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ABSTRACT

:Studies of a wide selection of overeonsolidated, weak
'argillaceous rocks from major formations in-the United Kingdom
and North America have shown that the'compactiou history, coupled
with the mineralogical éompositien have a'decisive.bea;ing.on the
'uature of the material, both at depth and in the near surface zone.

Curreut evidence_indicates'that maximum depths of burial of
North American sediments are generally_much_gteater than theirv
British counterparts, infening tﬁat overburden does not inctease

ystemaftlcally with ages Furthermore major differences have also
been observed in the mlneralogy and geochemlstry of these two groups.,
In particular,.recalculated smectlte formul ae rndlcate thevonset of
the montmorillonite to illite transformation in the former sediments.
Preferred orientation studies-and electron microscopy have been used
toji%?ucidate the clay microstructure, whereas exchangeable cations
and pore water chemistty indicate possible interactions between clay.
mlnerals.

Consolidation studies to a pressure of 35000kN/h on both
undisturbed and remoulded materials have led to a new 1nterpretation
of the stress-strain response, and in addition these tests have
indieated the presence of diagenetic bonding‘inAunweathered materials
the streugth of'which is dependent upon the‘maximum depth‘of burial
. and mineral.species present, Furthermore, since slaking and suction
experiments freguently only detect this bonding in the Carboniferous
materials,'it has been inferred that mineral-mineral welding is present
in.these and that cationic bonding predominates in younger sediments,
Censequently to avoid unfbﬁgeen engineering complications in the field
caused by the subsequent destruction of the latter bond type by |

_weatherlng agents it has been suggested that a combination of

1

suction and consolidation tests should be perfbrmed on the shales

in question.
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ChaEter One

Introduction

" 1. l General A1ms of the Investlgatlon

Thls prOJeCt 1nvolves the study of a selectlon of 26 overconsolldated,
weak, arglllaceous rocks from’magor fbrmations in the Un1ted Klngdom and
North America. The specimens investigated wvere largely d1ctated by the
ava11ab111ty of fresh, unweathered borehole materlal. Although'the
: selectlon is consequently random, the materlals span the strat1graph1cal
sequence Eocene to Westphalian A, i.e. approxlmately 40 M years BJP. to
310 M years B.P. The materlals exhibit various states of induration
ranging from clays, quartz—rlch clays to shales/hudstones and quartz-
rich claystones (siltstones) Many of the North American types contain
a hlgh proportlon of expandable clay mlnerals (partlcularly montmorlllonlte),
whllst these clays mlnerals in the Brltlsh materlals arev;ery much mor;
restricted stratlgraphlcally. o '

'_ The investigation is aimed at establishing relationships between
depth of buriai; geological age, miaeraiogy, iﬁterpartictxlate i)oncing,
together with the subsequent response of-the materials as a consequence
of uplift and erosion. Comparisons are made between the rcck and clay
types from the two areas and 1nferences are drawn with respect to further
materlal breakdown in the near-surface zone, The overall englneerlng
behav1our of these overconsolldated argillaceous materlals can
consequently be assessed.

Petrographical studies commonly fail to distinguish between
geological age and deptﬁ of burial; wﬁereas geotechnical‘investiéations
of these argillaceous rock types in the past have tended to ignore
mineralogical inflﬁences; | |

Mineralogy, major element geochemistry and cation exchange capacity

are used in the present study as controls on composition, Microstructure
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and preferred orientation-studies have given an indication of the
mineral fabrics involved. Fundamental properties are used as a link
between mineral composition and compaction studies,

Consolidation tests carried out under high pressures on undisturbed
and remoul.ded materials provide an indirect measure of thé depth of
burial with respect to geological age. Also, the rebound response and
strain energy concepts reflect the likely behavidur of the méterials
during uplift to the near surface outcrop zone, Iﬁ;estigations.of
suction-and‘slaking characteristics are a useful indication of the

likely. problems to be encountered in terms of 'engineering materials',

since these effects will be conditioned in the near-surface zones.

1°2‘ Types of Consolidated Clays and Shales

Terzaghi (1941) suggests that clays can be classified into two

groups. by reference to their present overburden pressure, i.e,

(a) Normally-consolidated'clayQE These are clays which have never

been subjected to a pressure greater than their existing

overburden load.

(b).0verconsolidated Clays; These are clays where the existing

overburden pressure is less than the maximum effective

pressure that the clay has ever been subjected to in the past.

The process by'which these types of clay are produced is summarised
in Figure 1.1, whéreby it caﬁ be seen that a clay.existingnét any effective
overburden pressure less than the maximum at point (c) will have a
differént voids ratio depen&ing on whether it is normally - or

overconsolidated represented by points (b) and (d) respectively. : ¥

1.3 Definition and Nomenclature of Shales

As succintly stated by Underwood (1967) "the geologic literature .

- shows that the terminology used to describe the entire group of
% uu&mohﬁo(\bu\qh c\ags oua el corsidemd beccuine thay can Mu\v\\b Found i man- chh \'EA\\\k%d

\o\boore e Yoar -Q,s(—u\mu:o . ’ 2
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"argillaceous sediments is not standardiséd and consequently-numerous
inconsistencies have developed in the éla#sification and nomenclature
of shales".
' Deo '(1972) cites the following definitions given to shales by
various authors:-
| iA:laminated sediment in which constituent particles are prominently

of clay grade® (Glossary of Geology, 1957).

'Shales are consolidated fine sediments, usually hardened clay or
mud and have a characteristic fracture. Generally dull in appearance

~ shale can-be scratched with a fingernail' (Leggett, 1962).

" 'A product could not be called a shale unless it possesses two
properties: when struck with a hammer it should give a clear ring and when

immersed in water its volume should remain unchanged' (Terzaghi, 1946).

YShale includes the indurated, laminated.or fissile claystones and
éiltstones. "The cleavage is that of bedding and such other secondary
'clgavage or fissility that is approximately parallel to the bedding. The
secondary cleavage has been produced by the pressure of overlying

sediments' (Twenhofel, 1936).

FThe-term shale‘is applied to a widé variety of rocks ranging from
consolidated clays and silts to'rocks thch display thin bedding without
regard primarily to textﬁre or composition. Shales include siltstones
and claYstones'.(Krumbien, 1947).

'The term shéle'is used in a general sense to refer to thé whole
~group of silt} and clayey rocks. Shale is used in a spe&ific sense for

“rocks composed primarily of silt and’clay with.fissility or a tendéncy

to split'along fairly close bedding planes' (Deere and Gamble, 1971).

'A fissile rock formed by consolidation of clay, mud or silt,. having
a finely stratified or laminated structure and unaltered minerals?

(Webster Dictionary, 1966).




Iﬁ the present study, the term shale refers to iall agillaceous rocks
composed largely of‘silt and clay-sized.particlés, and which range in
composiéion from cléys, quartz-rich clays, to shales/hudstones and

quartz-rich mudstones (siltstones), The materialslmay or may not be

slightly cemented by primary and secondary minerals such as iron, oxides,

silica or calcite, 2nd may b2 normally- or overconsolidated'. However, only

‘overconsolidated rocks are considered herein and the compositional extremes cf

materials currently examined range from those containing 100 per cent

~clay mineral species to those where quartz and other equant habit

minerals comprise 60per cent of the total species present,

1.4 Classificaticon of Shales

- The classification of shales cited in the literature can be
apportioned into two classes depending on whether the materials are

considered from a geological or engineering aspect.

le4.1 Geological Classification

This is based upon the more classical approach of observing the

materialrinlits natural state? or by.examining its cbmposition.
| A fundamental classification is that based on the grain-sized

distribution, and accordingly a scale of size which includesAgravel,
sand; éiit and clay has been developed.

Mead (1936) proposes a classification of shales based upon the
degree of .cementation (Fig.l.2).. He suggests two basic catego£ies,
-ises soil-like shales which lack a significant amount of cement, and

rock-like shales where cementation or bonding by recrystallisation are

-evident, _ : ’ -

~ Ingram (1953) proposes a classification based upon the degree of

fissility and recognises three categories, i.e.:=
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Figure 1.2. A Geological Classification of Shales (After Mead, 1936).




Massive shales which have a random orientation of platy minerals, hence

have no preferred direction of cleavage, and which fragment into blocks,.
few of which are platy in character.

Flaggy shales whichslit into fragments of varying thickness, but with

the width and length many times greater than the thickness and with two
flat sides being approximately parallel,

FlaXy snales which split along irregular surfaces parallel to the bedding

into uneven flakes, thin chips and wedge-like fragments whose length
- rarely exceeds three-inches.

| Shales wﬁich are not fissile ﬁay contain laminations, i.e. bands
of colouration or material raﬁgiﬁg in thickness.from 0.05-1.,0m.m,
Pettijohn (1957) recogniseé three tvpes of laminétion, i.e. Changes of
texture, changes of colour and changes of composition,

Twenhofel (1936) proposes a classification which includes indurated

 clays and silts and their metamorphic equivalents (Fig;1.3).
| A classification based upon the chemical composi%ion' is discounted
| by Underwood'(i967) because, with the exception of siliceous and
calcéreous”shalgs, he suggests that the variation is not great enough.
ﬁowever, a ¢lassification of shales based upon their mineralogy would be
.véry uéefgl.l To this end, significant steps have been taken foﬁidentify
and quantify the minerals present (e.g. Gibbs 1967; SchPltz 1964; Griffin
1954). . Other techgiques for' this purpose such as différep;ial thermal

analysis.have'also been explored (Reeves, 1971).

1.4.2 EngineeringvCléssification

Aﬁ early attempt at an engi@eering classification was made by
Terzaghi {1936) vho proposes three categories of sﬁale, ioe. soft,
intaéf_é}ays £f¢e from jointing a#d fissures; stiff, intact clays free

from jointing and fissures, and lastly, stiff fissured clays.
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Herver,'a ﬁore exact knowledge of the behaviour of shales. is now
required by the engineering geologist, especially when dealinglwith
pfoperties such as stréngth or stability, hence several workers have
attempted to classify shales by réference to certain engineering properties,

The Atterberg limits (Atterberg, 1911) are frequently used to
clagsify shales by reference to moisture contents which define transitions

between certain consistencies; l.ee:-

Liquid Limit (W) which is the moisture content at which the material. just-
begins to flow (i.e. form a slurry) by passing from the plastic to the |
liquid state. Casagrande (1932) has designed a mechanical device to

standardise this value.

Plastic Limit (WP) which is the moisture Content at which thé material
paéses from the plastic to the solid state., It is obtained in thé
laboratory by rolling the clay on ground glass wntil it just begins to
crumble; |

Shrinkage Limit (WS)’which is the moisture content when all the grains

are just in cbntact, hence further loss of water will not result in a
decrease in volume.

, Casagrande (1948) combines the liquid and plastic limits on a
'plaétiéity diagfam!-whereby he relates~fhe liquid limit to the plasticity
index (1iquid limit minus plastic limit). The chart'is divided into six
regions i.e. tﬁree above the 'A' line (répresenting ino;ganic clays of
low, medium and high plasticity) and three below, (represéhting.inorganic
silts ofllow, medium and high compressibility). |

Bjerrum (19673) uses a less formal basis and classifies shales
according to whether they possess weak, strong or permanent bonding within -
the material, | -

By studying artificial soils, Seed et al’(1964) conclude that

the *activity', which Skempton (1953) defines as the ratio of the plasticity




index to the clay~sized fraction, would accurately classify soils,
Underwood (1967) has suggested.a classification based on various
_engineering properties (Table 1.1) for differentiating between 'problem'
and 'non-probiem' shalee‘with respect to their in-situ oehaviour for
civil engineering purposes.
Deere and Gamble (1971) and Franklin (1970) have suggested a
durability-plasticity classification for shales based upon their relative
udurability to slaking, Morgenstern and Eigenbrod (1974) have also
~proposed a classification based on the slaking ability of clays and .
N -shales by measuring the rate of increase in the liquidity index during
 the first drying-wetting cycle to supplement the work of Hamrol (1961).
In addition;_they also proposed a classification based on the reduction
of shecr'strength-after clays have been softened-by water (£rom their

natural moisture content) for specified lengths of time.

1.5 Compaction Studies
| ~As a gtavting point. in the,formetion of the weak rocke under
eonsideration it is important to consider the compaction‘processes
1nsorar as they affect the sediment after dep051t10n.

As will be seen from Chapter 2 the maximum depths of burlal for
_4 3the‘most.deep1y buried shales studied'in the project are about 3000 to
 3600m, whilst the majority have values whlch range from 600 to 1800m.
In addition, the high pressure consolldatlon tests performed, 51mulate
depths equivalent to 2100 to 2500m of sedimentation. Therefore it is

-pertlnent to review the various compaction models, appllcable to deep

burlal, which have been advanced by other workers,

1.5,1 Models for Natural Compaction

Skempton (1970) describes compaction as "the result of all processes




Table 1.1. An engineering ev
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causihg the progressivé transformation of an argillaceous sediment from

a soft_mud (as origiﬂally deposited) to a clay, and finally to a mudstone
~or shale, Thgée include interparticulate bonding, deésiccation, cementation
ané above all, the squeezing out of pore water under increasing weight

of overburden",

Sorby'(1908) firsf presented quantitative data regarding compactioni
in terms of porosity changes with depth. Later Igrzaghi (1923) published
the now widely accepted one-dimensional history of consolidation
(Chapter 5.2). Rieke and Chilingarian (1974) discuss the other main

.Mypotheses for pressure-depth modéls; the main points of which are noted
herein.

Athy'(l930) states that compaction is a simple process of squeezing
out cf intérstial fluids and reducing the porosity, but after sedimentation
the pore Vvolume can be modified by deformation and granulation of minerals,
cementatié#, solution, recrystallisation and squeezing grains together,

, Hedberg'(i936) suggests that compaction occurs in three stages

(Fig.1.4) 2= (a) From 0 - SSOOkN/'m2 there is a mechanical rearrangement

and dewatering df thé clayey mass. Between 90 - 75 per cent porosity,
_mainly freévﬁéter is expelled, but from 75 - 35 per cent porosity absorbed
water is expe;led. Below 35 per Cent.porosity the particles are pushed
closer together; (b) From 5500 - 41200 kN/'m2 (below 35 per cent porosity)
the volume is reduced by mechanical deformation of the clay particles,

and thére is also more expﬁléion of absorbea Qéter. 4(é)>Recrystallisation
'cccuéshat porosities of below 10 per cent. = | i
| Weller (1959) proposes a model similar to that of Hedberg. This

consists . of a compéction process starting at the surface with a porosityvu

~ of 85 ~ 45 per cent. As the pressure is increased the interstial fluids
are expelled and the porosity decreases to about 10 per cent. The result

is that minerals rearrange themselves into a more closely packed structure
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. 4.7, 8 and 10 (Meade, 1966, fig.1 A); RK = deep-sea core off Nova Scotia (Richards and Keller, 1962,

fig.1}; SH = based or Skempton’s compaction test data (Hamilton, 1959, table 1); SJ = Skeels' com-
posite for wells (Johnson, 1950, fig.145); 7 = compaction test curve for blue marine clay (Terzaghi.
1925, fig.3, p.743); W= curve representing Warner's unpublished compaction test data (Beall and
Fisher, 1969, fig.3). {After Baldwin, 1971, fig.2. Courtesy of Society of Fconomic Paleontologists and
Mineralogists). : ’ :
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and compaction at this stage is related to the yielding of ciay minerals
between the more resistant grains. He postulates that at 10 per cent
porosity Lhe non-clay minerals are in contact and the clays are squeezed
into the voids space. Further compaction requires deformation and
crushing of grains;

ABy reference to the compaction of the Apsheron horizons in
Azerbayjan, Teodorovich and Chernov (1968) propose. 'a.three‘stage
) compaction model‘~
(a) From 0 - 8 to 10m there is a rapid compaction w1th the porosity
decreasing From 66 to 40 per cent’ (for clays) and 56 to 40 per cent (for
silts),
(b) From 10 ~ 1200 to 1400m there is a rapid decrease in compaction and
the porosity decreases to about 20 per cent,
(c) From 1400 - 6000m there is a slow compaction and at 6000m the porosity -
of silts i1s 15 - 16 per cent, whilst for shales it is 7 = 8 per cent,

ﬁeallo(197o) usiog data from the JOIDES deep sea drilling project,

and from high pressure experlments on muds, proposes the following model :~
'(a) Fron 0 - 1000m conpactlon pr1nc1pally 1nvolves the mechanical
expulsion of fluids., Fifty per cent of the total compaction is completed
at these depths. and the average pore throat diameter is about 6R.
(b) Fron 1000 - 2400n approx1mately 75 per cent of the total compactlon is
fcompleted and the pore throat dlameters are reduced to 15 The fluid
pressures are Stlll hydrostatlc. -
(c) As the pressure is further increased, the porosity decreases slowly
and the pope.thpoat-diaﬁeters becoﬁe iess than 18. NaCl filtration can
take place resultlng in progressively less sallne fluids being expelled. o
(To.initiate salt filtration requires preesures of 54906 - BSSOORNyhe).

>_0verton and Zanier (1970) propose a similar model to Beall's but

with four zones having different water types.
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In the present Qork porosities are consistent with the above workers
and.rangé between 75 - 80 per cent (liquid limit 100 - 135) and 40
per cent (liqﬁid limit 36) at depths equivalent to O - 10m,decreasing
to between 40 per cént and 7 per cent at depths equivalent to 2500 me
In additién’it can also be deduced from Figures 5.1 and 5.2 that up to
bet&een 30 and 50 per cent of the compaction has.occurred in the first

10m of burial,

1,5.2 Compaction Models based upon Mineralogical and Geochemical Transformations

fhe.preeent mineralogy of many argillaceous rocks may differ
ignificantly from that. of the original sediments, from which they were

deriveds Weaver (1958a) restricts the term:fdiagenesis' to alterations
which modify the-ﬁasiﬁ 1atticé and *absorbtion! fof changes which only
affect the interlayer material.

Powéés (1959) defines ;hydrogenétic' clays as'those which have
suffered diagenesis within the depositional environment and !pedrodiagenetic?
clays és those which have suffered post-depositiohal changes after burial,
The eéuivalent termS'uéed by Weaver (1958a) are 'syngenetic' and 'epigenetic?
respectively. It'ié, however, the éonsensus of opinion that cation excﬁange
and reconsitution of slightly ﬁeétherea materials are the Egggz'chanées
which occur in the early stages of depositién. | |

Kablinite,.illité and chlorite are relatively stéble.clay minerals,
even uﬁder.largelpfessures:and femperatufes; However;\fﬁe-a}teration of
expaﬁding clays to illite and.mixed~layer clay.in marine sediments and
thé associated geochémistry (Fige1l.5) has been described by Powers (1959);
Powers éttributes these changes to depth ofnburial and introducé§ the
concept of fequivélence ievel}, below which potéssiﬁm is préferentially
absorbed over magnesium (and ferrous iron)° These latter ions are presumed

. . . . + R .
+o move into the octahedral layer and replace A13A, which in turn repleces
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‘Si4f in the tgfrahedral layer. 1Illite is the resulting mineral and the
process only involves beidellite as an intermediate material, and not as
a starting point as suggested by Veaver (1959).. He»cites the possible
existencé of beidellitic soil (Ross and Heﬁdricks 1945), aithough Powers
(1959) believes that this would be unstable and quickly fix potassiﬁm
to form illite. | o

, Keller (1963)suggests four causes for diageneSis of montmorillonite
to illite i,e, depth Of'ﬁurial, géofhérmal giadieﬁt,‘time and activities
of the.esséntial ions. Powers (1959)'found thaf the alteration of
monfmorillonite, in the Texas Guif Coast, occurs within a small depth
rangé which crosses the entire Tertiary straté, and he.suggests that the
tranﬁfbrmation‘is not related to geological age, but in some places it
lmay giﬁé this appearance because, in general, the élder sediments have
been m;re deeply buried. | | | | |

' The transformation of moﬁtmoriilonite to i}lite, whiéh requires“
the removal éf.the last four layers of orientated wéter, éannot be
accomplished by préssure alone (it requires ssonﬁ/hz (24500m of sediments)
.or:450 Hn/hz at SOOC)~to perform this processs It can, however, be
- accomplished at relatively low pfessures if it is assisted by the
electrostatic forces associated with potéssium'fiXatiénA(Powers 1959
and 1967). Potassium fixation is.aiscusséd by>Weaver (19585)
Nicholls aﬁd Loring- (1960) also- report that there is = general replacement
of Na by X in 1111tes after burla.. '

Powers (1967) proposes the following hypothesis for fhe transformation

of montmorillonite to illites: At about 1000m most of the water has been |
expelled except for the last few layers of bound water; which comprises
- 50 per cent 6f the volume of the deposit.' At about 2000m the alteration
of montmorillonite to illite begins, and continues at an increasing rate,

to a depth, usually of about 3000 - 3500m where there is no discrete
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montmorillonite left; the absorbed water becoming free pore wvater,

Eurst (1959), Weaver (1959) and Larsen & Chilingar (1967) also agree with

these depths. Burst (1969) also offers a compaction model for the

transformation of montmorillonite to-mixed-layer clay types involving

the absorbtion of geothermal heat. |
Present results indicate that smectite minerals buried to less

than 1000m are *good! nontrorlllonltes, hav1ng Sl/hl ratios of

approx1mately-4. Hovever, as the depth of burial increases to 1500 ~

anOOm;,itﬁhas been.observed that a beldellltlc fbrm is developing

through the contraction of the lattice, i.e. Si/Al ratio of between

366 = 269 areoencountered,with associated high potassium values,.

1,563 Laboratory Compaction Studies

Compaction studies in the laboratory are usually performed using
the one~dimensional consolidation test. Incremental loading techniques
are usually applied which can vary greatly in degree, although the
maJorlty conform to Terzagnl's tbeory. However, even the slowest rate

ofiloading (eege 1074 kg/&nx/hay as used by Leonards and Altschaeffl

_ (1964» are far hlgher than natural rates, hence true condltlons are

never actually 51mulated. Constant rate deformation processes have

also been used in a limited number o£ cases (e.g. Smith - and Wahls,

1969; Lowe- et al, 1969; w1ssa et al, 1971) and although useful results

such as. vozds ratio -~ effectlve pressure relatlonshlps can be obtalned,
it is doubtful whether certain consolldatlon parameters( €eJe the

coefficient of consolidation (cv)) as determined experimentally can be

extrapolated to the field conditions (Crawford,1964).

: 1.5.3.1 Laboratory Studies of Natural Materials

The majority of laboratory studies carried out on natural material
appear to have been performed on soft or remoulded clays to masdmuwn
pressures of between 1000 —-5OOOkN/h2.
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For tests performed on undisturbed and remoulded Gosport Clay, Skempton
(1944) shows that the e - log P curves do not coincide along the virgin
portlon in the pressure range 50 - 1000 kN/h although they do tend to
merge at hlgher pressures. He suggests that a type of bonding in the

natural mater1al is retalnlng a more open structure, hence giving a

R 4 s CAU il

‘larger v01ds ratlo. Indeed 1t is the cons1dered oplnlon of most workers
fthat’at low pressures, the remoulded compre551on curve falls below that
.of the undlsturbed curve; Skempton (1953 and 1970) has complled data

to show the var1at10n between volds ratlo and effective pressure for
natural nornally-consolldated clays and clays compacted in the laboratory
Tfrom the 11qu1d 11m1t, (Flg.l 6) He points out that although there is
close correspondence at low pressures, at pressures equlvalent to depths
of 1000 - 1600m thls agreement dlsappears because the decrease in the
v01ds ratlo of the natural material is. more rapid, He suggests that

the dlfference could be due to natural recrystalllsatlon taklng place‘
over long perlods of time, | | ' -
Wlth regard to high pressures, Fleming et al (1970) have perfbrmed
a serles of one-dlmen51onal consolldatlon tests, to a pressure of
-'35000KN/h s ON heavily overconsolidated shales from North America. They
conclude that the yirgin curye“was the same regardlessﬂof whether or not
the shale was tested with the fissility normal to, or parallel to the
applled stress, ieee at ‘these pressures the materials behaved isotropically.
High pressure tests on undisturbed samples of kaolinite to pressures
between 14000 - 45500 kn/h have also been performed by Wijeyesekera .

'and De Freltas (1976) to observe changes in the fabrlc and pore water

chemlstry.

1s50302 Laboratory Studies of. Art1£1c1al Sedlments

(a) Compres51on

The relatlonsh1p between the moisture content and applied effective

stress up to 400000psi (27241~m/m2) for pure clays has been studied by
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various Qorkers, (e+g. Chilingar and Knight 1960; Chilingarian and
Rieke 1968). The érder of compressibility is montmorillonite, illite,
kaolinite, (Figel.7). Rieke and Chilingarian (1974) suggest that this
is related to the fact that it is harder to squeeze a given amount of
water out of the less plastic clays (which in turn is related to their
dimensions and'spécific surface areas (Table.l.2) and double layer
contributions. |

- It can also be noticed from Figure 1.7 fh;t there is a linear
relationship between voids ratio and effective pressure forkaolinite -
and illite,'whereas-there is an upwards swing in the early stages of the
curve for montmorillonite. Chilingar and Knight (1960) suggest that
the break in the curve occurs when only orientated water is being expelled.

Terzaghi was.probably the first engineer t§ make an attempt to
Vundérstand the mechanisms controlling the compressibilities of clays. He
. concludes that large voids ratios and high compressibilities of clays  are
due'to‘fgcale—shaped' mineral particles, Terzaghi also postulates the
- existence of a semi-solid layer of water én the clay surface to explain
~the lov permeabilities of clays {Terzaghi 1926) and secondary compression
(Terzaghi and Frélich, 1936). |

‘Early research into the properties-of suspensions by workers in
colloid chemistry and related fields, suggested the need for long range
eiectrical forces of attraction ard repulsion, in order to exp;ain’the-
physical and éhemicél effects oé such suspensions (Van Olphen 1963).
Latér these.fbrces were incofporatéd in soil_mechanics regeérch to explain
' thé characteristics of clays. The attractive forces are represented by
Van.der Vaal's forces (Lambe, 1958) i.e. ion~-dipole and dipole-dipole
links (Lambe likens their effects to those of bar magnets and refers ﬁ
to them as secondary valence forces); and Coulombic forces (Lambe, 1958),

i.e, negative surface-positive edge, particle-cation~particle or hydrogen
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bondse Sridharan and Venkatappa (1973) also propose the Loudon
dispersive force‘as}an additional Van der Waal's fbrée. The -repulsive
forces are primarily due to the osmotic double layer (Bolt,1956; Lambe,
1958), which is considered to be the most imporfant of the electrical
forces and can be shown to increase wifh an increase in thé dielectric
~ constant (Bolt, 1956). It is now the convention to refer to such
forces as described above as ‘physico-chemical?! forces and hence
aistinguish them from ﬁechanical forces, controlled by the.shearing
resistance which also operates at the mineral contééfs.

Boit (1956) working oﬁ the legs than 2p fractfon“of pure montmorille
onites and ﬁa—illites,'regard5fthe.§epul§ive forces acting to keep the
particles apart as the difference between the osmétic préssure of the
double la&er and fhat of the expelled fluid, the effect being maxirmm
- when the particles are parallel, This osmotic pressure extends over
.distancés‘corresponding to a change in voids ratic of 1-20, depending
on the specific'surfacé areas of the minerals. When the plates come
- close-together theApréssure may be 4900 - 9800.kN/h2. As the load is
. applied, a certain amount of pore fluid is driven‘out until the osmotic
pressufe difference equéls the applied force. .This model does not
-fdepehd upon mineral to minefal contacte.

-Eﬁperiments performed by Warner (1964), Olsen and Mesri (1970)
-and.Sridharan and Venkatappa (1973) show, that by using\pore fluids of
diffeient dieleCt?ic constaﬁts; the amount and nature of tﬁe compression
is depéndent én the hinerals preéent. They conclude that, although both
'-effects must occur simultaneously, the ﬁechanical model is dominant in
kaplinite and illite systems, i.e. where the minerals possess é low
: éation exﬁhange capacity and a low diameter to height ré%io; - ™

&hey can be regarded as stiff elastic plates capable of storing energy)
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(see~fable 1.2), althbugh the physico-chemical concept is strong in
illite systgmé at low pressures. The physico—chemical-cqncept is
dominant in montmorillonite systems where the minerals have high
cation exchahge cépacities and diameter to.height'ratios'of greater-

than 100, They can be regarded as thin flexibie films (seg Table 1,2). .

Associated'with the physico~chemical concept_are the nature and

"size of the eﬁchaﬁgeable cations present in the double layer and the
concentration of the electrolyte (in aqueous solution), which also

govern the corﬁpressibilify0 Olson and Mesri (1970,.1971) and Warner
(1964) demonstrate these in Na andfba systems, The large divalent
cétioné cause a_redﬁction of the double layer, thuglcausing a
reduction in the compressibility, especiallyiin.montmorillbnites and
_to a certain extent in illite systems, Kaolinite, having a very low
cation exchange capacity (2-10 m.eq/100g) shows only a negligible éffect.

