite or gypsum or by cavities left by solution. The obtained from core logs, to full-scale situations (Cragg and
effect of any ped-like structure within the Mercia Ingman, 1995).
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5 Dirilling and sampling

5.1 INTRODUCTION coring where it is not economic to set up a mud flush
system. One could expect core quality to be enhanced by
The Mercia Mudstone contrasts with many older more the use of ‘low-torque’ bit designs, rather than the saw-
indurated and laminated mudstones, such as Carboniferoutooth pattern, and also by the use of the large diameter
Coal Measures mudstones, that tend to have relatively thinwireline coring systems.
weathering profiles, below which fresh rock is present at Neither technique is wholly appropriate for the interven-
shallow depth and is amenable to rock sampling and testingng Zone 3 material due to its inhomogeneous nature of
techniques. It also contrasts with younger, relatively unin- ‘clay’ matrix and ‘rock’ lithorelics. Percussion boring and
durated mudstones, such as Oxford Clay, where thedriven samples will only advance through the lithofrag-
structure is dominated by bedding and lamination, ratherments by breaking them down, mainly to gravel size, with
than jointing, which can be sampled and tested as an engisubsidiary fractions at cobble and sand size. On the other
neering soil in the depth range needed for most site investi-hand, rotary flush coring will preferentially erode the unce-
gations. mented matrix fraction. Significant core loss is almost
There is no other mudstone of comparable thickness,inevitable unless great care and the most gentle techniques
outcrop or importance in the UK that occupies the interfaceare used. The difficulty arises much more from the
between soil and rock, and whose behaviour is predomi-disparity between the lithorelics and the matrix, than from
nantly influenced by weathering and jointing rather than by the matrix alone. Since there is no ideal method for drilling
sedimentary discontinuities. Thus, it is not surprising that aand sampling Zone 3 Mercia Mudstone it must be drilled
specific weathering scheme should have been developedy a combination of both soft ground boring and rotary
and refined over 30 years in order to understand and charflush coring. If weathering profiles exhibited a consistent
acterise Mercia Mudstone. and progressive decrease of weathering with depth, one
Chandler's original weathering scheme (1969) after might seek the optimum point at which to change from soft
Skempton and Davis (1966) (Table 4.1) put much of the ground boring to rotary coring. In practice, weathering
weathering profile that is of practical concern, difficulty grade is related to discontinuities and lithology as well as
and interest to the construction industry into just one of depth. Consequently weathering of more susceptible beds
five zones, that is Zone 3. This includes all the conditions or fractures cause locally increased degrees of weathering
between fresh or slightly weathered material (Zones 1 andwithin the more normal pattern of decreasing weathering
2) that is usually only encountered in deeper investigationwith increasing depth. The profile can be further compli-
and can be treated without much difficulty as a rock cated where distinctly different lithologies such as silt-
(Bacciarelli, 1993), and the highly or completely weathered stones and sandstones are interbedded with the mudstones.
material (Zones 4a and 4b) which can be treated as a soil. Thus, for Mercia Mudstone, an optimum point at which to
The practical limitations of this scheme became evident change technique will not exist.
from the practice of many contractors to amalgamate the In practice, the more appropriate technique will also be
more weathered Zones 4a and 4b, where the distinction islependent on several factors in addition to the weathering
quite subtle, and divide Zone 3 according to the predomi- grade itself. Amongst these are the purpose of the investi-
nance of the lithorelics or the matrix. The problem is that gation, the requirement for ‘undisturbed’ samples, their
this boundary is difficult to make in practice, being poten- quality for deriving design parameters, the relative cost and
tially dependant on the drilling and sampling technique, availability of the two drilling and sampling techniques,
and the observer's expertise and experience. The approacind the required depth in relation to the weathering profile.
was formalised by Bacciarelli (1993), who both subdivided The safest approach is to overlap the two techniques.
Zone 3 and retained Chandler’s subdivision of Zone 4. TheSoft ground boring and sampling is utilised in the first
evolution of the description of the weathering of Mercia borehole to its economic limit, where the rate of advance is
Mudstone is described in more detail in section 4.2. slow and the samples are of doubtful value. Rotary coring
is then employed in an adjacent borehole, the coring to
commence at the shallowest depth that will achieve a
5.2 DRILLING worthwhile core recovery. Ideally, this would provide an
overlap of several metres. The overlap between the two
Soft ground boring and sampling techniques, with light adjacent boreholes enables the borehole logs from the two
cable percussion rigs and driven samplers, are as approprieontrasting techniques to be reconciled. In the great
ate to Zone 4 Mercia Mudstone as they are to most othemajority of logs that have been seen, a stratum boundary is
clay soils. The fresh or slightly weathered Mercia recorded at the depth at which the method was changed in
Mudstone of Zones 1 and 2 require the ‘gentle’ rotary flush a single borehole. The probability of these being ‘true’
coring techniques used for other weak mudstone rocks. Théboundaries is remote. Unfortunately, even when this
‘best practice’ use of rotary coring in soft rocks and soils overlap was achieved by two boreholes, the results were
was discussed by Binns (1998) who stressed that the skilmost often portrayed on separate and incompatible logs,
of the driller was of paramount importance and the need forcompiled at different times by different staff. A single
drillers to be accredited by the British Drilling Association. seamless log should be made by one individual, albeit with
An air mist flush is most commonly used with rotary an interval in which the sampling/coring is duplicated.

27



5.3 SAMPLING samples may be limited by natural discontinuities such as
bedding jointing and listric fractures.
The shallowest taper angle and sharpest edge practicable In this study, block samples of hard, fractured material
should be used and maintained on the cutting shoe forwere taken by pushing a 300 mm by 300 mm open ended
taking driven samples. However, thin wall sampling tubes, steel cutter frame 150 mm deep with its lower end
driven by continuous pushing rather than hammering, aresharpened to form a cutting edge down over a slightly
unlikely to penetrate material in which there is a significant oversized pre-prepared square pillar of material. The pit
content of lithofragments. was dug and the pillar prepared carefully by hand to avoid
Samples taken by rotary coring methods may be takensample disturbance. As the box was pushed down the pillar
using semi-rigid plastic core liners or more sophisticated was trimmed to size and the final cut was made by the
triple tube core barrels both of which afford protection to the cutter frame. The box was separated at its base from the
core once it is cut by the drill bit. The removal of the core base of the soil pillar and surplus material was trimmed
from the barrel should be done in the horizontal position andfrom the open ends of the cutter frame which were then
its subsequent handling, transport and storage must also bgealed with cling film, aluminium foil and adhesive plastic
treated with care in order to maintain the integrity and quality tape. The samples so taken were transported to the labora-
of the sample. Particular care is necessary to stop the coréory taking care to avoid mechanical damage and drying.
drying out and, for high quality testing, the logging and The samples were suitable for unconfined three dimen-
selection of samples for testing should be done soon aftessional swell, swelling pressure, one dimensional swell,
coring in order to minimise the effects of the flushing index tests, scanning electron microscope examination and
medium and stress relief (Binns, 1998). mineralogical analysis to be carried out after specimen
Sampling from trial pits offers the possibility of high preparation in the laboratory.
quality, undisturbed, block samples or tube samples in the Cylindrical samples were taken in a similar manner by
weaker material. Block samples may be taken by handlowering a plastic sample tube 100 mm in diameter over a
excavation and, if testing is not to be done immediately, pre-prepared oversized cylindrical pillar with the aid of a
preserved by wrapping in cling film, foil and waxing. tripod frame which guided the tube accurately as it was
Transport to the laboratory should be in boxes with the lowered (Culshaw et al. 1991; Northmore and Culshaw,
samples suitably padded and protected from mechanicall992). The cylindrical samples were used for oedometer
damage. In the harder material the ability to obtain block testing at the sampling diameter of 200 mm.
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6 Database design and method of analysis

6.1 DATA SOURCES AND COVERAGE have rarely penetrated the thicker drift that obscures the
Carlisle area (Area 11) and the complex of basins in west
Data for the Mercia Mudstone Group have been compiledLancashire (Area 12). In the West Country, Areas 4 and 5
for ten areas (Figure 6.1), reflecting the depositional basinscomprise data for the Severn Estuary and east Devon,
and present outcrop, the extent of current and potentialrespectively. To the east of the Pennines, modest amounts
development, and the availability of data sources. of data have been obtained for Humberside and Teesside
Particular emphasis has been given to those areas in whicfAreas 9 and 10, respectively).
formations within the Mercia Mudstone Group have been The majority of the data have been taken from investiga-
mapped, namely the northern part of the East Midlandstions for the motorway and trunk road network, as these
(Nottinghamshire and south Derbyshire)(Area 8), the provide an abundance of good quality data, often across a
Worcester Basin (Area 3), and the Cheshire Basin (Area 1)major part of the outcrop. All the selected reports are for
where the older Keuper Marl divisions were mapped from investigations since 1985, and include weathering grades
deep borehole data. Areas 2 (the Stafford Basin), 6for the Mercia Mudstone Group. Those with data available
(Warwickshire), and 7 (Leicester) cover other parts of in digital format were chosen wherever possible. These
central England where mapping has not as yet divided thecriteria were relaxed for the Teesside area, due to a paucity
Mercia Mudstone Group. Further north, site investigations of available data, and the results for this area should be
treated with greater caution.

6.2 DATABASE STRUCTURE

The structure of the relational database for this study was
amended and expanded early in the work, to facilitate the
entry of digital data in the Association of Geotechnical
Specialists’ format (Association of Geotechnical Specialists,
1992) and make fuller use of this data medium. This
amended structure is shown in Figure 6.2. The database
tables are generally equivalent to AGS ‘groups’ and,
wherever practicable, the same fields are used. The more
significant differences are as follows:

GEOL table:separate fields are included for chronostratig-
raphy, lithostratigraphy at the group and formation level,
weathering zone and summary lithology.

GRAD table:each record comprises a summary patrticle size
analysis, with fields for the ten particle sizes, from 0.002
mm to 60 mm, that define the boundaries between the fine,
medium and coarse divisions of silt, sand and gravel. Values
that were not available from digital source data were interpo-
lated manually from the particle size graph.

CONS table:consolidation data from oedometer testing is
recorded with fields for the final voids ratio,mand ¢
values for each loading stage, together with the initial voids
ratio. To ease the data analysis, only those tests in which
the pressure increments were doubled (or approximately
so0) for each successive stage were used.

6.3 DATA ENTRY
Figure 6.1 Outcrop of the Mercia Mudstone Group

showing areas used for the statistical analysis of the Where reports were available only in hard-copy form, data
geotechnical database. The numbered areas refer to: were abstracted and keyed in directly by one person. The
1. Cheshire Basin, 2. Staffordshire Basin, 3. Worcester Basin data selection was generally restricted to that for the
4. Severn Estuary, 5. East Devon, 6. South Midlands, Mercia Mudstone, and in most cases excluded trial pits and
7. Leicestershire, 8. East Midlands (Nottingham and south shallower holes with little data.

Derbyshire), 9. North Humberside, 10. Teeside, 11. Carlisle Basin,  Digital data, whether in AGS or other earlier formats, were
12. West Lancashire. [Boxes refer to the lithostratigraphical first examined and processed in spreadsheet software. This
summary in Table 2.1and Figure 2.4]. enables the content and range of each field to be examined,
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In situ
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Figure 6.2 Table structure for the geotechnical database.

arithmetic to be checked within and between data records, Fracture indices were initially entered into the
standard codes to be applied to appropriate data fields andatabase. However, it soon became apparent that there
additional geological and key fields added (a significant was a wide disparity in the manner in which these indices
amount of error was found in all digital source data). The had been determined. Some were recorded as fractures
data were only then transferred to the database, whichper metre, and others, in the opposite sense, as the
enforces a strict referential integrity between the data tables. average length between fractures. Whilst the text of the
The total data set for the Mercia Mudstone comprised original definition (Franklin et al., 1971) could have been

values for approximately 6500 samples and 3600 SPT teststated with more precision, the accompanying figure
from over 1400 boreholes and test pits, abstracted from theshowed the index was to be used in the latter sense, and
reports for 32 investigations. expressed in millimetre units. Where the indices have

been recorded as fractures per metre, they can readily be

converted to the correct form. However, the basis for
6.4 DATA QUALITY determining the indices does need to be consistent. The

index, as defined, should be given for a core interval in
The data sources comprised recent contracts carried out bywhich the frequency of natural fractures is generally
four of the leading ground investigation contractors for the constant, and should not in any way be related to individ-
Highways Agency or its predecessors with the exception ofual core runs. The limits of these intervals would
the Teesside area in which the identification, description normally be coincident with the changes in stratum, and
and logging of the Mercia Mudstone appeared to be of awhere there is a clear change of fracture frequency within
high standard. Source data in digital format were useda stratum. This issue was most evident in the data from
wherever possible and subjected to extensive checkingone major investigation, in which the core logging had
before entry, otherwise data were abstracted and enteretheen undertaken by two people. It appeared that one had
directly from hard-copy by one person. The extreme valuesrecorded fracture indices much in accordance with the
in each data field were examined, and those that appearedefinition. However, the other recorded values for each
to be gross errors were deleted. Nevertheless, it has to benetre interval within each core run (and without regard to
recognised that much of the data, as in other geosciencetratum boundaries). The level of the values, furthermore,
fields, was potentially 'dirty' in the statistical sense. The suggested that there had been a distinct difference in the
values in the database are often the final result from a sucidentification of fractures, as ‘natural’ or ‘drilling-
cession of field, laboratory and transcription procedures,induced’. Fracture logging of the Mercia Mudstone is
during which one must expect errors to occur, however clearly difficult to achieve with the consistency and
small or infrequent. Some data, such as stratigraphy andbijectivity needed to justify statistical analysis, and entry
weathering zone, are interpretative and hence subjective. of this parameter was discontinued.
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6.5 DATA ANALYSIS Table 6.2 Weathering zones codes used in

database analysis.
The data should be regarded as potentially ‘dirty’ when it is

considered from a statistical viewpoint, as mentioned | 75 Description

earlier. Furthermore, in analysing the frequency of -

geotechnical data values, one should not assume there to b 1 Unweathered (no matrix)[rock]

a normal (Gaussian) or other mathematically simple |2 Slightly weathered (matrix in joints)
frequency distribution. In these circumstances the conven- [rock]

tional summary statistics, such as the mean and standar( 3 Moderately weathered (undifferentiated)
deviation, can be very misleading and fail to portray the [soil]

real distribution of the values. This is particularly likely if |34 Moderately weathered (matrix /

there is more than one factor controlling the magnitude of frequent lithorelicts) [soil]

the value, which is frequently the case. Such descriptive 3b Moderately weathered (matrix / some

statistical measures (and particularly the more rarely

guoted skewness and kurtosis) are especially sensitive tq lithorelicts) [soil]

atypical and possibly erroneous values. 4 Highly weathered (undifferentiated)
The summary and analysis of the data has been achieve [soil]

using a ‘robust’ method, based on percentiles, rather than 4a Highly weathered (occasional clay

‘classical’ or population statistics. A percentile is the value stones) [soil]

below wh.ich a given percentage of the data falls. For | 4p Fully weathered (matrix only) [soil]

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 | GRw Glacially reworked

be greater. The median, i.e. the 50th percentile, is the mos
commonly quoted, as the central measure of a distribution.
The 25th and 75th percentiles are also widely reported, agepresentative of that area as a whole. The area codes
the lower quartile and the upper quartile respectively. A represent the following general locations:
commonly used measure of the spread of a distribution is The weathering zones selected reflect the descriptions
the interquartile range (IQR), which is the difference given in the original source material. Combinations of
between the upper and lower quatrtiles. weathering zones (for example, ‘3/4a’) in the database
However, such measures of the data are unable to distinusually indicate either uncertainty in the original classifica-
guish between the natural spread of values and the impaction or a borderline zone, but may also indicate interbedded
of uncertainties arising from errors due to measurement,strata of contrasting weathering zone. It should be noted
detection or sampling. They are also unable to describe thehat weathering does not necessarily decrease, or appear to
spatial distribution of variability, for which the specialist decrease, with depth. Samples in the database that were
technigue of geostatistics is required. reported as crossing stratigraphical or weathering zone
boundaries were excluded from the data interpretation.
Data sets with less than five members have not been
6.6 DATA SUBDIVISION AND PRESENTATION included in the statistical presentations.
Where stratigraphical subdivisions of the Mercia
Data in the statistical tables and plots are subdivided Mudstone Group are mapped and recorded these are given in
according to a location (Figure 6.1, Areas 1 to 10), weath-the database. Only Areas 1 (Cheshire), 3 (Worcestershire)
ering zone (Zones 1 to 4b), and lithostratigraphy (where and 8 (Nottinghamshire and south Derbyshire) have such
available). In the case of some areas and zones few dataubdivisions. In Area 1 the subdivisions have been revised
were available, and may not be shown. The areas do notecently as described in Chapter 4 and the bulk of the
have any significance outside the database, and are not regeotechnical data that indicate a subdivision use the former,
resented by uniformly distributed data. Weathering zonesobsolete, nomenclature. This has been kept in the analysis
are not shown in Roman numerals but as arabic numbersince it was not possible to assign modern subdivisions in ret-
for the sake of clarity. The samples from any general rospect without detailed examination of the lithology of the
location identified should not necessarily be considered asboreholes. The subdivisions in these areas are shown in Table
6.3.
A basic statistical analysis of the data is given in the
form of tables. A variety of plots are used to display the
data. These include ‘box’, ‘scatter’, ‘line’, and ‘bubble’

Table 6.1 Area codes 1-10 used for database analysis.

Area Location plots. These attempt to show distribution and correlations
1 Cheshire of various key geotechnical parameters (Chapter 7). The
2 Staffordshire structure of the box plots (Appendix), depicting the median
. quartiles and other percentiles, is described in Section 6.7.
3 Worcestershire The bubble plot is a form of scatter plot where the size of
4 Severn Estuary the point is proportional to the number of data having
5 East Devonshire common values. For example, if there are five samples
6 Warwickshire with identical liquid and plasticity indices the graph point
. . will be proportionately larger than one representing a
7 Leicestershire single sample. This gives a clearer indication of data con-
8 Nottinghamshire and south Derbyshire  centration than a simple scatter plot in which coincident
9 Humberside points are simply overwritten.
10 Teesside Selected geotechnical parameters are plotteq again_st erth
or against one another, in order to determine variations
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Table 6.3 Stratigraphical subdivisions for Areas 1, 3and 8. It is possible to grasp the major characteristics of a dis-
tribution at a glance by using box plots. The centre of the
distribution is shown by the median crossbar within the

AREA 1 II\_/IKKI\I\/LI kﬁ?(\j,\é% ﬁiﬂ%irr I\'\//Ilz;rrll box. An indication of spread, the inte_rquarti!e range is
LKSB Lower Keuper Saliferous Beds shown by the length of the box. The whiskers illustrate the

tail lengths of the distribution. The relative position of the

UKSB Upper Keuper Saliferous Beds median crossbar within the box and the relative lengths of

AREA3 TwM Twyning Mudstone Formation the whiskers indicate the skewness of the distribution.
Eld Eldersfield Mudstone Formatior To a first approximation the confidence with which the
AREA8 Chp Cropwell Bishop Formation parameters of an actual distribution can be used to infer
Edw Edwalton Eormation those of the total population increases as the square root of

the number of data values. Thus if the width of the boxes is

Gun Gunthorpe Formation . X X
drawn in proportion to the square root of the size of each
Hly Hollygate Sandstone X L
: ; data set, the relative significance of each can be compared.
Rdc Radcliffe Formation The b lot has t Gcular limitati
Snt Sneinton Eormation e box plot has two particular limitations as a summary

of a geotechnical property distribution. There is a simple
convention to determine whether a value will fall within a

tail whisker or be classed as an outlier. The lower and

tcaysed by_ dep’gh, agdh"the“ reltatgd factords, ahnd” to Clhar"’l“i]pper cut-off_s are 1.5 x IQR below the Iowe_r and above the
Erse engineering benaviour at deep and shallow [EVels pper quartiles respectively. However, this approach is

(Figures 7.2 to 7.18). Weathering may be related in a genera ather too simplistic where the distribution is appreciably

selnie tohplep':ch dbelow ground Iterz]ve_l, b'“'t.g]".s IS not a Sémptlﬁnon—Gaussian. In these cases reasonable tail values will be
relationship of decreasing weathering with Incréasing deptn q|,5seq 45 outliers and vice versa. It would be preferable to

in the case of the Mercia Mudstone. Moisture content, jotarmine the two cut-offs separately, with regard to the
density, permea_blllty, and strength may also relate to deF)th‘distribution in each tail area. This would also help in deter-
A large proportion Of. the database was assembled frqm ining a realistic spread or ‘range’ within which the great
highway site investigations. Many of these have been carrie ulk of the data distribution falls

out on embankments or in cuttings, for example where “ 0" socond fimitation is again concerned with the tail

existing roads are to be widened. This means that ground, o .¢ By far the greatest distinction between the many dis-
levels reported in the site investigation are not necessar'lytributions encountered is to be found in the tail areas. The

original natural ground levelsPlots of parameters with ntral part of a distribution is usuallv very well defin
depth should therefore be treated with some caution as the)fuest taepmegian and bqua(t)rtikaSS Theycoﬁ%ntiona? boexd Ié)')ét

contain random errors, and only give a general trend. Depth ;e minimal information beyond the quartile box.
relationships shown here should not be used in design calcu-

lations.

6.8 EXTENDED BOX PLOTS
6.7 BOXPLOTS A refinement of the box plot was devised by Hallam (1990)
to provide a more comprehensive representation of the
frequency distribution of geotechnical data sets’ distribu-
tions particularly in the tail areas. This is referred to as the
‘extended box plot' (Figure 6.4) and is used here to
summarise statistical data for most of the geotechnical

The box plot (Figure 6.3) 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 (25 and 75 percent'parameters of the Mercia Mudstone.

iles) with an internal division at the median value. Lines or ™ 1o plots are constructed from the 0.5th, 2.5th, 10th

‘whiskers’ are conventionally drawn from these ends to the 5o =04 75th. 90th. 97 5th and 99.5th p;ercént.iles'of the

I(())V"t?St and glghe_sg gakt)alvalues that zﬁre not 0“?'?;% data sets. The selected percentiles have been chosen as a
uthers, as described below, are usually represente ycompromise between practical geotechnics and statistical

individual crosses beyond the whisker ends. Simple rigour. For the former, the simple percentages should be
summaries of the frequency distributions of several batches.readily recognisable and useful. From the point of view of

of data may be compared by drawing parallel box plots to the latter, the selection is such that the percentages plot at

common data scale. approximately equal intervals for normally distributed data.

The 25th, 50th and 75th percentiles are used to construct
a central box with a median division, as for the standard
box plot. The remaining percentiles are used to define a
series of subsidiary boxes to either side of the central box.
In order to distinguish between, and readily recognise, the
successive boxes, they are shaded alternately from the
centre in complimentary pairs. Thus the outer limits of the
| | shaded boxes will fall at the 0.5th, 10th, 90th and 99.5th
! ! percentiles.

An indication of the skewness, and even the kurtosis, of
the data distributions may be obtained by comparing the
relative width of the boxes, as they will be of almost equal
width for a normal distribution where the data scale is
drawn arithmetically. Logarithmic scaling is used for those
parameters that generally have distributions that are ap-
proximately log-normal. Various measures of the spread or

Figure 6.3 Standard box and whisker plot.
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Maximum

- 99.5th percentile

-- 97.5th percentile

90th percentile

75th percentile (upper quartile)

50th percentile (median)

25th percentile

10th percentile
2.5th percentile

0.5th percentile

Minimum

25-99 100-499 >500

Number of samples

Figure 6.4 Structure of extended box plots for ‘normal’
distribution of data values.

variability of the data can be determined from symmetrical
pairs of the percentiles. For example 95% of the data will
fall between 2.5th and 97.5th percentiles.

Typically, most actual data sets will be of insufficient
size to calculate the outer percentiles and will have only
perhaps one or two data values ‘contained’ within the

root of the number of data values that fall within it.
Limitations of the graphics software did not permit this to
be achieved, but a series of box widths are used which
approximate to the required effect for sets of an average
size within each of the above categories. The statistical sig-
nificance that can be given to each data summary is
therefore reflected in both the width of the plot and the
number of boxes that it contains. The lines drawn beyond
the outer boxes extend to the minimum and maximum
values in the data set. As the outer boxes of any plot are
necessarily based on a minimal number of data values, the
guantitative information that they portray should be treated
with great caution. The tail lines beyond these boxes will
have virtually no statistical significance.

Extended box plots offer the following advantages:

a) Compact graphical displays are used to compare the
distributions of several data sets.

b) The distribution centre and several measures of its
spread are shown.

¢) The width of each display and the number of subsidiary

boxes indicate the significance that should be given to

each data set.

Being based on percentiles, the box plot is resistant to

any major disturbance by gross outliers and is not

d)

outermost boxes. Therefore, to ensure that the plot is rea-
sonably meaningful, it is necessary to relate the number ofe)
subsidiary boxes to the size of the data set. In order that the

dependent on any underlying frequency distribution. It
emphasises the structure of the bulk of the data.

The outermost boxes indicate the rough limits to which
any statements concerning the distribution tails are

outermost box, at each end, should contain a minimum of
three values and that at least two further values should fall
beyond this box, the following relationship is used:

Number of samples Parameter values shown

=5 50th percentile (Median)

=10 25th and 75th percentiles
(lower & upper quartiles)

=25 10th and 90th percentiles

= 100 2.5th and 97.5th percentiles

= 500 0.5th and 99.5th percentiles

The number of available data values is statistically very
important. To a first approximation, the statistical signifi-

justified by the data as being at all meaningful (the
outermost limit shown should always be treated with

considerable caution). Thus it may be of practical use to
say that 90% of the actual data have values above ‘X',
or 95% fall between 'y’ and ‘z’, whereas the conven-

tional range (between the most extreme values) is
essentially meaningless.

This graphical form of statistical presentation was devised
to provide the reader with a rapid summary of the ‘centre’
and spread of each data. The summaries of the geotechnical
data are useful guides to the engineering properties of the
Mercia Mudstone provided that the limitations in the
quantity and quality of the source data are realised and
undue reliance is avoided.

It is stressed that the summary geotechnical values

cance of the data summary is proportional to the squareshould be used as a general guide only and not as a sub-

root of this number. The width of each box within the plots
should therefore be drawn in direct proportion to the square
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7 Geotechnical database — results of analysis

7.1 GENERAL Mudstone are affected by cementation, aggregation, weath-
ering and other lithological changes with depth.

The geotechnical properties of Mercia Mudstone, as collectedConsiderable variations on a scale of metres and millime-
for the database, are described in this section. Geotechnicales are seen. These changes also affect strength. Bulk
data are derived in the main from routine laboratory testingdensity , or BD), or wet unit weight, for undisturbed
using either British Standards (British Standards Institution, samples is recorded in units of MdginValues of bulk
1990), American Standards (ASTM) or recommended inter- density range from 1.47 to 2.47 MgInThe trend of bulk
national procedures (e.g. International Society for Rock density with increased weathering is negative in the case of
Mechanics, 1988). In addition, a small number of tests haveAreas 4 and 5 (that is, bulk density reduces with increased
been carried out in the British Geological Survey laboratoriesweathering) but indeterminate in other areas. The median
and are referred to in the text. value of bulk density for Area 4 (2.27 Mg/m3) is notably

In general, research data are not included unless statetligher than for other areas. Individually, each of Area 4's
otherwise. Geotechnical tests on soils and rocks may beweathering zones is high except for 4a. Overall median
broadly subdivided into ‘index’ and ‘mechanical’ property values for the areas lie between 1.96 and 2.27 Migrime
tests. The term ‘index’ implies a simple, rapid test, the highest values were obtained for Area 4, Weathering Zone
equipment and procedure for which are recognised interna-1/2, at 2.47 Mg/ The lowest value was obtained for
tionally (e.g. point load index) and which can be repeated inArea 2, Weathering Zone 4a at 1.47 M&/m
any laboratory; or a test which measures a fundamental The dry density, or dry unit weighty is the density of
physical property of the material (e.g. density). A mechanical the oven-dried soil, i.e. with no ‘free’ water contained in
property test may be more complex, time consuming, andthe voids. Dry densities in the database comprise 536
measure a particular behaviour of the material under certainvalues representing Areas 1, 2, 3, 8, and 10, and for which
imposed conditions (e.g. a triaxial strength test). If these con-the overall median dry density is 1.68 M@/nAreas 1, 2,
ditions are changed the result of the test will be different. and 3 have medians close to the overall median. In Area 8
Equipment and methods for these tests tend to vary internathe Edwalton Formation has a distinctly low median dry
tionally, and note should be taken of the test methodology,density and the Sneinton Formation a distinctly high
particularly where no standard exists. Mechanical property median dry density.
tests tend to require carefully prepared specimens. Index tests There are 3429 natural moisture contents in the database.
tend to be used to characterise a formation and to plan furtheThe overall natural moisture content medians for Areas 1
testing, whereas mechanical property tests may be used foro 11 are within the range 18 to 20% with the exceptions of
design calculations. For mechanical properties where little orArea 5 (23%), Area 9 (26%), and Area 10 (12%). The
no data are available (e.g. swelling, shrinkage, durability), Edwalton Formation (Area 8) has a high median value of
index tests are often used as a guide if correlations have beep5%. This compares with 17% common to other forma-
established elsewhere. In some cases, however, such correltions in Area 8. The full range of values is very large, as
tions may not be appropriate. might be expected. However, some very high values (w >

Geotechnical tests may also be subdivided into ‘soil’ and wy ) are possibly erroneous. These may have been obtained
‘rock’ tests. This distinction is solely a function of the from poorly executed or flooded cable percussion
equipment used and the method of specimen preparationboreholes or from highly reworked material. These result
Larger stresses are generally required when determiningn unfeasibly high values for liquidity index (section 7.4).
mechanical properties of rock, compared with soil. The Particle density is poorly represented in the database.
Mercia Mudstone is a material that spans the interfaceArea 2 gives an overall particle density median of 2.69
between ‘soil’ and ‘rock’ by geotechnical definition, and as Mg/m3. The Cropwell Formation (Area 8) gives a median
such may have both ‘soil’ and ‘rock’ type tests applied to value of 2.74 Mg/A Maximum and minimum values are
it, depending on its condition and weathering state. 2.86 and 2.42 Mg/ respectively. The particle density of
Mechanical property tests on rock usually require gypsum is 2.32 Mg/fh
machined specimens. If the material is incapable of being Under SEM examination Zone 4 Mercia Mudstone
machined the test cannot be carried digst data in the  samples from Gringley-on-the-Hill (Area 8) were found to
database may be biased towards strong material in thehave more porous, less compact textures than Zone 2
case of the ‘rock’ tests and weak material in the case of thematerial from Cropwell Bishop (Area 8). Deformation
‘soil’ tests, purely as the result of the need to match the teststructures are observed in the vicinity of gypsum bodies
method to the sampldest data in the database consist (Pearce et al., 1996). Meigh (1976) notes that total
mainly of clay and mudstone lithologies, rather than carbonate content may have an important effect on density,
sandstone and evaporite. An assessment of the generand hence on mechanical properties.
geotechnical properties of Permo-Triassic anhydrite and
gypsum is found in Bell (1994).

