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ABSTRACT.

The Vale of St. Albans, whilst nowhere being precisely defined,
generally occupies the ground below 150m 0.D. between Wetford and Ware,
a total distance of approximately 30km,

The considerable thicknesses of Anglian sediments found here, and which
have hitherto been largely neglected by the enginesring fraternity, have
been the focus of attention by those whose particuler interests lie in
the reconstruction of the Pleistocene environments in this area.,

Detailed lithostratigraphic sequences of the tills and associated
proglacial sediments have been established at five quarry sites selected
for study in the Vale. At least two, possibly three, different tills are
recognised and described which satisfy the various criteria for a
lodgement method of emplacement within the basal traction zone of
separate ice sheets,

A programme of fieldwork is described involving in situ testing and
sampling of these tills, Clast fabric vectors have besn established for
these sediments, thus providing a framework within which undisturbed
sampling of fabric oriented soils could take place. A new till fabric
instrument has been developed for this purpose.

The considerable quantities of colloidally inactive chalk present in
the tills is a particularly distinguishing characteristic and, despite
their classification as matrix dominant tills, is shown to account for
their relatively low activity.

The presence of disseminated carbonate in these soils is also shown to
have an effect on othar measured engineering properties. The results
of tests carrisd out on samples of both undisturbed end reconstituted
tin clearly indicate the presence and effect of a cement, possibly
calcite, in the matrix.

Based on the combined criteria of microfauna and measured fabric
vectors, the probable geographical and geological provenance of the
source material for these tills is speculated.
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CHAPTER 1.  INTRODUCTION,

1.1 General.

The distribution of glacial sediments associated with the Pleistocens
is widespread in both the northern and southern hemispheres. In
particular, the literature contains extensive reporting of the effects
of the Quaternary in the United States, in Canada (where it is
estimated (Scott, 1980) that more than 95% of the land surface has
been glaciated), in South America, in Northern Europse and in the
British Isles, Indeed, even a cursory look at the Quaternary map of
the United Kingdom (1st Edition, 1977) is sufficient to demonstrate
the extent to which the land surface cover is of glacial origin,

The very large variety of different sbil types represented by this
relatively short geological period is a particular feature and includes
coarse outwash gravels, glacilacustrine silts, fibrous organic peats
and very stiff lodgement tills, The very diverse nature of thess
Pleistocens sediments primarily reflects the changing sedimentary
environments resulting from climatic fluctuations,which may have
Numbered as many as 22 in the last 780,000 years (Shackelton and

Opdyke, 1973) .

It is this rich diversity which provides the unifying thread for the
study of the Quaternary : it spans many disciplines and brings
together specialists with a variety of backgrounds, interests and work
experience, These include biologists, botanists, physical geographers,
climatologists, soil scientists, glacier physicists, Quaternary

geologists and geotechnical engineers.,

With such large tracts of land both covered and undsrlain by glacial
sediments of the Pleistocens, it has inevitably meant that the
geotechnical engineer's involvement is an importent and necessary one,
As the number of industrial, residentiasl and recreational developments
and projects which require construction on or in these materials grous,
then so will, hopefully, the understanding and knowledge of their

‘engineering behaviour.

The scope and natures of the ground investigations required prior to

construction in the areas of glacial deposition can;and often do,



provide a considerable challenge to the soils engineer, faced as he
is with sediments of roughly similar age but quite different
properties. Examples include the metastable Devensian loessic soils
of E. England (Fookes and Best, 1969); the fissured, heavily
overconsolidated lodgement tills of the West of Scotland (McGown et al,
1975); the deep silt and peat in-filled buried channels of glaciéted
areas, such as the 38m deep Hoxnian buried channsel found during the
investigation for the M25 motorway at Higher Denham, Buckinghamshire
(Gibbard, 1983), Alternatively, the soils engineer may be faced with
the by-products of the glacial processes themselves, for example the
extensive effects of Devensian periglacisl degradation in the lowland

areas of Britain (Jones and Derbyshire, 1983),

On & larger scale, the geotechnical engineer may be involved with the
broader design aspects of a gravity structure sited on the floor of
the North Sea. Although, almost certainly, the North Seé was a dry

" land bridge during the late Devensian (quwin, 1978), today engineers
are presented with the many difficulties associated with the
investigation of thess submarine sediments. Of particular intersst are
the tills laid down as basal deposits under very great thicknesses of
ice, thought to be as much as 1700m in places (Boulton et al, 1978).
These tills now carpet a very large part of the Nérth Sea bed,

The nearsst equivalent land surface deposits of this type occur on the
Norfaolk coast., Here, although early Anglian deposits have been
recognised and reported on for some considerable time (for example
Reid, 1882; Solomon, 1932), they have been investigated only recently
from the engineering viewpoint, notably by Kazi and Knill (1969, 1973);
El-Ghamrawy (1978) and Gens (1982), The Pleistocene history of these
sedimenfs is, both on land and under the sea, extremely complex and no
doubt the exact reconstructions will never be fully achieved due, in
large part, to uncerteinties of correlation resulting from incamplete
sedimentary sequences brought about by depositional lacunas or from

Post-depositional erosion.

Within the broad spectrum of the E. Anglian suite of early Pleistocene
depasits may be included the chalky boulder clays of Buckinghamshire
Téported by Cratchley and Denness (1972) and Denness (1974), Between
those parts of Norfolk where the relatively chalk=-free Cromer Till
occurs and these latter chalky tills lie the Anglian cold stage
deposits of ths Vale of St. Albans.



This area, due to its geographical location, is extremely important
in the slucidetion of the Quaternary history of E. England lying as
it does between ths well documented regions of E., Anglia to the north

and east, and the Thames Basin to the south and uwest,

From the enginesring viewpoint very little systematic work on the tills
in this area has been carried out. Apart from the findings of Marsland
(1977), who has reported the results of triaxial and plate bearing
tests on a fissured chalky boulder clay at the site of the Building
Research Station, Garston, the literature contains no mention of the

enginsering properties of these soils,

A detailed investigation of the engineering properties of the tills in
the Vale of St, Albans was therefore commenced by the writer in 1981,

1.2 The Study.

At this time a programme of fieldwork and laboratory testing, carried
out over the following 3 years, was planned. This work was designed to
fulfil the following broad aims :

(1) To locate, identify, describe and record tHe obsserved
characteristics of the tills exposed in situ at various sites
in the Vale and to establish their relationship with the other
glacial (end pro-glacial) sediments associated with them.

(i) To formulate suitable and appropriate site procedures for the
undisturbed sampling of these tills so that the laboratory
tests described in Chapter 6 could be expedited,

(i11) To carry out both analytical and standard laboratory tests to
identify and quantify the mineralogy of the tills and to
establish an engineering classification for them, based on their

grading and plasticity characteristics,

(iv) To determine the origin, quantity, distribution, effects and
significance of chalk in the tills,

(v) To determine the fundamental mechanical properties of the tills
in a series of laboratory compression and strength tests using
reconstituted till material; to compare these properties uwith
those of the undisturbed soils determined from a parallel

series of tests.



(vi) To examine the nature of the enginsering properties of the
reconstituted and undisturbed tills in their normally
consolidated and overconsolidated states and to construct a
framework unifying their behaviour across a range of
overconsolidation ratios.

(Vii) To sxamine, describe and account for variations in observed
.behaviour; to compare the findings with those reported for

other tills.
(viii) To indicate the likely geological and geographical sources of

the till materials and to describe the n&turs of the post-
depositional changes which have taken place in these soils,

In this way, it was anticipated that the results of the research work
would not only provide specific engineering parameters characterising
the chalky tills of Hertfordshire (where major on-going construction
projects involving thess soils include the A602 Watton-at-Stone
By-Pass and the A1(M) Improvement Scheme at Hatfield), they would also
augment the growing bank of engineering data currently available for

tills in other areas.
It was also hoped that a careful and detailed examination of the
laboratory compression, consolidation and strength characteristics of

these tills in the mannser proposed would result in a modest
contribution being made to present knowledge and understanding of the

engineering behaviour of thess naturally overconsolidated sediments.,



CHAPTER 2.  THE GEOLOGICAL SETTING,

2.1 Introduction.

The glacial soils found within the Vale of St. Albané, whilst having
been largely neglected by the engineering fraternity, nevertheless
have been the focus of considerable gsological attention by those
whose particular interests lie in the understanding of the various
sedimentary processes responsible for them and also in the

reconstruction of their depositional environments,

Views and opinions regarding the order in which the inferred events
took place during the Pleistocene are being continuously modified as
new sections becoma exposed and ars examined, Therefore, although
there is gensral agreement regarding the svidence for an ancestral
(pre=-glacial) Thames in the Vale (and beyond here into E.Essex), there
are still differing opinions concerning when and how its diversion

from the Vale first occurred.

Nevertheless, generalisations have been made (Cibbard, 1977) regarding
the Pleistocene history of the Vale and a stratigraphy based on an
interpretation of the observed sedimentary sequences has been proposed
by this author., It is this stratigraphic model which is prasented in
section 2,.4.

However, the findings of a more recent examination of the glacigenic
sediments both in the Vale of St. Albans and on the South Hertfordshire
Plateau by Cheshire (1983) have implications which affect this
stratigraphy and therefore these are also included in this section,

Section 2.2 deals briefly with the Quaternary and {ts subdiviaions in
the U.K. The gensralised regional descriptions for the various
Pleistocens stages which are included hers preface the more detailed
descriptions which follow for the cold stage sediments found in the

Vale,



2,2 The Quaternary in the U.K.

2,2.1 The Quaternary : a definition,

The term 'Quaternary', originally due to Desnoyers (1829) who
initially applied it to deposits overlying Tertiary strata in the
Paris Basin, was subsequently defined by Reboul (1833) so as to
include deposits with fauna or flora still living. Lyell (1839)
introduced the term Pleistocens for deposits containing more than

70% of mollusca still living.

The Quaternary Era Sub-Committee of the International Geological
Congress; London in 1948 made the recommendation that the base of the

marine Calabrian of Italy (stratotype at Santa Maria di Catanzaro,
Calabria ) should be considered as marking the world-wide beginning of

the Pleistocens.
The Red Crag deposits of Walton-on-the-Naze, whose fauna reflect a

marked deterioration of climate, are of Calabrian agej hence the
wWaltonian is recognised as the first stage'of the British Pleistocens.

During the Pleistocene there were two major changes or episodes in the
magnetic polarity of the earth (the so-called Brunhes and Matuyama
epochs) and associated with these @ few svents - opposite changss of
short-lived duration. The beginning of the 0lduvai normal event in the
Matuyama espoch, dated by the K/Ar method at 1°8Ma (Grommé and Hay,
1971) is now being used by many as the start of the Quaternary
(Shotton, 1975). Alternative evidence based on 'calcareous plankton
datum events' and 'multiple overlappihg criteria' also put the base of

the Quaternary here (Haq, Berggren and van Couvering, 1977).

Subsequent subdivision of the Quaternary is based on biological,

chemical and physical evidence for climate change from either e cold

to a warm stages, or vice versa.

The glacial-interglacial(1) sequence in the British Isles is, therefors,
assumed to commence at the top of the Cromer Forest Bed series in
Norfolk, The classic succession of cold and warm stage Pleistocens

1. An interglacial period separates two cold stages,



deposits found in East Anglia and described by West (1963) is the most
complete in this country. A stratigraphic refinement (Mitchellet al,
1973) of the previous nomenclature based on boundary stratotypes for
the base of each stage is shown in Table 2,1, In this schems thrss
cold stages are recognised (Anglian, Wolstonian, Devensian), each being
associated with its characteristic tills and fluvioglacial sediments,
The probable limits of ice sheet cover in the U.K. inferred from the
distribution of these glacial sediments are shown in Fig. 2.1. Early
(preglacial) Pleistocene deposits show no evidence of ice sheet cover,
but both cold (Beestonian) and temperate (Pastonian, Cromerian) stages
have been identified, (West and Wilson, 1966). The first indications
of extensive ice sheet cover during the Pleistocens occur at the top

of the Cromerian, marking the onset of the Anglian stage,

2.,2,2 Anglian Cold Stags,

This stage is known from the extensive deposits of till associated
with it, The succession of the typs site at Corton Cliff, near
Lowestoft (TM 548965) is shown in Table 2,2, The two glacial units in
the succession, the Cromer Till and the Lowestoft Till represent two
separate incursions of ice into the area, the former from the North
Sea and the -latter from the west. They are separated by estuarine and
backwatar environment deposits indicating a cold periglacial
environment (West and Wilson, 1966) with no marked amslioration of
climate, the Corton Interstadia1(1h (Mitchell et al, 1973), Beds § = 7
of the succession represent ice marginal conditions sssociated with
deglaciation of the Lowsstoft Advance (Bowen,1981), It is
representatives of these tills which are in evidence in the Vale of
St. Albans and their local distribution and significance will be

discussed in later sections,

2,2.3 Hoxnian Interglecial,

Lowestoft Till can be traced inland from Corton éo Hoxne in Suffolk
(Tm 175767) whers interglacial lacustrine deposits are seen directly
on top of the till, These lake deposits provide the type locality for

An interstadial signifies a short period within a glacial stage

1.
when the climate was (relatively) mild.



the Hoxnian Interglacial stage in Britain (West, 1956). Another section
at Marks Tey in Essex (TL 912242) and whare the full interglacial

cycle is represented is estimated to have a durastion of approximately
25ka (Turner, 1970, 1975). Representatives of these sediments are also
present in the Vale of St. Albans and will be discussed further in

section 2,.4.9.
2,2,4 \Wolstonian Cold Stage.

Originally designated the Gipping Stage (West, 1963), this has now
been renamed Wolstonian and the type area transferred from the Gipping
Valley in Suffolk to the type site at Wolston gravel pit in
Warwickshire (SP 411750)., The revised nomenclature for the divisions

of the Wolstonian (Shotton, 1976) are shown below v,

Dunsmore Gravel

Upper Oadby Till

Lower Dadby Till

Wolston Sand

Bosworth Clays and Silts
Thrussington Till

Baginton Sand
Baginton - Lillington Gravel

There are, nevertheless, considerable difficulties in clearly defining -
exact limits for Wolstonian glaciation sediments dus mainly to the
conflicting results which are obtained when using palaeontological,
archaeological, lithological and geomorphological criteria in isolation
for dating and long-distance correlation purposes, These difficulties
and the various views held by researchers on this point are discussed,
amongst others, by Bowen (1981), Catt (1980, 1981) and Cox (1981),

A Wolstonian cold stage representative is recognised in the Pleistocens

sequence of sediments in the Vale of St. Albans (Gibbard 1974, 1977).

and is described in section 2.4.10.

2,2.5 1Ipswichian and Devensian.

Following the Ipswichian Interglacial, early Devensian ice advanced
almost certainly before SOka (Catt, 1980) and probably reached its
limit in eastern England by 18ka bafore finally disappearing about



14ka (Penny et al, 1969), Following a short temperate period (about
3ka duration), the final phase of the Devensian (the Loch Lomond
Advance) was cold enough to cause reglaciation of the mounteinous
areas in N.wéles, the Lake District and parts of Scotland,

Within the study area there are indications of a temperate Ipswichian
flors and fauna, whilst the cold Devensian stage is represented by

asolisn silts derived from a periglacial fringe (ses 2.4.10).

2.3 The Vale of St. Albans,

2.3.1 Physical and geological setting.

The vale of St. Albans in Hertfordshire, whilst nowhere being
precisely definad, gensrally occupies the relatively wide (in places
up to 7°Skm), gently undulating plain between the towns of Watford in
the south-west and Ware to the north-east, a total length of
approximately 30km, Fig. 2.2. On its northern flank lie the touns of
St. Albans and Welwyn Garden City, whilst to the south lis Borshamuwood,
Potters Bar and Hoddesdon. Ordnance Survey Sheet 166 (Luton and
Hertford) shows much of the Vale occupying ground betwesn 65m and 85m
0.0., although parts may occasionally be below SO0m 0.D., for example
the 45m recorded 1km west of Bayfordbury College at TL 308105. The Vale
is dissected by a number of river valleys; to the east by the River Lea
and its tributaries - the Mimram, Rib, Beane and Rash, and in the west
by the Colne and its mein tributary, the Ver. The River Colne, rising
in Colney Heath (TL 205065) drains the Vale in a south-wssterly
direction before joining the south-east flowing Ver tkm south-seast of
Bricket Wood (TL 143012), The Mimram, occupying a relatively broad,

and in places stesp-sided valley (for example at TL 245150, the site
of the Welwyn Garden City viaduct) rises in high ground bstween Luton
and Hitchin to the north-west of the Vale and follows an easterly
course north of UBlwyn Garden to Hertford, thus m%?ing the northe
western boundary of the Vale. The River Lea drains in a similar
direction but on a more southerly route , separating the touns of
Welwyn Garden City and Hatfield. Its confluence with the Mimram is in
the county town of Hertford (TL 330135) whence the river is joined by
both the Beane and tha Rib to drain southwards as the River Lea,

The Geological Survey revised 1 3 50,000 (Drift) sheet 239, Hertford
(1978) shows that the Vale is underleain by extensive deposits of



glacial gravel and associated chalky till or 'boulder clay', Fig. 2,3,
The Vale is bounded by higﬁar ground to its north and south., In the
north the ground rises as the glacial sediments infilling the Vale

thin and evenfually give way to the Chalk on which they rast
unconformably. To the north the Chalk is first seen on the south facing
hillsides north of the Mimram at TL 255155. Beyond this and also to

the west the chalk hills of the Chilterns reach over 135m 0.D. at
Corner Farm 1km south of Westwick Hall (TL 098061) in the vicinity of
St. Albans, and are covered by variable thicknesses of clay-with-flints.

South of the Vale a distinctive south-uwest to nofth-east trending
ridge of relatively high ground is formed by Tertiary sediments
comprising Reading Beds and overlying London Clay. This high ground
reaches 128m 0.D. approximately 1¢5km esast of Brookmans Park at

TL 269037 and it is this ridge which forms the southern and eastern

boundaries of the Vale.
The most recent geological deposits sre those associated with the post
glacial (Flandrian) accumulations of river bed alluvium and sand,

These deposits are present to a lesser or greater extent in or adjacent

to each of the aforementioned rivers.

2.3.2 The ancestral Thames in the Vsle,

The glacial deposits in the Vale are diverse and complex and have been
variously described by a number of workers, The earliest records of '
descriptions of the sediments in the Vale are those of Hughss (1868)
and Whitaker (1889) whilst working for the Geological Survey., Salter
(1905) first suggested that a proglacial Thames had been diverted

from an earlier course through the Vale by the Chalky Till ice
described previously by Woodward (1897), Prestwich (1890) and Gregory
(1894), This idea was later extended by Sherlock and Noble (1912) who
invoked two phases of diversion of the Thames in ths Vale, an early
(Chiltern ice) and a later (Eastern, Chalky Till) diversion. Much has
since besn written and discussed concerning the Quaternary
reconstruction of the‘proglacial Thames in the Vale and adjacent areas
and its subsequent diversion. Notable emongst these are Wooldridge
(1938, 1960), Hare (1947) and Wooldridge and Henderson (195S),
Wooldridge and Linton (1955) suggest that a Stage I Thames in the vale
was diverted by Chiltern ice southwards into a Stage Il coursa
northeastwards via the so-called Finchley depression to rejoin its old
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course near Ware., They also suggest that, subsequent to this diversion,
ice advancing from the northeast into the Finchley depression blocked
the northwards flowing Stage II Thames, diverted it to its present
course and, in so doing, deposited the Finchley moraine.

Gresn and McGregor (1978), examining gravel trains of the Thames,
concluda howsver that diversion of the Thames from the Vale of

St. Albans occurred before the end of the Chalky Till (Anglian)
glaciation - a view opposite to the two-staqge diversion hypothesis of
Wooldridge. Indeed, they suggest that the Thames is unlikely to have
ever occupied the Finchley depression as it was, in 'all probability,

blocked by Anglian jce at this time,

Earlier, Clayton and Brown (1958) describing the bedded silts and
glacial sediments in the Hertford area {nterpret the ssquence as a
tripartite glacial unit belonging to one ice advance (Eastern
glaciation). They suggest that a large proglacial lske (Lake Hertfard)
grew as the Thames was demmed at this locality and that subsequent
waxing and waning of the ice eventually led to its final advance
(Springfield Till ice) at Finchley in the Middlesex loopuway.

Gibbard (1974, 1977) describes a pre-Anglian Thames flowing eastwards
through the Vale of St. Albans cutting a wide, gently curving valley
on a floor of Chalk, fFig. 2.4, joined by a major tributary from the
north west in the region of Ware and Hertford. Ice moving from this
direction across the Vale dammed the river end a lake of local extent
developed. On the basis of varve couplet counts in the laminated
glacilacustrine silts, Gibbard has estimated the life of this lake as
approximately 500 years, Bscause there is little evidence of ice
overflow by the lake it‘is concluded by Gibbard that drainage continued
eastwards, either partially over or through (vie crevasses) or under
the ice at this time. Eventually ice overrode the leke and it is
possible that the ice lobe (Ware Till ice) moved as far south as
Finchley. Following ice retreat the ancestral Thames, it is proposed,
resumed its former course in the Vale and was later joined by an
increasingly vigorous southwards flowing tributery at uare., This river
preceded the advencing Eastend Green Till ice sheet from the northe

east which entered the Vale and again dammed the eastwards flowing
river. In so'doing, & proglacial lake was formed at London Colney

(Moor M1l leke). Drainage of the Vale continued in part eastuwards,

possibly by means of an ice marginal lake.
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Following ice stagnation, a westward flowing braided river fed by
glacial meltwater deposited gravels but ceased to flow shortly
afterwards,

Cheshire (1983) suggests, however, that diversion of the Thames
southwards down the Lea Valley took place during the earlier Ware Till
ice stage and that the upper till at Westmill (Eastend Gresn Till of
Gibbard, 1977) had little permanent effect on the main drainage

alignments in the area.

2.4 The sequsnce of Pleistocens sediments in ths Vale,

A comprshensive account of the Pleistocens lithostratigraphic units in
the Vals of St. Albans is given by Gibbard, 1977, This stratigraphy is
adopted and described in this section, although more recent research
indicates that a revision in the order of succession consequent upon a
reassessment of till types may be required. (Cheshirs, 1983 and 1984 »
personal communication). Where there are currently difficulties in the
interpretation, these are highlighted and alternative viswpoints are
expressed. Table 2.3 contains the generalised Pleistocene stratigraphy
for the Vale proposed by Gibbard. Included in this Table are notes
regarding the later revisions proposed by Cheshire, ‘

2.4.1 Leavesden Green Gravel.

The esrliest recognised glacial gravel deposits in the Vale arae thoss
found underlying Leavesden Green north-east of Watford (TL 105004),
Here a braided river deposit (ancestral Thames) up to 9m thick is seen
resting on bedrock Chalk at between 80-84m D.D. It is suggested that
these gravels may bs correleted with the Westland Green Gravel

(Hey, 1965) and are therefore pre-Anglian in age,
2.4.,2 Westmill Lowsr Gravel and Westmill Gravel,

The type section of these deposits at Westmill Quarry (TL 344158)
shows a sequence of two thick gravel horizons, the lowsr resting on
Chalk at 58m 0.D. and separated from the upper gravel by a layer of
chalky tili (vare Till) of variable thicknsss. The lower deposit
comprises a cross-bedded and stratified coarse flinty gravel with
chalk, particularly in the Hertford/uWare area of the Vale. The
Westmill Lower Gravel, it is suggested, is at least partially the
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product of an immature glacial outwash tributary system flowing
southwards and joining the proglacial Thames in this area, and is
therefore contemporaneous with the Thames Westmill Gravels in the
south-sast parts of the Vale, (see Table 2,3), The presence of these
gravels in the Vale has led to their commercial exploitation by at

least two large gravel extraction companies.

2.4.3 UWatton Road Laminated Silts. )

At Watton Road Quarry (TL 341149), approximately 1°5km west of Ware,
2*5m of brown laminated clayey silts are reported by Gibbard resting
on sand correlated with the Westmill Lower Gravel, He describes
alternating varved couplets of buff silt (< 10mm thick) and dark
brown silty clay ( < 3mm thick) numbering 485 pairs. The upper part

of the silts is overlain by unlaminated grey brown silty clay grading
upwards into (Ware) till sbove. These laminated deposits have also
been recognised by others in the nearby Ware Quarry where Sherlock and
Pocock (1924) for example describe 5¢6m of brown laminated silty clays,
Gibbard concludes that the laminated beds ars of laocal extent, but ses

the later discussion in 2.4.6 on this observation,

2.4.4 Wars Till,

The lowsr till at Westmill lies on the WSstmili Lower Gravel at
between 55m and 60m 0.D. On freshly broken surfaces this till {is
typlcally dark grey and occasionally -dark broun in colour weathering
mid-brown in an oxidised and partially decalcified zone (about 300mm
thick) at its top and bottom. The till contains chalk clasts and flint
in abundance., Gibbard doss not recognise this till anywhere west of
the Hertford/uare area of the Vale, although Cheshire (1983) notes
that till from a borehole at the site of the British Aérospace factory
in Hatfield (TL 216090), 15km south—west of Westmill Quarry, shous
particle size and other characteristics typical of the Uare Till type,
Associated with this till at Westmill is a pale broun, very chalky
deposit lying upon a strongly erosional base cut in a channel partly
in the Ware Till and partly on the Westmill Lower Gravel. It is thought

that this till represents a later pulss of the same ice shest associated

with the Ware Till.
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2.4,5 Westmill Upper Gravel.

At westmill Quarry ‘the base of this deposit lies between 58 and 62m
0.0. either on the eroded surface of the Ware Till or directly on the

Westmill Lower Gravel bensath,

.This unit is a complex of large gravel lenses with associated current '
bedded sands and is up to 11m thick. Palasocurrent directions in the
lower 4m of the unit are towards the northe-east whilst the upper cross-
bedded sands indicate a depositional flow direction from the northe
sast., "This changs in current direction ,....at c, 68m 0.D. is
accompanied by a very marked increase in chalk and other exotic
litholoéies, and probably marks the appearance of furthsr ice to the
north of the area" (Cheshire, op cit),

An intersesting feature towards the top of these gravels is the
occurrence of calcrete lenses, occasionally over 5m in length., Locally
referred to as 'motherstona' by the quarrymen, these very hard
naturally cemented (calcrete) gravels result from carbonate deposition

derived by solution from the very abundant quantities of chalk at

these lsvsls.
2.4,6 Moor Mill Laminated Clays.

Gibbard (1977) describes 2¢60m of variegated and laminated silty clays
resting on Westmill Gravel at approximately 65m 0.D. at Moor Mill
Quarry.(TL 143025) which he correlates with identical laminated clays
at nearby Harper Lane Quarry (TL 164019) 2km to the east. These clays,
the product of a proglacial lake, grade upwards into a till designated
Eastend Gresn. Cheshire however, using the combined diagnostic
criteria of particle size, acid soluble content and guartz flint ratios
has sugqested that the till sheet above these clays at this locality

- 1s Ware Till type and, therefore, by implication places ths Moor Mill
Laminated Clays stratigraphically above tha Westmill Lower Gravel but
below the Ware Till. This proposal is not inconsistent with the
presence of a similar thicknsss of laminated silts at approximately
60m 0.0, below the ware Till at Watton Road (2.4.3). Whilst not
observed at Westmill Quarry, these (Watton Road) silts could,
nevertheless be equivalent to those at Moor Mill if Cheshire's

findings ars adopted.
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2.4,7 Eastend Green Till,

The type section at Waterhall Farm (TL 297106) described by Gibbard
originally exposed 11m of very chalky light grey to blue grey/green
till resting on the eroded surface of gravel correlated with Westmill
Gravel, Since then this quarry locality has been infilled and an
incomplete section of this till has a now well-exposed equivalent at
Westmill Quarry. Here, an 'Upper Till' (see Table 2.3) lies on an
eroded surface of the Westmill Upper Gravel at approximately 69m 0.D.
In places the till is stratified in the basal 100 - 150mm ; its upper
surface at 73m forms the land surface. It is a light grey to buff very
chalky deposit with many small and meQium—sized flint clasts,

A till superficially similar in character to this upper till is sesn
within a quarry at Holwell Hyde (TL 265116) on the eastern outskirts
of Welwyn Garden City, (see 5.2,3). At this locality the till is seen
to 1ie both directly on a fine sand of presumed glacial outwash origin
and, at a lower level, on another darker till, containing less chalk

and with characteristics of the Ware Till,

2,4,8 Smug Oak Gravel. .

Gravels associated with glacial outwash of the Eastend Green Till ice
sheet have been recognised by Gibbard in several localities in the vale
from Panshanger Quarry (TL 296122) east of Welwyn Garden City as far
west as Moor Mill (TL 144026) where over Sm of cross-stratified sand
and gravel rest on an uneven channelled surface of Eastend Green Till
at betwsen 69 and 73m 0.D. Lithologically this unit is predominantly
of flint gravel with subsidiary vein quartz and quartzite. Occasional
chalky till pebbles are present. Palaeocurrent directions indicate a

north-east provenance for this material.

2.4.9 Hatfield Organic Deposits,

Hoxnian interglacial deposits are racognised near Hatfield (TL 212075)
in a pit formerly operated by the St. Albans Sand end Gravel Company
and have been described by Sparks et al (1969). Here, 400mm of organic
deposits lie on 500mm of Smug Oak Gravel overlying & lower till and a
slumped till (Rose, 1974), Formerly ascribed Lowestoftian, these tills
have been locally correlated (Gibbard, 1977, 1983) with the Eastend
Green Till, but again, it is possible that this is the Ware Ti{ll
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(ChQShi e, 1983 ) .

The biogenic deposits, comprising a lower marl and silty clay and an
upper organic peat (containing pollen flora) and detritus mud horizons,
correspond to the Hoxnian interglacial stage (see 2.2,3)

2.4.,10 Post-Hoxnian sediments in the Vale,

Following the period of climatic amelioration marking the deposition
of the Hoxnian orgaqics, a cold stage was re-sstablished and, although
"no till deposits are present, periglacial freeze-thaw conditions
returned leading to soliflucted gravel deposits like those represented
by the Roe Gresn Gravel at Hatfield Polytachnic (TL 212075),

The 1h1tiation of the present river system in the Vale was probably
established at this time and in places the rivers cut down through the
entire thickness of glacial deposits.

Mammal and amphibian remains found by Jarvis and reported by Gibbard
(1977) at waterhall Farm (TL 299099) then indicate a temperats climate,
of assumed Ipswichian agse but of unknouwn duration, coincident with

continuing but intermittent sand aggradation of the Lea Valley,

Following this interglacial stags, evidence from gravels indicating
renewsd aggradation of the River Lea taken together with the
accumuletion of substantial volumes of silt and loess in this area

indicate, once again, the onset of cold climatic (Devensian)
conditions,

After the cessation of gravel aggradation, Flandrian marls and organic
silts and muds gradually accumulated adjacent to the rivers in the
Vale on the floodplains,

At this time it is likely that the land supported a tempsrate mixed
oak forest flora of the type described by Sparks and West (1972).

2,5 Summary.,

Three cold stages of the Pleistocens arse recognised in the UK; sach
stage 1s characterised by a (glacial) till deposit. Occasionally, in
the absence of till, a cold stege is inferred by observing the

proximal effects of a large ice mass within an adjacent periglacial

fringse.

Intsrglacial stages are represented by sediments containing fauna and
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flora indicative of a temperate, sometimes warm climate,

The Quaternary history of the Vale of St. Albans includes a pre-Anglian
stage during which the ancestral River Thames drained the Vale towards
the north-east in a valley cut into the underlying Chalk. An
examination of subsurface bedrock profiles based primarily on borshole
data clearly demonstrates the shape of this valley, Its presence in ths
vale at this time is also inferred by a close examination of its

associated gravel trains,

These gravels, together with others attributed to subsequent glacial
outwash processes, are an important economic asset. There ars differing
opinions concerning where and how exactly the diversion of the
proglacial Thames out of the Vale was'ach;eved. The most recent
evidence suggests that the first of two incursions of Anglian ice into
the Vale (Ware Till ice) may have been responsible for this and caused
its realignment initially down the north to south trending Les Valley

on the eastern boundary of the Vals,

At lesast one other, later, Anglian cold stage deposit (Eastend Green
Till) is present in this arsa, although local ice pulsing may have
produced others.

Evidence suggests that the post-Anglian Pleistocene history of the
Vale comprised two further cold stages (wolstonian, Devensian) but
without till deposition, and that these were separated by the warmer
interglacials of the Hoxnian and the Ipswichian.