An increase in the electrolyte concentration also serves to reduce

fthg effect of the double layer, hence reducing the compression. However,

this effect only seems to be of importénce.in Na-montmorillonites
élthough it occurs in a very minor way in kaolinites. Illites also
appear to be almosf independent of electrolyte concentration. With
‘regard fé,Na—mdhtmoriliénités, Mitchell (1960) has deménstréteé that
fhey“dglindéed béhave in accor&ance with the predicted‘double layer-
theory. vLambe (1958) also considers thét a reduction Bf electrolyte
pH will lead to floccuiatioﬂ and hénce to a reduction of coﬁbreésion.

(b) Rebound and Expansion

Terzaghi (1929) considers swelling to be *nothing but the purely
dastic extension of the deformable fabric's However, modern knowledge
has revealed that once agéin both the mechanical and physico-chemical

concepts are applicable to swelling and rebound when the applied stress
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s removed, |
‘ The mechanical concept involves elastlc rebound of the plate-like
minerals and granules (Lambe and Whltman, 1969) and capillary pressure
(Terzaghi and Peck, 1948), which ig very Signlficant for randomly
orientated clays where the osmotic pressure 1s -small (Yong: and Warkentin, -
1975). “The phy51co-chem1cal c0ncept 1nvolves the double layer effect
(Bolt, 1956) coupled v1th the exchangable cations present in the double
layer and the concentratlons of ions in the electrolyte (Olson and
Mesri, 1970, 1971) A According to Bolt (1956), the osmotic pressure
‘differences within the system will be greater than the stressA
1mmed1ately‘after a load hasteen removed, hence swelllng will occur
and water will enter the system unt11 the 1nternal and external stresses
are in equilibriumu o ~

Kaolinite (Olson and Mesri, 1570; Sridharan and Venkatappa,l973)
and'granular materials (Lamhe and Whitman, 1969) arevdominated by the
mechanical concept‘of rebound, with exchangeable cations in aqueous
solution havingvlittle or no.effect.A According to Olson-and Mesri
O97@,Aillite shous an intermediate effect; the Na form being dominated
by the physico-chemical concept, whereas the Caiform tends to show
that both concepts are applicable.

As shown by Olson and Mesri (1970 and 1971) and Sridharan and
'Venkatappa Roa (1973) montmorillonite is dominated by the phys1co-
chemical concept, although only the Na-form expands according to the
l predicted Guoy-Chapman theory.

This phenomenﬁncan be explained by the fact thatvCa-montmorillonite
tends to form irreversible domains when squeezed close together

(Aylmore and Quirk, 1959) and cannot re-expand to Spac1ngs greater

than 19-20& MacEwan (1948 and 1954) and Norrish and Quirk (1954)




account for this on the basis of strong electrostatic forces exlsting
at these distances in the Ca-forms. These do not develop to any extent
in the Na—form because the monovalent ions present allow the double

layer to have greater effect.

1. 5 4 Microstructure of Clays and Shales

In1t1ally the type of soil structure depends upon the phy31cal
and chemlcal condltlons at the time: of dep051tlon.
Flocculated clays result when the nett electrlcal force between

:adjacent partlcles is attractlon (Lambe, 1958) This requlres a small

or contracted double layer and 1mp11es open structures of edge - edge
or face - edge arrangements (Flg. 1. 8 a & b) The 'cardhouse' strudure

' fbr whlch there is very 11tt1e support in the 11terature, refers to an

essentlally s1ng1e partlcle arrangement, whereas the 'bookhouse'

\

structure, c0ns1st1ng(of groups of partlcles has deflnlte support1ng
-ev1dence (Rosenqulst, 1959) A more open or 'honeycombed' structure
.(Fig. 1.8 c), proposed by Casagrande (l932& has been conflrmed by
electron m1croscope studles of quick clay (Pusch, 1966)

Dlspersed clays result when the nett electrical force between
partlcles is repu151on (Lambe, 1958) This requlres an expanded double
layer and 1mp11es a face - face structure (F1g. 1.8 d) A more
reallstlc model the 'turbostratlc' arrangement (Flg.l 8 e) consisting
of groups of partlcles or 'domalns' in whlch clay mlnerals are
| lapproxlmately parallel, has been proposed by Aylmore and Quirk (1960)

Van Olphen (1963) has proposed seven;artlcle arrangements, although.
there has been 11ttle ev1dence to support or dlsprove his hypothe51s.

In fact Barden (1972) suggests that single partlcle structures, such as

those proposed by Van Olphen are only relevant in dilute colloidal
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Figure 1.9. A Suggested ASc'heme for Particle Arrangements

in Clay Soils (After Moon, 1972).
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suspensions, whereas multiplate strﬁcturgs exist in dense clay systems
(i.e. where the proportion of clay is greater than water ).

Upon compaction, the initial clay pérticle strﬁcture is destroyed
.-_td'a certain exteﬁt and an incease in the amount of parallelism is |
produced, espedially.with respect to the larger particles of kaolinite
and‘illite.‘ ﬁeade (1961@):£023d.thét the degree of orientation for the
sﬁéller minerals (eege ﬁéntmorillonite) is not related to the
‘.superimcunbent load. In fact studies of the-sgfucturé of lightly
cémpacted>pure clays are presented by various authors (e.g. Barden
ahd;Sides, 1971a; Sloaﬁe and Xell, 1966) whereas studies of naturally

compacted clays have been undertaken by such authors as Barden (1972)

and Gillot (1969 and 1970).

1,5.5 The Development of Preferred Orientation

"The formation of preferred orientation has long been the subject -
of m@ch-reseéfch in sedimentary geology,.although it is widely
- accepted that it.has_a~strong ass@ciation with the degree of fissility.
" (0dom, 1967). |

Until recently, it had been considered that clays existed as

‘single”diécrete partic1es and nbt as packets or 'domains', Consequently
it was thought that preférred orientation (and fissiiity) must increase
‘with dépth of burial. . A depth of 350m for the onset of fissility has
been sugéested by Baldwin (1971 ~ see Figurev1.4,)ﬁﬁ¢rea§ Von Engelhardt
and‘Gaida (1963) suggést that shéles are formed from clayey sedimeﬁts
~in the depth range of 100 - 3000m. Odom (1967), however, did not find
anj cbrrelation betﬁegn preférred’orientatioh and depth of bufial for
illité/kaolinite sediments. Inlfact>White (1961) states that ' some =:
marine clays are less fissile at_depths of lkm. than at depths nearer
‘the surface. Meade (1961b) found no increase in preferred orientation

.with'ihcreasing depth for montmorillonite. He suggests that its compaction .
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results entirely from the expulsion of pore water in contrast te
illite andvkaolinite which also combine a certain amount of
reorientation, |
If the demain concept is considered, the necessity for an

increase.in preferred orientation with depth is not required because
' tbe effec* of compr9551on is probably" to increase the number of
partlcles in each domain’ (Blackmore and Mlller, 1961) which may
still be randomly orientated in a flocculated sedlment'or parallel
u,in a dispersed sediment. .Coﬁeequently it is likely that a fissile
roek is prodaced from a dlspersed sed1ment, vhereas a massive mudstone
is produced from a floccueated clay sediment., Noon (1972) proposes
a seheme for.the arfanéement of particles and packets with increasing
compaction (Figel.9). Meade (1964) also suggests that for preferred
.drientation to oecur in naturally compacted'clays, a partly orientated
fabric may.be required, -This might result from a slow rate of.
‘depos;tlon (Meade, l961b), a high initial moisture content acting
as.a lub“lcant (Lambe, 1958; Meade, . 1966) or. the. electrolyte

. concentration (Lambe, 1958/. Meade (1964) also cons1dersthat larger
Aw;partlcles appear to fbrm donalns more ;apldly than do smaller partlcles;
'1However, Moon (1972) states that domains in materlals containing -
extremely small partlcles,.such as montmorlllonlte, are very dlffacult
to detect, even using the electron microscope. The-wtlter'also agrees
- with‘Moon’s deduction.‘ |

_ Particle size apfea:s to be an iﬁportant factor in the fbthation
of preferred orientation. Payne (1942) suggeets that illitic shales
have a greater tendency tewards fissility. Alling (2945) tried to
correlate fissility,ﬁith compositioﬁ and.concludes that an increaee

in the calcareous or siliceous contents greatly reduces the shaliness.




Ingram (153 ) concludes that the type of fissility doesnot correlate
with the clay minerals present, although Bolt (1956), Mitchell (1956)
and Von Engelhardt and Gaida (1963) report that larger particles oi‘
illite and kaolinite develop a preferred orieﬁtation more_easily
than particles such aé montmorillonite.

The developmenf"of a high degree of preferred oriehtation has
’aléo been attributed to tﬁe presence'éf oréanic mattef in the
-.de§OSitional environment (Odom, 1967; O'Brien 1968; Gipson 1966).
This material could quite easily act as a disfersing agent because a
few parts per thousand of certaln organlc ions (O'Brlen, 1968) can
cause-the dlspe sion of clays by Lhe neutrallsuglon of the surface
: charges. Gipson (1966) has suggeéted that the action of benthonic
prganisms may disorganise somé sediment layers and not others, hence
fesulting in'the'qutaposition of strata of preferred and random

" clay mineral orientations,

1.5;6'Bond Formation in Shales and the-Strain Energy Concept
| Terzaghl (1941) flrst postulated the existence of rigid bonds
. between clay partlcles .and attrlbuted thelr developﬂent to the
'rlgld water' which surrounds clay mlnerals, however, whether bonds
‘result from molecular forces or cementatlon by dep051ted.matter,
'their‘presence is generally deduced from indirect methods, usually
involving their effecf'on:various geotechnical propefties. This is
lbecause of the.minute grain size of the material in'which bonding
6ccurs. As a consequence, it isAfrequently only possible to géin
‘a measure of their streﬁgth without being able to ascertain whaf
form of bondihg-predominates. |
Bjerrum (1967a) considers the effect of diagenetic bonding

(formed from a “combination of pressure, pore fluid, temperature,




time and minerals present) upon the rebound characteristics of
certain clayashales. He does not catalogue the bonds genetlcally
' but c1a551f1es them according to strength ie€e 'weak' 'strong',

-land 'permanent', (see Flg.l 1) 'Durlng erosion, due to the

- presence of 'recoverable straln energy', the clays tend to expand

' and increase the1r water contents. However, the amount of expan51on

:1s governed by the bond strength. For clays v1th weak bonds, most
.-'of the recoverable straln energy is recovered durzng expans1on, the

, effect of further weatherlng on these shales be1ng small, whereas
: yclays w1th permanentJbonds may be cons1dered as 1ndurated soft rocks,
-'strong enough to re51st the 11berat10n of stra1n energye Clays wlth
'strong bonds, whlch BJerrum conslders to be the most dangerous type,
have a large proportlon of thelr recoverable strain energy locked
in durlng unloadlng, hence llmltlng the amount of swell. These bonds
- are gradually destroyed durlng further veatherlng, whlch is ‘
accompanied by swelling and‘an increasehin‘the effective stress

parallel to the ground surface. To support‘this statement he cites

AT L

' ‘the Bearpaw Shale (Cretaceous of North America) as containing strong
bonds and by reference to the rebound consolidation curve of the
unweathered material (Fig.l.lo) he recognises three zones of

. weatherlng and 1ncreased swelllng i.e. 2~

- (1) 0 - 9mv- a zone of complete disintegration
(ii) 9 - 12.Sm - a zone "of advanced dlslntegratlon
(111) 12.5 - 15m - a zone of medium d1s1ntegrat10n
(below 15m the shale is. lmweathered).
Peterson (1954 1958) had prev1ously noticed that consolidation .
tests, performed to a maximum pressure of 58 tons/ft (6220k&ﬁm ) onl
unweathered Bearpaw Shale (whlch has a preconsol1datlon load of

\ approx1mately 100 tons/ft (107252&ﬁm ) y1e1ded a rebound curve which

was much flatter than the in 51tu surve obtalned by Casagrande (1949),
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but he‘merely attributed this to 'secondary time effects' which had
taken place over the centuries. .

‘ BJerrum (1967a) also concludes that the soft, weathered zone
'-near to the surface contalns materlal in whlch the v01ds ratlo is still
sllghtly lower than that observed from tests perfbrmed on the remoulded
mater1al and attrlbutes thls to gro;ps of partlcles whlch are bonded

S0 strongly that weatherlng agents are unable to separate them,

The concept of_strain energy developed by Bjerrum (l967a)

. . - _ ¥ :
provided Brooker (1967) with the basis for a quanﬁétive investigation,

J\.
!

'In d01ng thls, he performed consolldat1on tests to a pressure of
,22001b/sq.1n. (15169 kN/h ) on five remoulded materlals from a
m01sture content equlvalent to a 11qu1d1ty 1ndex of 0.5. The
resultlng stress-straln curves are shown in Flgure 1,11 whereby
it can be seen that theAarea betweenfthe loading and unloading curves
(whdch, according.to Brooker represents the'absorbed strain energyd
increases. as the phst1c1ty increases (Table 1.3; end column). He
suggests that the 'absorbed strain energy! may be accounted fbr ass-

1.“ Vork expanded in consolldatlon (partly recoverable)

2. Elastic deformation (recoverable on release of constraint)'

3. Work done in the formation of diagenetic bonds (partly

recoverable depending upon the strength of the_bond)

Upon slaking the consolidated. materlal, Brooker concludes that .
d151ntegration is a function of absorbed strain energy (Fig.1.12)
and’ suggests that the absorbed strain energy is dependent ‘upon the
clay mlneralogy. Brooker also notes that at hlgh overconsolldatlon
ratios, clays w1th low ﬂast1C1ty glve h1gher values of horlzontal
'pressure than clays with high plast1c1ty and concludes that this
must result from the latter materials forming strong diagenetic

bonds even after a comparatively short consolidation time.




Figure 1.11. Stress-Strain Relationships for une-Dimensional
Consolidation ‘rests \Brooker, 1967).
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Table -3 Characteristics of clays tested by Brooker (1867)
, v o b o <2 ud o Mineralogy (%) Strain,
Material LLY PLY P (%) Activity. Mont, Illite Kaol. Non-clay =ne¢ rgy.
- . (in tb/:n
Chicago clay 28 18 10 36 0.29 5 40 — 55 85
. Goose Lake flour 32 16 16 31 0.50 — 15 65 20 85
Weald clay. 41 21 20 39 0.53 10 15 15 60 84
London clay 64 26 38 64 0.60 15 35 35 15 100
RBearpow shale 101 23 78 59 1.53 60 — 5 35 130

81,1, - liquid ltmit
bPL - plastic limit -

®pi = LL - PL

dPercent, by weight, finer than 2u

€Activity = PI<2 u (Skempton, 1953)
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_The existence'of cementation has been demonstrated by Kenney
et al (1967), -Two specimens of Labrador Clay were initially
consolidated to a‘small overburden pressure. Subsequently one was
Aflushed wlth water equ1valent to the pore fluig, while the other
was flushed w1th EDTA (a d1sod1um salt of ethylene dlamlne-tetra

[T

acetic ac1d) to remove carbonates, gypsum and 1ron compounds.
Upon continued consolidatlon they show that the cr1t1cal pressure
had been reduced from 60 tonsﬁn (595k&ﬁn ) to 25 tons/m (248kN/ 2
1n‘the treated sample.

Bonds existing in natural clay lwith the nature of cementation?
have been suggested by BJerrum and wu (1960) for certain Norwegian

clays.l These bonds remaln partlally 1ntact when the samples were
reconsolldated ;n the laboratory to pressures below thelr preconsolldatlon
'loads, but quickly break down at higher pressures. They suggest that
_these bonds c0uld be due to partlcular mineraloglcal comp051t10nsor T
cementatlon resultlng from carbonatlon of microfossils and organic
matter or supersaturatlon of pore f1UldS wlth chemlcals.
o W1th.regard to molecular bonding, cold welding of mineral contacts
leading to the development of Van der Waal's forces is suggested by’
BJerrum (1967a) Howeyer, this type of bonding probably exists to
a certain extent in all clays but may be very weak and will not
affect the compres51b111ty by additional loads. .
' Dlagenetic bonding as proposed by Baerrum (1967a) forms some
kind of molecular 1nteract1on between particles. Thls could take the -
form of surface fusion, especially in the more deeply buried materials
(e.g. Carbonlferous shales), but, no direct evidence has been presented
to substantlate thls 1dea. | | -
By performing experiments on artiflcially sedimented clays at
_4

very low effectlve pressures, wlth rates of loading as lov as 10

grams per cm® per day, Leonards and Altschaeffl (1964) offer evidence

that the compre551b111ty is much smaller @uring natural dep051tlon
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than in cedometer tests. They suggest that interparticulate bonds
are formed vhich are not equal at all contécts, and that fheir
dispersion plays a decisive role in the stress-strain response, -
Changes in effective stress cause sliding'between contacts, leading
to an increase or decrease iﬁ the boﬁd strengthes If movements
result in aﬁ overall increase in the bond strength theh sliding
will decay. However, 1f the reverse occurs then sheér failure wiil
.résult. Should deposition cease for a given lenéth of time then
"orientation of water m@lecules and creep effects.will increase the
bond strength and thus the streééth of the clay, On subsequent
loading, again‘iﬁ small steps, a quasi-prgconséiidatién load is
produced, which has also been demonstrated by Leonards'énd Ramaih
(1959). & similar phenomencn was obsefvéd by Bjerrum and Lo (1963)
wheg_a normally-~consolidated Norwegian clay was held at various
confining pressures in a frgaxial machine fbr.given lengths of time
‘before shearing.
An interesting speculative hypothesis for the nature of

interparticulate bonding and its relationship to effective~stress

and strength was made by Mitchell et al (1969) by studying creep

phenbmena in soils, They postulate that iﬁterparticulate bond#,.
individually of $imi1ar strength, form in response té solid-to—soiid
contact.forces ofbmineral‘grains; the number of bonés per contacf
varying-wﬁth_the éompressive fbrée at thaf éontact. For\normally-
consolidated clays the number of.bonds formed is directly propogtioﬁal

“to the effective stress. When the applied stress is removed, however,

r.

it is not accompanied by a disappearance of all the bonds. Consequently
o#erconsolidated clays are stronger than ncrmally-counsolidated clays

at the same effective pressure., Mitchellet al also deduce that




compressive strengths are proportional to the number of bonds
virrespective of the soil type or state; water only appearing
to influence the number of bonds by its effect on the effective

pressure., Cohesion results if bonds exist at zero stress.

1.6 Soil Water Phenomena

Following uplift and erosion (e.g. Bjerrum 1967a)

‘ soil suction is one of the important processes-gn'the partli;
saturated nearcsurface zone. As a consequence, a brief reviéw 6£ :
the different mechénisms operatives:is currently given. Moreovef,
in later chapters it will be seen how thé compaction history affects

suction-moisture content relationships,

1.6.1 The Movement and Distribution of Water in Soils in Relation

~ to Secil Suction

Vater will flow from one point to another under the influence
“of a pressure gradient resulting from hydrostatic pressure, vapour
.pressure or both (Coleman, 1949), Movement of water under the
former process .occurs in the form of capillary flow or transfer of
.moisture films, whereas movement by the latter process occurs by
evaporation and condensatidn.

The surface forces by which water is retained. in the soil
,structure,and.fespénsiblé for the pressure reductiéh'(below atmospheric
pressure) are,knowntas fhe tsoil suction', This“term‘maytﬁe"defiﬁed as
the negatlve pressure by which water is retalned in the pores of a
samp1e of soil when the sample is free from external stresse.

To account fbr the extremely large range of pressures ‘encountered
(i.e. from oven dryness to the full& saturated condition) Schofield

(1935) deveioped a scale based on the logarithm of the hidraulic
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head (measured in centimetres of water), known as the pF scale
(see Table 1.4).
| . Soil suctlon is only sl1ghtly reduced by an 1ncrease in the
temperature, but temperature gradlents do g1ve rise to 51gn1f1cant
vapour pressure dlfferences. However, the varlatlon of vapour l
Lt
pressure wlth molsture content 1; nevertheless small for SOllS at
.. the m01sture contents 11ke1y to be found in practlce.
Under 1sotherma1 c0nd1tlons, the effect of suctlon 1ncreases
as the SOll beComes drler and it can be deduced from Flgure 1, 13
-that only when _very. dry SOllS are encountered, where the suctlon .
Vexceeds pF 5, does the pore water vapour pressure differ 51gn1£1cantly
E from that of free water. ' This infers that only under condltlons |
approachlng these suctlons w111 1sothermal movements of wvater take
placeo - | | - | |
.wﬁen freeting occurs the'Soil suction increases; this leads
to a redistrdbution of .soil water defined by the equationb
(schofield, 19355 - |
= 4.1 + log, t ....e..,,.;......,...... (1)
If u is the pre water pressure vhen an'external pressure is
: applled to a sample, and s is the suctlon in the materlal when 1t
isg free from external 1oad1ng, then these quantltles can be related
by the follow1ng equatlon-— . v

A,

U =S +X P esceeccccccscessseccssscssccce (2)
where x is the fractlon of the applled pressure P whlch is effective
1n_chang1ng the_pressure of the soil vater.“ The value of‘u, whlch
can be determdned‘by simple experiment (Croney, Coleman and Black,._
I i958), varies-from 0 to 1. For incompressdble‘soils, such as sands,

chalk and limestone the value is zero, hence s = -u, but for fully




~

Table 1.4

. Units of Measurement for Suction Pressure

By - PF Eq‘aivaient Hydraulic. Head | Suction Reiativé Huxhidity
) . () (/n®)  (1b/ind) @
0. 1 - 3,28 %1072 0,0981 1.42 % 10-_2 .=
I -1 . | ]
2 10° 3.28 * 9,81 142 99,99
3 10 3,28 % 10 98,1 1,42 ¢ 10 9992
4 10* 3.28 * 10°  981,0 1,42 % 10° 99427
5 3 3
5 107 A 3.28 % 10 9810 - 1e42 % 10 93.00
6 10° - 3.28 * 107 98100 - 1.42 » 10° 48,43
7 107 ° 981000  1.42 % 10°. 0.07

3. 28 * 10
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compressible soils it is essentially 1 since the applied pressure
_is-taken o by the wvater, consequently u=s + P, For 'partially

' compre551b1e 50115 (e.g. 511ts and sandy clays), x varies between

.the two extremes.-

Once the value of x has been determlned, equatlon (2) can be
. H
' used to derive the dlstrlbutlon of m01sture beneath structures and

: pavenents on saturated or unsaturated 50115, and the settlements
~11ke1y to arise from changes in- the water table and loadlng .
condltlons can be determlned. - o o

When the water table is near the surface (1.e. in wet climates)

"-._

thls determlnes the dlstrlbutlon of negatlve pore pressure and.
'ultlmately the dlstrlbutlon of suctlon and molsture content, Under
_ dry condltlons, the m01sture content of the ground near the surface
can be determlned by the atmospherlc humldlty and suctlon in these
c1rcumstances can; be deduced from the average humldlty (Croney and‘
-Coleman 1961) A sem1-emp1r1ca1 method dependlng upon the
Thornthwalte nolsture 1ndex (whlch is a function of the mean air
temperature and rainfall at a given site) has been derived by

' Russam (1959) to deduce the suction between the two extremes

(1.e. no vater table in the upper 3m of 5011)

1,6.2 The Variation of Soil Suction in Conpacted Sedlmentary Rocks

The way in whlch molsture content varies w1th applled suctlon

depends upon the nature o£ the materlal, ieee whether 1t is

1ncompre551ble, fully compre551b1e or partly compre551b1e (Croney

and Coleman, 1954).

(a) Incompre551b1e 'soils include all granular materials such as

'sands, and materlals 11ke 11mestone and chalk, uhere the 1nternal

-

:pressure arlslng from an overburden is transmltted by the 1ntergranular

contacts and does not contrlbute 51gn1£1cant1y to the pore water
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pressure; the volume of such materials being independent of the
moisture'content.’ Typical suction moisture content relationships
- for incompressibie materials are illustrated by studies on the
Chalk (Lewis and Croney, 1965) in Figure 1 14a. In incompressible
materials the 1argest proportion of water is retained by surface
tension effects around the point contacts of grains and in the s0il
. pores and capillaries. The remaining proportion of water within the
soil_structure may be‘regarded asweither‘beino'chemically combined
water"in the‘crvstal.lattice‘(which can.beAregardedias part'of the
solid, as it cannot be removed by heating at 105 C) or absorbed
water (which can be removed by heating at 105 C) The amount of this
retained water depends upon the surface area of the material.‘ v
‘Childs (1969) shows that the pressure acting on the surface of
water entrapped between grains of 5011 can be defined by a number of
' equations depending"upon the direction of the two rad11 of curvature
acting through the surface concerned. Since a curved interface can
_ only be maintained by an excess pressure on the concave 51de then
when the two radii o£ eurvature originate from centres on opp051te
sides of the interfacev i.e. Ry (centre on‘thevair side of the
interface) and R (centre on the water 51de of the 1nterface), the

nett pressure diff‘erence is represented by the equation--

AT (1/h1 - r/hz esesecesosssssesacce (3)
where T is the surface tension acting in the surface and A and P
| are the pressures on the 51des of the 1nterface which contain Rl
and R2 reSpectively. | |
If bothlcentres of curvature (now represented by R, and R4)
~originate from the same side i.e. on the side from which A‘operates,
then the nett pressure is represented by the equation:f .

P = A= TRy + 1/R,) coceersssscineecens (4)
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For a'spherical;interface (e.gs a small drop of water or an air
bubble in water, both radii have the same value (R) and the pressure

outside the sphere is represented by:-

l : : . , P =A"- 2T/R‘ooo‘oooooocooooooooooo‘oooooA(5)
' Fbr 30113, it is usually found that one s1de of the interface is
. . in free communlcatlon with' the atmosphere and consequently is at’

a constant pressure whlch can be taken as the datum for measurement

"~ of P. Thus 1f A is zero, then the above formulae become~-

P = - '1‘(1/121 - 1/1z2 (6)
- 'r(l/lz3 + 1/ ) coresessenccicerans (7)

P=- 2TA 00.0.....C..OO....O.........Q. (8)

P
.uhere P is the pressure lnfthe'water, vhlch always can be shown to
represent a suction. Furthermore, by modlfylng the geometry 1t is
p0551b1e to choose small values of Rl and R (representlng saddles)
~,and large values of R3 ‘and R, (representlng cups) to give the same
values of suctlon. | |
The remoual of water from granular soils can best be
: demonstrated~by'reference to Fiéurell,ls (From Childs, 1969) which
is a sectionAthrough a.hypothetical soil specimen, Initially the
| - soil is saturated uith the water level above the particle surface
(stage 1) and since the 1nterface is planar, the suction just
below the surface is Z€Tro. If the water is v1thdrawn from the
AAspec1men, then unt11 stage 2 1is reached, the suction Just under the
surface remains zero. As soon as partlcles cut the air-water -
- interface (stage 3)4 curvature of the_interface is imposed and as
‘the<lnterface withdraws into the specimen the curvature hecomes
sharper and the suctlon accordlngly 1ncreases° eing greatest in
the narrowest parts of the pore channels (stage 4). At higher

: suctions the interface retreats into wider channels, i.e. with a
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Figure 1.15. b5tages of withdrawal and Reentry of Water
' Associated With the Pore Space of a Porous
Material (After Childs, 1969).
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larger curvature (stage 5)s Instability results and the interface
does not rest.until a.position in a channel of narrower radius
than stage»4 isbfound (i.e. stage 6). " 1If no suitable channels
are fbund (e.g. in-a soil wh1ch consists of granules enc1051ng
channels of 51m11ar geometry) then almost complete dralnage “
occurs, - However, ‘some water does remaln at the contacts between
'gralns, and this can only move very slowly e1ther by liquid |
movement in very th1n films left on the partlcles by molecular
.attractlon, or in the vapour phase. | | |

v-If the suctlon is decreased at stage 6, the interface will
climb to the w1dest part (1.e. through stages 7 and 8), after.
-whlch tne 1nterface curvature becomes sharper and requlres a .
' greater-suctlon, than at stage 8, to malntaln equlllbrlum,
Nlnstabllity results and themsuction is dnsufficient to prevent
the cell-refilldng until stage 16 lstreached."Further uptake.of
waterlreguires a continued relaxation of the suction.

The hystere51s of the suctlon/m01sture curves is consequently
accounted for by the above factors, i.e. the suction requlred to i
empty the cell is the relatlvely hlgh value correspondlng to the
curvature at stage 4, vhllst the suction for refilllng is the
lower value correspondlng to the curVature at stage 8 larger
hysteresis effects belng produced by a greater size dlsparlty

: between the pores and channels. Surface tens1on effects also

"make a contrlbutlon to the dlfference between the suctlon for
entry and v1thdrawal, ‘i.es the radlus of curvature is greater for
a greater angle of contact. The characterlstlc m01sture content/
suctlon relatlonshlp from the totally saturated condition to that

'of oven dryness is known as the boundary drylng condltlon, hereas

when the reverse occurs the relatxonsh1p is knoun as the boundary




wetting condition.