7.3 PARTICLE SIZE

7.2 DENSITY AND MOISTURE CONTENT Particle size data for soils are usually obtained by
combining the results of sieving and sedimentation

The database contains few values for bulk density (452).analyses (British Standards Institution, Part 2, 1990; Head,

The density and natural moisture content of the Mercia 1992). Thecoarsefraction (>0.060 mm) is determined by
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dry or wet sieving and thine fraction (< 0.060 mm) by  perhaps a more serious failing than incomplete disaggrega-
sedimentation using the hydrometer or pipette methodstion resulting in an error of a few percent in the grading.
(automated indirect methods may also be used such as th&his may indicate that these data are the result of either
X-ray Sedigraph™). The results are usually shown asincorrect test procedures or inaccurate sample description.
grading curves which have ‘percentage passing’ (0 toHowever, it is possible that a mudrock contains clasts or
100%) on the Yaxis and particle size as a log scale (0.002ithorelicts of perhaps stronger mudrock which are either
to 60mm) on the X axis, where particle size categories arenot broken down or are incapable of being broken down,
as shown in Table 7.1. during particle size analysis, in which case the sample
description of ‘mudrock’ or ‘clay’ is misleading and should
be qualified. Mudrock may be defined, in terms of particle
Table 7.1 Particle size categories. size, as having a fine fraction (combined clay and silt)
content (< 0.060 mm) of greater than 35%. This is the
value, above which the fine particles are believed to

Par(trllgzlﬁ)sme Designation dominate the mechanical behaviour of the material
(Grainger, 1984). Sedimentological classifications tend to
20-60 coarse use 50% as a cut-off value (Stow, 1981). If the former defi-
. 6.0-20 medium  gravel nition is applied to the database, it is clear that about 15%
Coarse fraction ~ 2.0-6.0 fine of the data are not mudrocks. If the latter definition is
0.6—2.0 coarse applied this becomes 25%. However, the classification
02-06 medium|  sand scheme for Mercia Mudstone (Bacciarelli, 1993) is based
0.06-0.2 fine partly on a ‘matrix’ vs. ‘lithorelicts’ assessment and

describes proportions and sizes of lithorelicts for
. . 0.02 —0.06 coarse _ Weathering Zones 3a, 3b and 4a.
Fine fraction | 0.006 - 0.02 medium  silt Clay-size content in the database ranges from 1 to 70%.

(fines) 0.002-0.006 | fine Sherwood & Hollis (1966) described clay contents derived
<0.002 clay from particle size analyses as being less than those derived
from X-ray analysis. Davis (1967) quoted so-called ‘true’
values for % clay-size content of 60 to 100% from X-ray
diffraction analysis (XRD), compared with ‘measured’

A total of 208 particle size grading curves are contained values of 10 to 40% obtained from particle size analysis.
in the database. Most of these are from Areas 1 and 2. The grading curves show a marked change of gradient at
There are no data for Areas 3, 9 and 10. Particle size datghe silt / sand size boundary (0.06 mm). This may indicate
are shown as percentile plots in Figure 7.1. It is clear froma form of gap-grading due to the predominance of silt and
the grading curves’ distribution that a very wide range of gravel compared with fine sand, or it may be due to poor
gradings is represented. The range is from a silty clay to amatching of the sieving and sedimentation parts of the
silty, sandy gravel. The median grading line for all data analysis, or to incorrect adjustment of the grading curve
(Figure 7.1), whilst not representing an actual grading owing to the need to sieve subsamples in the case of coarse
curve, gives the equivalent of a reasonably well-gradedgrained soils (Head, 1992). However, the discrepancy
clayey, sandy silt with fine gravel. Bearing in mind that appears to apply across the grading range. A good illustra-
these soils are all described in the database as clays dion of this is shown for Area 1, Lower Keuper Marl
mudstones, there is clearly a problem with the concept of(Figure 7.2). Here, a clear change of slope is seen at 0.06
particle size as applied to the Mercia Mudstone. This is mm irrespective of the Y-axis value.

It would seem likely that with
increased weathering the particle
size grading should become finer
100 overall, as the clasts, lithorelicts,
and bonds are progressively broken
down. Whilst this does appear to be
80 the case, there is not a good corre-
lation. A trend is seen, for example,

0 for Area 2 Weathering Zones 2, 3
and 4a, where the particle size
60 grading becomes finer with increas-
50 ing weathering (Figure 7.3). For
other areas the trend is similar, less
40 clear, or non-existent. The correla-

o~ . tion between particle size grading
30 i percer}tlle, . .

90th percentile and stratigraphy is somewhat
! 75th percentile | better. The data for Area 1 (Figures

90

Cumulative percentage passing

2 ; h
Median 7.2) allow comparison to be made

?32’;2?2221:'.2 H between local stratigraphic units:
25th percentile Lower Keuper Marl (LKM), Lower
0002 0006 002 006 0.2 06 2 6 2% 60 Keuper Saliferous Beds (LKSB),
Particle sizs(mm) and Middle Keuper Marl (MKM);

the LKM showing the coarsest, the

MKM the finest, and the LKSB an

Figure 7.1 Particle size grading envelopes (all data). intermediate grading. The compari-

10
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(Skempton, 1953). This is discussed
100 - in section 7.4. _
The problem appears to stem in
90 - part from the inadequacy of the
80 | British Standard (British Standards
Institution, 1990) mixing method and
eo 701 its duration with respect to the Mercia
2 60l Mudstone. This was touched on by
s Birch (1966). Experiments carried out
& 501 at the BGS have shown that extended
& 404 periods (2 to 24 hours) of disaggrega-
K tion using the normal chemicals, as
30 1 specified in BS1377, in shaking
20 | flasks has resulted in the ‘correct’
gradings. Consistent ‘particle size
10 1 analysis’ grading plots with clay-sizes
0 eI PO RN I (%<0.002 mm) of between 22 and
! o | {1996) Tor Area 8. The Skempion
[ocum—ukss k] Particle size (mm) Activity plot is shown in Figure 7.4.
This demonstrates a wide scatter of

activity values from ‘inactive’ to
‘very active’, both overall and when
subdivided by area or formation.

It may be argued that the conven-
tional particle size analysis is
nsuited to the Mercia Mudstone, at least in Weathering
ones 1, 2, and 3a. Rocks are not usually subjected to what

Figure 7.2 Particle size grading curves (Area 1, subdivided by formation).

son of particle size gradings from one area to another is
hampered by a shortage of data in many areas. Th

general rule seems to be that the greater the number o

data, the greater its scatter. For example, the scatters fol €SSentially a soils test. Instead they are examined petro-
Areas 1 and 2 data are as large as for all data combineograph'ca"y or in terms of a prescribed fabric classification
However, Area 1 does tend to be finer overall than Area depending on lithological type. This is a further_lllust_ratlon
2. This is also reflected in the higher plasticity results for ©f the problems caused by a material that is mid-way
Area 1 (section 7.4). Other areas tend to be intermediate?®Ween a soil and a rock, at least in engineering geological
between Areas 1 and 2 in terms of grading terms. It may be that an index test such as the slake durabil-
It has been clearly demonstrated in the database, and iffY_ €St is more suited to the Mercia Mudstone. Whilst this
the literature (Chandler et al., 1968), that a large proportionteSt is not a particle size test it gives an |nd|_cat|on of I_|ab|I|ty
of particle size data are misleading; dispersion (or disag-to breakdown under conditions of mechanical abrasion and

gregation) during sample preparation may have been inadeSWelling, and may be indicative of the breakdown taking
quate and the fine fractions reported are lower than theyP/ace during disaggregation or the wet sieving process. The

should be. Davies (1967) defined the aggregation ratio, A slake durability test is not commonly carried out on vyeak
as follows: ( ) ggreg ¢ mudrocks and clays, and no data for the test exists in the
' database. However, tests were successfully carried out on

% clay mineral Oxford and Weald clays (Franklin and Chandra, 1972). The

% clay size fraction

The % clay mineral content is deter- 100,
mined from mineralogical analysis, 90 |
whereas the % clay fraction
(particles < 0.002 mm) derives from 80 |
particle size analysis. Both percent-

ages are expressed as weight pro- %o 7
portions of the whole sample. |& 60
Sherwood and Hollis (1966), gp 50 |
Dumbleton and West (1966a, b), |5

Davis (1967), and Chandler et al. | § 40|
(1968) gave values for A of R

between 1.39 and 9.35. The implica-
tion of these figures is that either the 20 |
clay minerals exist as patrticles

larger than 0.002 mm, or that the 101

particle size fraction is incorrect. 0 : ; : : |
Chandler et al. (1968) gave a 0.001 0.0l 0.1 [ 10 100
positive correlation between aggre- [--- wa2 — was WGda]  Particle size (mm)

gation ratio and activity. Clay size
fraction was also introduced in

Skempton's definition of Activity  Figure 7.3 Particle size grading curves (Area 2, subdivided by weathering zone, WG).
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cies in particle size data using different methods
may in part be due to silt-sized clay minerals.
175 125 075 Scanning eleptron microscopy of _samples from
45 : : : Zone 4 Mercia Mudstone from Gringley-on-the-
Hill and Zone 2 from Cropwell Bishop (Area 8)
40 = suggested that the proportion of clay minerals
present at silt-size is low (Pearce et al., 1996).

35 | The apparent problems inherent in disaggrega-
tion and determining particle size gradings render
30 the accuracy of particle size analyses in the
(] A LI i database open to doubt and hence also the activity
= data.

50

Plasticity index (%)

7.4 PLASTICITY

A Plasticity is a property of clay soils which is
largely dependent on clay mineralogy and particle
size. If a clay contains enough water to form a
slurry it behaves as a viscous fluid (liquid state). If
the clay begins to dry out it reaches a point where
it is capable of withstanding a shear stress (plastic

0 state). On further water loss the clay becomes
0 10 20 30 40 50 60 70 80 stronger and brittle (semi-solid state). Plasticity is
% clay size fraction usually expressed in terms of the Atterberg (or
Area/Formaton M 1LKM M 1MKM ©O4 A6 X8Edw X 8Snt consistency) limits: liquid limit (w or LL) and
B 1LKSB A2 5 +7 X8Gun plastic limit (w, or PL). The plasticity index (Ip or
PI) is defined as follows:
|p = W|_ - Wp

Figure 7.4 Activity plot, %<0.002 mm vs. plasticity indey |

(subdivided by formation). This is the range of moisture contents over

which the clay soil's behaviour is plastic. Liquid

and plastic limits are universally recognised
empirical values on the moisture content scale, as is
shrinkage limit (section 7.11). In addition, the liquidity
index, | or LI, is defined as follows:

slake durability test was recommended by Grainger (1984)
for the classification of mudrocks into ‘durable’ and ‘non-
durable’. Birch (1966) suggested a simple moisture adsorp-
tion test to characterise mineralogy and surface area.

The British Standard for particle size analysis (British
Standards Institution, 1990) Part 2, Test 9 notes that standar¢} =
dispersion techniques may not be successful with ‘certain lp
highly aggregated soils’ and that other methods of dispersion )
may be required. If we consider Mercia Mudstone Where: w = natural moisture content
(Weathering Zones 1 and 2) as essentially a mudrock this note Ip = plasticity index
presumably applies. It may be that the
duration of dispersion during sample
preparation is more important than the
chemical dispersing agent used. The @
problem of particle disaggregation Very high ﬁfgthr
described for Weathering Zone 3 and High ,
4 Mercia Mudstone clay soil may be 50 N\&“
distinct from that of mudrock ’ o
breakdown, discussed above, charac- ol Incerm.
teristic of Weathering Zone 1 to 3
material. Nevertheless, the effect may
be similar in terms of the particle size
grading results. Chandler (1967)
suggested that disaggregation is
mainly a problem with unweathered 20
Mercia Mudstone, and cites carbonate
(cement?) content as one possible
cause. Other sources suggest iron
oxide (Kolbuszewski and Shojobi,
1965) or silica (Sherwood and Hollis, 0
1966) as a primary cementing agent,
or that there is no cementing agent Liquid limit (%)
(Birch 1966).

Sherwood and Hollis (1966) Figure 7.5 Casagrande plasticity plots — liquid limit vs. plasticity indexg
suggested that particle size discrepan- (all data).

(w-w)

30 |

Plasticity index (%)
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Figure 7.6(above and opposite)Casagrande plasticity plots — liquid limit, vs. plasticity indexd (subdivided by area).

The results of liquid and plastic limit tests are shown in database. Values for liquid limit range from 11 to 133%.
Figures 7.5 and 7.6 as traditional Casagrande plasticityOverall medians for the ten areas range from 30 to 52%.
plots (liquid limit, w vs. plasticity index, d), and in Areas 1 and 9 have notably higher liquid limits than the
Figure 7.7, 7.8 and 7.9 as special plasticity plots of plasticother areas. The respective overall medians for these two
limit, wp vs. plasticity index, d. The latter attempts to areas are 44 and 52%. Samples with liquid limits greater
display the data as independent, rather than partiallythan 70% (that is ‘very high’ or ‘extremely high’ plasticity)
dependent, relationships as is the case with the formerrepresent less than 0.5% of all data. There is a general
This results in non-linear relationships that in some casestrend of increasing liquid limit with increased weathering
show groupings according to area or formation. Also, the (i.e. higher weathering zone), although this increase does
whole of the plot area is available, unlike the normal not appear to be ‘linear’. For example, whilst significant
Casagrande plot where only half of the plot is available duechange is seen from Zone 2 to 2/3 or from 4a/4b to 4b,
to the fact that plasticity index cannot exceed liquid limit.  little or no change is seen between 3a and 4a. The highest
A total of 2598 liquid limit results are contained in the value recorded (133%) is for glacially reworked material
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Figure 7.6(continued from previous page).

from Area 2. The highest value for unreworked material is plastic limit with increased weathering, but this is often
for Area 2, Zone 2/3, at 106%. Lithostratigraphic sub- slight and most notable at the extremes of the weathering
divisions have been applied to Areas 1, 3 and 8 only. All zone scale. In Area 1 the Middle Keuper Marl and Lower
data from Area 3 are from the Twyning Mudstone Keuper Saliferous Beds have higher medians (> 20 %) than
Formation. In Area 1 the Middle Keuper Marl and Lower the Lower Keuper Marl (< 20 %). The Edwalton Formation
Keuper Saliferous Beds have higher medians than thein Area 8 (Nottinghamshire and south Derbyshire) has
Lower Keuper Marl. The Edwalton Formation in Area 8 higher medians than the other formations in this area.
(Nottinghamshire and south Derbyshire) has higher A total of 2509 plasticity index results are contained in
medians than the other formations in this area. the database. Values for plasticity index range from 2 to
A total of 2511 plastic limit results are contained in the 49%, with a ‘reworked’ maximum of 79%. Overall

database. Values for plastic limit range from 9 to 50%. medians for the ten areas range from 11 to 24%. Area 9
Overall medians for the ten areas range from 18 to 28%.(Humberside) has the highest overall median, and Area 10
Area 9 (Humberside) has the highest overall median, and(Teeside) the lowest. There is a general trend of increasing
Area 3 the lowest. There is a general trend of increasingplasticity index with increased weathering (i.e. higher
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Figure 7.8(above and overleaf) Plot of plastic limitwp vs. plasticity indexd, (subdivided by area).

weathering zone), but this is not universal, and is not key Figure 7.9), show different distributions of data on the
always seen from one weathering zone to the next. Area 2plots and a wide range of plasticity classes from low to high.
for which there is the largest number of data, shows thatArea 1 has a particularly wide range with a clear trend of
plasticity index increases by 5% from Weathering Zones 2increasing plasticity from ‘low plasticity’ for the Lower
to 4b, but only by 1% from Zones 2 to 4a/4b. In contrast to Keuper Marl (LKM), through ‘intermediate’ for the Lower
the liquid and plastic limit results, the plasticity index data Keuper Saliferous Beds (LKSB), to ‘intermediate’ and ‘high’
for the Edwalton Formation of Area 8 (Nottinghamshire for the Middle Keuper Marl (MKM). Area 2 has a similar
and south Derbyshire) are not significantly higher than shape but, albeit with a much larger dataset, shows a dense
those for the other formations in this area. The plasticity concentration at the ‘low plasticity’ end, and without the
plot for this formation (Figure 7.8) also shows considerable highest Area 1, MKM values. Area 8 shows a distinction
scatter compared with the other formations, also with manybetween the Edwalton and other formations, the former
data points lying below the A line. having a tendency for greater scatter and overall higher plas-
The Casagrande plot (Figure 7.6) and special bubble plotdicities. Area 9 has a tendency for ‘high’ plasticity and an
subdivided by area and formation (Figures 7.7 and 7.8, andalmost total absence of data points in the ‘low plasticity’
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Figure 7.8(continued from previous page).

zone. The only points not shown on the Casagrande bubbldiquidity index median of +0.14, compared with other for-
plots (Figure 7.6) are a very small number from Areas 2 andmations and other areas which are negative or zero with
6. These have liquid limits in excess of 90% and are thusthe exceptions of Area 5 (+0.11) and the Sneinton
classed as ‘extremely high plasticity’ soils. There are alsoFormation, Area 8 (+0.07). In Area 1 the liquidity index
very few samples having a liquid limit between 70 and 90% medians increase upward from the LKM (-0.35), through
(‘very high plasticity’). Samples with liquid limits greater the LKSB (-0.21) to the MKM (-0.19). The Area 10
than 70% represent less than 0.5% of all data. The plot submedian is particular low (-0.67). The correlation between
divided by weathering zone (Figure 7.7) shows little distinc- liquidity index and weathering grade is unclear. Whilst
tion between zone, apart from a general broadening of scattethere is an overall trend of increasing liquidity index with
up the A line with increased weathering from Zone 2 to 4. increased weathering, individual grades may not follow
Scatter tends to increase with increasing numbers of datathe trend. An example is Weathering Zone 4 (-0.17)
Data lie mainly above the A line, but may fall below it, par- which, unlike Zones 4a (+0.06) and 4b (+0.04), has a
ticularly for w > 50%. positive liquidity index median. Reworked Mercia
Liquidity index is a ratio (defined above) which allows Mudstone has a liquidity index median of +0.09. Despite
‘location’ of the in situ condition of a soil in its consis- the fact that Mercia Mudstone plasticity indices are low,
tency range related to the Atterberg limits. Values of some of the very low values (<5%) contained in the
liquidity index may be used as a guide to desiccation, ordatabase are suspect. When liquidity index is calculated
where equilibrium moisture content is established, the these low values contribute to very high values far |
degree of over-consolidation of a soil. There are 2400 although the main cause appears to be unfeasibly high
liquidity indices in the database. These range from -2.00 tonatural moisture contents.
+0.94, with an overall median of -0.07. A value of +1.00 Chandler et al. (1968) gave ranges of liquid limit and
indicates that the natural moisture content equals theplasticity index (for borehole core samples from a variety
liquid limit. A value of 0 indicates that the natural of locations) of 27 to 39% and 8 to 15%, respectively (with
moisture content equals the plastic limit. The overall the exception of a sample from West Burton with 50 and
medians for Areas 1, 2, 6, and 7 are -0.21, 0, -0.15, and 020%, respectively).
respectively. There does not appear to be any relationship Activity, A, was defined (Skempton, 1953) as follows:
within these areas between weathering zone and liquidity
index, except for Area 2 (the largest sub-set) where therey _ |
is a general increase in liquidity index from Zone 2/3 to = °© P
Zone 4b. The Edwalton Formation in Area 8 has a high % clay
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Whilst a large proportion of the data fall into the

L ‘inactive’ category (A < 0.75), there are many data with
- "2&'} unfeasibly large values of activity, /ASamples with the
% same plasticity index have activities ranging from
40 — 4. ‘inactive’ to ‘very active’. Values for Aof 30 and 40 are
% not uncommon, and some values of infinity are obtained.

- Given the mineralogy of the Mercia Mudstone such activi-
ties are highly unlikely. Davies (1966) explains this by

% > o

30 — %, pointing out the ability of clay to absorb water, and hence
2 exhibit plasticity, is not confined to dispersed clay particles
L but is equally applicable to aggregated particles. Chandler
% et al. (1968) and Davies, (1966) gave activities of between

20 I v 0.3 and 0.8 for Mercia Mudstone from Area 8 and between

0.15 and 1.13 for the Midlands generally. This compares
with values for clay-size fraction of between 2 and 32%,
and for activities of between 0.56 (‘inactive’) and 2.11
10 - (‘very active’), from the database for Area 8. There appears
to be no relation between activity and weathering zone or
area. Results from Davies (1966) suggested that the ‘true’
activity of Mercia Mudstone might typically be around 0.2.

0 | | | | Work carried out at the BGS has also shown the impor-
0 10 20 30 40 tance of clay surface area determinations to augment XRD
o data which on their own may be inadequate to distinguish
Plastic limit (%) some clay mineral types (see Section 3).
Activity plots (plasticity index vs. % clay-size fraction)
Figure 7.9 Key to plots of plastic limitw, vs. plasticity for thousands of test results from BGS databases on a
index b (Figures 7.7 and 7.8). variety of UK soil types, including Mercia Mudstone,

produce regression lines which intercept the plasticity
index axis at some positive valughe regression line may
where: Ip = plasticity index not in fact be straight (as shown in Skempton, 1953), but
% clay = % by weight passing 0.002 mm sieve rather a gentle curve, thus explaining the apparent
deviation away from an intercept at the origift. is
Activity describes the significance in terms of swell/shrink unlikely that the particle size sample preparation problems
and other engineering behaviour, of the clay fraction within discussed in Section 7.3 affect all of these data or that these
the soil. For example, a soil with a low clay-size content, problems are as significant with other UK soils as they
but where that fraction consists mainly of the clay mineral appear to be with the Mercia Mudstone.
sodium smectite, will produce a high activity whereas a  Certain clay minerals may exist at sizes larger than 0.002
soil with a high clay-size content consisting mainly of ilite mm. It should be noted also that the sample preparation
will not. The accuracy of the activity data in the database isprocedure for the Atterberg limit tests is different from that
subject to doubt due to problems with the sample prepara-of the particle size test. The use of dispersing agents is not
tion and determination of particle size (Section 7.3). There permitted prior to the 0.425 mm sieving of Atterberg
is also some doubt about the concept of activity whensamples. Analysis of the data reveals large discrepancies
applied to clays with low activity. The data contained in between % <0.425 mm reported form Atterberg tests and
this and other BGS databases, suggest that silt-sizedequivalent data calculated from particle size analyses. The
particles (i.e. >0.002 mm) can result in measurable liquid tendency is for the <0.425 mm data to be equal to, or
and plastic limits, and hence plasticity indices. For such higher than, the particle size analysis data (by a factor of up
materials an activity value of infinity is obtained. to 10). The reason for this is unclear, but is unlikely to lie

Table 7.2 British Standard sample preparation procedures for Atterberg limit and particle size tests.

Atterberg limits (BS1377:1990) Particle size analysis (BS1377:1990)
(Sieved specimen) (Wet sieving/sedimentation method)
1. partially (air) dry if required 1. partially (air) dry if required
2. disaggregate with rubber pestle, if required 2. disaggregate with rubber pestle
3. add distilled water & stir to slurry 3. subdivide (e.qg. riffle)
4. wet sieve 0.425 mm mesh 4. oven dry (105 — 110 °C), if soil suitable
5. mature for 24 hours, if clay 5. sieve 20 mm mesh and above
6. hand mix paste (10 to 40 minutes) 6. soak & stir >1 hour in dispersant
7. wet sieve 2 & 0.063 mm mesh
8. soak & shake > 4 hours in dispersant
9. wet sieve 0.063 mm mesh
10. sedimentation test on <0.063 mm fraction
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solely with dispersion. Head (1992) recommends that theworker, Kolbuszewski and Shojobi, 1965), resulting in a
clay-size fraction used in the calculation of activity should higher % clay and higher Atterberg limits, the effect was
be corrected to be the proportion of soil passing the 0.425by no means universal and in many cases was slight.
mm sieve rather than the proportion of the whole sample.Entwisle (1996) concluded from this that the aggregation
A comparison of the British Standard (BS1377:1990) was not as pronounced as indicated in Davis (1967) and
sample preparation procedures for Atterberg limit and suggested that the inclusion of silt-sized mica and chlorite
particle size testing is shown in Table 7.2. in the clay mineral content figures was a possible explana-
The above highlights the contrasting energy inputs andtion. However, Sherwood and Hollis (1966) pointed out
drying procedures for each test. The British Standardsthat the presence or absence of aggregations did not appear
Institution (1990) states that disaggregation (without to affect the results of Atterberg tests as it did particle size
chemicals) for the Atterberg limit tests should be such thattests. They also suggested that some clay mineral particles
only individual particles are left on the 0.425 mm sieve. may be larger than 0.002 mm. Their work was based on
Plasticity data are commonly used as a guide or index tosamples obtained from Worcestershire and Gloucestershire
determine other soil properties, which in some cases argArea 3), and Leicestershire (Area 7). Clearly, the
more difficult to determine. Examples of these are swelling reworking energy applied to normal Atterberg test prepara-
and shrinkage (Section 7.11), standard penetration testion exceeds that of particle size test preparation, and is
(SPT), strength (Section 8.5), and compressibility (Sectionsufficient to break down most, or all, aggregations.
7.7). In assessing volume change potential (swell and shrinkHowever, the energy input to reworking during Atterberg
the Building Research Establishment (Building Research preparation is partly dependent on the operator, and it is
Establishment, 1993) used a plasticity indek, dorrected unclear whether the standard (British Standards Institution,
for the proportion of the sample passing the 0.425mm sievel990) procedure is always sufficient to break down all
(Section 7.11). Examination of this quantity for the Mercia aggregations (Kolbuszewski and Shojobi, 1965).
Mudstone indicated that some medium to low plasticity soils Sherwood and Hollis (1966) used the relationships of %
are significantly reduced in volume change potential clay-size fraction with Atterberg limits and with ‘loss on
whereas high plasticity soils are largely unaffected. ignition’ to demonstrate that the ‘X-ray mineralogical
Scanning electron microscopy and X-ray diffraction analysis’ derived clay-size fractions are correct and the
studies have shown that the clay fraction of parts of the‘particle size test’ derived fractions are incorrect. In fact
Mercia Mudstone sequence for Area 8 is dominated bythe discrepancies reported between the two methods were
illite, corrensite, with minor chlorite (Section 3, Pearce et very large but inconsistent; the aggregation ratig, A
al., 1996; Bloodworth and Prior, 1993). lllite typically varying from 1.6 to 6.4. Sherwood and Hollis (1966)
accounts for between 40 and 60% of the Mercia Mudstonesuggested that a significant component of the discrepancy
by weight (Davies, 1966) and corrensite (regularly inter- was due to silt-sized clay minerals, and used the low
stratified chlorite / smectite) between 5 and 35%; the ratio Atterberg results.
between them being reasonably constant. lllite is generally
considered as a mineral of low to medium plasticity and
low volume change potential (Birch, 1966; Shaw, 1981). 7.5 SULPHATE, PH AND OTHER CHEMICAL
Clay mineral composition and regional variation are TESTS
discussed in detail in Section 3. The presence of illite and
smectite is described for a sample near Leicester, Area 8\ small group of relatively simple chemical tests for soils is
(Birch, 1966). It is suggested that this sample may haveusually included in geotechnical testing. These are: total
been affected by glacial activity. This may equate with the sulphate content, aqueous extract sulphate content, pH,
high plasticity zone within the Edwalton Formation that carbonate content, and organic content (Head, 1992). In
was described by Atkinson et al. (1998) in their work on addition, there is a test for the sulphate content of ground
destructured Mercia Mudstone from Edwalton Hill which water. These tests are carried out to British Standard proce-
had caused problems during a full face TBM tunnel drive dures (British Standards Institution, 1990). In each of these
near Leicester (Myers and Sindle, 1994). cases there are alternative, and usually more rigorous,
Work has been carried out on the effect of varying methods of analysing soil chemistry by geochemical and min-
energy input to the reworking of Atterberg samples eralogical laboratories. However, these are often assumed to
(Entwisle, 1996). This work followed the work at the be complex, expensive, or simply unnecessary by engineers
Transport Research Laboratory (TRL) by Newill (1961), and are seldom carried out as part of routine site investiga-
Sherwood (1967), and Sherwood and Hollis (1966). tions. Even the basic British Standard (British Standards
Entwisle (1996) showed, for samples from Gringley-on- Institution, 1990) chemical tests are infrequently carried out
the-Hill and Cropwell Bishop (Nottinghamshire, Area 8), and are thus poorly represented in the database. X-ray diffrac-
that whilst some aggregations were apparently brokention (XRD) techniques, the scanning electron microscope
down by extra reworking (for example by using a grease- (SEM), and surface-area techniqgues may also be used to
examine soil chemistry and mineralogy (Pearce et al., 1996).
Groundwater containing sulphate can attack concrete

Table 7.3 Classification of total sulphate content (BRE, and other materials containing cement. A reaction takes

1991). place between the sulphate and aluminium compounds in
the cement, causing crystallisation of complex compounds.
Total sulphate content (%) Class This process causes expansion and internal damage. A
<0.2 1 increasing potential classification for sulphate in soils, specified by the
02-05 2 for attack Building Research Establishment (BRE, 1981; 1991) is
05-1.0 3 given in Table 7.3.
1.0-2.0 4 Excessive acidity or alkalinity of groundwater can have
>20 5 detrimental effects on concrete below ground level. Even
moderate acidity can corrode metals. Some soil stabilisa-
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tion agents may be unsuited to alkaline conditions. The pHis absent from one of the two mineral suites suggested by
also affects the solubility of some ions. Davis (1966), whereas dolomite is almost ubiquitous. Total

The Mercia Mudstone includes evaporite sequences thatarbonate contents (calcite + dolomite) from Davis (1966)
contain sulphate, largely in the form of gypsum as aand Meigh (1976) were typically between 5 and 25%.
primary constituent, in sufficient quantities to merit Meigh (1976) placed particular emphasis on the impor-
qguarrying and mining for industryData from evaporite = tance of carbonate content to density and deformability.
sequences in the Mercia Mudstone are not included in theThe results of mineralogical analyses are described in
database.The Mercia Mudstone may have near-surface Pearce et al. (1996) and Section 3.
zones leached of sulphates (Forster et al., 1995). Proximity Sherwood and Hollis (1966) gave a value for organic
to major gypsum layers may raise sulphate values incontent between 0.01 and 0.9 %, and for ‘loss on ignition’
groundwater locally. between 7.5 and 17.9% for Area 3 and 7 material. They also

Results from three ‘chemical’ laboratory test parameters gave values for cation exchange capacity (CEC) between 9.5
are contained in the database: total (soil) sulphate, aqueouand 44.5 me/100 g the great majority of which was accounted
extract (soil) sulphate, and pH. ‘Total sulphate’ is the acid- for by exchangeable calcium and magnesium. Pearce et al.
soluble sulphate content, whilst ‘aqueous extract sulphate’ is(1996) found that samples from Cropwell Bishop and
the water soluble sulphate content. Both are obtained fromGringley-on-the-Hill had surface areas of about 60 and 145
liguid extracts but indicate the sulphate content of the soil m?/g, respectively.
itself rather than of the groundwater, and are expressed as a
percentage. There are two recommended British Standard
test methods (British Standards Institution, Part 3, 1990), the7.6 STRENGTH
gravimetric and the titration methods.