Detailed descriptions and sections of the glacigenic and other
Pleistocene sediments which have been identified in salected study

sites within the Vale are reported in Chapter S.
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STAGE TYPE LOCALITY ASSUMED APPROX. AGE (BP)
CLIMATE AT BASE
%% Flandrian (Recent sediments) | Temperate 10ka } RC
%
Devensian Four Ashes Pit, Cold 10-26ka Late
Wolverhampton, RC
26-50ka Middle
50ka Early
Ipswichien Bobbitshole, Temperate 125ka
Ipswich.
Wolstonian Wolstan, Cold 200ka
‘ Warwickshire.
Hoxnian Hoxney, Suffolk. Temperate 300ka
w Anglian Corton, Lowestoft,| Cold 500ka
E _"ERKEHZS"" West Runton, Tempserate
O Norfolk.
EE Beastonian Beeston cliffs, Cold
Vp] Norfolk.
Ej Pastonian Paston foreshore, | Temperate
o Norfolk. :
Baventla.f; T Easton Bavents Cold
cliffy, Suffolk,
Antian Temperate
Thurnian Ludham, Norfolk, Cool
Ludhamian (borehols) Temperate
Preludhamian| Stradbroke, Cool 2ma
Suffolk,
(borehole)
Pliocena (TERTIARY)
Note: RC Radiocarbon dating, '
ka, ma, thousand, million years respaectively,
Table 2.1 British Quaternary stages.,
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Bed

Environment

Nomenclature

glacial oﬁtuash

7. Plateau Gravels
6. Pleaure Gardens Till | flow till

Lowestoft Stadial f%
5. Oulton Beds l acustrine =

O
4, Lowestoft Till ice EE
3. Corton Sands estuarine Corton Interstadial
2. Cromer Till ice Gunton Stadial
1. 511t clay and mud estuarine and Cromsrian Interglacial
. fresh water

Table 2,2 The Anglian stratotype, Corton Cliff, Lowsstoft,

(Based on Banham, 1971)
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VALE OF ST. ALBANS

West East Stags

Smug Oak Gravel

Eastend Green Till (1)

Moor Mill (2)
Laminated Clays Anglian
Westmill Upper :
Gravel
Ware Till
Westmill Gravel '
Watton Road
Laminated Silts
Westmill Lower
Gravel
Leavesden Greean Pre-Anglian
Gravsel
NOTES:
1« The term 'Eastend Green Till' originally proposed
by Gibbard (1974) is referred to as 'Upper Till' by
Cheshire (1983) who does not recognise this till or
its correlative west or south of Hatfield, The till
designated Eastend Green type by Gibbard at Moor Mill
is correlated with the type Ware Till at Westmill by
Cheshire,
2. Therefore, the Moor Mill Laminated Clays which appear

below Eastend Green Till in the west in the Gibbard
scheme appear below ths Ware Till in ;hat of Cheshire.

+

Table 2.3 Pleistocens stratiqraphy in the Vale of St., Albans,

(Based on Gibbard, 1977).
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‘Devensian

[ Bowen,1981)
N

. Figure 2.1

—Loch Lomond (Bowen ,19 §1 )

4
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Devensian e
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t

Wolstonian \
(Catt,1978)

Probable limits of Pleistocene ice sheat
advance in the U.K,
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CHAPTER 3. SOME ASPECTS OF THE MECHANICS OF ENGINEERING SOILS.

3.1 Introduction.

This short chapter covers those aspects of the basic framework of
soil mechanics within which the test data. reported in Chapter 7 are
analysed. The statements and assumptions which are made here are not
those of the writer but are attributable to others whose various
contributions to the development of critical state soil mechanics asre
widely recognised. Notable amaongst thése are Roscoe et al (1958);
Schofield and Wroth (1968); Atkinson and Bransby (1978) and Atkinson
(1981),

The usual assumptions regarding the applicability of Darcy's law, the
fundamental theory of one dimensional consolidation and the principle

of effective stress are implied throughout,

3.2 Stress invariants and a volumetric parameter,

The choice of stress invariants whos; magnitudes do not change as ths
- stress reference axes are varied is an appropriate convention and one
which has been adopted by others in their plotting and analysis of
soil test data,

Although a coverage of invarlant theory is outside the scope of this’
thesis, it may bs noted that the octahedral normal effective stress

rd
o-oct and the octahedral shear stress T oct are such invariants and,

in terms of principal effective stressas o-; R 0_42 , o':; , are
defined ¢
’ t = _1_( vt et )
< oC K] D"" 0'2 0'3 ) 000301
1
2
1 ) 4 2 2 ’ 4 Z
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In the conventional triaxial test Cr; = o4

I © o oct ) (0-1 + 20"3 ) £} 0003.3

2
and [ oct %Qc-' -o—é )2 + (0)2 + (0'3: "a':]' ]

1

s

K->

- l 4 2 4 V4 2
2
= J;- (V’ -or:; ) ° o¢0304

Redefining terms,

4 1 v
p = 3 (o~

1 + 2crg )s es» mean principal effective stress

...3.5

and Q"ql - (0"1 -o—g )e ese deviator stress eeedeb

Unlike other engineering materials such as steel and caoncretse, the
volume changes which occur during the drained loading of a soil are
not insignificant, The choice therefore of a third variable, the
specific volumetric parameter V 4 is also convenient for it enables
volume changes which take place in different sized soil samplss to be
compared directly. The specific volumé is definad as the volume of an

element of soil containing unit volume of solids , viz.

V = 1 4+ ¢ » veedsT
" where e is the volds ratio, For a fully saturated soil,
8 - wG » . ...3.8
s

where w, Gs are respectively the measured water content and

particle specific gravity of the soil, Hence,

V = 1 + wGs ° vee 3.9
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3.3 One~dimensional and isotropic drained compression of a clay,

An idealised representation of the relationship between vV , 1n p' for
a soil undergoing drainsed isotropic compression and swelling is shouwn
in Fig. 3.1 . In this Figure, & soil with no previous stress history
and initial state A will, with increasing p’ , move along a normal
compression line of unique slope ~A . Defining \/o as the specific
volume for the soil at p' = 1kPa the equgtion of isotropic normal

compression is

Vo= v =Aln p! vee3.10

where A , v, are soil constants,
If, with state B, the soil is now allowed to swell under isotropic

stress reduction, it will move along the unloading line BC with

slops =K , Defining v.‘o in a similar manner to Vo s - then the

equation of a K- line for isotropic swelling is

’
VU = VKD - K 1np® . ceede
Assuming all swelling lines to be pagallel K , too, is a soil
conStaﬁt; unlike vo however, V*&o is not a constant but will depend

on the valus p; where the stress reversal which initiated swelling

occurred. Subsequent reloading will cause the state of the soil to
move back along BC until the soil reattains a condition of normal

»

compression,

Data from soils subjected to one=dimensional (e.g. oedomster) drained

compression can also be expressed in the form V : ln p’ if the values

for crg', o-; (the effective vertical and horizontal stresses acting
on the soil boundaries), are known or can be inferred throughout.

The compression index Cc for a normally consolidated soil in one-

dimensional compression in e ¢ 10910 c>f: space is defined :

c de
- - 7
c d (leg,, o7 )

.“3012
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1
Converting to natural logarithms and writing 3 cr}’ (1 + 2|<°)

for p’ , leads to
| d(V=-1)
=L " pedns d[ln(S P/ 1+ 2K ) ] )

0ee3.,13

where K, = o /o-'; .

During one-dimensional normal compression, the coefficient K'o is

assumed to be constant hence, as only differences apply,

dv

=C. = ge434d (1 p) ; ceed 14

utilising equation 3.10 , in conjunction with 3.14 ,
-1

- cc - ( - 00434 A ) o eee3.,15

Alternatively,
A = cc/z-sos , . cee3.16

By a similar argument,

-n, = SV/v/&S ces3.17

v

whers 8\//'V is the infinitesmal increment in (specific) volumetric

strain resulting from an infinitesmal increment in the vertical

effective stress So.ov’ 3om, is a parameter variously called the

coefficient of volume compressibility or the coefficient of volume

decrease,
With a little further manlipulation, it can be shown that

m - A/VQ‘: eee3.18

3.4 Behaviour during compression shear testing.

A soil sample is brought to a state of isotropic equilibrium (position

B on the normal compression line , lower diagram, Fig., 3.2) in a
conventional triaxiel spparatus. The drainage valve is then closed and
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“shearing takes place with no further volume changes permitted. The
positive excess pore pressure so generated will cause a reduction in
the average affective pressure p’ within the sample until, with
increasing axial strain, no further changes in effective stress occur.
The effective stress path for this sampls, when mapped in q”: p’
space, (upper diagram, Fig. 3.2) has a starting point B (q = 0 ;

p’ = ov; ) and an end state, denoting ultimate failure, at B’ . In the
lower diagram (V p’) point B8 is shown moving from the normal
compression line at constant specific volume to B' +« Ify on the other
hand, drainage from the semple is permitted and the rate of application
of axial load is sufficiently slow to prevent excess pore pressurses
building up, then the total stress and effective stresses are equal

and the two stress paths are coincideﬁt (8- B‘, upper diagram). It
can rea&ily be shouwn that the slope of all total stress and drained
effective stress paths is 3( q') : 1( P’ ). The volumetric strains
which can take place in a normally consolidated soil during this type
of test are such that the ovesrall volume of the sample reduces,

(8-8", lower diagram).

A sample initially normally consolidated to B and then permitted to
swell back to A such that an overconsolidated soil is produced will,
in undrained éompression, initially generate small positive and,
subsequently, negative pore pressures, The size of this negative
pressurs will depend on the initial degree of overconsolidation: thus
a heavily overconsolidated sample, for example, will have produced a
relatively largs negative pore pressure at ultimate failure. With a
reducing pore pressure the sffective stress will increase, hence the
effective strass path for such a sample will be like A = A’shown in
Fig. 3.2 . Heavily overconsolidated samples in drained compression
are strongly dilatant and, as volume changes are permitted to take
placa, these samples demonstrate volumetric expansion at ultimate
failure, ( A - A” , lowsr diagram, Fig. 3.2).

It is a characteristic of this modsl of soil behaviour that the locus
of end states for all normally consolidated and overconsolidated
samples tested in undrained and drained compression is a linse of
critical states in V : P’ space, (line of 'critical voids ratio' of
Roscoa.et al, 1958). Hence, a lightly overconsolidated sample brought
to a stats C (lower diasgram, Fig. 3.2) on the critical state line in
vVt p’ space will, in undrained compression, experience no changs in
either volume or average effective pressure and will possess an

effective stress path which rises vertically from C in q': p' space,
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The projection of the critical state line (of constant gradient M) in
the upper diegram, fFig., 3.2 is also shown. Assuming that a soil fails
on this line, then the relationship between the frictional constant M
and the effective friction angle &’ for the soil can be obtained in
terms of the corresponding Mohr-Coulomb general stress state. The
major and minor principsl effective stresses and the shear strength

parameters @’ , c’ at peak failure are related by :

1
’ ’ Y
/' a ’ 1+ sin & s, 1 +s8in & 2
0‘1 0‘3 ( 1 - sin ¢, ) + 2c ( 1 - sin z, ) vee3s19
Y
Assuming c = 0,
o-/ g’
1 1 + sin
then v,s = ( 1 — sin g, ) Y 0003.20

The corresponding octahedral effective shear stresses from equations

3.5, 3.6 ,(assuming 0-’2 = ov; ) are :

’ = 7/ - l / /

Therefore,

/
- M= 3 (°-1 - 0‘3 ) H ) 0003021

’ / s
oy *t 207

By substitution,

3 (1 +sing’ = (1 =sin &°) )
1+ s8ing” + 2 (1 - sin g&“) H 000322

M=

expanding and simpli fying,

. 6.sin z°
" 3 - sing . vee3.23

In V: 1n P' space the critical state line is both linsar and assumed
parallel to the normal compression line, Defining I as the specific
voluma of the soil at the critical state corresponding to p' = 1kPa ,
then the equation of the critical state line is : |

v - r - A 1n Pu, . veede24 ,
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Therefore, a sample isotropically compressed to a mean normal
'4

effective stress Py and specific volume V will, during
undrainsed compression, reach ultimate failure on the critical state
line when
Pu’ - axp (r- '} ) /A » 0003025
and qu' = I'Iaxpr(I‘- v) /z\d ; eee3s26
1 P 1
Therafore, c, =7 M exp (- v)/A .  eee3.27

N
ae

Remembering that the gradient of a drained stress path is 3(q’
1( p’) then, for a drained test,

a/ = 3(p/=-09") . vee3.28
Also, q u' - M pu’ R vee3.29
tharefo;e, q u’ = 3m pu' (3-m ,  .e3,30
and P/ = 3 p'O'/ (3-m . : vee3.3

Hence, the specific volume Vr at failure in a drained test may be
found

Ve = IT' -Aln p'[:s po’/(s-m)] . vee3.32

3.5 Normalising procedures : a general view of the state boundary

surface,

Samples of the same soil isotropically normally consolidated to
different effective pressures will have undrained test paths of
different size but similar shape. Furthermore, the path followed by

a8 sample during & drained compression test will reflect its
continuously changing specific volume « it will therefors move
through an infinity of constant V sections, eech of different size.
One such constant V section is shouwn in Fig. 3.3 a), A method whereby
differences in the size of undrained and drained test paths for both

normally consolidated and overconsolidated samples are taken into
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account by scaling stresses according to the equivalent pressure pé
for the soil is described by Atkinson and Bransby (op cit, pg.201).
For a sample in undrained compression the equivalent pressure is the
initial isotropic consolidation pressure; for a sample in drained
compression it is th mean 'normal effective stress on the hotmal

compression line at that specific volume,

Therefore, from equation 3.10 ,

pe/ - exp[(\lo - V) //\] . eee3.33
By scaling both invariants of stress with the divisor pa’ the
behaviour of normally consolidated and overconsolidated samples can be
unified in the manner of Fig. 3.4 , Here, the test paths for all
normally consolidatgd samples originate at p'/ p;’- 1, q// p; = 0 and
move towards the critical state line along a state boundary surface
(Roscoe) which limits their behaviour, (path AD). Overconsolidated
samples have normalised test paths originating at p'/ pé-: 1 (this
ratio reducing with;increasing overconsolidation ratio), q'/ p; =0
and, for perfsctly dlastic behaviour,rise vertically until reaching
either the Roscoe surface (for lightly overconsolidated samples, B )
or the Hvorslev state boundary surface (for the heavily
overconsolidated samples, C ). The behaviour of the most heavily
overconsolidatead sanles is limited by a no tension cut-off of

gradient 3 corresponding to tensile failure. )

Idealising the Hvorslev surface as a straight lina, its equation is

o’/ p] = a+h (/) , eee3.34

where g 4 h are the soll constants obtained from Fig. 3.4 .
Substituting for p; from equation 3,33 and rearranging gives
y V4
q - ] BXP[(VO - V) / A] + hp . vee3435

Using this result with equation 3.24 it cen be shoun that, on the

Hvorslev surface,

! -y ’
) + hp . 0003036

g’/ = (M= hlexp (
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An equation (e.g. for Cam clay) of the form

q’ A ’ -V
ey * (Xow e - (Tt r (Rekdnson, 1901,

0003037

can be used to make predictions of drained and undrained behaviour

for normally consolidated samples on the Roscoe surface,

Atkinson and Bransby (op cit, page 245) also describe an alternative
procedure for presenting normalised triaxial compression data based

on the size of the constant p’section of the state boundary surfacs.
One such constant p'section is shown in Fig. 3.3 b) . These authors
reason that V0 may be difficult to establish accurately, particularly
for granular materials, and in addition A uwill have a small valus in
these soil types. The term [(Vo - V) //\] in equation 3.33 will
‘therefore be large, maybe of uncertain value, but will also have an

exponential effect on the value for pé’.

In this alternative method s the reference section of the state
boundary surface is chosen at p’ = 1kPa 4 then on this reference
section V = y_ on the normal compression line and V = T on the
Critical statg line, Values for V on the refersnce section, termed VA »
are obtained by the projection of points on test paths along lines

Parallel to both NCL , CSL to intersect the vertical at p' = 1kPa,
Hence, '

V'\ - vV o+ * in p, » 0003038

where y » p’ are the specific volume and mean normal effective
Pressure respectively.

These authors suggest plotting the deviator stress scaled in the
ratio 1 / p? against the corresponding VA _so as to demonstrate
the nature of the two sections of the state boundary surface, as
shown in Fig. 3.5 .

Here, all points on CSL have q’/ p’= M and all points on the
isotropic NCL havs q°/ p’= 0 . Hence, normally consolidated samples

(A) will have normalised test paths originating st VA = v_, q’/ p’= 0
and will move along the Roscoe surface to the critical state line when
VA =X, g’/ p’= M . The more heavily overconsolidated samples (with
initial states 'dry' of critical, e.0. B , C ) will have VA < I* and

33



will be capable of sustaining q’/ p">M (shaded portion in Fig. 3.5)
before reaching the Hvorslev surface and then moving doun it towards
the critical state line, Predictions of soil behaviour for normally
consolidated samples on the Roscoe surface and overconsolidated
samples on the Hvorslev surface may be obtained by using equations of
the types in 3,36 4 3.37 .

3.6 Pore pressure response in undrained loading, .

The response of pore water pressure to undrained compression can be
expressed in terms of the two empirical parameters A , B (Skempton

1954, Bishop 1954) according to the equation :
Au = B[Ao-'1 + A (Ao-.' -Lat )] eee3.39

For a fully saturated soil the pore pressure parametsr B can be shown
to be very nearly unity for a large range of soils, In the conventional
undrained triaxial test Acr3 = 0 , hence the pores pressure response

dus to en increment in deviator stress may be found from the
expression ¢

Au = A[A( o, = O )] 0ee3.40

For the special conditions of isotropy and elasticity, and assuming
axial symmetry, the paramster A = 1/3 , However, soils are not elastic
and therefore the value for A has to be determined at a given stress
level, Usually, ths value for the pore pressure parameter at failure
Af is quoted, and a special interest has been shown in the variation
of AF with overconsolidation ratio , (see for example Bishop and
Henkel, 1976, page 118),

An alternative pore pressura parameter has been suggested by Wroth
(1981) based on the assumption that a soil reaches ultimate failure
on the critical state line.

Fig. 3.6 shows a sample initially isotropically consoiidated to A on
the normal compression line at p’A and then overconsolidated to O at
p; to produce a sample with an isotropic overconsolidation ratio

R, = p’a / p; . It is then subjected to & conventional undrained
triaxial compression test and reaches ultimate failure on the
critical state line at p’- a: .
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From the geometry of this Figure it can be shoun that

e (=) ’ cee3od?

p’/ p

u

/

o

where A = A-K ’ and r ( a parameter related to the
A

’ ’
the spacing of the NCL , CSL ) = pA/ p'B.

Therefore, the effective stresses at critical state may be expressed

A

R
/. y o
Pu Pg (%) ’ see3.42

and, from equation 3.29 ,

/ ’
a., M, .

The total stress at the critical state is

- 7,2
Pr . P, * 7 Q

0 ] I003.43

u

therefore the excess pore pressure is given by

/
Au - pT L] pu » eoed. 44
7, 1 /
or - -— -
Au p°+ 3 qu pu . ess 3445

From equation 3.40 , and writing q g for A (0-1 - 0 ) max ,

Ay
Af‘ = m——
q u ’ veeJe 46
7,1 ’
hence, A - Po*3ze, =P, eee3.47
C.8 Y
PJ
1
-A - 4
P2 - 7 f)
M r mpu Npu
R =A
1 o M
or AC.S - ﬁ[ (T) + -3- - 1] . . eee3.48

35



At very large overconsolidation ratios , the value of the term

R =A
( ;2 ) becomes very small , and approximately,
1 1
AC.S [ 3 - ﬁ] .
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Figure 3.2 g » gf} p’ 1 v
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relationship for soil in
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a) constant V section b) constant p’ section

Figure 3.3 Gensral state boundary surface for soil,
(After Atkinson, 1984),
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CHAPTER 4, THE CLASSIFICATION OF TILLS AND THEIR
ENGINEERING PROPERTIES.

4.1 Introduction,

This éhaptar is intended to provide a framework within which the
geclogical and engineering materials referred to collectively as

'till' may be viewed, examined end compared.

The variety of differing types of till which have been deposited
during the Pleistocene can bs related to contemporary processes
operating at and beneath the margins of modern glaciers and therefore
may be described and classified in terms of the landforms associated
with these glacial environments (4.3). Furthermore, an engineering
classification of tills, based primarily on grading, can be readily
incorporated into a landsystems scheme of this type (4.5.2).

A short section in 4.4 discusses the geolbgical and engineering
meanings of 'till fabric' end looks at the presence, origin and
. significance of discontinuities in these soils,

Other aspects which are significant in the engineering description

and classification of (lodgement) tills and which also give an insight
into their engineering behaviour (compression, consolidation, strength
and elasticity) sre reviewed in section 4,5, Whilst it is recognised
that not all aspects of engineering behaviour have been covered here,
(for example the compaction characteristics of tills and their use as
fill materials for earthworks), nevertheless it is hoped that the
survey of currently availsble data contained herein will facilitate a

comparison with those for the Vale of St. Albans contained in Chapters
S, 6 Bnd 8,

4,2 Glacial till : a definition.,

Rlthough probably having been used for some time before the middle of
the last century to describe non-specifically any stiff or hard,
impervious and unstratified clay sub-soil (Dreimanis, 1980) , it was
Geikie (1863) who defined till as "a stiff clay full of stones varying

in size up to boulders produced by abrasion carried on by the ice

42



‘ sheet as it moved over the land."

Terzaghi and Peck (1967) have defined till as "...an unstratified
glacial deposit of clay, silt, sand, gravel and bouldeis." Sparks and
west (1972) state that till "... consists of an unbedded mixture of
clay and stones.” Linnsell and Shea (1960) quoting Goldthwaite (1948)
describe till as "ground up rock débris which was carried by the
glacier and deposited into a compact, unstratified mass of angular

fragments of all sizes : clay, silt, sand, stones and boulders,"

The English term 'boulder clay' is occasionally, though less
frequently, used as a synonym for till. The term is no longer
considered entirely appropriate because neither clay nor'boulders are
the mein constituents of most tills, Tﬁe French term 'moraine' is
also used as a synonym for till, although in N. America the term is

usuelly restricted to landforms only.

'Drift' is a broad generic term encompassing a variety of different
clastic sediments during and aftar depasition by ice in a multitude
of depositional environments, both continental and marine.

Eyles (1983) argues that the term 'till' has s specific genstic
definition and, quoting Boulton (1972), refers to an aggregate
"eees whose particles have been brought into contact by the direct
agency of glacier ice and which, though it may have undetgone

glacially-induced flow, has not been significantly disaggregated."

Despite the many diverse till types represented and the various names

used to describe them, the glacigenic sediment termed till (or glacial
till) must :

(1) have been ice transported,
(1) be a clastic sediment,

(1i1) show well graded particle size charactsristics,
(iv) be unstratified (but see 4.3.2). '

In addition, most till types will be petrographically and
mineralogically heterogenous (McGown and Derbyshlge, 1977) and some
till types will be very compacf and overconsolidated, depending on
their mode of formation.

4.3 Tills and their depositional environment : a landsystems approach,

It is now generally recognised that textural and mineralogical

criteria alone are inadequate &s a basis for the identification of
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different till types, due mainly to the considerable overlap evident
in this respect, As a basis for discriminating between various till
types there is, thersfors, an increasing emphasis being placed on
the interpretation of overall glacial stratigraphy within the
particular geomorphological context of the till,

Fookes, Gordon and Higginbottom (1975) applied this technique of‘
terrain analysis to glacial landscapes and havs proposed a scheme of
till classification based on the existence of discrete landsystems in
glaéiatad environments. In their scheme, they recbgnisa three

landsystems @

(1) Lodgement Till Plain,
(i1) Glaciated valley,
(iii) Fluvioglacial and Ice Contact.,

within sach of the proposed landsystems are to be found tills which
are a product of their particular glacial environment. Therefors, the
Lodgement Till Plain is characterised by a relstively flat plain on
which, classically, is imposed a drumlin topography. Examples of this
type of landsystem are to be found in the West of Scotland (McGown et
al, 1975) and would also include the 'drowned! drumlins of Clew Bay,
Co. Mayo.(Sparks and West, 1972).

The Glaciated Valley landsystem comprises glacial materials which
include all those that have been depésited directly from melting ice,
but without any modification by meltuwater, According to these authors
the materials bslonging to this landsystem ara deposited at the edges
of the ice mass (which may be advanciqg, retreating or stagnating)
and will give rise to terminal, medial and lateral moraines.

The third category of landsystem, which contains fluvioglacial and ice
contact deposits, comprises all glacial sediments that have been laid
down by meltwater streams. As a result these deposits are sorted,
graded and stratified, are cohesionless, but often include till bodiel.
The most commonly recurring landforms in this landsystem are eskers,

kames and ice stagnation features, for example kettle holes.

However, Boulton and Paul (1976) quating Christian and Stewart (1957,
1968) believe that a landsystem should comprise "... an area with a
recurring pattern of topography, soils and vegetation..." and suggest
that Fookes et al ",,, offend this principle by placing in different
1andsyétams elemants which are normally intimately associated," They

instence cases whereby lodgement tills often have push moraines and
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fluted moraines on their surface and may also be very closely

associated with proglacial outwash and eskers,

They have therefore proposed an alternative tripartite (glaciated
valley; supraglacisl; subglacial/proglacial) landsystsms approach
embodying two principal sediment associations. This original scheme

is shown in Table 4.1. Eyles (1983, pege 14) recognises the same thres
landsystems but shows an extended version of this scheme in his
classification., Boulton and Peul basically distinguish two modes of
till deposition in their scheme which depend on the position of
transport of the glacial dgbris. In the following descriptions of these

referénce should also be made to Fig. 4.1.
4-301 SUbQIBCial tills. .

Glacial débris transported near to the glacisr bed will be deposited
subglacially as lodgement till. According to Boulton and Paul (op cit
page 171) lodgement till deposition occurs "... when the force
imposed by the moving ice on particles or débris-rich ice in traction
over the glacier bed is inadequate to overcome fhe frictional drag
between these and the bed." Ice flowing over an irreqgular bedrock:
surface will tend to form lee-side tills within the cavities on the

lee of hummocks in the manner described by Boulton (1970) end
Peterson (1970).

Lodgement tills show & wide range of particle size (4.5.2), may be
fissured or jointed (4.4.2) and, according to McGown and Derbyshire
(op cit page 398), "... are usually stiff, dense, relatively
incompressible soils which behave in many respects like soft rocks."
In addition, thsy invariably possess a fabric, (4.4.1).

McGown and Derbyshire also recognise a comminution till which is
formed in the basal traction zone (within 500mm of the base of the ice)

by mutual abrading and attrition of bedrock fragments, es well as a:

deformation till caused by glaciel drag on the underlying bedrock,

The principal landforms on lodgement till surfaces comprise large
ellipsoidal drumlins (cf Fookes et al. Lodgement Till Plain landsystém)
elongated in the direction of ics movement, fluted moraine ridges

lying parallel to ice sheet flow direction and push moraines formed
parallel to the glacier margin.

Lodgement tills, therroreg would be grouped together into a combined
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subglacial/proglaclal landsystem possassing, e&s they do, geomorphic
elements initiated in both of these glacial domains,

4,3.2 Supraglacial tills.

The supraglacial tills comprise one group which is derived principally
from material falling onto the surface of glaciers from flanking
valley sides and nunateks to form supraglacial morainic till. This
type of till is angular, coarse grained, permeable and usually
possesses a high angle of friction. Whalley (1975) reports stable
slopes of betwesn 350- 70° in this type of material at the Fee Glacier
near Saas Fee, Kanton Wallis. The medial end lateral moraines and kame
terrace landforms characterising this till type are the dominant
features of the glaciated valley landsystem,

Another supraglacial group of tills is derived directly from
subglacially eroded débris. This latter group can be divided into two

Classes ¢

(1) Flow tills.

The entrainment of débris in thick layers near to the base of the ice
mass (within englacial débris bands) can, during ablation near tothe
ice front, releass dabris from dykes within the containing ice onto
the glacier surface. This débris essemblage is often fluid and,
therefore, mobile., (Boulton reports dé%tia at Aavatsmarkbreen,
Spitsbergen with a watervcontent of 25% equivalent to a liquidity
index of 1+8), This can lead to a continuous mantle (perhaps 2 = 3m
thick) of accumulated flow till fed both subaarially by sporadic high
moisture content (allochthonous) flows and also by basal accretion of
newly released (parautochthonous) débris, particularly in downglacier
positions. According to McGown and Derbyshirs (op cit) flow tills
consist sssentislly of superglacial (sic) comminution débris, but can
also occur by flow of subglacial melt-out tills (see (ii) below) in
subglacisl cavities. The allocthonous upper elemant of flow tilis
Possesses a greater variation in both particle size and plasticity
index than the parautochthonous lower slement or in lodgement tills or
in the englacial dgbrls from which all these tills are derived,

(11) melt-out tills,
Flow till capping will inhibit ablation of undarlying ice hence

preserving extensive areas of stagnant ica both on and bayond the

actively ratreating margin of the ice sheet. During summer melting
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free=standing frozen débris bands collapse to produce flow tills which
grade doun into melt-out tills which melt out of the underlying ice.
These tills therefors retain some of the original englacial (banded)
features. Boulton reports glaciers in Spitsbergen with débris bands
containing 40-50% débris (by volume); loss of ice matrix during
melting therefore produces melt-out tills with very open structures
and with relatively low bulk unit weights.

The flow and melt-out tills belonging to the supraglacial lendsystem
described are therefore characterised by a supraglacial sediment
association comprising supraglacial kamiform outwash and proglacial
outwash, both of which may be superimposed on lodgement till. Thus
thers is frequently a complex till-outwash-till sequence in this
glacial domain, Fig., 4.1 .

4,4 Till fabric,

4.4.1 The geological and the engineering meanings of fabric.

The term 'fabric' epplied to till, and when used by Quaternary
scientists, is usually essumed to mean the spatial arrangement and
lineation of till pebbles or clasts in the matrix of the till (see
for example Holmes, 1941; Andrews and Shimizu, 1966;.Andreus and
Smithson, 1966; Andrews and King, 1968; Cowan, 1968; Hill, 1968;
Harris, 1969; Kirby, 1969 and Andrews, 1971.).

It has long been recognised (for example, Hind, 1859; Miller, 1884;
Bell, 1888; Upham, 1891) that clasts assume a collective preferred
o:ientation within a till body, and work by Richter‘(1932, 1933, 193b)
first demonstrated the relationship between preferred till axis
orientation ‘and direction of ice movement, The classic
traatise by Holmes (1941) describing till fabrics from Nevaork State
has been followed by many other published works since that date
describing the applications of till febric studies primeriiy in the

. reconstruction of glacial environments. West and Donnar (1956), for
example, used the tachniqus to infer regional directions of ice

movement in E. Anglia and their paper includes data from five sites
in the vale of st. Albans.(1)

1. Hertford, TL 337128; Stepleford, TL 308152; Cole Green, TL 274108,
Smallford, TL 195070; Colney Street, TL 148023,
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Subsequently, Gibbard (1974, 1977) and Cheshire (1981, 1983) have
demonstrated the existence of pronounced till fabrics within the
glacigenic sediments of the Vale and have used these data to infer

directions of ice advance into the area.

The mechanisms by which till stones become oriented within the dynamic
environment of the basal traction zone have been examined by Glen,
Donner and West (1957) and will not be considered further here.
Boulton (1976a),however, notes within;recent lodgement tills that
there is a "... tendency for the development of strong parallel fabric
peaks with an up-glacier dip, except for those tills where poste

depositional deformation has occurred."”

The meaning of till fabric as described sbove is somewhat different
from the broader measning of the term 'fabric' epplied to soils in the
engineering sense. Mitchell (1956) who investigated the effect of
remoulding soil on engineering properties, particularly psrmeability,
defined soil fabric as ",.. the appearance of pattern produced by the
shapes or arrangement of the soil grains, independently of the
external boundaries of the material." Quigley and Thompson (1966),
investigating the anisotropic consolidation characteristics of tha
sensitive and highly flocculated Leda clay from Ottawa, refer in theif
paper to "... measurements of the clay particle parallelism (febric)..";
while Fookes and Denness (1969) describe a "fissure fabric" in

relation to contoured stereograms of fissure data from the Cretaceous
sediments of S.E. England,

Rows (1971, 1972) used the term 'fabric' to encompass the large,
medium-sized and small syn- and post-depositional structures within a
soil, including primary sedimentary structures (laminations, layers,
varves) and also secondary structures, such as fissures, all of which
could markedly affect the engineering behaviour of the soil. In the
18971 paper Rowe describes, amongst others, the'visual! fabric of a
London clay and a silt~-intruded weathered boulder clay.