(b) FullyvCoppressible Soils include clays and colloidal materials,
.'Underifield eoﬁditlons these arelnormally'saturated and pressures
. are carrledjeaelusively by the pore water, A'typieal suetion-
- molstpre.eonteeturelatio;sﬁip'for these ﬁaterialszﬁ showahiﬁ
Figure 1 14b (after Croney, Coleman and Black, 1958) These
~wr1ters also show that the var1at1on in the sane relatlonshlps
‘when clays of differing-Atterberg limits are considered (Fig.l 17).
“‘Chllds (1969) con51dere the nlneral skeleton as conslstlng of a
-‘large number of parallel plates (Fig.1l. 16) Repu151on between
the plates is due to_the hydrostatlc pressure petﬁeen plates,
'being hl;ﬁerjtﬁa;'in_the regioﬁ outside the mass, Equilibriuﬁ
is maintained‘bf}the“application of either a'mechaﬁieal pressﬁre
or a s;ctioﬁ whieh‘is eqeallto_the hydrostatic pressure between ‘
lthe_plates; any~lncrease in the former quaatities eapsing the
- plates‘to mote_together-untilxthe pressures are again eoual;
': Consequently the previous explaaatlon of_hysteresis cannot
be appllee'to-eolloldal matter. ‘Howeter, assuming‘that ﬁ}steresis
"is a genuine effect, then a suitable explanation can be put forward.
If the claj consists of'plates vhich are-non-parallel, then the
cavities-between them will be larger than in an array of parallel

plates, thus the potent1a1 energy w111 be hlgher. An increase in

b

suctlon may not only draw the plates closer together but may also
reorlentate them 1nto nearly parallel p051tlons of lower energy,
water belng lost in the,process. At the same)durlng rewettlng
-theuplates will separate b&twaot necessarlly to thelr orlglnal
positionsé'aao ﬂence less water vill be atsorbed. Subsequeet-

.. cycles of wetting and'drying should produce a closed 100pe
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(c) Water loss by different mechanisms at the same time, In

certaln c1rcumstances water may be lost with equlvalent air entry
) over part of the suction range and equlvalent shrlnkage over the )

remalnder. In other cases, water loss may occur- by both processes

slmultaneously.~ Typlcal suctlon curves are shown in Flgure 1. l4c.

. 1. ’ .
if suctlon 1s applled to a saturated clay soil con31st1ng of

aggregates, then shrlnkage of the aggregates w111 occur
51mu1taneously w1th the wlthdrawal of- water from the pores between
the aggregate. If the aggregates are of commonly occurrlng 51zes
ranglng from a few mllllmetres to a few centlmetres and are-in
random array, then the structural pores will. be large and empty

at low suctlons (1.e. a few centlmetres of water, and relatlvely
llttle water is- lost from the crumbs. if the plates are of uneven

thlckness and in random orlentatlon then there w111 be p01nts of

physical contact between some neighbouring plates vhile there ié'
appreclable separatlon betreen others. Shrlnkage is consequently
limited whlle there is still large amounts of wvater left in the .
pore space and further increases of suctlon cause curvature of

the alrdwater 1nterface and losses of water by air entry.

1e643 The Relatlonshrp between Suction and the Mlneralogy of
Art1£1c1ally Prepared Soils )

- An 1nvestlgatlon of 5011 suctlon (and strength) of artificially
prepared remoulded soils has been undertaken by Dumbleton and West
(1970). Phllpot (1971) uses this data to obtaln approxlmate
mineralog1cal ComPOSItlon from suction curves, An attempt to
obtaln the liquid. llmlt by a qulck suction technique has also been
made by Russel and Mickle (1970) Dumbleton and Vest suggest that,

on the ba51s of suction measurements made on mixturesof kaollnlte-




quartz and Ca-montmorillonite-quartz, there is a linear relationship
between moisture content and computed liquid limit of the mixture

at constant suction pressure,

. 1.6.4 Determination of the Specific Surface Area

- l.

Brunauer, Emmett and Teller (1938) use a molecular model to
-deduce a theoretlcal equatlon for the absorbtlon 1sotherm and
'from this the surface area (1n m /b) of the clay mlnerals present .
‘may be calculatec. For this model, the surface of the absorbent
.ie Yisualieed as being partially‘covered with up to n layers of
yarer-ﬁolecules. The rate of.condensation in.any layer is |
‘.éfoportiorar_fo the inetanfaneous differenceAin area between the
iayer.ahd-theAlayer beneath‘it, and the rate of evaporation is
proportional to'the-differencevin area between the layer“and the
flayer-above it; Atveqﬁiiibricm the rates of condensation and
_evaooration are equal, an& from’theeeaconsioerafionewBrunauer.

- Emmett and Teller produce an equatlon (the B.E.T. equation) of

the fbrm‘-

. H . = l__ + C -1 * .1;{' ) (9)
-_M"('l- -'H j - H mc ' - Mm c- —— 100 XA XXX XN X J
100

where M is the moisture content of the soil at a relative humidity H,
and M4 ie the moieeure—content when the soil is completely corered
by a unimolecular layer.of warer. fhe corstantlc is an expoﬁential
function of the latent heat of evaporation of water “rom the -
vunlmolecular layer on the’3011 surface (E cals/bram), the normal :
‘latent heat of evaporatlon of water (B, = 538 cals/bram), the
imclecﬁiar ;eigﬁf of water (m = 18,0 gram;/hole),Athe gas confert

(ﬁ = 1,987 cale/hole/oK) and the absolute temperature (TOK), i.ees—




C= eXP(E - E ) m 000000 0c00s00000s0c0e (lb)
RT

»Equatlon (9) is of the form y = mx + c, thus whenloo/h(l 15b
“is plotted agalnstlg0 a stralght 11ne with an 1ntercept o MIC

‘the 'yt axis and a slope of (C—l)/h C will result. Consequently
. C and M can be calculated know1ng that the relatlve humldlty

: (H) is related to the suction (pF) at 20°C by the follow1ng

b RS

' equatlon derived by Coleman and Farrar (1956):

PF = 6,502 + 10910(2 - loglo H) ooooooaodoooo (11)

The value of M is related to the surface area (A cm‘/b) by the

fbllowlng equatlon-- .
e '~ area of water mols (l 05410~ ?cma) Hh/loo :
A= ——— - —_— cm%/b eeese(12)
Mol wt water (18.0) = unit at. mass (l 6610 24g)

f (i.ee A 35}{ m_/g)

1.7 Slaking Behaviour

Uponvuplift‘into the zone of weathering, and in oarticular
upon exposure'at’outcrop-or-as a result of engiaeering-excavations,
uaterials may disintegrate by slakiug ttrough tte action of.water
'on the'partli-saturated or-dried febric;.'lhis'behaviour is not
.onlyAcoutrolled byAthe mineralog&, pore water chemistry and soil
: fabric,‘but-may-also be influenced'by}tﬁe:compactioo history,
espec1ally the presence of dlagenetlc bondlng. “CoASequentl& a
| series of experlments have been performed on the materlals currently

under conslderatlon in an attempt to dellneate the above factors.

1.7.1 Slaklng Mechanisms -
The most 1mportant mechanlsm operating during the slaklng

of non-swelllng clays (e.g. kaollnlte) results from an increase in




 the pore air pressure overcoming the tensile strength of.the material

(Terzagh1 and Peck, 1967; Yoder, 1936) According to Henin (1938)
\

and Tschebotarloff (1951) detachment of expan51ve ‘materials

' (eege montmorillonlte) occurs by a shear or tens11e stress which

.1s 1nduced by d1fferent1a1 swelllng. ThlS mechanlsm may be

. t -«
d1v1ded 1nto the osmotlc swelllng effect (1nvolv1ng fbrces at

' dlstances greater than 20A) and the surface and cation hydratlon

effect 1nvolv1ng short range forces (Mielenz and Xing, 1955)
Slaking by dlssolutlon of cementlng agents, whlch may 1nclude

diageneticAbonds (Bjerrum, 1967a) has been suggested by Winterkorn

[

(1942).

'Salt heaves', more ‘associated with swelling than slaking,

such as ‘the oxydation of pyrrhotite and~pyrite~(with the former
~acting as a catalyst for' the non-reactive latter) (Bastiansen,

:et 51., 1957) or'swelfing due to crystaliisation'and change in

hydration state of sulphates has'not been considered. The formation

of gypsum . and jarosite in both in situ and compacted shale infill

'has posed nroblems in a number of countries (see Tayler, 1978).

1.7.2 Slaking Behaviour of Pure Clays

| General descrlptlons of the slaklng of pure clay mlnerals
are given by- M;elenz and Ilng (1955) and general observatlons have
been made by Emerson (1964) Xaolinites and illites disintegrate'
by spalllng until a mass of chips remaln, whlle montmorlllonlte

slakesln dlfferent ways dependlng upon the exchangeable catlons

, present. Air-dried K—forms swell and spall with con51derab1e

release of alr v1th each new crack' spalled pleces cont1nu1ng

to disintegrate until only small aggregates remain. The air-

. dried Ca-form is prone to rapid expansion with simultaneous




disintegration into small aggregates., Air-dried Na-montmorillonite
slowly swellsland flocculatant growths appear oﬁ‘the surface. Swelling
increasé; the size severalfola, and ultimately the form is lost
b& slumping;, |

Slaiing of non—-expansive kaolinite is pre?ented by air
evacuation pridr to immersion, wﬁereas the effect én e%pansive
materials is to cause ‘a more rapid but less complete breakdown -
(1ielenz and King, 1955). Emefson'(1964) coricludes that air evacuation
only reduces, but does not stop, the éiakiné of thin flakes of
Cé—kaolinite, in the sense that fhe average size of the débris is greater.
His resuits élso indicate that the reduction of slaking due to air
evacuation is less for Ca-illites, wherea§ dried flzkes of Ca-
montmorillonite swell to the same ektent as those not sﬁbjected
fo air evacuation, | |

Yith regaré.to the initial water content, slaking increases
as the air-dried condition is approéched (MielenzAand Xing, 1955).
Mitchell (1965) procuces qualitative evidence in agreement.with
‘this statement (see Table 1.5). According to Emerson (1964) the
boundéry between slaking and non—slaking of Ca~-illite occuré at
a relative vapour pressufe (p/po) value of between 0,75 - 0.84.
(Table,i.6), and above p/bo iAO;92 illite flakes are saturated.
, Qn.tﬁe othér hand, he reports that at p/bo = 0,985 only 60 per
cent of the poré space:of Ca;kaolinite is filléd:anq consequently
slaking is éompiete under {hese~conditions (and is oni& stooped by
slawly wetting the material prior to immersiqn). He further reports
that Ca;montmorilionite flakes do not slake upon immersion, .-
although meny transverse cracks occur on the surface

and the edges become frayed. Equilibration of dried




Table. 1.5 Effects of Relative Humidity (RH) Equ111brat1on

~on the Slaking Behaviour of Various Clays (After

Mitchell, 1965).

H

Degree of Disintegration

(After drying to)

~ Sample . 100% ReHe 80% RoHe
B » 94% R.H.
~Kaolinite Complete Complete Complete
Illite Severe Severe~ Complete Complete
Montmorillonite Moderate Complete Complete
Table 1.6 Effects of Relative Vapour Pressure (p/p ) Equilibration
on the Slaking Behaviour of Two Clays (A%fer Emerson,
1964) . ]
Degree of Ddsintegraticn>
(After *Wetting' to p/bo =
Sample 0.75 0.84 0.92 - 00985
Ca-Kaolinite — o — Complete Completg
Ca~Illite. Slight




samples to highéi relative vépour pressures only reduces the
amount of swelling subséquept to irmmersion in waters

The effect of electrolyte concentration upon the dispersion1
of clays is well known (Van Olphen, 1963) and the existence of
a criticai salt'concentration (CsC) at which 50 .per cent of
" dispersed clay flocculates in 24 hours is recognised, The
effect of the exchangeégle sodium percentage (ESP)Z on the
dispersion behaviour of illiteé and montmorillonites is shown
in Table 1.7. When the ESP is below 12.5 Ca/Na montmorillonite
- systems (Rowell, 1963) and Cq/Na-illite systems (Rowell et al
- 1969) behave like the pure Ca material. The equilibrium state
of illites and montmorillonites as a function of ESP and
electrolyte concentration is shown in'Figure 1.18, The dispersion
behaviour of kaolihite systems with an ESP higher.than 15 per cent
tis‘considered to be identical to the pure Na-form (Elgabaly and
:Elghémry, 1970). These workers also note that the permeability of
kaolinite. decreases as the ESP increases, and in fact at an ESP
vof 15 pér ceht the permeability is 20 times less than that for

the Ca-form.

3

'Emerson (1967) reports that the water content for dispersion

_l; Dispersion is the sépafation and suspension of individual particles
or domains from the main mass when immersed in a liquid, and is
evidenced by a cloudy appearance. It includes deflpccuation (Van
Olphen, (1963). '

. sodium exchange capacity (m.eq/100g) * 100 (%) .
cation exchange capacity (m.eq/100g) . :

2 . ESp

3 The Water Content for Dispersion is fe fined as the minimum initial
water content of clayey material, usually remoulded, which just .

exhibit perceptible dispersion when immersed in water,
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- Table 1.7 “Emchangeable Sodium Percentage (ESP) for Dispers'ion
of Air-dry Neutral Clay Flakes in Water (Adapted
- from Emerson, 1967)

: . : ESP (%) for - - ESP (%) for
Clay .. _ - Complete Dispersion Just Perceptible
' ' , in Vater .. Dispersion in Water
. CafNa-illite . - 13 : 7
Ca/Na-montmorillonite 12 6

- Table 1.8 Water Contents foz';Disper‘sion (WCFD) of Clay in
Vater-from Remoulded Silt-Calcium Clay Mixtures
(Adapted from Emerson, 1967). -

Clay and Measured o Ratio WCFD (%)
WCFD for Clay A Silt : Clay after Remoulding
Fraction only . R Measured . " Calculated

 Ca-illite ' , 1
(WCFD = 52)

w

Ca-montmorillonite (a)
(WCFD = 150)

w !

-

Ca-montmorillonite (B

(WCFD = 350) .
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(WCFD) to be 52 per cent for Ca-illite and 150 and 350 per cent

. for two different Ca-montmorillonites tested. However, the latter

two values correspond to basal spacings of 288 and 534 respectively
(assuming a specific surface area of BOOm%/g) vhich are much
higher than the 198 maxiﬁum basalVSPacing reported by Norrish and
Quirk_(l954). Consequently he concludes that the excess must.
be asscciated with the inter;domain pore spaces On the other:
hand, Ca-kaolinites flocculate in water (Schofield and Saﬁéon,
1954) and aggregates cannot be dispersed by inéreasing the water

content (Emerson, 1967).

The effect.of silt upon the WCFD is summéiised in-Table 1.8
énd the good agreement between measured and calculated'values
possibly implies that the silt is merely acfing as a dilutant.
Water contents for dispersion of mixtures of Ca-illite and Ca-kaolinite
indicate that the presence of kaolinite up to .50 per cent does not alter
the WCFD of the illite (see Fig.1,19). Bﬁ consiéering the work of sills
et al (1973).the shape of the curves may be explained by assuming

an inert kaolinite structure dominated by active illite particles

which f£ill the voids surrounding the former.

- Schofield and Samson {1953) demonstrate that Na-kaolinite
(flocculated at pH 4) deflocculates upon increasing the alkalinity
by the addition of NaOHs A similar, but lesser effect is observed

in Na-montmorillonites (Emerson, 1963). Arora (1969) reports that,

'in general, the CSC for pure Na-clays increases from pH 7 to a

maximum at about pH 8.3 and then decreases at about pH 9.5. Clays
contéining divalent cations are only affected in a small way by

changes in pH and CSC valuves are generally low (i.e. in the order
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~ Kaolinite-Illite Mixtures (Adapted from
Emerson, 1968).

61 |

100




of l_me/iitfe). The effect of CSC values on heterionic Na/Ca
and Na/Mg clays is summarised in Figure 1.20..

The effect of particle size on dlsper51on behav1our has been
studled by Arora (1969) vhilst the effect of soluble silicates on
the aggregatidn behaviour of bentonits énd kaolinite has been
reportsd by butt (1948). |

With regard to clay microstructure and fabric, Lambe (1958)
suggests that dlspersed structures in compacted ¢tlays resulted in
faster slaking than for corresponding flocculated structures, but
he doesnot elaborate on this except to mention that differences
in permeability may be a complicating factor,. Studies Qith a
scanning electron microscope and sther methods (Barden and Sides,
19713 indicate that the structure of kaolinite contains large

domains with ill-defined boundaries showing gradual changes in

"~ “orientation regardless of being flocculated or deflocculated

(Smart, 1967). Emerson (1964) further concludes that rearrangenent
of kaolinite crystals upon immersion is not a msjor cause of slaking
for this maférial. Iliite, on the other hénd,»shows a marked change
in fabrjc (i.e. dispersed or salt flocculated)Adepending upon the
physico-chemical conditions (Barden and Sides, 1971a)e At present
the resolution limit of the scanning electron microscope prevents
Cany conclusion on the fabric of montmorillonite..
SwelTlng phenowena in clay minerals occur by either intramicellar

(1n racrystalline) swelling, involving the expansion of the clay
mlneral itself, or intermicellar (intercrystalline) swelling,
1nvolv1ng expan51on due to the water between the clay mlnerals.
.(Barshad, 1955) Intracrystalline swelling to unlimited basal

" spacings cccurs in Na-montmorillonites whereas a maximum value .
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of 194 occurs in the Ca-form (Norrigh and Quirk, 1954), By
'studying Na/ba montmorillonite systems, this behaviour can be
accountéd for by the ddmaiﬁ concept (Aylmore and Quirk, 1959)
and the concept of demixing of cations (Fink et al, 1971).
‘ According;to the latter authors, with an ESP 50¢per éent random
mixing of Na and Ca cations occurs and there is unlimited
swelling between all the plates when water’is added. As the ESP
is reduced from 50 to 10 pér centlfhere‘is érogressively more
demixing on the interliayer gxchange'sites with progressively
mére sets oflplates COllapsfhg to a 20A repeat spacing; With
an BSP.f10-15 per cent the interlayer exchange sites are
predcminanfly Ca saturated‘and Na ions occupy external planar
and edge sites.,
Physico-chemical aspects of swelling have been reviewed by
Mitc#ell,(l973). By Vaiying the electrolyte concentration and
ESP tﬁé effect on the swelling potential of illite (Réweil et al,
1969) and montmofillonite (Rowell, 1963) are shown in Figures 1.2l
and 1,22 respectively. In both cases the pure Ca-~-form appears to
'be nearly independent of the former variable.Emerson (1962), however,.
" concludes that the svelling of orientated Ca-montmorillonite |
graduaily increases as the electroiyte cohcentration is réduced‘. V
Eméréon (1964) has suggested that on a macféscopic scale
the pressure of entréppéd air will be lower in swéiling matérials
(than in non-swelling materia&sbbe;ause a largér émount of-additional
water absorbed is used to swell the already'wet regions anq not in

occupying new pore space, Consequently, montmorillonite, with ‘ .

-_ small flexible plates, should have a lower entrapped air pressure

than either illite or kaolinite.
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le7.3 . Slaking Behaviour of Natural Clays and Shales

Natural clays and shales, in- addition fo being polymineralic,
have additional complicated structural featufes such as fissility,
jointing and slikensiding and diégenetic bonding which makes
studying‘their slaking behaviour a fairly difficult task. .As a
consequence of this a suitable classification based on their
engineerihg propertiés has not yet been wel} established
(Underwood; 1967; Morgenstern and.Eigenbrod,l974);

According to .many workers (e.g. Nakano, 1967; Nor@quist
and Bauman, 1967; Xemnard et al, 1967; Grice, 1968) natural
materials at in situ moisture contents do not.siéké in water;

-a fact yhich has also been noticed by the present writer. Nakano
(1967) has indicated the existence of a critical relative humidity
(CRH) as he found thaﬁ samples did not sléke if they were kept at

- a relative huridity of greater fhan 94 - 98 per cent before immersion.
Furthermore when equilibrated to drier c0nditibné than their

- patural state, all the materials had a greater tendency to
disintegration in water vhich may be aﬁtributed tolair breakage
and clay mineraiogy (Taylor and Spears, 1970).. Van Eeékhouf

.(1976).showslthat the strength of coal miné shales is severely
lowvered by humidity fluctuations, and result§ from expansion—-i
contraction éhéracteriétics lengthening inteinai cracks,and froﬁ

~ the lowering of fracture energﬁ with increased moigture.. In fact
Johns EE.E& (1963) have actually used humidity control in the field
to prevent disintegration. However, when studying the stogage and
drying effect of sampies of Oxford and Weald Clays on slaking
durability valués, Franklin and Chandra (1972) found that slaking
waé reduced for.samples'with lower initial moisture content. In
addition, oven-drying did not change the effect of moisture

content variation on the slaking behaviour. Van Eeckhout '(1976) further
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-Vshows that at humidities of less than Gd per cent, the strength
. of coal mine shales is kept relatively high. Aughenbaugh (1~974)
sﬁggests that it is not possible ' to-correlate slaking behaviour
-.of shales to their moisture content. changes unaer-various relative
- hupidity conditions,

‘The effect of aif evacuatiori.on the slaking behaviour of
illitic shales assoc‘iated vith British coal seams has been
explored by Badger et al (1956),. (Talble,ll.9). They report that
slaking of the majority of shales tesbed increased with air eva.cuatié.n‘
- and attribete' ~this to the fact that removal of air from the .
p,qres .permits‘ more'water to. réach and attack a greater surface .
aréa by the-use of the 'ionic dispersive force', Only one sample,
containing a relatively large amount of ];aolinite showed a large
reduction of Slaking, particularly of the minus 10 pm aed-mi'nus
-~5 W 'p"article sizes.' Consequently they consider air breakage
impoftant in mechanically weak shales. However, no ‘mention -
is made ‘of the effect of reduction of 1n1t1al moisture content
as prev1ously discusseds - Taylor and Spears (1970) also note ‘
that breakdown . is partially reduced in nater:.als wvhich contain
relatively large amounts of kaolinite and chlorlte. - |

A montmorlllonltlc mudsto’xe, studied by Nakano (1967) showed a
sxgm.flcant change in slaklng behaviour upon alr evacuatlon, although
A‘the percem.age of small grains remained lower after slakmg }_11_1;_911_9.

By studylng the physmo-chemcal factors assoc1ated w:.th
slaklng behaviour, ‘Badger et al (1956) show " some correlation
between exchangeable sodium and the degree of d1s1ntegratlon,
(Table 1,10). They also note that high electrolyte concentrations

of Na C1 and (:a_(:l2 signif:'_.cantly reduced slaking in the samples
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Table 1,10 Correlation of Exchangeable Ions and
h Disintegration (After Badger-et al 1956)

e

Ion céhééntrétioh, Percentage of + in,

: milli-equivalents - to % ins shale

Shale - : per 100 go shale | disintegrating.
Na' | .f N 36 B.S. mesh © -10 wn
Ryder- o 15.0 50 - 82.5 405
Kingsbury 122 45 o L9 262
Flaggy Delf. | 9.'5 7.2 | 323 - 11.?
Denby 9.0 - 2 19,7 67
Linby 85 4.8 | 11.7 8.0

" Llanharan . 6.2 Sel -

Rushy Park o 5¢5 4,9
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fested, alfhough they conclude thét the concentration necessary
to.cﬁmpletely suppregs slaking is éo 1arge.that no practical
significance caﬁ . be placed upon the results, .

In geaneral, llqulds which have-a hlgh dielectric constant
tend to give hlgher deg“ees of dlslntegratlon (Denlsov and
Reltov,vl961; Badger et al, 1956). ‘Nakano (1967) concludes
hovever, fhat becausé nb reaction QaSObéerved with nitrobenzene j
(dielectric constant 36), it is the abilit;‘of-avliquid to form
hydrogeh bonds.with water which is important in slaking behaviour
rather than the dielecfric constant itself. He also establishs
‘ a relationship be‘ween swelling ard slakin g behaviour and suggests
that the latter involves hydrogen bonding with the clay surfaces
vwhich releases excess free energy of the liquid ultimately causing
destruction of the material.

Taylor and Spears (1970) conclude that breakdown of sandstones
and siltstones is slow and is controlled by structures such aé.
joints and'stratifiéation. ‘They alsd note that mudstones and
shales (including seatearths) breakdown rapidly, structure ag;in |
playing an important role,-althoﬁgh a simple pattefﬁ cannot be
applied because of:the range of mineralogy etc.; extreme members
literally exblodiﬁg Qhén water is added-fo_the deéiccated materiale
mhey also concluﬁe that a hlghly preferred orlentatlon does not
vecessarlly reduce breakdown in argillaceous sbales whereas
White (1961) suggests that non—fissile materials tend éo
disintegrate more in Qater. | | |

Disintegration of shales by the formation of a polyagbnal
' cfacking'pattern perpendicular to the bedding uﬁon drying.has been

reported By Xermard et al (1967), who conclude that the feature is




_‘formed as a(reSult of tensile stresses created due to neéative
pore pressu;es; |

The destructlon of dlagenetlc bondlng (BJerrum, l961§
:_leadlng to the release of locked in strain energy results in
- the slaklng of'overconsolldated shales after.stress release.
Under natural condltlons these bonds are destroyed by weathering

:agents over- long perlods of time (Peterson, 1958), at rates vhich

R are dependent upon thelr own strength; a process whlch ultimately

_leads to an increase in swelling andlassociated higher moisture
»contentstj Strong diagenetlc bonding may onl& break down to a
certaln extent when the mater1a1 isg rapldly consolldated and
rebouurdtln the laboratOry under test condltzons (BJerrum 1969).
However, when subjected»to_repeated cycles of loading and
nnloadiné;(Bjerrnm;;lésés of‘to_;epeated cycles of dr&ing and
wettlng>(EOrgenstern and Eigenbrod, 1574}, tben it is duite
possible that these'bonds can be btoken down.and the resulting

i lnenease in moisture content ean be measureds Consequently lt
is.notfsntprlsinp;that'eycles of wetting and_dryiné generally
oanse a rapld-breakdown of shales (Underwood, 1967) and that
‘sanples which‘do not break down appreciably upon the first cycle'
of the slaklng durablllty test tend to fall apart after a number

Aof cycles (Gamble, 1971)




Chapter Two

Geological Nature and Characteristics of the Samples Studied

2.1 General Information

- Details of sample localities, present depths of burial, water

. table levels and how the samples vere obtained, in addition to

“their coding_(for future reference), are given-in Tables 2.1 and

22+  Areal:distributions of the-saﬁpies are shown in Figures 2,1

. and 2,2,

262 Statigraphy and Lithology

Stratigraphical distributions along with correlations of the:

-~ British and North American strata are presentéd‘in Figure 2.3} local

geologlcal condltlons belng shown 1n Flgures 2.4 and 2.5. L

The general stratlgraphlcal detalls for the British Isles were

obtalned from Rayner (1967) whilst for the North Amerlcan nmaterials,

" Dunbar and Waage (1969) was consulted.

The rock materlals 1nvest1gated are brlefly described below

.on a llthologlcal basis startlng with the oldest types sampled 1n

~—the respectlve geologlcal successions of the two countries,

20241 British Materials

2e2s1.1s. Carboniferous Deposits

- Swallow Wood roof  (Westphalian B) (sample SWR,
Flockton Thin roof - (Westphalian A) (sample FTR,
Flockton Thin seatearth (Westphallan A) (eomple FTS,

' Wlddrlngham roof (WEStphallan A)  (sample WR,

Table 2,1)

Table 2,1)

Table 2,1)

Table 2, 1)




Index

TERTIARY

@ CRETACEQUS

JURASSIC

TRIASSIC
574 PERMIAN

CARBONIFERQUS

PRE-CARBONIFERQUS

\\E__
e

e

e

1 for sample 1Centitication

Figure 2.1. Areal Distribution of British Samples.




~— - - ]
0 S00
scale {miles)

Refer-to Table 2.1 tor sample identification

Figure 2.2. Areal Distribution of North American Samples,
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These are the oldest rocks invest:.gated and are the products
of deposit:.on in lov-lying, non-marine, paralic cond:Lt:Lons. ‘'which
‘ tended to produce cyclic depos:.ts in the general sequence: mudstone-
siltstone -sandstone-seatearth-coal.

_The thrce “Fo0f shales are hard and mildly m&&ated, commonly
shoﬁngx ; }narhed fis‘sility; The'widdringham roof (sample wx) is the
veakcst by nrtuc of the fact that it contains carbonaceous part:.ngs.

H:Lghly pohshed listric surfaces together vith occasional root
remains, are present throughout the seatearth, endowmg the specimen

with a relatively weak strength and the faclllty to crumble easily.

2020162 —Triassic-Deposits

euper Marl . (sample M, Table 2.1)

. The ¥euper Marl was laid down in saline basiné of inland
drainage 'undér_vhot,_arid, mddisinjcpnditions "su:ch that haematite
givcc '-the,_rock a general fed coioufation. Local green patchcs are
probably the .r.esult of iater pericds. of reduction, rather than local
' véfiations in the "conditidﬁé-‘iof depositione "ffheiaterial—'it‘s'el‘f'i's;“ ‘
composed of a silty-clayey. m;trix.‘surromding anguiar. non-t_miform

gra:.ns of quértz, carbonate and (?) evaporite.