Total sulphates overall range from 0.002% (Area 2) to 9.47 The strength of a soil or rock is a measure of its capability
% (Area 1). This covers the entire range of sulphate classeso withstand a stress (or stresses) in a particular direction or
(1-5) shown above (BRE, 1991). Areas 2 and 8 are the bestonfiguration. Strength is not a fundamental property of a
represented in the database, and have medians of 0.08 arsbil or rock, but is dependent on the condition of the soil/
0.15% (both Class 1), respectively. Areas 1, 2, and 8 have aock and the type of stresses applied to it. The strength of
wider range of values than Area 3 (other areas have fewsoils is particularly sensitive to the drainage conditions
data). Data from Area 8 suggest that variations across theluring the test, and the duration of the test. If full drainage
stratigraphical subdivisions may be discernible. For example,is allowed the test measureffectivestrength parameters.
total sulphate values for the Gunthorpe Formation are highenf the conditions are undrained the test measuiotsl
than for the Cropwell Bishop Formation. strength parameters. Strength is usually determined as a

Aqueous extract sulphates range from 0.001% (Area 8)compressive, shear, or tensile strength. Strength is usually
to 2.3% (Area 10). Again, Areas 2 and 8 have the largestdetermined on intact laboratory specimens but may be
representation, and have medians of 0.21 and 0.05%gdetermined by tests on the soil/rock mass in the field, either
respectively. Overall, the trend is for Areas 2 and 7 to haveat the surface, in trial pits, or in boreholes.
higher values than Area 8. There are a variety of tests that measure strength. In both

Head (1992) suggested that if the predominant sulphate inaboratory and field the methods differ from soils to rocks
the soil is calcium sulphate (gypsum or its well-crystallised although the principles are the same. The most common tests
form, selenite) the ‘total sulphate’ value is likely to give a for rock are the uniaxial (unconfined) compression test
pessimistic indication of potential sulphate attack. He also (UCS), and the point load index test (PL), whilst for soils it is
stated that an ‘aqueous extract sulphate’ value in excess ofhe triaxial test of which there are several versions, and
0.12% is indicative of sulphates other than gypsum; thesewhich, for a cohesive soil, determines the parameters
being potentially more aggressive than gypsum. cohesion, c, and the internal friction angbe Shear strength

Excessive acidity or alkalinity of the groundwater in is defined by the Coulomb equation as follows:
soils can have a very detrimental effect on buried metals
and reinforced concrete. Acidity and alkalinity is quantified T=c+otang
in terms of the pH value. This is a measure of the ‘active’ where:o = normal (perpendicular to shearing) stress
acidity rather than the acid content and is a logarithmic
scale. The test is usually carried out in tandem with the One important difference between the rock and soil tests is
sulphate content test (Head, 1992). Results of pH tests irthe specimen preparation. Rock specimens for UCS testing
the database show that values generally lie between 7 andequire machining and in common with PL test specimens
8, i.e. slightly alkaline, with the median values of several are in an undisturbed state. Soil specimens may be undis-
subdivisions lying at, or close to, 8. In none of the areas doturbed, remoulded, or compacted. Details of the testing of
acid values (pH < 7) account for more than the 10th per-soils may be found in Head (1998).
centile of the data. Areas 2 and 8 are well represented in It is difficult to give typical or average values of strength
the database and have medians of 7.9 and 7.7, respectivelyor the mudstones of the Mercia Mudstone Group, as a
Subdivisional trends within areas are difficult to discern. whole or for its component formations, because of the
However, the Cropwell Bishop Formation from Area 8 variation in fabric, structure, cementation aggregation and
may be slightly lower than the other formations. Area 4 hasthe heavy over-consolidation it has undergone due to post
a high median value at 8.5. The weathering subdivisions inTriassic deposition and erosion. This results in very
Areas 2 and 8 do not show marked differences in pH. variable profiles of intact strength with depth on a scale of

Carbonates, either in the form of dolomite or calcite, are metres or millimetres, whether these are determined in situ
important constituents of the Mercia Mudstone. However, or in the laboratory. This is also reflected in the moisture
carbonate contents, organic contents, and othercontent and density profiles. Such variability can affect
chemical/geotechnical test data are not represented in théndividual test specimens. Soft bands may underlie hard
database. Sherwood and Hollis (1966) gave carbonatebands. Birch (1966) noted that ‘soft’ bands, 1.0 to 1.5 m
contents of between 0.4 and 14% (Areas 3 and 7). Calcitethick, had been recorded at depths of 6 m, below ‘unweath-
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Figure 7.10 Plot of undrained cohesion es. depth (subdivided by

area).

ered’ rock, at the first Severn crossing site, (Area
4). This is due to the essentially tropical or sub-

8.5. Undrained cohesion is derived frosoil
triaxial tests while the remaining strength param-
eters are derived from rock tests. This is an
example of the borderline nature of the Mercia
Mudstone between ‘soil’ and ‘rock’. The
uniaxial compressive strength (UCS) test is
usually considered to be an ‘index’ test, despite
the need for a machined cylindrical specimen.
The point load index test is an ‘index’ test for
which machining is not mandatory. However,
machined specimens may be used in addition to
un-machined borehole core. Both these variants
allow two types of test, diametral and axial. To
some extent the test data may be biased towards
strong material in the case of the ‘rock’ tests and
weak material in the case of the ‘soil’ tests,
purely as the result of the need to match method
to sample. For example, skerries (sandstone)
bands or cemented bands within the Mercia
Mudstone tend to be subject to ‘rock’ tests rather
than ‘soil’ tests. Both the uniaxial compressive
strength and the point load index tests may have
corrections applied to them (Broch and Franklin,
1972). These are usually in order to normalise
results from a non-standard sized test specimen.
Data may also be unreliable and open to misin-
terpretation (Farmer and Kemeny, 1992) particu-
larly where insufficient data preclude statistical
treatment.

Strength data obtained from quick undrained
(soil) triaxial strength tests are quoted in the
database as values of undrained cohesign, ¢

tropical hypersaline depositional environment of
the group where leaching and redeposition arg
important factors in the development of inhomo-
geneity, and in the processes of chemical
bonding and alteration that they engender.
Chandler et al. (1968) pointed to high values of
strength sensitivity; that is, a significant decrease
in strength from the ‘peak’ to the fully
‘remoulded’ states. Factors of about four are
guoted. The mass strength is also variable due t
the pervasive jointing and fissuring within the
Group. There is a general lack of high quality
triaxial strength data for the low and intermediate
weathering grades because of the difficulty of
obtaining undisturbed specimens in this very
stiff, fissured material. The result of this is diffi-
culty in formulating design strength parameters
based solely on laboratory data, and the conse
guent tendency to under-estimate strength, and t
use direct field strength tests or indirect field
tests from which strength may be inferred.

The strength of the Mercia Mudstone is repre-
sented in the database by the following parame
ters: undrained cohesiongjc uniaxial compres-
sive strength (UCS), axial point load index
(IspLay, @nd diametral point load index @, py.
The standard penetration test (SPT) is also use
as a guide to strength, and is discussed in sectio

Figure 7.11 Plot of undrained cohesion gs.

depth (subdivided by weathering zone, WG).
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UCS (MPa) stress-strain curve in triaxial tests related to
0.01 0.1 1 10 100 weathering. He showed brittle behaviour for
0 T TTTIOTT T T 1T T T T 11710 ‘Zone 1’ material and plastic behaviour for ‘Zone
ol ® N 4’ material (Cripps and Taylor, 1981); the latter
5 o accounting for the reduction in effective shear
A X strength parameters. The weathering zones show
& little correlation with undrained cohesion,. d¢n
Ao A o A some cases there is a decrease in strength, as
% o might be expected, from a low weathering zone
to the next higher (e.g. Gunthorpe Formation,
Area 8) and in other cases the reverse is seen (e.g.
ﬁ & ? Area 7 and Cropwell Bishop, Area 8). However,
20 o & § g in both cases, where Zone 2 is represented, there
Ay’ B 0 xR
© A
A

10

A % X is a corresponding high strength. Frequently,
B NN Zone 4 or 4b produces unexpectedly high
o @0 *%A""‘ strengths. Taking a consistency classification
® ©° o °§°D B A o based on median,walues there is a range from
& Xy X ‘stiff' to ‘very stiff’, with the majority of data

30 s °0 o s ® 4 ° falling within ‘stiff. Area 3 (Twyning Mudstone
8 o 3” it Formation) is notable in having high, ealues.
35 L OO X The Gunthorpe Formation (Zones 2 and 3) and

o Sneinton Formation (Zone 4a) medians from
o Area 8 are also within the ‘very stiff’ class. It is
40 0 likely that lithological variations cause greater
scatter of the data values than weathering alone.
Mercia Mudstone described as ‘reworked’ in the
45 database tends to show lower strength, and where
o present, these data will tend to reduce the overall
median for that Area. Mercia Mudstone strength
values in the database support the conclusions of
¢ Aeal O Area2 X Area4 A Area8 Chandler (1969) that there appears to be a marked
reduction in cohesion from Zone 1 to 3, then little
or no reduction from Zone 3 and a continuous
decrease in friction angle from Zones 1 through

25
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50

Figure 7.12 Plot of uniaxial compressive strength, UCS vs. depth
(subdivided by area).

The assumption made in this test is that the
undrained angle of internal friction,,ds zero as UCS (MPa)
indicated in effective stress theory (Head, 1998).
However, in reality the value of,gmay be 0
greater than zero, for example where saturation is
incomplete, or where the specimen is highly *
fissured. Therefore, for aideal undrained soils . S | a? .
triaxial strength test the undrained cohesiqp, ¢ 10 # « a* s
is equal to the undrained (total) shear strength .
s, The overall undrained cohesion, enedian . .
values range from 82 (Area 2) to 155 kPa (Area L
3). Individual subdivision medians range in Area 20 "
1 from 72 (Lower Keuper Marl) to 141 kPa g |
(Middle Keuper Marl), and in Area 8 from 73
(reworked Cropwell Bishop Formation) to 220
kPa (Sneinton Formation Zone 4a). In Area 1 the
Middle Keuper Marl has higher strength than the
Lower Keuper Marl. This agrees with the trend
in SPT (Section 8.5). However, in Area 8 the "
Edwalton Formation does not stand out as thg |
strongest formation with respect tq, calbeit
based on few data, as it does with SPT. Rather
the Sneinton Formation gives the highgstThe
C, strength data do not show the same trendy g
overall as the UCS strength data.

Chandler (1969) described modifications to the
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Figure 7.13 Plot of uniaxial compressive ®

strength, UCS vs. depth (subdivided by weather- ¢ WGT « WG12 wWG2 m WG2/3 . WG3a 4 WG3b 4 WG4
ing zone, WG).

47



100

Is(PLD) (MPa)

0.1 1
>

¢ CLAY

o0

0.1 1
Is(PLA) (MPa)

BSILT +SAND

100
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4. For the second Severn river crossing project
(Area 4) Maddison et al. (1996) quoted a design
¢, value of 1.0 MPa for undrained shear strength.

The profile of ¢ with depth is highly scattered
(Figures 7.10, 7.11). Strength cdata are
available for all areas; Areas 2 and 8 having the
larger datasets. However, it should be noted that
the depth assigned to samples in the database may
be subject to error due to the fact that borings do
not necessarily start from original ground level.
There is a slight discernible increase in strength
with depth between 0 and 25 m, particularly at the
depth interval 3 to 5 m. There is also a slightly
higher strength near to ground surface, above 2 m.
This may be attributable to desiccation. Cripps
and Taylor (1981) quoted a rate of increase of
undrained shear strength, with depth for the
Mercia Mudstone of 37.5 kPa/m but Parry et al.
(1996) quoted values of 771 kPa/m using pres-
suremeter data and 440 kPa/m using the SPT cor-
relation (§ = 5N) of Stroud (1989) in Area 4
(depth calculated below rockhead rather than
below ground level).

Residual shear strength is the minimum
strength of a soil reached after continuous
shearing along a predetermined shear plane,
usually within a remoulded sample, in the labora-
tory. The results are expressed in terms of the
residual angle of internal frictionp,, obtained
from a plot of effective normal stress vs. shear
stress. No data for residual strength are contained
in the database. However, results given by
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Figure 7.15 Plot of standard penetration test SPT ‘N’ value vs. depth, showing percentiles (all data).
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. different test methodologies. Plots of UCS show
, 10 s' (kPa) 100 1000 considerable scatter even on a log scale and show
0 ; ; little correlation with either area (Figure 7.12) or
weathering zone (Figure 7.13). Where UCS data
are available for siltstones, sandstones and
gypsum, these tend to give higher results than the
mudstones with values typically between 2 and
20 MPa. Maddison et al. (1994) quoted a median
UCS for Mercia Mudstone at the second Severn
crossing (Area 4) of 16.6 MPa. These values
were presumably obtained from considerable
depth.
® . The axial point load index {pLa) overall
° o median values range from 0.10 (Area 2) to 0.33
MPa (Area 8), and thdiametralpoint load index
N (IsceLpy from 0.07 (Areas 1 and 2) to 0.25 MPa

o (Area 3). The dp_a) results are generally higher
than the dp p, This is to be expected if the
201 former are assumed to have been taken perpen-
dicular to the bedding and the latter parallel to it.
The plot of kpa)Vs. kspLpyShows considerable

2

Depth (m)
&
<&

25| i scatter (Figure 7.14) but a broadly linear trend on
I a log-log scale.
The linear regression for 253 tests on claystone
(all areas) is as follows:
30

IspLp)= 0.58 L(pLa)

<o Areal 0 Area2 ~ Areab < Area7 x Area8 (2= 0.66)

Figure 7.16 Plot of estimated effective shear strength s’ vs. depth The linear regression for 293 tests on all
(subdivided by area). lithologies (all areas) is as follows:

IspLp)= 0.73 L(pLA)

Entwisle (1996), Jones and Hobbs (1994) and Hobbs et al. (r2=0.79)
(1994) showed similar results for Weathering Zone 1 and
4a soils from Area 8. Values for mange from 22 to 30°  Where ?is the regression coefficient
and are, to a limited extent, stress dependent. These data
also fall within the bounds suggested by Lupini et al. Figure 7.14 suggests that in the higher range of claystone
(1981) when plotting @against plasticity index and per values there is better agreement between axial and
cent clay-size. Cripps and Taylor (1981) suggested thatdiametral. Forster (1983) found that diametral tests on sedi-
mudrocks have characteristically high values (> 25°) mentary rocks were unreliable in terms of uniaxial strength
compared with overconsolidated clays (< 25°). correlations. As with the other strength parameters there is

The uniaxial compressive strength (UCS) test determinesnot a good correlation with weathering zone, except in
the peak strength of a machined cylinder of rock undersome cases where a decrease in value is seen from Zone 1,
unconfined conditions (i.e. zero lateral stress). The UCSor Zones 1 and 2, to higher zones. The point load ingex, |
rock test data give overall median values ranging from 0.3has been related to UCS by a factor ranging from 15 to 29
(Area 2) to 8.1 MPa (Area 4); that is, within the ‘very (Broch and Franklin, 1972; Bieniawski, 1974, 1975;
weak’ to ‘moderately weak’ classes (Anon, 1970). The Forster, 1983; Chau and Wong, 1996). These factors have
minimum and maximum are 0.03 (Area 2) and 141 MPa usually been produced from tests on a wide variety of rock
(Area 8, Gunthorpe Formation, Zone 3); that is, classestypes, the great majority of them strong, nonsedimentary
‘'very weak’ to ‘very strong’. It is clear that many of the rocks. For sedimentary rocks Read et al. (1980) found a
lower values represent material unsuitable for this ‘rock’ factor of 16. There are no discrete sampling points having
test, and should have been tested with a soils method suchoth UCS anddresults within the database. Therefore, a
as the triaxial test. The stronger values probably representonversion factor cannot be established. However, if
desiccated clay or claystone. The ranges of values within anedians for each area are compared a ratio of UCS to |
particular subdivision or weathering zone are generally o ) of between 4.3 and 57.9 is found, with Area 8 giving
very large, frequently spanning two orders of magnitude. an overall factor of 15.7 (all lithologies).
Median UCS values for Areas 1 and 2 are notably lower The poor correlation of undrained cohesioy, with
than for Areas 4 and 8. In Area 1 there is a decrease irboth weathering and depth is in contrast to SPT data
UCS from Weathering Zone 2 to 3 for the Middle Keuper (section 8.5) which show a good correlation with weather-
Marl but an increase for the Lower Keuper Marl. In Area 8 ing but a poor correlation with depth. The trend is for
the Cropwell Bishop Formation UCS decreases from Zoneincreasing SPT N value with reduction in weathering and
1 to 2. The trends of the UCS data are not the same asith increase in depth (Figure 7.15). This may in part be
those for the undrained cohesion data. This is probably duejue to the relatively small number of data available for ¢
to the differing suitability criteria (dependent mainly on Stroud (1974) suggested a relationship between undrained
specimen preparation) of samples for each test, and th&ohesion, g and SPT ‘N’ value that showed an increase in
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Figure 7.17 Plot of percentiles, pwvs. (log) P (oedometer consolidation) (all data).
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the ratio ¢/ N with decreasing plasticity index, particu- the ‘medium’ ¢ class, representative of medium plasticity
larly where }, < 40%. soils (Lambe and Whitman, 1979). The equivalent median
Few effective strength data are in the database. A plot ofvalues for coefficient of volume compressibility,,meduce
(log) estimated effective shear strength vs. depth is shownconsistently with increasing stress from 0.32 to 0.88AN.
in Figure 7.16. The effective strengths were calculated The overall minimum and maximum are 0.01 and 1.29
from the Coulomb equation (see above) using an estimatedn?/MN. These results place the Mercia Mudstone in the
effective overburden stress. The plot shows a good correla-low’ to ‘medium’ compressibility group of soils, compara-
tion; strength increasing with depth to about 7 m, below ble with London Clay (Head, 1998).
which little increase in strength is discernible. Results of There is an overall similarity in the shapes of e-logP
effective stress triaxial tests were quoted by Chandlerplots, with those samples having higher initial voids ratio
(1969) and Jones and Hobbs (1994). giving steeper curves, i.e. highey, ralues overall. When
plotted together the e-logP curves do not merge, at least at
the stresses applied, and probably would not do so below
7.7 CONSOLIDATION stresses of between 5000 and 10 000 kPa. However,
Entwisle (1996) identified an indistinct yield stress at
Consolidation is the process whereby pore water isabout 1000 kPa for a Weathering Zone 4a soil from Area
expelled from a soil as the result of applied, static, external8, using a special high stress oedometer. Nevertheless,
stresses, resulting in structural densification of the soil. Forsuch a yield point would probably not be definable using
most purposes, the external stress is considered to be unida normal stress-range oedometer test or a disturbed test
rectional, and usually vertical. Swelling strain data may specimen.
also be obtained from the oedometer test. The oedometer is Figures 7.17 and 7.18 summarisg and ¢ data but it is
a simple laboratory apparatus that applies a vertical, deadimportant to recognise thttese plots do not represent indi-
weight load via a lever to a small disc-shaped soil vidual test curves, but are simply a visual representation of
specimen, laterally confined in a ring. The consolidation the statistics at each stress incremditite (log) ny vs. (log)
test is normally carried out by doubling the load at 24 hour P plot clearly indicates the overall decrease in wiith
intervals, and measuring the resulting consolidation defor-increasing applied stress in terms of percentiles. Note: the
mation (British Standards Institution, 1990; Head, 1994). decrease rate lessens with increasing stress on an arithmetic
The test is normally carried out on undisturbed specimens.scale. The (log).cvs. (log) P plot is widely scattered over
The rate at which the consolidation process takes place ighree orders of magnitude, and the expected trend of
characterised by the coefficient of consolidatioy, and decreasing cwith applied stress is not seen. Overall the ¢
the amount of consolidation by the coefficient of volume median remains constant with stress. This trend may also
compressibility, m. Consolidation data, derived from the continue to higher stresses (Entwisle, 1996). The tendency is
oedometer test on undisturbed specimens are used in théor samples with low overall,c/alues (<10 rfyr) to have a
calculation of likely foundation settlement, and may also moderate decrease in value with stress, whereas samples
provide information on the stress history, geological with higher values unexpectedly show an increase in value
history, state of disturbance, permeability, and elastic with increasing applied stress. If data are plotted for individ-
moduli of clay soils. ual areas they tend to show almost as much scatter as for the
Consolidation data in the database are confined towhole data set. Insufficient data are available with which to
oedometer tests where loading increments are doubled, igauge the influence of weathering zone.
accordance with British Standard recommendation (British  The state of consolidation (i.e. normally, over, or under-
Standards Institution, 1990). Nevertheless, statistical com-consolidated) of a soil in its current natural condition, and
parisons remain difficult. There are a total of 350 data hence its maximum previous overburden stress, can be
points in the database. Statistical treatment of, for examplegestimated from oedometer consolidation tests, where a
the coefficients of volume compressibility, /and consol-  yield point can be identified. Chandler and Davis (1973)
idation, ¢, at specific stresses may be misleading if the described the state of weathered Mercia Mudstone as
overall trend across all increments is not also shown. Partnormally consolidated’ or ‘lightly overconsolidated’, and
of the reason for this is that test data do not all have athat of unweathered Mercia Mudstone as ‘heavily over-
common initial stress increment. A sample of Mercia consolidated’. The Mercia Mudstone, in general terms, has
Mudstone from depth in a borehole will tend to be tested been described as having low compressibility and a high
starting at a higher initial increment than a shallower rate of consolidation, but variability is high (Birch, 1966).
sample. The properties at the lower stress are thereforéfhe consolidation settlement of unweathered Mercia
unknown. The voids ratio vs. (log) applied stress (e-logP) Mudstone, under normal engineering loads, has been
curves tend to be ‘flat’ with no clear indication of a yield described as ‘negligible’ (Birch, 1966). Chandler et al.
point, or the capability for calculating the compression (1968) described the Mercia Mudstone tested as isotropic
index, G, within the normal range of stress for the typical in terms of consolidation properties.
laboratory apparatus, i.e. 25 to 1800 kPa. It would appear Clays are often classified or discussed in terms of their
that this normal range is inadequate for undisturbed degree of consolidation in their natural state, i.e. the
partially weathered Mercia Mudstone, in terms of defining natural, geological stress history. The overconsolidation of
a compression index, and hence correlating with indexa clay is an important engineering descriptor, particularly
properties. The yield point is either not reached or is poorlywhere the degree of overconsolidation is high.
defined in conventional tests. Yield points could also be Overconsolidation affects undrained shear strength, lateral
obscured by sample disturbance. stress, pore water response, and allowable bearing pressure
The median values for coefficient of consolidatiqp,do and settlement (Borowczyk and Szymanski, 1995). An
not vary greatly for increments between 25 and 1600 kPa.overconsolidated clay is one in which the maximum
Overall the range is remarkably narrow: 5.6 to 6%ym previous overburden exceeds the present overburden,
The overall minimum and maximum are 0.1 and 68&/m resulting in a denser, stronger, and less deformable soil. It
These results place the (overall median) Mercia Mudstone inis possible to estimate the degree of overconsolidation from

51



oedometer test data. The overconsolidation ratio (OCR) isBulk modulus represents the change in all-round stress per
commonly defined as follows: unit change in volume, whereas shear modulus represents
the change in shear stress per unit change in shear strain.

P’ The simplest form of deformability measurement is that of

Cc
OCR = P Young's modulus, E, which is derived from a uniaxial
0 compression test and is defined as follows:
where: P¢ = preconsolidation (maximum o
previous) effective stress E= 1
P’, = present effective overburden stress €1

01 = major principal stress
€1 = strain in direction of major principal
stress

Indications are that the Mercia Mudstone behaves as a Wwhere:
‘lightly’ to ‘moderately’ overconsolidated clay; the

apparent degree of overconsolidation decreasing with
increased weathering (Chandler et al., 1968). The determi-

nation of the degree of overconsolidation of the Mercia The relationship between strain in the direction of stress
Mudstone is hampered to some extent by the lithological @nd strain at right angles to it is defined by the Poisson’s
variability of the formation and, as described above, the ratio,v, as follows:

insufficient level of applied stress for most test data in the

database. On a larger scale, considering the soil mass in thg _ €23 - Eeos

field, the presence of siltstone and sandstone bands affects € o,
the drainage paths for consolidation, and affects the

transfer of overburden stress to underlying strata. Such \here:
factors are probably not modelled by the smaller scale lab-

oratory test. Geological assessment of the overconsolida-

tion ratio of the Mercia Mudstone is difficult, and was not

included in the review of the engineering properties of
mudrocks by Cripps and Taylor (1981). The distinction

between a mud rock and a heavily overconsolidated clay

soil is unclear (Taylor and Spears, 1981). Inherent in the Deformability data are usually confined to unweathered or
estimation of overconsolidation is the assumption that the partially weathered Mercia Mudstone, and may be obtained
soil is responding to stress in a linear, unchanging mannerfrom either laboratory or field testslowever, preparation

It may be that the laboratory estimation of overconsolida- of undisturbed test specimens for the laboratory is difficult
tion becomes impossible once the soil becomes a rock. Inn the case of unweathered Mercia Mudstdwe.deforma-
addition, the processes of weathering tends to obliterate theion data are included in the database. Meigh (1976), in a
evidence of overconsolidation. comprehensive work on the deformability of Mercia
Mudstone in the Midlands and Wales, described the deriva-
tion of drained (constrained) modulus from the coefficient
of compression, g using the following relationship:

01 = major principal stress

€, = strain in direction of major principal
stress

€5 3= strain at right angles to major
principal stress

E = Young’'s modulus

7.8 DEFORMABILITY
Deformability (the terms compressibility and stiffness may , = 0.9 for Poisson’s ratioy’ = 0.2
also be used) is a measure of the strain undergone by a soll E’

or rock subjected to a particular stress amount and
direction. This strain may be unidirectional or volumetric.