McGown, Saeli and Radwen (1974) esgain used the term 'fissure fabric' in
relation to tills at Hurlford, Ayrshire, and later papers by McGown ,
Anderson and Radwan (1975), and McKinlay et al (1975) also refsr to

the 'soil fissure fabric' in relation to west central Scotland
lodgement tills,

In their 1974 paper, McGown et al give an‘indication of fissure
size appropriate to their geographical arsa by stating "... the
features which are of particular interest in this study are the fine
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cracks and joints which on very close examination are apparent in the
boulder clays." Interestingly, Kazi and Knill (1973), describing the
engineering characteristics of stiff, overconsolidated fissured
glacial lake clays in Norfolk do not introduce the term 'fabric' in
this context. (In fact nouwhere does the term appear in their paper. )
Detbyshire, mcGown and Radwan (1976) describe the 'total' fabric of
landforms and extend the term to include "... & wide range of features
of both ptimary and secondary origin including folds, thrusts, fissures
(the macrofabric), disposition of the clests (the mesofabric) and

(1)

organisation of the matrix (the microfabric)."

A later, more general definition (McGown et al, 1980) of soil fabric is
reported as meaning "... the nature, form and arrangement of units of
soil materials and voids." Marsland, Prince and Love (1982) in a

paper dealing with offshore glacial clays and tills state "... The
summation of all directional properties and groupings of features at
all scales is referred to as the total fabric."” These authors also

offer guidelines for the identification of a macro- , meso- and
microfabric in e soil. |

From the foregoing it would esppear, therefore, that similar terms can,
and will convey different meanings to workers in related but different
disciplines. To the Quaternary geologist the term 'till fabric' has a
quite restricted and precise usage which is conveyed more or less
exactly by the engineef@ term 'mesofabric'., To the engineer, howevsr,
'till fabric' has a much broader meaning and encompasses three
discrete elements (macro, meso, micro) which, taken together, describe
the total geometrical organisation of soil structure, clast content

and small particle (essentially clay and silt)(z) assemblage.

4,4.2 The presenca, origins and significance of discontinuities in
tii,

The presence of fissures and discontinuities in clay'eolls has besn

. reported by various workers and several schemes of classification,

1 The term 'macrofabric' had been used earlier than this by Ostry
and Deane in a 1963 paper, but in a differsnt context. Here the
authors wrote ",,, Till-febric enalyses that involve the field

measuremants of stones in the till is (sic) herein defined as
macrofabric analyses." :

2. Korina and Faustova (1964) and Benedict (1968) include sand-sized
particles in their definition of microfabric.
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based on assumed origins, have been proposed for these, Fookes (1965)
presents a tripartite scheme of fissure classification based on his
field observations of the overconselidated clay of the Siwalik system,
mangla, and in a later paper Fookes and Denness (1969) considerably
extended this scheme and included the sffects of depositional
environment, lithology, bedding, stress release, tectonism, diagenesis,
weathering and age of exposure on fissure patterns. Skempton et al
(1969) established a scheme of classification for the discontinuities
they observed in the London clay at Wrasbury and Edguare., Chandler
(1973) presented an interesting scheme of classification (applicable
to uniform clays) based on the four environmental contréls of
deposaition, tectoniém, erosion and weathering, together with their

associated processes,

Although not related specifically to the origin of fissures in tills,
these schemes are useful nevertheless as indicators of the likely

fissure forming processes involved.

In their study of the fissuring in the glacial leke clays at
Happisburgh and Cromer, Kazi and Knill (1973) conclude that "... the
well defined fissure sets... are almost certainly a conjugate shear
pattern associasted with an sast-west direction of ice movement
overriding the clays." They also state that a subsidiary set of
horizontal fissures are probably due to a release of the overburden.

An unusual occurrence of sub-vertical fissures (also described
variously as 'fractures' and 'joints' in the paper) is reported by
Derbyshire and Jones (1980) in tills of assumed Wolstonian age from
Church Wilne, near Derby, These authors describe fissures possessing
a marked concavity in both horizontal and vertical planes and they
propose an unusual mechanism of point loading by englacial baseal
boulders on a frozen till surface for this feature, although they
suggest that curved fissure sets in tills may be quite widely
distributed. This paper also contains a useful summary of the types
and causes of discontinuities in till, Significantly, it is pointed
out that, with few exceptions, the reported occurrences of
discontinuities in till indicate their large (> 60mm) spacing. The
authors concluds that the only features occurring on a 'micro' (< 1mm

spacing) scale(1) are those low angle shear planes due to stress

1. It is unfortunate that the euthors introduce the terms micro,
meso, macro to describe fissure spacing here which could lead
to confusion, see earlier discussion, 4.4.1 .
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relief, and also a variety of fissures produced by unloading of
subaerial slopes, hydration, desiccation, freezing and a range of
pedogenic processes. All other fissures are meso (1 - 60mm spacing)
and macro ( > 60mm spacing) features, almost exclusively sub-vertical,
produced by overriding ice (Kupsch, 1955), vertical stress relief

(de Sitter, 1964), ice pushing, or propagation (mimicking) of adjecent
bedrock joints following glacial unloading, (Grisek et al, 1976).

Boulton and Dent (1974) end Boulton, Dent and Morris (1974) have
reported the occurrence of numerous sub-horizontal joint planes in
lodgement tills at both Nordenskioldbreen in Spitsbergen and
Breidémerkurjokul, Iceland, Here these authors have consistently
observed uppsr, remoulded and sheared (but not jointed) horizons in
these till bodies lying above deeper, sub-~horizontally jointed layers
which, from the field evidence, suggests could "... be fhe result of
elastic rebound in the till due to pressure release on deglaciation.”
(Boulton, 1976b, page 298), At Nordenskioldbreen the sub-horizontal
Joint surfaces also carried heavy slickensides in the direction of ice
movement; associated with these were 'dilation joints' along which
shear failure is presumed to have occurred during unloading, Other
Joint types observed by these authors in tills include close networks
of sub-vertical joints with polygonal surface patterns which are’due
to rapid drying out after exposure in both lodgement and supraglacial
tills, and jointing associated with the formation of segregstion ice

lenses in the surface horizons of till bodies resulting from freezing.

It was Terzaghi (1936) who first suggested that joints in clayey
sediments could reduce soil strength by as much as one fifth to one
tenth of that measured on unjointed samples in the laboratory. The
effects of discontinuities on the engineering properties of different
undisturbed soils have subsequently been investigated amongst others

by ward et al (1965), Fookes and Wilson (1966), Marsland and Butler
(1967), Lo (1970) end Marsland (1971). |

McGown et al (1974) have investigated the relstionship between slope
failure patterns and fissure fabric in till drumlins at Hurlford,
Ayrshire. On the basis of B15 fissure(1> measurements within the till,
the authors were able to demonstrate the existence of two sets of

vertical end near-vertical planar fissure surfaces (with estimated

1. Fookes (1965) defined fissures as "small scale fractures existing

in clay and siltstone beds but not crossing the boundary of the
bed,"
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surface areas of between 0°001m2 and 1m2 ) conjugate sbout the
landform long axes, together with a subsidiery set of sub-horizontal
fissures. They also identified a correlation between preferred fissure
orisntation in the till and a marked directional dependence of in situ
shear strength, which in turn was demonstrably controlling slope‘

failure patterns on cuttings made for the Hurlford By=-Pass.

Mckinlay et al (1975) produced guidelines for the representative
sampling and testing of fissured lodgement till having'axamined the
effects of sample size and orientation on the measuréd properties of
strength, compressibility and consolidation in these materials. They
have concluded that the presence of fissures (rather than the presence
of stones) is tha dominating factor in the selection of a
representative sample size for laboratory testing purposes. They
recommend that sample diameters for triaxial shear and one-dimensional
consolidation tests should be 20 times the minimum fissure spacing and

with a height to diameter ratio of unity.

R comprehensive treatment of the recording and analysis of soil
macrofabric (discontinuity) dafa for enginesring purposes is given by
McGown et al (1980), Here, the authors endorse the rscommendations
previously given by McKinlay et al (op cit) regarding sample sizes
based on fissure spacing cosfficients. However, in a subsequeht
discussion to this paper, Koo (1981), reporting on the widely spaced
relict joints in the residusl soils of Hong Kong, makes the point that
testing a sufficiently large sample containing representative joint
sets would be impossible hers due to their extensiveness.

4.5 Till as an engineering material,

The complex glacial processes based on the ice transport modes
outlined in 4.3 produce a variety of different till end products with
contrasting characteristics. Therefore, the density and porosity, for
example, of a basal lodgement till will contrast with that of a tlll
Produced by a melt-out mechanism,

Lithological and minsralogical variations will also reflect the nature
of the source bedrock character, and the distance over which the
material is then transported will subsequently modify its textural
composition., The distribution of glaciai soils in Britain has been
shown by Derbyshire (1975) to generally reflect source bedrock
litho}ogy. For example, the Precambrian gneisses, granites and
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quartzites of N.E, Scotland support granular tills, whereas the

younger PermoTrias, Jurassic and Cretacsous strata of central and
eastern England have given rise to the tills containing a higher
percentage of fines found in E. Anglia., Source bedrocks of intermediate
hardness, for example Carboniferous Limestone and Keuper Marl have
given rise to the well-graded tills of Cumbria and Yorgshire. A

similar correlation, based on predominant lithological characteristics
of source bedrock and till type, has been established by Prest (1961)
to account for the large variety of tills found in Canada,

The effects of post-depositional history on till character is also
important. Interglacial and post-glacial processes are varied and
complex and their effects are compounded, Therefore, one lodgement
till subsequently overlain by another will have been ice loaded (and
unloaded)‘twice; the effects of periglaciation (permafrost, freeze-
thaw) together with the changing hydrological conditions of
fluctuating ground water levels (Grisak et al, 1980), post-glacial
weathering (Eyles and Sladen, 1981) and the cementing by minerals.
taken into solution (Milligan, 1976) will affect and modify, often
radically, earlier genetic characteristics. Nevertheless, the rich
variety of end products may be examined and assessed both in the
field and in the laboratory from the enéineering viswpoint so as to
identify and categorize their salient geotechnical characteristics.

4.5.1 Plasticity.(?)

The index properties of lodgement tills reported from 33 sites (mainly
in the British Isles) have been obtained from a survey of the
literature and are shoun on the plasticity chart, Fig. 4.2 . The data
contained in this Figure have besn compiled from various sources and
these sources, together with site locations, are summarised in

Table 4,2 ., The plasticity data praesented in Fig, 4.2'1nclude
representatives of well-graded, clast dominant and matrix dominanf
tills, (4.5.2) although the majority may be classified within the two
Casagrande groups CL, CI , clays of low to medium plasticity,

The data points on this‘chart lie above the Casagrande A line and
cluster along the T 1ine (see 8.1.1) identified by Boulton and Paul
(1976) who have investigated the index properties of a large number

1. Activity (see Table 7;2) is discussed in 8.1.3 .
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of lodgement and other tills at the margins of modern glaciers in
Spitsbergen and Iceland, Plasticity data for lodgement tills can
produce consistent and revealing results. A brief examination of

Fig. 4.2 shouws that, despite occasionally there being large

di fferences in the liquid limit for the same lodgement till (for
example, note the difference between the two values for till 22, Cow
Green boulder clay) there are, nsvertheless, many consistencies,
Notable amongst these are the remarkably similar values quoted by
Fookes et al (1975).for the 'Upper' and 'Lower' tills at Hartlepool 'A!
Power Station (2, 3) and the tills in weathering zones II11 - IV end I
(4, 5) quoted by Eyles and Sladen (1981) for various other sites in
Northumberland. Again, the Uppsr boulder clay at Redcar reported by
Marsland (1975) compares very well with the 'Upper' till at Hartlepool
and the weathered tills reported for Northumberland., Wwhilst the sites
at Hartlepdoﬁ and Redcar are not identified specifically by Eyles and
Sladen 1h their paper, they do suggest that the previously recognised
two (red, grey) tills of the Northumberland Lodgement Plain (d.3)hmay
in fact be only one; the top (red) till is now believed to be the
product of the post-glacial (Holocene) weathering of a single
Devensian ice sheet. A careful examination of the index properties of

these soils does tend to confirm this.
4.5.2 particle size.

There i{s a considerable amount of published data relating to particle
8ize characteristics of tills and it is not the intention here to
sttempt a definitive summary of these. Much of this work is reported
in sedimentological and geological journals and is concerned with ,
textural and lithological descriptions of these soils, the statistical
treatment of the grading data end their method of presentation for '
classification purposes. Examples of thess include the use of ternary
or triangular textural composition diagrams (Krumbein, 1933; Elson,
1961; Singh et al, 1983; Eyles and Sladen, 19813 Sladen and Wrigley,
1983) , size factor graphs (Shepps, 1958) , Rosin and Rammlers "Law of
Crushing” paper (Geer and Yancey, 1938) , frequency distribution plots
(Oreimanis and vagners, 1971) and the modified Wentworth Scale and
*phi’ (1) classes (Doeglas, 1968) ,

1, Particle size, mm = =P |
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Traditionally, grading data for engineering purposes are presented as
cumulative frequency graphs on semi-logarithmic paper (e.g. BS 1377 :
1975, page 121) . Whilst this method does have certain disadvantages
(see discussion in 8,1.2), it does neverthsless permit a quick
assessment to be made of the grading over a large range of particle
sizes,

MmcGown (1971) used the semi-logarithmic plot as a basis for identifying
the fractional composition of tills and, in a later paper, (McGown and
Derbyshire, 1977) extended this ‘'composite soil' concept into a .
gradational series of till textures, Teble 4.3 . In this schems, tills’
are classed 'matrix dominated' if they consist of fines (silt and clay)
in which the coarse fraction acts as an assemblage of discrete
particles, On the basis of the experimentally derived relationship
between the percentage of fines, the compacted dry unit weight, and the
theoretical maximum dry unit weight for a variety of tills, McGouwn and
Daerbyshire proposed limits of between 30 to 45% fines for this type of
material. Matrix dominated tills are subdivided into those axhibitlng
cohesive properties and those exhibiting granular properties, A till
possessing less than 15% fines was found by thess authors to behave as
a soil with fine particles within a dominant coarse fraction and this
is therefore described as a granular till. Between these limits the
coarse and fine fractions interact and interfere with the structural
arrangement of sach other (such as may be found in a well-graded

material) and such mixtures are thus described es well-graded tills.

Fig. 4.3 shows the grading characteristics (semi-logarithmic plot) of
several lodgement tills, in the U.K. which have besn obtained from
various literature sources, It will be seen from this Figure that,
despite sharing a broadly similar formative mechanism (4.3.1), there
are present here representatives of many different engineering
materials, Whilst some of these tills possess a grading similar to
that shoun for London clay, others have characteristics more akin to
those of a river gravel, On the basis of the McGown and Derbyshire
scheme, only till 6 (Bradan Dam, Fookes et al, 1975) is classed
granular or clastic, The groupings of the other tills with respect to
the aforementioned fines criteria are also indicated on this Figure.
It is interesting to note that tills 2, 4, 21, 33 representing those
from the Northumberland and Durham Lodgement Plein (Fookes et al, 19753
Marsland, 1977; Eyles and Sladen, 1981) end the site of the Building
Research Station (Marsland, 1977) are contained within a group
possessing more than (approximately) 40% clay sized particles. The
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west of Scotland tills 1, (McGown et al, 1975); till 32 (Lower Cromer
Till, Gens, 1982) and possibly till 7 (Teff vale Trunk Road, Fookes

et al, 1975) contain bstween 10 = 25% clay fraction, A third group,
which includes tills 6 (Bradan Dam) and 29 (Keswick Northern By-Pess),
contains less than 10% clay. It is suggested , therefore, that an
alternative and, possibly, a rather more sensitive indicator of till
class or group may be obtained on the basis of the percentage clay

fraction determinad from a fine sediment analysis.

Some further aspects of particle size are dealt with in Chepter 8 when
the results of the grading of the Vale of St. Albans tills are

discussed.
4,5.3 One-dimensional compression.

One~dimensional compression (3.3) can be modelled in the laboratory by
using either the small diemeter (75mm) oedometer or the larger Rowe
cell, The testing condition of zero lateral strain ihposed by these
apparatuses is approximated when the loaded esrea is large relative to

the thickness of the sediment body, as it would be for example beneath
an ice sheet of considerable extent,

The results of one-dimensional compression tests (via the modulus m
see 3.3) are used extensively to predict likely consolidation

ssttlements occurring in clay soils under loaded areas, (Anderson,

v ’

1983) ., Estimates of swelling under load reduction can similarly be
made,

The stony nature of most tills can cause considerable difficulties in
their sampling and the degree of disturbance caused to the soil can
be severe (Somerville, 1983) . Howsver, it is practical to
satisfactorily test samples of cohesive till in the conventional

osdometer, provided that the quality of the semple is good (see for
example Idel st al, 1969) .

Kazl and Knil1(1969) report oedometer compression data on glacial (not
till) sediments associsted with the Cromer Till at Cromer and

Happisburgh and have used the results to estimate ice preconsolidation
loads for these soils,

Rario (1971) investigated the effects of overconsolidation on ice
loaded sediments in Finland and has pointed to the difficulties

arising from estimates of this sort, particularly in ice marginal
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areas whers ice flotation may occur,

+ gernell (1957) has reported a correlation between the compression
index C for various remoulded Swedish 'moraines' and their percentage

clay content (1) fy in the form :

Cc = .0°0044 f + 0°003

For moraines with very low clay content (less than 1 = 2%) the results

indicated a constant value for Cc = (<01 .

Fookes et al (1975) show a range of values for m, for the two tills
at the site of the Hartlepool 'A' Powsr Station. They quote values of
0009 to 0¢12 m2MN~" and 003 to 0+06 moMN "

Till respsctively. McKinlay et al (1975) similarly present data for

for the Upper and Lower

the west of Scotland tills, Here, thess authors have demonstrated, by
using specimen sizes varying from 76mm to 254mm over a range of
pressures 107 = 604kPa, that sample size is not a significant factor

in the msasursmsnt of vertical coefficients of volume compressibility.

Singh et al (1983) report the results of oedometer (63°¢Smm diameter)
tests on undisturbed samples of a cohesive till from Milwaukee. (The
testing of this soil formed part of a larger schedule undertaken for
the Milwaukee Water Pollution Abatement Program). They quote average
values for the compression index Cc and recompression index C of
0°13, 0°014 respectively , and have reproducéd compression curves for
four tests possessing different initial voids ratios (eo) on this till,
graphs A = D, Fig., 4.4 ., If it is assumed that the ratioc of the
undrained shear strength at a soils plastic limit (cu PL ) to the
undrained shear strength at the liquid limit (cu LL ) 1is
approximately 100 , as proposed by Wroth and Wood (1978) , then (for
an inssnsitive soil) it can rsadily be shown that the compression
index, the plasticity index (PI) and the soils particle specific
gravity (G8 ) are related in the form

2+303 PI, Gs

¢ 700 1n 100 .

C

1. In his paper the 'clay' fraction is defined as soil perticles
< 6mm,.
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Inserting a typical value Gs = 270 gives , approximately ,

2
n

0+013 PI .

Fig. 4.4 shows the graph of this eguation drawn tangential to the
compression curve A in the region where o-’v S 10 tf‘t-z (= 958kPa)
and passing through the points 042 S Ay O as proposed by
Schmertmann (1953). Whilst not shouwn explicitly by Singh et al 4 it is
suggested here that this line represents a reasonable reconstruction
of the in situ normal compression line for this till and therefore
permits a tentative extrapolation of the laboratory compression curves

By Cy D onto it.

A similer approach is proposed by Sladen and Wrigley (1983) who, based
on the work of Wroth (1979), also suggest an expression defining the
infinite number of possible reload curves for an overconsolidated soil
of the form :

LI =2 1°4 = 0°5 log (ao-" +C )
10 v

where LI = liquidity index; ‘;"L = increase in effective pressure;

C is a constant in the same units as OPC which depends on the values

s, (in situ voids ratio) and p; (effective overburden pressure) prior
to reloading.

Lutenegger et al (1983) report the results of 36 oedometer tests on
'till—like' deposits in central Iowa and quote an average value for
thg ratio C_ /Ccr = B8¢3 for these soils (compare €, /Ccrx 93 ,
Singh et al) , They have also consistently observed increasing values

for Cc with increasing e, and propose a linear relationship to model
this of the type :

Cc ~ 0258 eo + 0°+015 .
(Although not stated by these authors, it is assumed that thess tests
ware carried out on similar but different soils} if not, the
uniqueness of the normal compression lins for a given soil, see 3,3
and Fig, 4.4 , does not apply to their data),

Apart from providing valuable data on which to base estimates of
consolidation settlement, oedometer compression testing of (matrix

dominant) tills can also provide additional valuable information on
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both the compression and unloading characteristics of these soils,
Unfortunately, very few of the oedometer compression data reported in
the literature provide information other than quoted values for m,
Often the pressure range over which this coefficient has been
calculated is not stated. Dccasionally, compression curves are

reproduced; 'unloading curves hardly ever.

However, high quality and complete compression data for tills are
sometimes available. Figs. 4.5a , 4.6a , 4.7a , for example, show the
relationship betwsen equilibrium specific volume and 10910 effective
vert%:§1 pressure for three samples of glacial till from the North
ea.

test results are i) the large range of pressures over which the

The unusual fsatures which distinguish these (commercial)

samples were compressed (6400 kPa samples Ay, K ; 12800 kPa sample 0),
and i) a complete loading/unloading sequence, Often the normal
compression characteristics of a heavily overconsolidated soil remain
unknown because the normal compression line has not been adequately
defined., In addition, unloading will usually take place as one
decrement, and without the recording of data. Valuable information
concerning the behaviour of the soil over a range of increasing
overconsolidation ratios is therefore lost.

Having identified the normal compression line, estimates of the
preconsolidation pressure can confidently be made in the usual way
(Casagrande, 1936; Schmertmann,1953). Estimates of one-dimensional
KoRB along reloading and swelling lines may also be made by either
relating overconsolidation ratios to the plasticity index of the soil
(Brooker and Ireland, 1965, and see 8,2) or, alternatively by
estimation from :

‘e
KORB = k" (Ro)™ , (e.q. schmiat, 19663 Alpen, 1967)
D"
Here, K NC . J1 for a normally consolidated soil,
o o'y
Ro = ogverconsolidation ratio,
and o = g constant.

1. These samples, obtained from rotary cored boreholes by the
Institute of Geological Sciences (nou British Geological Survey),
sre located approximately 56° Ny, 1° €. The writer acknowledges
A, Prince and M. Love for supplying these test results,
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c
Meyerhof (1976) has suggested o<¢=0°S; KON may be calculated from

the Jaky (1944) semi-empirical expression :

K. = K = 1-sing’ .
o ]
(A useful summary of Ko - Ro relationships in clays, silts and sands

is given by Mmayne and Kulhawy, 1982).

The compression data may thus be replotted in the form equilbrium
specific volume ¢ loge' averagse affactivp pressurse, snd the soil
constants A , K derived , Figs. 4.5b , 4,6b , 4.,7b , This method of
presehting one-dimensional compression data will be discussed further

in Chapter 8,
4,5.4 Permeability and rate of consolidation,

The sarly literature, particularly from the U.5.A, and Canada, reports
results of labbratory permeability tests on compacted tills and moraines
used as dam core fill material. Hence, Leggst (1942) comments on the
relatively impermeable nature of compacted (to optimum water content)

(1)

glacial drift on an earth dam at Fergus, Ontario.

Bernell (1957) reports the results of over 2000 laboratory permeability
tests on a very large range of sediments, including many carried out -
on compacted moraine, Samples of glacial moraine were tested by this
author over a range of water contents from Proctor optimum to full

saturation and a relationship was establiahed of the form :
k
V = Vo + Cp log10 ko 3

(ko {is the.permeability, ems™! st specific volume Vo ; Cp is a
permeability, index, the slope of the permeability line on & semi-
logarithmic plot of permeability to specific volume.). The author
relates the index Cp to the grading uniformity coefficient D60 /D10 3
typically for moraines this was found to have a valus 0°05. Olmstead
(1969) quotes values for the permeability coefficient of compacted
till ih the Puget Lowland, wWashington, and Fookss et al (1975) have
reported the results of permeability testing of the 'Mountain T{11'

at Bradan Dam, Ayrshire.

1. Percolation rate (ft3 /ft2 /yr ) at unit gradient as low as
0°0089 ( = B8¢47 x 10”1 ms™') .
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Lloyd (1983) presents laboratory and field data for typical
permeabilities of various types of till and demonstrates the large

variation of permeability evident for thess sediments, (from 10-6 ms"1

for variable lithology till and solifluction débris to 10-11 ms—1 for.

matrix dominant tills).

Loiselle and Hurtubise (1980), investigating the compaction
characteristics of well-graded and clast-dominant tills in the Dutardes
regioh of Northern Quebec, report permeability values for these
materials and represent the data in the form k : V. (permeability to
specific volums). They also have attempted to correct specific volume
on the basis of percentage fines in the tills less than 74mm. A
éompilation of these results and the findings of others are shown in

this (k ¢ V) form in Fig., 4.8 .

Similar 'permeability paths' have been constructed for the North Sea
Tills (samples A,D,J,K ) from the oedometer test data (4.5.3) and these
are shown in Fig. 4.9 . (The envelope containing these permeability
values is also shown in Fig. 4.8). It is often instructive to view
reducing permeability over a range of iﬁcreasing consolidation pressurs.
In this way, for example, the effects of soil structure on the
calculated permeability may Ee examined, Comparative permeability from
reconstituted and undisturbed tills in the Vale of St. Albans have been
obtained in this way and will be presented and discussed in Chapter 8,

Also shown in Fig. 4.9 are the calculated initial and final values for
the cosfficient of consolidation, cv for the North Sea Tills, Kazi
and Knill (1969) investigated the variation of c, over a range of
oedometer consolidation pressures on oriented samples of fissured
laminated glacial clays at Cromer. They concluded that the less
fissured samplss had lower calculated c, values and this was
particularly noticeable where drainage through the sample was normal
to bedding. McKinlay et al (1975) have investigated the effects of
sample size on consolidation rates for fissured west of Scotland tills
and have demonstratesd increased cv values (up to a maximum x3) for
pressures up to 100 kPa in larger (254mm) diameter undisturbed samples.

(This difference, thoughy is very much less marked at larger pressures),

Rowe (1971, 1972) has shoun data from large (250mm) undisturbed samples
of till from Grimwith with c, values between 10 and 70 times larger
than those obtained on smaller (76mm) remoulded samples of the same
till,
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Vaughan and Walbancke (1975) have provided a useful summary of field
determined c, valuss for various 'sandy' and 'plastic' clay tills
reported by others. They have highlighted the dependence of e, on
soil structure and heterogsneity, hence they stress the need for field
measuremants of c, based either on the results of in situ
permeability tests or the analysis of field records of changing rates
of excess pore pressures. The data they report for the ‘'sandy' tills

have also been included in Fig. 4.9 for comparative purposes,
4.5,5 Undrained and drained shear strength,
(1) Undrained shear strength.

The more usual approach to the estimation of safe bearing pressures
for foundations on matrix-rich tills is via a total stress analysis
using the appropriate shear strength parametsrs obtained from
undrained triaxial tests on undisturbed samples, (see for example
Anderson, 1983). Undrained shear strengths are also extensively used

in pile design in till. (Weltman and Healy, 1978).

The factual data reported in the literature concerning undrained shear
strength of tills includes, amongst others, the ressults of unconfined
compression, 38mm and larger diameter triaxial tests (Mckinlay et al,
1974), multistage triaxial (Anderson, 1974), plate loading and
pressuremeter tests (Marsland, 19763 1977; Powsll et al, 1983), shear
vanae tests (Marsland, 1980) and in situ 300mm shear box tests
(Radhakrishna and Klym, 1974).

Variations in undrained shear strength will reflect differences in
water content and therefore it is advantageous to examine varistions
in shear strength as a function of changing water content. Fig. 4.10
shows the relationship betwesn undrained shear strengths (log scale)
and calculated (from values of natural water content, LL , PL )’
liquidity indices for various undisturbed lodgement tills reported in
the literature. Frequently, a scattered number of shear strength
values are obtained for ons till at a locality and the range of values
recorded are indicated on the Figure, The largs range of undrainaed
shear strengths (650 kPa) for all the tills covering a relatively
small difference in liquidity index (0°3) is noteworthy, as are the
inter-site variations in shear strength (same liquidity index) for
some of the tills.
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On this Figure the relationship log c, ? LI for various other
(remoulded) soils obtained by Skempton and Northey (1952) is also
shown., Whilst heavily overconsolidated soils will frequently have
natural water conténts below the plastic limit it is also expected
that (undisturbed) matrix dominant lodgement tills would have
correspondingly higher undrained shear strengths at these lower water
contents and, therefors, for any given value of LI to plot to the
right of the Skempton and Northey envelope, Clearly there are

occasions when this is not the case,

The data may alternatively be plotted in the form suggested by Sladen
and Wrigley (1983) and shown in Fig. 4.11 . Here, an expected
relationship betwsen undrained shear strength end water content for
different P1 has been derived on the basis that a simple relationship
between c, at LL 4 PL exists (Wroth and Wood, 1978; see also 6.6) of

the form :
c, " 170 exp ( = 4°6 LI ) kPa.

(It bas also besn assumed that all lodgement tills have plastcity data
plotting on the 'T' line, whence :

PI = 0*73 (LL = 11) ) .

From these graphs it can clearly be seen that small variations in
water content will exercise a significant control on the measured
undrained shear strengths, particularly below water contents of
about 16% .

Results from published data on this Figure confirm this expectation;
at the lower water contents undrained shear strengths are high and,
significantly, demonstrate considsreble scatter. With increasing
water content the expectation is for lower values of cu and, bsecause
e smaller range of PI is supported by a large variation in water
content, less scatter in the values of c, might also be expected.
This, too, appears to be reflected by the nature of the plotted data,

There is a noticeable exception to this trend. The data from site 1
(west Scotland lodgement tills), despite having low water ¢ontents
(10%), do not possess the expected higher shear strengths, McKinlay
et al (1974) who reported these results have demonstrated in their

paper a high degrees of consistency in the test values obtained from
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both the field and laboratory. These tills are, however, not of the
matrix dominant type and have a significant clast content (although
they are designated well-graded), The same control of water content
over undrained strength might theréfore not be expected, The louwer
shaar strengths may also result from the highly fissured nature of
these tills , see 4,4,2 ., On the other hand, Radhakr;shna End Klym
(1974) have published results from field and laboratory tests on a
very dense clast dominant lodgement till in Wesleyville, Ontario.
Thess tills have very low water contené? occasionally only 6% , and
very high undrained shear strengths (occasionally 2000 kPa).
Unfortunately, they do not report plasticity data for these soils and
therefore it has not bsen possible to relate the results (included in

the Figure) to the Pl contours shouwn.

Lutenegger et al (1983) have correlated bulk density © with
unconfined compressive strength Qu for undisturbed samples of two
basal tills belonging to the Wolf Creek Formation (Hickory Hills flll,
Aurora Tll) in eastern lowa, They have obtained the relationshib :

Qu = 0¢14 exp 0°09 (1b re )

1 72,
Jacobsen (1970) has proposed an alternative relationship batuween
undrained shear strength and voids ratio based on fisld and laboratory
testing of Swedish 'preconsolidated moraine clay'

-102 -2
)

c = exp (077 e tm .

(11) Drained shear strength,

The long term stability of clay slopes is controlled by their drained
strength, and both peak and residuasl strengths must be considered,
(Skempton, 1964) . The drained residual strength and drained
brittleness (see below) of cohesive soils is important in the
assessmont of the stability of old lendslips 4, or in slopes with;‘

pre-existing shear surfaces.