2020103 Jurassic Deposits

Ximmeridge Clay (Kimmeridgian) ( smple KC, Table 2.1)
Le Oxford Clay (oxgordian/ ( mples 0C10 , ‘

Callovian) . and 0C44 ). Table, 2.1)
Fuller's Earth (Bathonian) , '(sample FE19_‘,. Table 2.1)
Ue Lias Clay (Poarcian) (Sampié ilo, '

and L 36, Table 2.1)

1 I3 H
Lt




The Iimeridge CIay. Oxford clay and Lias CIay are typical of
the heavy clays vhich were deposited wnder the \n.despread shelf sea

‘,conditions which prevailed throughout most of the period, part:.cularly

in the southern part of Britain, | o - .

‘rhe deeper samples of the. Oxford and Lias Clays (1.e. samples |
- 0044 and L36 ('rable 2,1) respectively) are very firm and fine |
_ grained, although the former is noticeably coarser. ‘They also | |
show a marked fiss:.lity by splitting along vell developed planes,
Vsub-parallel to the_bedding. The samples of Oxford and Lias Clay
from shallow depth. (i.e. samples Oc]-,Of and L10: (Table 2.1')

respectively) and the Ximmeridge Clay (sample XC, Table 2,1) which

is from 10m depth, are noticeebly softer, although the Lias Clay
" has still retained a moderate -fissility._ The QOxford CIaj' shows
traces of iron staining, hi.ghly disturbed bedding and occasional
listric surfaces indicating that it is in an advanced state of
\reathering. The'ximneridge Clay contains occasional faintly
polished surfaces. | |

The Fullers Earth, (sample FE19,. Table 2.1) from the
Retrocostatum Zone of the Middle Jurassic Bathoman ‘beds probably
represents a devitrified volcanic ash deposit (Halla.m & Sellwood,
1968) laid down under marine conditions, It occurs as a band 2m
in thicl’chess-in the Fuller's Earth Clay of the Coombe Hay area near
Baths The lover 1,6m, Afrom vihich the sample was taken, is nearly
pure calcium montmorillonite, In the unweathered condition. it is
blue-grey in colour but quickly weathers to a yellow colour upon
exposure to- aire The niaterial has a soapy texture, with laminations

and a conchoidal fracture,




20201e4 Cretaceous Deposits

'Us Gault Clay (Albian) (8ample GC, Table 2,1)
'Fuller's Earth - (Aptian)  (Sample FE23,. Table 2.1)
_ Ue ileald ciay , . (Barrerhian) (sample WwC, Téble 2.1)

: :'rhe Cretaceous Period is chara:terised 1nitia11y by non-mar.me
‘ conditions to the south of the London Platform and manne conditions

in Yorkshire. Subsequently widespread marine cond:.tions vere estabhshed
'.over the vhole of Britain under which the Chalk was dep051ted.

The Weald Ciay specimen (isample WC, Table 2.1) was laid down

"~ as a fresh vater déposit (Allen, 1959) at the ‘top of a rhytlimic

' serieé of sedimeﬁts involving the interaction of lacusg:rihe and
‘deltaic conditions. The TWaterial itsélf is very hard, silty clay
containing very thin, irregularly .Spaced, non-uni form bands of hard
and soﬂ: material, the former co:ttaining large quantities of quartz,
o.ﬂ:en in lenticular masseso ‘

The Gault Clay (3amp1e GC, Table 2,1) is a stiff, wnbedded clay
$rom 30m below the base of the Chalk and contains up to 30 per cent
calcium carlionate ihich aipears to be present in the form of coccoliths,

The Cretaceous Fuller's Eart!i, '( Sample '1?523.'-4 ‘T'ableﬂa.l) ‘from the
Sandgate Beds in the Recihiil-neiéate azieg, has the same characteristics
as "f.he 'J.urasv;sic deposii:.,i and is probably of. similar origins. It has
been desé.ribed by varidus authors (eege Hal]:aln & Se\lwood, 1968; Dines
& Edmmds‘,- 1933)s The deposit consists of several seams of nearly
pure cali:ium montmorillonite alternating with sandy glavconitic
limestones in a lenticular mass, up to 2l.5m thick, of which the

prihcibal seam is nearly 2,5m thicke

2¢2¢1¢5 Tertiary Deposits

London Clay (Ypresian) (Samples LC)4 . and 1C 37y Table 2,1)

TPertiary deposits in mainland Britain are limited to the London

78




and Hampshire basins; ‘the London CIW being la:Ld down as the second

‘marine transgressmn into these arease 'I'he deposit is relat:.vely

. tmlform in character, being a brawn clay with sandy partings.

The spec:.nen from 37m‘depth (sample LC37” Table 2.1) is a
stiff fissmd clay from the unweatha'ed ?'blue" London CIay zone.
It has frequent sandy partmgs and a gritty text\n'e, 1nd1cat1ng
" a high quartz content. The s.pecmen from 14m depth (sample ml4. "
Table 2.1) is from the trans:.t:.on zone between the "blue" and "brown"
: (weathered) London CIay. It is moderately stiff ,w1th a very fine-grained

e .4.._

,2."2.2 -North American Materials

2.2.2.1 Cretaceous Depos:.ts = Western. Interior

 pierre Shale _ (Campanian) (samples PSD & PSC, Table 2.2)
'Fox Hills Shale (Maastrictian)  (sample FOX, Table 2,2)

The Cretaceous deposits of the Western Interior (Fige2.2) were laid
"~down “in-the ZRock} %otmtainrgeosyncliné-whichwas occupied by a-vast
ep.icont.inental sea covering the vhole of North America from the Gulf
Embayment to the boreal sea in the Mackenzie Delta region of Canada.

The deposits are characterised by docreasing amounts of non—m&ine, .

and rélatively,coarse-grained material in an easterly direction from

the foothills of the Rocky !@o@tain# ('I‘onrtelot, 1962).

The Pierre Shale(which correlates vith the Bearpav and Claggett
formations from other areas)is the most widespread deposit in this
regions The sanple from South Dakota, from the Verendyke member
( sample PSD, Table 2._2)? is a very fine-grained material containing
a high proportion of montmorillonitic 'm:.'merals vhich were derived

from the volcanic activity in the western highlands according to
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Tourtelot (1962);~ The:materid‘may be identified with tne eastern
. facies of shales and marlstones. o | ‘

. 'l'be Pierre Shale from COIorado (sample PSC, Table 2,2) is a
coarser, silty material which may be identified with the western
facies of alternating marine shales andsands (Tourtelot, 1962).

. Weimer and Land (1975) suggest that the depos:.ts in Colorado are
either those of a pro-delta or deeper neritic facies, depending
: -upon the area of depos:.tion.

Sample (mx) shown in Table 2.2, is from the Fox Hills Shale
‘fron North i)akota. It is a non-fissile; noderately stiff, dark
brown clay containing abundant orgamc mattery coming from a none
| marine deltaic._ sequence which is characterised by cross-bedded_e N

sandstones and dark coloured shales (Vemer and Land, 1975)e

2020242 Tertiary Deposits = Eastern Rockies '

Dawson Shale A(Palaeocene) (sample DS, Table 2.2)
Le Nacimento Shale (Palaeocene. (samples N1, N2 & N3
) Puerco Unit) “Table 2,2)

These oeposits from the Eastern Rockies occur in basins of
rapid deposition' and erosion‘as' a result of the orogenic phase
which produced the Rocky Hountams. .

The Dawson Shale occurs in the Denver Basin of Colorado
(Brown, 1943) and has a lithology which is very variable, but is
'broadly that of a terrestial river.or stream-laid arkosic deposit

| oi’ sandstones, siltsrones and ciaystones containing andesitic
1ense$. Correlation is dii‘ficult beeause'of“tl;ne-lack of marker
bands, but it is believed that the lover 170m are of Cretaceous age
whilst the remainder are Palaeocene,

The Nacimiento Shale occurs in the San Juan Basin, New Mexico
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LONDON CLAY

r— G.L.
Brown London_Clay
* %= -] {SAMPLE}
(B)
London
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Clay Biue London Clay 0
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WEALD CLAY
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10
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x [tsampie) 4 0
________ (A) _quarry floor
X | (SAMPLE}
Reading Bed
"8 s Weolden 10
Deposits_ Cyrenia Limestone {1 /2 jrmmed
. ‘ Weald Clay
GAULT CLAY
G.L. '
Lower . e — -~ — - -
Chalk Chalk Marl Horsham Stone
. quarry floor
Gault Gault Clay x |isampLe) KIMMERIDGE CLAY ‘
- metres
) Topsoil L
10
Shpped Rubble, Boulders of chert
Mcterial & limestone in grey meol:u
£ brown clayey
______ silt.
L Greensond] Aquifer [Greensand}
Kimmeridgel Clay. Blue,grey with
Clay calcite veins at top, J
FULLERS EARTH (REDHILL}
. G.L.
Folkstone [SAMPLE)
Beds
Sandst
: metres
Caicareous Sandslune‘
: Fullers Earth ]
Sandgote
Beds : 5
Loose Sandy Shale
Calcareous Sandstone .
Fulters Earth
X JISAMPLE}

Figure 2.4. Local Geology Surrounding British Samples.




OXFORD CLAY
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Brown Weathered Clay
Middie b
Oxtord Clay
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. 0]
. 5
Acutistriatum Bund & o]
Comptoni Bed
Lower
Oxford Clay 6L
) Weathered
Clay
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Inlfrlor L.Estuarine Saries metres
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with sheli frogmenty
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Figure 2.4. continued.
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Figure 2.4. ‘continued.
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(Baltz, 1967) and also ‘consists of terrestial stream-laid sandstones
and siltstones vith interbedded shales conta:.n:.ng much volcamc debrise
Specimens Nl and N2 consist of hard, clayey siltstones whereas Specmen

j N3 is a stiff, dark clay.

2.2.3 ’rertxary Deposits - mssissippi Embayment

_Yazoo Clay - (Jackson Formatlon) (sample YC, Table 2,2)
nncan.d Shale » (mdway Formation) _(samples 16 & ¥8, Table 2.2)
Ashallov sea has occupied this area since the.' late“J\n'assic

. Period and thzck dep051ts have bee.n 1a1d down in a slowly s1nhng

'basin vhich has a central ax:Ls runmng in a north-south direction
through the states of mss:.ss:Lppi and Loulsa.ana. »

The Iincaid— Formation, from the base 'of the Midway Formation
(Cushing et al, 1964) consists of glaucomt:.c sands, clays and
llmestones, all of mar:.ne origine The two samples 1nvest19ated
(samples X6 and xB_. Table 2.2) are both weak, suty, weathered clays

: having" awyellowishcolom'ation nth interdispersed greyish arease
Possii 'debris. is common throughout both materialse o |

The Yazoo _élay, :from the Jackson Formation, is cons'idered by
Monroe . (1954) to be _a.marine deposit laid down fairly close to the
shore in a region’where large amounts of material were brought into
the sea by a 1arge river, or several rivers. ‘i'he material (i.e. Sample
YC, 'rable 2.2) jtself is a soft, blue=grey fat clay with patches of

brawn colouratlon.

2,3 Estimation of the Maximum Overburden 'rh1cknesses of Strata

Three methods were used to est:.mate the maxinum probable
thicknesses of strata whlch have overlain the samples stud:l.ed in this

- project, the results of vhich are sumarised in Tables 2,3 and 204

No accoxnxt has been tahen ofvthe weight of ice cover during the
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Pleistocene, tectonic forces, groundwater fluctuations and the

stressesdue to freeze-thaw cycles, as these factors cannot be

quantified, The three methods employed weres=

2,31 Summation of Thicknesses from the Literature

The probable thicknesses overlying. the- British‘ strata (Table 2.5)

were obtained from Strahan et al (1916), Dines and Edmmnds (1933),

Velsh and Crookall (1935), Arkell (1947), Sherlock (1947). Chatwin

(1947), EBdmmds (1947), Wilson (1948), Chatwin (1948), Larwood and

Funel™(1970), Rayner and Hemingway (1974)e The estimates for the

samples from North America (Table 2,6) were obtained from Brown

(1943), Bass and Northrop (1963), Cushing et al (1964), Robinson

et _al (1964), Underwood et al (1964), Baltz (1967), Varnes and

Scott (1967), Hail (1968), Cooley et al (1969), Hilpert (1969),"

" Fleming et al (1970), Shawe (1970) and Fasset and Hinds (1971).

24342 . Casagrande Construction

‘Where possible, the construction proposed by Casagrande (1936)

) has been used on the e -- log P curves (Fig. 2.6) to estimate the

' preconsolidation loads (See Tables 2,3 and 2.4)e- To‘do this, the‘

. point of maximum curvature on the compress:.on 11mb was loca.ted v1sua11y

" (point-C) and through thls point a tangent (AB) and a line parallel

to the pressmre axis CD- wore inserted. The 1ntersect10n of the

bisectrix of'the acute angle, formed by this pair of lines; and the

'prdjec;tion of the virgin consolidation curve was considered to rrepresent

the preconsolidation load (PJ)e
Alfhough the oedometers used could simulateA depths equivalent

to 2100 - 2500m of sedimentation (.350001<N/m2), a limiting value for




~wp%econsoﬁdoﬁon pressure (Pc) .

Ratio

Voids

Log Pressure

Figure 2.6. Cééagrande Constructioen.
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Figure 2.7. Interpretation of the Maximum Burial Depth from

Rebound Characteristics,
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state
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; Uqg\gcro”e!fq,rebound secant |
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o —

oids Ratio

i
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the preconsolidation load of 1050 =~ 1200m (14000 — 150001<N/m2) was
found to operate(l). Hence -the maximum depths of clays buried to

greater depths were not estimated by this method.

2.3.3 ' Rebound CharacteristicsAusing Undisturbed Samglee

From the consolidation test data for undisturbed specimens a
line whose gnadient wasxequivalent to the average swelling index
ws projected through the point which represente the present day
oyerbﬁrden/%oids_ratio of the sample, i.e, calculated for the -
locafion and present topography*from which the sample was taken._
Where‘this.projected line met the co;:eotedzje - log P
compression curve for the same specimen»in its remoulded state, the
intersection was taken as being equivalent'to the preconsolidation
’ pressure (See Fig.2.7)s, The maximum overburden pressures oﬁtained
are reconded in Tables 2.3 and 2,4 and further details re;afing to
the tecnnique are given in Chapter S,

Altschaeffl and Harrison (1959) use a somewhat similar
- technique by projecting a line with a slope equivaleni to the
average remoulded swelling index and consider - that the intersection .
‘of this with.the remoulded'compression curve represents  the
preconsolidation load.. However, by reference to Chapter Sy 1t can
. be concluded ‘that remould;ng can sometimes enhance ‘the Swelllng

- propertles of the meterxal, 1mply1ng that the slope of the rebound

~

(1) As the applied pressure is doubled for each load increment, a
preconsolidation load of less than 1200m allows at least two
points to be plotted on the virgln curve,

(2) Correction of the remoulded e-log P curve necessitates adjusting
the curve so that the voids ratios at the high pressures coincide
‘with those of the virgin curve for the undisturbed sample.

(See Section 5.8). .
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-cufve ~~v:l.11~be increased.‘ COnsequently, Altschaeffl and Harrison's
intersection point will lead to enhanced values of the preconsolidation
load. ' ‘
' The preconsol:.dation loads obtained by using the undisturbed
swelling charecterlstics agree reasonably well \nth ‘the values
-obta:l.ned by other methods (Tables 2,3 and 2.4).\ However, when the

. values .determined.'from remoulded'mrelling_ charactenietics are

a'consi:dered,' it can be se'en that_for the .t’inal nnloading stage only
11 out.'of't'he 25 samples have results vhich are in-agreement with
other methods; the remainder glve hlgher values (Table 2.3 and 2.4).
Values obta:.ned using the 1ntermed1ate unloading stage (See Fige 2.7)
dur:mg the tests on remoulded matenal follow the same pattern,
(Tables 2.3 and 2.4), although their swelling characteristics tend
to be less than tnose of the final etage, which is probaoly a |
reflection of the states of particle packing at the dlfferent
pmsé&es (i.ee .the .el'astic and physico-ehemical veffects being

- 'greater at the higher pressure).

A2.4 ‘Assessment of the Accuracy of Estimated Maximum Depths of Burial

2.4.1 Bntlsh Materials

Docmnentary ev1dence for the thicknesses of British strata is
fa.lrly complete, hence comprehens:we comp11atlons of overlying
~—strata vere readlly obtained (Tables 2,5)s However, possible

Iy
o

1naccurac:1es arlse where deep erosion has removed large amounts
of strata.
'I;he maxmrum recorded thicknesses of 'rertimy and Recent strata
--down to the base of the London Clay, in the London basin, is about

244m (Strahan et al, 1916), whereas in the Hampshire basin the

¢




_ thickness to the same horizon is over 610m, At the end of the

Eocene epoch the S.E. corner of England was sub;]ected to uplift and

erosion, thus a considerable thickness of sediments may have been

' removed. From consolidation tests on the London CIay, maximum
‘depths of about 420m (fbr the shallov sample, 1014 7 ) to 520m (for

" the deep sample, LC37) are indicated, which are conhrmed by the

rebound characterist1cs (Table 2, 3). ' These depths are considerably

- greater than the measured th:.cl:nesses, but are supported by B:Lshop

- (Durham Umvers:.ty, personal comcatxon) agreesqn.th this -statement

et al (1965), where a maxinnnn depth of 366=396m was calculated, also
using geotechnical methods. Fookes (1966) suggests that although .
these depths cannot be substantiated 'directly, it is possible that

; th€ -Ba’rton' Bed’sw at ’th‘e”top“o‘f.“the' Eocene, which form the erosion

. surface, ‘could have ‘been considerably thicker than the present

. maximum of 15m- (compared to 120m in the Hants Basin). Dre Ge Larwood

" and suggests that ev:l.dence of deep erosion may be found in the
abnormal dz.rect:.on of the local rivers in the S.E. of England,
Because of deep erosion at the end of the Upper Cretaeeous

Perlod, large th1cknesses of chalk have been removed, thus making the
estimation of 'bnrial depths of oider strata uncertam. | However, |
Dre Ge 'Lar.vood (personali commmication) believesthat a thickness of
at 1east' 360;360n hasprobably been removed from the VHidiands and up |
" to 600m trom the West Country. These figures are confirmed by Jackson
and Fookes (1974). | | |

“ )Easured thicknesses of strata from the Lower durassic Period to
the Chalk in the Midlands andq West Country are considered to be
representative of the actual thicknesses of strata laid down. Therefore
;by assuming a thickness for the Chalk, reasonable estimations of the

maximum depths of burial can be made for all the Mesozoic strata studied.




‘Depths obtained from Rayner (1967) indicate that maximum thicknesses
_to the base _of the Jurassic are found in the Weald and Wessex basins
- where they are of the order 0f 2400 = 3000m (450‘- ‘700m of Tertiary,

1200 - 1500m of Gretaceous, and 1200 - 1500m of Jurassic). Elsevhere

' "-the beds tend to. be much thinner; the accumulated thicknesses of

fstrata in the Midlands and Vest Cmmtry averaging about 900m to the

- base of the Middle Jurassic (1200m to the base of the Lower Jm-assic).

B Even in the Yorkshire Basi.n, Attewell and Taylor (1970) only record a

| 'thzl.clmess of 1067m to the top of the Lower Lias.

The maxemwu recorded depths for these materials studied (i.e.
'samp]'.es _fi’romithe L.‘b Jurassic f:o the Chalk) using the consolidation
parameters are in gener;al consistent with the results ebtained_ from’
the summation i:eehnique. In certain cases, however, (e.ge. Gawlt Clay
' (ec), 0x£o:¥_d Clay (0C44) and Lias Clay (L36 ))Qeotechnical
informatien indicates a 'gz'eatei' depth than summated thiclknesses,
which -majr:be caused by a possible underestimation. of the assumed
Chalk thickness in the Midlands, The slightly low results obtained
“from-the-consoli dation‘q:érémeters “for the Oxford Clay-(0C10) ~and -
the nmnerz.dge Clay (xC) may be explamed by the fact that these
samples are from shallow depths and shgv some signs of disturbance
(See Chapter 2, 2.1.3.)

The _i:otal fhichxess ef strata which existed above the Coal
Measures rerely exceeded 2400 - 3050m in the British Isles (Rayner,
19_67)-.  This is indeed the case when considering the strata of
| ‘Yorkshire where between -}376 — 2740m have been recorded (Table 2.5)s
In adeition, the Carboni ferous materials tested have also had between |
850 - 1000m of Upper Caiboniferous strata above them, AHowever, as no
exact"ﬁgum could be arrﬁed atA for the maximum depths of burial, an

&efa@ figure of 3800m (Table 2,5) has been proposed, which is

¢
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considered by the writer to be quite reasoaable.'

Because of the great depth of burial of the Carboni ferous shales,
preconsolidation loads, using the Casagrande construction could not
be obtained, Nevertheless, by considering the rebound charactenst:.cs '
an. :mdlcatlon of the:.r values could be deduced, although only that of

Flockton Th:.n seatearth (F'I'S) is in accordance with the measured

depths. The remaining three eamples give results of 4900m (for the

Widdringham roof (WR)) and 6100 - 6700m (for the Flockton Thin roof :
(FTR) and Swallow Wood roof (SWR)), which are obviously far higher
than could be reasonablj" 'exiaected. When the physical properties. .
are considered, ttxose of the seatearth, being crumbly and readily
susceptible to slaking (Chapter 7) may be associated with the fact
the coal directly above is often a good aquifer (Taylor and Spears, -

1970), where'as, those .of the roof are-more akin to undurated sediments..

20462 North American Materials

Documentary ev1dence relat:.ng to the thicknesses of the North

 ‘American strata was not always readily to hand for the actual sample

locations-, ‘"therefore estimations often involved extrapolations from -

Sorel i .- AL ., . .

adJacent areas. (Table 2.6).

Th:.cknesses of strata which once overlaid the American material

tend to be very varlable but on the whole are much greater than

thicknesses overly:mg the British matenals. In the Great Plalns

~ao

reg:.on and the Eastern Rockies, the Cretaceous strata forms an

eastwards slop:mg wedge 6100m thick in the west wluch tapers off

. to 600m on the eastern side, whilst in the Mississippi Embayment,

up to 2150m of strata were laid down. Tertiary strata occurring on
the eastern slopes of the Rockies forms basin and apron- deposits
up to 3650m thick, whereas in the Great Plains, thicknesses are

generally of the order of 600 = 950m. From a boring in Louisiamna, . -
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in the Gulf of Mexico, thicknesses of Tertiary strata in the
H1881881ppi Embayment extend to depths of 7600 = 9100m.

The above thlcknesses are reflected in the Tertiary and
‘y‘Cretaceous sedlments studied, Preconsol1datlon loads and rebound
» character1st1cs (Table 254) indicate é maximum depth rf:burial of
. 760 ;_9lbmifor”the Pierre Shéle (Dakbta{ 'Sample PSD), and 460 -
610m for the Fbx'nills Shale (sgmple FOX), vhich are both~§imilar'
to the values Qﬁtained by Underwood et al (1964) and Fleming et al
(1970). ‘Data regarding measured thicknesses for these materials
is not cbnsidéred to be reliable because erosion has stripped material
from vast areas of the central plains. In fact Fleming et al (1970)
"record a maximum measured thickness overlying the Pierre Shale of
only 250nu |

Although no information regarding the depth of burial was
'obfained*fbr‘the Pierre Shale from Colorado (Sample PSC) the
preconsolidation load and,rebourd characteristics suggest a maximum
depth of burial of about 1050 - 1350m (Table 2.4).

A§ailab1e literature concerning the N.V; area'of the San Juan
basin in New Mexico shows that at.leésr 730 -'1530h of sediménts
‘(Table 2.6) have been recorded as occurring above the base of the
Nacimiento Formation, from which horizon the samples were taken
(Croley et al 1969; Baltz, 1967; Fasset an& Hinds, 1971). However,
_althéugﬁ no préconsolidation pressures were obtained to confirm this
figure, the rebound éharacteristics indicate that a maximum_thicknéss
of 1650m may once have been present (Table 2.4).
| vNo-conclusive evidence was obtained from the literature regarding
the maximum measured rverburden'on the Dawson Shélé frqm tﬁe Dervér

basin because this deposit is the yoﬁngest remaihing formation in the
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area, and only 610m have been recorded by Brown (1943) and
Varnes and chi:t (196:7).A However in adjacent basins, tiaichxesses
é.f equivalentj formationé» ra'!nging from 1520m(Bass & Northrop,'
196'3)” to 3ésb}n' (nail; 1968) have'been recorded, Again, although
N0 preconsoli.‘.dation‘load could be determined (which indicates
that a large thickness of overlying strata has been removed),

fthe rebound.é:haracteristics impl); a mav mum possible thickness
of 1500m (T;bie 2,4) th_i:h in the light of the above evidence

does not seem unréasonable.

i‘he .preconsdlidation load and rebound chara:‘:teristic's, for
the Yazoo Clay (YC) and xincaid Shales (K6 and X8) from the
Mississippi Embayment indicate maximun thicknesses of 120 - iSbm
and 430 - 550m resﬁectiveiy, vhich are in line with the recorded

depths (Table 2,6) of other workers (e.g. Cushing et al, 1964).

‘ 2.5 Conclusions

(1) The maximum depth of burial for each sample has been
assessed by up to three methods which involved:=-
(a)- A liferature reviev.
(b) The use of the Casagrande construction on the compression
e = log P curve of undisturbed samples,

(c) The use of rebound characteristics,

(2) In general, the thicknesses of British strata are much
thinner than those of equivalent strata from the Eastern Roékies,
Great Plains and Mississippi Embayment regions of North America.

. This is illustrated by a simple table, i.e. 2=




Britain North America

Rockies Great Mississippi

Veald & ﬁessex Basins
; Plains Embayment

(m) L (m) (m) (m)
Tertiary 400 - 700 up to 3650 - 600 - 950 up to 9100
Cretaceous 1200 - 1500 - 600 - 6000 up to 2100

Jurassic 1200 -~ 1500

(Max, thickness
overlying Carb.
strata is about
4000m. )-

(3) In general, the gx;eatér thicknesses overlying the
American samples are reflectéd in their maximum depths of burial,
élthough certain éamples have maximum depths which are compatibie
w'ith' Bvritishv sediments. |

" (4) As a consequence of conclusions (2) and (3) it can be
'concludéd that in general, that ovérburden does not increase
systematically with age, altl'_iough on a local scale this may be

true if deposition is uninterrupted.
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Table 2.5. Recorded Thicknesses of Strata Over British Materials.

London Clay

. m
Superficial 15 - 30

- Barton Beds: l2 - 15
- Bracklesham Beds 12 - 20
Bagshot Beds ©30 - 36
Claygate Beds .15 - 17

" London Clay = 106 - 137

190 = 255°

- Geotechnical evidence, eg,
Bishop et al, 1965) suggests

365‘396!!-

_ Gault Clay
Tertiary and

Recent 30 - 91

~ Chalk A 274 -~ 365
"U., Greensand 0.- 6

© Gault Clay 45 = 91
' 249 - 553

- Probable thickness 425-520m .

- Fuller's Earth (Redhill),

Recent O0.- 45
Bracklesham Beds 0 -137
Bagshot Beds 18 - 24
Claygate Beds ‘8- 9
‘London Clay 100 - 121
Reading Beds 15 - 20
‘Thanet Sands —- 3 -l
Chalk " 304 - 457
U.Greensand - "9 - 18
Gault Clay 45 - 103
Folkstone Beds 37 - 76
Sandgate Beds 0.- 2
5329 =103

 Probable thickness 610-760m

Weald Clay

m .
‘ Recent 0= 45
Bracklesham Beds 15 - 24
Bagshot Beds . 0.= 24
Claygate Beds - 0 - 9
London Clay 91 - 146
~Reading Beds 9 - 27
Thanet ‘Sands - 0~ 10
Chalk 304 - 457
U. Greensand 9 - 61
Gault Clay. 45 - 91

Folkstone Beds 48 - 79

“Sandgate Beds 15 - 45

Hythe Sands 30 - 91
Atherfield BReds 6 - -18

Weald Clay 121 - 426
- e

Probable thickness 1220-1370m

Kimmeridge Clay

Recent and

Tertiary 31l = 243
Chalk 426 - 548
U. Greensand &
Gault Clay 31 - .62
L. Greensand ... 15 =_ 62
‘Wealden 62 - 121
Purbeck 58 - 121
Portland 62 - 76
Kimmeridge Clay &5? - 487
_ 1142 =1720
Probable thickness 1070-1220m
Oxford Clay
Recent and .
Tertiary 30 - 106
Chalk 274 = 457
U. Greensand 0.~ 6
Gault Clay . 45 - 70
L. Greensand 21 - 67
Wealden 0 - 15
Purbeck 6- 9
Portland 12 - 18
Kimmeridge Clay 30 - 38
. Corallian. - -~ 6 - 12
Oxford Clay LZ_];__].Z
) 2&2 220

Probable thickness 850-945m




fTable

Fuller's Earth (Bath)

- Recent and
Tertiary
Chalk -
U.Greensand
Gault Clay .and
L, Greensand
Wealden
Purbeck
Portland

Kimmeridge Clay

Corallian
Oxford Clay and
Kellaways Beds
Cornbrash
Forest Marble
Great Oolite

426
30

45
.0

- 121
6
27

0

2.5. cont,

- 430

548
55

27

91
36
- 152
- 8
- 39
- 33

Fuller's Earth Clay _39 - 128
94 -1147

Inferior Oolite
U. Lias
Ho_'Lias -

L. Lias

- Rheatice
Keuper Marl

6
9

0

. 0

6

- 15
-..82

- 152
- 30
- 48

1104 -1

Probable thickness to:
(a) Fuller's Earth 760-885m
(b) Keuper Marl 1100-1990m
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Lias Clay

- Recent and

Tertieary
Chalk .
L. Cretaceous

Purbeck

Portland
Kimmeridge Clay

Corallian (Amphill)

Oxford Clay and
Kellaways Beds
Cornbrash
Great Oolite

Inferior Oolite

U. Lias

m
30 - 61
304 - 426
76 - 106
0- 91
0- 6
91 - 106
0- -3
16 - 30
15 - 70

Probable thickness 885-975m

Carboniferous Samples

76—

Tertiary -and
Recent

Chalk

L, Cretaceous
Kimmeridge Clay
Corallian
Oxford Clay

. Callovian

M, Jurassic
U, Lias
M. Lias
L., Lias

. Trias’
. Permian

Carboniferous

30 - 61
426 - 548
121 - 137

" 182 -.213

61 - 91
15 - &5
12 - 55
91 - 243
45 - 128
0- 43
24 - 243
365 - 670

304 - 609

853 -1006

2529 =4092

Probable thickness 3050-3810m




' Table 2.6

Recorded ‘rhzcknesses of Strata Overlymg_

North Amer:.can Materials

3

Yazoo Clay
n
Quatefnary_ .31 - 62 .
'Oligocene 45 - 62
. Eocene‘ o 91 - 106
o ' 167 - 230 Probable thickness 120-150m

Xincaid Shale
o m
Eocene :

Claibourne Group .