Deformability may be measured in both laboratory (intact)
and field (rock or soil mass). Field deformability testing

methods and results are discussed in Section 8. UsuallyNormal oedometer tests are not suitable for unweathered
test data are interpreted from stress-strain plots, withMercia Mudstone, but become increasingly practical with

several parametric variants of deformability available. The increased weathering (Hobbs, 1975). This fact further high-
elastic properties of a material are defined by the funda-lights the borderline nature of Mercia Mudstone between a
mental properties: bulk modulus, K, and shear modulus, G.soil and a rock. Meigh (1976) and Marsland (1977) gave

where: E’ = drained Young’'s modulus of elasticity

v’ = drained Poisson’s ratio

Table 7.4 Deformation moduli of Mercia Mudstone from the second Severn crossing (Maddison et al., 1996).

E'vi E'y Evil Ey E'hi E'n E'vil E'hi Gi Gur
(stress (stress
0-3MPa) >3MPa

96 328 0.29 70 34 14 25 125

Where, E; = initial drained vertical Young's modulus
E’\ = drained vertical Young's modulus
E’yi = initial drained horizontal Young's modulus
E’\, = drained horizontal Young's modulus

i G initial shear modulus
= unload/reload modulus
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Table 7.5 Typical permeabilities of main soil types. Meigh (1976) stated that it is the initial shear modulus that
is most likely to represent rock mass behaviour. The use of
load / unload moduli, whilst erring on the conservative side,

Soil type Perme;ability may result in over-costly engineering solutions in some cases.
(m/s) This was confirmed by Smoltczyk et al. (1995).
Gravels 1-102 In the case of lightly overconsolidated clays a relation-
ship was suggested (Skempton and Bjerrum, 1957)
Clean sands 102-10° between the coefficient of volume compressibility, m
Very fine or silty sands 105 — 108 derived from oedometer consolidation test, (section 7.7)
Silt, loess 105— 109 and the N. value from the standard penetration test (SPT),
) as follows:

Fissured & weathered clays 104 — 108
Intact clays 108 — 1013 m, =f2.N
Glacial till 1061012 Clayton (1995) stated that heavily overconsolidated clays

tend to exhibit deformability anisotropy. Bedding and soil

structure can have a strong influence on deformability.
some deformation modulus profiles with depth, derived Data from Nuremberg, Germany gave elastic moduli for
from in situ test pile and plate loading tests, laboratory similar Triassic mudstone material of between 23 and 57
data, and back analyses from foundation settlements. Thes®Pa from back analysis of foundation settlements

profiles (from Areas 1 and 10) show considerable variabil- (Smoltczyk et al., 1995). Good agreement was obtained
ity, both within each profile and between test methods. between constrained modulus, E’ and Young's modulus of
Shear moduli tend to increase significantly moving from elasticity, E. Laboratory tests provided Young’s moduli of

Weathering Zone 2 to 1, though data for the latter arebetween 9 and 139 MPa, with a mean of 42 MPa.

limited. Marsland (1977) stated: ‘Most weathering zones The importance of avoiding sample disturbance was
are capable of supporting higher loads than are commonlyemphasised by Meigh (1976); in particular, the overestima-
used at present’. Oedometer derivations and plate-loadingion of rock mass fracture density as a consequence of drill-
data tend to give much lower values than pressuremeterccore fracturing, and laboratory test disturbance due to
data within weathered Mercia Mudstone (see section 8.3).drilling method, desiccation, and stress relief. The weaker

Shear modulus, G, is defined as: Mercia Mudstone materials tend to suffer the greatest dis-
turbance, but probably have the greatest influence on mass
_ E deformability beneath a structure. Meigh (1976) suggested
- 2(1 +V) that the leaching of gypsum was an important factor in the
reduction of expected deformability moduli.
where: E = Young’s modulus Chandler (1969) described the effect of weathering on
v = Poisson’s ratio the modulus of elasticity. Generally the modulus reduces
with weathering. However, the relationship is probably not
Also:  E' =2G(1+) linear. Davies (1972) described a threshold pressure (or
yield point) beyond which deformation increases rapidly.
where: G = shear modulus This point reduces with increasing weathering (Cripps and
E’ = drained Young’s modulus Taylor, 1981).

v’ = drained Poisson’s ratio

Shear modulus may be measured in a variety of ways from7.9 PERMEABILITY
the stress vs. strain plots. The most commonly quoted are
the initial shear modulus, ;Gand the unload/reload Permeability, or hydraulic conductivity, in the geotechnical
modulus, G, Marsland et al. (1983) gave values of shear context, is a measure of the ability of soil or rock to allow
modulus, G, of between 10 and 100 MPa for Weatheringthe passage of a liquid subject to a pressure gradient. The
Zone 4 to 2 Mercia Mudstone in Lymm, Cheshire (Area 1) permeability measured on intact specimens in the laboratory
to a depth of 9 m for both pressuremeter tests and bacKk ag) is usually distinct from that measured in the field, as
analysis of plate loading tests. They gave a rate of increasea result of the huge scale difference, and hence the involve-
for G with depth of 5 MPa per metre. It was also noted that ment in the field tests of discontinuities and lithological vari-
most settlement occurred during construction. ations. No permeability data are held in the database.
Maddison et al. (1996) described the results of deforma- Bacciarelli (1993) described Zone 4a and 4b as having
tion tests carried out for the Second Severn Crossinglower permeability than underlying (less weathered) layers.
project. These were derived from plate-bearing tests inTellam and Lloyd (1981) gave laboratory values for the
boreholes and trial pits onshore, pressuremeter testgintact) permeability of Mercia Mudstone between®hd
offshore and onshore, and from laboratory tests on corel0® m/day (16— 1011 m/s), perpendicular to bedding, and
samples. Values for Young’s moduli and shear moduli in field values of between #0and 16 m/day (16° — 108 m/s),
units of MPa for Mercia Mudstone are shown in Table 7.4. mainly parallel to beddingrhese figures illustrate the large
Unload/reload loops were carried out over cavity strains increase in permeability from the essentidtifact labora-
of 0.05 to 0.2 and good agreement was obtained betweerory test specimen to thigssuredrock mass in the field.
different methods for obtaining Young’s modulus. Dynamic The permeability of Proctor compacted Mercia Mudstone
deformation moduli obtained for Mercia Mudstone from was reported in Chandler et al. (1968) as betweehahdl
geophysical data were found to be between one and twdl01% m/s depending on placement moisture content. These
orders of magnitude greater than those from the static detervalues may be compared to the general ranges of perme-
minations described above (Maddison et al., 1996). abilities for different soil types shown in Table 7.5.
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Marsland et al. (1983) and Chandler and Davis (1973) (16%) gave the highest density, whereas for a high com-
noted that a large proportion of excess pore pressure dissipactive effort a low moisture content (8%) gave the highest
pation and ultimate consolidation settlement took place density. Thus little was to be gained by subjecting wet
during construction. They attributed this to the high mass- marls to heavy compaction, and that placement moisture
permeability of the Mercia Mudstone. This was mainly due content significantly affects the long term stability of
to the intensity of open discontinuities in the rock mass, compacted marl. OMC values of between 12 and 14% were
particularly for Weathering Zones 1 and 2 exposed in exca-indicated with MDD values of between 1.8 and 2.2 Mg/m
vation. In one example (low plasticity sample) the CBR dropped

Permeability, kep, may be measured indirectly from from 140 to 17% for a placement moisture content increase
oedometer consolidation tests (Section 7.7) using thefrom 8 to 15%. Minimum (saturated triaxial) permeability

following relationship: was reported at compacted moisture contents near the
plastic limit. This was 3% above the optimum moisture
Koeo= 0.31.my.C,.Yi-10° m/s content. Birch (1966) stated that, when compacted in a
state drier than optimum, the Mercia Mudstone suffered
where: my = coefficient of volume compressibility  large expansions due to residual negative pore pressures,
(MZMN) whereas at optimum there should not be undue expansion.
¢, = coefficient of consolidation Current engineering practice suggests that for the Proctor
(m2lyear) test fresh sub-samples should be used at each stage of the
Yw = density of water test.

The moisture condition value (MCV) is a test capable of
Entwisle (1996) gave indirect (oedometer) values of being used in laboratory or field, and is becoming an
between 3 x 181 and 1.1 x 189 m/s for Zone 3 or 4b  increasingly popular means of selection, classification, and
material from Gringley-on-the-Hill, Nottinghamshire (Area specification of fill material (British Standards Institution,
8). Sandstones (skerries) within the Mercia Mudstone 1990; Department of Transport, 1991; Caprez and Honold,
Group have higher mass permeabilities than the mudstone4995). The test aims to determine the minimum com-
and may act as pathways for water flow and generatepactive effort required to produce near-full compaction of a
spring lines on slopes. <20mm sample. The test differs from the traditional
Proctor test in that the compaction energy is applied across
the entire sample surface, and compaction energy can be
7.10 COMPACTION assessed as an independent variable.
Median MCYV values for Areas 6 and 7 are 10.1 and 14.4
Compaction is the process whereby soil is densified, respectively. Data from the MCV data correlate well with
usually after reworking and usually in layers, in order to undrained cohesion, California bearing ratio (CBR), and
produce an engineering fill of known properties. This is moisture content. MCV values less than seven tend to
achieved by applying dynamic forces, using special plant,result in very poor trafficability. The Mercia Mudstone is
such as rollers, vibratory rollers, rammers, or by special usually capable of fulfilling the requirements of a Grade
ground improvement processes. The densification is2A or 2B ‘general cohesive fill' material (Department of
achieved by the solid soil particles packing closer togetherTransport, 1991). Long term degradation may be a problem
and producing a strong soil mass. The moisture content ofif poorly compacted, and strength loss a problem if over-
the placed fill and the amount of energy input are critical to compacted. A CBR test should be carried out at equilib-
the density that can be produced. The process is not theium (Proctor) moisture content. The moisture content is
same as consolidation (section 7.7). Mercia Mudstone iscritical to the CBR result.
frequently utilised as compacted fill. Inadequate compaction tends to result in long term
Compaction properties may be measured in the field anddegradation and settlement of the Mercia Mudstone when
in the laboratory. Field methods are often indirect measuresused as fill. This is probably due to bulking of discontinu-
of density, for example using a nuclear probe or a dynamicity-bound blocks and subsequent breakdown at block
penetrometer. Laboratory methods are standardised andontact points under engineering stresses.
usually employ the Proctor test where layers of a disturbed
soil sample are compacted into a mould and sub-samples
taken for moisture content determination (British Standards7.11 SWELLING AND SHRINKAGE
Institution, 1990). The results are shown in the form of a dry
density vs. moisture content plot, from which the maximum Swelling and shrinkage are two mechanical properties of a
dry density (MDD) and corresponding optimum moisture soil which, though driven by related physico-chemical
content (OMC) are calculated. The California bearing ratio mechanisms, are usually treated separately in the labora-
test (CBR) measures the penetration of a plunger into atory. Swelling sensu stricto is mainly a function of the clay
compacted sample, compared with the penetration into aminerals present in the soil or rock. The engineering phe-
‘standard’ material. It is a combined compaction / bearing nomenon ofheavemay be caused by factors other than
capacity test designed for flexible road pavements. swelling of clay; for example, by stress relief. Assessment
A small dataset of compaction and moisture condition of swelling and shrinkage usually does not involve direct
values is included in the appendix. This includes both measurement, but rather indirect estimation of volume
‘light’ and ‘heavy’ test data. Area 2 contains the largest change potential from index tests on reworked samples.
data set in which the median OMC and MDD values are The geological processes affecting swelling and
19.0% and 1.71 Mg/fy respectively. The median CBR shrinkage were described by Gostelow (1995). A wide
value for Area 8 is 6.5%. There are insufficient data for variety of available methods for measuring swelling and
subdivision by weathering zone. Chandler et al. (1968) shrinkage were described by Hobbs and Jones (1995).
showed that for ‘typical’ Mercia Mudstone, using a low Laboratory tests may be carried out ondisturbedor
compactive effort, a high placement moisture content disturbedsamples. Undisturbed samples are as near to their
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in situ condition as possible, whereas disturbed samplessamples were prone to slaking. The Sneinton Formation
may be reworked, reconstituted, or compacted dependingsample from Heather Quarry [SK 3910 0970] showed high
on the engineering application. swelling behaviour throughout despite comparatively low
The tests usually either measure strain resulting from clay content and plasticity, and a lack of corrensite (a
swelling resulting from access of a sample to water, or theregular chlorite-smectite mixed-layer clay). There appeared
pressure (or stresgroduced when the sample is restrained to be a general negative correlation between natural
from swelling. Swelling strain samples may be disc-shapedmoisture content and swelling.
oedometer types for 1-D testing of soils and slaking rocks, Shrinkage data were limited to the Edwalton,
or cubes for 3-D testing of non-slaking rocks. The 1-D Gunthorpe, and Radcliffe formations. The Edwalton
samples are laterally restrained. Swelling pressure sampleg-ormation sample had the highest shrinkage limit (18.2%)
are usually oedometer discs and may be mounted in aand the lowest volumetric shrinkage strain. It also had the
normal oedometer or a special swelling pressure apparatushighest linear shrinkage (10%). The Radcliffe Formation
There are two shrinkage tests specified by British Standardhad the lowest shrinkage limit (10.2%). Shrinkage limit
1377 (British Standards Institution, 1990). These are thetests were particularly difficult to perform because of the
shrinkage limit test, carried out on undisturbed or disturbedtendency of the samples to disintegrate during air drying,
samples, and the linear shrinkage test, carried out onand the adhesion of mercury to the silty partings and
reworked soil paste (prepared as for Atterberg limits). fissures. A procedure to estimate shrinkage limit from the
should be noted that the shrinkage limit is a specific position relative to the A-line on the Casagrande plastic-
moisture content below which little or no volumetric ity plot appeared to compare well with the test results. A
shrinkage occurs, whereas the linear shrinkage is a per-high value of shrinkage limit is associated with low
centage reduction in length (strain) on oven drying. shrinkage and swelling strains, and hence low volume-
No swelling or shrinkage data are held in the database.change potential. This applied to the Edwalton Formation
The Mercia Mudstone is generally considered to be of low sample. The converse did not appear to apply to the
swell/shrink potential, due to the low content of Radcliffe Formation sample. A good positive correlation
swell/shrink susceptible clay minerals and the presence ofwas obtained between shrinkage limit and linear
intergranular cements. Tests were carried out at the BGSshrinkage.
on samples from for Weathering Zone 3 and 4b Gunthorpe The Casagrande plasticity plot showed that the samples
Formation from Gringley-on-the-Hill (Area 8). Jones tested were closely grouped, and fell within the ‘low’ to
(1998) quoted values for shrinkage limit (SL, og) vef ‘intermediate’ plasticity categories. The Skempton/
between 10 and 12%, and for linear shrinkage at Gringley-Williams and Donaldson (1980) plot showed that all the
on-the-Hill and Zone 1 Cropwell Bishop Formation at samples tested fell within the ‘medium’ expansive potential
Cropwell Bishop (Area 8) of between 8 and 15%. Kadir class, despite an apparently wide range of Activities (0.32
(1997) quoted values for shrinkage limit and linear to 0.93). This type of plot was discussed, with respect to
shrinkage, LS, of 12.6% and 8.6%, respectively for other UK soil formations, by Taylor and Smith (1986).
Gringley-on-the-Hill. Taylor and Smith (1986) indicated Swelling test data showed a common pattern across the
that illite-rich clays, such as the Mercia Mudstone, have aswelling tests on the samples, with the exception of the 1-D
volume change response intermediate between the purelgwelling strain test. Particularly good correspondence was
physico-chemical and the purely mechanical (stress-relief).obtained between free swell and swelling pressure.
They further indicated that indurated mudrocks with small Comparison of the shrinkage test data showed similar
expandable clay mineral contents, such as the Merciapatterns for shrinkage limit and linear shrinkage, but not
Mudstone, required the application of suctions of over 10 for volumetric shrinkage strain (from the shrinkage limit
kPa before air entry, and hence shrinkage, began. test). The latter may be explained, in part, by the variations
Jones and Hobbs (1998a) examined the shrink swellin initial moisture content. The correspondence between
behaviour of each formation of the Mercia Mudstone in shrinkage limit and linear shrinkage was unexpected,
Area 8 using samples from seven quarries in because Yong and Warkentin (1975) considered there to be
Nottinghamshire and Derbyshire. Swelling pressures andan inverse relationship between these parameters.
strains were found to be low overall. The swelling data Various ‘volume change potential’ classification
were of reasonably good quality, with well-defined schemes were applied to the results from the Mercia
swelling pressure and swelling strain curves, developing Mudstone samples. These placed the Mercia Mudstones in
identifiable peaks for the most part. The 3-D (unconfined) the ‘low’ volume change potential category, with only
swelling strain test showed clearly anisotropic behaviour in minor exceptions. The swelling potential classification
relation to bedding. A good positive correlation was scheme for mudrocks proposed by Sarman et al. (1994),
obtained between swelling pressure and volumetric placed the Mercia Mudstones tested in the low end of the
swelling strain. The shapes of the 1-D swelling strain ‘very low’ category. The classification schemes of
curves proved to be characteristic of the formations. Vijayvergiya and Sullivan (1974) Snethen et al. (1977),
However, the 1-D swelling strain test results (peak strain) and the Building Research Establishment (1993) produced
did not correlate with other parameters. Commonly applied ‘low’ categories for the Mercia Mudstone.
relationships between swelling and plasticity index were It was observed during sample collection that water
not successful, probably due to the small variation in plas-contents and densities varied considerably within an
ticity index throughout. outcrop or pit section, and even within a block sample in
The Edwalton Formation sample from Hemington the laboratory. This may have caused different swell/
Quarry [SK 4620 3050] had the greatest rate of swelling shrink behaviour from one sub-sample to another.
and the greatest 3-D swell strain anisotropy, but the lowest Table 7.6 shows a scheme adopted by the Building
amount of swell strain and the lowest swell pressure. It alsoResearch Establishment (BRE, 1993) for assessing suscep-
had the highest clay surface area (130gjnbut the lowest tibility to volume change (i.e. swelling or shrinkage) of
free-swell, the lowest density, and the highest compressionoverconsolidated clays in terms of a modified plasticity
index, (G, oedometer test). The Gunthorpe Formation index, |,', expressed as:
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' lp % <0.425 mm The Building Research Establishment (1993) classifica-
lp' = T 100% tion did not indicate the actual volumetric shrinkage to be
0 A
expected for each of the volume change potential cate-
The purpose of the modified plasticity index is to take gories. Net volume changes depend on the initial saturation
account of the proportion of fines in relation to the total condition of the test sample. In the case of the shrinkage
sample and to reduce the measured plasticity index in prodimit test this is usually natural moisture content, whereas
portion. Much Atterberg data in the database did notin the case of the linear shrinkage test it is close to the
include <0.425 mm results. This may be because theliquid limit. Volume change for the former was reported as
sample did not require sieving, or that a small number of 6.7% and a linear strain for the latter as 8.6% (Kadir,
coarse particles were removed by hand, without sieving.1997), for samples from Nottinghamshire (Area 8). These
Examination of the limited data containing both reported compare with values of 13 to 27% for shrinkage limit and
%<0.425 mm from the Atterberg test preparation stage andl7 to 20% for linear shrinkage, for the Gault clay (Jones
equivalent particle size data, showed very wide discrepan-and Hobbs, 1998b).
cies; the particle size data tending to give similar or lower Chandler et al. (1968) reported 1-D swelling strain data
values (i.e. coarser grain size). for Proctor compacted Mercia Mudstone as between 0 and
Entwisle (1996) reported that measured laboratory 1-D 6% depending on placement moisture content. Such data
swelling strains and swelling pressures on undisturbed soilare difficult to use for classification because of the depen-
specimens were greater than predicted from plasticity anddence of the results on test conditions (e.g. surcharge load
density. Values for plasticity index ranged from 2 to 49%, applied) and pre-test moisture content. It would be prefer-
with the exception of reworked samples, some of which wereable to use a common swell test procedure irrespective of
higher. Less than 2.5% of all samples tested gape-40 % sample condition. Chandler et al. (1968) showed an overall
and hence may be categorised as having a ‘high’ volumetrend of increasing Proctor swell strain with increasing
change potential using the Building Research Establishmentiquid limit, and also reported the difficulties experienced
(1993) classification. Overall, plasticity index medians for the in achieving air-voids targets in compacting unweathered
ten areas ranged from 11 to 24%, thus placing the MerciaMercia Mudstone of low moisture content. Heavy com-
Mudstone in the ‘low’ to ‘medium’ categories. paction is almost certainly required.
A useful classification of swelling potential for mudrocks
was given by Shakoor and Sarman (1992). This was based on

Table 7.6 Classification of volume change potential a log-log plot of swelling (volumetric) strain vs. swelling
(BRE, 1993). pressure. Unfortunately insufficient swelling data are
o — available to make use of it. The clay fraction of the Mercia
Mod|f|edd pli';1§t|0|ty Volume chelmge Mudstone is dominated by illite, corrensite (a mixed layer
Indexp potentia clay), and chlorite. A detailed description is found in Jeans
>60 very high (1978) and Section 4. lllite was considered to be a ‘non-

40 — 60 high swelling’ clay mineral by Shaw (1981). Corrensite is

20 — 40 medium probably a ‘moderately swelling’ clay mineral. Shaw (1981_)
gave an ‘expandable clay mineral' content for the Mercia

<20 low Mudstone of about 18 per cent.
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8 In situ testing

8.1 INTRODUCTION geotechnical properties to be obtained. This has the capa-
bility of identifying subtle changes in lithology, character-
Considerable difficulties are experienced in the determina-ising the formation, and enabling further investigations on
tion of the mass strength and mass stiffness of weak rockshe site to be planned. The main disadvantage of current
such as Mercia Mudstone (Thompson et al., 1993). This isstatic and dynamic penetration methods is their inability to
due to the fissured nature of the unweathered rock andpenetrate thick sequences of soft-rock/strong-soil such as
problems encountered when sampling and during testing inthe Mercia Mudstone. This is because resistance to pene-
the laboratory. tration builds with depth whereas the applied force is finite,

Over the past three decades, in situ geotechnical testingrovided in the case of static tests by reaction against
equipment has been developed in the UK. In the lastground anchors or by dead weight, and in the case of
decade, in addition to refinements to the long-establisheddynamic tests by a falling weight.
standard penetration test (SPT) and plate-bearing test Whilst the prime role of penetration testing is to
(PBT), new technigues have been developed in the form ofdetermine strength and deformability, recent developments
the pressuremeters and the static and dynamic penetromédiave enabled a variety of parameters to be measured
ters. Recently, work on a combined pressuremeter/pen-directly or to be derived. These include geophysical and
etrometer has been carried out (Zuidberg and Post, 1995)geochemical parameters. The results of static and dynamic
The more sophisticated of these methods do not, as yetpenetration tests tend to be displayed as continuous traces
have standards defining the procedure for their use. Therather than as discrete numbers. As such they may be
self-boring pressuremeter (SBPM) is a relatively recent difficult to deal with statistically, and are not easy to enter
development. into a database.

Traditional and new in situ tests have particular impor-  The dynamic penetration test is a simple and rapidly
tance for the Mercia Mudstone, which as a fissured soft-executed test which takes several forms, but is usually
rock/hard-soil material may be difficult to characterise using carried out by a small rig which applies a repeated impact
traditional undisturbed sampling and laboratory testing force to the drill string at the surface. The output is in terms
methods, particularly in the unweathered state. As a resultof penetration resistance which may be correlated with
considerable use has been made of penetrometers and, toumdrained shear strength or compactness of the material
lesser extent, pressuremeters in characterising the Mercigenetrated and it is particularly useful in the assessment of
Mudstone. The principal advantage of these methods is theithe compaction of fill. The problems associated with the
ability to test for the mass properties of strata when analysis of these data are discussed in section 8.5.
compared with traditional laboratory testing methods. The
principal disadvantage of the methods is that, in most cases,

a sample for visual inspection, and hence geological identifi-8.3 PRESSUREMETER TESTS
cation, is not obtained. Consequently, as with geophysical
methods, some form of ‘control’ is required. This may take The pressuremeter is a cylindrical device that may be
the form of operator experience, a cored borehole for litho- expanded against the walls of a borehole. There are broadly
logical description or the use of test sites typifying, for three types of pressuremeter, the self-boring type (e.g.
example, over-consolidated clays or soft clays. ‘Camkometer’), the push-in type (e.g. the Building
Research Establishment's ‘PIP’), and the original type
which required a pre-formed borehole (e.g. ‘Menard pres-
8.2 STATIC AND DYNAMIC PENETRATION suremeter’)(Mair and Wood, 1987). These are all able to
TESTS measure undrained strength and deformability simultane-
ously, and to determine horizontal stress (Clough et al.,
Static and dynamic probing or penetration tests are madel990). The method has been hampered by difficulties in
using a wide range of techniques. The history of the coneinterpretation due to complex boundary conditions, distur-
penetration test (CPT) was described by Marsland andbance when cutting the hole, and the bias toward measure-
Powell (1988). Recent developments of the cone penetraiment of properties in a horizontal direction.
tion test include the piezocone (Powell et al., 1988) and Accounts of the borehole type pressuremeter’s use in
seismic, thermal, and environmental cones of various Mercia Mudstone were given by Meigh (1976), Marsland
types. The cone penetrometer may also be referred to as thet al. (1983), Leach et al. (1976, 1979), Maddison et al.
Dutch cone or the electric cone. A workshop on the subject(1996), and Parry et al. (1996). Leach et al. (1976) gave a
in May 1995 at Loughborough University, (Price et al., detailed comparison of pressuremeter data and laboratory
1996) made use of a previously drilled test site on Merciatriaxial data. The pressuremeter test tends to give a much
Mudstone overlain by alluvium. The main advantage of higher value for undrained shear strength, compared with
these techniques is that they are either continuous or semithe laboratory test; the difference increasing with depth.
continuous, unlike traditional laboratory techniques which Marsland et al. (1983) also compared pressuremeter test
deal only with discrete, intact specimens which have to bedata with back-analysed foundation displacements. These
selected from core or other samples. Hence, a large numbeand other references suggest that both the true strength and
of data points may be obtained, usually recorded by an onthe true deformation moduli of the soil or rock mass lie
site computerised data logger, enabling a ‘profile’ of between the traditional triaxial test values and the pres-
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suremeter test values. Large differences in the interpreta- The results of selected pressuremeter tests from four site
tion of the pressuremeter test are obtained depending onnvestigations in the East and West Midlands are shown as
whether the initial or the unload/reload cycle results are depth profiles, A to E, on a log scale in Figure 8.1. The
used. The unload/reload elastic moduli are between twoundrained cohesion values from pressuremeter data show
and three times the initial values. Modern small-strain an overall trend of increase with depth, but with a wide
stiffness triaxial test techniques narrow the gap betweenscatter of data, particularly at depths shallower than 12 m.
laboratory and field to some extent. Shear modulus values derived from pressuremeter data
The self-boring pressuremeter is believed to overesti- show little or no increase with increasing depth below 8 m
mate the undrained strength of clays by a factor of aboutdeep. Weathering zones have been omitted as some data
two (Shuttle and Jefferies, 1996). However, the self-boring did not have this information, and others were not compati-
pressuremeter (and also the cone pressuremeter) have die. Comparison of initial and first unload/reload shear
advantage in that they fit, by definition, closely to the hole. moduli show a median increase in the latter over the former
A recent development has been the ‘weak rock self-boringof 186%. Most first unload/reload () data agree with
pressuremeter’, which is capable of dealing with rocks data quoted by Marsland et al. (1983) for Mercia Mudstone
such as the Mercia Mudstone (Clarke and Allen, 1989;in Cheshire. No values of Young’'s Modulus (E) derived
Clarke et. al., 1989; Thompson et al., 1993). from pressuremeter tests are present in the database.
Conventional analyses of the pressuremeter test are th&alues of between 350 and 820 MPa are quoted for
Gibson-Anderson (1971) method and the Palmer methodWeathering Zone 3 material in Area 8 (East Midlands).
(1972), The former uses a two-stage ideal elastic / perfectlyMeigh (1976) discussed results of pressuremeter, plate
plastic (Tresca) analysis where yielding occurs when thebearing, pile loading tests, and back-analyses, carried out
cavity pressure equals the undrained cohesion. Thein the Midlands and South Wales, in terms of Young's
undrained shear strength is the gradient of the pressure vanodulus and its relationship with depth. Young's modulus
log volumetric strain line. Rigidity and shear modulus can may also be derived from laboratory oedometer tests using
also be obtained from this plot. The Palmer method utiliseselastic theory, with coefficient of volume compressibility
the actual stress/strain response. Shuttle and Jefferiegm,) and Poisson’s ratia{) as inputs (Meigh, 1976):
(1996) recommended that self-boring pressuremeter
parameters are determined in a synthesised ‘iterativeE’ = 0.9/m, (assuming’= 0.2 for Mercia Mudstone)
forward modelling’ method, and gave results which are
independent of disturbance and comparable with high
qguality triaxial testing. Oversized cutting shoes are
sometimes used for self-boring pressuremeter tests in weal8.4 PLATE-BEARING TESTS (PBT)
mudrocks such as Mercia Mudstone. This means that the
test is not strictly ‘self-bored’ and a different method is The in situ plate-bearing test is a well-established, but rela-

necessary to interpret the results. tively expensive and little used test. It was developed (in
Pressuremeter Initial Shear Pressuremeter 1st unload/reload Pressuremeter Undrained
Modulus, G; vs. Depth Shear Modulus, G,,¢ vs. Depth cohesion, c, vs. Depth
G, (MPa) G, (MPa) c, (kPa)
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Figure 8.1 Pressuremeter test results for the East and West Midlands.
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the UK) by the Building Research Establishment. The 3500 tests. The data from these tests were processed in
possible exception to this lies in its use for bridge several stages:

abutments in strong clay formations, such as the Mercia
Mudstone. One such use, for the M56 motorway betweenl
Manchester and Chester, was described by Marsland et al.
(1983); a good agreement was found between shear
modulus results from plate bearing tests and back-analysed
foundation displacements. However, shear moduli values
from pressuremeter tests were significantly higher.
Although plate-bearing tests vary in the size of plate and
the method of application of the load they usually require
the use of heavy plant, and the preparation of a purpose-
made trial pit or a large diameter borehole.