Orained strength is determined either by using the triaxial or direct
shear apparatus in which the rate of loading is sufficiently slow
not to induce excess pore pressures within the sample, In terms of

Mohr-Coulomb, a pesk drained strength — ¢“; , c’ may usually be
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identified for a soil which , at larger strains, reaches a lowar‘

1imiting or residual value denoted by QS’R ’ ca » The drained
residual cohesion CF’! is usually very small, The drained peak ( ‘Z,'p)
to residual ( 'L'R ) reduction in shesr strength may be expressed in

terms of 'brittleness index' , Ip 3 (Bishop, 1967)

Ip = ( Tp- T/ Tp )
Terzaghi and Peck (1967) have shown reducing ¢’p with 1ncreasing
plasticity index for clays of low to medium plasticity in drained -
triaxial tests (Fig. 4.12) , although, quoting the exceptionally high
valus @7 = 47° obtained by Lo (1962) for a clay with a liquid limit
of 426% from Mexico City, they do advise caution in the general
application of this trend, However, a similar trend has been observed
by others for a variety of other soils , including lodgement tills.
These include Skempton and Brown (1961), Jacobsen (1970) (1) ’

Tarbet (1973), Eyles and Sladen (1981) and Sladen and Wrigley (1983) ;
the findings of these authors are also shown in Fig. 4.12 . Vaughan
and Walbancke (1975) investigated the peak drained strength of Cow
Green boulder clay using 38mm diamster samples in triaxisl compression
and were able to demonstrate reducing p’p with increasing Pl for this
soil. Their results indicated p”p = 30° for PI =218 reducing to
¢’p ~ 19° at PI x 55, In addition, by investigating the variation
of the stress ratio [ p / o'/n (termed ‘'peak frictional coefficient!
in a later, 1981, paper) with isotropic consolidation pressures of
100 kPa 4 500 kPa , they have suggested a drained failure envelope for
Cow Green till with c’ = 10 kPa s "ees which is typical for boulder
clays of this type." 4 (op cit pags 187). Sladen and Wrigley (1983)
note that ¢’ for lodgement tills generally falls within the range

0 = 25 kPa 4 whilst Thorburn and Reid (1973) have observed a tendency
for c’ to decrease with increasing gf'p for lodgement tills from

the Glasgow area,

The residual shear strength of an homogeneous soil will depend on
grading and minsralogy (Kenney, 1967) and should thereforae be
independent of the method of deposition, (Vaughan and Walbancke, op
cit) and of structure and density prior to shearing, (Bishop et al,

1. Jacobsen proposes ,d’p = 353° -9° @ ..., (0425 < & < D+50)
for low plesticity Swedish moraines, '
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1971). Grading and mineralogy are reflected in the plasticity index,

and therefore a correlaéion of PI with 95'R can be expected, The
relationship ;Z'R :+ PI for various lodgement tills is shown in

Fig. 4.13 . A noticeable feature here is a marked increase in dreined
brittleness at PI = 20°~ 25°, Ingold (1975) has shown a similar
phenomenon for other (non-till) soils with different geological origins;
the trend indicated by his data is also shown in this Figure. Lupini

et al (1981) have investigated this effect by testing reconstituted
soils possessing differing grading characteristics in the ring shear
‘apparatus. On the basis of these (and other) results they have

proposed thrse different modes of residual shear :

(i) a turbulent mode in soils with a high proportion of 'rotund!
particles , or with platy particles of high interparticle friction.
Low plasticity soils are included herej drained residual shear

strengths are high , brittleness low,

(i) a sliding mode in which a low shear strength surface of strongly
oriented low friction platy particles forms resulting in a marked
drained brittleness., Soils with high plasticity aere included hers.

(1i1) a transitional mode involving both turbulent and sliding shear
in which the drained residual friction angle is extremely sensitive
to small changes in grading.

Lupini et al propose mode (i) passing into mode (4i1) with increasing
'granular voids ratio' (ratio of the volume of platy particles and
water to the vblume of rotund particles), see Fig. 4.14 . These
authors observe in their paper that Cowden Till demonstrated a
turbulent behaviour during testing (but with the dsvelopment of a
shear zone with slight orientation of clay particles within it) {
Penworthem Till and Trevor Bay Till (locations unspecified) also
showed shear zones in thin section. Bingley and Cow Green tills
should, on the basis of granular voids ratio, fall within the range
of transitional behaviour. Thesae tills are shown located with respect
to the proposed residual shear mechanisms in Fig. 4.14 ,

Cocksedge (1983) has utilised the concept of drained brittlensss to
advocate limiting stable slopes in tills of contrasting Plasticity,
His observations have been incorporated in Fig, 4,14 .
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4,5,6 Elastic modulus.

Soderman et al (1968), in a paper describing their field and
laboratory studies of the modulus of elasticity of a clay till, have
remarked , "In the prediction of both immediate and time dependent
deformations resulting from the application of loads to a soil mass,
general use is made of the theory of elasticity, incorporating soil
properties ... arrived at from ... tests made on the 'best samples!
that can be obtained from the particular soil deposit. In addition to
sample disturbance , the inelastic and non-linear load deformation
characteristic of soil necessitataes an arbitrary definition of modulus
of slasticity ...." The stress-strain modulus used most commonly is
that obtained from undrained tesys (eithet laboratory or in situ),
although as noted by Sladen and Wrigley (1983), it is becoming more
usual to use a quasi-elastic approach together with an equiyalent
vertical 'drained' elastic modulus when estimating total settlements
of foundations on lodgement till, (see Stroud and Butler, 1975). The
most frequently defined moduli from undrained compression tests are
(1) the initial tangent modulus Ei obtained from the gradient of the
stress : strain curve at zero load, and (ii) the secant modulus Es ’
defined as the ratio of stress to strain at a particular stress lsvel,
Commonly, the secant modulus in tills is determined over the stress

range 0 = 0°5 (a? - ) max. 5 (for example, Marsland, 1975).

Lo (1961) has stated that the initial tangent modulus dsefined by the
'virgin loading curve' is not & true elastic modulus (due in part to
bedding errors) and has suggested that cyclic or repetitive loading
will produce a8 more linear compression curve, This in turn produces

a more consistent and representative 'reload modulus', Er « Ward et
al (1945) and Crawford and Burn ( 1962) have investigated the
undrained moduli of a range of soils in cyclic (laboratory)
compression tests and have found that the ratio of reloading modulus
to initial loading modulus E. / E; varied from 3 to 10 . Klohn(1965),
however, found no apprecisble difference in these two moduli for a
dense glacial till obtained from unconfined compression and cyclic
triaxial tests. Anderson and McKinlay (1975), on the other hand, found
tha£ the ratio of the first reload modulus to initial modulus for
100mm diameter samples of lodgement till varied from'1°65 to 615
(with a mean E. / g = 3¢30), In their paper, these authors report
using a standardised five cycle rébime commencing at approximately
1+5% axial strain (equivalent to about 25% of the faflure stress),
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Somewhat lower values for E_ / £y (1°13 to 1+15) have been obtained
by Marsland (1975) for the Upper boulder clay at Redcar. (These were
obtained in situ from plate bearing tests). Radhakrishna and Klym
(1974), also using the results of cyclic plate loading tests, report
values for this ratio from 41+8 to 8¢1 on a very dense sandy till at
the site of Wesleyville Generating Station, Lake Ontario.

Generally, it is found that the moduli of elasticity determined from
seither in situ plate loéding or from pressuremeter tests on a soil
will underestimate the operational modulus , thus leading to
overestimates of settlement. Marsland, (1980) has reviewed this aspact
and Anderson and McKinlay (op cit) have provided much comparative data
for West of Scotland tills tested both in the laboratory and in situ
by plate tests, pressuremeter and 'Geoprobe'. (The large differences
which can be obtained are demonstrated by the mean value E = 4720 kPa
recorded from standard 100mm x 100mm undrained triaxial tests compared

with 79000 kPa obtained from in situ testing the same till).

Hight and Gens (1979) have suggested that differences in the stress
conditions between laboratory and field tests of tills could account
for part of this discrepancy. They suggest that by anisotropically
consolidating a till to re-establish the in situ stresses O'; c
cr; o in the soil prior to sampling (Fig. 4.15, upper diagram) will
subsequently produce a stress : strain curve of the type DEF (lower

diagram), giving an initial loading modulus Ei(an) o By isotropically

L

consolidating the sample at a chamber pressure equivslent to c»;c ’
howsver, will only produce that portion of ths stress : strain curve
above point E , thus giving a reduced modulus Ei(Ko) « These authors
have conducted undrained compression tests on reconstituted samples of
Cowden Till aenisotropically overconsolidated to Ko = 1¢6 , Using the
elastic parameters so obtained they have shown that (1) a laboratory
test procedure in which the initisl in situ stress conditions are
neglected will underestimate the in situ moduli , end (ii) a linear
elastic model for back-analysis of a field loading (plate) test will
pverestimate the secant moduli of soils exhibiting non=linear

behaviour , (see for example De Jong and Harris, 1971).

Frequently, values for loading moduli in tills are related to the
undrained cohesion, Fig. 4.16 . Despite the large variations in the
values for Eu shown at any one locality, an increass in undrained
shear strength (and a reduction in liquidity index) is accompanied by

an increase in soil modulus. For any given undreined shear strength
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this expectation is somgwhat less than that proposed by Weltman and
Healy (1978)

c
E, = 1700 (1:0344) v,

and rather more than that predicted by Butler (1974)
Eu >~ 220 c, °

Alternative ways of presenting moduli data for tills are shown in
Fig. 4.17 . The upper diagrem of this Figure shows the relationship
between the normalised modulus Eu/ o~; and overconsolidation ratio
Ro for Milwaukee Till reported by Singh et al (op ecit). An
interpretation of the data presented by these authors in this form
clearly demonstrates the dependence of the loading modulus on
overconsolidation ratio.(1) A similar effect has bsen observed by
£l-Ghamrawy (1978) for Cromer Till (lower diagram)(z). An inspection
of normalised undrained moduli relative to overconsolidation ratios
(where known' or can be estimated) can be particularly useful and this

method has been adopted for the Vale of St. Albans tills, Chapter:8,

4.6 Summary.

Although the tripartite schems of landsystems identified and discussed
in 4,3 offers a systematic and unified approach to the interpretation
of glacial environments, strictly a landsystem will ",,. portray (only)
the soils and landforms of a single ice advance/rstreat cycle, i.e. the
latest."” , Eyles (1983, page 7). Nevertheless, the landsystem approach
can be applied to the very thick and complex Pleistocene sequences
(often representing more than one ice advance/retreat cycle) which

are observed in many mid-latitude areas,

Therefors, the model of the supraglacial landsystem, for example, has
been applied (Boulton and Paul, 1976) to parts of N.W. England,
particularly the Shropshire-Cheshire Plain, the Lancashire Plain, and
the Carlisle Lowland, Here, the typical sediment association comprises
flow tills, and & varied suite of outwash sediments and melt-out tills;

1. Estimates of Ro based on p/ = 6 tft™ (= 575 kPa), page 297.

2. This author presents the modulus as the ratio of the overconsolidated
to normally consolidated undrained values.
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the surface expression is one typically of an undulating kame and
kettle topography.

Similarly, Eyles, Dearman and Douglas (4983) , referring to their
glacial landsystem distribution map of Britain, remark "The extensive
dissected till sheets in the East Midlands and East Anglia (Tthalky
boulder clays') suggest that these may be the remnants of lodgement
till plains, ... and they hasve thus been included in the subglacial
terrain group." The nature of the subsurface (Anglian) glécial '
sequences in the vale of St. Albans described in 2.4 would also
suggest their inclusion in the subglacial/proglacial sediment

association, 4.3.1 .

The complex processes operating on such (former) proglacial outwash
surfaces in combination with the very complex mechanisms of
transportation and emplacement of supraglacial, englacial and
subglacial ddbris have produced till deposits with very contrasting
enginesring properties. A survey of the literature to date clearly
shows that even within one such group (lodgement) many different

engineering materials are represented,

Whilst this survey has revealed the existence of much basic, but
useful, geotsechnical data (e.q. plasticity, grading) covering the
major till groups and although a number of workers have demonstrated
correlations betwsen the various geotechnical parameters investigated
(e.q. E, » S, 2 9, s X ) » it is noticeable that there is very little
published work concernipg the fundemental mechanical behaviour of
these overconsolidated soils. This is a surprising result, especially
in view of the earlier observation regarding the global distribution

of tills and related sediments.,
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L

Landsystem

Sediment association

Source of Position of
glacial debris deposition

Principal till types

A Glaciated vallsy

landsystem

( medial,
lateral moraines,
kams terraces. )

Supraglacial ssdiment

Suprag]:acial—r- Supraglacial

(nunataks,
valley sides.)

\
\

Supraglacial
morainic till

8 Supraglacial associated Flow till
landsystem (Allochthonous,
( kame moraines ) Parautochthonous)
Melt-out till
/
C Subglacial/proglacial| Subglacial/proglacial

landsystem

( dm11ﬂ3,
fluted moraines,
pushed-moraines,
outuwash plains
and taerraces, )

sediment associatad

Subglacial —>- Subglacial

Melt-out till
Lodgement till
Lee-side till

Tabls 4,1

Classificat;on of tills = associated landforms and sediments,

(After Boulton and Paul, 1976.)




L

Number

Location

Till type

Saurce

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
1.
12.
13.
14.
15.
16.
17, 18.
19.
20.

W. Scotland
Hartlepool 'A' Powar Station

Northumberland

"
Bradan Dam, Ayrshirs
A470 Taff Vale Trunk Road
Chester
Haltwhistle
Moffat
Bathgats
Maccleafisld
Queensferry
Chelmsford
Northampton
Carlisle
South Shields
Manchester

Chicago Circle, Illinois, USA.

weathered/unueathered lodgement

Upper till (red - brown)

Lower till (brown - grey)

weathering zone III - IV (red)
" " 1 (grey)

Mountaiﬁ till lodgement

ablation + lodgement

boulder clay

till

McGown et al, 1975,
Fookes et al, 1975,

Eyles and Sladen, 1981,
" "
fookss st al, 1975,
fookes et al, 1975,
Stroud and Butler, 1975.

n ”
LiJ "
" n
" ”
" "
” ”n
” "
" ”
" ”
" "

Faillace and Silver, 197S.

/contd.




£l

Number

Location Till type Source
21. Redcar Upper boulder clay Marsland, 1975,
22, Cow Green bouldser clay Vaughan and Walbancke, 1975,
23, Diddington " Hammond and Winder, 1967 in "
24, Seagahan " Lucks, 1966 ' in"
25, Usk " Sheppard and Aylen, 1957 in "
26. Black Esk " Lucks, 1966 in®
27. Salset " Bishop and Vaughan, 1962 in "
28, Teesida Parkway glacial till Cocksedge and Hight, 1975,
29. Keswick Northern By - Pass " " "
30. Milton Keynes chalky bouldsr clay Denness, 1974.
31. Breldamerkurjokull, iceland lodgement till Boulton and Paul, 1976.
32, Cromer Lower Cromer Till Gens, 1982,
33. site of BRS, Garston

chalky boulder clay

Marsland, 1977.

Teble 4,2 Summary of

plastiCity data : site locations and sources,




Dominant soil

Nature of dominant

Textural

fraction fraction description
Clasts Granular Granular or
. Clastic till
No dominant — Well~greded
fraction till
Granular Granular matrix
till
Matrix
Cohesive Cohesive matrix

till

Table 4.3 Gradational seriss of till textures,

(after McGown and Derbyshire, 1977,)

74




SL

2

. Debris dykes
Winier\push moraine ridge i
2 %5, Futed lodgement' -
S ™ till. \ ' A /0 stream exit

. ’ 0% e

ice foliation e
=z 7

- iy - :

# —Englacial debris band
T .
e
. Tl

Deformation till

Lodgement till

Basal debris in regelation zone

Figurs ‘4.1 Schematic diagram to illustrats the formation of the subglacial/proqlacial sadimant

association and landsystem. (Compiled from various sources).
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Fiqure 4.2 Plasticity data for various lodgement tills in the U.K.
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Figure 4,3 Grading characteristics of lodgement tills in ths U.K,

(Key as in Table 4,2 : C = Cowden Till, Powell et al, 1983).



Figure 4,4 QOedometer compression : Milwaukee Till,
(After Singh et al, 1983),
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Figure 4,5 Osdometar compression characteristics, glacial till, N.Sea, (Depth 64°0m , boring D).
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Figure 4.6 Qedometsr compression charactsristics, glacial till, N.Sea. (Depth 112°0Om , boring A).
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relationship for N.Sea tills, borings A , O , J ; K .
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Figure 4.14 Residual shear mechanisms and particle packing. (Based on Lupini et al, 1981).
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CHAPTER 5, FIELD INVESTIGATIONS,

S.1 Introduction.

A programme of field work was initiested during the summer of 1981,
within the study area, which was designed to identify suitable and
accessible sites in the Vale of St. Albans where the Pleistocense
sediments detailed in Chapter 2 could be carefully examined and
described.

The tills closely associsted with the fluvial and glacial outwash
gravels in the area are periodically exposed, either dur#ng quarrying
operations or during the initial phases of construction work.
Opportunities to inspect these fresh sections of interest must
therefore be taken when the occasions arise and before they becoms
degraded, removed or infilled.

Access to these working sites, particularly the quarries, is
restricted by the owners and visits to them are arranged in advance,

with their permission. Usually a period of two weeks prior notice is
required before a visit takes place.(1)

Visits have been made to a number of quarry and other localities
over the period 1981-83 where the tills have bsen exposed and also
whers their field relationships are reasonably well demonstrated.
From these, 5 sites(z) have been selected for more detalled study,
These sites, extending across the entire length of thé Vale,
demonstrate the rich variety of sediment types to be found in the
area, The lithostratigraphic sequences established at these sites
are described in detail in section 5.2 ,

1+ Messrs, Redland Aggregates Ltd, and St. Albans Sand and Gravel
Co. Ltd. have been particularly generous and co-operative in
granting permissfon for the many site visits made to their
quarries,

2, Moor Mill , Hatfield , Holwell Hyds, @~ Foxholes and Westmill

Quarries.
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The manner of description of the glacigenic sediments and their
stratigraphic relationship with the other sediments are generally

in accordance with those outlined by Scott and St. Onge (1969),
Variations in till colour, occasionally an important diagnostic
parameter, have been assessed in each case with reference to the -
hues in Munsell Soil Color Charts (1975 edition). Bed thicknesses
are calculated on the basis of spot heights established by levelling
to the nearest located Ordnance Survey bench mark,The vertical
positioning of the junctions between the various sedimentary units

described in 5.2 are therefore all relative to Ordnance Datum,

The series of in situ tests on the tills described in 5.3 end the
various sampling procedures in 5.4 necessary to expeditelthe
laboratory testing programme described in Chapter 6 have slso been
carried out during this period and are reported in this chapter,

5.2 Site locations and descriptions of Pleistocene sediments,

5.2.17 Moor Mill Quarry, Bricket UWood,

This quarry site (TL 143027) lies approximately 1km northeast of
Bricket Wood (see site 1, Fig 2.2). At this locality a 2°*1m unit of
coarse fluviatile gravel and sand (Westmill Lowsr Gravel, Cibbard,
1977) 1ies on an uneven surface of Chalk at 63*13m 0.D.(section 1,
Fig 5.1). At 65°20m 0.D. the gravels are overlain by 2¢57m thickness
of laminated silty clays. The lowest unit is a strong brown (7¢5YR 4/4
to 4/6) stiff silty clay with dark brown (7¢SYR 3/2) laminae or
varve-like couplets of aspproximately 2mm thickness, The unit is
strongly fissured and fissure surfaces exhibit black mottling and
staining. Occasional fine, olive-yellow (2°¢5Y 5/4) firm to stiff
laminated and blocky clayey silt with strongly developed unduloss,
sub-horizontal fissuring showing iron-stained yellow=-brown (10YR 5/6)
surfaces., Occasional inclusions of olive-brown (2°SY 4/4) fissured
clay are present.

At the top of the unit is 200mm of greyish brown (2¢5Y 5/2) to dark
greyish brown (2¢5Y 4/2) firm to stiff, very silty clay with some

evidence of fissuring.

At 66°77m 0.0, the silts are overlain by 2‘57m;of dark chalky
lodgement-type till. In hand specimen the till is a very dark greyish
brown (10YR 3/2) to very dark grey (10YR 3/1), stiff to very stiff,
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silty clay with medium (100mm) rounded and sub-rounded clasts of flint
with small (Smm) angular fragments of flint. Small (2mm) pebbles of
quartz occur throughout , together with finely dispersed (< 3mm)
particles of unweathered chalk. A narrow (100mm) discontinuous
_greyish brown (10YR 5/2) to brown (10YR s/3) firm, frisble fine silty
sand pocket was present.at 67¢00mm 0.0.

The top 300mm of the till is oxidised dark to mid-brown and is
pértially to completely decalcified. At 69°¢24m 0.D. the till is
overlain by 5¢18m of current-bedded gravel and sand (Smug Oak Gravel),

Ground surface is at 74*42m 0.D.

S5.2.2 Hatfield Quarry, St. Albans.

This querry site (TL 186086) is situated 0°Skm south of Beech Farm
(TL 190090) and 1*Skm west of Hatfield aerodrome (TL 205085), see
site 2, Fig 2.2. At this locality the eroded surface of the Chalk
lies between 68+50m and 69°50m 0.D., see section 2, Fig 5.1. A 6°64m
thick unit of fluviatile gravel and sand overlies the Chalk and is
assoclated with a 1m thick interbedded silt unit at 74+14m 0.0,

At 75*14m 0.0. the silts and gravels are overlain by 4¢67m of dark
chalky till,

In hand specimen the till is a dark yellowish brown (10YR 4/4) stiff
to very stiff, in places friable sandy clay showing occasional grey
(sYy 6/1) stfeaking and mottling. Medium-sized (up to 50mm) angular
flint fragments occur, with smaller (< 15mm) rounded to sub-rounded,
slightly iron-stained fragments of chalk, The top 400mm of till is
oxidised dark to mid=brown. In hand specimen this horizon comprises
a dark yellowish-brown, very firm to stiff friable sandy clay with

occasional grey silty streaking.

Medium-sized (up to 50mm) angular flint fragments abound with smaller
(<15mm) rounded to sub-rounded, slightly iron-stasined but relatively

unweathered fragments of white (10YR 8/1) chalk.,
At 79¢24m 0.D, the till is overlain by 1°52m of silty sand, sandy

silt and clay with stones.

At 81¢33m 0.0, this granular layer is overlain by a light coloured
chalky lodgement-type till. In hand specimen this till is dark
yellowfsh brown (10YR 4/4) to yellow-broun (10YR 5/4) and 1ight
brownish grey (2¢5Y 6/2) to light grey (2°sY 7/2) stiff though frisble,
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sandy clay with medium-sized (up to 50mm) anqular fragments of flint
and smaller (30mm) rounded, black, brown and dark grey (Tertiary?)
flint pebbles. Medium to small (< 30mm) clssts of sub-rounded

unweathered chalk are abundant.

Ground surface is at 83+21m 0.0.

5.2.,3 Holwell Hyde Quarry, Welwyn Garden City.

This quarry site (TL 265116) is situated on the eastern outskirts of
Welwyn Garden City, 1¢5km south of Panshanger serodrome (TL 265127),
see site 3, Fig 2.2, Information supplied to the writer by Messrs.
Redland Aggregates Ltd. indicates that Chalk lies at approximately
51¢72m 0.D. at this locality,(section 3, Fig 5.1). Above the Chalk
is an 8+10m thick band of coarse, medium and fine chalky sand end.
gravel., At 59¢82m 0.D. these gravels are overlain by a 4m thick unit
of hard dark grey calcareous lodgement-type till with flints; the
basal 200mm of this unit is oxidised brown-grey.

At approximately 64m 0.0, the till is overlain by a 2+30m thick unit
of cross-bedded, uniformly graded (ice distal?) fluvioglacial sand.
At 69¢01m 0.0, the top surface of the sand is seen below the oxidised
basal unit of another dark grey calcareous till, Approximately 300mm
above this junction the till becomes darker in colour (Fig S.2) and
in hand specimen (Fig 5.3) is a very dark grey (SY 3/1) clay with
fins, medium and coarse (up to 100mm) rounded to sub-rounded fresh
white chalk clasts showing clearly marked glacial striase on their
surfaces, Occasional angular fregments of medium to large flints are
present., A Juréssic fauna (ssse Chapter 6) is present.(1)

This till is not exposed in a cbtting 250m to the north sast _
(TL 267106) of the lowest part of the quarry and the sand unit is
here seen lying directly underneath a light calcersous lodgement
t111 at 78¢41m 0.D. This till is shown in Fig 5.4. At TL 265116
however, the dark till is overlain directly by the light calcareous
till at 73+50m 0.D. The contact zone between the two tills is marked
by sub=horizontal shearing planes end therefore could indicate a
glaci-tectonically controlled junction. (D.A.Cheshire, personal

communication).

1. This is till HH(a) in Table 5.3.
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In hand specimen (Fig 5.5) the till is a light grey (SY 7/1) and

light yellowish brown (2¢5Y 6/4) to brownish yellow (10YR 6/6) clay
with angular fragments (up to 40mm) of flint and rounded to sub-
rounded fragments (up to 60mm) of fresh white chalk, Occasional flecks

of soft pink powdery silty clay are present (Red Chalk?). Jurassic

(1)

bivalves .are abundant.

Ground surface is at 79¢31m 0.0.

5.2.4 Foxholes Quarry, Hertford.

This quarry site (TL 337125) lies 1+5km east of Hertford town centre
on either side of the A414 dual carriageway between Balls Park at

TL 335120 and its intersection with the A10(T) at TL350130, (site 4,
Fig 2.2).The uneven, eroded surface of the Chalk and Reading Beds in
this locality is approximately 56¢50m 0.D. Above this is seen a
variable thickness of dark calcareous lodgement till, (see section 4,

Fig 5.1).

In hand specimen this is a very dark grey (SY 3/1), very stiff to
hard cley with small to medium-sized, rounded to sub-rounded chalk
~clasts (up to 25mm) and angular fragments of small to medium-sized
flint (up to 60mm). The top 300mm of this unit comprises an oxidised
and partly decalcified yellowish brown (10YR 5/6) becoming dark
greyish brown (10YR 4/2), stiff becoming very stiff sandy clay with
small to ma@ium-sized (up to 30mm) fragments of angular and rounded
to sub-rounded flint and with small flecks (1=2mm) of light grey

(10YR 7/1) to white (10YR 8/1) soft chalk.(z)‘

Excavation of a small pit by hand in nearby Foxholes North (TL 337124)
quarry revealed a localised pocket of light grey, soft to very soft,
occasionally firm, ver} chalky diemicton at the top of this till,
ther occurrences of this type in this locelity have been reported
(for example, Cheshire, 1981). Above approximately 59m 0.D, thare
occurs a succession of current bedded sandas and gravels (Westmill

Upper Gravel), In places, these gravels are extremely coarse and very

large quartzitic boulders (1-2m) are not uncommon,

1. This is ti1l HH(b) in Table 5.3

2. Till F(b), Table 5.3.
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At the nearby Foxholes East (TL 344126) quarry a 1°30m thick lens of
light till (Foxholes Till) is seen resting on a celcasreous sand at
64+63m 0.D. within a channel in the gravel. In hand specimen this
till is a dark yellowish brown (10YR 4/4) and light grey (5Y 7/2)'
sandy clay with shatteresd, angular flint fragments (up to 30mm) and
rounded to sub-rounded chalk pebbles (up to 35mm). The basal 100mm
and top 250mm of this unit are decalcified.

Ground surface lies between 68°25m and 70°50m 0.D.

5.2.5 Westmill Quarry, Ware.

This quarry site (TL 344153) is located approximately 1°Skm north

west of Ware between the B1001 and the A10(T), see site 5, Fig 2.2.
The irregularly-eroded Chalk bedrock surface here occurs at a mean
elevation of 51°20m 0.D., section 5, Fig 5./ . Abovae this is 9m
thickness of stratified fluviatile gravel and sand forming the
Westmill Lowsr Gravel, At 60¢00m 0.0. the gravels are ssen passing
into a narrow band (150mm) of laminated silty clay. In hand spscimen
this soil is a firm, friable yellowish brown (10YR 5/6) very silty
sand clay with distinct and regularly spaced (5mm) laminae. At

60°18m 0.D. this unit (and a narrow, very cosrse gravel band above it)
is overlain by 2¢32m of dark, calcareous lodgement till (Ware Tlll).(1)
In hand specimen this soil is a dark greyish brown (2°5Y 4/2) very
stiff, occasionally hard sandy clay with small (< 7¢Smm) rounded and
sub-rounded clasts of fresh white (10YR 8/1) chalk with small, medium
and large (occasionally 100mm) angular, shattered fragments of flint,
R varisty of other stones are present in this deposit.

At TL 345159 a 4m deep channel extending from above the Ware Tlll'
down to 58¢42m D0.D. is infilled with gravel, silty sand and a light
calcareous till (Westmill Middle Till).

In hand specimen this soil is a firm to stiff light olive brown

(2¢5Y 5/4) and light yellowish brown (2¢5Y 6/4) to yellowish brown
(10YR 5/4) sandy clay with medium (25mm) sub-rounded eand enguler,

shattered clasts of relatively unweathered chalk,

At 62°48m 0.D, the eroded, weathered and partly decalcified surface

1. This is till w(b) 1n Table 5.3.
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of the Ware Till is overlain by a complex deposit of large gravel
lenses with associated sand beds (westmill Upper Gravel) of

approximately 6°30m thickness,
At 68+88m 0.D. thess gravels are overlain by 4°06m thickness of light
calcareous lodgement till (Eastend Green Till).(1)

In hand specimen this till is a light olive-grey (5Y 6/2) to brown
(10YR 5/3) very stiff, occasionally hard clay with strong brouwn
(7°5YR 4/6) mottling and streaking and small (2-3mm) patches of pink
(SYR 7/4) silty clay (Red Chalk). There are many small, medium and
large (occasionally 150mm) rounded clasts of relestively fresh chalk
showing distinct surface striations. Medium to large, irregularly

shaped, occasionally shattered flints sbound. Bivalves ere present.

Ground surface is at 72*94m 0.D.

5.3 In situ testing.

Whilst the majority of the expsrimental work undertaken on the tills
has been laboratory based, there are nevertheless aspects of this
work which have necessitated recording features within the various

till bodies and the carrying out of certain testing in situ,

In view of the importance of till stone fabric (clast orientation and
dip) in the reconstruction of glecial environments (Chapter 4), the
determination of such a faebric for five tills at three sampling sites
has been undertaken. In this way, it was hoped that the results would
confirm the findings of others who have worked with these sediments
and their correlatives et these and other aites in the Vale. Of mors
immediate importance to this study however, was the necessity of
establishing a clast fabric vector (see 5,3.1) for those tills from
which would be obtained oriented undisturbed semples for oedometer

compression and direct shear testing.

With the exception of the low level, passibly glacitectonic shear
planes observed in the tills at both Holwell Hyde quarry (5.2.3) and
Westmill quarry (Cheshire, 1983), there was no further evidence !
during the period 1981-83 for either the small scale fine cracking

1. This is till w(d) in Teble S.3.
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and jointing (for example McGown et al , 1974) or the larger scale

linear and convex discontinuities (Derbyshire and Jones, 1980)

observed by others in lodgement tills elseuhere,

Fissuring was, howsver, occasionally observed in the sediments closely
associated with thess tills , for example in the Laminated Clays at
Moor Mill quarry 4 5.2.1. However, during the winter months of 1983,
the reopening and reworking of Holwell Hyde quarry in Welwyn Garden
City temporarily exposed sections of the two upper tills and in these
was revealed a series of well-developed joints, The opportunity was

therefore taken to measure and record details of thesse structures

before infilling operations began.

Finally, to supplement the laboratory shear vane testing of selected re-
constituted tills described in Chapter 6, in situ shear vane testing of
four tills at two sites was carried out esrly in the schedule of work.

5.3.1 Clast orientation and dip.

The particulats nature of the tills described in section 5.2 is of

some significance to this study in two respects:

(1) On the basis of measurements made of the a-axis orientation of
stones within the tills in the Vale of St. Albans it has been possible
to distinguish at least two ice advances into the area, each with its
associated lodgement till (West and Donner, 19563 Gibbard, 1974, 1977;
Cheshire, 1981). The measurement and analysis of clast axis orientation
can therefore be of considerable assistance in the interpretation of
the age relationships of these tills and can act as indicators of ice
sheet provenance, hence pointing to the source(s) of the till
materials,

(i1) The obtaining of undisturbed oedometer samples for the horizontel
drainage condition (see section 5.4.2) necessitated, it was felt, a
frame of referance within which sampling could be made. Orientation

of the cutting ring became importent in this respect in view of the
very large number of possible ways of orientating the sampler by
vertical rotation. Sampling at these locations was therefore carried
out very precisely with respect to the till stone fabric which'was
determined beforehand by field measurements., The adoption of this
convention carried with it other benefits: it would also enabls, for
example, a subsequent investigation to be made of the directional
dependence of oedometer determined permeability with respect to the
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established fabric vector for each soil.

Guidelines have been introduced which have helped in the standardisation
of the techniques of till fabric snalysis and the saﬁpling and
measuring procedures adopted for the present study are generally those
which have been outlined by Andrews (1971). Becasuse of the large

number of till fabric analyses undertaken by Cheshire (1981,1983) in

the Vals of St. Albans, his various parameter limits have been
adopted for this study so that consistency and continuity in the

sampling and measuring procedures is ensured, Cheshire's limits are

reproduced below:

1.