- Sparta Sand 91

Mt. Selma Fm. 91

Carrizo Sand 62

Wilcox Fm. - 152

. Palaeocene

Midway Group
Wills Point Fm. 152
Xincaid Shale - 9
' 557 _Probable thickness. 420~550m

Nacimiento Shale

_ m
Quaternary 0‘ -91
Eocene

San Jose Fm. 426 - 914
Palaeocene '

Nacimiento Fm. 304 - 548
730 = 1553 Probable thickness 1220-1530m

Fox Hills Fofmation

m
Oligocene 45
Eocene 91
Palaeocene 4
Fort Union Gpe. 365

Us. Cretaceous
Lance P, . 152
Fox Hills Fm. 45
€98 Probable thickness 460-610m

S —————
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. Chapter Three
‘Mineralogy & Geochemistry

- 301 Mineralogy o
A P_hiilii:s 2kw X-ray diffractometer vas used fo"a_nalyse all
of ‘the sampies studied in tﬁis prbject fPor fhe ﬁ\ajor ‘é]’.ey mineral

4 cemponen’l:s .(_illite, kaelinite. mntmoriilonite, mixed-layer cléy

~ and 'éhlorite_) ‘as vell as other detrital -and non=detrital minerals -

(quartz, feldSp‘ar,' calcite, dolomite and'pyrife). The resulting
x-?ra}"Atracee of all the specimens asnalysed are presented in Figures.
3.1 and 3.2 - o
Quantitative analyses* reported -in Appendix A l.1 were carried

out using boehmite as an internal standard (Griffin, 1954; Gibbé,
1967) by referenee to standar;l'minerals listed in i‘able 3.1. However,
| for chlorite and erl."dspar, which~o¢c1n' in small‘quantit_ies, estimates
| were derived by -spiiing_the relevant sampleés with penninite and
orthocieée resjaectively.' '-Because of variatione in crystallinity and
chemical composition (Broﬁn, 1961) it was found necessary to use
several standards to cover the range of diagnoetic_ x-rey reg’lection
shapes encountered for the three main clay minerai fypes.

" All uncorrected total mineral concentrations lay between 90 - 110
per cent, indicating that the method used gave reasonable results. -
Ho@érer, for t'he puréoses of the foll'oving discussien, all results

have been normalised to 100 éer cent and are presented in Table 3.2.

* Mineralogical anal'y_sés of rocks containing a high proportion of
silt and clay size minerals (plus colloidal matter) are strictly

semi-quantitative.




- .Table 3,1 Minerals used to Prepare Semi-quahtitative
Calibration Curves

Mineral = - ' Source " Impurities
:' Quartz _ i ... Madagascar None
" Cornish Keolinite Cornwall, England ' 5% quartz
Yaolinite, A.PoI, vef.  Bath, S, Carolina 5% quartz-
‘Xaolinite, AsPeI ref. Bath, S. Carolina 5% quartz
(crushed) . : .
Fithian Illite,A.P.I. ref, -Illinois ' 20% quartz
. ' 5% other
Morris Illite, A.P.I. ref, Illinois 12% quartz
. ’ - 3% other
- ‘French Illite Puy-en-Valey, France A 5% quartz
Mbntmorillonite, A.P.I. ref, Otay, California None
Montmorillonite, _ Coombe Hay,.Englaﬁd 2% quartz
Fuller’s Earth .- . ' 6% feldspar
o 7% calcite
_ 3% pyrite
Calcite g : Unknown (Durham Univ,
' : Geol. Dept.) None
Dolomite ' No. Nottingham, England None
Pyrite Hopa, NeE. Turkey None
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3.101 CIay mnerals | A ‘_ o,

3elelel Illite and mxed-layer CIay

) A11 mcaceous minerals with a basal spacing of 104 have been
‘ ’placed in this group and the term '1111te' has been adopted to identify

- 'them. These: nunerals usually contain an expanding mxed-layer

o .component wh:u:h occurs as a 'tail' on the low 29 side of the 10& peaks

COnsequently th1s component has been mcluded in the ilhte group for .
.the purposes of quant:.tative analysis and the discuss:.on which follws.
Quantitative estimation of illite mnerals proved difficult
because the shape of the reflection varies greatly depending_ upon the

crystallinity' of the illite an’d the quantity of mixed-layer clay
present (a seleetion of typical shapes is presented in Pigure 3.¢3)e
Consequently three reference _iilites were chosen (see Figure 3.3) whose
vshapes >approximate1y covered the range of shapes shown by the illites
in the"-’samples ‘studied, and calibration curves for quantitat;’.ve analyses
were prepared using these species, The concentration of mixed-layer
-clay present was determined by estimating the reduct:.on of the area
of the untreated iilite'peak, after glycolation had expanded the
-mixed~layer ‘t:omponerlt to a-higher. angstrom spacing,__(sge Appendix Al.l).
The shape of the 10 reflection is indicative of the type of
_illite, Gr':i.ffin‘ (1954) uses a 'sﬁape factor?', which he defines as the
ratio of"the width -a‘t half peak height of the mineral to that of
_ boeilmite, (the internal standard), for selecting the appropriate
calibration curve. Taylor (1971) expresses the 'shape factor! as the

ratio“of the height of the illite reflection to its width at half height.

The shape factors of the reference illites ares-

After Griffin After Taylor
French Illite 302 = 445 _ 0.13
_Fithian Illite 8.2 = 10,9 0435
Morris Illite 15,0 - 18.1 059
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'Figure %.3. Typical 'Illite' X-Ray Traces.




Shafe factors aed'the calibratioh curves used to determine quantities
of illites currently 1dent1f1ed are presented in Table 3.3. |
_ | Tvo of the Carboniferous roof shales, namely the Flockton Thin
and SVallow wbod, contain a 10k illite wlth a tall narrov peak
e(similar to hydromuscovzte) ‘which does-not correSpond to any of the
‘reference samples. (Flg.3.3). However, by 1gnor1ng the narrow
: portlon at the top of the reflectxon, a shape similar. to that of the
Fithia;'lllzte vas obtalned, hence’th1s calxbratlon curve vas used for
- their est1mat1on.

The shape factor can be used as a measure of the crysta111n1ty
etate of the mica_present. ‘Taylor (1971) using Cuk, radiation and
a shape factor of height to width at half peak height, shows. that
the fefio of a highly crystaliine-hica (the Miami Hﬁscovite) to be
0;001,.and illites with a mixed-1ayer minerel 'tail' on the low 20
side of the basal reflection to have higher vaiues (the Morris
Illite ratio being 0.134). Ie the presenf study, using fayier's
esﬁape.factor and the same rate of scan; the ratios calculated
(see;Table 3.3) for Cobalt radiation, appear to Se of a higher order
(the Morris illite ratio is 0.59), but the seme trend is observed..
A eimilar trend is also observed when the Griffin shape factors are
considered.

Referring to Figure 3.2, illites of type (a) (from the Carboniferous
"roof shales) and possibly those of types (b) and (c) have sharp, narrow
peeks wifh a relatively small tail, and can be ihterpfeted as hydromicas.,

Illites of types (d) and (e) have tall, broader peaks and a more
pronounced tail and these are identified as beihg intermediafe between -
hydromicas and typical illites, |

Illites of ffpes (£), (g9)y (h) and (i) have low, broad peaks with

long tapering tails and are interpreted as typical illites.

¢
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Illites of type (j) from the Carboniferous Flockton Thin
seatearth have very broad peaks with a large, well developed tail
on the low 28 side of the peak and a ragged taperiné edge on the
high 26 side. This suggests that a large amount of disordering is
present (Brown, 1961)., A small, broad, diffuse peak is also

visible at 173 indicating that montmorillonite is present in the

mixed-layer component., This mineral has the characteristics of a

typical degraded illite,

In all cases where the 060 reflection was identified, it was

- -close to 1.5% implying that the 10} minerals . are dioctahedral, but

because-of peak interference from quartz, calcite and boehmite in the

2e6 = 4444 region it was not always possible to identify the type of

polymorph present. However, the illites from the Carboniferous roof

shales,. the Oxford Clay 44m (sample ref,0C44) and the Weald Clay

'vwere all identified as 2M polymorphs although that of the ..~ -
-'seatearth could be closely related to the 1Md polymorph described
“by-Yoder & Eugester (1955). It was not possible to positively -

identify the state of any other illites,

3.1.1.2. Xaolinite

. Kaolinite ie the most stable of the cla& minerals and is
identified by its 001 reflection.wﬁich occurs at 7&

~ A selection of typlcal 7A reflections is presented in Figure 3.4,

and aga1n, as with the illites, 1t can be seen that quantltaxlve

estimation is difficult because of the variation in peak shapes. These

‘variations, which are represented by broadening of, and the development

of a tail on the peak, are caused by differences in crystal size and
random displacements of b/3 parallel to the 'b' axis (Brindley and

Robenson, 1947) respectively. They are nevertheless unllkely to be

'“greatly affected by chemlcal chaxﬁso Pisordered kaollnltes are common
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' in Carboni ferous seatearths (Schultz, 1958) and are typically
represented by the Flockton Thin seatearth. Several North American
kaolinites, however, also shaw signs of dlsorder, wluch may reflect
their conditions of deposition,

o Hm'ray & Lyons (1956) list the 1m§ortant eiffe:rences between -
ordere‘d. and disordered kaolinites, the most useful of -which ares=

(i) ﬁon—resolution of the 4,12 - 4,17 doublet in
disordered kaolinites,

(ii) A broad 2,54 peak replaces the 2,55 = 2,52 =
2,49 triplet of the ordered forms ‘

© (iii) A broad 2.3k peak replaces the 2,37 - 2.33 -
26 28k triplet.of the ordered form.

.In the present study the triplets could only be resolved in
samples where e. sufficient quantify of kaolinite was jaresent and line
interference mm- other minerals was not too great. In the case of
the Flockton ;I'hin seatearth, a disordered form was implied by the
pfesence of twe broad bands which replaced the two triplets. The
.doublet could._:o‘z.:ly be reseived in the Widdringham roof shale, the
Lj.as Clay, the Swallow Wood roof shale and the Flockton Thin roof
shale, a

Hinkley (1963) uses the ITO (4¢358) and the III (4.17A) planes
‘to obtainv e measure of the crystallinity state. Firstly a background
baseliﬁe is drawn on the trace and then another baseline is drawn

from the low 20 side of the 110 reflection to the high 28 side of

the IIT reflection, The crystallinity factor iss= A A+B

A

wvhere, A is the height of the ITO peak above the secondary baseline,
B is the height of the IIT peak above the secondary baseline,

and Atis the height of the II0 peak above the primary baseline,
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Hinkley quotes 1.284 for the crystallinity factor of a well
ordered kaolinite and 0.25 for that of a poorly-crystalline kaolinite,
Taylor (1971) obtains a value of 0.973 for the Cornish kaolinite used

fbr calibration in this prpject. “A value of 0.710 was obtained by the

writer for the reference kaolinite from'Bath, South Carolina,

indicating'a lower degree of crystallinity.(which is borne out by
reference to the shape factor - see later).j However, owing to -

interference from the 4,26A reflection of quartz, and also a lack

" 'of kaolinite:concentration, only six crystallinity factors- for the.

~ samples studied could be obtained, These were 0,652 for the

Widdringhamﬂroof, 0.473 for the Flockton Thin,seateéfth, 0.611 for

" the Lias Clay, 0.500 for the London Clay, 0.584 for the Flockton

Thin roof and 0.625 for the Swallow Wood roof.

Griffin (1954) uses the *shape factor!, i.e. the ratio of the

width at half peak height of kaolinite to that of boehmite (see also

Illites and Mixed-Layer Clay) as a measure of the crystallinity state,

with low values representing higher degrees of crystallinity. 'The

- .shape factors for the reference kaolinites ares-

Cornish Xaolinite 1.4 -

Kaolinite, South Carolina 1.6 .
Crushed Xaolinite, South

) Carolina n . 1,95
Disordered Kaolinite 4.5 (approx.)

The shape factors for the kaolinites in the samples gfﬁdied (Table

. N . i \‘<
3¢3) are, in general, much higher than those of the two crystalline
kaolinites, However, by heavily crushing the kaolinite froﬁ South

Carolina for 10 minutes in an agate mortar and pestle, the 72 peak

“heigﬁt can be greatly reduced and the peak width broadened so.

increasing the shape factor to a level which is- comparable with .

thmé of the majority of kaolinites. studied, due fo distortion of




the structure _(Gfim, 1968)e Consequently the crushed kaplinite
" was ﬁsed for the rﬁaliority of semi—éuarititativa esti’matians‘a Miller
~and Oulton A(197o) discuss the éffect of prng;éssive Qrinding on
kaolinites and Brmdley (19613 states that crystals much smaller
than one micron g.we apprec:.ably broadened reﬂect:.ons with .
-.correspondmgly smaller peak’ helghts. | A |
" The Xaolinites from the Kincaid Shales and Raclmento Shale (M3)
appear to have shape - factors which are more akin to the dJ.sordered
: kaohmte and their quantltles have been est:.mated using thlS curve,
The Xaolinites of the Yazoo Clay and Flockton Thin seatearth have
shape factors which are intermediate between those of the disordered
kaolinite and ’the‘crushed “kaolinite, but as no -comparable :standard
vas available, their estianates vere based on the crushed kaolinite
'cux;ve, ‘and hence they may be slightly underestimated. |
When chlorite is present, the 78 (002) reflection coincides with
and tends to broaden the 7R (001) basal reflection of kaolinite, thus
,1ncreasmg the shape factor, as well as adding to the area of the
.kaolinii:e peak, The correction procedure for removing this component

from the xaolinite peak is reported in Appendix A l.1.

3elele3 Smlectite:-‘

‘ Smectites are identified by their 001 basal reflection which
occure between 12.5 = 154 (see Table 3.4), depending on the stat; of
hydration of the mineral (Grim, 1968). Grim states that ®the 'c?
axis ISpacing, the diffuseness of Athe reflection, and the number of
orders shown, vary from sample to sample, depending on the thickness
of the water layers and their regularity, vhich factoré in turn are

depeadent on the exchangéable cations present and the conditions, €e¢Je

water—vapour ‘pressure, under which the sample has been prepared”.
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Bradley et al (1937) found that the water occurring between the
silicate layers is an integral number of layers, and for naturally
occurring smectites with Na as the‘exchahgeable cation, generally
only:one.layer of water mo;eculeé is present giving a 'c' axis
spacing of abouf 12,54, If Ca is the exchangeable cation, two
1ayersAof water molecules are present and the 'c' axis. spacing is
14.5‘- 15.54 depending ;n the relative humidity. Cation exchange
deterninations shown in Table 3,12 revealed that the majority of
-smectites have Ca as the dominant interlayer cation. The Pierre
‘Shales from Dakota and Colorado; however, were found to contain .
~ moderate ﬁa levels and from Table 3.4 it can be seen that these -
two clays have lower untreated basal Q0L spacings.

It “is necessary to distinguish between smectites and vermiculites ;i
because both_minefals have a basal spacing of about 148, The most |
commonly occurring variety of vermiculite is fhe.Mg-form which has a
basal spacing of 14444, Howevéf, unlike that of smectites, this

l‘spacing does ﬁot'vary with relative humidity (Walker, 1961). Up@n
treatment wifh ethylene glycbl (Brunton, 1955;'Br6wn‘§nd_Farrow, ;956)'
the basal spacing of smectites expands to about 173, ﬁecause two

. layers of glycol are taken into the structure to replace the water
moleéules (see Table 3.4); the résulting complex having a higher
dégree of regularity-(Bfadley, 1945) with the 001 ;gflection
becoming taller aﬁd nar;ower. On the other hand, glééolatiqn of
‘Mg=vermiculites results in a one layered organic complex (w;i;er,.
Al?SQ; Barshad, 1950) with a basal spacing of 14.33, which is
approximately fhe same as the untreated sample, However, the double-
layered complexes can be-éécasionally formed (Walker, 1957) dépenqing

on the lattice charge and the size of the vermiculite particles.

118




He states that expansion to approximately 161 may be observed with
some Ca, Sr, and Ba-vvermlcuhtes. Mg—vermiculites vith a low layer
charge may also expand to 4" spacings greater than 14, 3&. |
Therefore, glycolation cannot be used as an absolute dxagnostic test
for the d15tinction between smectites and vermiculites, However,
overall the results infer the presence of smectite rather than
_ vermculite because the large degree of sweu:.ng of the 001 reflectlon
to.17R is in 11ne with the swelhng characteristics of smectltes, 4
| since vermcuhtes rarely swellto spacings greater than 16A. The
B Qeochemistry also implies that smectite is present (see section 3.2).

Semi-quantitative estlmates of the smect1te content ‘were |
performed using the - glycolated peak areas because their ?shape
factors! (see Illites and Kaolinites) were more consistent than those
of imtreated peaks as a result of the increase in regularity of the
crystai.structlme as previously discussed (see Table 3.3);

,ﬁen the 060 reﬂection was distinguished it was always close
to 1.495 - 1, 5003, showihg that 'the mineral species present are _
dioctahedral, but the type was difficult to ascertain, However,
geochemical evidence (Section 3.2), particularly the combined silica
to alumma ratio tentatively suggests. that the smectites belong to
the montmor:.llom.te-beidelllte series,

Because the smectites have an important bearing on the engineering
" properties of shales, an attempt was made to derlve the .basic fomrula
units present using geochemcal data presented in Table 3,10. However,
this was only possible when the only other minerals present in the
shale wvere quartz, kaolinite, calcite or -felds.par, because these
miherals have reasonably Aconstant coinpositions, thus enabling a fairly
accurate correction to be madeto the major element geochemistry (see

Appendix A 1.2)s No recalculation was attempted when illite was present
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"because of the very complex and variable nature of the composltxon
of this nu.neral. | T

~ The method of recalculation used is based on Nagelschmidt (1938),
whereby the basic structure has been reduced from Al_Si 0 (OH) o°

2774710\
A mH 0 to Al Si 0 i.e. basing the structural compos:.tlon on elev_en

2 4711

| 'oxygen atoms and remov:.ng ‘the uncertamty about the number of
hydroxyl groups present m'the lattice, The actual .mcalculatlons_ '
are given in Appendix A 1.2,1 = A 1;2.5, and a smary of the "results
'ﬁresented j'in Table 3.5. Only oxides which are .considered 1ihé1y to
be present in the smectite are used in the recalculation. Herice,
titaniun, phoSpﬁorus, sulphur, carbon aed carbon dio:‘;ide have been

‘ _e:o:luded~in addition to the water content, The structural formula
for the montmorillonite from Otay, California (0Oligocene) has also
4'been recelculated (Appendix A 1.2,6) and included in Table 3.5. In
| addition, the composition of the two samples of Fuller's Eai'th, as

" recalculated by Kerr & Hamilton (1949) are also presented, and are
seen to agree exceedingly well with the writers own results.

-Becaﬁse of the asemnption made .ahd the correction procedures
used, the results obt'ained are used primaril)" to portray differences
in the smectite lattice etrtzctm'e rather than as absolute values, A
>p'rincipe1 sou.rce of errof ‘when the smectite isv derived from volcanic
material. is the presence of amorphous material, particularly silica
and alumina, which are not easily estimated (ﬁea;rer & Pollard, 1973).

MacEwan (1961) ciiscusses the ranges of Si and Al ratios in the
montmorillonite-beidellite series and concludes that the maximum ratio
representing the idealised montmorillonite mineral 'with the tetrahedral
Iayer having Si = 4, and in vhich magnesium was the only other major

cons;tituent,‘ would be 5 : 2, The maximum ratio representing the
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idealised beidellite would be 3 3 2, However, it will be noticed

- that iron is present to a moderate degree in the octahedral iayer,
i . "

' thﬁs compliceting the above statements. Nevertheless;, important

':_ ' variations in the 3111con and alwnimwn content of the tetrahedral
. ' -Alayer, which ‘are imphed from the above statements can be used as_
B a guide to the type of mineral present.
- The. Fuller‘.'s Earth from Redhill (sample FE23) and the montmor:.llomte

from Otay, Califorma both have an 8i value of 4 in the tetrahedral
'layer,, which 'probably ind:.cates that these are *good! montmorillonites.
. In addition, the Fuile‘rs Earth from Bath (sample FE19), having an
si valv.e of 3.94 must also be considered a typical montmorillonite-
type mineral. | o

The remaining three minerals all have lower amounts of silicon,
and more aluminium in the tetrahedral layer, particularly the Dawson
Shale where the Si value is only 2,91, and it must be inferred from
this that the mineral pfesent is more'akin to a beidellite, The
‘smectites fiox-n‘the Naoimiento Shale (N3) and the Yazoo Cley have
intermediate Si values of 3,62 and.3.83 respectively and may represent
a tx;ensitional type of mineral, although that‘from the former may be
A. aooroaching a typical beidellite mineral, Another indication that
tﬁe latter three smectites are beidellitic in character is reflected
in their .high potassium contents. Weaver & Pollard (1973) state
that beidellitic enxeetites can have a sufficiently high layei‘ charge
to fix potassium in tﬁe interlayér position, causing layers to contract
to 108. _ ﬁowever, no discrete 108 peaks were recorded on the x_~ray.
charts, although the low. angstom side of the smectite peaks was -
far more ragged and-extendifarther towards the 10k area than thal -
seen on the traces for the Fuller's Earths or montmorillonite from

otay. Callform.a, (See Fige 3¢1 and 3.2). Veaver (1958a) however,
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Table 3o5  Recalculated Smectite Formulae

" .British Shéle§ ‘

(a) Fuller's Earth (Redlull)

(a1, 10 0.41“90.38)(314 04)010 (08) (Cap, 24Na0.°310 04)

(“11 48™ "0, 33“90 42)(‘10 06513,94)010(0H) (3, ss“ao 03) After Kerr
& Ham:.lton(l949) |

(b) Puller's Earth (Bath)
(a1, 3oFeo.28"90.39)(“o.OSSia.94)010(03)2(0%.20“%.06‘0.04)

(A1), 5yPeq oM, 32) (Alo 11813.89)010(03)2(ca0q57na°‘,1}()nﬁt1§:0§e 1F{sm)

.:':North.AmeriCan'-Shales T

~ .
N N S
/.

(a) Nacimiento Shale No. 3

(A2, 75Peq, 86%S 30)(“1 .385%3, 62)°1o(°H) (Cay, 224%, 05%0. 46
(b) Dawson Shale :

(A1, 3570, 51", 41 (AL1,,095% 2,91 )010(08) (02, 15%%, 0550, 31)
(c) Yazoo Clay | -

(A1) 3P0, 57190, 44) (Alo 16513, 83)°1o(°H) (cao o4nao os %0.31)

Y

REF’ERENCE CIAY

Montmorlllomte (Otayj California)

(A1) 45 o.1oMgo 81)(814 042010 (0H) 5 (Cay 10N3g 16 %5.03)

ey TR

(A1, 43F80.03M90. 64’ 270,017 3.99
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‘points out that the relationshlp between pota531um fixatlon and
contracted layers is still not clear, o
The relationships of these findings to the age and depth.of-
burial of the shales is discussed in Section 3.4.
3.1.1.4 Chlorite
'éhlorite is recognised by its 001 basal.reflection vhich occurs
.at.14.3&a

To dlst1ngulsh chlorite from vermlcullte, which also has a
-reflection at 143 the samples were heated at 550 °c for one hour,
.At.thls temperature vermiculite (and also kaolinite) are removed
" . by dehydration and the chlorite peaks remain unaltered. Schultz
(19385 uses a dual procedure for the separation of these mineral s,
.Firstly, by heating at 450°C any vermiculites present (and montmorillonites)
undergo dehygration and the disappearance of the 14% peak would |
, indicate their.presenee. Secondly, the samples <:are reheated at
SSOOC,Awhereby any kaolinite present is removed and any 14.73 and
4,78 reflections represeht chlorite minerals.

Brindley (1961} uses the relative intensities of basal reflections
to determine whether the chlorites are Mg- or Fe-rich, For he-rich
chlorltes the odd intensities (001 003) tend to be relatively low
‘ compared to the Mg-rich chlorites, Measurement of the basal

refiections before and after heating showed that the chlorites from
the Flockton Thin roof, the Swallow Wood roof and the Oxford Clay
(sample 0C44) prod;ced'large increases in their odd reflections
(particularl& the QOl peak):after heating, suggesting that they were
of the Mg-rich variety; the 002 reflections vere completely absent,
Other chlorites were more problematical as the 'peaks vere very
small before and after heatinge Small increases were noticed in the
intensities of the odd reflections, but no attempt was made to

classify them.\
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- A broad 144 peak in the i;eupe:f Marl, which moved to 17.18
ddfter’glycolation vas suspected of Being a smectite, ﬁowever,

after heatmg at 550 C. a 13.873. peak vas present and a swelhng

‘ chlorite simlar to one described by Honeybou.rne (1951) for the

Keuper Marl is -a more 10g1ca1 diagnosis.

“A further test to conﬁrm the presence of chlonte was performed

" by varmng the samples w1th dilute hydrochlonc ac1d at 80 c for

12 hours. The destruct:.on of 'the 14ﬂ peak conﬁrmed that chlorite
was present.. If this peak had been unaffected then the mineral

present may have been vermiculite,

3¢1le1le5. Vermiculite

| Vermiculite was not detected in any of the .saniples.e-xamined.

All tests performed indicated that mdnefals occurring with a

reflection at 14A were either smectitesor chlorites. Perrin (1971)
records that various workers have found traces of vermiculite throughout

the British succession but there is no confirmation of this from the

present-work, - —

3e1le2s Relative Abundances of Clay Minerals

The average comentrations of the clay minerals present,
including their standard deviations have been computed in two groups;
oue based on 15 British materials and the other based on 10 American
matefials (s;e Tab1e> 3.6)e The mineralogy of the Keuper Marl has
been excluded from the computation because it is not a true shale
and also because of the abnorrrial chlorite which is present. Materials
with high quertz contents have peen included because in'subsequezit

discussions they are used as mineralogical extremes, For comparison,

average shale compositions (Clark, 1924; Yaalon, 1962; Shaw and

Weaver, 1965) have also been included. .
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Average Mineralogy and Geochémi_stry of Shales

Misc.

Table 3.6
N. American Shales British Shéles‘ Clark
Aver, SD - . Aver. s (1929)

 sio, 62.65 4.83 53,58 7434 58.10
ALO,  15.26 1,51 19.14 5009 15,40
Fe 0, 4,84 1,38 5.0 1.36 6,46
Mgo 1,66 0,51 2,06 0,79 2.44
Ca0 1.70 0497 2,94 4,16 3.11

Na0 0.76 0.49 . .0.49 0,27 1430
& 2.47 0,59 2.82 0.96 3.24
Ti0, 0.67 0.10 0.92 0.19 0465

s 0.62 0466 1.16 .10 -

P05 - 0.10 0.02 0.12 0.04 0,17

" co, 10499 0.96 ©1.86 3.23 2,63
c 0.76 0.85 1.14 " 1.05 0.80
H,0 7446 2.16 8062 -~ 3.11 5400 .