Settlements of 30 to 33 mm for 250 to 275 kN applied
loads for 300 mm diameter plate tests in the West Midlands
were reported by Meigh (1976) who also discussed the
results of the plate and pile loading tests in terms of elastic-
ity modulus.

8.5 STANDARD PENETRATION TEST (SPT)

The standard penetrometer test (SPT) is a long-established,
‘founding method’ of in situ geotechnical testing. This
dynamic method employs a falling weight to drive a split-
sampler and cutting shoe (or solid 60° cone in the case of
coarse soils or soft rock) 300 mm into the ground from a
position 150 mm below the base of a borehole; the initial
150 mm being the ‘seating’ drive. The use of the test is
described in British Standard 5930 (British Standard
Institution, 1999) and the methodology in British Standard
1377: Part 9: Clause 3.3 (British Standard Institution, 2
1990). There has been much discussion concerning the test
method, test apparatus, and test interpretation (Stroud and
Butler, 1975; Stroud, 1989). International variations in
practice have been a feature of its use.

It was recommended (Clayton, 1995; British Standard
Institution, 1990; International Society for Soil Mechanics
and Foundation Engineering, 1988) that test results are
reported in the form of six 75 mm penetration increments;
the first two representing the ‘seating’ drive and the final
four the ‘test’ drive, the sum of the latter providing the SPT
‘N’ value. This is often not the case in site investigation
reports, though it does form part of the Association of
Geotechnical Specialists’ (AGS) format for the electronic
transfer of geotechnical data. The difficulties inherent in
databasing and analysing SPT data are discussed below.

The standard penetration test (SPT) may be regarded as
rather crude, but it has the virtue of being an inexpensive in
situ test that can and has been carried out across the full
range of weathering zones in the Mercia Mudstone. It
could be argued that it is unique in this respect, given the
difficulties in applying most other test procedures to this
formation. Thus it is perhaps not surprising to see how
often it has been deployed between core runs in relatively
deep boreholes. This somewhat inconvenient procedure
must have been regarded as worthwhile, despite the fact
that such tests very rarely achieve the full test penetration.
If the data from these tests are to be compared and
analysed, and not simply dismissed as incomplete, then
some extrapolation or other normalisation is required.

An abundance of SPT data was available, in most cases

Seating blows and penetratiofhe current test standard
(British Standard 1377) has since 1990 specified that the
seating drive is complete after an initial penetration of
150 mm or 25 blows, whichever is first achieved. This
recognises that, in harder soils and weak rocks, the test
equipment can be regarded as adequately seated with a
penetration of significantly less than 150 mm. Thus it is
no longer permissible to report tests as ‘seating blows
only’. None of the investigations used for this study,
including those carried out well after the introduction of
the standard, had complied with this requirement. This
is surprising in view of the fact that the total penetration
for many of the deeper tests was very limited. It is more
remarkable that some drillers, from the evidence of the
incremental data, had carried out the test correctly, and
yet the formal report records these tests as incomplete.

Where the blow count to 150 mm was greater than 25,
the data within this interval was examined. The seating
penetration was taken at the increment for which the
total blow count was proportionately closest to 25. In
the cases where this occurred at the first increment, all
the subsequent data was shifted to the right and the next
four increments taken as the main test drive. Tests in
which data had only been recorded for a single
increment were discarded, as they left no scope
whatever to distinguish a seating drive and an even
minimal test drive.

Variability of the incremental blowsThe purpose in
recording the SPT test in 75 mm increments is not clear,
either in the British Standard or in the otherwise com-
prehensive report by Clayton (1995). In this study, the
incremental data were analysed on the premise that in
each test an attempt is made to derive a measure of
resistance for a single and, at least locally, consistent
material. Thus, when the test interval crosses between
two materials of markedly differing resistance, the result
will reflect the properties of neither, nor the overall
properties of the two materials when considered together
at the macro scale.

Data from the final increment of each test was
examined. Where the penetration for this increment had
been recorded as zero, the test was discarded, irrespec-
tive of the blow and penetration history in the preceding
increments. It was taken that the test interval had
reached a second material of very much higher resis-
tance, for which the available data indicated an infinite
N value. For the remaining tests, the penetration rate
(blows/mm) for the final increment was compared to the
rate for the first increment of the main test drive. Where
this ratio was higher than about 4:1, the tests were again
discarded. The limit was entirely subjective and
arbitrary, set with the purpose of eliminating a small
proportion of the data where it was most likely that two
contrasting materials were being tested. This procedure
was applied progressively, from those tests having the
greatest penetrations to those having the least (and
hence fewer increments).

with a record of the incremental blows and penetrations. For a small proportion of tests neither digital nor incremen-
The advent and availability of the data in digital format, tal data were available. In these cases, tests giving a full N
means that it was practical to input this detailed informa- value were accepted, together with those in which a partial
tion into the geotechnical database for analysis. Themain test drive could be distinguished from a seating drive.
summaries presented for the SPT are derived from overin total, rather less than 10% of the original test data was
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discarded. For the remainder, extrapolated N values werewith a minimum median N value of 50 for Area 5. A plot of
calculated from the main test drive penetration (where lessthe median, and associated percentile, values of SPT with
than 300 mm) and the corresponding blow count. The verydepth is given in Figure 7.15. This shows a clear increase in
small number of N values in excess of 1000 were given amedian value of N = 40 to 100 between 2 and 7 m. Below
‘high default’ value of 9999, on the basis that the value this a similar increase is only achieved below 25 m depth.
must be very high but the degree of extrapolation was soThe full statistical results are given in the Appendix.
great that the computed value was worthless. Strictly, the correlation of SPT with strength values
In this study, an attempt has been made to derive extrapdetermined in the laboratory is not possible from the
olated N values on a consistent basis. There is an inevitablelatabase because data were not obtained from the same
bias, in that the higher the value, the greater will be bothsampling interval or depth. Stroud (1989) and Clayton
the degree of extrapolation, and the probability that the (1995) give log-log correlations between N value (derived
‘real’ value’ would be higher still. Much of the discarded from SPT, pressuremeter, and pile tests) and unconfined
data almost certainly represents high but unquantifiable Ncompressive strength data for various clay and mudrock
values. In most instances these could have been determinefbrmations including Mercia Mudstone, obtained from a
if there were a modest amendment to the test procedurevariety of sources. From this Clayton (1995) quoted the
This would define the main test drive in a similar manner following relationship for ‘clays’:
to the revised seating drive, as 300 mm penetration or 100

blows, recorded in four increments of 75 mm or 25 blows C,=  5NggkPa

(in both cases, whichever is achieved first, but allowing the

driller a modest latitude). Thus all tests could be carried to  where: Nso = equivalent SPT resistance
a clear conclusion, and provide the same amount of incre- corrected to 60% of energy

mental data, from which to assess the consistency of the

test drive and thence base an extrapolation, if required.

Whilst this could readily be recorded within the AGS 8.6 PERMEABILITY TESTS

digital format, representation on the printed log would be a

little lengthier. There are only two site investigation reports in the dataset
Results of SPT tests held on the database number ovecontaining in situ permeability data. (There are no laboratory

3500. Taking all areas together, the median values forpermeability data). These are both from the East Midlands.

Weathering Zones 2, 2/3, 3, 3/4a, and 4a are N = 161, 146Permeability values for the Mercia Mudstone ranged from

126, 117, and 59, respectively. This confirms the expected3.42 x 167 to 1.4 x 16* m/s (falling head, Weathering Zone

trend of a reducing N value with increasing weathering. 4a), from 3 x 16 to 1.0 x 168 m/s (falling head, Weathering

Median N values are highest in Area 2, with a median N Zone 3), and from 1.17 x #0to 1.44 x 16/ m/s (reduced

value of 122, and decrease towards the south-west and easbnstant head, Weathering Zone 4).
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9 Conclusions

9.1 GEOLOGY may also be present and several heavy minerals occur in
very small quantities. The major clay minerals are illite,
The Mercia Mudstone Group is dominated by reddish- chlorite, mixed layer illite-smectite or chlorite-smectite
brown mudrocks that accumulated under hot, seasonallyand, in some horizons, smectite. Predominance of illite and
wet climatic conditions in basins with intermittent, chlorite indicate a detrital origin in low salinity conditions
restricted connection to the sea. It is characterisedassociated with wet climatic conditions. Where high
primarily by a monotonous sequence of brown, red-brown, salinity, arid conditions prevailed the authigenic clays,
calcareous clays and mudstones, with occasional beds oillite-smectite, chlorite-smectite and smectite are found to
impersistent green mudstone siltstone and fine-grainedbe dominant. The determination of the proportion of clay
sandstone (skerries), often forming the high ground minerals in a sample by conventional particle size analysis
features. Evaporite deposits of halite, gypsum andmay be different to the value determined by X-ray diffrac-
anhydrite are significant in parts of the sequence but thetion due to difficulties in disaggregating the clay minerals,
thick halite deposits are confined to the centres of formerthe presence of silt-size detrital clay minerals (mica and
basins and are not present at the surface due to theichlorite) and the assumption that X-ray diffraction is a
solution by groundwater. guantitative method of analysis
The outcrop of the Mercia Mudstone extends northwards
from Lyme Bay through Somerset and on to both sides of
the Severn Estuary. It continues northwards through9.3 SAMPLING AND TESTING
Hereford and Worcester before broadening out to underlie
much of the central Midlands. The outcrop bifurcates The Mercia Mudstone is different to many older more
around the Pennine Anticline, with the eastern limb indurated and laminated mudstones, such as Carboniferous,
running through Nottinghamshire into the Vale of York, Coal Measures mudstones, which tend to have relatively
before eventually reaching the North Sea coast at Teessidehin weathering profiles, below which fresh rock is present
The western limb underlies northern Shropshire, Cheshireat shallow depth which is amenable to normal rock
and Merseyside and much of the Formby and Fylde penin-sampling and testing techniques. It is also different to
sulas, passing offshore below the Irish Sea beforeyounger, relatively unindurated mudstones, such as Oxford
extending onshore again on the northern side of the LakeClay, which can be sampled and tested as an engineering
District near Carlisle. In Cheshire, Warwickshire, Formby, soil in the depth range needed for most site investigations.
Fylde, the Vale of York and the Carlisle area, large parts of There is no other mudstone of comparable thickness,
the outcrop are masked by thick Quaternary depositsoutcrop or importance in the UK which occupies the
(mainly glacial till), with more patchy cover of superficial interface between soil and rock, and whose behaviour is
deposits elsewhere. Thick sequences of the group dippredominantly influenced by weathering and jointing rather
below younger Mesozoic rocks in Dorset, Hampshire, than by sedimentary discontinuities.
north-east England and the Southern North Sea, In south- In its unweathered state the Mercia Mudstone may be
east England, the group pinches out in the subsurfacedescribed as an intact, jointed, ‘weak’ rock whereas in its
around the margins of the London Brabant Massif. fully weathered state it is a reddish-brown, ‘very soft’ to
Detailed geological mapping to identify characteristic ‘hard’ silty clay, but frequently containing less-weathered
formations has not been carried out in all the basins of themudrock clasts. The depth of weathering can be consider-
Mercia Mudstone outcrop and detailed correlations within able, exceeding 30 m in some areas. However, the depth of
or between basins that would be useful for indicating the weathering is more typically 10 to 15 m. The weathering
engineering behaviour of the Mercia Mudstone for site profile is usually progressive, with strength and stiffness
investigation purposes are limited. tending to increase with depth but may show reversal with
more weathered material below less due to lithological
variation in the sequence.
9.2 MINERALOGY Soft ground boring and sampling techniques, with light
cable percussion rigs and driven samplers, are as appropri-
An appreciation of the mineral composition, diagenesis andate to Weathering Zone 4 Mercia Mudstone as they are to
structure of the Mercia Mudstone Group can aid an under-most other clay soils. The shallowest taper angle and
standing of its engineering behaviour. The plasticity of sharpest edge practicable should be used and maintained on
clays and mudstones depends on the type of clay mineralshe cutting shoe for taking driven samples. The fresh or
present, particularly those of the less than 0.002 mm grain-slightly weathered Mercia Mudstone of Zones 1 and 2
size fraction, and the percentage of clay minerals in therequire the ‘gentle’ rotary flush coring techniques used for
mineral composition. The nature and distribution of inter- other weak mudstone rocks. Samples may be taken using
granular cement will affect its strength, deformation and semi-rigid plastic core liners or triple tube core barrels both
susceptibility to weathering and the nature of the weatheredof which afford protection to the core once it is cut by the
material. drill bit. Neither technique is wholly appropriate for the
The main non-clay minerals present in Mercia Mudstone intervening Zone 3 material due to its inhomogeneous
are quartz, calcium carbonate, magnesium carbonatepature of ‘clay’ matrix and ‘rock’ lithorelics and both tech-
calcium sulphates, micas, iron oxides, and halite. Feldspamiques may need to be used in close proximity with an
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overlap through a suitable depth range, ideally, of severalters were plotted against depth or against one another, in
metres. The overlap enables the borehole logs from the twoorder to determine variations caused by depth, and other,
contrasting techniques to be reconciled. Although not related factors, and to characterise engineering behaviour at
without difficulties, sampling from trial pits offers the pos- deep and shallow levels. Weathering may be related in a
sibility of high quality, undisturbed, block samples or tube general sense to depth below ground level, but this is not a
samples in the weaker material. simple relationship of decreasing weathering with increasing
Considerable difficulties are experienced in the determi- depth in the case of the Mercia Mudstone. Moisture content,
nation of the mass strength and mass stiffness of a weaklensity, permeability, and strength may also relate to depth.
rock such as Mercia Mudstone due to the fissured nature of
the unweathered rock and problems encountered when
sampling and during testing in the laboratory. In situ 9.5 ENGINEERING BEHAVIOUR
geotechnical testing equipment has been developed in the
form of pressuremeters and static and dynamic penetromeComments on the engineering behaviour are largely based
ters to circumvent these problems and refinements made t@mn the geotechnical properties of mudstones of the Mercia
the long established standard penetration test (SPT) andMudstone Group recorded in the geotechnical database or
plate-bearing test (PBT) have been made in recent years. in the published literature. The material being considered
was undisturbed or remoulded material in a fresh or
weathered condition. However, in some areas the Mercia
9.4 GEOTECHNICAL DATABASE Mudstone strata have been disrupted by the dissolution of
soluble evaporite minerals, gypsum or halite, or by the
A geotechnical database for the Mercia Mudstone Groupvolume increase that occurs when anhydrite converts to
has been compiled for ten areas that reflect the originalgypsum in the presence of water. Large volumes of strata
depositional basins, the present outcrop, the extent ofhave been transformed to breccia by these processes. In
current and potential development, and the availability of these areas the in situ behaviour of Mercia Mudstone will
data sources. Particular emphasis has been given to thodee very different to its undisturbed state.
areas in which the Mercia Mudstone has been mapped and The analysis of the geotechnical database, described in
subdivided stratigraphically, namely the northern part of Section 7.2, revealed some trends in the properties and
the East Midlands, the Worcester Basin and the Cheshireengineering behaviour of the Mercia Mudstone. Data have
Basin. In the Stafford Basin, Warwickshire and Leicester been analysed and correlated by lithostratigraphical
mapping has not as yet divided the group. Further north,division (where available), geographic areas, weathering
site investigations rarely penetrated the drift that obscureszone, and depth. The trends appeared in general to depend
the Carlisle area and the complex of basins in weston stratigraphic subdivision and area rather than weather-
Lancashire. In the West Country, areas comprise theing zone. For example, clear trends were seen in several
Severn Estuary and east Devon. To the east of theindex properties between the three main stratigraphic sub-
Pennines, modest amounts of data have been obtained fattivisions of Area 1 (Cheshire). This was partly due to the
Humberside and Teesside. fact that the Mercia Mudstone is lithologically varied, and
The majority of the data were taken from investigations stratigraphical subdivisions each have characteristic
for the motorway and trunk road network, as these lithologies and mineralogies which correlate with most
provided an abundance of good quality data, often across @eotechnical properties.
major part of the outcrop. All the selected reports were for Some areas gave contrasting strength or plasticity values
more recent investigations (post 1985), and included compared with others. However, the data were not equally
weathering zones. distributed across the areas; Areas 1, 2, and 8 together
In addition to basic statistical analysis of the data using accounted for about 75% of the data. Variation or scatter
scatter and line plots, a non-standard approach has beewas in many cases the same within a single area as it was
applied to displaying geotechnical data graphically. This across the areas. This applied to particle size data in partic-
involved the use of box plots and the bubble plots. In ular and, to a lesser extent, plasticity data.
addition, a variation of the familiar Casagrande plasticity = Median values of liquid limit for each area ranged from
plot has been produced. This plot substitutes plastic limit 30 to 52%. Areas 1 and 9 had notably higher values than
for liquid limit on the abscissa, resulting in a cluster of data other areas. Samples with a plasticity classification greater
rather than the more familiar linear scatter parallel, or sub-than ‘high’ represented less than 0.5% of the data. There
parallel, with the A-line. A feature of the plot is that the was a general trend of increasing liquid and plastic limits
entire plotting area is utilised, as opposed to half of it as iswith increased weathering. The Edwalton Formation in
the case with the Casagrande plot. The box plot enables #&rea 8 had higher liquid and plastic limit medians than the
visual assessment of statistical percentiles to be made, andther formations in the area. Area 9 had the highest plastic
many boxes, each representing a subdivision of data, mayimit median with few values below ‘medium’ plasticity.
be placed on one diagram. The use of rigorous statisticsArea 10 the lowest plasticity. There was no clear correla-
with geotechnical databases has been discussed in Hallartion between liquidity index and weathering zone, with the
(1990). The bubble plot is a means of indicating the con- possible exception of Area 2 which showed an increase
centration of data at one co-ordinate. This is particularly from Zone 2/3 to 4b. Again, the Edwalton Formation (Area
suited to geotechnical index data which may be reported to8) had high liquidity indices. Few data were available for
one decimal place or the nearest whole number as specifiedwelling and shrinkage. All indications were that the
by British Standard procedure (British Standards Mercia Mudstone had a low swelling and shrinking
Institution, 1990), and as a result many data points have theotential (Building Research Establishment, 1993). Large
same values. differences were reported between laboratory and field per-
The analysis showed the distribution and correlations of meabilities. Permeabilities were reported of betweef 10
various key geotechnical parameters with regard toand 101 m/s for intact laboratory samples and between
geography and stratigraphy. Selected geotechnical paramel(® and 16 for field tests (Tellam and Lloyd, 1981). The
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differences in the reported values are due to the scale of thean be carried out using an extended mixing time
tests and discontinuities in the rock mass. (Entwisle, 1996). He also pointed out that mica and

Chemical tests were sparsely represented in the databasehlorite are present as silt-sized particles, and may have
Sulphate contents are important in view of the gypsum been included in earlier work as ‘clay minerals’ that were
within the Mercia Mudstone Group and the potential for assumed to be of clay size.
concrete and steel attack beneath ground level. A wide It may be the case that a distinction needs to be made
range of sulphate contents was found, resulting in classedbetween naturally occurring particle size and disaggregated
from 1 to 5 (Building Research Establishment, 1991). The particle size for a material such as the Mercia Mudstone. It
pH values typically lay between 7 and 8, that is, slightly may be that standard testing procedures can be used to
alkaline, with the Sneinton Formation highest and the evaluate this rather than XRD analysis. Clearly, if the
Cropwell Formation the lowest. The pH varied across mechanical properties of the clay in its natural, undisturbed
stratigraphical subdivisions in Area 8. Carbonates, either instate are required, then disaggregated properties are inap-
the form of dolomite or calcite, are important constituents propriate (Dumbleton and West, 1966), except in the
of the Mercia Mudstone. However, carbonate contents,context of an index or reference point. Other properties
organic contents, and other chemical test data were not repinfluenced by the aggregation state are permeability,
resented in the database. density, and strength.

The aggregation of Mercia Mudstone has been widely Activity data for the Mercia Mudstone are generally
discussed (Chandler et al., 1968; Dumbleton and West,unreliable, and may be inappropriate to define the
1966; Davis, 1967). Chandler et al. (1968) explained the formation. It would appear that positive values of plasticity
wide range in activity observed in terms of the unchanging index can be obtained for a soil with zero clay size fraction
free surface area of clays compared with the change in(% < 0.002mm). This then gives activity values of infinity.
particle size. They quoted values of activity for disaggre- This may not be wholly attributable to poor disaggregation
gated material of between 0.15 and 1.15. A good positivein particle size analysis preparation, but may be a feature of
correlation was also suggested (by the above) betweeractivity when applied to soils of low plasticity. It has been
activity, A, and aggregation ratio, /AData from the shown from the database that particle size data may be
database, described in section 7.2, showed a much wideunreliable in many cases, and that there is widespread dis-
range of activities (0.38 to 25). These may be, in many agreement between % < 0.425mm data from the Atterberg
cases, erroneous due to incorrect clay-size contents derivetimit preparation stage and the equivalent particle size data.
from particle size analyses. If the percentage clay size Strength data showed some trends with area, stratigraphy
fraction used to calculate activity, was taken as a propor-(Areas 1 and 8), and with depth, though little correlation
tion of the percentage passing the 0.425 mm sieve, insteadvith weathering zone was seen. Laboratory strength
of the whole sample, the activity values drop by a factor of samples of Zone 1, 2, and 3 Mercia Mudstone are difficult
up to three. It was clear that complete dispersion had notto prepare, and the scatter of undrained strength dgta (C
being completed in many tests, resulting in aggregations ofand UCS) is considerable. This partly explains the popular-
mudrock being graded as sand, gravel, and cobbles. At théty of in situ test methods in the Mercia Mudstone (section
same time these samples were described as mudrock d8). The SPT results (N values) showed a good correlation
clay. Whilst it is the case that some weathering grades arewith weathering grade and stratigraphy for Area 8; the N-
characterised by clay matrix and lithorelics of mudrock, values decreasing with increased weathering. Residual
and that it is possible to break-down these lithorelics, the (soil) strength data were few, but indicated high values
correct grading of these materials is open to question.(>25° for residual friction angle, g’. There was wide
Clearly, lithorelics of any rock type other than mudrock, scatter of point load test data values. True correlations of
would normally be considered intact and no attempt madepoint load and SPT with other strength parameters were not
to break them down. It may be that conventional particle possible due to non-coincidence of sample interval. Depth
size analysis is unsuited to the Mercia Mudstone, at least inprofiles of strength parameters generally showed an
Weathering Zones 1, 2, and 3a and it may be that an indexncrease with depth, to a depth of about 10 m, below which
test such as the slake durability test is more suited to thdittle further increase was apparent. However, depths below
Mercia Mudstone. Whilst this test is not a particle size testtrue ground level were difficult to determine accurately in
it gives an indication of liability to breakdown under condi- the database. This contributed to the scatter of data.
tions of mechanical abrasion and swelling, and may be Deformability of Zone 1, 2, and 3 Mercia Mudstone is
indicative of the breakdown taking place during the wet difficult to determine in the laboratory, it being difficult to
sieving process. The slake durability test is not commonly prepare specimens and to avoid sample disturbance and it
carried out on weak mudrocks and clays, and no data foris usually measured in situ using large-scale tests (Section
the test exists in the database. 8). Deformability is strongly influenced by lithology, geo-

The ‘% clay mineral’ in the aggregation ratio formula is logical structure, and sample disturbance. The consensus of
the percentage of clay minerals as determined by X-Rayopinion at a meeting ofihe engineering geology of Mercia
diffraction (XRD) or chemical analyses, whereas the ‘% Mudstone in highway@arber 1996) was that the deforma-
clay size’ (proportion of particles < 0.002 mm) is deter- bility of Mercia Mudstone was often overestimated. The
mined from conventional particle size (grading) analyses. selection of deformation modulus from laboratory and field
The latter mayncludenon-clay mineral material, and may tests is difficult. For the more weathered Mercia Mudstone
excludeaggregations of clay minerals. XRD analyses are (Zones 3b, 4) the use of oedometer consolidation tests is
not routinely carried out as part of site investigations, and feasible, though the normally applied stresses (up to 2000
the data required to calculate aggregation ratio are thus nokPa) may be inadequate for interpretation of overconsoli-
contained in the database. Chandler et al., (1968) quotediation or yield stress. There was a wide scatter of consoli-
values for A of between 1.4 and 10. Such high values may dation data, particularly for the coefficient of consolida-
point to poor disaggregation in the particle size analysis. Ittion, G,.
has been shown that by means of a minor modification to Marsland et al. (1983) concluded that shallow mass foun-
the BS1377 preparation procedure, successful aggregatiomations are ‘perfectly adequate for many bridges constructed
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on weathered Keuper Marl'. It may be that piles are specifiedon lithology, bedding and jointing, seepage, and the state of
unnecessarily in many cases. Remoulded strength data fromveathering. The strength of joints, and other discontinu-
laboratory tests may be one reason for this. Creep may be #@ies, plays an important part, particularly as a large
significant factor in settlement calculations. This may be reduction in effective cohesion takes place along them. In
caused by dissolution of sulphates. Effective stress triaxialunweathered Mercia Mudstone, joints may be planar,
testing should be used in preference to ‘quick undrained’ orundulose, or listric; spaced typically at between 0.1 and 0.5
‘unconsolidated undrained’ triaxial testing. Mercia Mudstone m (Forster and Hobbs, 1995). The result of undulose or
in the engineering zone is typically partially saturated. This listric jointing is that intact blocks are rarely cuboid in
results in negative pore pressures in the triaxial test. shape, but rather lenticular or flaggy. Engineered slopes in

Slope stability in the Mercia Mudstone is not solely a Mercia Mudstone are typically graded at 1:2 ( 27°), whilst
function of the intact strength. Slope angles are dependennhatural slope angles are very variable.

64



References

Awmeroskg, K. 1989. Geology of the Lowdham district, 1:10 000
sheet SK64NE: part of 1:50 000 sheet 126 — Nottingham.
British Geological Survey Technical RepMtA/89/14.

Anon. 1970. The logging of rock cores for engineering
purposes. Report by the Engineering Group of the Geological
Society’s Working Party. Quarterly Journal of Engineering
Geology Vol. 3, 1-24.

Anon. 1995. The description and classification of weathered

International Journal of Rock Mechanics and Mining Science
Vol. 9, 669-697.

BuiLbing ResearcHEsTABLISHMENT. 1981.  Concrete in sulphate
bearing soils and groundwatersBuilding Research Digesio.
250.

BuiLbing ResearcHEsTABLISHMENT. 1991.  Sulphate and acid
resistance of concrete in the grounduilding Research Digest,
No. 363 (second edition, 1996).

rocks for engineering purposes. Report by the Engineering Group g ping ResearcHESTABLISHMENT. 1993.  Low rise buildings on

of the Geological Society’'s Working PartyQuarterly Journal
of Engineering Geologyol. 28, 207-242.

ARrTHURTON, R S. 1980. Rhythmic sedimentary sequences in the
Triassic Keuper Marl (Mercia Mudstone Group) of Cheshire,
north-west England. Geological JournalVol. 15, 43-58.

AssoclATION OF GEOTECHNICAL AND ENVIRONMENTAL SPECIALISTS.
1992. Electronic transfer of geotechnical data from ground
investigations Association of Geotechnical and Environmental
Specialists1st Edition.

ATkinson, J H, RtTiFer, G S, and Bokes, P G. 1998.

Geotechnical properties of destructured Mercia Mudstone.
Proceedings of the Construction Industry Research and
Information Association seminar on the engineering properties of
the Mercia Mudstone GrouyPride Park, Derby, November 1998,
pp. 7/1-7/5.

BacciareLLl, R. 1993. A revised weathering classification for
Mercia Mudstone (Keuper Marl). 169—-1ifiCrirpset al. (eds.)
The Engineering Geology of Weak Rodkngineering Geology
Special PublicationNo.8. (Rotterdam: Balkema).

BArBER, L. 1996. The engineering geology of Mercia Mudstone
in highways GeoscientistVol. 6, No. 6, 24—26.

BeLL, F G. 1994. A survey of the engineering properties of
some anhydrite and gypsum from the north and midlands of
England. Engineering Geologyol. 38, 1-23.

Bieniawski, Z T. 1974. Estimating the strength of rock
materials.Journal of the South African Institute of Mining and
Metallurgy. Vol. 74, 312-320.

Bieniawski, Z T. 1975.  The point load test in geotechnical
practice. Engineering Geologyol. 9, 1-11.

Binns, A. 1998.  Rotary coring in soft rocks and soils for
geotechnical engineerinBroceedings of the Institution of Civil
EngineersVol. 131, 63-74.

BircH, N. 1966. Keuper Marl. Proceedings of the Midland Soil
Mechanics & Foundation Engineering Socjepl. 6, 41-84.