2.

3.

4,

5.

6.

Sample size: Each sample consisted of 50 stones. One such sample
was taksn at each site,

Griffith's and Ondrick's (1968) a, b, c-axis convention was
adoptrad, The b-axis is defined ss tha minimum dimension across
the maximum projection plane, with the a= (long) axis and c=-

(short) axis normal to it.
Due to difficulties of size, a lower a-axis limit of 20mm was

used. Anything smaller than this wes rejected. No upper limit

was employed,

An arbitrary axial (a : b) ratio upper limit was sat st 3 : 1.
Any stone with an axial ratio grsater than this was assumed too

alongate,

An axial retio lower limit was established so as to reject

stones with a tendency towards random orientation, This limit
was set at 12 : 1,

The interference effect due to the proximity of asny stone to a
heavier clast was allowed for by rejscting any found within -

20mm of such a clast,

AR sampling site was prepared by exposing a i1m long by 300mm deep band
of fresh till either in a pit on the quarry floor or on a vertical

surface of the quarry face, Fig S.6.
Sampling was non-selective and the orientation of every tillstone

complying with the stated paremster limits was measured and recorded,
After having carefully removed the till stone from the matrix {ts
a~axis was determined and its position marked before replacing it into
its cavity, The orientation and dip of the inscribed axis was then
measured, Alternatively, a non-magnetic pin or needle may be yssd to
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indicate the direction and dip of the stone axis when pushed into the
till within the cavity formed by removing the stone. Readings (to the
nearest degree) were made using a Silve liquid-filled combined compass
and clinometer. The orientation of the down-dip direction of the
a~axis (azimuthal reading, with grid magnetic angle correction)

together with the inclination of the e-axis from ths horizontal were
recorded for each of the fifty samples,

This set of procedures was carried out on five tills at three sites:

(i)‘ Dark grey calcareous till, HH(a), Holwell Hyde Quarry.
(11) Light grey calcareous till, HH(b), Holwell Hyde Quarry,
(1ii) oxidised Ware Till, F(b), Foxholes Quarry.

(iv) uware Till, W(b), Westmill Quarry.

(v) Eastend Green Till, W(d), Westmill Quarry.

Prior to obteining an undisturbed (fabric) oriented till sample,

(a procedurs described in section 5.4,2 of this chapter), date from
the fabric study at the sampling site required analysing in order to
establish sampling direction. In view of this order in ths ssquence
of events, the results of the fabric studies from the five sites,
together with the method of their analysis, are presented in this
section so as to precede descriptions of the sampling proﬁedures

themselves,

The results of this survey are shown in Figs 5.7 to 5.11, In these
diagrams the a-axis dip direction and magnitude are plotted as single
points on polar equidistant graph paper. The dip direction is measured
clockwise from true north relative to the 10° rays; the dip magnitude
is recorded relative to the 10° interval lines of redius, dip angles
increasing from the outer radius (0°) to the innermost (90°). Any
clustering of the data points is indicative of a preferred orientation
of a-axis directions, the degree of clustering is a measure of the
strength of the fabric so produced.

The direction and strength of a fabric may be quentified in a variety
of different ways, depending on how the data are processed. In this
study, sach s-axis data point is considered to be a vector of known
direction © and of unit magnitude (Reiche, 19383 Krumbein, 1939;
Curray, 1956 ). The north-south and cast-wast components of each
observation vector are computed by multiplying its (unit) magnituds

by the cosine and sine of the azimuth respectively. Algebraic
summation of thease components over the entire sample of 50 will yield
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the northesouth and east-west components of the resultant vector & ,

whence

Zn sine6

tane‘ - £Nh cos e

The magnitude (or strength) r of the resultent vector is therefore

given by :
r = [(in sin6)2 + (€n cosg)zj 3

or, reducing to a scale 0 - 100% :

100r
L “=n
where e = azimuth from 0° to 360° of each observation.
© = azimuth of resultant vector.
n = number of observations, (= 50 )

= magnitude of resultant vector.

= magnitude of resultant vector in terms of % (1)

Statistical tests may be employed to determine the likelihood of the
plotted distribution occurring by chance alone., For example, the
Rayleigh (1894) distribution can be used to test for the probability

p of obtaining a greater magnitude percentage L for the resultant
Vector by pure change combination of n random data points in the forms

2 -l
o Gl-tim0™h
(Usually, no distribution is accepted as being significantly
different from randomness unless there are less than 5 chances in 100
of its being dus to chance,)
A summary of these results, including Rayleigh probability testing
against randomness, is shown in Table 5.1.

A number of points emerge from a study of these data:

(1) The fabric resultant vector Vr is contained within the NE, Suw
quadrants for all the tills. Assuming parallelism of clast a-axes
with direction of ice advance, this inferred direction is

therefore generally from the north seast,

1. Vector magnitude varies from O to 100% . A random distribution of

clast orientations yields L = O% , and a sample in which all the

clasts are pointing in the same direction gives L = 100% ,
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(i1) The "preferred vector" (the dip direction of the resultant
| vector) is SW for tills HH(a) and W(d) end NE for w(b),

F(b) and HH(b).

(i1i) vector magnitudes for tills HH(a), HH(b), W(d), (359, 59°-1,

. 36°7% ) are considerably higher than for Ww(b) (17’1%) and

F(b) (16°8%). The reduced strength of the vector for these two
tills is most probably due to the existence of well developed
clusters at Vr :.90°1ndiceting a sscondary, transverse lineation
of clasts within these tills, (This is not an uncommon feature

of lodgement tills and the mechanics of this phenomenon are

discussed by Glen et al (1957).

5.3.2 Discontinuity survey, Holwell Hyde Quarry.

During the Autumn of 1983, Messrs. Redland Aggregates re-opened the
quarry at Holwell Hyde, Welwyn Garden City, in order to complete the
extraction of the sand sbove the lowermost till at this locality.

During this process, considerable vertical sections of the two
uppermost tills HH(a), HH(b) were exposed for the first time along
the quarry's western boundary. Although all field work had been
completed by this time, a visit to this site was made nevertheless so
as to examine the most recently exposed sections of these tills, This
subsequently led to the discovery of at least one well-developed set
of vertical joints common to both tills. The existence of these
discontinuities in these sediments is important, particularly in the
light of the discussions on this subject in Chapter 4, In addition,
the rarity of this particular type of structure in the tills of the
Vale of St. Albans sets them apart as a distinguishing feature of the

tills at this locality.

Despite the unsuitsble weather conditions for field work at this time
of the year, it was felt that a survey of these discontinuities (even
if only of limited extent) should be made, particularly in view of the
impending quarry infilling operations scheduled to start before
December, A later visit was therefore made to the site and a survey of

the jointing was undertaken.

Due to the shortage of time, a comprehensive survey involving detailed
measurements of joint spacing and vartical and horizontal continuity
was not possible, In ths time available for the work however, the dip
and dip direction of every identifiable (and accessible) diacontinuity
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surface was measured and recorded for both tills. A Silva combined
compass/clinometer (with magnetic correction) was used for this

operation,

A total of 45 discontinuities was recorded; 17 in the light till,
HH(b); 28 in the dark till , HH(a). Rather more recordings were made
in the dark till due to access and to the light till being nearer the
ground surface resulting in the combined effacts of weathering and
pedogenesis having either masked or destroyad’these structures, The
joints were all vertical or very nearly so., They were not closely
spaced (no less than 200mm) and they were vertically continuous over
4 to 5 metres (the height of the face), apparently passing across
both tills without interruption. Despite occasional oxidation and
carbonate deposition on the surfaces of these joints (particularly in
the dark till, see Fig 5.2), they were tight and not open. There was
no evidence of movement having taken place across these surfaces

(i.8. no slickensiding or shear marks) and they exhibited a roughened,
granular texture,

The joint data for both tills are shown in Figs 5,12 and 5,13, In

thesse Figures the family of great circles so formed by the two
‘dimensional (joint) planes intersecting the outer surface of a
hemisphers and viewed as vertical (upward) projections on the sphera's
lower equatorial plane are shown. In this way, the orientation of these
essentially vertical structures is most clearly demonstrated. Also
shown in each case is the great circle for the quarry face (assuhad
vertical) and a great circle representing the resultant fabric vector
for the respective tills, (In each case the one-dimensional linear axis

representing the vector is assumed to be & two dimensional vertical

plane. )

Despite the relatively small number of joints recorded in this survey,
it is nevertheless clearly evident from these diagrams that a
conjugate sst of vertical discontinuities exists within the lower till
HH(a)., This set, trending approximatelyvnorth to south, has associated
with 1t another, orthogonally disposed, set trending west to east.

A similar pattern emergas within the upper till, HH(b), although the
fewer number of joints recorded here has not produced such strong

evidence for a west to east set.

The predominant NS set of joints in both tills is also probably
exerting some control on both the direction and dip of the quarry face
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as can be seen by the cpincident orientation of their respective great
circles, The relationship between the joint sets and the fabric vector
in each till is not sntirely clear however, although there is a

suggestion of parallelism between the vector and the west to east set

within till HH(a).

5.3.3 A new till fabric instrument,

The procedures adopted for the measurement of clest a-axes in the till
fabric studies undertasken for this work have been described in

section 5.3.1.

Although guidelines are available which are designed to promote "good
practice” and to introduce a degree of standardisation to the
measuring procedures themselves (for exampls, see Andrews, 1971), the
equipment used in these studies will vary from person to person. More
usually, a good quality liquid-filled compass is used to record
magnetic bearing and this may include an integral clinometer for
meesuring dip angles, A selection of stainless steel needles can also
be usefully employed during this process along and down which, once
oriented, bearing and dip angles are measured. With this type of
equipment it is quite possible to complete a field-based fabric study
(50 stones) in one day. Whilst having this advantage however, thé
"accuracy with which ths bearing and dip readings can be taken will
depend on the type of instrumentation used.

Various alternative methods and equipment for use in till fabric
studies have besn employed by others and are reported in the
literaturs, For example, till stones may be marked and referenced in
situ by means of a template, transported to the laboratory, re-oriented
and analysed using specially designed instrumentation., (see for example
the "orientation goniometer" reported by Karlstrom, 1952) Again,

McGown and Derbyshire (1974) have successfully employed a laboratory
(and field) technique based on oriented blocks of till using a

"contact goniometer". Although there are certein advantages in carrying
out fabric studies on reoriented samples in the laboratory, the

various methods do nevertheless carry with them some disadvantages:

the transportation of heavy, bulky semples and, more important, the
possibility of unnoticed error in sample reorientation, for example.
Whenever practical therefore, it is more appropriets, and certainly
more convenient to carry out the fabric study with the till in situ,
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The bearing and dip of the till stons axis is most easily recorded by
replacing the stone with a needle aligned along the clast a-axis, This
particular principle has been adopted and incorporated into a new till
fabric instrument designed and developed specifically for this purpose,
" Appendix I . The instrument was designed by the writer and the
prototype was constructed in the workshop of the School of Engineering,
Hatfield Polytechnic., It is now in commercial producflon by UWykeham

farrance Enginsering Ltd.

The instrument is made up in three parts: A,C,D, Fig 5.14. Part A~
comprises a series of interchangeable hollow stainless steesl neadles
of various sizes connected via the needle holder bracket B onto a
central circular aluminium stage C., Rotating on a machined brass stud
through this stags, a perspex platform carriss a removeable precision
clinometer in a slotted diametral housing, E. Once essembled, ABC has
a fixed alignment but can rotate 360° about its axis by loosening the
knurled brass nut connecting C to D. Stage D carries a 360° rotating
aluminium plate (axis of rotation normal to ABC) housing a precision
liquid-filled compass, F(1), and two orthogonal spirit bubbles.

¥

The method of operation is as follows:

1. Selecting a pin to sult the size of the clast, align it along the
a-axis scribed on the stone and, applying hand pressure, pushlinto
the till matrix beyond it. ’

2. Place one of the brass shrouds supplied over the end of the pin
and tap gently with a small hammer until the pin is firmly
embedded in the clay (preserving both axis and dip).

3. Sheath the pin with its hollow needls (internal stud guides will
engage during this process) end, using the larger brass shroud,
tap this into the clay (its direction of penetration will be that

of its contained needle).

4, Connect the needle via the nsedle holder bracket B to central

stage C and compass housing D,

5. Place the clinometer into its slot and rotate this stage until the
clinometer axis is parallel to the needle (i.e. pointing down tha
dip of the clast axis). ‘

1, Suunto Instruments liquid compass with optically sighted card
pivoted on a sapphire needle. (0°5° calibration).
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6. Place the compass into its housing and, rotating its stage in
planes both normal and perpendicular to the needle, ensure that

it is horizontal by referring to the spirit bubbles. Secure by
tighténing all locking nuts.

7. Take readings of dip and bearing on the clinometer and compass.

By replacing the pins with the stainless trowsl attechments shown in
Fié 5.15 the instrument can also be used for measuring the dip and
bearing of any plenar feature in soil (for example a fissure, crack,

_ joint or bedding plane). In this case, depending on the attituds of
the face (either horizontal or vertical) containing the discontinuity,
the compass in stage D will either occupy the position shown or

another machined at 90° to it.

The lengthy development and menufacturing period required to produce
this instrument (and its prototype) has meant that it has not been
available for use during the field work described in 5.3.1 and 5.3.2.
However, it is hoped to formulate a programme of fieldwork based 6n
its use at a number of quarry localities designed to evaluate its

performance on a comparative basis.

5.3.4 Shear vane testing.

Whilst obtaining bulk disturbed and undisturbed samples at Westmill

and Holwell Hyde quarries (see 5.4), the opportunity was taken to-
carry out in situ shear vane testing of tills HH(a), HH(b) at Holwell
Hyde and tills w(b), W(d) at Westmill. The purpose of these tests was
twofold: firstly, an estimate of the undrained in situ shear strength
of the tills was desired; secondly, this limited series of tests was
designed as a supplement to the motorised (laboratory) shear vane tests
on the same reconstituted ti%ls described in Chapter 6. '

The instrument used was the Geonor A/S Inspaection Vane Borer. This

hand held instrument is approximately 300mm long with a handle width

of iOSmm. As supplied, it has 3 interchangeable cruciform bledes of
different sizes, By using the smallest vane supplied (16mm x 32mm),

the maximum torque generated et the head is 2*93Nm, With this vane

size fitted, it is possible to record shear strengths up to a maximum
of 192kPa. For the very stiff tills, however, a smaller vane capable of
recording shear strengths up to a maximum of 500kPa was manufactured.

A site was prepared so as to expose a sufficient arsa of fresh

unweathered till either on a vertical face or on the floor of tﬁe
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quarry. The vane was pushed into the soil by hand as far as was
possible, usually bstween 50mm and 100mm. Having obta;ned an initial
peak reading of undrained shear strength on the gradusted scale of the
instrument, a remoulded value was then obtained by quickly rotating the
vane a number of times and then repeating the test. The rate of testing,
although difficult to both judge precisely and control, corresponded
approximately to 1 revolution of the vene per second. The vane was
extracted from the soil and the sheared portion of soil within the area
of the cruciform was scraped off and placed into an airtight polythene
bag for subsequent water content determination. Thres horizontal and

three vertical tests were performed on each of the soil types,

From a vane test undrained shear stfength is related to the measured
torque. It is usually assumed that when maximum torque is achieved a
peak isotropic undrained shearing resistance is mobilised uniformly
over a swept vertical surface at the four outer edges and along the two
horizontal surfaces at either end of the vanas., The effects of
anisotropy in the soil and the rate of testing, amongst other things,

are thersefore ignored.

Assumptions regarding the develppment, shape and size of the zone of
shear together with the distribution of shear stresses in the soil and
on the vane blades have been examined experimentally and reported by
Menzies and Merrifield (1980). On the basis of tests carried out using
an instrumented vaﬁe in both Leighton Buzzard sand and undisturbed
London Clay, they have shown that at maximum torque shear distortion
is concentrated in a narrow band of shear at the blade edges., Further,
they have demonstrated that very little soil distortion will occur in

the sectors between adjacent blades,

Nevertheless, it is recognised that there are limitations to this type
of in situ test and that, in particular, there may be difficulties
involved with the interpretation of the results of tests on small
volumes of very stiff soil, In this context, Marsland (1977) states
"While in some clays these (shear vane tests) may give values close to
those obtained in triaxial tests, there is considerable evidence to
show that such tests seriously overestimate the strength of the stiffer

clays which contain discontinuities.”

Notwithstanding these observaﬁions, and in defence of this type of test,
it could be stated that a thin gauge cruciform vene will cause only a
small amount of disturbance to the soil during its penetration and this
will probably be considefably less than that resulting from driving a
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conventional U100 sampling tube.

The results of the in situ vane testing and associated water content
determinationiare shown'in Table 5.2. A discussion of the results”

contained therein is given in Chapter 8.

5.4 Sampling procedures.

At sach of the five localities described, bulk disturbed (15 = 20kg)
samples of the tills and silts were excavated by hand tools,

transported to the laboratory and stored in airtight containers,

In addition, at three of the sites (Holwsll Hyde, Foxholes, Westmill)
undisturbed till samples were obtained for oedometer compression
testing. At Foxholes and Holwell Hyde, undisturbed till samples were
obtained for direct shear testing.

Details of all samples at the five sites and the heights of these

sampling points relétive to Ordnance Datum are given in Table 5.3,

7

5.4,1 Bulk disturbed samples.

The very stiff lodgement tills which have been described ars difficult
to work and require excavation by hand tools. All scree and superficial
material and weathered soil is first removed to expose fresh, un-
weathered soil, usually 200 - 300mm bsneath the surface or face of the
exposure. Enough material was excavated at each site (approximately

15 = 20kg) to be sufficient for the laboratory testing described in
Chapter 6,

Samples were placed into heavy duty polythene bags, tied and placed in
plastic airtight containers, Samples were stored in this condition in
the laboratory until required. Where silty clays occurred in conjunction
with the tills, for example at Moor Mill and Westmill, then these too
were sampled and stored in a like manner.

A total of 19 soil types werse sampled at the 5 sites.

5.4.,2 Undisturbed samples for oedometer and direct shear testing,

Five undisturbed samples of selected tills were taken for oedomster
compression testing at three sites: Holwell Hyde (tills HH(a), HH(b)),
Foxholes (till F(b)) and Westmill (tills W(b), W(d)). These samples
were obtained in situ directly in the stainless stesl cutting rings
which were used subsequently in the oedometer cells, Beforehand, each
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ring was given an identifier, weighed using a top pan balance accurate
to 0°01g and the height and internal diameter (nominally 19mm and 7Smm
respectively) determined using vernier calipers. Finally, a thin

smearing of silicone greasse wag'applied to the inside surface of each

ring before placing it into a small, labellqd polythene bag.

On site each cutting ring was precisely positioned on a prepared
horizontal surface of soil, With the cutting edge facing the soil, a
wooden dolly was placed over the flat-adged surface of the ring and the
ring was gently tapped into the soil using a small lump hammer. Once
full penetration of the ring was achieved, the tappiﬁg was stopped and
the ring (with its soil) was very carefully excavated using a small
trowel and palette. The sample was then trimmed immediately and, if any
stone inclusions larger than about 2mm (approximately 10% of the sample
thickness) were seen on or near the surface of the sample, then it was
rejected and an alternative sample was obtained on a freshly prepared
surface. In this case, the same ring was used but after extruding the
rejected sample and cleaning and regreasing the ring in the manner
described. The samples so prepared were then double wrapped in cling
film, each placed in a labelled polythene bag, sealed and transported
to the laboratory in an airtight container. Once there, the samples
were immediately taken from their polythene bags and plsced in a
humidifier until required for testing.

In addition to these samples, a further 15 fabric-oriented undisturbed
samples (horizontal drainage) were also taken on tha same till types.
Reasons for obtaining oedometsr samples in this manner have been
previously described in section 5.3.1 « The angular orientation of
the samplers was achieved in situ by preparing two orthogonsl, smooth,
vertical faces in the till immediately adjacent to the fabric study
area, Fig 5.16. The strike direction of one of these faces corresponded
exactly to the oriéntetion of the calculated resultant vector at that
locality. In this way samplers, when laid flush sgeinst these facoé,
produced soil samples both parallel and normal to the fabric vector,

An additional undisturbed sample, but with random orientation, was also
taken at this fime on each of the five tills. Reorientation of the
samplers for compression testing in the oedometer therefore snsured the
desired mode of (horizontal) drainage through the sample,

A small number of undisturbed‘till samples wére also obtainéd sarly i{n
the research programme for testing in the direct shear apparatus,
Sampling was carried out in such a way that the effects of clast fabric
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during testing bescame relative. Samples were obtained using a 60mm x
60mm x 20mm steinless steel former with its cutting edge on a prepared,
even, horizontal surface with one (referenced) side parallel to a line
precisely 45° in plan to the established fabric vector for that
locality. Samples were obtained, trimmed, stored and prepared in the

(1)

same way as were the consolidation samples,

5.4.3 Undisturbed 38mm diameter samples for triaxial compression
testing.,

Undisturbed samples of till HH(a) from Holwell Hyde quarry for use in
the triaxial testing programme described in Chapter 6 were obtained

in the following way:

Two types of. sampling tube (nominal internal diametar 38mm) were
prepared: one of standard wall thickness and another thinner-walled
version. The thin-walled (0¢75mm) tube was used to minimise :
disturbance to ths soil during the sampling process. On site, an
horizontal bench approximately 600mm x 600mm was formed in frssh,
unweathered till by excavation of a suitable face or part of the
quarry floor., The greased tube was aligned vertically on the bench
with its leading‘cutting edge face downwards, A hardwood dolly was
placed on top of the reinforced shoulder of the tube and carefully
but firmly struck with a lump hammer, thus causing the tube to
penetrate the soil. Once a penetration of approximatsly 125mm had
been achieved (Fig 5.17) without undye resistance, the soil around

the tube was carefully excavated by hand trowel and edging spade to
fully expose it (Fig 5.18). The sample was immediately extruded from
its tube using a portable extrusion device and examined for flaws and
signs of disturbance. Any sample showing obvious signs of sampling
disturbance (cracking, clast 'scarring'), or containing visible pieces
of Plint or chalk (> 4mm, approximately 10% of sample dismeter), was
rejected and another sample obteined. All semples were wrapped in cling
 film, placed in labelled polythene bags and, once in the laboratory,
storsed in a humidifier until required.

Considering the very stiff and stoney nature of the tills, this method
of obtaining intact samples proved reasonably successful (the

rejection rate was about 1 in 3).

1. Samples sheared along planes parallel end normal to fabric might,
arquably, give minimum and maximum values respectively for shear
strength. No account has been taken of a possible 3rd dimensional

effect of febric on strength.
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SITE TILL TYPE

Ve L Rayleigh probability
(degress) (%) against randomness,
Holwell Hyde | Dark grey calcareocus, | 75°1/255°+1 359 0-998
quarry . HH(a)
Holwell Hyds | Light grey calcareous, 65°9/245'9v 59+1 > 0°999
quarry HH(b)
Westmill Ware, W(b) 287/208+7 1741 0+768
quarry
Westmill Eastend Green, 45¢3/225°3 367 0°999
quarry w(d)
Foxholes Oxidised Ware, 5°7/1857 16°8 0+756
quarry F(b)

Underlining of Vr denotes azimuth of 'preferred vector. s 1.8, dip direction of the

resultant vector.

Table 5,1 Summary of till fabric data.
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¥* *
SITE TILL HORIZONTAL/ cu cu_ cu u L1
TYPE VERTICAL (kPa) (kPa) | E;f
Holwall - HH(a) H 484 113 4028 0141 -0+177
Hyde
Holwell
Hyde HH(a) - v 459 102 4+50 0°142 -0°172
Holwell ,
Hyde HH(b) H 387 67 5¢78 0°161 -0+076
Holuwell
Hyde HH(b) v 437 111 394 g+158 -0+090
Westmill w(b) H 493 105 470 0175 -0+050
Westmill w(b) v 402 81 4+96 0186 -0°014
 Westmill w(d) H 413 110 372 0+169 0031
Westmill w(d) v 416 110 378 0-168 0-028
*

Average of three dsterminations,

Table 5.2 Resulfs of in situ shear vane tests,




Site 1: Moor Mill (TL 143027)

Site

Site

Site

Site

23

3

Brown silty clay M(a) (65°30m) :8

Yellow clayey silt M(b) (65°70m) :8

Grey silty clay M(c) (66°67m) :B

Dark grey calcareous till M(d) (66°80m) :8°
Dark grey calcareous till M(e) (68+09m) :B
Dark grey calcareous till M(f) (68°94m) :8B
Grey brown silty sand M(g) (67¢00m) :B

Hatfield (TL 186086)

Dark grey calcareous till H(a) (77°14m) :B
Oxidised dark grey calcareous till H(b) (78+84m) :B
Light grey calcareous till H(c) (81+83m) :B

Holwell Hyde (TL 265116)

Dark grey calcareous till HH(a) (69+55m) :B; 0(1v, 3H); S(3H)
Light grey calcareous till HH(b) (76°64m) :By 0(1v, 3H)

Foxholes (TL 337125)

Dark grey calcareous till F(a) (60°00m approx) 38
Oxidised Ware Till F(b) (60°00m epprox) sB; O{1v, 3H); S{3H)
Foxholes Till F(c) (64°95m) :B

Westmill (TL 344158)

Laminated silty clay W(a) (59°90m) :B; 0(1v)
Ware Till W(b) (61¢18m) :B; 0(1V, 3H)

Westmill Middle Till w(c) (62*00m approx) :B
Eastend Green Till wW(d) (70+50m) :8; 0(1v, 3H)

M = Moor Mill quarry

H = Hatfield quarry

HH = Holwell Hyde quarry
F = Foxholes quarry

W = Westmill quarry

bulk disturbed sample

oedometer undisturbed sample
vertical

horizontal

direct shsar undisturbed sample,
(70+05m) denotes elevation m,0.D.

NWIT<OQOW

Table 5,3 Summary of samples obtained st the five sites,
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Figure 5.1 Lithostratigraphic units st the five study sites in ths Valse,




Figure 5.2 Dark grey chalky lodgement till (HH(a)) at
Holwell Hyde Quarry, Welwyn Garden City.

Figure 5.3 Till HH(a) 1in hand specimen.
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Figure 5.4 Light grey chalky lodgement till (HH(b))
at Holuiell Hyde Quarry» Weluyn Garden City.
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figure 5.6 Till fabric study on a prepared

face, Weatroill Quarry, Ware.
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(a) 5 Holwell Hyda, .

@ 5.7 Clast fabric, till HH

: Figur
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Figure 5.8 Clast fabric, till HH(b) , Holwsll Hyde,
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Figure 5.9 Clast fabric, till F(b) , Foxholes.
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Figure 5.10 . Clast fabric, till W(b) , Westmill,
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Figure 5,11 Clast fabric, till Ww(d) , westmill,
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Figure 5.15 The fabric instrument uith trowel attachments.
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Figure 5,16 Obtaining undisturbed fabric-oriented (horizontal
drainage) pedometer sample, till W(b) , Westmill.

127



0cT

Figure 5.17

Full penetration of the 38mm sampling tube.



Figure 5.18 The sampling tube exposed.



CHAPTER 6. LABORATORY WORK,

)

6.1 ’Introductioﬁ.

» .

4
This chapter details the programme of laboratory-based research carrisd
out during the period 1981 « 84 on samples of the verious tills
‘collected earlier on site and described in Chapter S.

Although a limited amount of published engineering data are avqilable
for the (presumed Anglian) tills in the extreme south-west part of the
Vale of St, Albans, at the site of the Building Research Station
(Marsland, 1977), the.soils described in this thesis had not been’
investigated from an engineering viewpoint prior to the commencement

of this work. %herefore, in addition to the specific objectives
associated with the particular tests detailed in later sections of this
chapter, the laboratory testing has bean‘dasigned to fulfil the broader
aims of the work identified in 1.2.

‘Firstly, ( (ii1), (iv) in 1.2 ) , there had been a requirement to
identify the basic geotechnical characteristics of the various tills
ih the stuay area with a view to their engineering classificatign.

This series of tests is reported in section 6.2 . An investigation of
soil mineralogy and an examination of the quantity and distribution of
chalk in the tills supplements these tests and is contained in sections
6.2.4 and 6,3 .

Secondly, ( (v) = (viii) in 1.2 ) , a series of tests has been carried
out so as to examine in some detail aspects of the engineering
behaviour of the tills.

The mineralogical and lithological hetarog%?ty of these soils, together
with their uncertain post-depositional history would, it was reasoned,
make extremely difficult an examination and interpretation of data from
tests designed to svaluate fundamental soil behaviour, The legacy
imposed by the transportation process on both grading and fabric, and
the subsequent effects of ice loading end unloading (possibly twice

for some of the tills) on measured compressions and strengths for
example, might bs examined end undsrstood more easily by first
investigating the behaviour of reconstituted samples of till preparad
in a standardised manner. The compression and strength tests described
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in sections 6.5 , 6.7 5 6.8 represent, therefore, parallel series on
both undisturbed samples of till and other samples formed from the
same soils by reconstituting their air-dried and screened fractions

with distilled water.

The general method which has been adopted is not new, Henkel (1956),

for example, reported the results of drained and undreined triaxial
pompression'tests on isotropically normally and overconsolidated samples
of remoulded London clay and Weald clay. In his paper Henkel describes

a2 procedure for mixing the bulk of the soil with distilled water to a
consistency corresponding to a shear strength of approximately 4 kPa
(the iowest shear strength at which a satisfactory triaxial sample

could bs made). Parry (1960) reported a similar procedure for preparing
remoulded samples of London clay and Weald clay for triaxial

tompression and extension testing purposes.

Furthermore, €1 Ghamrawy (1978) and Hight and Gens (1979) have
described various methods of sample preparation for Cromer Till and
Cowden Till respectively, including remoulding directly from intact
material, static compaction after remoulding, and anisotropic

consolidation from a slurried sediment.

The type of laboratory testing carried out has been based essentially
on stendard enginesring tests which are commonly used for svaluating
soil compression (oedometer) and strength (consolidated undrained
triaxial; direct shear) characteristics., Emphasis has, however, been
placed on close attention to detail in the testing procedures and care
in the carrying out of the tests, With few exceptions, all testing has

been undertaken personally by the writer.

The oedometer (6.5) , motorised shear vane (6.6) and 60mm shear box
(6.7) testing utilised existing equipment housed in the Civil
Enginearing department's soils (teaching) laboratories at Hatfield
Polytechnic, The strain-controlled triaxial series of tests, howsver,
necessitated the design, construction and equipping of a new laboratory
before this work could begin, This is also reported in section 6,8 ,

6.2 Classification tests,

6.2.1 Atterberg limits.

The determination of the natural water contents and Atterberg limits
for each of those samples listed in Table 5.3 have been carried out in
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accordance with BS 1377 : 1975 , tests 1(A) , 2(A) and 3. Liquid limits
were determined using the B0g , 4 point cone pensetration method.

Samples of soil were prepared firstly by air drying, grinding using a
rubber pestle, and then screening on a 0°425mm sieve. However, due to
the very chalky nature of these tills (see 6.2,4), prior to air drying
the soil, those particles of chalk larger than about 0°5mm were
removed by hand from the sample. Chalk is a colloidally inactive
materis)l which dries out very repidly and therefore its incorporation
into the matrix during the grinding process would, it was felt, affect
the results of the test in an unrealistic way. Despite being a very
time Eonsuming process, this step was nevertheless considered an

important and necessary one.

In order to examine the effect of the presence of chalk and other acid
solubles in the minus 425 microns fraction on the index properties of
the seil, a parallel series of tests was carried out on samples of
tills HH(a) , HH(b) from which all of the chalk had previously been
removed, The method of removing the carbonate from the soil prior to
testing is described in section 6.2.4 .

6.,2.,2 Particle specific gravity.

The particle specific gravities of five tills ( HH(a), HH(b), F(b),
W(b)y W(d) ) were also determined in accordance with test 6(8) of

BS 1377 ¢ 1975 . Testing was restricted to those soils for which fine
sediment data were required (see section 6.2.3) and on which

subsequent oedometer testing would also be carried out.
6.2,3 Particle size.