N.Americ. Shales Brit. Shales Clark Yaalon Shaw §
Aver. SD Aver, SD (1924) {(1962) Weaver
T T - (983
Mont.  30.46 17.31) 13.81  30.45) )
I11. 8.10 9.06)Total  23.13  12.92)Total )

"Mixed 3,06 5.11)Clay 13,81  11.84)Clay ) A
aol. -18.98 - 9.86)50°61 2121 .13,45)72%% ) 25,0 59.0 6649
Chl, - - )52223 0.86 - 1.02)?2133 )

Qtz. 32.40 12,79 19.17 14,15 22,3 20.0 36.8
Cale . 1.97 3,72 3,91 8.42)

Dol. L2l 1.80 0.40  1.02) 7 7.0 36
PyT. 0.20 0.40 1.75 1.76 - - -
Fel.  ~3.28 4.02 1.18 2,40 30,0 8.0 4.5
Ce 0.76 1 0.85 1.14 1.05 - - 1.0
Lim. - - - - 5.6 3.0 0.5

- - - 11.4 3.0 0.2




The average total clay mineral content of the British shales
of 72,8 per cent, compared with 60.6 per cent .for the samples from
Norfh America is a refléction of the variation in thg conﬁitions
af depbsition (see Chapter 2), i.e. generally sléw éeposition for
the former and éomparatively rapid deposition for the latter.
Relative abundances of clay minerals species expressed in terms
of illite, kaolinite (plus chlorite) and expandable clays (montmorillonite
plus mixed-layer clay) are presented in Figure 3.5, whilst the
relzative proporfions of hon—expandable cléy'to expandable clay in
felation fo thelratio of quartz to total clay content are presented

in Figure 3.6 (See also Tables Al.l to Al.3).

3elePel British Materials

A guide to the clay mineralogy of British sediments is given

by Perrin (1971).

| For the materials currentiy being examined, semi-quantitative
estimations show that, illite, having a mean concentration of 23,1
per cent is the most common clay mineral, followed closely by
kaolinite, having a méan concentration of 21.2_§er cent, Both of
- these clay minerals being of detrital origin, occur in all of the
-samples, except for the Fuller's Earths from Bath (sample FE19) and
"Redhill (sample F823).which may be Eonsidered asatypical deposits
because they result from devitrifed volcanic falldut (Hallam&;Seliwood, 1969)
: énd contain calcium montmorillonite as the only clay.miﬁefal ﬁhase ‘
(Table 3.2). Montmorillonite is only preéent in three other Brifish'
samples, i.e, the London Clay 14m, sample IC14, (12.4 per cent), the
' London Clay 37m, sample LC37 (6.8-per cent) and the Gault Clay(7.l per -

: cént),-and in these samples it is probébly detrital in origin.
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KAOLINITE plus
CHLORITE

IiLLite - L : EXPANDABLE CLAY

Figure 3.5. Relative abundance of Clay Mineral Species.
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‘Burnett & Fookes (1974) record a zonation in the montmorillonite
content of the London Clay from 10 = 35 per cent in a south-easterly
direction away from the south-east shore11ne of the London Plat form.
Perrin (1971) records: the presence of smectite from the Tertlary
' Period to the Jurass1c Period, after which it becomes very rare, the
disappearance being related to the removal of this mineral with
deep burial (see Sect1on 3.4). |

Hlxed-layer clay occurs to a vary1ng degree in all of the
British shalee. except for the two samples of Fuller's Earth, and
has a mean value of 13,8 per cent, It has an exceptionally.high
concentrationl(45.d per cent) in the Flockton Thin seatearth vhere
it probebiy results—fron~the degradation of-illite in a manner
described by Taylor & Spears (1970).
| Chlorite is present in minor.amounts in eight of the Britisn
sampies. The chlorite from the Keuper Marl is of a swelling variety
'(see Chlorltes) and has a concentration of about 6 per cent, but
the remaining samples 1n,wh1ch it occurred contained normal varieties
whlch range in ‘concentration from 0,9 - 3.0 per cent. The origin of

this mineral is probably detrltal (Taylor, 1971; Reeves, 1971).

3ele2¢2 North American Shales

Montmorillonite is the most common clay mineral in the North
American samples, having a mean value of 30.4 per cent and occurs
in all of the»samples studied, Its occurrence in the Late Cretaceous
and Tertiary stnata of the Western Interior is associated with the
: upiift of the Rocky Mountains., Some of this material underwent
ternestial accumulation and transportation to the site of deposition,
but fhe majority was probably the result.of volcanic ash fallout

(Tourtelot, 1962).
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Kaiolinite is the next most common clay mineral and also oceurs
"in all qf‘ f.}xe Qamples studied; having a'mean value of 18,8 per cent,
L iiiite; évera@ing é.l ‘per cent, and mixed%-layer clay, averaging
| ’6.‘-1.‘1.>ér cen'tA are -the ;le#st abundant éflth'e clay minerals studied,
gchultz (1964), récord§ large ._qu..ant'ities of mixed-layer material
in the Piei;:e Shale. However, only minor amounts were recorded in
| ‘the two samples studied in this project.
| " » 'Chlorite was not rec§rded<.in the samples 'analysed.

Thezfefore it can be concluded that rl;ajoxj differences do exist
Abetwegn the 'clay mineral contents of the British and North American
| shales, »'rhese- diffex‘éncés are in exceedingly good agreement with the
results obtained from a similar study of Attewell & Taylor (19’)3)-
and will alsothave a decisive bearing o'n the engineering properties
of the ..particular shales studied, as vili be seen in the following

Chapters.

3,1.3 Other Detrital Minerals
3u1e3.1 Quartz

Quartz is identified by its principal (101) reflection which
occurs‘at 3.314, However, quantitative analysié v%;s performed on the
/4. 264 reﬁection because this peak varies in a tmiforﬁ manner with
4concentr'ation, which is easily comparable with the boehmite 6.18K‘
peake Taylor (1971) found that the quartz content, as determined
quantitatively, compared exceedingly well with the more precise vet
chemical method of Trostel & Wynne (1940). | |

In the present study, quartz is the dominant massive mineral

in both the British and the North American samples, In the former




it varies" from 1 - 55 per ‘cent and has a mean value of 21,8,

whilst in the latter it varies Jrom 11 - 54 per cent and has a

~ mean value of 32.4. ) | |

4 Thin section examination revealed that the shape and size of

v> the grains was very val‘lab_J.Eo 'rhe Veald Clay, hanng the largest

' quartz centent (55 per é:énf), has érains which are present in two
principal %size ranges, i.e. very small grains diSpersed in the |

_ matrix and larger, angular and subrounded grains up to 0.3 -=. O¢ Smm
in diameter, often -occurring in clusters. The Dawson Shale, an
ar¥osic depo‘si't', §enera11y con.sists of large angular and subroundeﬁ

- grains up te. O.5mm in diameter, distributed with .oc'casional feldspars
in a matrix of smectite; The Kincaid Shale has angulaf »gi‘ains up

to O¢lmm .in diameter distributed throughout the shale, The remaining
fshales b'have a razi;lom distrilmtion of very small grains (approximately

up to 0.03mm in diameter) within the clay matrix.

3e1e362 Pewsgar'

In the present study, orthoclase; microcline and plagioclase
were identified bjr a series of peaks occurring between 3,23 ‘and.
3,184, An estimation of the quantities in the shales was ' based on
spiking with 5 and 10 per cent orthoclase.

Fel'dSpar Species occur in eight out of ten North American shales,
varying fror‘nvtrace amounts (in three) to 11.4 per cent in others.
They have an average value in the shales of 3.28 per cent and are
.prol>ab1y associated with the vulcanism which gave rise to the parental
material which subsequently degraded to montmorillonite, They also
occur in eight of the British samples, but only as trace amounts in

five, and up to 7 per cent in the Fuller's Earth from Bath (sample FE19)




where they are also associated with vulcanism in.a similar manner

| to those from North America. No feldspars were detected in the

Redhill Fuller's Earth, (sample FE23), although Hallam & Selwood

(1968) record traces of albite and sanadine in this deposit.

3¢le4 Non Detrital Minerals

 3eledel " Carbonates

. -The major carbonate phases identified were calcite (peak at
3.038), dolomite (peak at 2.88R), siderite (peak at 2.793) and
(?)ankerlte (peak at 2.908).

Calcite occurs throughout the British and ﬁorth American samples,
but chiefly in the marine strata woere it isnpresent'in the form of

fossil debris, averaging 3.9 per cent for the former and 1.9 per cent

- for the latter. In the Gault Clay.calcite occurs in the form of

coccoliths which constitute 35 per cent of the mineralogy of the

sample, - In the Keuper Marl 13,3 per cent is present, althoﬁgh this

is formed.as a result of‘precipitation caused by evaporation of

basins of inland drainage. . Dolomite is present in small quantities

(in marine samples), ranging from 1 - 7 per cent in three British

_shales.and 1 = 5 per cent in four North American shales,

~The_percentages of calcite and' dolomite were determined by the

use of seml-quantltatﬂve calibration curves (see Appendlx Al.). These

values are. compared in Table 3. 7 with auantltatlve estlnates of the carbonate

' contents expressed as (a) all calcite and (b) all dolomite, ’

obtained by reealculatioo of phe co, pereentages (Table 3.10).
However, only moderate agreement appears to exist. AThis may be
accounted for on the basis that the majority of the carbonates are
present in the form of fossil debris, as previously mentloned (which
1s not evenly distributed throughout the Spec1mens) and also by the
fact- that other carbonates (e.g. sxderlte and ankerlte) may be '
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'éresenf which have not been accounted for
On the basis of a trace run with § pér cent siderite present, -
the peaks identified for this mineral represented on;y about 0 - 1
"éer cent by weight, hence siderite was considered to be merelyAa trace
mineral, | |
The possible presence of énkerite was detected in the samples.
of London Clay and the Xincaid Shale as a kink on the low 20 side of
. the dolomite 2.88% peak. No attempt ;ras made to estimate its

concentration,

| 3ele4s2.  Pyrite

Pyrite is identifiedvby an X-ray peak at 2,71& and the semi-
.quantitative estimation made for this mineral (see Appendix A L) agrees
reasonably well with the values obtained by récalculation of the sulphur
icontent»in terms of FeS, (Table 347) }
This early diagenetic mineral is more common in the British‘
: sanples, where it occurs in nine specimens and varies in concentration
from 1 = 4,7 per cent, than in the North American samples whefe it
is only recordea‘in the Fox Hills Shale. 1Its concentration in -
sediments is dependent on a suitablé type and source of organic matter

to support the sulphate reducing bacteria and also on the rate of

sulphate diffusion from the overlying water.

3¢1le5 Carbonaceous Material

The orgaﬁic carbon contents wefe determined by wet chemical’
‘analysis (see Appendix A l.4). Carbbnacéous matter was visible as"
coalyapartings inithe Widdriﬁgham roof shéle, as lignitic material
in the Fox Hills Shale-and as occasional rootlets in the Flockton.

- Thin seatearths Both samples of Oxford Clay contain over 3 per

cent organic carbon, but this is in a. finely disseminated form since
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none \wis visible in hand specimen, The organie carbon in the

 ‘remaining samples : is below 1 per cent (Table 3,10). |

3016 Hineral Relat:.onslups

\

‘.l'wo correlation matr:.ces .were set up to determine whether any
sigmficantlmneraloglca]‘. (and geochemeal) relatlonshlps existed
’ :with.i;n the grouns '-:;f shales stuoied; the British group containing
| 15 samples (eﬁocludiné ‘the Xeuper Harl) and the North. American group
. eontaining 10 samples, The resnlting levels of significance (presented
in Tables 3.9 and 3.10 respectively), ice. 99.9 and 99 per cent -
| hlghly s:.gmflcant, and 95 per cent = probably sigmﬁcant, were
determlned by reference to statistical tables presented by FJ.sher
A& Yates (1974). | '

| In a c].osed system vhere all the components total 100 per cent .
(as in the case of the present mineralogy), an increase in one leads
to a.reduction in the others, which means that the presence of a
strong,neg'ative“correlation (eege quartz and total clay mineral content)
is not, by ‘itself,'l of "'paz‘ticulﬁrfelevance.’ “However, a strong
positive correlation may indicate co-existence between minezial peirs,
particularly when other e\n;.dence such as geochemical data supports
'the reiationsnip. _

Correlations are also very dependent on the amount .and type of
data analysed. In the present '_instance, the samples analysed are
from two pr_ineipal-global locations, i.e, Britain and North America,
In addition, the senples from each are not from within particular

. suites of sediments, but randomly selected, therefore only broad
mineral relationships can be expected from the present work, although
more sensitive correlations would be expected when the geochemical

correlations are included,
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For the 15 British samples in the present study, the only

, signiﬁcan_t‘ positive correlation is between kaolinite and chlorite

(at the 95 per cent level). But since both of these minerals are . -
believed to be detrital in origin, their co-existence is. probably

more symptomatic of the source material from vwhich they were derived,

-~ and is unlikely to represent any geochemical affiliation such as the

transformation of kaolinite to chlorite during sediment diagensis

(see Fig, 1.5) ' .-

In the North American group, a positive correlation exists -

~ between -feldspar and illite (at the 95 per cent level)., However,
this again can only be regarded as evidence of a detrital origin

- of these materials.

3.2 Geochemistry

T3,3,1 Method of Analysis

Geochemical analyses were pefformed with a Philips PW 1212

Automatic Sequential Analyser X-ray Fluorescence (XRF) machine.

' The data from vhich, were processed using standard programmes with

an IBM 360/67‘ computer, listing the elemental compositions in terms
of their oxides (except for sulphur). Ten major elements were
analysed by this technique, viz: Si, Al, Fe, Mg, Ca, Na, X, Ti,

P and S The normalised results are presented in Table 3.10.

N

Carbon, carbon dioxide and total water contents were analysed
by conventional wet chemical methods. (See Appendix Al.4).
‘To aid analysis of the geochemistry, and to highlight any trends

vhich can be related to the clay minerals, the oxide/alumina ratios of

'combi'.ned silica (total silica minus quartz), Fez-oé, MgO, CaO,‘ Nazo,

Kzo have been computed along with the NaZO/KZO ratio and are presented

in Table 3,11, Ratios of Ti02, S and P'205 are not included since
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‘these eiernents' are generally unimportant with respect to clay |
minerals. | - : -

R signiﬁcant relationsh:.ps between major elements or between .
‘ mador elements and mineralogy vere determned v1th the aid of two

comlat:.on matnces (See Section 30146).

. 30202 Geochem.cal Relatlonshlgs

The total silica content is composed of free silica (quartz)
: ‘and combined silicas. -Combined 5111ca, along with alumma, occurs
as a ma;jor constztuent of sihcates. Except where feldspar is '
present, these two oxides are .domnantly represented by clay .
minerals.- '

The average total silica contents for the British and North
‘ American shales in the present study are 53.5 and 6245 per cent
respectively, which favourably reflects the difference Between tne
aﬁeraée quartz contents, since the combined silica contents for
ooth groups are appro:dmately tne same, i.€es 33 and 30 per cent.
respectively,

The ratio of combined silica to aluniina can be used as .a
measu.re‘olf the variation in clay mineral species in sedimentary
rocks provided‘that. they are relatively free from other silicates,

Typical combined silica to alumina ratios for clay minerals are-

(a) Xaolinite - 1.06 = 1.37
ite - (values for (a),
(b) Illite 1045 = 2040 0y 5nd (c) are
ithi s average values
| (Fithian Illite 2.02) . e aver ond
(c) Montmorillonite ‘ 2,14 = 3,45 Pollard, 1973)

(Fullers: Earth 4,32)
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k)

Hydromicas and beidellites have smaller values than illites and

montmorillonites_respectively. | | |

; The combined siiica to alumina ratio in the Britieh samples
‘ currently stud1ed shows a 31gn1f1cant pos1tive correlation with the
montmor1llon1te content 1nd1cat1ng the dominance of Si over Al in '
‘the smectite 1att1¢e. This is further supported by a megative
relationship (at the 95 per cent level) vith the kaolinite and
illite. Unfbftunately,'owing fo the more uni form nature of the
. samples from North Amerxca. this relatlonshlp falls below the 95
per cent level, but can be inferred from the hlgh comb1ned slllca

N

to alumina ratios in Table 3.11,
comnined silica to alumina ratio is 1,903, but this is drastically
:reduced to 1,599 vnen the two samples of Fuller's Earth are
-excluded, and clearly reflects the dominance of illite and kaolinite
in these matefials (the Fuller's Earth rocks have values of 4,32
and 4.43 which a"ge consistent with their- compositions as almost pure
montmorillonites See Table 3.5.

The mean value for the combined silica to alumina ratio for the
samples from North America is 2,005 which reflects the high smectite
content, although the value is somewnet depressed by the presence of

other clay minerals and be;dellitic species of smectite (see Table

3e2)e

The lower alumina content in the North American samples (i.ee
15.2 per cent compared wigh 19,1 per cent fbr the British samples)
must be taken as further evidence for the dominance of smectite in
thesshales, although part of this difference may be explained by the

lower total clay mineral content (60 per cent as opposed to 73 per
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-cent-in the Bfitish shales), The small standard deviation observed
for the alunina content in the ﬁonth American~shaies indicates that

a snaller variation in‘the Clay minenal types might be expected, and |
-this is indeed the case.

The hzgher level of alumlna in the lattzces of kaolinite and
'chlorlte is conf1rmed by significant p051t1ve correlations between
these tvo minerals.and alumlna.ln both groups of sediments. A
tstrong positive‘correlationfalso exists beteeen-alumina and mixeo-

. layer clay in the British sampleé.

The strong positiﬁe.correlation'between Mg0 and Fe203 and between
MgO/hl and Fe 03/h1 0. observed in the British samples shows the
high degree of 1nter-re1ationsh1p between iron and magnesium in the
silicate lattices, particularly ofismectlte (and illite), (see Table
3¢5)e This relationship is not shown by the samples from North
America, However, the strong positive relationship between these
latter two ratios and the combined silica to alumina ratio, which is
shown _in both the British and North American shales, and the positive
relatlonsh1p between the oxide (MgO and Fe,0 3) to alumina ratios and
smectite content for the British samples, indicates their association
with the octahedral layer of smectite minerals where'they replace
alumina (See’Table 3.5).‘ This is supported by the negative
correlations for the ratios of MgO/A120 and Fe 03/A1 0. with alumina,
kaolinite, chlorite and mixed-layer clay in the British samples. In
ad&ition; the positive correlation of Mg0 and Fe203 with the combined
silica to alumina ratio in the North American samples and MgO with l
the combined silica to alumina ratio in the British-eamples may
. indicate their relative importance within the smectite minerals

(see Table 3¢5)s The relationship»between Mg0 and smectite in the
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British samples is partly explained'by the high Mg0 to:alumina ratios
found' in the Fuller's Earths, but also by‘the fact4that”dolomite is
present ‘in both the London Clays (wh1ch also contain smectite) thus

| enhanc1ng the previously mentloned ratxo. . ' A |
o In additlon to their clay mlneral associatlon, 1ron and magne51um
;are also assoc1ated w1th other mlnerals found in sed1ments. Iron is
found in the reduced ferrous state combined with sulphur in pyrlte.
However, hlthough thzs mineral was recorded in many of the samples

no significant correlations were recorded between iron and sulphur

or between ironiand pyrite, vhich.suggests that.most of the iron is
probably heéld within the silicate lattices. A strong relationship -
_between svlphur and pyrite does, hoWever,-eiist in the British samples.
Magneslum is often present in carbonates in the form of dolomite
(calczum magnes1um carbonate), as evidenced by its correlation with
this mineral in the British samples. The Keuper Marl, which has been
excluded from the statistical analysis, contains 7.14 per cent
dolomite, accounting for the high magnesivm oxide content of 7.91

per cent.‘

Ca0 is present in the form of calcite as evidenced by its strong
correlation to this mineral, and also to carbon dioxide in both the
British and North Ameriean shales, The significance of. these remarks
is demonstrated by the large occurrence of both Ca0 and Co2 in the
Gault Clay (17.5 and 13,2 respeetively) and in tee Xeuper Marl (12,5
and 10.5 per cent respectively). lCao does not show any significant
relationships with Mg0 but their presence together can be inferred
from the presence of dolomite in some of the samples tested.

‘The relationship of Na, 0 within the~clay'minerals is partly

2
obscured by the presence of feldspar, hence no degree of certainty




‘can be placed upon'the correlations obtained, especially those for

the North American shales where feldspar is very common, However,

-as sodium is mainiy an interlayer cation, it is'possible to obtain

" a more accurate measure of its presence in the clay minerals by

reference to the cation exchange éépacities;, (see Section 3.3).
From theé.e it can be seen that the Pierre Shalé (ﬁakota) and the
Flpcld:on Thin seateéfth have réasonab‘ly high Né exchange valués
vhich are reflected in the high Na,0/K,0 values (0,51 and 0.33
respectively) and the high.N4a20/A1 0, values (0.1 and 0.03
respectively). | '

‘Potassium is fixed by the illites, as evidenced by a highly

~ significant positive correlation between X 0 and illite in both. .

2
groups ‘of shales. This is further confirmed by the positive 'relationship

between the xzo/alwnina ratio and illite. Potassium is also present
in feldspars as evidehcéd -by its cofrelation with this mineral in
the North American sémples (the correlation between Na 0 and feldspar
falls just below the acéeptable confidence level). Hence it is
possible that some of the relationships involving potassium may

have arisen because of this fact, and also because feldspar-and
jllite are seen to be associated, since they are both detrital

mineralss The relationship between Na20 and 120 is also probably

. pelated to the high feldspar content of these samples as it would

not normally be expected for these two oxides to follow the same
trends within clay minerals (Attewell and Taylor, 1973).

Water is present in all clay minerals in the form of 'lattice
water? (which is removed at 1100°C) and 'absorbed water! (which is
removed at 105°C). These two types have been combined to form the

*total vater" content presented in Table 3.10.




All indications from the correlation matrices are that the
totai \iater content -is related to the total_'expendable clay mineral
'content, eSpecially that of the smectite. 'i‘his is corfirmed by
| reference to the chenucal analyses of worhers such as xerr and
| Hamilton (1949) and Veaver and Pollard (1973)-
| ‘I‘he remaimng major elements i.e. organic carbon, sul phur,
- phoephorus and »tltamum occur in minor amounts andv are not associated
| -with the clay mineralogy; | | |

brgonie Vcﬁarbon and sulphur are often found in close association
under reciw:ing eondit:i.ons, which: are suitable for lthe formation of -
pyrite. Phosphorus, analysed as Péos,_has strong affiliations with
carbonates as evideneed by its relatiohships wvith calcite, carbon.
dioxide and Ca0 in the British samples. This is indicative of its
preseme in fossil debris, possibly as a phosphate mineral and
Aconsequently this ‘aseocietioz.l infers mainly marine conditions for
the palaeosalinity. '

Titanimn,_ias;l‘,io,z) is _contmnly_ﬁfo;mdi_as rutile inclusions in
: cley minerals and hence may follow the clay mineral trends,
particularly Xaolinite with which it is comoniy associated; This
| statement 1s supported by the fact that there is a strong association
between '1':.02 and A1203 in the North Amerzcan samples. This is not
sm by the British samples as the correlation coefﬁcient falls
below. the acceptable level of significance, However, by inspection,
ttxe 'I'io2 value does tend to follow kaolinite and alumina. An
interesting relationship does come to light in the British samples,
and that is the positive association between T:’Lo2 and quartz, vhich

may well indicate a detrital origin for the oxidé as proposed by

Goldschmidt (1954) and Spears (1964).
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3.3 Catiqn Ex:chénge Capacig

36301 Method of Analysis

| -"I’womgthods (repoffed in Appéndix Al,3) -Qere used to obtain

| the cation ‘exc,hange capaqity of the l-slf';a'les studied:- |

(i) ﬁ'he 'indi%ri&uéiponcegtration of émhangeéble_Na", X, Ca and:
‘Mg~ cations (in 'milli'equivalentsv per 106 gran.x_s'of clay) were
'détermined by leaching with ,ammoniwn' acétate (Chépman, 1965; Spears,
 1.973), see Table 3,12, Although this _n.aethod is suitable for analysis
of all mineralogical species, enhanced vaiues for e:uchazigeable Ca
are obf'ained if calcite is present to »anj degree (clays for which
this situation arises are marked by an asterisk in Table 3.12).

(ii) The total cafidn exchange capécity (Table 3,13) was determined
(in milliequivalents per 100 gr_aﬁms) for certain materials using
methylene blue absorption (Taylor, 1967). 'rhls method is, however,
“only suitable for analysing shales containing mixtures of illite
and kaoli_nitg because the large methylene blue molecule cannot enter
the smectite lattice (e.ge Fuller's Earth from Bath, Table 3.15)-
Therefore this method Qas used to obtain true total exchange
capacities for iilite—l:_aolinité shales where calcite had affected
the result. This enabled a corrected calcium value to be obtained,
Three control samples, i.es two Carboni ferous shales and the Londori

Clay (LC37) vere also analysed for comparison with acetate leaching.

3.3.2 Exchangeable Cation Relationships

Typical values given by Weaver and Pollard (1973) for the

exchangecépacity of pure clays are:-
' Xaolinite 3.6 - 18 meq/100g
Illite ‘ 10.0 - 40 "
Montmorillonite  70.0 =130 "
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(52e Tables 3.2 and 5.12); a notable exception being the Fox Hills Shale

vnlch cnn1a1nd 3 per cent a*bonac“ous material,

;-." I'

‘Uzi].‘:‘uoe the relatio_nships existing . between geochemistry '
and mineraibgy. vhiéh 'follow' certain rigid trends, the exchangeable
;cat:.ons are controlled by a variety of factors, €eJe the COmp051tlon
of the water in emnronment of depos:l.t:l.on, post-depos:.tmnal leaching

and dlagqgneszs, ‘depth of burial, and to a certaln extent, the time

- in which the pari:icul"ér events took place. Therefore it is possible
.~£ofr -:thé same mineral .‘to contain.different cation§ depending on these
-variables. |

Spears (1973) shows that the variation in the exchangeable
cations from a sequence of Carboniferous strata could be related to
changes in the palaeoéélinity (i.e; in marine shale_s the exchangeable
Mg  is higher than in shales deposited under brackish conditions,
and the concentrations of exchangeable Ca ' and Na , and.K are
lower; the same relationships béing recorded in modern sediments).
Otl_ler workers have -cor:mnented on the effect of burial. upon _thé_cations
present, Weaver and Beck (1971), show that the order of emchangeable'
" cations (£from a borehole in the Gulf of Mexico) changes vith depth
from Na’, Ca, m s K at the surface to Ca'; Mg , K,Na » at a depth
'of' 5200 rr_aetfes.

Iﬁ 'f:he Ipresent range of shales, Ca 4 followed by,Mg' " are the
d.ominant' e:och.ahge cations, although Na is an important constituent
of the Flockton Thin seatearth and the Pierre Shale from Dakota.
Unfortunately the samples studied are not from related suites, -
therefore it is not possible to fully equate the cation values, or
their ratios (Table 3.14) to the above findings; Nevertﬁeless, a

number of significant relationships are observed(Table 3.16).