BLoobworTH, A J, and Rior, S V. 1993. Clay mineral
stratigraphy of the Mercia Mudstone Group in the Nottingham
area. British Geological Survey Technical RepdG/93/29.

Borowczyk, M, and Svymanski, A. 1995. The use of in situ tests
for determination of stress histofyroceedings of the Xl
European Conference on Soil Mechanics and Foundation
Engineering — The Interplay between Geotechnical Engineering
and Engineering GeologZopenhagervol. 1, 17-22.

BRriTISH STANDARDS INsTITUTION. 1972,  Code of practice for
foundations CP:2004.(London: British Standards Institution.)

BRiTISH STANDARDS INsTITUTION. 1990.  British standard methods
of test for soils for civil engineering purposes BS: 1377.
(London: British Standards Institution.)

BriTisH StanpArDs InsTiTuTION. 1999.  Code of practice for site
investigations BS: 5930. (London: British Standards Institution.)

BrocH, E, and RankLin, J A. 1972. The point-load strength test.

65

shrinkable clay soils: Part 1.Building Research Digedto. 240.

CapPrez, M, and HbnoLp, P. 1995. Moisture condition as a basis
for compactionProceedings of the XI European Conference on
Soil Mechanics and Foundation Engineering — The Interplay
between Geotechnical Engineering and Engineering Geplogy
Copenhagenvol. 3, 25-30.

Chabwick R A, and Eans D J. 1995. The timing and direction of
Permo-Triassic extension in southern Britdi61-192in BoLby,

S A R (editor). Permian and Triassic Rifting in Northwest
Europe. Geological Society Special Publicatidxio. 91.

CHaArsLEY, T J, RTHBONE, P A, and lowg, D J. 1990. Nottingham:
A geological background for planning and developmeBtitish
Geological Survey Technical RepaiA/90/1.

CHaANDLER, R J. 1967. The strength of a stiff silty clRyoceedings
of the Geotechnical Conference Q&lol. 1, 100-108.

CHaNDLER, R J. 1969. The effect of weathering on the shear
strength properties of Keuper MaBeotechniqueVol. 19, 321-334.

CHANDLER, R J, BreH, N, and Dwies, A G. 1968. Engineering
properties of Keuper Marl. Construction Industry Research and
Information Association Repoitlo. 13.

CHANDLER, R J, and Bvis, A G. 1973. Further work on the
engineering properties of Keuper MarlConstruction Industry
Research and Information Association ReplNd, 47.

Chau, KT, and WnG, R H C. 1996. Uniaxial compressive
strength and point load strength of rockénternational Journal
of Rock Mechanics, Mining Science & Geomechaiok,33,
No. 2, 183-188.

CLARKE, B G, and ALen, P G. 1989. A self-boring
pressuremeter for testing weak rockll International
Conference on Soil Mechanics and Foundation Engineering,
Brazil. Vol. 1, 211-214.

CLARKE, B G, and &imH, A. 1993. Self-boring pressure meter
tests in weak rocks. 233-2#1Cripps] C et al. (eds.). The
Engineering Geology of Weak RockEngineering Geology
Special PublicationNo. 8.(Rotterdam: Balkema.)

CLArk, B G, Newman, R L, and Allan, P G. 1989. Experience
with a new high pressure self boring pressuremeter in weak rock;
Part 1l.Ground Engineeringyol. 22, Pt.6, 45-52.

CiayTon, C R 1. 1995. The Standard Penetration Test (SPT):
Methods and use.Construction Industry Research and
Information Association Repoiftlo. 143.

CLoucH, G W, Briaup, J L, and Hughes, J M O. 1990. The
development of pressuremeter testin@roceedings of the 3rd.
International Symposium on Pressuremeters, Oxi26d45.

CraGg, D J, andiceman, J. 1995. Rock weathering descriptions:
current difficulties. Quarterly Journal of Engineering Geology,
Vol. 28, 277-286.

Criprs J C, and Taylor, R K. 1981. The engineering properties
of mudrocksQuarterly Journal of Engineering Geologyol. 14,
325-346.



CuLsHAaw, M G, NorTHMORE, K J, and HBes, P R N. 1991.
Undisturbed pit sampling of tropical red clay soils. 485-490
ForsTeR A. et al. (editors). Engineering Geology Special
Publication,No.7.

Davis, A G. 1967. The mineralogy and phase equilibrium of
Keuper Marl. Quarterly Journal of Engineering Geologyol.
1, 25-38.

Davis, A G. 1972. The settlement of structures founded on
weathered soft rocks with particular reference to the Keuper
Marl. Proceedings of the symposium on the interaction between
structures and foundationbdlidlands Soil Mechanics and
Foundation Engineering Society3—28

DePARTMENT oF TRANSPORT. 1991. Manual of contract
documents for highway works. Vol. 1: Specification for highway
works (London: HMSO for Department of Transport.)

DuwmsLETON, M J, 1967. Origin and mineralogy of African red
clays and Keuper Marl. Quarterly Journal of Engineering
Geology,Vol. 1, 39-45.

DuwmsLEToN, M J, and West, G. 1966a. Studies of the Keuper
Marl: Mineralogy. Road Research Laboratory. Ministry of
Transport,Report No. 40, 1-25.

DuwmsLETON, M J, and WsT, G. 1966b. Some factors affecting
the relation between the clay minerals in soils and their plasticity.
Clay MineralogyVol. 6, Pt.3, 179-193.

Epwarps, W N. 1967. Geology of the Country around Ollerton.
Memoir of the Geological Survey of Great BritaBheet 113
(England and Wales).

ELuotr, R E. 1961. The Stratigraphy of the Keuper Series in
Southern Nottinghamshirroceedings of the Yorkshire
Geological Societyyol. 33, 197-234.

EntwisLg, D C. 1996. Geotechnical laboratory determinations
of samples from the Cropwell Bishop Gypsum Pit and Gringley-
on-the-Hill, Nottinghamshire. British Geological Survey,
Engineering Geology & Geophysics Group Laboratory Report,
No. 96/9

EntwisLg, D C. 1997. The mineralogy of the Mercia Mudstone
Group British Geological Survey Technical RepahtN/97/15.

Evans, D J, Res J G, and ldLLoway, S. 1993.  The Permian to
Jurassic stratigraphy and structural evolution of the central
Cheshire Basin. Journal of the Geological Society of London,
Vol. 150, 857-870.

FarvER, | W, and Kemeny, J M. 1992. Deficiencies in rock test
data. Rock Characterisation. 298—-3@8upson, J. (editor)
Proceedings of the International Society for Rock Mechanics
Symposium: Eurock '9ZBritish Geotechnical Society).

Fookes P G, and ktcinsotTom, | E. 1975.  The classification
and description of near-shore carbonate sediments for
engineering purpose&eotechniqugVol. 25, No.2, 406-411.

ForsTeR A, CuLsHaw, M G, and BLL, F G. 1995. The regional
distribution of sulphate in rocks and soils of Britain. 83-1tD0
EppLEsTONE, S WALTHALL , J C Griprs M G CuLsHAw (eds).
Geological Society Engineering Group Special Publicatiém,
10.

ForsTER A, and Hbees, P R N. 1995. Cropwell Bishop Quarry
sampling report British Geological Survey Engineering
Geology and Geophysics Group project ndte, 95/27.

ForsTeR | R. 1983. The influence of core sample geometry on
the axial point load test. International Journal of Rock
Mechanics, Mining Science & Geomechanidgl. 20, 291-295.

ForsTeER S C, and WrriNGTON, G. 1985. Geochronology of the
Carboniferous, Permian and Triassic. 99—hlS\eLLinG, N J
(editor). The chronology of the geological recordseological
Society MemoiriNo.10.

FrankLIN, J A, and @anDrA, R. 1972.  The slake-durability test.
International Journal of Rock Mechanics and Mining Science
Vol. 9, 325-341.

FrankLiN, J A, BRocH, E, and WiLTon, G. 1971. Logging the

66

mechanical character of rockTransactions of the Institute of
Mining and Metallurgy Vol. 80, Pt. A, 1-9.

GissoN, R E and Apbersony W F. 1971.  In situ measurements of
soil properties with the pressuremeteCivil Engineering and
Public Works Reviewol. 56, 615-618.

GosteLow, T P. 1995. Some geological aspects of clay swelling
and shrinkage. British Geological Survey Technical Report,
WN/95/16

GRAINGER, P. 1984. The classification of mudrocks for
engineering purposes.Quarterly Journal of Engineering
Geology,Vol. 17, 381-387.

Haiper, M J. 1989. Effects of changes in pre-treatments and
method of soil testing. Unpublished MSc thesis, University of
Nottingham.

HaLLam, J R. 1990. The statistical analysis and summarisation
of geotechnical databasesBritish Geological Survey Technical
Report,WN/90/16.

Hawkins, A B, and RucHes, G M. 1992. Engineering
description of mudrocks. Quarterly Journal of Engineering
Geology Vol. 25, 17-30.

Heap, K H. 1992. Manual of soil laboratory testing. Vol. 1: Soll
classification and compaction tes&hd edition. (London:
Pentech Press.)

Heap, K H. 1994. Manual of soil laboratory testing. Vol. 2:
Permeability, compressibility, and shear strength testd.
edition. (London: Pentech Press.)

Heap, K H. 1998. Manual of soil laboratory testing. Vol. 3:
Effective stress test®nd edition (London: Wiley.)

Hoees, N B. 1975. The factors affecting the prediction of the
settlement of structures on rock with particular reference to the
Chalk and Trias. Conference on Settlement of Structures,
579-610 (London: Pentech Press.)

Hosss, P R N, dnes, L D, and @LsHaw, M G. 1994,  Effective
strength testing and slope stability analysis of a landslip at
Gringley-on-the-Hill, Nottinghamshire. British Geological
Survey Technical RepoiVN/94/43C.

Hoses, P R N, andches L D. 1995. Methods of testing for
swelling and shrinkage of soiBritish Geological Survey
Technical ReportWN/95/15.

Howarp, A S, WARRINGTON, G, AvBROsSE, K, and Res, J G. 1998.
Lithostratigraphy of the Mercia Mudstone Group of England and
Wales. Discussion document for the BGS Stratigraphy
Committee by the BGS Permo-Trias Stratigraphical Framework
Committee.

Howarp, A S, Young, S R, WARRINGTON, G, and RaroaH, T C.

In preparation. Geology of the Country around Nottingham.
Sheet memoir 126. Memoir of the British Geological Survey
Sheet 126 (England and Wales).

INsTITUTION OF CiviL ENGINEERS 1994.  Site investigation in
construction : without site investigation ground is a hazard.
Report of the Site Investigation Steering Group of the Institution
of Civil Engineers. (London: Thomas Telford.)

INTERNATIONAL SOCIETY FOR SoIL MECHANICS AND FOUNDATION
EncINEerING. 1988.  International Reference Test Procedure.
Proc. ISOPT-1 Standard Penetration Test {SPThternational
Society for Soil Mechanics and Foundation Engineenfad, 1,
3-26.

Jeans, C V. 1978. The origin of the Triassic clay assemblages
of Europe with special reference to the Keuper Marl and Rhaetic
of parts of England. Philosophical Transactions of the Royal
Society Series A, Vol. 289, 549-639.

Jones L D. 2000. Results of a user survey into the needs for a
greater understanding of shrink swell behaviowBritish
Geological Survey Coastal and Engineering Geology Group
Project Note 2000/03.

Jones L D. 1998. Determination of the shrinkage and swelling
properties of the Mercia MudstoneBritish Geological Survey



Coastal and Engineering Geology Group Laboratory Repdut,
98/3.

Jones L D, and Hbees, P R N. 1994. Triaxial and ring shear
testing of samples from Gringley-on-the-Hill, Nottinghamshire

British Geological Survey, Engineering Geology and Geophysics MarsLanD, A, and RweLL, J J M. 1988.

Group, Laboratory Reporg4/10.

Jones L D, and Hbees, P R N. 1998a. The shrinkage and
swelling behaviour of UK soils: Mercia MudstoneBritish
Geological Survey Technical RepdfifN/98/14.

Jones L D, and Hbees, P R N. 1998b. The Shrinking and
swelling properties of the Gault ClayBritish Geological
Survey Technical RepoiyN/98/13.

KaDIR, A Asp. 1997. The determination of shrinkage limit for
clay soils using a travelling microscope with comparison to the
established definitive method (TRRL). Unpublished MSc
dissertation, University of Leeds.

KEeary, P, and WE, F. 1990. Global Tectonics(Oxford:
Blackwell Scientific Publishers.)

KEELING, P S. 1963. The geology and mineralogy of British
clays.(Nottingham: Thomas Forman and Sons Ltd for the Brick
Development Association.)

KEeLLAwAY, G A, and WLcH, F B A. 1993. Geology of the
Bristol District. Memoir of the British Geological Survey
1: 63 360 geological special sheet (England and Wales).

Koutsuszewsk,, J, and Sososl, J O. 1965. Chemical analysis of
Keuper Marl — influence of iron oxides on index properties.
Surveyor Vol. 125, 3793, 30-33.

Lavee, T W, and Witman, R V. 1979. Soil mechanics. Sl
version.(New York: Wiley.)

LeacH, B A, MebLanp, J W, and SrHerLanD, H B. 1976. The
ultimate bearing capacity of bored piles in weathered Keuper
Marl. Proceedings of the 6th European Conference on Soil
Mechanics and Foundation Engineering, Vienb@76, Vol. 1.2,
507-514.

LeacH, B A, and Fompson R P. 1979. The design and
performance of large diameter bored piles in weak mudstone
rocks. Proceedings of the 7th European Conference on Saoill
Mechanics and Foundation Engineering, Brightd@79, Vol. 3,
101-108.

LesuEg, A B. 1989. Sedimentology and geochemistry of the Upper
Triassic Mercia Mudstone Group and marginal deposits, south-west

Britain. Unpublished PhD thesis, University of Durham.

LesLie A B, Sriro, B, and Tcker, M E. 1993. Geochemical and
mineralogical variations in the upper Mercia Mudstone Group
(Late Triassic), south-west Britain; correlation of outcrop
sequences with borehole geophysical Idgsirnal of the
Geological Society of Londowpl. 150, Pt. 1, 67—75.

LittLe, J A, and Hrar, N. 1990. Some monotonic and cyclic
properties of weathered undisturbed and reconstituted Keuper
Marl. 303-310n Cripps J C et al. (editors). The Engineering
Geology of weak rockEngineering Geology Special Publication
No.8 (Rotterdam: Balkema.)

Lupini, J F, &INNER, A E, and MucHAN, P R. 1981. The drained
residual strength of cohesive soilsGeotechniqugVol. 31, No.
2,181-213.

Mabbison, J D, GiamseRrs, S, THomas, A, and dnes D B. 1996.

MARSLAND, A, ButcHer, A P, and Rrrs, F H. 1983. The
behaviour of a bridge abutment foundation on Keuper Marl
during and after construction.Proceedings of the Institution of
Civil EngineersVol. 74, Pt.1, 917-944 .

Investigation of cone
penetration tests in British clay carried out by the Building
Research Establishment 1960-86. 83-8Banetration testing
in the UK (London: Thomas Telford.)

MaRrsLAND, A, and BweLL, JJ M. 1990. Pressuremeter tests on
stiff clays and soft rocks: factors affecting measurements and
their interpretation 91-110in BewL, F G, et al. (editorskield
Testing in Engineering Geology. Engineering Geology Special
PublicationNo. 6. (Rotterdam: Balkema.)

MavaLL, M J. 1981. The late Triassic Blue Anchor Formation
and the initial Rhaetic marine transgression in south-west Britain.
Geological MagazingVol. 118, 377-384.

MeicH, A C. 1976. The Triassic rocks, with particular reference
to predicted and observed performance of some major
foundationsGeotechniqueyol. 26, Pt.3, 391-452.

MeicH A C. 1987. Cone penetration testing methods and
interpretation. Construction Industry Research and Information
Association, ground engineering repdri-situ testing
(Butterworths.)

MiLobowski, A E, Srong, G E, $1rR0B, Kewmp, S J, HsLop, E K,
Leng, M J, and HsLam, H. 1994. The diagenesis of the Permo-
Triassic rocks of the Cheshire BasirBritish Geological Survey
Technical ReportWG/94/34R.

Moon, V G, and BaTTiE, A G. 1995. Textural and
microstructural influences on the durability of Waikato Coal
Measures mudrocks.Quarterly Journal of Engineering
Geology Vol. 28, 303-312.

Myers, A, and $voLe, A. 1994. Abbey SewekVorld
Tunnelling February, 3-8.

NewiLL, D. 1961. A laboratory investigation of two red clays
from Kenya. Geotechniqueyol. 11, Pt. 4, 302-318.

NorTHMORE, K J, and CLsHaw M G. 1992. Red soils in the
sunset. Earthworks Vol. 3, (Keyworth: British Geological
Survey.)

NorTtHMORE, K J, EnTwisLE, D C, Hoses, P R N, and GLsHaw, M
G. 1993. Engineering geology of tropical red clay soils:
geotechnical characterisation: index properties and testing
procedures. British Geological Survey Technical Report,
WN/93/12.

Owp, R A, SUMBLER, M G, and Averosk, K. 1987. The geology
of the country around Warwick.Memoir of the British
Geological SurveySheet 184 (England and Wales).

Owp, R A, Bripgg, D McC, and Res J G. 1989. Geology of the
Coventry Area. British Geological Survey Technical Report,
WA/89/29.

Owp, R A, HameLin, R J O, AvBrosk, K, and WARRINGTON, G.
1991. Geology of the country around RedditcMemoir of the
British Geological Surveysheet 183, (England and Wales).
PaLMeER, A C. 1972. Undrained plane strain expansion of a
cylindrical cavity in clay: a simple interpretation of the
pressuremeter test.GeotechniqueVol. 22, Pt. 3, 451-457.

ParrY, NV, oneEs A J, and Der, M R. 1996. M5 Avonmouth

The determination of deformation and shear strength characteristics Pridge strengthening — in situ in testing of Mercia Mudstone

of Trias and Carboniferous strata from in situ and laboratory testing

for the Second Severn Crossing. 598—-608dwances in Site
Investigation Practicg(lLondon: Thomas Telford.)

Mar, R J, and Wob, G M. 1987. Pressuremeter testing —
methods and interpretatioBonstruction Industry Research and
Information Association, Ground Engineering Report.
(Butterworths.)

MaRrsLAND, A. 1977. In situ measurement of the large-scale
properties of Keuper Marl. The Geotechnics of Structurally
Complex Formation<Capri, Vol. 1, 335-344.

67

610-622 inAdvances in Site Investigation Practi¢eondon:
Thomas Telford.)

Pearcg, J M, Kemp, S J, and Hards, V L. 1996. A petrographical
and mineralogical study of clay minerals in the Mercia Mudstone.
British Geological Survey Technical RepMt(G/96/22R.

PerriN, R M S. 1971. The clay mineralogy of British Sediments
(London: The Mineralogical Society.)

PoweLL, J H. 1998. A guide to British stratigraphical
nomenclature. Construction Industry Research and Information
Association Special publicatioNo. 149.



PoweLL, J J M, @QarTERMAN, R S T, and Lnng, T. 1988.
Interpretation and use of the piezocone test in UK clays.
in Penetration testing in the UKLondon: Thomas Telford.)

Pricg, R D, Hoes, P R N, and Beers C D F. 1996. Report on

a half-day workshop which examined the relative performance of
probing and penetration test equipmen&round Engineering,
April, 39-40.

RaTHBONE, P A. 1989. Geology of the East Bridgford district,
1:10 000 sheet SK64SE: part of 1:50 000 sheet (Nottingham).
British Geological Survey Technical ReptA/89/16.

Reap, J R L, THornTON, P N, and Rean, W H. 1980. A rational
approach to the point load testProceedings of the 3rd
Australia and New Zealand Conference on Geomechanics
Wellington, Vol. 2, 35-39.

SARMAN, R, Siakoor, A, and RLMER, D F. 1994. A multiple
regression approach to predict swelling in mudrocl&ulletin of
the Association for Engineering Geolodol. 31, No.1, 107-121.

SeepHousg R L, and 8npersR L. 1993.  Investigations for
cooling tower foundations in Mercia Mudstone at
Ratcliffe-on-Soar, Nottinghamshire. 465-4AZriprs J C, et al.
(editors). The engineering geology of weak rdekgineering
Geology Special PublicatiolNo. 8. (Rotterdam: Balkema).

SHAKOOR, A, and 3rmMaN, R. 1992. Swelling potential
classification of mudrocks based on geotechnical properties.
Rock Characterisation. 75—-8DHupson, J (editor).
Proceedings of the International Society for Rock Mechanics
Symposium: Eurock ‘92. (British Geotechnical Society).

Svaw, H F. 1981. Mineralogy and petrology of the argillaceous
sedimentary rocks of the UlQuarterly Journal of Engineering
Geology.Vol. 14, 277-290.

SHEARMAN, D J, Mossor G, Dunsmorg, H, and MaRTIN, H. 1972.
Origin of Gypsum veins by hydraulic fractureTransactions of
the institute of Mining and Metallurgy. Section B Applied Earth
SciencesVol. 81, 149-55.

SHerwoon, P T. 1967. Classification tests on African red clays
and Keuper MarlQuarterly Journal of Engineering Geology
Vol. 1, Pt.3, 47-55 and 207-212 [discussion].

SHerwoon, P T, and Hollis, B G. 1966. Studies of the Keuper
Marl: chemical properties and classification testslinistry of
Transport, Road Research Laboratory (TRL) Repdat, 41.

SHUTTLE, D A, and drreries M G. 1996. Reliable parameters
from imperfect SBP tests in clay. 571-58%Auvances in Site
Investigation Practice(London: Thomas Telford.)

SkempToN, A W. 1953. The colloidal activity of clays.
Proceedings of the 3rd International Conference on Soil
MechanicsVol. 1. 57-61.

SkempTON, A W, and Berrum L. 1957. A contribution to the
settlement analysis of foundations on clageotechniqugVol.
7,168-178.

SkempTon and Davis 1966 personal communication imABIDLER,
R J, 1969. The effect of weathering on the shear strength
properties of Keuper MarGeotechniqueyol. 19, Pt.3, 321-334.

SwiTH, E G, Rivs, G H, and Gosens R F. 1973. Geology of

the Country around East Retford, Workshop and Gainsborough.
Memoir of the British Geological Surve§heet 101 (England and
Wales).

SmoLtczyk, U, HLMER, K, and WeissmanTEL, R. 1995.
analyses of pad foundation settlements on hard sxil
European Conference on Soil Mechanics and Foundation
Engineering - The Interplay between Geotechnical Engineering
and Engineering GeologgZopenhagenyol. 1, 253-258.

SNETHEN, D R, dHnson L D, and Rtrick, D M. 1977.  An
evaluation of expedient methodology for identification of
potentially expansive soil&lS Army Engineer Waterways
Experiment Station, USAEWB&cksburg Mis. Report No.
FHWA-RD-77-94.

Stow, D AV. 1981. Fine-grained sediments: terminology.
Quarterly Journal of Engineering Geologyol. 14, 243-244.

47-52

Back

68

StroNG, G E. 1976. Petrology of some Keuper ‘skerries’ from
the Atherstone area (1” Sheet 155British Geological Survey,
Petrology Unit Internal ReporiNo. 101.

StroNg, G E. 1979. Petrology of some Triassic and Jurassic
sediments from localities in Warwickshire (1:50 000 Sheet 184).
British Geological Survey, Petrology Unit Repdyy. 171.

StroNG, G E. 1983. Petrology of Triassic and Jurassic
specimens from localities in Warwickshire and Worcestershire
(1:50 000 sheet 183@ritish Geological Survey, Petrology
Internal Unit ReportNo. 238.

StroNG, G E. 1992. Petrography of Mercia Mudstone Breccias
from the M556 ((M56—M6) improvement area, near Knutsford,
Cheshire. British Geological Survey Technical Report,
WG/92/2R.

Srroup, M A. 1974. The Standard Penetration Test in
insensitive clays and soft rocksProceedings of the European
Symposium on Penetration Testis@OPT 1, 367-375.

Stroup, M A. 1989. The standard penetration test - its
application and interpretation. 29-49Rmoceedings of the
Symposium on Penetration Testing in the UKiversity of
Birmingham. (London: Thomas Telford.)

Stroup, M A, and BiTLER, F J. 1975. The standard penetration
test and the engineering properties of glacial materials
Proceedings of the Symposium on the behaviour of glacial
materials,University of Birmingham, 124-135

TavLOR, B J, Ricg, R H, and RoTTeER F M. 1963. Geology of
the Country around Stockport and Knutsfoldemoir of the
British Geological Surveysheet 98 (England and Wales).

Tavior, R K, and 8ears D A. 1981. Laboratory investigation
of mudrocks. Quarterly Journal of Engineering Geolagyol.
14, 291-309.

TavLor, R K, and sitH, T J. 1986. The engineering geology of
clay minerals: swelling, shrinking and mudrock breakdown.
Clay Minerals Vol. 21, 235-260.

TavLor, S R. 1982. Clay mineralogy and dolomite oxygen
isotope geochemistry; a new approach to lithostratigraphic
correlation of fine-grained unfossiliferous red heds
Proceedings of the Eleventh International Congress on
Sedimentology, Hamilton, Ontarig2—-27.

TeLLam, J H, and Loyp, JW. 1981. Hydrogeology of
British onshore non-carbonate mudrockQuarterly Journal of
Engineering Geologyol. 14, 347-355.

TerzacHI, K. 1936. Presidential address — the relationship
between soil mechanics and foundation engineering.
Proceedings of the first International Conference on Soil
Mechanics and Foundation Engineering, Harvard University,
Vol. 3, 13-18.

THowmas, | A. 1973. Celestitenstitute of Geological Sciences
Mineral DossierNo. 6.

THowmpsoN R P, Newman, R L, and Rwvis, P D. 1993. Advances in
the in situ testing of weak mudstone. 303-BilOriprs J C et al.
(editors). The engineering geology of weak rdehgineering
Geology Special PublicatioNo. 8. (Rotterdam: Balkema.)

VisAvveRaGiYA, V N, and $SiLuivan, R A. 1974, Simple technique
for identifying heave potential. Bulletin of the Association for
Engineering Geologyol. 11, Pt. 4, 277-292.

WAaRRINGTON, G, and Vivey -Cookg, H C. 1992. Triassic.
97-106in Corg, J C W, keHam, K K, and Rwson, P F. (editors).
Atlas of Palaeogeography and Lithofaciégological Society
Memoir,No. 13.

WARRINGTON, G, AuDLEY-CHARLES, M G, H.LioT, R E, Bvans, W
B, Ivimey-Cook, H C, KenT, P E, RBINson, P, $iotToN, F W, and
TavLor, F M. 1980. A correlation of Triassic rocks in the
British Isles. Geological Society Special Repad¥p. 13.

WaTers, R A, and lawrencg, D J D. 1988. Geology of the

South Wales Coalfield, Part 1ll, the country around Cardiff. Third
edition. Memoir of the British Geological Surve§heet 263
(England and Wales).



WiLLiams,, A A B, and Donalbson, G W. 1980.  Building on

expansive soils in South Africa, 1973-198®roceedings of the

4th International Conference on Expansive Soils, AStefver,
Vol. 2, 834-844.

WiLson, A A. 1993. The Mercia Mudstone Group (Trias) of the

Cheshire Basin Proceedings of the Yorkshire Geological
Society Vol. 49, 171-188.

Worssam B C, and @p, R A. 1988. Geology of the Country
around Coalville. Memoir of the British Geological Survey
Sheet 155, (England and Wales).

69

Yong, R N, and WErkenTIN, B P. 1975.  Soil properties and
behaviour in Developments in Geotechnical Engineerig, 5.
(Amsterdam: Elsevier.)

ZuipbBERG, H M, and B®st, M L. 1995. The cone pressuremeter:
an efficient way of pressuremeter testiRgoceedings of the 4th
International Symposium on The Pressuremeter and its New
Avenues, Sherbrooke, Canada.