The procedures laid down in BS 1377 : 1975 , test 7(A) for the
determination of soil particle size are not entirsly satisfactory for
cohesive glacial tills, due mainly to the fact that pretreatment with
dispersant is required for both the sieving and the sadimepxation
processes. A far more appropriate set of procedures far‘pretreating
and grading this typs of soil is described by Head (Vol. 1, 1980) ,
and it was these methods which were adopted and used throughout, }

The grading of five selected till samples ( HH(a), HH(b), F(b), w(b),
W(d) ) was carried out in two separate stages : sieving doun to 0°*063mm,
and sedimentation down to 0°002mm .
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The precise details of the sieving procedure are not reproduced here,‘
(there are 21 consecutive steps in this process), and the reader is
referred to pages 177 - 182 of 'Manual of Soil Leboratory Testing',
(Head, op cit) for further details, ' '

6.2.4 Quantity and distribution of chalk.

Two samples of till (HH(a) , HH(b) ) were also selected for a study

to determine the amount and distribution of chalk within them., This
involved the additional step of removing and weighing all chalk
particles retained on sach separate sieve down to 0°50mm 4, a tedious
process which, for the smaller fractions required the use of a pair of
tweszers and a binocular microscope. The chalk fraction smaller than
500 microns and larger than 63 microns was removed from the sample by
treatment with dilute (1 Molar) hydrochloric scid. Filtration of the
carbonate-free.residue was then carried out using a Buchner funnsel
fitted with a8 Whatman No. 50 filter paper on a vacuum filtration flask,
The sample was washed thoroughly with distilled water until all traces
of acid had been removed. The sample was then oven-=dried and cooled in

a desiccator.
(1)

0°002mm was carried out in & 500ml sedimentation tube placed in a
constant temperature bath maintained at 25°C to b 0°5°C . (2) A

The sedimentation of pre-treated soil particles between 0+*063mm and

calibrated Andreasen pipette was used to sample the suspension at
specified times. Precise sampling times were determined based on the
previously measured particle specific gravity of each soil. All
weighings werse accurate to 1 in 10,000 grams .

A parallel series of sgdimentation tests was also carried out on
samples of the carbonate-fres soil in order to determine the percentage
of true clay within the soil. Very finely dispersed carbonate will act
as a cementing agent and will therefore inhibit the complete
disaggregation of the clay colloids, Ths percentage of clay-sized

1. The soil was pre-treated with hydrogen peroxide, Analar (20 volumes)
to remove organic matter and then dispersed with a solution

(8g litre -1 ) of sodium hexametaphosphate. Agitation of the sample
was in en end-over-end shaker until completely broken doun.

2. Head, (page 193) specifies a constant temperature bath to + 0+1°c ,

"with the majority of commercially available baths this tolarance
is not achievable,
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particles determined by this method will therefore be an underestimate
of the true clay content of the soil. For a given plasticity index,
therefore, the colloidal activity (Skempton, 1953) of the soil is

| overestimated. Samples of the soil for this series of tests were '
pre-treated‘in the usual way and the carbonate removed by the msthod
previously described. Subsequent sedimentation procedures followed

those outlined above.

6.3 Mineralogy. .

6.3.1. X = ray diffraction analysis (XRD).

The mineralogical compositions of till samples HH(a), HH(b), F(b),

Ww(b)y w(d), have been determined by the X-ray diffraction method. (1)

Soil samples were prepared by using the air-dried fraction passing the
425 microns sisve and grinding this to a very fine powder with a stone
pestls,

Quantative assessments of calcium montmorillonite, illite, kaolinite,

calcite and quartz present in each sample were made by incorporaflng

(2)

standard to various proportions of these minerals present in calibration

a very precise quantity of calcium fluoride as an internal
samples beforehand. By varying the mass percentages of these minerals,
whilst maintsining a given (here 10%) concentration of internal

standard, it can be demonstrated that :

Im . M3 =K
Is Mm

where Im , Is are peak XRD trace intensities for the mineral and
standard respectively;
Ms , Mm are the me;sured messes for the internal standard
and the mineral in the sample;
K is a calibration constant.

1. Philips PW 1730 X-ray generator with 1050 vertical diffractometer
using Cu. Ko< radiation and Ni.filter,

2. Weighings accurate to 1 in 10,000 grams,
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The determination of the constant K for each mineral in this way will,
on examination of the X-ray diffraction traces, snable an assessment
to be made of its percentage concentration in a given mass of soil
containing a constant perﬁentage of internal standard. The method

outlined is essentially that described by Midgley (1976) and Hara and
mdgley (1980).¢")

6.3.2 Energy dispersal analysis (EDAX).
These same samples of till were also analysed by the energy dispersal

analysis of X-rays (EDAX) technique(z)
element types present in them. Whilst the traces so produced do not

for the determination of

provide a direct measure of quantity in the manner of the XRD tracss,
they can nevertheless be examined in combination with each other and so
provide a measure of the relative proportions of each eslement type
identified. |

6.4 Fossil assemblaqges.

Fossil (non-Pleistocene) forms are occasionally found within the matrix
of these tills, having survived transportation and comminution during
the soils' formation. Unfortunately, complete fossils in a good state
of preservation ars very rarely found although, usually, sufficient

of the calcareous or siliceous exoskelston remains to enable a broad
identification to be made. In this way they can act as indicators of

source material for the tills.

Fige 6.1 shows a fossil assemblage obtained by the writer from tills
HH(a), HH(b) at Holwsll Hyde Quarry on several visits to this locality,
Here may be identified several forms typicel of the Jurassic , notably
Amoebocerous serratam possibly Oxfordian, (top) and Gryphaea, Lias,
(bottom). In the middle section of this Figure can be seen incomplete

belemnite guards, coral, and convoluted calcareous worm casts,

The washed and siesved fractions obtained from the particle size
analyses of the tills described in 6.2.3 were retained and stored in

sealed, labelled containers.

1. The writer acknowledges the assistance given to him by
Dr. H. Midgley in this series of tests,

2, . Cambridge Instruments Stereoscan 2A combined with a Link Systems
290 Analyser,

134



A subsequsnt microscopic examination of these sorted fractions revealed
an abundant (non-Pleistocene) foraminifera and ostracod microfauna
contained within them. _

A total of 108 fossil forms from tills HH(a), HH(b) were hand picked

and mounted on slides for identification, Table 6.1 . Scanning slectron
microscopy of a selection of these has also made available a photographic

record, Fig. 6.2 .

6.5 Oedometer compression tests,

A series of one-dimensional oedometer compression tests was carried out
on both undisturbed and reconstituted samples of tills HH(a), HH(b),
F(b), w(b), w(d). Details of the testing schedule are shown in Table 6.2,
The foliowing method of soil preparation for reconstituted samples has

been tried and used with success.

Sealed polythene bags containing the bulk disturbed soil sample were
opened and the soil removed and placed on a length of paper towselling,
or other sbsorbant meterisl, within a large shallow tray. All large
cohesive lumps of soil were gently broken down into small crumbs with
the fingers. Friasble or crushable material, including chalk clasts,
wars removed and kept to one side., Air drying of the soill proceeded,
usually for four to five days, until the semple was completely dry,
The dried soil was then transferred to a large mortar and slouwly
ground using a rubber pestle and finally transferred onto a 2mm sieve,
The air-dried lumps of chalk, etc., were then added to the sieve at
this stags. Disaggregation of particles was considered to be complete
when only individual particles were restained on the mesh. Reconstituted
samples ware prepared from this 2mm down fraction by mixing thoroughly
with distilled water to a water content of 20% .

Although being considerably easiser to reconstitute such a sample at
higher water contents, it wes felt that an attempt should be made to
manufacture samples for testing s near es was possible to the soils!
natural water content, In fact, this proved axtremely difficult in view
of the very low water contents involved (in samples HH(b), F(b), W(b)
netural water content, although variable, was usually below the soils'
plastic 1imit)., By a method of trisl and error, it was found that a
satisfactory, homogeneous mix could be achieved, without extensive
kneading, if the water content was not less than 20% . This water

content was therefore used for all subsequent mixing. Immediately
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following the moulding process, the soil was placed into a sealed
polythene bag and placed into a humidifier for 24 hours to allow

moisture equilibration.

When required for testing, the soil was carefully but firmly moulded
into a lubricated stainless steel circular cutting ring, ensuring that
no air pockets were trapbed. After trimming and finishing top and
bottom soil surfaces to be‘exactly flush with the top and bottom edges
of the ring, sample and ring were weighed to + 0°01 g . (The intérnal
dimensions of the ring had previously been determined using vernier
calipasrs)., A piece of Whatman filter paper, cut to size, was placed tbp
and bottom of the sample which was then placed onto the saturated’

(1)

prevent clogging of the pores of the stones with clay, thus ensuring en

porous stone in the oedometer apparatus, The filter paper would
even distribution of drainage out of the top and bottom surfaces of the

sample,

Having securely fixed the ring and sample into place with the locking
nuts, the circular loading piston with its attached (saturated) porous
stone was carefully placed onto the top of the sample and the yoke
arrangemsnt positioned centrally over the sample. The balanced
cantilever carrying the platforms for the weights was adjusted to the
horizontal position and held using the screwstop bearing on its
underside,

A dial gauge (1 division = 0+002mm) wsas positioned on the smooth ball
of the yoke directly above the centre of the sample to record vertical
movement, The perspex pot housing the sample was filled with distilled
water and was maintained full for the duration of the test.

Initially, weights were added to the cantilevered platform so as to
produce a vertical stress on the sample equal to 100 kPa ( + 1 kPa) (2),
once the screw top was cranked to lowsr the beam, Thereafter weights
were added (or removed) in stages to ensure that the ratio of stress
increase (or decrease) to current stress was unity, The maximum |
vertical pressure achieved was 3200 kPa.(s)

1. UWykeham Farrance front loading presses, series 24250 (cells 1, 2)
and 24251 (cells 3,4,5).

2, Allowance was made for the self weight of the piston bearing
directly on top of the sample; the estimate + 1 kPa is based on
the smallest weight which was available (02 1b),

3. The loading/unloading sedﬁence used for all reconstituted samples
- wes 100, 200, 400, 80O, 400, 200, 100, 200, 400, ‘800, 1600, 3200,
1600, 800, 400, 200, 100 kPa,
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Readings of vertical deformation were made at the intervals of time
suggested in BS 1377 : 1975 (page 94) efter first epplication of
pressure, and were continued until no further deformation occurred,

usually not until 24 hours from the start of the test.

Following completion of the loading/unloading sequence, the sample was
removed from the oedometer, the filter papers were removed and the soil

and ring weighed. Having oven dried to constent mass, the final water

content of the sample was dstermined.

Another series of oedometer tests was carried ouﬁ on undisturbed °
samples of these same till types, The samples were obtained in situ in
the manner described in 5.4.2 , sealed and then stored in & humidifier .
until required. Twenty undisturbed samples were collected and prepared
five horizbntal for vertical drainage and fifteen vertical samples for
horizontal dfainage (five normal and five parallel to fabric vector ;

five randomly oriented).

The testing procedures for these undisturbed samples were identicsl to
.those described above for the reconstituted samples, with the exception

(1)

of the loading sequencss.

One additional undisﬁurbed sample (vertical drainage) was obtained for
the dark calcarsous till HH(a) at Holwell Hyde Quarry within a smaller
diameter cutting ring (63*35mm). Using a modified pot and porous stone/
piston qrrangement, it was possible to achieve a vertical pressure of

6400 kPa with this sample.

The elastic compression undsr load of sach of the five oedomster
presses used during this study was determined by loading an
1ncompressiblé (2) cylinder of 75mm diameter within the cutting ring
of each apparatus, in place of the soil, Readings on the dial gauges
(recording recoverable compressions of porous stonss, pots, etc.,) were
thus made up to 3200 kPa (up to 6400 kPa for the smaller diameter,
modified press), recorded and were subsequently used in the

determination of net vertical deformations of soil under load, In this

1. The loading/unloading sequence used for undisturbed samples was
(100), (200), 400, 8OO, 1600, 3200, 1600, 800, 400, 200, 100,
(100) denotes only if swelling does not occur at this (100 kPa)
pressure,

2. At the highest vertical pressurs applied (6400 kPa), this tablet
of mild stesl will only experience an elastic compression of

-4 -
5¢87 x 10 'mm (309 x 107°4E) assuming € = 207 GN m~2
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way soil compressions becoma relative despite having besen determinad
in presses of differing elastic characteristics. The results of these

calibrations are shown in Fig. 6.3 .

6.6 Motorised shear vane tests.

Various authors have provided evidence associating particular values
of mean normal effective stresses with the state of the soll at the
liquid and plastic limits, or have suggested a fixed ratio betuween
these stresses (e.g. Casagrande, 1958; Youssef st al, 1965; Schofield
and Wroth, 1968), These ideas have been extended so as to relate the
compression index of the reconstituted soil to its plasticity index
and to suggest a unique relationship between reconstituted strength
and liquidity index, irrespective of actual values of liquid and
Plastic limits (wroth snd Wood, 1978),

AR series of tests has therefors been carried out on three of the tills
(HH(a), HH(b), F(b) ) to determine the variation of undrained shear
strength over a range of water contents using a small motorised shear

(1)

vane apparatus .

The samples were prepared from the air-dried fraction passing the

425 microns sieve, ses section 6.2.1 . The soils were thoroughly mixed
with distilled water and then placed into a cylindrical container
clemped securely on a Horizontal surface directly benesath the vane,
Having slowly lowsred the vane completely into the =o0il by cranking the
handle on the overhsad carriage, shearing then took place at a fixed

1 angular rotation, Readings of both

rate of approximately 10° min~
spring and vane deflection were made every 15s until shearing of the
soil occurred around the swept area of the vane blades at their outer
édges.(z) A portion of.the soll was removed for water content

determination. The test was repeated with a fresh sample of soil (at

the same water content) in a clean and dried container.

Testing commenced at the lowest water content at which it was possible
to mould the soil by hand (in all cases this was a little above plastic
limit). A small (12¢7mm x 12°7mm) vane was used here, At the higher

1. UWykeham Farrance’Engineering Ltd., laboratory (V4) vane apparatus,

2, Time to failure in all cases was within 15min ; in some cases,
less than 10min .
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water contents (somewhat above the liquid limit) a larger vane
(30¢48mm x 59+26mm) was required in a lerger cylindrical container.
Tests were carried out at each of nine different water contents; the

total number of tests was therefore 54.

6.7 Drained direct shear box tests.

A limited number of direct (60 x 60mm) shear tests were carried out on
samples of the dark calcarsous till HH(a) at Holwell Hyde, and the
oxidised Ware Till F(b) at Foxholes. This series of tests was initisted
and completed approximately 14 months before the main programms of
strength testing to be described in section 6.8 was started. Although
somewhat restricted in scope these tests do, nevertheless, provide
additional data which supplement the later and substantially larger
body of work based on the series of triaxial compression testing. The

testing scheduls is shown in Table 6.3 .

Both reconstituted and undisturbed samples were prepared for testing in
the manner described in 5.4.2 and 6.5 . The reconstituted samples were
prepared from the air-dried fraction passing thes 2mm sieve,.and
thoroughly mixed with distilled water to & water content of 20% ., The
so0il was then moulded with the fingers into a lubricated 60 x 60mm
stainless stesl former and extruded directly into the split shear box
and onto a grooved and perforated grip plate over a saturated porous
stons. An identical arrangement on top of the sample ensursd drainage
from both the top and bottom soil surfaces, Samples were kept fully
saturated throughout the test.

Vertical load was transferred to the sample via a8 stainless ball
bearing positioned centrally on the top piston,'in turn supporting a
welghted hanger suspended underneath the apparatus., A cantilever
arrangement allowed a nominal 5:1 magnification of load to achieve the

higher vertical pressuréa.(1)

Three of the reconstituted samples were consolidated to 100, 200,

400 kPa vertical pressurs, The remaining three samples were

1. It can readily be shown that the 5:1 ratio will not operate until
@ load in excess of approximately 25kg is placed on the

cantilevered hanger platform. Below this value of load, the mass
of the entire hanger arrangement relative to the hanger load is
significant enough to shift the mass centre of the system towards
the central axis of the sample. At these lower loads, therefore,
operating vertical pressures assuming the 5:1 ratio will always be
lowsr than those calculated.
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consolidated to 1600 kPa and then allowed to swell back under reduced

load to achieve overconsolidation ratios of 4, 8, 16,

Six further samples were obtained in situ for undisturbed testing at
Holwell Hyde Quarry and Foxholes Quarry. Sampling wes carried out in
such a way that the affacts of soil (clast) fabric during testing

ware relétive. Samples were obtained using the stainless stesel former
described above by placing the cutting edge on a prepared, even,
horizontal surface with one (referenced) side pafallel to a line 45°
in plan to the established fabric vector for that locality, The sample
was then obtained, trimmed, stored and prepared in the same way as the

consoiidation.samples described earlier,

Samples were extruded directly from their formers into the shear box
ensuring that the referenced side now paralleled the direction of
horizontal travel in the apparatus, Hence, all undisturbed samples
would subsequently be sheared on horizontal planes oriented 45° with

y

‘respect to fabric.

The undisturbed samples from Holwell Hyde Quarry were consolidated

and sheared with effective vertical pressures of 50, 200, 400 kPa and
those from Foxholes Quarry at S50, 200, 800 kPa. Shearing took place at

a rate which would ensure a fully drained condition. The slowest speed
of travel permitted by the apparatus was therefore selected and this

was equivalent to approximately 1°17% longitudinal strain every 24 hours
(4+878 x 10” mm min ). Each test therafore took about ten days, after

consolidation, to completse.

Simultaneous readings of shearing force (via a proving ring) and
horizontal and vertical displacement (via dial gauges accurate to
0°002mm) were recorded manually at convenient intervals up to
approximately 10% longitudinal straein, at which point a microswitch

operated an automatic cut-off on the machine motor.

6.8 Consolidated undrained triaxial compression tests,

6.8.1 Testing scheduls,

AR programme of laboratory work was formulated during 1982 which was
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designed to examine, in some detaeil, the stress ¢ strain
characteristics of one of the tills determined using, at least
initially, 38mm diameter samples in the strein controlled triaxial
compression apparatus. The fundamental compression characteristics of
the soil were investigated using samples of reconstituted till
material, A parallel series of tests was subsequently carried out on
the same till but using undisturbed soil samples thus allowing
meaningful comparisons of behaviour to be made between the two types

of material.

The middle till, HH(a) which, at that time, was well exposed in the
quarfy at Holwell Hyde was selected for this purpose due partly to this
quarry's'proximity to Hatfield and partly to this soil's suitability
for obtaining undisturbed samples (see 5.4.2 , 5f4.3).

Both isotropically normally consolidated and overconsolidated samples
were prepared which were then sheared slouwly (with axial strain rate
and cell pressure constant) in an undrained mode whilst monitoring the

magnitude end sign of the excess pors pressures produced,

The programme of testing which was carried out is described below and

is also summarised in Table 6.4.

R. A series of consolidated undrained triaxial tests was devised to
identify the critical state line for this soil |
(1) samples ware isotropically normally consolidated with
effective radial stresses of 400, 800, 1600 kPa,
(ii) samples were initially isotropically consolidated with
effective radial stresses of 400, B00, 1600 kPa and then
allowed to swell at reduced radial stress to produce samples

with an isotropic overconsolidation ratio = 4 .

B. A series of consolidated undreined triexial tests was devised to
explore the overconsolidated region of soil bshaviour. Here,
samples were prepared with the following isotropic
overconsolidation ratios : 1, 1°5, 2, 4, 8, 16, 20, 32,

In addition, isotropic consolidation tests(without undrained
Compression) were carried out on samples of reconstituted and
undisturbed tills HH(a), HH(b). These sdditional tests werse included
so that a) the posltion of the normal compression line for each of
these tills (and particularly the naturally overconsolidated
undisturbed samples) could be clearly identified snd b) the isotropic
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Compression and permeability data so produced could be compared

directly with those from tha oedometer tests described in 6.5 ,

The sequence of testing was crfg - (100),(1) (200), 400, 8OO, 40O,
200, 100, 200, 400, 800, 1600, ZODD(U),(Z) 1600(u), 800, 400, 200,
100 kPa . This sequence is comparable with that previously described
for the oedomester tests in 6.5 with the exception that a value for

0‘5' = 3200 kPa could not be attained here due to limits imposed
by the available equipment.

6.8.2 Laboratory services.

To expedite the part of the research work described in 6.8.1, it becams
CIaaf that modifications to the existing triexial equipment were
required, in addition to the purchasing of several new items of
equipment, A spil testing facility was planned which was based on ths
use of a microcomputer for data capturs, storage, retrieval and
Processing purposes. A small laboratory was therefore designsd end
Constructed to house the equipment and its associated instrumentation,

Sterted early in 1982, the laboratory was fully equipped and
Operational by February,1983. Details of the services and basic -
e€quipment purchased for and installed in this laboratory, specifically
for the rasearch work, are contained in an earlier report submitted by
the writer to the City University in January, 1984, On completion,
four fully instrumented 38mm triaxial cells were available, three of
which wers used with 10kN (25 speed) bench-mounted cohprassion test
machines, and another was contained within a 100kN floor-mounted
stepless compression test machine. A diagrammatic layout of the
Squipment and instrumentation (6.8.3), together with compressed air/
water routes required to service one cell, is shouwn in Fig. 6.4,

With the new squipment, a facility nouw existed for applying a back
pressure through the pore fluid of the sample to ensure a condition of
full saturation., In fact, this improvement brought with it other
Considerations, To achiesve the highest effective isotropic stresses
(2000 kpa) required by the programme (for undisturbed samples) meant

1. (100) denotes only if swslling does not occur {n undisturbed
samples at this (100 kPa) pressurse,

2. (U) denotss undisturbed sample.
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also ensuring that a capacity of not less than 3000 kPa was available
on the compressed air line. The existing on-line supply of compressed
air rated at B0OO kPa and which serviced the civil engineering
laboratories had, therefore, to be enhanced to meet this requiremént.
This was achieved by commissioning a customised air amplification‘unit
which, through a system of reducing pistons, enabled a nominal 4 : 1
amplification of compressed air.(1) Compressed air was cooled and drisd
before entry into this unit by a refrigerant air dryer handling
5020 1itres s~' of alr at 80O kPe to a dew point of 2°C.(2)

v

Conventional air pressure reqgulating velves of the type commonly used
in soils laboratories (for example, the Manostat O - 800 kPa or the
GEC ~ Elliot O - 1550 kPa) are not capable of regulating eir supply at
these higher pressures and therefore high pressure tegulatots(s) were
installed to service the triaxial chambers and their air/water
interfaces. Compresssd air servicing back pressure lines was regulated

using'the conventional air pressure regulators.

Modifications were also made to all psrspex chambars(d) containing
pPressurised fluid so as to snsure their integ:ity during the higher

pressure testing.

A record of air temperaﬁures in the area now occupied by the new
laboratory, taken over the nine months period March - December 1982,
indicated that daily tempsrature fluctuations of 5°C were not uncommon
and indeed seasonal variations in excess of 10°C were recorded.(s)

It was felt, therefors, that an attempt should be made to stabilise the
air tempsrature in the new laboratory so as to minimise the effects of
a fluctuating thermal regime on the proposed instrumentation. The
relatively high cost of purchasing and installing an air conditioning
unit to cool and stabilise air temperatures below 20°C here dictated

1. . Floor-mounted Haskel Energy Systems AAD - 5 air amplifier,
2. Wall-mounted Broom Wade KA10 refrigerant air dryer.
3. Hale Hamilton GLD1S Mk.1 (0 = 5250 kPa).

4. Wykeham Farrance (reinforced) 38mm triaxial chambers end air/uster
cylinders have a maximum working stress of 1700 kPa,

S. Minimum (night) temperature 15'25:C on 12th February, compared with
maximum (day) temperature 26°50 C on 1st June, 1982,
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the alternative use of a wall-mounted air temperature thermostat in
conjunction with a warm air convector fan unit so as to slevate the
laboratory temperature above the ambient temperature outside. Two
strategically positioned variable speed swivel fans circulatsithe warm
air in the room. A continuous weekly (drum) chart recording of
temperature and humidity(1) was mads in the laboretory and records
over the eight months period May, 1983 - January, 1984 showed that,
although temperaturs fluctuations still existed, the situation had
been improved, Fig. 6.5 .

6.8.3 Instrumentation,

All triaxiasl cells were instrumented for the measurement of axial force,

pore pressure, volume change and axial deflection,

Axial force was measured directly on top of the sample by an internal

450 kqgf (Imperial College typs) load cell,

Pore pressures were measured external to the cell along the drainage
line from a duct in the pedestal under the sample using either
Sensimetric (0 - 800 kPa) or Druck (0 - 3500 kPa) pore pressure

transducers.

Volume changes in the sample were measured using the Imperial College
volume change device (50cc and 100cc versions) fitted with MPE (2)
(25mm) displacement transducers, This volume, changs device was
positioned along the drainage line cﬁrrying the pore pressure
transducer. Back pressure in the sample pore fluid was applied via the

lower chamber of this instrument.

Sample axial deflection; were measured external to the cell by a .
displacement transducer in contact with the top of the chamber and
clamped to a supporting bracket cantilevered from and fixed to the
load cell piston slightly above its emergence from the cell's bushing
collar,

Anélogue output from the four transducers on each triaxial cell was via

a junction box into a 16-channel 12 bit analogue/digital convertor
unit(s) in series with a PET Commodore 32K (3008 series) microcomputar,

1. Casella 3083/TT thermohydrograph.
2, Minster Precision Instruments Ltd.

3. 3D Digital Design and Development Ltd.
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Data storage was on Verbatim floppy minidisks and a CBM (3040 series)
dual drive floppy disk unit. A Commodore 3022 tractor printer provided

paper copy of the stored data.
6.8.4 Transducer calibration procedures.

Frior to the commencement of soil testing, all transducefs were set up
'in place, ranged, tested for non-linearity and drift and then
calibrated according to the following set of procedurss. These
procedures were repeated for each transducer following completion of

the testing programme. A summary of all transducer calibration data is

contained in Table 6.5 .
(1) 1Internal load cells :

A strain-geuged load cell calibrator was made and calibrated for use
‘here, This comprised a hollow cylindrical mild steel tube 22°30mm 0.D. ,
of wall thickness 1°¢50mm and length 45°00mm, Four active gauges(1)

were used - two aligned along the direction of maximum principal strain,
and two 'Poisson' gauges ., This four gauge full bridge cenfiguration
permitted an output of approximately 600 4 € at 4kN axial force. Two
hsunched aluminium caps, one bottom, one top (here with a seating for

a ball bearing), were fitted to the calibrator for stability in

compression and to eliminate any moment effects,

This calibrator was subsequently calibrated in two ways :

(2),

a) using a compression testing machine and

b) using a dead weight rig.

Readings of strain output were taken using a conventional strain

recording instrument.

1t was felt that calibration according to procedure 8) was a little
coarse' (strain readings could be made only at 0°50kN intervals up to
6kN) and therefore procedurs b) was also adopted , thus enabling more
detail in the range 0 = 0°70kN , Fig. 6.6 . The kink shown in this
graph at approximately 0+375kN is not an isolated festure but was
evident on the two separate loading/unloading cycles performed during

its calibration., Although precise reasons for this effect are not knouwn,

1. Sangamo PL9 foil gauges.

2. Avery-Denison T420 0 = 67kN (grade A1),
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with hindsight it would probably have proved more satisfactory had the
calibrator not been fitted with a top cap of such contrasting stiffness.
Howsver, the bilinear nature of this graph has been taken into account
by adopting the separate calibration 'constants' shown either side of

the point = (0<375kN, B2 4E ) in subsequent calculations.

The calibrator itself having been calibrated, it was then placed on the
pedestal of the triaxial chamber and this, togther with its load cell,
was carefully positioned over the calibrator taking care nat to nip the
celibratbr cables which were passed under the chamber snd connected to
the strain recorder on the bench, (the chamber was raised slightly off
its base by placing washers undernsath its bottom rim). The load cell
piston was then seated on the ball bearing on top of the calibrator

and the chamber was secured down in the usuai way. Manual cranking of
the triaxial stage upwards using an appropriately fine gearing now put
the calibrator and the joad cell into compression (assuming that the
top end of the load cell piston made contact with the fixed crosshead

of the triaxial frams).

Simultaneous readings of load cell output (continuous digital display
on the PET screen) and calibrator compression (strain reading on the
recordef) were made for every one revolution of the crank handuheel
over the full working range of the load cell. In this way, through the
hrevious calibration carried out for the calibrator, the axial
compressive force applied to it through the load cell could be obtained.
Fiﬁally, therefore, the force in the load cell could be related to its
digital output displayed on the screen of the computer. The results of
this exercise for each of the four load cells used (designated panels

1 = 4) are shown in Fig. 6.7 . Here, the slope of each graph (expressed:
digits kN~ -1 ) represents the constant subsequently used for the
determination of axial compressive force through the load cell directly
onto the top of the soil sample. The differences shoun between the
calibration values for the four load cells reflects the two different

(1)

types of load cell used.
(i) Pore pressure transducers :

All pore pressure transducers were calibrated against previously

calibrated Budenberg pressure gauges. Prior to calibration, each pore

1. Load cells for panels 1 , 2 were Wykeham farrance series 1700-
those for panels 3 , 4 were earlier versions supplied by Shape
Instruments.
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Pressure transducer was secured tightly into the threaded hole at the
.base of its deairing block on the drainage sids of the triaxial cell
using a Dowty seal washer, With the deairing screw closed, deaired
water was flushed through the drainage line from the volume change
transducer by using either a small (fluid) back pressurs acting in the
bottom chamber of the volume change device via its air/water cylinder
ory alternatively, by using a fluid pressure produced by the Bishop

ram attached to the top chamber of this device (see Fig., 6.4), When ajir
bubbles were no longer seen coming from the drainage duct of the base
pedestal in the cell, the Klinger valve between the cell and the pore

pressure block was clossd.

The deairing screw on the pore pressure block was opened, bled and
then closed tightly. The valve on the top of the volume change device
was then closed, and ths transducer was now calibrated directly
against the Budenberg pressure gauge on the panel behind its cell
using fluid pressure along the back pressure line through the volﬁme

change device, The results of this exercise are shouwn in Fig. 6.8,

(11i) volume change transducers :

Before the calibration procedure described below was carried out, each
trgnsducer was deaired in its bottom chamber by first inverting and

then allowing deaired water from the ceiling tank via the back pressure
air/water distribution block to bleed {:gm around the threaded coupling

connector positioned on its underside,

The inlet (drainage) coupling on the top of the instrument was then

. exchanged for one from a portable Bishap ram fully charged with
deaired water. The.top chamber of the volume change device was nouw
deaired by cranking the perspex handwhesl clockwise on the ram ana
allowing water to blee& from around the iniet coupling which was then
tightened, Alternatively, deaired water was draun directly from the
ceiling tank into an empty ram via the top chamber of the device by
first openiﬁg the Klinger valve here and then turning the handwhesl
on the ram slowly in an anticlockwise direction. When the ram was

fully charged, the Klinger valve was closed,

With the Klinger valve this side of the pore pressure deairing block
Closed, the required (back) pressurs in the bottom chamber was now

1. Medium gauge flexible Wadelon (4°69mm) nylon tubing with a nominal
wall thickness of 2°97 (& 0¢13mm) and burst pressurs 6895 kPa was
used in conjunction with Wade 'N' couplings on all drainage lines,
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applied through the Manostat regulating valve and the air/water

interface on the back pressure sids of the panel, This pressure was

read directly off the Budenberg gaugs,.

A one revolution clockwise rotation of the handwheel on the Bishop

ram will move the internal piston forwards by 0°977mm in its machined
cylindrical housing (internal bore 38¢10mm) thus sweeping out a volume
of 1’114cm3. This volume of water should, therefore, entsr (or leave)
the top chamber of the volums change transducer with every 360°
clockuwise (or anticlockwise) rotation of the handwheel, This principle

was used to calibrate each transducer and the results are shown in

Figs. 6.9 to 6,12,
(iv) Displacement transducers :

Each displacement transducer was calibrated using a micrometer rig.
This calibration rig comprised an inverted clampsd micrometer at one
end and a yoke'separated from it by 2 x 8mm dismeter INVAR cylinders
spaced so as to accomodate the clamped transducer at the other., The
shaft of the micrometer was adjusted to make contact with the
transducer spindle and calibration proceeded in selected increments of
measured travel of the ﬁicrometer shaft upwards. The results of these

calibrations are shown in Fig. 6.13,

Displacement readings made with the transducer in its position on the
triaxial cell and fixed to the load cell piston will include a
component of machine compliance (slastic shortening of piston,
compression in bottom stone and perspex top cap for example) which
must be taken into esccount in subsequent calculations of sample axial
shortening. This was achieved by placing a solid incompressible
cylinder of mild steel (3Bmm x 76mm) on top of a porous stone and
axially loading it via the internal load cell acting through a perspex
top cap whilst recording simultansous deflections on the displacemant

transducer, These results are shown in Fig., 6.14,
6,8.5 Preparation of samples.