Table 3,12  Cation Exchange Capacities from Acetate Leaching

- m.eq/100g Clay)

Sample Na X Mg Ca =~ Total

Ref, :
British Shales
London 013,)' 14m ' ml4 0.44 0.34 12,63 18087 32. 28
Fullerts Earth (Redhill) ~ FE23 1,09 0.40 3.76 93.41 98,06
Weald Clay ‘ S - o - - - - -
Kimmeridge Clay . XC * 0,48 0.23 4,36 22,18 27.25
-Oxford Clay 1lOm oClo * 1,06 0.29 4467 121,95 127.97
Oxford Clay 44m 0C44 * 0.49 0.22 2.30. 31.88 34.89
Fullers Earth (Bath) FE19 0.67 0e23  10.60 103,16 114,66
Lias. 018}'— 10m . L1I0 ¥ 0.73- 0.20 3030 54.80 59.03
~Lias Clay 36m ' L36 #* 0.70 029 3.08 59,04 63,11
Xeuper Marl : M % 0.79 0434 6,12 99,55 106,80
- Swallow Wood roof . SWR 2.57 1,36 2.70 3490 10.53
Flockton Thin roof FTR 1,63 1,06 1.44 3,04 7.17
Flockton Thin seat FTS 10. 59 1.28 1,62 520 18.69
Widdringham roof WR 0.40 0.28 2,86  3.54 7.08
North American Shales
Yazoo Clay : YC * 0.90 0631  10.61 - 87.37  99.19
Klncaid “Shale 6m X6 ) 0.97 0e11" ~— 0.99° [N 81 71. 88
Nacimiento Shale Nl 1,16 0.55 1.84 . 22453 26,08
Nacimiento Shale N2 0.55 0.31 0.51 14,08 15.45
Nacimiento Shale N3 0.60 1,21 537 39.22 46,60 -
Fox Hills Shale _ FOX = 1,51 1,71 740 9.37 19,99
Dawson Shale DS 0.71 - Oe 28 3.53 60415 64. 67
Pierre Shale (Dakota) PSD 6+23 4,10 5¢38  30.57  46.28
Pierre Shale (Colorado) PSC 0.57 0.29 6.85 19,18 26.89

# Enhanced calcium concentration because of
calcite concentration
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.Table 3,13 . Total Exchangeable Cation Capacity
(From Methylene Blue Absorption)

Sample Total . Corrected
) Ref. . C.E.C. Calcium (where applicable)
’ (me€9/1009) _ {m.eq/100g)
London Clay 37m 1C37  .17.90 6094
Gault Clay GC 14.76 ' %.14
Kimmeridge Clay X 12,07  7.00
Oxford Clay 10m 0Cl0 '14.06- ‘ 8.04
. Oxford Clay 44m  0C44 11,33 ' 8.32
Fullers Earth (Bath) - "FE19 . 775 : -?pure ‘
o . - ‘ montmorillonite
Lias Clay 1Om L1o 12,16 7.93
Lias Clay 36m 136 13.66 9.59
Flockton Thin seat - FTS: 13.25 -
Widdringham roof . WR 6.71 o -
~Reference Clays
- Morris Illite (A.P.I. No.36) 21.05

”

ACalcite




Table 3,14 - Cation Ratios

. ' sample ‘Na Na Mg . Mg

Ref. I 'I ~ Ca N o

Vater Exchangeable Vater E:cchanEable
" - Soluble . Cations Soluble . Cations

Cations - . Qations
London Clay 14m . IC14 0.36 1,29 2,05 0.67
London CIay 3 137 1.16 1.20 . 2440 0.67
Fuller's' Earth (nedh111) FB23 + 0,48 2,72 . 018 0.04
-Weald Clay wC - - - -
- Kimmeridge Clay - XC 0,85  2.08 0.32 0.63
Oxford Clay 10m 0C10 1,89 3.65 0.35 0.58
- Oxford Clay 44m :0C44 3.34 . 2.23 0.29 0.28
Fuller's Earth (Bath) FE19 0630 - 2,91 0,27 . 0.0
Lias Clay 10m Llo - 1449 3450 0632 0.42
.-Keuper Marl : ) 4, 505 2,32 0.62 3.45 |
Swallow Wood roof SWR 2.03 1.88 233 0.69
Flockton Thin roof " FIR 4,80 1,53 2,20 0.47
Flockton Thin seat FTS 12,49 8.27 1,58 0,31
Widdringham roof WR 0.32 1,42 0.87 0.81

Yazoo Clay YC 2,66 @ 2.90

.Kincaid Shale 8m X8 ‘ 3.23 6. 66
Nacimiento Shale . Nl 11,68 2,10
Nacimiento Shale N2 730 1.61
Nacimiento Shale N3 2.68 0.49
Fox Hills Shale FOX 4,74 0.88
Dawson Shale . DS 0.95 2453
Pierre Shale gDakota) PSD 14,61 1,52
Pierre Shale

Colorado) PSC 9.31 1,97
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36363, Vater—Soluble Cations

Spears (1974) suggests that the water- soluble cations in non=
marine and brachsh conditions are character:.sed by high Na and I
" ';.concentrat:l.ons. -and low Ca’ and Hg:;; concentrations; the reverse

sitﬁatiéns pbévéiling for marine conditions., Veaver and Beck (1971)
'.and Van Moort Q9n) report that from deep boreholes Na is the‘
major cation’,‘ ;f‘ollowed bj X, Mg andCa , and suggest that
Ca’  is selectively retéined during burial, ~ Spears (1974) AshowsA
';that the water .sélubléfcation# from a sequence lof Carboni ferous
st:;afa- do not bear any relationship to the original pore water,
.but. instead are the result of diagenetic alterations causing the
removal of enchange sites by the transformatlon of montmorillonite
layers to 1111te, Drever (1971) accounts for post-deposn:mnal
changes in the ¢>cchange characteristics of marine sediments in the
Rio Ameca Basin by i:he aétion of anaerobic bacteria,

Water-soluble cationsfrom the current shales (Table 3.15),
détermined.in..associat'ion wif:h _ammonium_acetate leaching (Appendix
Al.3) show that Ca and Na are the dominant speciess Those of
the Swallow Wood roof, Flockton Thin roof and seatearfh, which are
all non-marine in origin, conform to the argument of Spéars (1974).
The Wid&inghm ro¢f also of non-marine ofigin, does not, however,
agree with his hypothesis, but as the sample is from relativeiy
shéllow depth, compared with the other Carboniferous materials,
it is possible that the pore waters have been substantially altered,
'Of the non-marine shales from North America, the ﬁacimiento samples
also tend to agree with Spearts findings altr.nough' the Dawson and
Fox Hills shales do not, In complete contrast, pore waters from

‘the Pierre Shales are sodium=rich, although both of these materials




Table 3,15 Water-Soluble Cations (m.eq/loojq Clay)

I
1=
Q
[V

Sample  Na Ca Total

British Shales

_ London Clay 14m - 1Cl4 1,26 - 3.52°
London Clay 37m 1C37 2:96 . 2.56-
Gault Clay , GC 0.63 2.75
Fullerts Earth (Redhill) FE23 0.44 0,90
Weald Clay wC - -
Kimmeridge Clay xC 0.67  0.78
Oxford Clay 10m ’ _ 0Cl0 569 - 2,01
Oxford Clay 44m - . 0C44 7.91 237
Fullers Earth (Bath) - FE19 0.33 1l.10
Lias Clay 10m ‘110 5630 3.54
Lias Clay 36m L36 8.94 2426
Keuper Marl 4| 6,02 1,19
Swvallow Wood roof SWR 5463 2.76
Flockton Thin roof FTR 8,32 1,73
Flockton Thin seat FTS "10e12 0.81
Widdringham roof" VR - 0625 D.78

J

North American Shales
Yazoo Clay YC 4,32 1.62
Xincaid Shale ém K6 . 1.26 0.45
Xincaid Shale 8m X8 1,26 0039
Nacimiento Shale Nl A 4,09 0635
Nacimiento Shale N2 3.36 0.46
Nacimiento Shale N3 2.82 - 1.05
Fox Hills Shale ' FOX  2.42 0.51
Dawson Shale DS 3.63 3.79
Pierre Shale (Dakota) PSD 15,49 1.06

_Pierre Shale (Colorado)  PSC 13.97  1.50
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British Materials

Na (W)

K (W) T ®

Mg (W) [9)

Ca(w) - ® Ol

Na(A) ® B0

K(A) + -+

Mg(A)

Ca(A) B ©

total cationd Wy
total cationA)| a
Na/K (W)
NaK(A)

" Mg/Ca(w)
Mg/Ca(A)

A -leached with acetate
W- water-soluble

North American Materials

total caticns(W)]
Total cations(A)
" NalZK{W)
NalK{A) : +
“Mg/Calw]

© Mgl/CA A

+ - 95,0% - Probably Significant
® © 99.0%

® B 99.9%]”_H18h1y Significant

Table 3.16. Significant Correlations Arising

Amonst Exchangeable and Water-Soluble

Cations,
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are marine in origin. No other definite conclusions regarding
palaéosalinity could be founds |

T

- 3.4 ‘The Effect of Age and Depth of Burial upon i:he'l{ineralogz and

Geochemistry

Fl

-In the present study, the British shales from the Tertiary to

the Lias have been buried to a maximum depth of about 1250m (see
E Chapter '2)‘ and hence are above the level at which the mineralogical

‘transformations begin, (Pawers', 1967). Even the most deeply

burj.ed shales in i:he above age range have.preconsoi'idation loads

' -_.équivalent to only 2500m, From the recalculation of the smectite

chemical structure from the Fuller's Earth £i~om Bath (which is Great

Oolite in age and consequently among the oldest of the sediments

in Britain which have not been affected by orogenié phases); the -
mineral present is shownto be an almost pure montmorillonite

(si/A1 = 3.94).. This implies that the age alone does not alter the
mixieralog'y. 'Powers (1967) suggesté " that this may be the case but
dld not have clear endence because .all of his samples vere
relatively younge Bradshaw (1975) shows that the ratio of mi xed-
J;airer clay to montmorillonite in the Esturine Seri_ps of the Middle
Jurassic is not constant and concludes that the mixed-_layér-material
is of detrital or.igin’because if it had been derived from the
montmorillonite, the above ratio would have been constant throughout
the section.

The British Carboniferous shales, which are the résult of over
3500m of sedimein':'ation, have a simple mineralogy <V)f;illii':e, mixed=
layer clay, kaohmte and chlorite,  Perrin (1971) Shows that
montmorillonite is notably absent (or very rare) in the Carbomferous

or older rocks and this conforms to the depth argumenf; of Powers.
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Héwever,_evidence of ash bands in these older rocks is presented
by several workers, Spears (1971) suggests that the Staffoid
tonstein, where thé principal clay mineral is a mixéd—layer
mica~montmorillonite comparable to a K-bentonite, is the product
of an ancient volcanic ash band. Bands containing X-bentonite
materialwinjthe mixed-layer component have also been noted by
Trewin (1968) and Gilkes and Hodson (1971).
Witﬁ reéard to the North American shales, which are from the
iate-cfetacéous and Tertiary, all are seen to cohtain smectite -
which suggests that the distribution of this mineral -is much
greater than in the British shales, presumably because of theudmmmqsmmﬂduﬂ~h»
formation of the Rocky Mountalns (Tourtelot, 1962). .
From’the.estlmates of the maximum depth of burial, it can be
conéluded from the present work, that the North American strata.have
been, in general, more deeply buried than much of:the older British
istrata. In the pfesent study several samples have had a maximum
overburden pressure equivalent to 1650 ; 1800m of sediments,
although the maximum thicknesses of Tertiary and Upper Cretaceous
strata in North America can reach 7500 - 9000m (Dunbar & Waage,
-1969). The—recalculat1on of smectites (Table 3.5) shows that the
mqst-déeply buried North American samples have lcwisi/kl ratios
0f 2,9 = 3.6 and high‘po?aSSium contents, and are é;nsequently
beidéllitic-in charaéter.'lThese shales may therefore sho;'the
initial‘étages of the montmorillonite to illite conwérsion witﬁ .
asscciated potassium fixation.
The Si/Al ratio for the smectite of'the Yazoo Clay is 3.83, )
| aﬁd the potassium content is also moderately high, which would suggest .

that a certain degree of'degfadation'has occurred, - However, as the
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smectite is of defrital'origin and as this deposit is not deeplyApuried
it is likely that this degradation may have occurred befofe deposition
and iﬁ not associated with the history of the Yazoo Clay.

To conclude, it appears that'the depth of bﬁrial is the mogt |
important. factor which influences the diagenetic alteration of clay
minerals, particularly the smectite species. Age alone does not
appear-to greatly affect the transformation process as may be deduced

from the sample of Fuller's Earth from Bath.

3.5 The Relationship between Mineralogy, Atterberg Limits and Clay-
~Sized Fraction

“The Atterberg Limits* ére used as a.means of classification in
soils engineering and because of their dependency on mineralogical
~ composition, it is pertinent to consider them at tﬁis point.

Two series of tests were condﬁcted, the first (Table 3.17) was
under;thé‘cohditioné specified by British Standard 1377 (1967), while
~th.e--secbnd Qas after the ‘material had been slaked, mechanically
diﬁintegrated, dried and powdered to pass a B.Se 200 mesh. The
results, which are presented on plasticity diagrams (Fig.3.7),
after Casagrande (1948) indicate that there is a general increase in
the liquid 11m1t (of up to 87 per cent in the more 1ndurated materials)

and.decrease in the plastic limit when the slaking technique is used.

: \‘.‘ .
‘Purthermore, it is considered that the results obtained, after using

the slaking;techni%ue.are more representéfive of the.propergiés of

the shales studied since they frbbébly reflect_the behaviour of

_individual particles and not aggregates, (;s suggested by the.indurated

sediments)s _ X | o - V : .
The liquid limits vary froﬁ 35 = 135, with the higher values

f(i.e. gréater than 75) ﬁeing éssociéfed with Smectité concentration.

* Atterberg Limits are defined in Section l.4.2

¢ ~F

158"



Even small quantities' ef this mineral in shales containingrlarge
quantities of quartz tends to enhance the value (e.g. Dauson Shale
and xincaid Shale) The two samples of Fuller's Earth, bemg
princ:lpally Ca o montmorillonites, have values of 100 and 117 which,
although low vhen compared with a number of values for multi-component
'.systems, are in good agreement, however, vith those of other vorkers
(Dr. A.B. Hawhns, Bristol Umver51ty, personal commicatmn)

presence of exchangeable sodimn to any degree in the smectites greatly

enhances the 1iquid limit (e.ge Pierre Shale, Dakota (sample PSD)),
| conyersely ei-relatively high carbonaceeus content, even in smectite
rich sediments,'appear's to 'depre"ss the aforementioned value (e.ge
Fox Hills shale). |

Moderate liquid limits (50 - 80) are typical of shales containing
illite, mixed-layer clay, kaolinite and quaitz (e.g. the majority of
British sediments). | |

Liquid limits ef 35 = 45 are characteristic of shales where
quartz or kaolinite are the major mineral epecies (eege Weald Clay-
pigh quartz, Widdringham roof shale - high kaolinite)e

The plastic limit appears to increase as the smectite content
:‘mcreases, prov1ded that Ca is the dominant exschangeable cation.
C_onirersel& -the’ presence of exchangeable sodium appears to maintain a
dépressefd'\lralqe for the plastic limit (e.g. Pierre Shale, Dakota)e

Seed et al (1964) have suggested that the activity* (Skempton,
1.953) will accurately claseify artificially prepared soils. Therefore
the clay~sized fraction was determined for the materials tested
(table 3.,18)s However, although a general increase is associated
with the higher liquid limits, these results, and those of the
associated activity (Tahle 3.,18) are not considered to be entirely
| accurate because‘difﬁculties wvere encoxmtereci with ﬂecculation
* Activity is defined in Section l.4.2
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Table 3,17 Atterberg Limits of the Shales Tested

' Sample Slaked 200 mesh Crushed 36 mesh

e TRefe IL PL EL L~ P PL
British Samples "
.London Clay 14m - 1014 - 84 31 53 . 84 31 53
London Clay 37m . 1e37 63 - 25 38 65 25 40
Gault Clay - ‘ GC 75 27 48 76 30 ° 46
Fuller's Earth (Redhill) FE23 117 54 63 117 .6l . 56
Weald Clay . wc 36 25 11 - 37 25 12
 Ximmeridge Clay (& - 70 24 46 58 . 22 36
Oxford Clay 10m oClo - 76 26 50 63 32 31
Oxford Clay -44m - 0C44 58 29 29 . 51 29 22
Fullers Earth (Bath) FE19 100 39 61 lo0 37.- 61
Lias Clay 10m L10 68 . 23 45 - 60 28 32
Lias Clay 36M L36 65 28 37 . 50 30 20
' Swallow Wood roof SWR 58 26 32 - 33 20 13
Flockton Thin roof FTR 46 24 23 31 20 11
Flockton Thin seat FTS 61 26 35 34 20 14
Widdringham roof VR 45 23 22 29 19 10

North American Samples

Yazoo Clay ye - 117 32

Kincaid Shale 6m X6 - 72 19
Kincaid Shale 8m X8 - 58 19
Nacimiento Shale N1 37 24
~ Nacimiento Shale N2 -39 25
Nacimiento Shale N3 94 33
Fox Hills Shale FOX 61 40
Dawson Shale . DS 75 24
pPierre Shale (Dakota) PSD 135 29

Pierre Shale (Colorado) PSC 62 17
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Table 3.18 Clay-sized Fraction & Activity Values & Specific Gravity

N Sample. Clay-Sized Activity SeGe
. British Materials Refe Fraction :
" London Clay 14m 1C14 - -~ 65 ‘0.82 2:77
‘London Clay 37m - 1C37 53 0.72 272
. Gault Clay . ' GC : - 60 '0.80 2,71
- Fuller's Earth (Redh:Lll) . FB23 - 69 0.91 2380
Veald Clay = wC 32 - 0.34 2,69
Kimmeridge Clay "XC - 57 ' 0.81 2.68
. Oxford Clay 10m 0C10 37 1l.35 2.49
. Oxford Clay 44m o 0c44 46 0.63 2,53
Fuller's Earth (Bath) FE19 68 0.90 2,70
Lias Clay 10m_ L1o 62 : 0.73 2,67
"Lias Clay 36m L36 65 - 057 2465
‘YXeuper Marl I ¢ 43 0.33 2.75
Swallow Wood roof SWR . 35 0.94 2075
Flockton Thin roof FTR : 48 0.46 2,75
Flockton Thin seat - FTS 42 0.83 2,66
North American Materials
Yazoo Clay . YC 85 1.00 2,73
Kincaid Shale 6m X6 68 0.78 2.71
Nacimiento Shale : N2 54 0.26 2.67
‘Nacimiento Shale ‘ N3 34 1.79 2.76
Fox Hills Shale FOX 61 0.34 2.57
Dawson Shale DS 63 0.81 2,62 -
Pierre Shale (Dakota) - PSD =~ 71 1.49 . 2464
.Pierre Shale (Colorado)  PSC 47 0.96 2,67
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during the .'course of testing. COnsequently; the results have,‘
in the main, been excluded from further anal_ysié. o
346 ,Conclusions' »

Vh'bm a detailed aﬁalysis' -of the minera_lbgy (obtained by it-ra;y
dirffracfibn). and geochemistry of 16 British shales (rangixig in age
from the Carboniferous Period to the Tertiary Period) and 10 North
. American shales (fr;am the Late Cretaceous and Tertiary Periods),
m_aj.o!-' diffefences were found in the relative abundances of mineral
species present in each group,',anci as a.consequence‘, the engineering
properties of thé shales 'in.eac'h iilﬂl be very -differept, In addition,
further evidence is ‘presented t§ confirm that the depth of burial, - -
and not the age, is the most important factor controlling the
transformation of montmorillonite to illite during diagenesis of
sediments, This evidence is based on the recalculation of the
structural .i;onmzlae of several smectife minerals from both groups
‘of shales, - - 4 | |

The following are the major points which arise from the mineralogy
and geoéhemistry to justify the ab;ave stateneﬁ;; -

(1) Smectite is the dominant mineral in‘ the North America shales,

“occurring in every sémpl_e_, whereas its occurrence .in the British shales
is restricted to 5 samples (i.e. the two samples of Fuller's Earth
vhere it is the only clay mineral and 3 others where it is a minor
constii:uent).

(2) By recélculating the structural formulae of smectitesfrom 5
samples it was concluded that the depth’ of burial was the most
important control in the transformation of montmorillonite to illite,-
The two samples of Fuller's Earth, which have not been deeply buried
(1less than 1000m) contained good montmorillonite which showed no signs

of degrading to illite, even though the sample from Bath is 6f Great
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Oolite age » The smectitesfrom the Dawson Shale and the Nacimiento

Shale No.3, haﬁng ‘been buried to depths ovf about 1800m vere much

- more beidellitic in character and could be inferpretgd as being in the

initial éfages-of the ‘transfomat.ion jarocess.. ﬁc concldsions were
drawn for the smectite from the Yazoo CIay because of the detntal
origin of the deposlt.

(3) Illite is the dominamt clay mineral in the British samples,
vhereas, it is .t_he ;east important clay mineral species in the North
America‘n‘sﬁite. ALl the illites were found tdbedioctahedral, and
'vhére _identiﬁcation vas possible, the 2M polymorph prevailed exicepf
in the Flockton Thin seatearth vhe;e the 1Md polymorph was suspected,

(4) Xaolinite is the secoﬁd most abundint c;léy mineral in both
groups, althqugh it is more common in the British shales, '-The
variations in the kaolinites are primaﬁly caused by differences in the
crystallinity statés.or by bt ‘axis disorciering of the lattice,

(5) Expandable mixed-layer clay occurs to a varying degree in
both groups of shal.es.A However, as the material identified is more

closely related to the illites in the present study; the higher

concentrations are found in the British sampless Evidence is also

presented to confirm that the mixed-layer component is detrital in

origin and does not arise from the transformation of montmorillonite.
» (6) ‘Chlorite is present as a minor detrital clay mineral in the
British samplés only, None was detected in the North American samples.
(7) Quartz is the dominant massive mineral in both groups of

shales although it has a significantly higher concentration in the

North Américan samples, which is probably associated with higher

rates of deposition,
(8) Feldspar ..is found in both groups of shales but again its

occurrence is far more frequent in the North American material., This

is associated with the wvulcanicity which was present during the Late
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Cretaceous and Tert1ary t:unes in the United States.

(9) The non-detrital minerals i.e, carbonates and pyrite vere
found to be present in both the Br:.tlsh and North American shales,

, Pyrite c;ccuns with g'reater. frequency in the British shales, vhereas
'the carbonates are evenly distr:.buted between the two groups. Their
"presence reflects marine conditlons of depos1t10n. |

. (10) ,The_trends observed from the geo'chemical analyses',. in terms
of ten majer elements, n.avevproved La useful guide to clarify and
elucidate the m:.neralogy and the results obtained are in good agreement
with other worhers. -

(11) cation emnange capacities were .determined by two methods
and the results indicate that Ca ' is the dominant exthangeable cation,
‘although Na was present in sig'niﬁcent amounts in several samples.

In addition, the concentration of water-soluble cations were also
»determined, and in conjunction witn the exchangeable cations an attempt

" was made to relate their values to the palaeosalinities etc., although

this was obscured by anomalous Ca values caused by the presence of

_ calcite.
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-Chapter -Four'

Clay Microstructure and Preferred Orientation

4.1 "Introduction

8011 structure presents a complex picture which is oﬂ:en N
difficult to guantify. It exists at a v1de variety of levels from
‘the micro to the macro (Barden. l972) Hacrostru:twe includes such
.-features as- horizontal bedding, laminations, varves. vertical root
channels, tension cracks, fissures and Joints, vhereas the mcrostructure.
vhich- forms the baszs of this chapter, embraces the distribution -and
forms of the particles which constitute ‘the sed:.ment.

Early studies of clay microstructure, mostly based on speculation
were undertaken by for example 'rerzwhi (1925), Casagrande (1932) and
Lambe (1953 and 1958) . However, later research using techniques of
scanm.ng electron microscopy, x-ray diffraction and the polarismg
microscope have lead to a greater mderstanding of the bas:.c engineering
.behavzlour of soils, although only the electron microscope allows
examination at the scale of 1nd1v1dua1 particles because even with
high powered microsc0pes it is never possible to be certain vhether
it is smgle part:l.cles or aggregates that are being newed (Tchalenko,
1968) Nevertheless, the polarising microscope and X-ray difﬁaction
have proved useful tools for obtaim.ng quantitative evaluations of the

degree of orientation of the clay minerals over scanning areas of

varying si zZ€e

4,2 Preferred Orientation Studies

4,2,1 Methods of Analysis
‘Quantitative evalnations have been performed by optical means

and X-ray analysis (Appendix A.2 ). The degree of preferred orientation
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'has subsequently been calculated in‘ferms of ‘'orientation ratiot,
which is.on a scale of 0 to 1 (i.e. O implying perfect orientation
and. 1 implying random distribution).

I1f the study of preferred orientation is to lead to representative
results, then it is essential that no significant alterations occur
to the original fabric during preparatibn of the sample'fbr-énal&sis.'
Consequently impregnatio; of the material-with a binding agent is .
often necessary to‘prevent shrinkage during drying to provide
sufficient hardness to allow grinding. |

Freeze drying avoids large volume changes. but is only effective
to shallow depths (0.2 cms.) _within the sample (Bfewer, 1964).

An impregnation technique has been devised by Mitchell (1956). This

' involves_squerging a sample, at it natural moisture content, for one week,

in melted Carbowax.at 60°C, which being soluble in water in all
Aﬁféé&rtions, gradually replaces the water. Shrinkage in Carbowax
"~ .1is however, not totally eliminated., :Quigley and Thompson (1966)
:quote linear shrinkages of 7.2 per cent in the horizontal direction
’and 8.8 per cént in the vertical direction for undisturbed samples 
of Leda Clay. Morgenstern and Tchalenko (196%) obtain a value of
8.8 per cent for the vertical direction and about half this value
for directions orthogonal to this. | _ 4 o
Typiéal air-dried shrinkages for the clays preééntly under

consideration are presenfed in Table 4.1, The majorit§ have values

~
-~

in the range of 0.1 = 9.1 per cent for the vertical direction and

Cs1 = 6.0 per cent for the horizortal direction. The Yazoo Clay

18
LY

and Fuller's Earth from Redhill (sample FE23), having very high
initial moisture contents compared with the othef materials shﬁw
., larger shrinkages (i.e. 20.7 and 12.8 per cent respectively for
the verticalAdirection énd 8.6 to 10.1 per cent respectiveiy for

the horizontal direction). Consequently, since these values, with

the exception of the last two clays, are well withip the limits of
167




shrinkaqe accepted by other workers, it was decided that total
impregnation va.s not required. However. a surface impregnation
technique was adopted during the preparation of thin sections for
'visual analysis. Haterial examined by x-ray diffraction vas merely

| air-dried before orientated samples were prepared.

4420141 An gptical Method for the Determination of Preferred Orientation

._ An optical method vhich led to three relationships between :
or.ientation 'ratio and birefringence ratio (i.e, mininum to maximum
birefringence) for clay particles has been. developed by Morgenstern
and Tchalenko (19672 & b), (Appendix A2.1). The linear model
(Fig.4.1), whieh they'_consider to be unrealistic, assumes that the
clay particles are either in domains aith a random strticttu-e or
domains with per.fect parallelism and having a common direction of
preferred'orientation. The two dimensional model, (Figs4.1) which
they conSider to be best suited for the determnation of the
orientation ratio, and the one adopted by the writer, assumes that
a_11 clay particl_es' lie with their basal sections orthogonal to the
pl.ane of the section; whereas the three dimensional model (Fig.4.i)
assv.mes that the particies do not have their basal sections orthogonal 4
‘to the plane of s'ect'ion.. _ | |

d’he method is .independent of sample thickness but has been
deveioped "for'use on monomineraiic vaggregates. Nevertheless, in the
'present study orientation ratios (which compare very favourably with
those obtained by x-ray methods) have been found for five materials
(Table 4.2) which contain either relatively small amounts of granular
_material, or vhere granule free areas could be scanned, No results

were obtained from materials which contained large quantities of
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_Table 4.1 - Air-Dried Shrinkage Values

Biitish mgs o . Sample Vertical - Horizontal .
: - - - . ;gg. , : Direction Direction
' London Clay 14m 14 55 =67 302 =45
‘I.oridxbn'éigy o o owmmy. 5.2.- 503 2.1 = 2.3
Gault Clay . G0°  19-20 0.3 = 0.4
" Fuller's Barth (Redhill) mes 12,8 10,1
' Weald Clay. o - VC '6.5 0.1
| Kimeridge Clay XG4 =48 2.3 = 2.9
Oxford Clay 10m 0C10 - %1 =94 3.8 -41
" Oxford Clay 44m - . oom 3¢l = 3.6 07 = 049
Fuller's Earth (Bath) FRLS 8.3 6.0
Lias Clay 10m | o Lo. . 5.8 1.4
 Lias Clay 36ém A L6 - 3.0 - 304 0.1 - 0.2
Yeuper Marl o . N N/A
Svallow Wood roof swn 03 0.1
Flockton Thin roof . FIR 0.3 0.1
F"l_ockton Thin seat FTS | 1.7 0.7
 Widdringham roof v | 005 o,

: Nbrth American Clays

Yazoo Clay YC 2007 = 2203 8.5 = 9.2
Kincaid Shale 6m X6 305 = 3.8 2.3 = 342
Kincaid ShaleIBm ‘ x8 4.1 3.6
Nacimiento Sha]_.e N1 0.6 0.2
Nacimiento Shale | N2 4 Oe6 0.2
Nacimiento Shale N3 N/A N/A .
‘Fox Hills shalé FOX
. Dawson Shale DS
Pierre Shale (Dakota) PSD

‘Pierre Shale (Colorado)  PSC
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, iféble 4.2 - ‘Optical Orientation Ratios # ~ i

' ,§_a_!11_pl.g | . Orieﬁtation

- Ref, " ~ -Ratio

| 'Ién:don Clay .37m~- B | ‘ 1c37 | 020 .= 0,28
Kiméridge Clay T 0410 - 0.18
'Oxférd CIay 44m " ' oc 44 » © 0410 - 0,18
' Lias Clay 36ém L36 . o.oé - 6.06
Flockton Thin roof — - -FIR —= o 0401 =:0,02

# Based on the two dimensional -modgl of Morgenstern
-and Tchalenko, (1967a ),
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" Table 4.3 - Calculation of Orientatidn Ratio from X-Eay Analysis

AIz‘ztensity Ratio . Equivalent Orientation
S : : v --- Ratio .
: - (002) / (210)m 1
e --(oog) / (110)V r%
 Xaarsberg, 1959 (002) / (120)H 1
o | (002) / (u0)v | 22
Meade, 1961a (001) / (020)m | 1
| | (0o1) + (e01) , 8
(020) + (020) |
“(001)X + (002)1
' :
0'Brien, 1964 (020)x + (110)1 N
| (e01)x + (002)1 r2
: v
(020)x + (110)1
Gipson, 1966 (002) / (020)m 1
| (002) +-(002) R?
(020) + (020
Odom’ 1967 e (OOL)V E
’ (ooL)v + (OOL)H R+1
'H = Horizontal (at right angles to the vertical direction)
V = Vertical - (parallel to the vertical direction)
X = Kaoiinite ‘
I = Illite




i

: birefringence under crossed nicols.

smectite, even when the granular content was lov, because the presence

: of this mineral caused the slide, no matter how thinly ground, to

have a brown, muddy appearance which obliterated all traces of

[F

' 4.2.1.2 X-Ray Diffraction Methods for the Determination of Preferred

‘Orientation

- X=ray diffraction methods rely on a comparison of the basal et

- axis reflections (and also reflections at ‘right angles to these) when

the material is orientated parallel to and at right angles to the
bedding. Various methods !‘or calculating the pref"erred orientation,

as used by other workers are given in Table 4.3, Bates (1947).