Appendix — Statistical summary of geotechnical data

Key

GEOTECHNICAL DATA
Index tests

NMC Natural moisture content
BD Bulk density

DD Dry density

LL Liquid limit

PL Plastic limit

PI Plasticity index

LI Liquidity index

Chemical tests

TS Total sulphate content (soil)
AS Aqueous sulphate content
pH pH value (soil)

Strength tests

PLA  Point load (axial)

PLD  Point load (diametral)

UCS  Uniaxial (unconfined)
compression test

CuU Undrained cohesion

Consolidation tests

(& Coefficient of consolidation
m, Coefficient of volume
compressibility

Compaction tests

OMC  Optimum moisture content
MDD Maximum dry density
CBR  California bearing ratio
MCV  Moisture condition value

In situ tests
SPT  Standard penetration test

AREAS
Area 1 Cheshire
Area 2 Staffordshire

Area 3 Worcestershire

Area 4 Severn estuary

Area 5 East Devonshire

Area 6 Warwickshire

Area 7 Leicestershire

Area 8 Nottinghamshire and south Derbyshire
Area 9 Humberside

Area 10 Teeside

EIM

CBp
Edw
Gun
Rdc
Snt
Rw

STRATIGRAPHY

LKM Lower Keuper Marl [Area 1]

LKSB Lower Keuper Saliferous Beds [Area 1]
MKM Middle Keuper Marl [Area 1]

Eldersfield Mudstone Formation [Area 3]

TwM  Twyning Mudstone Formation [Area 3]

Cropwell Bishop Formation [Area 8]
Edwalton Formation [Area 8]
Gunthorpe Formation [Area 8]
Radcliffe Formation [Area 8]
Sneinton Formation [Area 8]
Glacially reworked

(The Mercia mudstones in areas other than 1, 3 and 8 are not
subdivided stratigraphically in this statistical review)

WEATHERING ZONES

1 Unweathered (no matrix) [rock]

2 Slightly weathered (matrix in joints) [rock]

3 Moderately weathered (undifferentiated) [soil]

3a  Moderately weathered (matrix/frequent
lithorelicts) [soil]

3b  Moderately weathered (matrix/some lithorelicts)
[soil]

4 Highly weathered (undifferentiated) [soil]

4a  Highly weathered (occasional claystones) [soil]

4b  Fully weathered (matrix only) [soil ]

5-9 10-24 25-99 100-499 >500

Number of samples

Maximum
99.5th percentile
97.5th percentile

90th percentile

75th percentile (upper quartile)

50th percentile (median)

25th percentile

10th percentile
2.5th percentile
0.5th percentile

Minimum

Structure of extended box plots for ‘normal’ distribution
of data values.
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INDEX TESTS — Natural moisture content

Natural moisture content (NMC, w %) — AREA 1

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 447 3 6 11 15 20 24 28 34.9 61
LKM 1 18 3 6.3 8 10.8 14
LKM 2 8 4 7 13
LKM 3/4a 6 7 13.5 18
LKM 3a/3b 7 6 11 14
LKM 3a/4 9 11 14 20
LKM 3b 14 6 11.8 15.5 17.8 28
LKM 3b/4 14 9 12.3 13.5 15 35
LKM 4 38 4 8 10 13.5 15.8 21 35
LKSB 3a 7 6 16 34
LKSB 3b 23 14 18 22 28.5 37
LKSB 3b/4 10 17 18.8 23 26 42
LKSB 4 28 8 16 17 19 24 26.3 46
MKM 3/4 11 17 18 20 23 32
MKM 3a 25 11 14.4 16 20 25 29.6 44
MKM 3b 19 18 19 22 25 32
MKM 3b/4 48 7 15 19.8 21.5 24 26 47
MKM 4 138 13 14.4 16.7 20 22 25 29 33 61
LKM Lower Keuper Marl
LKSB Lower Keuper Saliferous Beds
MKM Middle Keuper Marl
Natural moisture content (NMC, w %) — AREA 2
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 1310 2 8 12 16 20 24 28 34 46
2 31 7 9 11.5 16 19 24 30
2/3 46 7 10.5 13 15 19 21.5 30
3 367 2 7 12 14 18 22 26 31 37
3/4a 151 6 10.8 13 15 19 24 28 34 41
4a/4b 6 18 21.5 32
4b 14 11 19 21 22.8 33
Rw 134 4 10 13 17 21 25 30 36.4 41
Rw = Reworked
Natural moisture content (NMC, w %) — AREA 3
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 139 9 10 12 15 18 22 25 29 48
TwM 2 42 9 11.1 13 16 19 24.9
TwM 3a 25 12 13 14 17 19 23 27
TwM 4 6 13 18.5
TwM Twyning Mudstone Formation
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Natural moisture content (NMC, w %) — AREA 4

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 107 3 4 6 10.5 19 25 29.4 36.1 48
12 11 5 6.5 8 9.5 12
2 11 4 6.5 8 22.5 25
2/3 8 7 21.5 34
3 24 3 12 18.5 23.3 31
3/d4a 11 7 11.5 15 20 25
4a 20 11 20.8 22.5 32 48
4b 15 8 24 26 28.5 33
Natural moisture content (NMC, w %) — AREA 5
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 63 14 15.6 18 20.5 23 26 29 30 31
3 21 14 19 22 23
4a 22 16 22.3 25 29 30
4b 18 18 20.3 22 24.8 31
Natural moisture content (NMC, w %) — AREA 6
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 220 10 12 14 17 20 26 33 39.5 48
2 11 12 15 16 18.5 19
3 40 12 14.9 17 18 20 23 29
3a 9 10 18 36
3a/4 7 13 18 33
3b 42 10 15 17 19.5 26 18.9 39
3b/4 39 17 18 20 27 33 40.8 48
4 39 13 14 18 21 27 29.6 36
4a 7 17 24 29
Rw 19 12 15.5 20 26.5 41
Natural moisture content (NMC, w %) — AREA 7
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 222 9 9.5 12 15 19 22 24 27 35
2 9 10 15 27
2/3 12 12 12.8 14.5 16 20
3 73 9 11 14 19 22 24 31
3/4a 51 9 12 16.5 19 23 26 29
4a 40 11 14 16 19 23 24.1 35
4b 7 14 20 27
Rw 30 9 12.8 14.3 17 20 22.2 27

Rw = Reworked



Natural moisture content (NMC, w %) — AREA 8

No. Min. 2.5 10 25 50 75 90 97.5 Max
Stratig. &/or
weath. zone
All data 663 4 10 12 15 18 23 28 34.5 74
CBp1 10 8 11 11.5 13.8 16
CBp2 38 10 11 13 15 17 20.3 22
CBp3 139 9 10.5 13 15 17 21.5 24.2 31.1 35
CBp 4a 47 8 14.6 17 20 25 324 40
CBp 4b 28 11 12.7 15.8 20 24.5 28.3 37
CBp Rw 10 7 16 19 20.8 23
Edw 2 9 13 19 74
Edw 3 12 13 21 16 30.3 36
Edw 3/4a 6 17 25.5 38
Edw 4a 26 16 17 22.3 25 28.8 31.5 34
Edw 4b 29 12 19.6 23 27 32 35.6 58
Gun 2 19 11 14 17 20.5 25
Gun 2/3 8 14 15 21
Gun 3 57 10 12.6 14 16 19 224 33
Gun 3/4a 48 10 13.7 15 17 21 25 31
Gun 4a 46 6 14 16 19 21.8 24 32
Gun 4b 12 11 14.5 17.5 21.3 34
Rdc 4a 8 10 17.5 24
Snt 3 7 12 14 20
Snt 3/4a 10 13 16.5 19.5 20.8 22
Snt 4a 7 14 17 20
CBp Cropwell Bishop Formation Gun Gunthorpe Formation
Edw Edwalton Formation Rdc Radcliffe Formation
Snt Sneinton Formation Rw Reworked
Natural moisture content (NMC, w %) — AREA 9
No. Min. 2.5 10 25 50 75 90 97.5 Max
Stratig. &/or
weath. zone
All data 79 14 18 21 26 30 34.2 69
2 6 21 24.5 69
2/3a 13 14 19 27 29 37
3a 5 18 21 40
3a/3b 7 18 22 28
4a 33 16 18 22 26 30 344 37
4b 8 21 23.8 27.5 31 35
Natural moisture content (NMC, w %) — AREA 10
No. Min. 2.5 10 25 50 75 90 97.5
Stratig. &/or
weath. zone
All data 179 2 4.5 6 8 12 15 18 23 28
1 24 3 9 10 153 19
2 28 2 6 8 9 13 15 19
3 52 3 6 7 9 11 12.9 19
3/4a 6 4 12 21
4a 45 4 8.4 11 14 17 19.6 28
4b 20 10 13.8 15 18 26
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Area & Formation

1 1 1 2 3 4 5 6 7 8 8 8 8 8 9
LKM  LKSB MKM TWM CBp Edw  Gun Rdc Snt

5 4 4 4 4 4 4 4 4 4 4 4
T T T T T T T T T T T T T

40

30

o

—a T
LT h—
—

[
? Ty

Natural moisture content (%)

y
i A
Ty

T e

|
i
ARE L

il
v

0 4 4 4 4 4 4 4 4 4 4 4 4 4 4

T T T T T T T T T T

68 240 '1162 122 98 63 197 190 267 93 193 17 28 78
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Extended box plots showing graphical summary of moisture content data.

INDEX TESTS — Bulk density

Bulk density, BD (Mg/m®) — AREA 1

No. Min. 25 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 43 1.90 1.92 1.96 2.01 2.06 2.1 2.14
LKM 4 6 1.92 2.04 2.14
MKM 4 26 1.92 1.94 1.96 2.03 2.05 2.08 2.13

LKM Lower Keuper Marl
MKM Middle Keuper Marl

Bulk density, BD (Mg/m®) — AREA 2

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 165 1.47 1.75 1.84 1.92 2.01 2.07 2.13 2.20 2.31
3 17 1.91 1.98 2.02 2.04 2.10
3/4a 31 1.85 191 1.98 2.04 2.09 2.16 223
4a 87 1.47 1.80 1.89 1.99 2.06 2.12 2.20
Rw 24 1.86 1.95 2.03 2.09 2.31
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Bulk density, BD (Mg/m?’) — AREA 3

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 83 1.74 191 1.98 2.04 2.10 2.16 2.35
TwM 2 7 1.93 2.06 221
TwM 3a 14 1.97 1.98 2.03 2.10 2.16
TwM 3b 43 1.78 1.87 1.98 2.04 2.10 2.14 2.28
TwM 4 6 1.81 1.99 2.15
TwM Twyning Mudstone Formation
Bulk density, BD (Mg/m*) — AREA 4
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 41 1.74 1.99 2.03 227 242 2.44 2.47
12 9 228 242 2.47
2 10 2.01 2.06 2.36 242 2.46
3 6 2.01 2.30 242
4a 6 1.95 2.01 2.05
Bulk density, BD (Mg/m’) — AREA 5
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 22 1.83 2.02 2.07 2.10 2.21
3 9 1.83 2.08 2.11
4a 5 2.01 2.03 2.08
4b 8 2.02 2.11 221
Bulk density, BD (Mg/m®’) — AREA 6
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 6 1.78 2.12 2.19
Bulk density, BD (Mg/m' ) — AREA 7
No. Min. 2.5 10 25 50 75 90 97.5 Max
Stratig. &/or
weath. zone
All data 70 1.75 1.82 1.92 2.01 2.08 2.15 2.36
3 23 1.75 1.87 2.01 2.06 2.17
3/4a 10 1.92 2.00 2.01 2.03 2.14
4a 19 1.78 1.91 2.04 2.07 2.16
Rw 11 1.8 1.94 2.08 2.15 2.36
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Bulk density, BD (Mg/m®) — AREA 8

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 415 1.37 1.78 1.85 1.95 2.03 2.10 2.16 2.26 2.52
CBp2 12 1.98 2.01 2.09 221 221
CBp3 111 1.79 1.81 1.92 1.98 2.04 2.10 2.14 2.17 2.18
CBp 4a 36 1.74 1.87 1.93 2.01 2.07 2.12 2.17
CBp 4b 21 1.81 1.92 1.97 2.01 2.17
CBp Rw 8 1.97 2.04 2.26
Edw 3 10 1.64 1.84 1.94 2.03 2.11
Edw 4a 18 1.84 1.87 191 2.00 2.09
Edw 4b 27 1.37 1.72 1.82 1.86 1.99 2.05 2.11
Gun 2 7 2.03 2.12 2.16
Gun 3 25 1.87 2.01 2.05 2.12 2.19 2.32 241
Gun 3/4a 29 1.84 1.95 2.00 2.06 2.12 2.16 2.30
Gun 4a 33 1.83 1.94 2.00 2.07 2.17 222 2.52
Snt 4a 6 1.97 2.11 2.18
CBp Cropwell Bishop Formation Gun Gunthorpe Formation Rw Reworked
Edw Edwalton Formation Snt Sneinton Formation
Bulk density, BD (Mg/m®) — AREA 9
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 14 1.82 1.87 1.96 1.99 2.04
3b 9 1.85 1.99 2.04
Bulk density, BD (Mg/m®) — AREA 10
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 8 2.07 2.13 2.27
Area & Formation
1 1 1 2 3 4 5 6 7 8 8 8 8 8 9 10
LKM  LKSB MKM TwM CBp Edw  Gun Rdc Snt
26 i i i i i i i i i i i i i
. |
24
£ |
g 22 1 | : I N I
e | - - +
a 1
s 2 ]
LS anEnE i
=]
@ 1.8 | [
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8 32 140 n 40 22 6 59 185 75 103 6 14 14 8
Number of samples

Extended box plots showing graphical summary of bulk density data
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INDEX TESTS — Dry density

Dry density, DD, y, (Mg/m’) — All data

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 536 1.05 1.32 1.47 1.60 1.68 1.78 1.84 1.93 2.06
Area 1 LKM 8 1.60 1.70 1.88
Area 1 MKM 33 1.48 1.54 1.61 1.66 1.73 1.78 1.82
Area 2 176 1.17 1.26 1.44 1.55 1.65 1.74 1.82 1.92 2.06
Area 3 TwM 22 1.32 1.62 1.69 1.76 1.87
Area 8 CBp 195 1.24 1.39 1.51 1.62 1.70 1.79 1.85 1.93 2.02
Area 8 Edw 34 1.05 1.37 1.43 1.52 1.68 1.81 1.85
Area 8 Gun 45 1.45 1.59 1.67 1.75 1.84 1.90 1.98
Area 8 Rdc 5 1.60 1.70 1.77
Area 8 Snt 13 1.65 1.73 1.85 1.89 1.93
Area 10 5 1.75 1.83 1.87
LKM Lower Keuper Marl
MKM Middle Keuper Marl
TwM Twyning Mudstone Formation
CBp Cropwell Bishop Formation
Edw Edwalton Formation
Gun Gunthorpe Formation
Rdc Radcliffe Formation
Snt Sneinton Formation
Area & Formation
1 1 1 2 3 4 6 7 8 8 8 8 8 10
26 LKM  LKSB MKM TwM CBp Edw  Gun Rdc Snt
_ - | | A f 4
: =l Lyt
g 22
z ’
‘®
& 2
©
=
: ! [
18 !
1.6 t t t t t t t t t t t
8 32 150 22 185 33 45 5 13 5

Number of samples

Extended box plots showing graphical summary of dry density data.
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INDEX TESTS — Liquid limit

Liquid limit (LL) — AREA 1

No. Min. 2.5 10 25 50 75 90 97.5 Max.

Stratig. &/or

weath. zone

All data 274 17 28 34 44 52 59 76
LKM 3/4a 6 17 23.5 24
LKM 3a/3b 7 25 28 33
LKM 3a/4 7 28 31 36
LKM 3b 8 27 29.5 34
LKM 3b/4 11 25 275 29 30.5 33
LKM 4 14 24 28.3 29 30 41
LKSB 3a 7 33 38 50
LKSB 3b 16 36 38.8 43 44.3 55
LKSB 3b/4 5 41 43 53
LKSB 4 16 31 40 42.5 45.3 54
MKM 3/4 8 33 4.5 65
MKM 3a 22 34 39 46 52 67
MKM 3b 17 26 45 51 55 76
MKM 3b/4 24 32 41 47 50.5 66
MKM 4 88 26 38 45 51 58 61 69

LKM Lower Keuper Marl
LKSB Lower Keuper Saliferous Beds
MKM Middle Keuper Marl

Liquid limit (LL) — AREA 2

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 1271 11 23 26 29 32 36 43 54.3 133
2 31 17 21 24 27 31 37 45
2/3 41 20 25 26 31 34 40 106
3 356 11 23 26 28 31 35 41 51.1 81
3/d4a 147 21 24 26 29 32 35 374 47.7 67
4a/4b 6 27 32 46
4b 12 26 29 36 39 47
Rw 132 17 24 26 29.8 34.5 41 46.9 56.7 133

Liquid limit (LL) — AREA 3

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 126 22 24 26 29 32 36 42 50.6 57
TwM 2 40 24 26 27.8 30 35 40.2 57
TwM 3a 22 22 30 31.5 33.8 43
TwM 4 5 24 35 53

TwM Twyning Mudstone Formation
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Liquid limit (LL) — AREA 4

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 61 20 28 33 37 49 54 64
3 15 25 31 34 45 49
3/d4a 11 20 28.5 33 37 41
4a 13 33 37 37 40 64
4b 15 33 47.5 51 54.5 63
Liquid limit (L) — AREA 5
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 57 30 32 35 37 40 43 49
3 18 30 35 37 38.8 45
4a 21 32 36 39 41 49
4b 16 31 34.8 36 37 47
Liquid limit (LL) — AREA 6
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 170 23 28 31 34 40 46.8 59 76.4 92
2 10 32 333 34 36 37
3 39 28 32 35.5 39 42 432 47
3a 5 28 31 37
3a/4 6 23 30.5 45
3b 30 29 30.8 32 39.5 49.8 58.4 92
3b/4 32 31 36 40.3 45 59.8 69.3 89
4 24 24 31 38.5 455 56
4a 7 35 47 49
Rw 15 33 35.5 47 56 64
Liquid limit (LL) — AREA 7
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 138 17 21 25 29 32 35 41 45.6 53
2/3 8 24 30 35
3 46 21 25 29.3 31 33.8 355 41
3/d4a 34 17 26 30 32 34 37 42
4a 23 28 31.5 36 42 53
4b 5 31 41 45
Rw 18 17 25.8 30.5 34 52
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Liquid limit (LL) — AREA 8

No. Min. 2.5 10 25 50 75 90 97.5 Max
Stratig. &/or
weath. zone
All data 409 17 24.4 28 31 34 38 43 52.8 68
CBp2 7 28 35 35
CBp3 80 27 28 30 33 36 39.1 45
CBp 4a 24 27 30 36 39.5 52
CBp 4b 20 27 29 30.5 353 59
CBp Rw 9 26 31 41
Edw 3 11 33 35 38 42.5 53
Edw 4a 23 30 35 38 44 68
Edw 4b 23 33 36.5 41 46.5 58
Gun 2 11 28 29.5 31 35 38
Gun 2/3 5 31 33 37
Gun 3 39 28 30 30.5 34 36 38.2 47
Gun 3/4a 27 17 30.6 32 34 37 424 44
Gun 4a 28 26 30.4 32 34 40.3 46.3 58
Gun 4b 9 23 35 53
Snt 3 6 22 31 34
Snt 3/4a 9 26 32 37
CBp Cropwell Bishop Formation
Edw Edwalton Formation
Gun Gunthorpe Formation
Snt Sneinton Formation
Rw Reworked
Liquid limit (LL) — AREA 9
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 59 36 41 46 52 60.5 64.2 71
2/3a 7 40 47 57
3a 5 36 45 68
3a/3b 5 38 50 55
3b 23 41 475 55 61 71
4a 5 51 59 62
4b 8 40 61.5 69
Liquid limit (LL) — AREA 10
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 33 22 25 28 30 33 36.6 54
3 13 22 26 28 30 35
4a 13 28 30 33 33 40
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Extended box plots showing graphical summary of liquid limit data.

INDEX TESTS — Plastic limit
Plastic limit, PL (%) — AREA 1

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 272 12 14.8 17 19 23 28 32 36 39
LKM 3/4a 6 13 14.5 15
LKM 3a/3b 6 17 18.5 19
LKM 3a/4 7 14 17 20
LKM 3b 8 13 17 20
LKM 3b/4 11 16 17 18 19 21
LKM 4 14 16 17.3 18 19 23
LKSB 3a 7 18 22 29
LKSB 3b 16 19 23 24.5 26 32
LKSB 3b/4 5 23 24 28
LKSB 4 16 15 22 25 27 35
MKM 3/4 8 21 23.5 37
MKM 3a 22 19 223 26.5 30 38
MKM 3b 17 13 23 27 33 36
MKM 3b/4 24 18 21 24 28.3 37
MKM 4 87 12 20 23 26 29 334 39
KM Lower Keuper Marl LKSB Lower Keuper Saliferous Beds MKM Middle Keuper Marl

Plastic limit, PL (%) — AREA 2

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 1206 9 13 16 18 20 23 26 30 35
2 27 12 14.6 15 17 19.5 222 29
2/3 38 12 14.7 16 19 20 213 36

332 10 14 15 17 19 22 26 29 39
3/4a 142 13 15 16.1 18 19 22 24.9 28 30
4a/d4b 6 18 20.5 26
4b 12 10 15.8 19.5 21.5 28
Rw 125 9 12.1 14 17 20 23 26.6 28.9 55
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Plastic limit, PL (%) — AREA 3

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 124 9 13 15 17 18 21 24 279 31
TwM 2 40 9 14.9 16.8 18 22 24.1 31
TwM 3a 22 13 18 19 21.5 28
TwM 3b 44 10 15 16 17.5 21 24 31
TwM Twyning Mudstone Formation
Plastic limit, PL (%) — AREA 4
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 58 18 18 21 24 28.8 36.3 38
3 15 18 20 21 245 29
3/4a 9 18 22 26
4a 13 18 21 24 24 38
4b 14 25 30 34 37 38
Plastic limit, PL (%) — AREA 5§
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 57 9 15 17 22 24 26 28
3 18 9 20 23.5 24.8 28
4a 21 15 19 22 24 28
4b 16 12 15.8 18 22 26
Plastic limit, PL (%) — AREA 6
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 169 13 15 18 20 23 27 31 39 50
2 10 18 20 22 253 29
3 39 16 19 20 22 25 272 30
3a 5 13 19 23
3a/4 6 14 20 26
3b 30 16 17 20 21 29.5 31.6 50
3b/4 31 18 19 22 26 35 38 44
4 24 14 18 21.5 26.5 32
4a 7 20 25 30
Rw 15 17 19 24 27.5 39

Rw = Reworked
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Plastic limit, PL (%) — AREA 7

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 129 11 13.2 16 18 20 22 24 28 34
2/3 8 13 18 20
3 42 12 16 17 20 22.8 25.8 30
3/4a 30 14 16 17.3 19 21 24 27
4a 23 16 20 22 23 31
4b 5 17 19 22
Rw 17 11 15 19 24 34
Rw = Reworked
Plastic limit, PL (%) — AREA 8
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 404 10 14 15 17 19 22 26 31 43
CBp2 7 16 16 19
CBp3 80 15 15 16.8 18 19 20.1 24
CBp 4a 24 13 16 18.5 21.3 33
CBp 4b 20 15 17 18.5 21.3 27
CBp Rw 9 14 17 19
Edw 3 9 19 27 37
Edw 4a 22 11 19.3 24 25.8 43
Edw 4b 23 15 21 24 26.5 38
Gun 2 11 17 17.5 19 20 24
Gun 2/3 5 17 20 21
Gun 3 39 10 15.8 18 19 20.5 22.2 30
Gun 3/4a 26 15 18 19 20 21.8 23.5 26
Gun 4a 28 16 17.4 18 19.5 22 24.3 31
Gun 4b 9 16 19 23
Snt 3 6 13 18 20
Snt 3/4a 9 15 19 20
CBp Cropwell Bishop Formation Gun Gunthorpe Formation
Edw Edwalton Formation Rdc Radcliffe Formation
Snt Sneinton Formation Rw Reworked
Plastic limit, PL (%) — AREA 9
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 59 19 22.8 26 28 32 34.2 40
2/3a 7 20 24 34
3a 5 22 27 40
3a/3b 5 23 27 32
3b 23 19 26 29 32 36
4a 5 26 32 35
4b 8 22 31 34
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Plastic limit, PL (%) — AREA 10

No. Min. 2.5 10 25 50 75 90 97.5 Max
Stratig. &/or
weath. zone
All data 33 15 16.2 18 19 20 23 31
3 13 16 17 18 19 23
4a 13 17 19 20 20 23
Area & Formation
1 1 1 2 3 4 5 6 7 8 8 8 8 8 9 10
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40
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Extended box plots showing graphical summary of plastic limit data.

INDEX TESTS — Plasticity index
Plasticity index, PI (%) — AREA 1

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 272 4 8 10.1 14 19 24 29 36.2 46
LKM 3/4a 6 4 9 9
LKM 3a/3b 6 7 10 14
LKM 3a/4 7 11 14 19
LKM 3b 8 9 14 17
LKM 3b/4 11 7 9 11 13 14
LKM 4 14 8 10.3 11 12 22
LKSB 3a 7 14 16 21
LKSB 3b 16 13 16.8 17.5 19.3 24
LKSB 3b/4 5 17 19 28
LKSB 4 16 14 17 18 20 22
MKM 3/4 8 12 21 28
MKM 3a 22 13 15.3 18 20.8 40
MKM 3b 17 13 20 23 25 40
MKM 3b/4 24 14 18 21.5 23.3 32
MKM 4 87 12 17.6 20 25 29 324 46

LKM Lower Keuper Marl
LKSB Lower Keuper Saliferous Beds
MKM Middle Keuper Marl
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Plasticity index, PI (%) — AREA 2

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 1206 2 7 9 10 13 15 20 27 78
2 27 2 7.6 9.5 11 13 14.8 16
2/3 38 6 9 10 13 15 21 70
3 332 4 7 8 10 12 14 17 25 42
3/4a 142 3 6 8 10 12 14 16.9 22 40
4a/4b 6 9 12 20
4b 12 8 12.8 16 17.3 28
Rw 125 2 9 11 12 15 19 25.6 32.7 78
Rw = reworked
Plasticity index, PI (%) — AREA 3
No. Min. 2.5 10 25 50 75 90 97.5 Max
Stratig. &/or
weath. zone
All data 124 7 9 10 11 13 17 20.7 27 31
TwM 2 40 9 10 11 12 16 17 26
TwM 3a 22 7 10.3 12 14.8 20
TwM 3b 44 9 10.3 13 14 17.3 21.8 27
TwM Twyning Mudstone Formation
Plasticity index, PI (%) — AREA 4
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 58 3 8.4 12 15 18.8 233 29
3 15 3 10 13 20.5 26
3/4a 9 7 12 19
4a 13 9 14 15 18 26
4b 14 9 15 17.5 19.5 29
Plasticity index, PI (%) — AREA 5
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 57 10 10.6 13 16 20 23 28
3 18 10 11.3 16 17.8 22
4a 21 10 14 16 21 26
4b 16 10 11.8 18.5 20.3 28
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Plasticity index, PI (%) — AREA 6

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 169 7 9 12 14 17 20 27 384 49
2 10 7 9.3 13 14 15
3 39 12 13 14 16 18 19 20
3a 5 9 13 15
3a/4 6 9 11 19
3b 30 11 12 13.3 17 21.8 27.7 49
3b/4 31 9 15 16 19 24 32 49
4 24 9 13 16.5 19.3 35
4a 7 10 20 28
Rw 15 12 16 23 26 36
Rw = Reworked
Plasticity index, PI (%) — AREA 7
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 127 5 6 8 10 12 16 19.4 25.4 33
2/3 8 8 11.5 16
3 41 5 7 9 11 13 17 19
3/4a 30 6 8 11 13.5 15 19 20
4a 23 6 10.5 13 20 33
4b 5 13 22 26
Rw 16 5 10 14.5 17.3 28
Rw = reworked
Plasticity index, PI (%) — AREA 8
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 404 2 7 10 12 14 18 22 28 47
CBp2 7 12 17 19
CBp3 80 9 11 12 15.5 18 21 27
CBp 4a 24 10 12 14.5 19.3 26
CBp 4b 20 5 10.8 12 15.5 32
CBp Rw 9 10 15 23
Edw 3 9 4 12 23
Edw 4a 22 2 10.3 13 18 47
Edw 4b 23 8 14.5 16 22 36
Gun 2 11 10 12.5 14 14 16
Gun 2/3 5 11 13 16
Gun 3 39 9 10 12 14 16 18.4 25
Gun 3/4a 26 10 11 12 14.5 16 19 23
Gun 4a 28 8 11 13 15.5 18 22.6 28
Gun 4b 9 5 12 31
Snt 3 6 7 12 16
Snt 3/4a 9 6 13 19
CBp Cropwell Bishop Formation Rdc Radcliffe Formation Gun Gunthorpe Formation
Edw Edwalton Formation Snt Sneinton Formation Rw Reworked



Plasticity index, PI (%) — AREA 9

No. Min. 2.5 10 25 50 75 90 97.5 Max.