(1) Reconstituted samples :

The procedure outlined in 6.5 for the preparation of reconstituted
samples for oedomster testing were those followed for the seriss of
tests carried out hers. The air dried fraction passing the 425 microns
@perture sieve size was reconstituted with distilled water to give a
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homogeneous soil with a water content of approximately 20%. At this
stage, samples were wrapped in clingfilm and bagged in polythene,
placed in a humidifier and allowed to 'mature' for about 48 hours,

Cylinders of this soil were subsequently produced by placing a
silicone~greased 38mm diameter sampling tube over an inverted piston
of slightly smaller diameter which was fixed vertically in a vice,
Small lumps (approximately 2+5g) of soil were carefully but firmly
moulded onto the piston using the index finger of one hand., The sample
was then built up gradually by holding the soil down whilst very
slowly slidiné the tube upwards in stages until eventually a sample

of the correct length was produced. This was extruded, checked for
flaws and, if found to be satisfactory, wrapped in clingfilm and then
labelled and stored on end in a humidifier until required.

Of the 16 samples prepared in this mannsr, measured water content and

unit weight variations (expressed as standard deviations) were ge 82%
(mean 22¢1%) and 0°24 kNm_ -3 (mean 20°55 kNm 3) respectively.

(i1) undisturbed samples :

Samples prepared for the parallel series of tests on undisturbed soil -
were in accordance with the procedures detailed in 5.4.3, Of ths 15
samples obtained, measursd water content and unit weight variations
were 0°91% (mean 15°63%) and 0°13 kN> (mean 21¢19 kNm-3)
respectively.

6.8,6 Testing procedures,

A description of the general methods and procedures adopted in
consolidated-undrained (CU) soil tests is contained in Bishop and
Henkel (1976, pages 106=122)., The testing procedures for the type of
CU test used in the testing programme detailed in this section were
broadly those which have been described by these authors.

The testing of both reconstituted and undisturbed samples of till
HH(a) was carried out using cylinders with a length (L) to diamster
(D) ratio of 2. This convention, based largely on the results of
experimental work reported by Taylor (1941), is now generally accepted

8s standard laboratory practice.

Samples were tested betwsen ordinary platens. Barden and McDermott
(1965), who tested remoulded normally and overconsolidated clays,

concluded that, although barrelling is minimised, the use of
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lubricated platens will not change the effective strength parameters
of specimens with L/D = 2 tested between ordinary platens., Bishop and
Gresn (1965) reached ths same conclusion for sand samples. Duncan and
Dunlop (1968), testing undisturbed clay, report that (unless it is
necessary to measurs volumetric strains in drained tests on sand) the

advantages gained from the use of lubrication are probably not worth

the additional bother.

During isotropic consolidation of the till samples a back pressure
acting through the pore fluid was used to ensure a condition of
saturation., Back pressure saturation techniqugs, which are now widely
used in both CU and consolidated=drained (CD) tests have been described
by several workers, and these have been summarised by Saada and
Tounsend (1981)., The sizse of the pore pressure response during an
undrained loading increment prior to isotropic consolidation is

usually used to determine the degree of saturation of the sample. This
in turn can be.used (ses for example Lowe and Johnson, 1960) to
estimate the level of back pressurs required to attain a desired deqree
of saturation. Whilst the reconstituted soils examined in this way
could be satisfactorily fully saturated with a back pressure of 260kpa,
the undisturbed soils required much larger pressures(this despite a
degree of saturation = 0¢394 calculated using measured (average) values
for the soils' natural water content, particle specific gravity and
bulk unit weight). In fact, with some of the undisturbed samples
satisfactory levels of saturation were achieved only after a back

(1)

pressure of 750 kPa was in operation.

Alternative evidence regarding levels of saturation for these samples
may also be available by examining the dry unit'weight t water content
relationship established for till HH(a) in a standard compaction test,
(Test 12 BS 1377: 1975,‘2'Skg Standard Proctor). Here, soil was '
compacted in th; Proctor mould at various water contents and the
variation of unit weight of the compacted soil with increasing water
content was established; the results are shown in the conventional
form dry unit weight : percentags water content, Fig. 6.15. This
Figure also shows the corresponding data calculated for the
reconstituted and undieturbsd semples of the same till brapared for
triaxial testing purposes, Whilst possessing lower dry unit weights,

1. Similarly high back pressures (690 kPa ) to ensure > 95% saturation
have been reported by Soliman (1983) for Sterling Till, Wisconsin,
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it is interesting to note that the reconstituted samples demonstrate

a tendency towards higher levels of saturation then do the undisturbed
samples.,

Bishop and Henkel (1976) comprehensively discuss the various factors
considered significant in the estimation of rates of testing in :
undrained tests with pore pressure measurements, and their observations
have led to guidelines regarding loading rates designed to achisve
required degrees of pore pressure equalisation in this type of test,
They have concluded that, unless pore pressure equalisation is

required only at failure, then an undrained test of several days
duration is necessary in order to define the complete stress path for
the soil. In fact, it can readily be shown that tests of a much longer
duration would be required if the time to the first reading t1 is that

given by Bishop and Henkel (page 126) as 3

Trh2

1 1000v

where h 1is the half height of the sample
and c, is the coefficient of consolidation,

(This expression assumas drainage from both ends and the radial
boundary of the sample.)

1t has been suggested (Atkinson, 1984a)that the errors implied by
these very slow rates of loading are often less than the sensitivities

of the instruments used to measure stress and strain,

A preliminary series of tests carried out on normally consolidated
samples of reconstituted till HH(a) at rates of loading (0°052% axial
‘strain min-1) designed to contain tests within a working day(1),
permitted only poor definition of the effective stress paths at small
axial strain where rates of change in axial stress are largse. A slower
rate of loading, eﬁuivalent to approximately 1°5% sample axial strain
per day (0°00104% min-1), was therefore chosen and subsequently used
for all tests.(z) fwhilst this loading rate is somewhat slower than {s
more usual in both commercisl and research leboratories for this type
of test, it is nevertheless considered worthwhile in'vieu of the

additional information made available, particulerly in the early

1. Insertion of measured valuss for c  (till HH(a)) in the Bishop and
Henkel equation gives a range of t1 t;mes up to 8 hours,

2. This gave an average measured loading rate of 1232 kPa per hoyr
for the reconstituted samples.
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stages of compression. The effect 5f this, however, waes to considerably
extend the length of the testing period. Each CU test (including the
consolidation stage ) now took about two weeks to complete; the

programme of work involved therefore extended to ssven months,

A detailed set of procedural points which has been followed when
setting samples up prior to testing has been reported by the writer in
an earlier report(1), therefore these will not be reproduced hers,

The usual steps were taken beforehand to ensure that all drainage lines,
extending from the volume change device to the pedestal under the
sample, including the pore pressure block and the 'dead' drainage duct
leading from the pedestal to the Klinger valve on the other side of

the cell, were completely charged with deaired water, A saturated
bauxilite porous stone (boiled in deaired water immediately prior to
use to fully deair it) was used in conjunction with Whatman filter
papers (top, bottom, radial) for drainage purposes. Reconstituted
samples were sﬁeathed with ons good quality impermeable latex membrane.
Undisturbed samples were sheathed with two membranes, Two tensioned
rubber '0' rings top and bottom secured the membrane(s) to the perspex

top cap and base pedestal.

Chamber pressures (in excess of back pressures used) were always
applied before the back pressure against a closed Klinger valve on the
volume change transducer side of the pore pressure block. In this way
neither swelling nor premature consolidation of the sample was able to
take place, Isotropic consolidation could only take place once this
drainage valve was opened., Volume change readings, either read
manually from the screen of the PET or logged automatically and stored
on disk, were made at the intervals of time recommended in 85 1377:
1975 for consolidation testing (see section 6.5). Readings continued
until consolidation was complete, usually 24hrs, On completion of
consolidation, the drainage valve was closed. If an isotropically
overconsolidated sample was required, the chamber pressure was now
reduced to give the desired overconsolidation ratio, the drainage
valve was opened and the sample was allowsd to swell back to ‘
equilibrium, Readings of volume change were made at the same intervals

of time as for the consolidation stage. On completion, the drainage

valve was closed,

1. See 6.8,2 .
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Either at this stage, or before consolidation, the pore pressure
response to an increment in total stress was obtained so as to
evaluate the pore pressure parameter B. This was carried out by
raising the chamber pressure by 100 kPa and rescording the resulting
change in pore pressure. Readings on the pore pressure transducer were
taken at + , ¥ , 1, 25 4, 8 5, 15, 30 min. etc... after the
Increment was first applied, thus allowing sufficient time for
equalisation of the excess pore pressure produced in the sample, This
was achieved when a stable reading was obtained on the pore pressure
transducer, If the maximum value of the ratio A U/AOJS was less
than 0°95 (see Barden, 1965) then the following procedure (once ths
chamber pressure was again reduced by 100 kPa), designed to flush the

drainage lines, was followed :

a) A Bishop ram was coupled to the Klinger valve on the 'dead'
drainage line of the cell via its attached deairing block, The line
from the ram to the Klinger valve was deaired by slowly cranking the
perspex handwheel clockwise on the ram and allowing water to bleed

through the screw at'the top of the block,

b) This screw was tightened down and, ensuring that the Klinger valve
between this block and the cell was still closed, pressure was slowly
generated by the ram equivalent to the back pressure operating along
the active drainage iine on the other side of the cell,

¢) The Klinger valve in b) sbove was now openad, Fluid pressure in all
drainage lines was now compatible with the pore fluid pressure in the

sample.

d) Deaired water was drawn from ths top chamber of the volume change
device by slowly turning the perspex handwheel, now anticlockuwisa,

The pore pressure response to an increment in isotropic stress was

then again determined.
By following this routine, satisfactory levels of saturation were

achiesved in all samples.

Undrained compression of the sampls took place having ensured that the
Piston on the load cell was seated correctly on the ball bearing of
the perspex top cap and that datum readings on all transducers wers
recorded. The machine motor was switched on manually and readings were

taken automatically on all transducers at the intervals of time

Preselected in the logging programme,

153



When the displacement, load cell and pore pressure transducer readings
taken togethsr indicated that an end state had been achieved in the
sample (with respect to the rate of change of additional axial stress
carried by the sample and the size and sign of the excess pore
pressure generated within it), then the motor on the machine was
manually switched off. All Klinger valves around the chamber were
closed to seal in the cell preésure. The load cell piston was kept in
position, The Klinger valve which drains the chamber was opened and
the chamber was emptied rapidly. The loading stage was now cranked
douwn very quickly, the chamber was dismantled, the sample was taken
off its pedestal and the '0' rings, perspex top cap, bottom stone,
latex membrane, top, bottom and radial filters removed.

The entire sample was weighed to the nearest 0°01q and its water
content determined.

The processing and printing of the triexial data (stored on disk) in
terms of axial and volumetric strain, total axiasl stress, pore water

pressure, additional (effective) axial stress and average sffective

pressure was achieved by a program written in-house far the PET,

The usual (manual calculation) checks were parformed beforehand to
ensure that this program : produced the correct output in' response to
a range of digital input from the various transducers., Manual checking
of data was also carried out periodically during testing.
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Ti11 Mount Fossil type Stratigraphic
type number and species designation
HH(a) 1 = 20| various Cretaceous forems,
Species indetsrminate.
21 - 48 | various Jurassic forams, (Oxford Clay)
50 Ostracod, Lophocythera M. Jurassic (Bathonien)
51 Ostracod, Bairdia M. Jurassic (Bathonian)
52 « 54 [ Ostracod, Hungarsella Lias
55 = 57 Ostracod, Galliacytheridea| Kimmeridge
HH(b) 1 = 23| various Cretaceous forems,
e.9. Globorotalites end
Garalinella, U. Chalk
24 - 32 | various U. Jurassic (Oxford Clay)
forams
35, 39, { Ostracod, Hungarella Lias
42
36, 41 Ostracod, Progonocythera M. Jurassic
37 Ostracod, Cytherilloidea Cretaceous
43 Fishtooth (Unknown)
50, 51 Forams, Lenticula M. Jurassic
Table 6,1 Microfauna from tills HH(a), HH(b), Holwell Hyde,
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9st

TEST CONDITION

TILL TYPES

HH(a)

HH(b)

F(b) w(b) w(d)
RECONSTITUTED OR(1) OR(2) OR(3) OR(4) OR(S5)
UNDISTURBED
—_—:;:;;:;;-;;;;A;;;— ) ou(1)v ou(2)v ou(3)v ou(4)v . ou(s)v
horizontal drainage
_TQ;;;;;;;:—Q;-Q;;;::;-_ ou(1)H(p) | OU(2)H(p) 0U(3)H(p) | ou(4)H(p) OU(S)H(p)’
(normal to fabric) ou(1)H(n) | 0U(2)H(n) 0u(3)H(n) | cu(4)H(n) | oUu(S)H(n)
(random orientation) bu(1)H(r) OU(2)H(r) OU(3)H(r) DU(d)H(r) OU(S)H(r)

Table 6.2 Index of oedometer tests.




Till type Initial vertical] Swelling Ro Test
consolidation pressure number
pressure (kPa) (kPa)

HH(a) 100 - 10 SR(1)(1)

(reconstituted) 200 - 140 SR(1)(11)
400 - 1+0 SR(1)(1i1)
1600 100 16+0 SR(1)(iv)
1600 200 8+0 SR(1)(v)
1600 400 40 SR(1)(vi)

~ HH(a) 50 - 16+0(?) { su(1)(1)

(undisturbed) 200 - 4:0(?) | su(1)(11)

400 - 2°0(?) | su(1)(111)
F(b) 50 - 16°0(?) | SU(3)(1)

(undisturbed) 200 - 4°0(7)| su(3)(14)

800 - 1+0(?) ] su(3)(iii)
Table 6.3 Index of drained shear box tests.
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Initial isotropic | Swelling| Ro Initial pore| Test

consolidation pressure pressure number
pressura (kPa) (kPa) (kPa)

400 - 10 200 RA1(1)
800 - 1+0 200 RA1(11)"
- 1600 - 10 200 RA1(1i1)
! 800 200 4+0 200 RA2(11)
= 1600 400 4+0 200 RA2(141)
5—; 400 267 1+5 200 RB (11)
P 400 200 2°0 200 RB (1ii)

8 1600 200 8+0 200 RB (v)
LnJ:J 1600 100 16°0 200 R2 = 02
1600 50 3240 200 R2 = 03

400 - 2°0(?) 400 UA1(1)
800 - 1+0(7) 200 UAR1(11)
1000 - 10 750 UA1(111)

1600 - 140 400 uA1(v)

a 400 100 8+0(?) 750 UA2(4)
% 800 200 4:0(?) 750 UA2(14)
% 1600 400 40 200 UA2(111)

'(-;) 1000 800 1425 750 uB (1)
) 1000 667 1450 750 uB (ii)a
= 500 333 2+40(7) 750 uB (11)b
1000 500 2°0 750 us (1i1)

1000 125 8+0 750 ue (v)
1000 62+5 [16¢0 750 UB (vi)
1000 50 200 750 ue (vii)

Table 6.4 Index of CU trisxisl compression tests,
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651t

Load cell Pore pressure transducer | Volume change transducser Displacement transducer
(digits kn™T) (digits kPa~ ) (digits ec~1) (digits mm ™)
A 44786 A 105+07 -
83889 (0°21kPa) (0-0095¢cc) 172+29 _‘I>
. s 7Y = - . =
(1°05kPa) B 1-039 B 105¢53 (0-0058mm) m
(0+96kPa) (0-0095ce) ~
A 3961 A 314299 -
93846 (0+25kPa) (0+032¢cc) 183+ 465 h)g;
(0+94kPa) 8 14181 8 31718 (0+0055mm) m
(0+85kPa) (0+032¢cc)
A 4+052 A 39767 o
510+ 40 (0°25kPa) (0°025¢cc) 181+405 w]z>
(1+73kPa) 8 1+006 B 39258 (0+0055mm) m
(0°99kPa) (0+025¢cc)
A 4343 A 44704 R
51357 (0°23kPa) (0°022ce) 184+670 ~ ;
(1+72kPa) 8 14309 B 444883 (0-0054mm) rIg
/ (0+76kPa) (0°022cc)
A, B

A, B

(Quantities in brackets denote maximum sensitivitiss.)

pore pressure transducer denotes O - 1034kPa and 0 - 3448kPa transducers respectively,
volume changs transducer denotes 200kPa, 750kPa back pressurs respectively,

Table 6, 5

Summary of transducer calibrations, panels 1 - 4,




Figure 6.1 Jurassic fauna from tills HH(a) (top, centra)
and HH(b) (bottom) » Holuell Hyde.

(Field of vieu, centre, approximately 300mm.)
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Figure 6.2 Middle Jurassic (?) microfauna from Hoiuhll Hyde:
Top: O03tracod carapace with dorsal hinge, till HH(a).
Bottom: lenticulinid foram, till HH(b).

161



01 02 0 01 02

Figura 6.3 Heasurad alastre compressions in consolidation calls 1 5



€91

Figure 6.4 Diagrammatic layout of equipment and instrumentation for one 33mm triaxial cell.
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Figure 5.5
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Minimum and maximum air temperatures recorded during 1982 in the laboratory space
now occupied by the new laboratory housing the triaxial equipment, and recorded

air temperatures in this new laboratory, 1983/1984.



SoT

Figure 6.6

Calibration of the

load cell

calibrator



997

2000 -

1000

2000

1000

Figure 5.7 Load cell calibration graphs

, panels 1 - 4 .
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Figure 6.8

Pore pressure transducer calibration graphs , panels 1 - 4 .

(A , B denotes 0 - 1034 kPa and 0 - 3448 kPa transducers respectively).



Figure 6.9 Volume change transducer (5Qcc) calibration _Faphgj.

panel 1 gusing (A) 200 kPa , (p) 750 |ga

back pressure.
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PET digits

Figure 6.10 Volume change transducer (100cc) calibration
graphs, panel 2, using (f) 200 kPa , (B) 750 kPar

back pressure.
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Figure 6.11 Volume change transducer (100cc) calibration

graphs, panel 3, using (R) 200 kPa , (B) 750 kPa,
back pressure,

170



PET digits

~
400 PANEL & &

N

200 kPa &c}\

0\‘
200
0 Volume (cma)
Y
0 5 10
PET digits

400 - PANEL & n
750 kPa &

.\\"

&Q

>
v“%
200
0 Yolume tcm’ )
0 5 10

fFigure 6,12 Volume change transducer (100cc) calibration

graphs, panel 4, using (A) 200 kPa , (B)
750 kPa , back pressura,
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Figure 6.13 Displacement transducer calibration graphs , panels 1 - 4 .
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CHAPTER 7. LABORATORY TEST RESULTS.

7.1 Classification tests,

71,1 Atterberg limits end particle specific gravity.

The results of testing to determine the natural water contents, liquid
limits and plastic limits for those soils listed in Table 5.3 are
shown in Table 7.1. The particle specific gravities of tills HH(a),
HH(b), F(b), W(b) and W(d) ere also included in this Table. The
plasticity data for these tills and the other related soils are shown

on the plasticity chart, Fig 7.1.

7.1.2 Particle size.

tests
The results of the sieving and sedimsntation‘yn till samples HH(a),

HH(b), F(b), W(b) and W(d) are shown in Fig 7.2. The effect of

removing the acid soluble content from each of these soils on the
percentage of material finer than 2 microns is also indicated in this
Figure., Table 7.2 compares the activity of these soils with and without
having removed the carbonate contained within them., The activity values
for tills HH(e), HH(b) determined using carbonate-free soil to
ascertain both PI and the 'true' clay fraction percentage are also

shown (in parentheses) in this Table.

7.1.3 Quantity and digtribution of chalk in the tills,

The results of the sedimentation tests on tills HH(a), HH(b), F(b),
W(b), W(d) from which all carbonate had been removed beforehand are
summarised in Table 7.3. Here, the effects of the removal of these
acid solubles on the various size fractions during sedimentation are
shouwn,

Teble 7.4 summarises the results of siesving tests on tills HH(a),
HH(b) designed to determine the distribution of chalk and other acig
solubles in these tills in the range 16mm down to 0°063mm, Flgs 7.3,
7.4 are suggested alternatives for plotting the grading date shown in
Table 7.4 employing the 'phi' notation (see 4.5,2),
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7.2 Mineralogical tests.

7.2.1 Clay mineral content,

Thé results of X-ray diffraction testing to determine the type and
quantity of clay minerals present in tills HH(a), HH(b), F(b), w(b),
W(d) are shown in Table 7.5. Here, the clay minerals content is
expressed as a percentage proportion of the finer than 0*002mm
fraction (with acid solubles removed) determined from the sedimentation
tests described in 6.2.3. The amount of quartz and calcite present in
these-soils has also been determined and these results are included in
this Table., The quantity of these two minerals is here expressed as a
percentage of total solids in the soil., For purposes of comparison the
percentage of acid soluble material at 2 microns determined from the
sedimentation tests for sach of these tills is also shoun, These

percentages should be compared, it is suggested, with those dstermined

by XRD for dalcite in this Table. 1

7.2.2 Element composition.

The results of the EDAX testing on tills HH(a), HH(b), F(b), w(b),
w(d) to determine the various element types present in thess tills
are shouwn in Table 7.6, This type of test does not enable
quantification of elements in the way of XRD analysis, but an
examination of the traces so produced will provide an assessment of

the relative proportions of the various elements present in each of
the tills.

A separate series of EDAX tests has also been carried out on prepared,
undisturbed samples of tills HH(a), HH(b) which contained fresh
unweathered chalk set in a clay matrix. For each of the tills an
electron micrograph was produced of a localised area of contact
between matrix and chalk and the image analyser of the instrument was

subsequently used to produce EDAX signatures for both the clay in the

1« Where the percentage acid solubles at 2 microns is not positive
(see for example =0+17% for the decalcified Ware Till F(b) in
Table 7,3) then this is assumed zero in Table 7,5,
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matrix of the soil and the chalk particle. The results of these tests
are shown in Figs 7.5 and 7.6. In these Figures the separate EDAX
(element) traces produced for the matrix and the chalk have been
s&perimposed so as to enable direct compositional comparisons to be
made. The compositional varisbilty of the matrix is an expected
feature shoun very clearly on these graphs. The very small differences
in calcium composition shown between the clay matrix and the chalk for

both tills is, howsver, an unexpected result and the significance of

this is discussed in Chapter 8.

7.3 Oedometer compression test raesults,

The results of the oedometer tests are shown in Tables 7.7 to 7,31,
Here, compression and consolidation characteristics are reported for

the tests carried out on reconstituted and undisturbed samples of till

indexed in Table 6.2,

Valuss for equilibrium specific volume (V) have been obtained by the
method of voids ratio difference. In this method, voids ratios are
determined at the end of the final unloading stage and are based on
measured values for the water content of the entire sample and the
particle specific gravity of the 5011 at the end of the test, A
condition of full saturation is assumed. These data have been used to
show the. relationship between equilibrium specific volume and effective
vertical pressure in Figs 7.7 to 7.11.’0n esach of these figures are
plotted the graphs for both the reconstituted till (tests DR(1) to
OR(5) ) and the undisturbed till, vertical drainage condition,

(tests oU(1)v to OU(S)V ).

Values for the undisturbed stiffness modulii (mv) have been determined
for all loading/unloading stages; those for the reconstituted soils
have been determined for the second loading/unloading cycles, In this
way, soil behaviour can be compared across a range of similar

ovefconsolidation ratios.

Estimates of the preconsolidation pressures for the undisturbed soil
in these tests (and those reported in 7.6 (i) ) have been made using
the method described by Casagrande (1936). It has been assumed that a
condition of normal compression is achieved in these samples when

o’V > 1600kPa.
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Values for the soil permeability (k) have been derived from the
stiffness modulii and the coefficient of consolidation (cv) calculated
using measured tSO ‘times from log10 t : sample deflection graphs for

each load increment/decrement shoun, according to the following
c = (00196 B2/ t.. )
v S0

where h = average drainage path length during the loading/unloading

increment.

7.4 Motorised shear vane test results,

The results of the shear vane tests on reconstituted samples of tills
HH(a), HH(b), F(b) are shown in Table 7.32. In these Tables the
measured water contents and undrained shear strengths shown represent
the averages obtained from two separate determinations, Water contents
were obtained for the soil recovered from between the vane blades and
near to the cylindrical surface of shearing. Undrained shear strengths
were calculated from measured valuss of peak torque (see 5.3.4) via

the vane spring constant according to the following

2
cuvwd'h d
T 2 (1455
‘where T = peak torqus

dsh = measured width, height of vane

cu = undrained shear strength

7.5 Drained direct shear box test results,

The results of the drained shear box tests on reconstituted and

undisturbed samples of till HH(a) and undisturbed samples of till F(b)
indexed in Table 6.3 are shown in Figs 7.12 to 7,15. In these Figures
are plotted graphs of shearing stress (T) : longitudinal strain (EL)

vertical strain ( &, ) .
Shearing stress has been determined from the measured epplied forcs
(via the proving ring) and the current area calculated from the

measured horizontal displacements,

Longitudinal (and vertical) strein is here defined as thse ratio of the
current horizontal (vertical) displacement to the original sample
length (height). Compressive vertical strains are considered positive
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Also recorded on these Figures for each test are the initisl (V; ) and
final (Vf ) specific volumes, these being those values after initial
consolidation and at the end of the shearing stage respectively., These
values were obtained from measured water contents of éntire soil
samples at the end of testing together with the particle specific
gravities determined beforehand. (Table 7.1)

7.6 Consolidated undrained triaxial compression test results,

(1) 1sotropic consolidation.

The results of the isotropic consolidation tests on reconstituted

and ‘undisturbed tills HH(a), HH(b), (Tests TR(1), TR(2), Tu(1), Tu(2) )
are shown in Tables 7,33 to 7.36. In these Tables the effective radial
stress ( or ) at any stage is the difference betwsen the chamber
pressure appliéd and the (constant) back pressure in the pore fluid of
the sample. Corresponding values for equilibrium specific volume ( v )
have been calculated according to ¢

vV o= 1 + A(l.-ms/t;3 ¥wa)

m / G, ¥ uw

where A = sample cross sectional area
=  gample height

m, = mass of solids in sample

Gs = particle specific gravity

Sample height is obtained from the measured volume changes during
"consolidation on tha basis of a preserved aspect ratio (length to
diametser) equal to 2.

These data have been used to show the relationship between equilibrium
specific volume and isotropic consolidation pressure in Figs 7.16, 7.17,

The values for c, shouwn in these Tables are those obtained from
calculated t100 times obtained from ldg10 t : sample volume change

graphs according to the expression

2
= Th / 100 c, (Bishpp and Henkel,
1976 pg 126, )

t100

(here, h -T_/z)
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Values for the stiffness modulii and permeability also shown in these
Tablss have been obtained according to the procedures outlined in 7,3,

(1i1) undrained compression,

Graphs of 'total axisl stress (<"a), radial stress (o’r) and porewater
pressure (u) against percent axial strain for the series of undrained
compression tests on samples of reconstituted and undisturbed til]

HH(a) indexed in Table 6.4 are shown in Figs 7.18 to 7.41,

Computations of axial stress and strain and porewater pressure have
besn performed using a short program written for the PET in conjunction

with the transducer constants reported in Table 6.5,

Also shown in these Figures are the graphs of the principle effective

stress ratio <a’ /o-r’ versus axial strain (percent),

Figs 7.42 to 7;65 contain graphs showing the relationship between
devistor stress (q’), average effective pressure (p’) and specific
volume (V) for these tests, The positions on the effective stress
paths ( q’ : p’ ) corresponding to the point ( @&’ /o r’ ) max.in

each test are ealso shouwn,

The graphs of p' t V contained in these Figures also include the
appropriate isotropic consolidation data for either ths reconstituted
or the undisturbed till, reported in 7,6(i). The approximate position
of the normal compression line for the undisturbed tillin Figs 7,52 to
7.65 has been inferred from the critical state constants T, A
(Chapter 3) obtained for this soil and will be discussed further in

Chapter 8,
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Soil w LL PL LI _ G,
Type % %

1 M(a) 0+28 | 49 21 025

2 m(b) De28 | 53 20 0+24

3 me) D*27 | 55 22 015

4 m(d) t | 0°19 | 51 19 0

5 m(e) t | 0°19 | 48 19 ]

6 mMm(f) t | 0°19 | 45 19 0

7  m(g) 0°17 | 38 17 0

8 H(a) t | 0°15 | 40 15 0

9 H(b) ‘t | 0°19 | 52 19 0
10 H(e) t | 0°15 | 42 15 0
11 HH(a) t | 0°18 | 40 (54)] 18 (23)| © 2+71 (2+68)
12 HH(b) t | 0°16 | 43 (54)] 18 (21)| =0°008 | 273 (2°62)
13 F(a) t [ 0°15 | 47 19 . ~0*143
14 F(b) t | 0°20 | S8 22 ~04056 | 2274 (2°73)
15  F(c) t | 018 | 46 19 ~0°037
16 u(a) 0+28 | 31 21 07

17 w(b) t | 017 | 49 19 ~0°067 | 274 (2°74)
18 w(c) t | 0°20 | 47 18 0+069

19 w(d) t | 0*16 | 45 16 0 2073 (2°71)

Numbers in parentheses denote test results for samples without

acid solubles,
Soil identifiers M(a), M(b), etc., are those used in Table 5.3 ;

for convenience they are replaced by 1, 2, etc. in Figs 7.1,7.2
(t = till)

Table 7.1 Natural watser content, plasticity and particle
specific qravity results,
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Till type | with acid solubles

without scid solubles

HH(a)
HH(b)
F(b)
w(b)
w(d)

0+571
D+671
0726
0653
0723

0°464 (0°654)
04522 (0°+689)
0729
04573
0¢550

Activity = PI / clay fraction,

Table 7.2 _ Activity of the tills,
Particle
size
(mm) HH(a) | HH(b) | W(b) | w(d) | F(b)
Till type
0°063 =038 | =1°05 | =1¢75 | «2¢18 | =19
(coarse silt) .
0-020 «2038 | ~2°17 | «1°63 | «1°11 | +0°74
(medium silt)
.0°006 «6¢29 | =739 | =3°08 | =928 [ +1°27
(fine silt)
0002 +8¢86 |+10°60 | +6*46 |+12°57 017
(clay) :

( +, -, denotes percentage increase , decrease , )

Teble 7.3 The affect of the removal of acid solubles on

various size fractions during sedimentation,
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TILL HH(a)

Particle Chalk £ Chalk Acid £ Acid
‘ size retained soluble soluble
(mm) (phi) (%) (%) (%) (%)
16°0 (=4) 13 13 1+3 S 13
11°2 346 49 36 49

8°0 (=3) 41 90 4+1 g

56 2+*5 11°+5 25 11+5

4.0 (=2) 2°4 139 2°4 139

2+8 14 15+3 14 1543

20 (=1) | 1°3 166 144 167
14 0°99 1759 11 178

1*0 (0) 0°41 1840 07 18+5

071 053 18+53 0°*6 19+1

050 (+1) 0+ 45 18+98 0°5 196

0+30 ' 0°32 1992

018 0+52 20+ 44

015 . 0+18 2062

0+063(+4) 1466 22+28

TILL HH(b)
Particle | Chalk £ Chalk Acid £ Acid
size retained : soluble soluble
(mm) (phi) (%) (%) (%) (%)
16¢0 (-4) | 10°4 10+4 112 112
142 09 113 09 121

8+0 (=3) 42 155 53 174

56 28 183 45 21+9

40 (=2) 1°3 196 2°4 243

2+8 0°9 20°5 13 256

2:0 (=1) 0¢5 21+0 07 263

1+4 0°9 21+9 20 283

10 (0) 0°5 22°4 0°9 1 29°2

071 D+4 22+8 07 29+9

0°S0 (+1) 03 231 06 305
030 0477 31027 |
0+18 1019 32446
0+15 0+55 3301

0+063(+4) 153 34¢54

Table 7.4 Chalk and acid soluble content, tills HH(e), HH(b),
Holwall Hyde,
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Mineral type HH(a) | HH(b) | F(b) w(b) w(d)
W

=] I1lite 19 26 17 20 17
§ g Ca-Montmorillonite 15 12 15 14

21 8| Kaolinite 9 8 7 7
o] @ Amorphous iron.and ‘

S18] alumina hydretes |62 50 63 58 62
€ | Quartz 182 | 2643 | 2772 | 23¢9 18+0
€ | Calcite 10 14¢9 0 43 | 1246
S | Acid soluble at
w | 2um 8+86 | 10°6 o 6°46 | 12+57

Table 7.5 Mineralogical composition of the tills,
Element type HH(a) | HH(b) | F(b) w(b) w(d)
®

=~ Mg 17 15 2*3 127 146
& Al 108 |11°1  [19°4 1146 {10-2
"g: si 3004 [31°7  [4Be7  [42+9  [29¢3
§ 2+0 0 0 0 0
@ 5e7 §e2 76 740 407
5 Ca 42°0 | 42°5 6°5 [21°3  |46e2
L Ti 1¢4 1°5 23 20 104
& Fe 61 6°6 |13°*3  |10°S 66

Table 7.6 FElement composition of the tills,
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oy v teg m, c, k Ro
(kPa) (min) | (kpa™") | (mn? min”) | (me™")
200 [1e472 | 9 484 x 1072 | 1463 1029 x 10~ | 4
400 | 1460 | 10 |ae25 x 1073 | 1ess 101 x 10 | 2
800 |1ea39 | 8 [ 3453 x 1075 | 1978 1403 x 10~ | 4
1600 | 19394 | 11025 3067 x 107° 1022 7092 x 10712 | 4
3200 |1+343 | 15 | 233 x 1070 086 3426 x 10712 | 4
1600 | 1°355 4 5059 x 107° 312 2+85 x 10712 | 2
800 | 1370 | 14°5 | 1+46 x 107> 0+87 2:08 x 1072 | 4
400 |1+389 | 29 3047 x 1072 | 0°45 253 x 10772 | 8
200 |1e410 | 60 | 7°34 x 107° | 0022 2:65 x 1072 |16
100 [104327[120 [ 1058 x 107% | 0e11 2:93 x 10712 |32
Table 7.7 Oedometer test OR(1), reconstituted till HH(a),
v v teg m, c, k Ro
(kPa) (min) | (xPa™t) 2 min”) (ms™)
200 |10a72 | 6 |322x107°| 2045 1029 x 1071 | 4
400 |1°460 8 4+05 x 1073 1+81 120 x 10”11 | 2
800 |10444 | 7 |2041 x 1070 | 203 8+01 x 10712 | 4
1600 |1+403 | 1205 |3°50 x 107> | 1409 6226 x 10712 | 4
3200 |14357 | 9 | 2007 x 107> | 1e43 4¢84 x 10712 | 4
1600 |1°362 | 4 |2023 x 1078 | 3012 1014 x 10~12 | 2
800 |1e374 | 12 |1°08 x 1072 | 105 1485 x 10712 | 4
400 |1+387 | 20 | 2°44 x 1072 | o0e64 257 x 10712 | g
200 |10405 | 37 | 655 x 1070 | 0036 381 x 102 |16
100 |1-425 | 85 [1039 x 1074 | o0e16 3462 x 10712 |32
Table 7.8 ODedomster test OR(2), reconstituted till HH(b),
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v v teg m, c, k Ro
(kPa) (min) (kPa-1) (mm2 min-1) (ms-1)
200 |1+692 | 20 | 460 x 107°|  0-63 473 x 10712 | 4
400 |1°671 | 26 | 6921 x 1075 | o0e48 4483 x 10712 | 2
800 [14638 | 22 | 505 x 107°| 0es54 a+49 x 10712 | 4
1600 |1°564 | 35 5e59 x 107> 0°32 2093 x 10712 | 4
3200 [1°489 | 28 | 299 x 107° | 0+36 1978 x 10712 | 4
1600 [1-505 | 14 | 6°37 x 107° | ge70 7929 x 10”13 | »
800 |[1e527 | 30 | 1984 x 107°| (0e34 1901 x 10712 | 4
400 |1e559 | 59 5415 x 107> | 018 1449 x 10712 | g
200 |1-589 [115 | 9+40 x 1073 | 009 1445 x 10772 |16
100 |1-619° {160 1°84 x 1074 | 007 2413 x 10712 |32
Table 7°9 Oedometer test OR(3), reconstituted till F(b),
o’v v tSO m, cv k Ro
(kPa) (min) (kPa-1) (mm2 min-1) (ms")
200 19623 | 20 | 584 x 107° |  0e76 7028 x 10712 | 4
400 |1-604 | 25 5091 x 107> | 060 5479 x 10~12 | 2
800 |1+576 | 27 | 4°20 x 107° | 0esa 3078 x 1012 | 4
1600 |[1¢523 | 42 4027 x 107> | 0e33 2030 x 10712 | 4
3200 [1e463 | 22 | 2043 x 107> | oese 2032 x 10712 | 4
1600 |1°475 | 10 4+86 x 10°° 1424 987 x 10”13 [ 2
800 |1+497 | 30 1981 x 107° | D42 1423 x 10712 | 4
400 [1522 | 60 | 4+18 x 107> | o0°22 1049 x 1072 | g
200 |[1+548 | 85 8446 x 107> 016 2¢21 x 10712 |15
100 1576 |160 1078 x 107° 009 2456 x 10712 (32

Table 7,10 Osdometer test OR(4), reconstituted ti}) w(b),
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v v t50 m, c, k Ro
(xPa) (min) (kPa'1) (mm2 min-1) (ms-1)

200 |1e545 | 705 | 3°27 x 107 1493 1403 x 1011 | 4
400 |1°532 9¢5 | 4°16 x 103 151 102 x 10711 | 2
800 [1°513 | 7°5 | 3°07 x 107> 1487 9438 x 10772 | 1
1600 |1°468 | o | 3071 x 107> 1442 9+05 x 1012 | 1
3200 |1°415 | 10 2025 x 107> 1226 462 x 10712 | 4
1600 |1°423 | 8 3438 x 1070 1252 8e41 x 10”73 | 2
800 (1+436 | 7°5 | 110 x 107> 1465 296 x 10772 | 4
400 |1v453 | 20 | 2098 x 107> 0°63 307 x 10712 | g
200 |1°471 | 41 5092 x 107> 032 3405 x 10712 | 16
100 |1-492 | 80 1041 x 107° 0°17 3+83 x 10772 | 32

Table 7.11 Oedometer test OR(5), reconstituted till Ww(d).
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v v teg m, c, k Ro
(kPa) (min) (kpa-1) (mm2 min-1) (ms-1)
400 [1+383 | 13 |6ea3 x 107° | qe27 1034 x 1071 | 1.9
800 1361 | 12¢5 406 x 107> | 1e20 852 x 10712 | 4
1600 [1+334 | 10 [2°52 x 107> | 155 6238 x 10712 | 4
3200 |1+302 | 8+75|1°47 x 1072 | 1e66 3099 x 10712 | 4
1600 [1+307 | 3°1 {217 x 107° 4°68 1966 x 10712 | 2
800 |[1+318 | 14 1001 x 107° 1+05 1473 x 10712 | 4
400 [1+331 | 25 |2°48 x 107° | o0-60 2042 x 10772 | g
200 [1346 | 55 |[5°80 x 107° | o-28 2+63 x 10712 |18
(1) Based on.preconsclidation prassure = 760 kPa,
Table 7,12 Oedometer test OU(1)V, undisturbed till HH(a),
vertical drainage.
o’v vV tsd m, c, Ro
(kPa) (min) (kpa-1) (mm2 min-1) (ms-1)
400 17462 | 4 [6°37 x 107° | ae08 424 x 10711 | qe9
800 |[1+443 8 4+40 x 107° 198 142 x 10711 | 4
1600 |1°418 | o9¢5 |2¢79 x 107> | 1e60 7030 x 10712 | 4
3200 {14386 | 7 [1°58 x 107> | 2.07 5¢32 x 10712 | 4
1600 [1e351 | 3 |1+86 x 107° 4272 1944 x 10712 | 5
800 |1+355 | 8¢5 961 x 1078 1068 265 x 10712 | 4
400 |[1+366 | 14 [2032 x 1075 | 1.04 394 x 1012 | g
200 [1+378 | 38 [se07 x 107> | o0°39 3+24 x 10712 {16

(1) Based on preconsolidation pressure = 760 kPa,

Table 7,13 Oedometer test OU(2)V, undisturbed ti11 HH(b),
vertical drainags.
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oy v ot m, c, k Ro
(kPa) (min) (kpa™T) (mm? min~T) (ms~Ty
. 200 |1+756 | 331 | 1433 x 107¢ 5¢00 1009 x 1070 | 309
400 |1728 [ 11 7¢97 x 10°° 1¢44 1487 x 10~11 | 1.95
800 |1+669 | 1145 | Be54 x 107> 1031 1483 x 10~11 | 4
1600 |1+593 [ 1005 | 5e69 x 107> | 132 123 x 1071 | 4
3200 |1+s09| 8 3030 x 107> 1457 Beas x 10-12 | 4
1600 |1e521| 5 |.4°93 x 107% | 2e39 1993 x 10712 | 2
800 |1e539 | 11e5 | 1+46 x 107> 1406 253 x 10712 | 4
400 1564 | 23 4+00 x 107> 0°55 356 x 1072 | 8
200 [1+587 | 45 7025 x 10> |  0e29 3440 x 10712 |16
100 |1°614 | 65 1067 x 107 0°21 5462 x 10712 |32
(1) Based on preconsolidation pressure = 780 kPa.
Table 7.14 Oedometer test OU(3)V, undisturbed till F(b),
v, vertical drainage,
v v te, m, c, k Ro
(kPa) (min) (kPa-1) (mm2 min-1) (ms-1)
400 10541 | 17 6458 x 107> | 1403 1011 x 10”7 | 2033
800 |1+512 | 22 4072 x 1072 | 0°77 5093 x 10712 | 1445
1600 (1476 | 26 2:96 x 107> | 062 302 x 10712 | 4
3200 |1+435] 20 1075 x 107° | 0077 2020 x 10712 | 4
1600 |14445] 11°5 4e42 x 10°% [ o3 9+46 x 10 1° | 2
800 |1+463 | 29 1050 x 10~° | 0°53 1430 x 10712 | 4
400 |1+482 | 55 3021 x 1072 | 0°29 1950 x 10712 | g
200 |1+502 |100 678 x 10°° | D16 1479 x 10712 |46
(1) Based on preconsolidation pressure = 930 kPa.

Table 7.15 Oedometer test OU(4)V, undisturbed til} w(b),
vertical drainaga,
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v v ts0 m, Cv Ro
(kPa) (min) (kPa-1) (mm2 min_1) (ms-1)
200 |{1°503 2¢8 | 1011 x 107* 6°18 1012 x 1079 345
400 |[1+484 | 10 6045 x 107> 1467 1476 x 10711 1073
80O |1+457 | 8¢5 | 455 x 10™° | 190 1042 x 10”1 4
1600 1430 | 12 | 2035 x 107° | 1e30 4499 x 10”12 4
3200 |[1394 | 15 1055 x 107> 0+99 2452 x 10712 4

1600 | 14399 | 4e5 | 2048 x 107° 3425 1432 x 10712|
BOO [1°410 | 15 g9e14 x 10°° 099 1047 x 10712 4
400 |[1-425 | 28 2059 x 107> 0+54 227 x 10712| g
200 (1442 | s0 5092 x 107> 0°31 2°98 x 10”1216
100 |[1-461 [120 1029 x 10~4 0413 2478 x 10~ 1|3,

(1) Based on preconsolidation pressure = 690 kPa,

Table 7.16 Oedometer test OU(S)v, undisturbed till w(d),

vertical drainage.
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o'v '} tso mv cv k,
(kPa) (min) (kPa-1) (mmz min-1) (ms-1)
100 |1e526 | 8 7+03 x 1072 | 2023 2¢56 x 10~
200 |1+506 | 23 1030 x 1074 | 076 1¢61 x 10~1"
400 1485 | 12¢S 6487 x 107> 1236 1¢53 x 10~
B00 |[1e459 | 12¢5 | 4+48 x 107° | 1e32 9466 x 10712
1600 |1+427 | 11°5 | 2075 x 107° | 1e38 6419 x 1012
3200 [1e390 | 12 1959 x 1072 | 126 3028 x 1012
1600 [1+397 | 4 3009 x 1078 | 3.70 1487 x 10”12
800 [1.411 | 15 1024 x 107> 1+00 2°04 x 10”12
400 |[1+428 | 29¢5 2¢94 x 107> 0+52 2+50 x 10”12
200 |1-445 | s 5095 x 107° |  0°27 2¢63 x 10”12
100 [1+465 | 90 1035 x 107% | 018 3096 x 10712

Table 7.17 Oedometer test 0U(1) H(p), undisturbed till HH(a),

horizontal drainage, parallel to fabric.

‘v v teg m, c, Kk
(kPa) (min) (kpa™1) | (nm? min™Ty (ms™ )
100 |1e532 | 505 | 1418 x 1074 | 3416 6410 x 10~ "
200 [14516 | 12 1405 x 10~% 1+42 2043 x 10~
400 [1+497 | 11 6430 x 107> |  1e51 1+56 x 10™""
800 |1°475| 10 3064 x 107> 1262 9¢62 x 10”12
1600 |1°444 | 10 2¢64 x 107> 156 672 x 10™12
3200 |1+408 | 10 1956 x 1072 | 149 3¢80 x 10712
1600 |1-414 | 6 2470 x 1078 2443 1407 x 10"12
800 |1426 [ 13 1903 x 1072 | 1014 1492 x 10~12
400 [1+442 | 23 2¢88 x 10 | De65 3¢08 x 10™12
200 (14460 | 40 6427 x 107> | Q<39 0e39 x 1012
100 |1-479 | 70 1026 x 1074 | 0e23 4+67 x 10~12
Table 7.18 Dedomster test 0U(1) H(n), undisturbed till HH(a),

horizontal drainage, normal to fabric,
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o'v v teg m, c, k

(kPa) (min) (kPa-1) (mm2 min ) (ms™")
200 |10422 | 1+25 | 9042 x 107> 13+96 2+15 x 10”10
400 |1+408 | 12 5010 x 107> 1041 1+18 x 10~
800 |1385 | 9°5 | 400 x 107 1274 1414 x 10~
1600 [1°359 2036 x 107° 1+99 7969 x 10" 12

3200 |1+329 1039 x 107> 2+18 496 x 10~12
1600 |1+334 | 4 2416 x 1070 3+75 1032 x 1012
8OO 1343 | 1 8e56 x 10°° 1+38 1493 x 10”12
400 |1e356 | 195 | 2:36 x 107° 0°79 3405 x 10712
200 |[1°370 | 43 §e11 x 107> 0+37 3405 x 10712

Table 7.19 Oedometer test Ou(1) H(r), undisturbed till HH(a),

horizontal drainagse, random orientation,
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v v teg m, c, k

(kPa) (min) (kPa-1) (mm2 min-1) (ms-1)
100 | 10527 | 05 | 9+28 x 107> | 35°05 5e32 x 10”1
200 | 10515 | 2:4 | 832 x 107° 7417 9475 x 10”11
400 | 1492.| 4 7036 x 10> 4+21 5406 x 107"
800 | 14460 | 8 5046 x 107> 2+03 1+81 x 10”1
1600 | 10424 | 675 | 304 x 107> 2029 1¢14 x 10~
3200 | 14382 | 6025 | 187 x 107> 2+34 7416 x 10712
1600 | 10387 | 3+1 | 2730 x 107° 4+60 1473 x 10712
800 | 1°396 | 6°75 | 824 x 1078 2013 2:88 x 10”12
400 | 1-408 | 15 2413 x 107> 0+98 340 x 10712
200 | 14423 | 33 5038 x 107> 0+45 3497 x 10”12
100 | 1+439 | 60 1008 x 10~° 0-25 4+47 x 10”12

Table 7°20 Oedometer test 0U(2) H(p), undisturbed till HH(b),

horizontal drainage, parallel to fabric,

‘v v tSO mv CV k

(kPa) (min) (kPa~ 1) (mm? min~T) (me~1)
100 | 10513 | 105 | 3°10 x 107° | 11415 5964 x 10"
200 | 1499 249 9+58 x 10™° 5¢69 8492 x 10~
400 | 10479 | 4 6061 x 10> 4+03 4+36 x 10~
800 | 10455 | 65 | 4°07 x 107° 241 1+60 x 10~

1600 | 10423 | 12 2078 x 107> 1026 5470 x 10”12

3200 | 19385 | 8¢5 | 1465 x 107° 1469 4°56 x 1012
1600 | 1°390 | 4 2038 x 1078 3+50 1436 x 10”12
800 | 1+399 | 6475 | 8e04 x 1078 2°10 2476 x 10712
400 | 14412 | 14 2025 x 107> 1403 3078 x 10”12
200 | 1+426 | 29 4487 x 107> 051 4:03 x 10~12
100 | 1°440 | 60 ge52 x 107> 0+25 3487 x 10~12

Table 7.21 Oedometer test 0U(2) H(n), undisturbed ti11 HH(b),

horizontal drainage, normal to fabric,
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ov v ten m c, k

(kPa) (min) (kPa™") (mm? min™") (ms™")
400 |1+459 | 15 5+89 x 10™° 1911 1+07 x 10~M
800 |1+434 | 7°5 | 432 x 107> 2015 | 1°52'x 107"
1600 |1°401 | 59 | 2090 x 107° 2+63 1+25 x 10~ 1!

3200 |1365 | 7 1962 x 107° 2011 §¢58 x 1012
1600 |1+369 2°5 1¢96 x 10°° 576 1+85 x 10”12
800 |1+378 | 6°2 | 843 x 107° 2435 323 x 10”12
400 |1e391 | 13 2028 x 107> 1414 4025 x 10~12
200 |[1406 | 32 5037 x 107> 0+47 4014 x 10”12

Table 7.22 Oedometer test OU(2) H(r), undisturbed till HH(b),
horizontal drainage, random orientation,

194




o~y vV tSO mV cv

(kPa) (min) (a ') | (nm? min~") (ms™")
100 | 10640 | 7°5 | 304 x 1074 2¢27 1413 x 1010
200 | 14615 1+50 x 10~° 2+04 4+99 x 10~
400 | 1+588 8036 x 107> 2425 3+08 x 10~
800 | 14554 | 75 | 4°71 x 107> 2+02 1456 x 10~ 11
1600 | 1+512 | 10 3032 x 107> 145 7+85 x 10”12
3200 | 1+466 | 825 | 1492 x 107> 165 5019 x 10™12
1600 | 1+475| 9 3077 x 108 1048 9e11 x 1073
800 | 1-490 | 12 1023 x 107> 1413 2026 x 10™1¢
400 | 1508 | 27 3+05 x 107° 0°51 2+55 x 10~ 12
200 | 1526 | 33 5477 x 107> 0+ 47 4+43 x 1012
100 | 1+541 | 70 9+80 x 107> 0°21 3431 x 10~12

Table 7.23 Oadometer test OU(3) H(p), undisturbed t{11 F(b),

horizontal drainage, parallel to fabric.

v ) teg m, <, k
(kPa) (min) (kPa_1) (mm2 min-’) (ms°1)
100 | 19625 3 1023 x 107> 5489 1418 x 10~
200 | 19600 | 41 | 1e53 x 107° 4024 1+06 x 10”0
400 | 10573 | 65 | 8e59 x 107° 2+59 3463 x 10~
800 | 14543 | 7¢5 | 4¢78 x 107> 2416 1469 x 10~
1600 | 1+503 | 13 3020 x 107° 1419 6+24 x 10”12
3200 | 1+457 | 9+5 | 1490 x 107° 1454 4°79 x 10712
1600 | 14466 | 29 | 358 x 107° 4492 2+88 x 1012
800 | 1°480 | 7¢5 | 1417 x 107> 1493 3470 x 10”12
400 | 1°498 | 19 3404 x 107> 078 3¢87 x 10”12
200 | 1+519 | 40 6291 x 107> 0+38 430 x 10™12
100 | 1°540 | 86 1040 x 1074 0+18 4415 x 10™12
Table 7,24 Oedometer test OU(3) H(n), undisturbed till F(b),

horizontal drainage, normal to fabric.
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v v tSO mv cv k
(kPa) (min) (kPa-1) (mm2 min-1) (ms-1)
100 |10658 | & | 1472 x 107° 2487 4+11 x 10~10
200 |1+635 | 14 1037 x 107° 1419 2467 x 10"
400 | 1°607 8 Be71 x 107> 2002 2+88 x 10~
800 |1+570 | 12 5079 x 1072 1+29 1422 x 10~
1600 |1+520 | 10 | 394 x 107> 1+47 9+46 x 10”12
3200 |1e470 | 11 2008 x 107> 1+25 4+26 x 10”12
1600 | 1°479 2e5 | 4401 x 107° 5¢35 3e51 x 10”72
800 |1°495 | 10 1035 x 107> 136 2°99 x 1012
400 |1°513 | 22 3401 x 107> 0°63 3411 x 10712
200 |1+835 | a0 | 700 x 1073 0°36 4+09 x 10712
100 |1+554 | 60 1020 x 10™4 0°24 4+81 x 10”12

Table 7.25 Oedometer test 0U(3) H(r), undisturbed till F(b),

horizontal drainage, random orientation.
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o’v v teo m, €, k
(kPa) (min) (kpa~1) | (mn? min~") (ms™)
100 | 1565 | 6°5 1014 x 107 2473 5e11 x 10”11
200 |1°+548 | 18 1005 x 10~° 0+97 1066 x 10~
400 | 19527 | 20 6485 x 107> 0+85 9+43 x 10712
800 |1+502 | 21 4013 x 107> 0+78 5¢28 x 10”12
1600 |1°471 | 20 2054 x 107> 079 329 x 10712
3200 | 1436 | 20 1049 x 107> 0+76 1+85 x 10712
1600 | 10444 | 7 3059 x 107° 2413 1025 x 10~12
800 |1+458 | 20 1014 x 107> 076 1041 x 10712
400 [ 14476 | 35 3008 x 107> 0+ 44 2022 x 1012
200 |[1+495 | 60 Ge45 x 107> 0°26 2078 x 10" 12
100 | 1+512 [125 1014 x 1074 0°13 2¢41 x 10”12

Table 7.26 Oedometer test OU(4) H(p), undisturbed til1 w(b),

horizontal drainage, parallel to fabric,

v v t50 mv cv

(kPa) (min) (kpa~t) | (nm? min~T) (ms~ 1)
100 |1°567 | 4 5033 x 107> 4e47 3+90 x 10~
200 | 1533 | 15 | 8e68 x 107> 1017 1067 x 10”11
400 |1+532 | 15 6073 x 107> 1015 1026 x 10~ 11
800 |1°506 | 24 4039 x 107> 0+70 4+99 x 1012
1600 |1°474 | 20 | 2°64 x 107° 0+80 3047 x 10”12
3200 |1+436 | 20 1960 x 107> 0477 2000 x 1012
1600 | 1°444 | o9 3063 x 1070 1067 9+92 x 10”13
800 | 1+460 | 22 1037 x 107° 0+69 1455 x 10~12
400 | 1+478 | S5 2:96 x 107° 0¢28 1938 x 10"12
200 |1+497 | 85 go25 x 107> 0419 1092 x 10~12
100 | 1+515 [110 1419 x 107° 0°15 2+90 x 10™12

Teble 7.27 Oedometer test OU(4) H(n), undisturbed i1l W(b),
horizontal drainage, normal to fabric,
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oy v tSD m, c, k

(kPa) (min) (kpa-1) (mm2 m;n-1) (ms™ 1)
300 |1+534 2025| 7+52 x 107> 7°69 geas x 10~
400 |1+526 | 18 5028 x 107° | D+93 8406 x 107"
80D |1-494 | 19 5¢31 x 107° | 0°86 7048 x 1071
1600 |1e457 | 22 3006 x 107> | 071 3+55 x 10”12

3200 |1°414 | 26 1087 x 107> 0+57 1474 x 10”12
1600 |1°424 | 125 | 443 x 1078 1416 838 x 10~13
800 |1+440 | 27+5 | 1+40 x 107> 054 1422 x 10”12
400 |1+458 | S0 3017 x 107° 0+30 1+56 x 10" 12
300 |1+467 | 100 5e52 x 107> 0154 1+39 x 10”12
200 |1+479 | 150 8072 x 107> 0104 1+48 x 10™12

Table 7.28 Oedometer test 0U(4) H(r), undisturbed till w(b),

horizontal drainage, random orientation,
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o-’v v tSO mv CV k
(kPa) (min) (kpa~h) | (nm? min™) (ms~1)
100 | 14532
200 |1°515| 2+4 | 1°08 x 1074 7017 1027 x 10~
400 |[1°495| 3 6+80 x 107> 5460 6+22 x 10~
800 |1°462| 32 | 5039 x 107> 5+06 446 x 10”1
1600 | 1°429 | 5+5 | 2488 x 107> 2+82 1433 x 10”1
3200 |1°391| 6 1064 x 107° 2¢46 6460 x 10~ 12
1600 | 1395 15 | 1484 x 107® 9+59 2+88 x 10”12
800 |1+403| 8 7439 x 10°° 1+81 2019 x 1072
400 |[1+415| 11 2005 x 107> 1934 4+49 x 10”12
200 |1+430| 27 5038 x 107> 0°56 4+89 x 10”12
100 | 1446 | 50 1007 x 1074 0°31 5034 x 10712
Table 7.29 Oedometer test OU(5) H(p), undisturbed till w(d),
horizontal drainage, parallel to fabric,
v v ot 1w, c, k-
(kPa) (min) (kpa™") | (nm® min”T) (ms~)
100 |1e518 | 0°6 | 2024 x 1074 28+98 1206 x 1072
200 |1e508| 35 | B89 x 107° 4+81 700 x 10~
400 |1+485| 5 6455 x 10> 3+29 353 x 10~
800 |1e450| 8 4429 x 107> 2+00 1040 x 10~V
1600 |1+427| 9 2075 x 107> 1471 7+67 x 10~12
3200 [1388 | 12 1070 x 107> 1022 3+39 x 10”12
1600 |1+393 | 3¢5 | 206 x 107° 4+07 1438 x 10”12
800 |[1.403| 10 9+18 x 10°° 1444 2016 x 1012
400 |1e418 | 21 2+59 x 10™° 0+70 2+96 x 10~12
200 |[1+436| 40 6°30 x 107> 0+38 3487 x 10”12
100 [1+452| 80 1007 x 10°° D19 3435 x 10”12

Table 7.30 Oedometer test OU(S5) H(n), undisturbed ti11 w(d),

horizontal drainage, normal to fabric,
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o-v v teg my v k

(kPa) (min) (kPa-1) (mm2 min-1) (ms-1)
400 | 1+465 6403 x 10> 2408 2°05 x 10”1
800 | 1°440 4035 x 10™° 2+02 1+43 x 10”11
1600 1410 | 10 2058 x 107> 1455 6454 x 10712
3200 [1+375 | 8 1956 x 107> 185 4472 x 10~12
1600 [1°379 | 15 1072 x 107° 0°97 272 x 10~13
800 |1+388 7+5 | 8e91 x 10°° 1495 . 2+84 x 10”12
400 14402 | 20 2039 x 107> 0+74 2+91 x 10~12
200 |1e417 | 38 5040 x 10™° 0°40 353 x 10712
100 |1+432 | 90 1+05 x 10~% 0°17 2495 x 10~ 12

Table 7.31 Oedometer test OU(S) H(r), undisturbed ti1l w(d),

horizontal drainage, random orientation,
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HH(a) HH(b) F(b)

w cu (kPa) u cu (kPa) W cu (kPa)
0+184 48+59 0+210 55+70 0e262 52+70
0+195 | 36°+90 0234 31+70 0+338 1450
0+216 22+ 40 0+261 1980 0'474‘ 3¢90
0°246 1180 0+ 373 3+50 0527 270
0320 3°95 0424 1+90 0582 170
0379 074 0+478 140 0629 130
0°427 045 0°+509 0+89 0°719 0+64
0+ 487 0°25 0+543 0+ 64 0f786 0+50
0¢523 0+ 20 0+599 0e42 0+847 031

Table 7.32 UWater content : undrained shear

strength relationshig

for tills HH(a), HH(b), F(b)., (Motorised shear vane).
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o v t100 m, c, k Ro

(kPa) (min) (kPa-1) (mm2 min ) (ms-1)
200 |1e472 | 205 | 7015 x 1070 | o021 2050 x 10712 | 4
00 | 10452 | 275 | 6+86 x 107> | 0416 1478 x 10712 | 2
800 |1°431 | 260 370 x 107> 017 1000 x 10~ 12 1
1600 |1+382 | 420 | 4°26 x 107> 0°10 7005 x 10°1° | 1
800 [1+394 | 100 | 1°14 x 107° | 0-42 7084 x 107 | 2
400 |1+416 | 290 3491 x 107> 015 9+35 x 107" 4
200 |qea37 | 600 | 7049 x 107> | 0°07 Be74 x 107> | 8
100 10458 | 800 | 1043 x 107% | 0405 1027 x 16”12 |16
s0 |1e482 |1050 | 3024 x 1070 | 0°04 2020 x 1072 |32

Teble 7.33 Isotropic consolidation test TR(1)y
reconstituted till HH(a).
o’r v t m c k Ro
100 v v

(kPa) (min) (kPa’1) (mm2 min-1) (ms-1)
200 {1+476 | 70 | 6°06 X T 0°62 6e14 x 10712 | 4
400 |1e458 | 165 | 5°86 x 1073 0°26 2051 x 10°12 | 2
800 |1+438 | 160 351 x 10’5 0+27 154 x 10'12 1
1600 |1+391 | 280 | 4°03 x 1072 | 0e1s 9+92 x 107° | 1
B00 |1+402 | B85 | 9°34 x 1078 | o049 7050 x 1071° | 2
400 {1419 | 230 3¢09 X 10™° 0+18 9e22 x 10713 4
200 |1+438 | 275 | 6°59 x 1070 | 015 1966 x 10712 | 8
100 |1+461 | 500 | 1°62 x 0% | o-09 2027 x 1072 |16
i co |1ea79 |1000 | 2040 x 107" | 004 1969 x 10712 |32

Tahle 7.34 Isotropic consolidation test TRSZ),

reconstituted till HH(b).
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o-r v t100 m, cy k Ro
(kPa) (min) (kPa_1) (mm2 min-1) (ms_1)
200 | 1°464 | 100 | 4°29 x 107> 0« 46 3020 x 10712 | 4
400 | 1+456 | 34 | 2060 x 107° 1034 5067 x 10712 | 5
800 | 1°445( 40 | 1°94 x 1073 1413 359 x 10712 | 4
1600 | 1+421 | 130 | 2403 x 1070 0+35 1015 x 10712 | 4
2000 | 14413 | 480 | 139 x 107> 0-09 2411 x 10713 | 4
1600 | 1+415 | 25 | 1495 x 107° 1478 5¢66 x 107 1° | qe25
800 | 14424 | 60 | B*13 x 107° 0-74 9488 x 1071 | 2.5
400 | 10436 | 140 | 2419 x 107> 0°32 1015 x 10712 | ¢
200 | 1-448 | 200 | 418 x 10> 0+23 1054 x 10712 | 19
100 | 1+467.] 110 | 1227 x 107¢ 0+ 41 8457 x 10712 | 5g
(1) Assumes pé = 760 kPa.
Table 7.35 Isotropic consolidation test TU(1),
undisturbed till HH{a).
[ o v t100 m, c, k Ro
(kPa) (min) (kPa-1) (mm? min~T) (ms'1)
200 | 10442 | 100 | 5011 x 1073 0045 3478 x 10712 | 4
400 | 1°434 | 90 | 2481 x 1070 050 2230 x 10712 | ,
800 | 10420 | 60 | 2046 x 107° 0475 301 x 10712 | 4
1600 | 14393 | 150 | 2437 x 107> 0+30 1015 x 10712 | 4
2000 | 1+385 | 500 | 1451 x 107° 0+09 2417 x 10713 | 4
(1) Assumes pé = 730 kPa.
_——

Table 7.36

Isotropic consolidation test Tu(2),

undisturbed till HH(b).
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Figure 7.5 Till HH(a)

: electronmicrograph and EDAX trace on chalk particle and matrix
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Figure 7.6 Till HH(b)

: electronfnicrograph and EDAX trace on chalk particle and matrix.
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Figure 7.18 CU triaxial tesﬁ rasults
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Figure 7.20 CU triaxial test results : RA1({iii).
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Figure 7.21 CU triaxial test results : RA2(ii).
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figure 7.22 CU triaxial test results : RA2(iii).
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Figure 7.23 CU triaxial test results

-:q~l0q‘




LzZ

o or u (kPa)
. .QO..‘.. 0-0

200

Oi.

e80000000 00000000 000s0,e s o |
)




Figure 7.24 (U triaxial test results : RB({ii).
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Figure 7.25 CU triaxial test results : RB(v).
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Figure 7.27 CU triaxial test results : R2 = 03.
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Figurs 7.28 CU triaxial test results : UA1(i).
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Figure 7.30 CU triaxial tast results : UA1(1i1)
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Figure 7.34 CU triaxial test results : UA2(iii).
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Figure 7.35 CU triaxial test rasults :

us(i).
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Figure 7.37 CU triaxial test results : UB(ii)b.
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Figure 7.38 CU

triaxial test results : UB(iii).
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