Stratig. &/or

weath. zone

All data 59 14 17 20 24 29 31.2 36
2/3a 7 18 23 26
3a 5 14 18 29
3a/3b 5 15 22 28
3b 23 16 21 28 30.5 36
4a 5 24 26 31
4b 8 14 28.5 36

Plasticity index, PI (%) — AREA 10

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 33 6 8.2 10 11 13 15.6 23
3 13 6 9 10 12 16
4a 13 9 10 12 14 23
Area & Formation
1 1 1 2 3 4 5 6 7 8 8 8 8 8
LKM  LKSB  MKM _TwM _CBp  Edw  Gun ~Rdc  Snt

T T T T T

Plasticity index (%)

57 4 160 1070 112 51 57 152 111 135 70 121 9 2
Number of samples

Extended box plots showing graphical summary of plasticity index data.
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INDEX TESTS — Liquidity index

Liquidity index (LI) — AREA 1

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 245 -1.63 -0.99 -0.59 -0.39 -0.21 0.00 0.25 0.75 0.93
LKM 3/4a 6 -1.50 -0.06 0.33
LKM 3a/3b 5 -1.63 -0.55 -0.43
LKM 3a/4 7 -0.46 -0.12 0.20
LKM 3b 5 -0.21 0.08 0.88
LKM 3b/4 9 -1.00 -0.36 0.00
LKM 4 13 -0.64 -0.55 -0.33 -0.09 0.60
LKSB 3a 6 -0.50 -0.27 0.93
LKSB 3b 16 -0.69 -0.24 0.06 0.27 0.76
LKSB 4 15 -0.65 -0.50 -0.35 -0.08 0.90
MKM 3/4 8 -0.36 -0.25 -0.07
MKM 3a 19 -0.80 -0.53 -0.22 0.01 0.88
MKM 3b 13 -0.60 -0.25 -0.11 0.12 0.65
MKM 3b/4 22 -1.25 -0.28 -0.12 -0.06 0.19
MKM 4 81 -0.80 -0.47 -0.32 -0.18 0.00 0.17 0.81

LKM Lower Keuper Marl LKSB Lower Keuper Saliferous Beds MKM Middle Keuper Marl

Liquidity index (LI) — AREA 2

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 1169 -1.56 -0.88 -0.50 -0.25 0.00 0.25 0.44 0.66 0.94
2 24 -1.00 -0.47 0.00 0.18 0.89
2/3 35 -1.17 -0.57 -0.35 -0.18 -0.07 0.36 0.48
3 324 -1.40 -0.93 -0.60 -0.33 -0.10 0.18 0.40 0.61 0.83
3/d4a 137 -1.25 -0.85 -0.56 -0.36 -0.08 0.25 0.42 0.58 0.94
4a/4b 6 -0.17 0.13 0.30
4b 11 -0.36 -0.24 0.11 0.31 0.83
Rw 120 -1.50 -1.17 -0.34 -0.08 0.14 0.30 0.47 0.63 0.77

Rw = reworked

Liquidity index (LI) — AREA 6

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 167 -1.57 -0.78 -0.54 -0.31 -0.15 0.04 0.25 0.55 0.94
2 10 -1.57 -0.81 -0.43 -0.32 -0.20
3 39 -0.75 -0.54 -0.41 -0.25 -0.15 -0.05 0.25
3a 5 -0.56 -0.07 0.42
3a/4 6 -0.78 0.02 0.60
3b 29 -0.78 -0.39 -0.29 -0.19 -0.06 0.25 0.92
3b/4 31 -0.69 -0.21 -0.13 0.00 0.17 0.47 0.94
4 23 -0.37 -0.18 -0.07 0.02 0.44
4a 7 -0.80 0.06 0.10
Rw 15 -0.63 -0.25 -0.04 0.02 0.28

Rw = reworked
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Liquidity index (LI) — AREA 7

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 126 -1.60 -0.98 -0.62 -0.37 0.00 0.19 0.33 0.53 0.63
2/3 8 -0.56 -0.21 0.27
3 40 -1.60 -0.66 -0.50 -0.16 0.11 0.33 0.46
3/4a 30 -0.88 -0.27 0.00 0.15 0.26 0.50 0.55
4a 23 -1.17 -0.36 0.00 0.18 0.36
4b 5 0.00 0.09 0.63
Rw 16 -0.57 -0.28 -0.07 0.13 0.40

Rw = Reworked
Area & Formation
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Extended box plots showing graphical summary of liquidity index data related to areas and formation.
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Extended box plots showing graphical summary of liquidity index data related to weathering zone.
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CHEMICAL TESTS — Total sulphate content

Total sulphates, TS (%) — AREA 1

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 11 0.01 0.17 0.39 1.15 947
MKM 4 6 0.23 0.63 1.63
MKM Middle Keuper Marl
Total sulphates, TS (%) — AREA 2
No. Min. 2.5 10 25 50 75 90 97.5 Max
Stratig. &/or
weath. zone
All data 186 0.002 0.01 0.03 0.05 0.08 0.15 0.27 7.09 8.13
2/3 7 0.07 0.25 1.05
3 41 0.01 0.04 0.05 0.08 0.17 0.27 443
3/4a 14 0.03 0.06 0.08 0.24 8.13
Rw 34 0.01 0.02 0.03 0.07 0.15 0.24 73
Rw = Reworked
Total sulphates, TS (%) — AREA 3
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 22 0.008 0.01 0.02 0.04 0.27
TwM 2 9 0.008 0.04 0.27
TwM 3a 6 0.008 0.015 0.14
TwM Twyning Mudstone Formation
Total sulphates, TS (%) — AREA 5
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 5 0.01 0.06 0.11
Total sulphates, TS (%) — AREA 7
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 6 0.14 0.29 0.5
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Total sulphates, TS (%) — AREA 8

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 97 0.02 0.03 0.05 0.15 0.3 0.62 1.5
CBp3 14 0.02 0.02 0.05 0.05 1.5
CBp 4a 5 0.02 0.05 0.1
CBp 4b 5 0.02 0.10 0.25
Edw 3 5 0.11 0.37 0.92
Edw 4a 8 0.03 0.53 0.88
Edw 4b 10 0.02 0.05 0.07 0.13 0.49
Gun 3 8 0.11 0.20 1.41
Gun 3/4a 9 0.14 0.21 0.61

CBp Cropwell Bishop Formation

Edw Edwalton Formation
Gun Gunthorpe Formation
Area & Formation
1 1 1 2 3 4 5 6 7 8 8 8 8 8 9 10
LKM  LKSB MKM TwM CBp Edw  Gun Rdc Snt

4 4 4 4 4 4 4 4 4 4
T T T T T T T T T T T T

T
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Total sulphate content (%)
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Extended box plots showing graphical summary of total sulphate content data.

CHEMICAL TESTS — Aqueous sulphates

Aqueous sulphates, AS (%) — AREA 1

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 7 0.09 0.54 1.64
MKM 4 5 0.09 0.50 1.29

MKM Middle Keuper Marl
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Aqueous sulphates, AS (%) — AREA 2

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 32 0.03 0.06 0.09 0.21 1.01 1.28 1.53
3 7 0.03 0.09 0.97
3/4a 5 0.05 0.44 8.13
4a 9 0.06 0.22 1.28
Rw 5 0.09 0.99 1.49

Aqueous sulphates, AS (%) — AREA 6

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 17 0 0.01 0.02 0.05 1.3
4 6 0.01 0.02 1.3

Aqueous sulphates, AS (%) — AREA 7

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 26 0.24 0.25 0.31 0.36 0.38 0.45 0.56
3 9 0.24 0.35 0.45
3/4a 7 0.25 0.36 0.56

Aqueous sulphates, AS (%) — AREA 8

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 52 0.001 0.01 0.03 0.05 0.08 0.13 0.54
Edw 4a 0.007 0.02 0.22
Gun 2 6 0.050 0.07 0.10
Gun 3 9 0.001 0.05 0.34
Gun 3/4a 6 0.005 0.05 0.16
Gun 4a 11 0.014 0.05 0.13
Edw Edwalton Formation Gun Gunthorpe Formation
Aqueous sulphates, AS (%) — AREA 9
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 0.01 0.03 0.09
3b 0.02 0.05 0.08
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Aqueous sulphates, AS (%) — AREA 10

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 8 0.07 0.22 2.3

Area & Formation
1 1 1 2 3 4 5 6 7 8 8 8 8 8 9 10
. LKM  LKSB MKM TwM CBp Edw  Gun Rdc Snt
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Extended box plots showing graphical summary of aqueous sulphate content data.

CHEMICAL TESTS — pH

pH—AREA 1
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 15 7.7 79 8.0 8.4 8.5
MKM 4 8 7.8 8.1 8.5

MKM Middle Keuper Marl

pH — AREA 2
No. Min. 2.5 10 25 50 75 90 97.5 Max.

Stratig. &/or
weath. zone
All data 241 53 6.5 7 7.6 7.9 8.2 8.5 8.8 10.6
2 6 7.7 8.1 9.0
2/3 8 7.7 8.1 8.8
3 61 6.5 7.2 7.7 8.0 8.3 8.7 10.6
3/4a 22 6.6 7.5 7.7 8.0 8.5
4a 101 6.1 6.6 7.0 7.6 7.9 8.1 8.4 8.6 9.0
4b 5 7.8 7.9 8.5
Rw 37 53 6.4 7.0 7.6 8.0 8.3 8.6

Rw = Reworked
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pH — AREA 3

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 22 7.0 7.3 74 7.7 8.3
TwM 2 9 72 7.7 8.2
TwM 3a 6 7.3 7.5 8.3
TwM Twyning Mudstone Formation
pH — AREA 4
No. Min. 2.5 10 25 50 75 90 97.5 Max
Stratig. &/or
weath. zone
All data 11 7.4 79 8.5 8.7 9.0
pH — AREA 5
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 5 6.9 7.6 8.1
pH — AREA 6
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 18 7.0 75 7.7 7.9 8.3
4 6 7.1 7.7 79
pH—AREA7
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 33 6.8 7.2 7.7 8.0 8.2 8.4 8.4
3 12 7.1 7.6 8.0 8.2 8.4
3/d4a 9 7.6 7.9 8.4
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pH — AREA 8

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 152 6.3 6.9 72 7.5 7.7 8.0 8.3 8.5 8.7
CBp3 17 6.3 73 74 7.5 7.8
CBp 4a 5 6.9 7.6 7.6
CBp 4b 7 7.0 75 7.6
Edw 3 5 7.7 8.0 8.5
Edw 4a 9 75 7.7 8.5
Edw 4b 10 7.1 75 7.6 7.8 8.2
Gun 3 21 73 75 7.8 8.0 8.6
Snt 3/4a 6 7.3 8.0 8.7
CBp Cropwell Bishop Formation
Edw Edwalton Formation
Gun Gunthorpe Formation
Snt Sneinton Formation
pH—AREA9
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 32 6.7 7.4 7.7 7.9 8.1 8.3 8.5
2/3a 8 6.8 8.1 8.3
3b 8 7.4 8.0 8.5
Area & Formation
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Extended box plots showing graphical summary of pH data.
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STRENGTH TESTS — Point load (axial)

Point load (axial), PLA (MPa) — AREA 1

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 462 0 0.03 0.04 0.07 0.11 0.21 0.55 1.33 2.92
LKM 1 18 37 0.84 1.00 1.34 1.46
LKM 2 56 0.00 0.05 0.10 0.19 0.44 1.02 2.92
LKM 2/3a 12 0.03 0.12 0.18 0.28 0.62
LKM 2/3b 5 0.03 0.06 0.30
LKM 3a 66 0.03 0.04 0.07 0.14 0.30 0.44 1.15
LKM 3a/3b 39 0.01 0.04 0.07 0.11 0.21 0.79 1.62
LKM 3b 15 0.03 0.04 0.13 0.30 2.60
LKM 3b/4 6 0.04 0.07 0.45
LKSB 2/3a 12 0.05 0.10 0.19 0.34 1.70
LKSB 3a 35 0.01 0.04 0.06 0.07 0.14 0.62 2.44
MKM 14 0.01 0.04 0.07 0.12 0.21
MKM 2 47 0.00 0.04 0.07 0.09 0.17 0.32 0.52
MKM 2/3a 9 0.04 0.08 0.18
MKM 3a 39 0.04 0.05 0.07 0.10 0.15 0.16 0.40
MKM 3a/3b 21 0.03 0.07 0.11 0.14 0.19
MKM 3b 49 0.03 0.04 0.06 0.07 0.10 0.12 0.15
MKM 4 16 0.04 0.07 0.07 0.10 0.15

LKM Lower Keuper Matl LKSB Lower Keuper Saliferous Beds MKM Middle Keuper Marl

Point load (axial), PLA (MPa) — AREA 2

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 161 0.01 0.01 0.03 0.05 0.10 0.21 0.50 1.20 3.31
2 43 0.02 0.04 0.07 0.12 0.27 0.52 331
2/3 73 0.01 0.03 0.05 0.12 0.21 0.45 2.05
3 35 0.02 0.02 0.04 0.06 0.11 0.19 0.87
3/d4a 6 0.02 0.05 0.36

Point load (axial), PLA (MPa) — AREA 3

No. Min. 25 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 37 0.05 0.07 0.13 0.25 0.39 0.59 5.61
EIM 1/2 8 0.06 0.15 0.56
EIM 2 9 0.13 0.23 0.39
TwM 1/2 6 0.09 0.48 0.76
TwM 2 7 0.05 0.08 0.40

EIM Eldersfield Mudstone Formation TwM Twyning Mudstone Formation

96



Point load (axial), PLA (MPa) — AREA 4

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 102 0.01 0.01 0.04 0.09 0.21 0.41 0.68 1.40 1.88
1/2 18 0.09 0.20 0.26 0.49 1.88
2 49 0.01 0.04 0.09 0.26 0.46 0.81 1.52
2/3 19 0.02 0.05 0.07 0.18 0.60
3 11 0.01 0.10 0.14 0.20 0.46
Point load (axial), PLA (MPa) — AREA 8
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 652 0.00 0.00 0.04 0.16 0.33 0.55 0.90 1.52 17.73
CBp1 61 0.00 0.16 0.26 0.45 0.58 0.78 17.73
CBp2 331 0.00 0.00 0.03 0.17 0.33 0.52 0.79 1.19 2.85
Edw 2 35 0.00 0.03 0.06 0.14 0.39 0.59 343
Gun/Sk 3 5 0.02 0.52 0.62
Gun 1 7 0.03 0.27 1.08
Gun 1/2 11 0.08 0.16 0.27 0.36 0.57
Gun 2 83 0.01 0.05 0.12 0.26 0.45 1.07 16.61
Gun 2/3 26 0.00 0.13 0.20 0.30 0.46 1.12 2.20
Gun 3 13 0.00 0.25 0.34 0.63 0.90
N 6 0.14 0.36 0.90
Snt 2 8 0.40 0.89 7.69
T 14 0.31 0.75 0.97 1.21 1.63
CBp Cropwell Bishop Formation N Newark gypsum
Gun Gunthorpe Formation T Tutbury gypsum Snt Sneinton Formation
STRENGTH TESTS — Point load (diametral)
Point load (diametral), PLD (MPa) — AREA 1
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 323 0.00 0.00 0.01 0.04 0.07 0.13 0.22 0.56 1.64
LKM 1 12 0.09 0.19 0.40 0.49 0.60
LKM 2 39 0.00 0.00 0.03 0.07 0.23 0.46 1.26
LKM 2/3a 14 0.00 0.03 0.04 0.06 0.32
LKM 2/3b 6 0.00 0.01 1.64
LKM 3a 42 0.00 0.01 0.03 0.06 0.13 0.20 0.62
LKM 3a/3b 8 0.01 0.21 0.82
LKSB 3a 6 0.01 0.04 0.06
MKM 12 0.01 0.03 0.06 0.09 0.14
MKM 2 40 0.00 0.03 0.04 0.07 0.09 0.11 0.26
MKM 2/3a 15 0.03 0.04 0.07 0.08 0.19
MKM 3a 60 0.01 0.04 0.06 0.10 0.14 0.19 0.36
MKM 3a/3b 14 0.04 0.07 0.10 0.12 0.18
MKM 3b 31 0.03 0.04 0.04 0.07 0.11 0.13 0.15
MKM 4 5 0.06 0.10 0.15
LKM Lower Keuper Marl LKSB Lower Keuper Saliferous Beds MKM Middle Keuper Marl
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Point load (diametral), PLD (MPa) — AREA 2

No. Min. 25 10 25 50 75 90 97.5 Max.

Stratig. &/or

weath. zone

All data 159 0.00 0.01 0.02 0.03 0.07 0.13 0.25 0.52 448
2 42 0.00 0.02 0.04 0.10 0.14 0.37 448
2/3 75 0.00 0.02 0.04 0.08 0.13 0.20 0.65
3 33 0.00 0.01 0.02 0.04 0.06 0.15 0.40
3/4a 5 0.02 0.05 0.13

Point load (diametral), PLD (MPa) — AREA 3

No. Min. 25 10 25 50 75 90 97.5 Max.

Stratig. &/or
weath. zone

All data 14 0.07 0.16 0.25 0.39 3.64

Point load (diametral), PLD (MPa) — AREA 4

No. Min. 25 10 25 50 75 90 97.5 Max.

Stratig. &/or

weath. zone

All data 101 0.01 0.01 0.02 0.06 0.14 0.26 0.62 0.91 1.30
12 17 0.06 0.12 0.23 0.26 1.30
2 50 0.01 0.03 0.07 0.18 0.26 0.62 1.14
2/3 18 0.01 0.04 0.07 0.21 0.71
3 11 0.01 0.06 0.09 0.18 0.66

Point load (diametral), PLD (MPa) — AREA 8

No. Min. 25 10 25 50 75 90 97.5 Max.

Stratig. &/or

weath. zone
All data 339 0.00  0.01 002 009 023 051 1.00 248 16.33
CBp1 15 0.13 0.33 0.60 091 1.02
CBp 2 58 0.04 0.11 020 033 068 095 1.40
Edw 2 14 0.01 0.01 0.03  0.08 0.22
Gun/Sk 3
Gun 1 7 0.03 0.23 0.27
Gun 1/2 14 0.01 0.14 020 026 0.44
Gun 2 106 0.00  0.01 0.01 0.03 010 023 047 519 16.33
Gun 2/3 29 0.01 0.01 009 015 025 041 0.95
Gun 3 16 0.01 012 014 028 1.32
N 17 0.75 0.88 0.97 1.08 1.62
Snt 2 14 0.26 0.43 0.49 1.24 15.38
T 9 041 1.00 2.74
CBp Cropwell Bishop Formation Snt Sneinton Formation N Newark gypsum
Gun Gunthorpe Formation T Tutbury gypsum
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STRENGTH TESTS — Uniaxial compressive strength

Uniaxial compressive strength, UCS (MPa) — AREA 1

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 116 0.10 0.11 0.22 0.34 0.61 1.54 7.83 17.80 43.00
LKM 2 7 0.22 2.28 9.59
LKM 3a 8 0.60 4.15 14.00
LKSB 3a 6 0.11 0.35 2.18
MKM 5 0.12 0.24 1.17
MKM 2 17 0.34 0.57 1.34 1.87 43.00
MKM 3a 24 0.10 0.29 0.57 0.74 36.00
MKM 3a/3b 8 0.20 0.32 1.20
MKM 3b 17 0.12 0.34 0.57 1.04 11.00
MKM 4 6 0.11 0.58 1.09
LKM Lower Keuper Marl LKSB Lower Keuper Saliferous Beds MKM Middle Keuper Marl
Uniaxial compressive strength, UCS (MPa) — AREA 2
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 89 0.03 0.10 0.10 0.30 0.70 1.42 4.00
2 35 0.09 0.10 0.20 0.40 0.90 1.98 4.00
2/3 34 0.03 0.10 0.10 0.30 0.40 1.01 2.00
3 14 0.03 0.10 0.30 0.40 1.40
Uniaxial compressive strength, UCS (MPa) — AREA 4
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 27 0.30 0.60 3.90 8.10 12.00 17.30 24.60
12 9 1.03 10.80 24.60
2 10 0.30 0.95 3.90 9.50 22.90
3 5 6.30 10.50 17.30
Uniaxial compressive strength, UCS (MPa) — AREA 8
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 60 0.00 0.92 2.39 3.61 7.13 11.92 140.50
CBp1 10 0.93 4.30 17.30
CBp2 26 1.39 2.27 2.56 3.87 6.58 9.26 10.50
Gun 3 5 2.17 8.93 140.50
CBp Cropwell Bishop Formation Gun Gunthorpe Formation



STRENGTH TESTS — Undrained cohesion

Undrained cohesion, CU (kPa) — AREA 1

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 39 33 53 79 121 184 291 374
LKM 4 5 33 72 159
MKM 4 24 46 83.8 141 211 374
LKM Lower Keuper Marl MKM Middle Keuper Marl
Undrained cohesion, CU (kPa) — AREA 2
No. Min. 2.5 10 25 50 75 90 97.5 Max
Stratig. &/or
weath. zone
All data 276 6 18 35 52 82 127 179 234 373
2
2/3
3 56 13 41 59 91 145 189 269
3/4a 26 18 52 76 116 148 170 349
4a 148 6 21 35 53 82 123 166 226 255
4b
Rw 40 8 27 37 60 118 192 373
Undrained cohesion, CU (kPa) — AREA 3
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 76 36 64 94 155 220 296 492
TwM 2 5 170 200 435
TwM 3a 12 36 76 151 200 348
TwM 3b 41 42 61 93 152 207 296 492
TwM 4 57 216 290
TwM Twyning Mudstone Formation
Undrained cohesion, CU (kPa) — AREA 4
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 10 40 77 103 125 240
Undrained cohesion, CU (kPa) — AREA 5
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 27 35 72 82 126 175 201 365
3 9 79 155 315
4a 8 35 74 150
4b 10 85 116 154 189 365
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Undrained cohesion, CU (kPa) — AREA 6

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 31 30 50 89 129 174 195 262
3b 11 30 122 131 184 262
4 8 34 101 195
Undrained cohesion, CU (kPa) — AREA 7
No. Min. 2.5 10 25 50 75 90 97.5 Max
Stratig. &/or
weath. zone
All data 51 11 41 64 94 137 182 269
3 16 37 57 80 126 180
3/da 9 37 84 257
4a 10 22 91 107 150 172
Rw 10 11 71 119 166 269
Rw Reworked
Undrained cohesion, CU (kPa) — AREA 8
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 248 4 29 42 60 920 153 228 461 660
CBp3 75 40 47 57 80 135 173 280
CBp 4a 34 34 42 55 96 130 164 429
CBp 4b 16 34 72 105 138 210
CBp Rw 7 28 73 125
Edw 2 6 55 117 386
Edw 4a 6 38 90 140
Edw 4b 11 41 63 76 92 227
Gun 2 11 56 91 185 267 562
Gun 3 9 42 158 566
Gun 3/4a 14 4 47 81 146 395
Gun 4a 18 30 77 105 169 543
Snt 4a 5 70 220 463
CBp Cropwell Bishop Formation Edw Edwalton Formation Gun Gunthorpe Formation
Snt Sneinton Formation Rw Reworked
Undrained cohesion, CU (kPa) — AREA 9
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 12 42 65 89 103 125
3b 8 42 83 122




Undrained cohesion, CU (kPa) — AREA 10

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 9 14 103 357

CONSOLIDATION TESTS — Coefficients of consolidation (c,) and volume compressibility (m,)

Coefficient of consolidation, ¢, (m’/yr) — All data

No. Min. 25 10 25 50 75 90 97.5 Max.
Oedom. load
25 -50 kPa 0.2 13 5.6 11 22.7
50 - 100 kPa 0.1 1.3 6.5 19.6 68.2
100 - 200 kPa 0.1 1.1 6.1 18.7 49.9
200 - 400 kPa 0.1 12 5.5 214 53.5
400 - 800 kPa 0.2 0.8 6.5 24.3 54.4
800 — 1600 kPa 0.3 0.9 5.8 344 46.9

Coefficient of volume compressibility, m, (m’/MN) — All data

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Oedom. load
25 -50 kPa 0.07 0.17 0.24 0.32 0.39 0.44 1.29
50 - 100 kPa 0.04 0.06 0.10 0.15 0.19 0.24 0.03 0.38 0.67
100 - 200 kPa 0.04 0.05 0.07 0.09 0.12 0.16 0.22 0.28 0.45
200 - 400 kPa 0.03 0.04 0.05 0.07 0.08 0.11 0.14 0.18 0.24
400 - 800 kPa 0.02 0.03 0.03 0.05 0.06 0.07 0.09 0.11 0.17
800 - 1600 kPa 0.01 0.02 0.03 0.03 0.04 0.05 0.13

COMPACTION TESTS — Optimum moisture content (OMC) & maximum dry density (MDD)

Compaction, OMC (%) — AREA 2

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 30 11 11 13 16 19 24 27.1 29.4 33

Compaction, OMC (%) — AREA 6

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 6 13 17.5 27
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Compaction, OMC (%) — AREA 9

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 8 12 15.5 19

Compaction, MDD (Mg/m®) — AREA 2

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 30 1.41 1.44 1.54 1.62 1.71 1.80 1.88 1.99 2.03

Compaction, MDD (Mg/m’) — AREA 6

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 6 1.51 1.72 1.93

Compaction, MDD (Mg/m’) — AREA 9

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 8 1.65 1.82 1.94

COMPACTION TESTS — California bearing ratio (CBR)

California bearing ratio, CBR (%) — AREA 6

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 10 1 6.75 10.5 11.88 19.5

California bearing ratio, CBR (%) — AREA 8

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 29 0 0 0.4 2.5 6.5 21 26.8 58.6 73

California bearing ratio, CBR (%) — AREA 9

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 6 2 8.5 17
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COMPACTION TESTS — Moisture condition value (MCYV)

Moisture condition value, MCV — AREA 6

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 13 6.2 8.6 10.1 12.5 14.4
Moisture condition value, MCV — AREA 8
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 11 9.6 13.8 144 15.2 17
FIELD TESTS — Standard penetration test (SPT)
Standard penetration test, SPT (N) — AREA 1
No. Min. 2.5 10 25 50 75 90 97.5  Max.
Stratig. &/or
weath. zone
All data 323 9 27 42 62 94 160 260 750 9999
LKM 3a 5 116 200 600
LKM 3b 15 27 65 96 181 428
LKM 3b/4 6 42 163 750
LKM 4 28 9 41 74 123 182 250 300
LKSB 3a 5 58 62 100
LKSB 3b 18 48 69 93 125 300
LKSB 3b/4 7 71 103 200
LKSB 4 20 27 61 72 129 9999
MKM 2/3a 7 21 65 93
MKM 3a 22 44 61 89 156 200
MKM 3b 15 32 58 72 147 9999
MKM 3b/4 38 23 60 69 106 195 346 9999
MKM 4 104 26 29 38 48 77 130 194 385 9999
LKM Lower Keuper Marl LKSB Lower Keuper Saliferous Beds MKM Middle Keuper Marl
Standard penetration test, SPT (N) — AREA 2
No. Min. 2.5 10 25 50 75 90 97.5  Max.
Stratig. &/or
weath. zone
All data 1338 3 18 37 65 122 161 229 420 9999
12 6 112 178 262
2 133 39 81 122 140 160 228 300 500 750
2/3 257 15 69 99 122 146 176 281 420 9999
3/4a 132 8 24 38 67 117 148 183 286 9999
Rw Reworked
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Standard penetration test, SPT (N) — AREA 3

No.  Min. 2.5 10 25 50 75 90 97.5 Max
Stratig. &/or
weath. zone
All data 747 1 16 35 67 112 170 220 300 1000
EIM 1 6 200 219 1000
EIM 1/2 23 111 163 169 195 250
EIM 2 62 43 61 101 145 208 235 1000
EIM 3a 16 23 33 58 84 156
EIM 3b 58 84 156
TwM 8 19 31 44
TwM 1 6 178 300 394
TwM 1/2 19 150 178 191 240 428
TwM 2 455 18 49 67 93 132 174 227 304 789
TwM 2/3a 12 18 26 48 65 116
TwM 3a 75 10 18 28 44 58 79 96 116 168
TwM 3b 43 7 11 17 25 34 41 61
TwM 4 5 7 16 19
TwM Rw 5 15 22 41
EIM Eldersfield Mudstone Formation TwM Twyning Mudstone Formation Rw Reworked
Standard penetration test, SPT (N) — AREA 4
No.  Min. 2.5 10 25 50 75 90 97.5  Max
Stratig. &/or
weath. zone
All data 118 17 12 22 40 104 149 214 306 750
2 7 56 150 214
2/3 5 29 175 184
3 4] 16 20 33 73 124 214 375
3/4 5 147 214 300
3/4a 15 9 41 105 132 300
4a 16 7 24 80 123 300
4b 15 9 42 61 128 177
Standard penetration test, SPT (N) — AREA 5
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 87 3 20 30 50 83 107 170
2 27 16 26 47 72 84 104 170
2/3 5 65 86 113
3 45 3 23 30 45 78 108 134
8 8 22 35
Standard penetration test, SPT (N) — AREA 6
No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 152 6 13 21 38 64 124 176 242 300
1 7 107 131 282
2 37 36 67 94 144 176 213 300
3 11 32 39 59 74 250
3b 26 12 23 29 40 50 56 64
4 8 12 17 35
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Standard penetration test, SPT (N) — AREA 7

No. Min. 2.5 10 25 50 75 90 97.5 Max.
Stratig. &/or
weath. zone
All data 65 13 25 38 63 88 184 255
2/3 5 56 65 230
3 30 13 27 38 66 86 159 255
3/d4a 19 26 44 65 86 173

Standard penetration test, SPT (N) — AREA 8

No. Min. 2.5 10 25 50 75 90 97.5  Max.

Stratig. &/or

weath. zone
All data 521 4 12 22 38 74 164 250 500 9999
CBp 2 19 38 74 186 228 9999
CBp3 52 8 19 28 57 120 395 9999
CBp 4a 15 16 33 46 82 164
CBp 4b 18 7 34 43 58 164
Edw 2 8 65 155 300
Edw 3 7 16 36 214
Edw 3/4b 5 59 68 77
Edw 4a 15 13 50 69 107 161
Edw 4b 18 21 52 87 128 230
Gun 2 29 15 49 74 144 182 340 750
Gun 2/3 13 66 114 120 244 454
Gun3 100 10 19 28 57 113 200 300 500 600
Gun 3/4a 65 12 19 29 49 109 212 517
Gun 4a 27 4 8 14 43 91 199 483
Gun 4b 10 14 34 120 187 500
Hly 4 5 8 18 36
Rdc 3/4a 6 38 189 375
Rdc 4a 5 16 32 517
Snt 2 6 50 172 216
Snt 3 11 45 55 118 160 375
Snt 3/4a 13 15 32 35 133 200
Snt 4a 13 26 35 41 62 129
CBp Cropwell Bishop Formation Edw Edwalton Formation Gun Gunthorpe Formation
Hly Hollygate Sandstone Rdc Radcliffe Formation Snt Sneinton Formation

Standard penetration test, SPT (N) — AREA 9

No. Min. 2.5 10 25 50 75 90 97.5  Max.

Stratig. &/or

weath. zone
All data 11 17 57 83 104 200
3b 6 17 57 89
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