, Iaarsberg (1959) ‘and Gipson (1966) have used illite peaks only,

this vas the dominant mineral in their specimens. O'Brien (1964)

-combines the illite and kaolinite peaks to account for the reflections

1n'the 4,48 clay-wedge. Meade (l961a), in his study of the orientation
of montmorillonite, uses a similar ratio to Gipson (1966), and in both

these cases, three orthogonal sections have been chosen, i.e. two

-_parallel..to__the wvertical -direction.and one .at. right .angles to it.

Odom (1967) ‘uses theratio of the principal 'c!' axis reflections

.and consequently h:l.s £ormula is applicable to each of the clay

minerals separately, making 1t poss:.ble to compare the:.r orientations
and hencetheir behaviour. |

" Two different methods have been employed by the writer to obtain
a measure of the.degree of preferred orientation of the clay minerals,
For each, an orientation ratio has been calculated on a peak height and

a pealc area ba515, and in all cases the near coincidence of the results

bsuggests that either method can be used with a high ‘degree of confidence.

(1) The method of Odom (1967) has been applied separately to the illite

002 reflection, the kaolinite 001 reflection and the montmorillomte

v

001 reflection ('rable 4.4).

(11) An overall ‘measure of the orientation for each clay has also
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0xford Clay 44m

Samgle
 British Materials
London Clay 37m. Le37¢
Gault Clay » GC

Fullers BEarth (Redhill) FE23-

Ximmeridge Clay ) (oI

Fuller's Earth (Bath) FE

Lias Clay 36m L36 .
Flockton Thin roof FTR

" Flockton Thin seat - FTS

North American Materials

. Yazoo Clay YC —
Kincaid Shale 6m K6
Nacimiénfo Shale 'NZ .
Nac'inﬁento ‘Shale N3
Fox».Hills Shale FOX

Dawson Shale DS
pierre Shale (Dakota) PSD

Pierre Shale (Colorado)PSC

#* Based on Odom, (1967)

0C44>

" Table 4.4 Orientation Ratios of Individual Minerals #

Yaolinite

Illite
peak peak peak  peak
‘hte area  ht, -area
0.49 . 0,45 0,47 0.47
0.53 - 0s4l 0.52 0,49
0.16 0.16‘ 0.11 0016
0,19 ° 0s20 0012 0.1l
0,07 0.08 0,15 - 0.15
0.61 0e75 0647 0452
- - - 013 - 0,04
"l' - 0069 0052 ’
0.41 0.22 0.25 0619
- - 0.81 0081
Lad - 1000 0078
0645 0430 0085  0.38
0e54 0,61 - 0675
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0.72

Hontmrilloniﬁ

-peak  peak

~_h;t_o area
0063 0.6l

1.00 0.96

0e17--0415
075 0069

037 0.25

0.85 0.88

1.00 1.00
0478 0466
0.78 0461

092 0.81




Table 4,5 - Combined Orientation Ratios .

Sampie xaolinite(l) .‘ : iaolinite--k-xont(a)
Ref, + Illite -+ Illite
, _ o | ‘Peak Peak | Peak @_
: British Materials SR Area | TR Area
London Clay 37m = 1G37 . 0,40 0.39 0,42 0,36
Gault Clay 6 053 0.49 - .
‘Pullers Earth .(Redhill)FEZS - - | 0.85 0.79
Kimeridge Clay = KO 064 052 . - -
Oxford Clay 44m 0044 0,19 0.9 e -
miéﬁj*na&h (Bath) - FEL9 - L 0,83 0..88
Lias Clay 36m 136 013 0.1 - -
Flockton Thin roof  FIR 0619 - 0023 - -
Flockton Thin seat . ' FIS 0046 0.44 - -

North American Materials

Yazoo Clay . == YC  0.28 0el6 = 0431 0,26
Kincaid Shale 6m | X6 0.73 | 0.67 - 10478
Nacimiento Shale N2 0e57..... 0s49.. . 0461 042
Nacimiento Shale N3 0.82 0.75  0.84 0.77
Fox Hills Shale ~~  FOX . - 1,00 1,00
Dawson Shale b5 0.83 0.68 072 - 0463
- Pierre Shale (Daicotai) PSD 0039 0.24 0442 "0.31
pierre Shale (Colorado) PSC 0456 0.65 0.58 0.71

(1) Based on 0'Brien (1964)

{ : '
‘{ (2) - Based upon modified O'Brien formula, i.e,:-

;\" : o (oo1)x + (ooz)i + (001)n-
‘ — H
' - (020)x + (110)1 + (020)M

(001)K + (002)1 + (001)M
et v

(020)x + (110)1 + (020)M
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been obtained using the equation proposed by 0'Brien (1964) In
. addition, to account for the presence of montmorillonite, a modihed

version oi’ this equation has also been used (see Table 4.5).

4,2,2 The Relationship of Preferred 0r1entation t0 mneralog and
- Depth of -Burial .

Upon inspection of the pre.eerred orientation ratios for the |
individual clqy nunerals (‘rable 4.4), it is observed that when illite
and kaohnite occur together their orientat:.on ratios are approxmately :
~identical. This would suggest that nnder natural conditz.ons they
‘behave in approx:unately the same fashion under compaction. Barden
- and Sides (1970) have, hovever, concluded that, from tests performed
on artiﬁeially prepared clays, chemical additives have little effect
on the. structure of kaolinite whereas their presence is apparent in
. illitic 4c1ays. -':i{ontmorillonite'on the other hand, frequently has a
more random degree of preferred orientation vthan either illite or
' kaol:l.nite which may be present_in the same material, thus conﬁrming
that the larger minerals deirelop an orientated fabric more easily |
(Von Engelhardt, and Gaida, 1963; Mitchell 1956), although these
' findings-are not depth dependent, (see later). .

| In general the current resuits conﬁm the »findings of other
:wor]érs (see Chapter 1.5.5) in that there is no significant relationship
betwveen nreferred orientation and- depth of burial F(Fig.’4. 2),
consequently 1t oan be inferred that it is the initial conditions which
»govern the - formation of the said parameter-(Meade, 1961b, 1964, 1966;
Lambe, 1958). This is part:.cularly well -illustrated by two instances.
Firstly by reference to the two deeply buried Carboniferous Shales

where the Flockton Thin seatearth has a very much more random structure




Relationship Between Orientation Ratio and Depth of Burial.

"Figure 4,2,
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- than the associated hssue roof shale, Secondly, by reference'

to the fact that the smectite nunerals only shov any tendency

- towards an orientated fabmc in the Yazoo CIaw. vhlch is

g considered to have been deposxted in a diSpersing environment.
V:.th regard to the relatlonsh:Lp nth ﬁss111ty, of the shales
| '~exam1ned in the present study, four exh1bit a h19h degree of

preferred onentat:.on. of these. the Oxford CIav (0C44). Lias

. Cleor (L36) and the Flockton Thin roof, show a marked fissility

by -splitting ﬁth a sub~parallel ‘fra:ture-. These are all Hhard,.

-or stiff'-materd.als vith a claﬁr mineralody -consisting predominantly
-of the larger --iparticles of illite -and ltaolinite (Table 3.2)s The
Yazoo Clajr, a fat, sort clay with smectite as the major clay
mineral - phase also shows some degree of fissility but this is less
: :.»obrious'than in the other .three and may be attributed to its 'sorter

nature and overall smaller grain size,

4,3 Clay Microstructure

40301 Method of Ana1y51s _

A scanning electron microscope, embracing magnifications in
the range of x20 to x12000 has been employed to stud}' the clay
-microstructure, and with its large depth of foeus an almost three
: dimensional build-up was obtained. The clay samples which were
used were prepared-by a simple technique reported in Appendix A2.3.

‘_ A standard maq'nifiéation of x2560 has ultimately been chosen
for the general' presentation of the results, although other

magnifications have been used to illustrate specific features,




4e302 Hicrostructure of the samples Studied

An introductory rev:.ew of the development of clay microstructure

is presented in Chapter 1,504, Hovever, before discussing the
.microstructtme of the rocks presently under consideration it 1s

_ pertinent to note that all have been hemly overconsolidated. :
' 4 although their conditions have been very varied (Chapter 2)e

Barden (1972) concludes that a predominantly -dispersed structure,

| portrayed by six heawnly overconsohdated marine clays, results from
the collapse of an originally ﬂocculated arrangement, and consequently
a true representation of this original structure can only be 'inferred
by considering all of the facts, Vith regard to the development of
preferred orientat:.on v1th1n this type of deposn:, Tchalenko (1968)
has 'shown that the degree of horizontal orientation, deduced from

the birefringence ~ratio oi’ the London Clay can be reproduced in the
laboratory 'by compressing a flocculated sediment containing 35 grams
per litre of NaCl. Chandler (1971) has also noticed a similar
birefringence ratio in the Lias Clay., Had the sedimentation conditions
'been dispersing,then.the mineral orientations in the natural sediment
may be expected to be hlgher, even approaching the C.P.0. (complete
preferred orientatlon) of Smart (1969). |

'I"his 'dispersed turbostratic structure as eiridenced by a

preponderance of edges in the vertical section, is currently displayed
by clays containing large clay minerals, i.e. the Oxford Clay (oc 44),
(Fig.4.12). and the Lias Clay (- 136), (Fige4+13)s The Kimmeridge
Clay (Figs.4.10 and 4.11), the London Clay (Figs.4.3 and 4.4) and the
Gault Clay (Fig.'4.5) also show a turbostratic arrangement of minerals
although their structures are somewhat more random, as shown by the
g-reater number of flat surfaces which are visible, Reo_rientation of

the clay minerals along micro-shear planes, as a result of stress




release, is clearly indicated in the nmmeridge Clay (F19.4.10)

A dispersed turbostratic arrangement is also shown by the
Yazoo Clay (F19.4.19) although in this case montmor:.llonite forms
a major proportion of the clay mneral content. Because this
mineral does not reorientate tmder pressure (Meade. 196]1:). the
vriter con51ders that this structure is symptomatic of(the conditions ’
of deposition producing a dispersing environment. | - |

| A factor common to the granular mnerals in the turbostratic
-structure also observed'by Barden (1972) and confirmed by polarising
mcroscope observations (Hitchell, 1956) is that they do not appear
vto touch one another, but are surrounded by a shn of clay particles
(eege nmmeridge C:lay, F19.4.10). Vhen the silt particles have been
| plucked out, a hole is often in evidence in the surrounding clay
structure, (e.g. Fige4.12)e A -general observation vith reference
to the calcareous content  of the Gault Clay is that the presence
~ of this material is in the form of coccoliths, i.e, the 'button
‘shaped' particles .identified':in Figure 4.5,

Flocculated clay mineral structures shown by an overall random
distribution with large numbers -of edges, flats and cavities visible
are 1dent1£1ed in materials where smectite and other expandable
clay minerals form a large proportion of the constituents (e.g. Figs.
4.20. 4421, 4.22, 4423, 4e24, 4425, 4426). These minerals are very
small and are oenerally representeo by a somewhat crinkled appearance,
but unfortunately even at higher magnifications no greater detailed
structure is visible, However, a type of domain ‘structure, involving
tbe parallel alignment of oarl:icles is visible in the Fuller's Earth
materials (Fige 4e6 and 4.7)e

" Certain evidence for an edge-to-face flocculated structure can

be identified in the Weald Clay (Figs.4.8 and 4.9), which is an

" illite, kaolinite quartz-rich sediment of freshwater origin., However
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fit must be added that as the material*contains' over 50 per cent

quartz. this structu:re could result from entrapped clay minerals,

' Another t:haracteristic of this sediment is that it contams clusters ‘

of quartz sm'rounded by a matrix of clay mnerals and smaller

' :jgranules, (F:Lg.4.9), a feature which vas also evident under the

polarislng microscope. A - .
Electron nucroscope photographs of the Carbomferous mater1a1

ioes the Flockton Thin roof shale (Flgs.4.15 and 4,16) and the

| Flockton Thin -seatearth (Figse4el7 and 4,18) do not resemble any

of the other -_sediments, v_rhich probably reﬂects their indurated

nature, The photograph of ‘the roof shale was-.ltai:en at an

orientation of 456 to the bedding, hence the stﬁx:tm‘e is not .

altogether clear., Nevertheless, on close inspection ; face-to-

face orientation of minerals can be detected (which is supported by

a'high degree of. preferred orientation - see Table 4, 5)e A contorted

strncture of twisted clay minerals with a (?) face~to-face structure

is shown by the. seatearth. Preferred orientation studies suggest

e random particle arrangement exists and consequently it is

considered that ‘this must result from the above ment'ioned structure

rather than from a truly flocculated clay structure.

4,4 'I;he Relationship Between Clay Microstructure and Preferred
Orlentatlon

From the Se.E.M, photographs 1t is not always poss1b1e to relate
the observed structure to the preferred orientation (as determined
by X~ray and optical techniques).' Nevertheless by reference to the
previous section it can be concluded that a preponderance lof edges
"invvertical' section, showing parallel alignment would indicate a
highly preferred orientation. In fact this situetion is particularly

well demonstrated by the illite/kaolinitexclays of the Oxford Clay
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(00‘%4) in Flgure 4,12 (preferred orlentation 0.,19), the L1as Clay
(*L36) in Figure 4.13 (pre£Erred orientation 0.13) and the F&ockton
_-Thin roof in Flgure 4.16 (preférred orientation 0.19). A less vell
developed edge-facing structure is. also developed in the smectite-
r1ch Yazoo CIay (Fig.4.l9) whlch has a preferred orzentatlon ratzo.
'of 0.28. ' A

As the degree of preferred orientation is deereased then
there v111 be a gradual decrease in the areas of dlspersed structure
'and an increase in the number of top surfaces of clay mlnerals (or
'flats') visible in vertical sect1on. The Ilmmer1dge Clay,

Pige 4e1l), the London Clay (Lcs7), Figure 4,4, and Gault.Clay
&fg.4aiklha§in§'moderate orientation ratios 2(0.64, 6.40 and 0453
respectively) show such an arrangeheht'where areas of dispersion
are interspersed vith areas vhere only flats are visible, No
orientation ratios were obtained for the remoulded samples, however,
the.éEM}photograph of the remoulded Lias Clay (Fige4.14) clearly
_indicates that a partial alignment of clay minerals has been
_produced, -even after*rapid'cohsolidation.

A random distribution of clay minerals is associated with the
flocculated structure and is demonstrated in SEM photographs by a
situation vhereby large ndmbers of edges, flats and cavities are '
visible, - Such features are clearly'indicated in materials which
contain large quantities of expandable clay minerals (e.g. Fullerts
Earth' (Fige4+6), Xincaid Shale ém (Fige4.20), Nacimiento Shales Nos.

- 2 and 3 (Fige4.21 and 4,22), Fox Hills Shale (Fige4.23), Dawson -

Shale (Fige4.24) and the Pierre Shales (Figse 4425 and 4.26).

182








































Chapter Five

Consolidation

5¢1 Introduction

A'stan&éfd,oedometér,.modified to accommodate high pressures
~hé$ bgen ﬁsed fo coﬁpress a series of overconsolidated shales
(see Chapterlé) in both the undisturbed state and remoulded at their
liquid limif, to a'pfessure‘of'3SOdOkN/h2. In the majority of
‘céséé this was found to bé abdve the original precoﬁsolidation loads.
Exﬁerimental Hetéils are réporfed in Appendix A.3. In addition, a
series of testsiwerelcbnducted on fbﬁr materials remoulded at
various initial %oiéture‘éénteqté,in a conventional'dedometer to-

a pressure of 8400 kN/ha; .

‘The resulting consolidation parameters c_, m, k C_ and Cs,'
have been reviewed in the iight of the mineralogical composition and
the induration state of the shales, énd by reference to the swell
index'(cé) the presence of diagenetic boﬁding-has been deduced in
certain cases. |

Sfétistiéal methods involving the use of correlétiop matrices
(ce £ minéralogiéal analysis = Chapter 3) have been ﬁsed to analyse
'thé stress-St?ain response of the clays tesfed éﬁd a new concept

for this behaviour has been put forward based on these findings.

5,2 The One-Dimensional Theory of Consolidation

The equation governing the one-dimensional theory of consolidation,

4

'is .of the form:-

C | d2u du
v -a—zz = :-d-?- 9000000000000 08000 (13)

derived by Terzaghi in 1923 In formulating this equation Terzaghi

adopted the following assumptions:-
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(1) The soil is homogeneous and isotropic.

(2) The soil is fully saturated,

(3) The compressional stress and pore water flow are in one

directi@n only.

(4) Both the soil and water are incoﬁpressible.

(5) The flow of water is goverried by Darcy's Laws- -

v =v k.ﬂ .....‘..Q....OOQ..... (14)

dx

(6) The temperature remains constant,

(7) The coefficient of volume compressibility and permeability

remain constant over the interval of consolidation.

(8) The weight of the sample is negligible compared with the
weight of the load.

(9) The compressional strain during the interval of consolidation
is sufficiently small so that an element of space through which
pore water flows, and whose dimensions do not change with time,
can be used interchangeably with an element of the soil skeleton,

which is com?ressing with time,

(10) Orly hydrodynamic time lag is considered.

5.3 A Review of Research into the Validity of the Terzaghi Theory

Ac;ording to the Terzaghi theory, the degree of consolidation
should be_numerically'equal to the degree of pore pressure
dissipation at any given time dufing each compression stége. This

implies that compression should be completed at the end of 'primar

consolidation'(which is defined as that which occurs when excess

pore pressure is being dissipéted, and vhich proceeds according to

the Terzaghi theory)s However, it has been found that experimental

- compression time curves usuaily depart from the theoretical model

in the later stages of compression. This deviation is known as

* secondary consolidation' and is represented by colloid chemistry
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processes (e.g. stressed moisture films around,gréins, surfaée
tension effects in the corners between graing, density and Qiscosity
changes in the stressed moisture films and absorbed‘ionic bonds)
- and réorientafionAeffects. |

| Newlands and Allely (1960), Taylor (1942) and Leonards and
Glrault (1961) have shown that with step loading, the ratio of
secondary to primgry compre5519n decreases as the load increment rafio
is increased. This rétio becomes zero when the load increment ratio
reaches a factor of ten or ébove (Néwlands and Allely, 1960).

| Vork done by Leonards and Raméih (1959) on remoulded clays to
supplement the work of Taylor (1942), Van Zelst (1948), Lewis (1950)
and‘quthe;& (1956)*on the effect of load ipcfemént durations, suggests
thét e -log P relatidnéhipS' are insensitive to load increment
duration pfovided that: éqfficient‘time has elapsed to allow the
dissipation of pore §ressure,‘the load increment ratio is large
enough and the soil does not exhibit inherently'large secondary
.compreésion effects (e.g. peat). ‘They did, howe&er, conclude that
_tﬁe'coefficient of consblidation; c, is dependent on the soil
type, conSolldatlon pressure and the magnitude and duration of the
pressure increments. Therefore the value of c ealculated in the
laboratory may bear no relatlonshlp to that found under natural
‘conditions, but ﬁsed on a comparative basis, can be a useful guide
to the mineralogy of the clays tested, |

Langer (1936) found that soil  is less c0mpressib1e under small

ioad increments and éttributes this to the fact that, firstly,large
load increments cause a shock té the soil structure and,Seqondli,

that. the induced.pore pressure gradients cause internal rupture

" to the structure.
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Crawford (1964) vorkihg on undisturbed, sensitive cleys'
shows that the e - log P curve and the preconsolidation pressure
vary eccordihg to the length of time that secondéry compression
is allowed to proceed, | |

Various modeis haQe;been suggested'to accommodate the time-‘
compression Curves.‘ Terzaghi's model is represented'by a linear
sprlng whereby the volumetric straln is proportlonal ‘to the effectlve
-stress. Taylor (1942) proposes a mod1f1catlon to this by suggesting
that the mlneral skeleton mlght be represented by a spring and a
11near dashpot proportlonal to the t1me rate of compre551on. Both
of these models 1mp1y that onlyiprlmary consolidation is:represented
.because eompression ceases when the pore pressure is dissipeted.,
Tan (1957), Murayama and Shibata (1959), Gibson and Lo (1961) and
Lo (1961) have since attempted to modlfy Taylor's model by using
springs, dashpots and sliders to simulate measured time~compression
: curves., Leonards and Altschaeffl (1964) have attempted to observe
the effect of sample thickness on the rate of cdmpression_by using
hultiples\of the simple linear models,

The validity of Darcy's law at small hydraulic gradients has
been questioned.by'several workers, Hansbo‘(1960) has found that at
smallAvelocities'the equation is better represented by the equation

= h(;)é wvhere n =-1.5, However, for a wide range of medium
velocities n = 1, Leonards and Girault (1961) have shown that
ﬁarietion of the load ihcremeht ratio has a great influence on the
consolidation properties. They show that for small or medium load
_inerement ratios (i.e:s P/P = 0.1 = 0.3) or for the load increment
whieh straddles the preconsoiidation load;'the pore pressure

d1551pat10n (hence rate of consol1dat10n) does not follow the

Terzagh1 theory, even approx1mate1y. However, for larger load




increment ratios (i.e. P/P = 1) consolidation proceeds -
according tovTerzaghi's theory.

- A one-dimensional model has been produced by Gibson-gs_gi (1967)
which does ndttimpose the limitations on 1arge'strains and in which
.Darcy's law has to be recast in a fofm wvhereby the relative velocity
of the-sdil skeleton and tﬁe'pore fluid are related.toAthe'etcess'

_ ﬁfessure gradient,

Barden (1965a) assumes thet at small stresses, variations from
Terzaghi'sntheory are unlikely to be capsed by variations in
permeabiiity but more likely as a result of creep effects. He
therefbre has produced a theory df consolidation which involves
non—linear viscesity and con¢ludes that it Prbtides a method for
extrépolating pore pressutebtime curves, obtained in the laboratory,
to the field scale, thch alse iscqrporates the effects of semple
thiekness and load incremeﬁt ratio.

Other workers (e.g. Dav15 & Raymond, 1965; Barden & Barry, 1965)
have attempted to produce theories of con5011dat10n whereby the
decreases in compre551b11;ty and permeability during compression
have been taken into consideration.

The non-linear theory produced by Davis and Raymond (1965),
which ;is'fdf ndrmelly-consolidated clays, assumes that the-coefficient
of consolidation remains censtant and thet Darcy's law 1s obeyed.
Their results show that for high ratios of final to initial effective
pressure, the pore pressure is higher at any glven time than that
predlcted by the Terzagh1 theory, but the degree of settlement ',
1ndependent of load 1ncrement ratio and “is the same as that predlcted
from the Terzaghi theory. V

- Schi £8man (1958) assumes that the coefficient of volume

vcompre551b111ty remains.. constant durlng a loading stage, and that the

permeab111ty decreases, However, this treatment leads to a reduction.
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in the coefficient of consolidation with increasing .pressuré,
. whereas it is the reverse situation which usually occurs,
Lo.(l961) attempté to take account of the variation in the -
pérméabilify-aqd the coefficient of consélidation.
Barden (1965b) has produced a theory to account for partially
saturated material which includes the effects caused by non-linear

variations of permeability and compressibility.

5¢4 Concept of Effective Stress

ferzaghi (1923) proposes the following rélationship'between

total sfress, o apd pore water pressure, u{:—
6 % '+ W ecececcssesscccee {15)

He recognises»that in a saturated material, the all-round pressure,
»u, can not-have any influence on thé mechanical properties, and that
compaction must be a funétion of the pressure, ¢, which he defines
as the teffective pressuret,

With regard fo consolidation, at the instant of application
~of load, the totél pressure increment is carried by the pore water.
However; if the facility for drainage is present, as in laboratory
e#periménts, the load is gradually %ransferred to the mineral skeleton
as t‘he wafer is expelled, Ultimately the e:écess pore pressure is
zero and the total stress becomes equal to the effective stress,

To account for low porosities, Skempton (1970) suggests a more
accurate form of the Terzaghi effective stress equation‘would be

of the form:-

6 = 6= (1=Ce Uereooscoacne (16)
c

where Cs and C are the compressibilities of the clay particles and the

clay structure respectively, hence accounting for the wide range of
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porosities‘encountered.' However; even at'lo§ porosities (15 per
cent) the ratio of Cé/b is still only about one per cent, impljing
that the Terzaghl equation is st111 app11cab1e. :
Sridharan & Venkatappa (1973) have also proposed a modiflcatlon to the
_ Terzagh1 effect1ve stress equatlon, because it does not account for
electrical force; of attractlon_and repulsion which are discussed
in Chapter 1.5.3.2, The modified equation is of the form:=-
c = 6-u -R+A (17)

~where c = the éffectivé'contact'stress,_uw and uaanethe effective
_‘pore water and poré air pressures respectively and R and A are the.
total repﬁlsivé and attractiﬁe forces respectively divided by the
tota} interpartichlate ax_‘eés. |

~ An alternative tO'Terzaghi's'effectiv; stress concept has been
proposed by Bjerfum (1967b)~‘Hé introduces the concept of tingtant!
aﬁd tdelayed' compression as being applicable to natural sediments.
'Instant dompression occurs simultaneously with an increase in the
effectivé'sfress and caﬁses a reduction of the voids ratio until
' aﬂ-equiiibrium value is feached when~the-structure efféctiveiy
- supports the 6verburden presgure. Delayed compfeésion represents
the reduction‘iﬁ volume ‘at unchanged effective st;ess. This process
requires éhe inéorpbrétion of time lines on the diagfam relating
v;ids ratio to logafithms e£EECfive - pressure, each representing
the equilibrium voids ratio for different values of effective

overburden at specific times of sustained loads These lines are

approximately parallel (Taylor, 1942).

505 Consolidation Tests — Method of Analysis -
5.5.1 Apparatus

"A conventional floating head oedometer has been modified so that
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pressures of approximately BSOOOkN/hz (equivalent to 2500 - 3000m
of sedimentation) could be applied to the specimens (See Fig.A3.1).
This was aceomplished bys:=-

(1>. Extending the lever arm so that the loading ratio was increased
'from 10:1 ? to 20:1.

(2) Reduc1ng the cross-sectlonal area of the sample container to

_10.75cm (i.e. using a diameter of 3.7cm).

- (3) Replacement of the porous drainage platons by sintered bronze

discs.

5¢5¢2. Experimental Procedures

(1) A series of consolidation tests were performed on materials in
both the undisturbed condition and from a remoulded condition
uging an initial moisture content equal to the liquid limit

(a detailed account of which is given in Appendix A.3)

(2) An additional series of consolidation tests were performed to
a maximum pressure of 8400 kN/h in a conventional floating
. head oedometer on four remoul ded materials to investigate the
effect of variation of the initial moisture content (see

Appendix A.3).

5¢6 Cdmparisoh of the Performance of the High Pressure Cell with
a Standard Qedometer

By refErence to tests carried out on four remoulded materials

(with initial moisture contents equal to their liquid limit), it was

\poséible to compare the performance of the high pressure oedometer

.with.standard laboratory equipment containing a 50mm diameter cell,

and hence assess the acceptability of the results, which form the

bésis of this thesis,

5¢6.1s Voids Ratio — Pressure Relationships
The lerge size of the lever arm endowed the oedometer with a
sligh;ly unbalénced'nature which made seating on top of the plunger
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quite difficult, However, this was overcome by applying a smail
load of 20kN/h2 to the Spedimen befﬁre the test was commenced.
Consequeptly the initial voids ratios are slightly reduced in all
.cases (Table 5.1).

The e - log P curves produced by the.standard oedometer are
uni formly curved and slightly concave upwards over their entire
.length-(e.g. Fige 5.3), whereas those from the high pressure cell
fend-to show an irregular response in the 20-1001<N/'m2 pressure
range. This behaviour could well be the result of incorrect
pressure assumptions, céused by the effect of the large iever arme
Howevéf, above 200]<N/'m2 this effect seems to be insignificant and
@s éonsidered-to be ﬁnimportant because the principai areas of
interest are in the high pressure range, At higher pressures the
e - log P curves become parallel toAthose from the standard oedometer,
Small displacements between the curves which are reflected by the
difference at 8400 kn/hz (Table 5.1), are attributed.to errors in

sample measurement at the end of the tests,

S5¢6e2¢ Stress—=Strain Response

The fact that a small load wmas imposed upon the samples before
measurements Coﬁmencéi(causing consolidation), is not only reflecfed
by the inifial voids ratio, but also by the lower total percentage
strain: the differences for which have been calculated at pressures
of 500K/m° and 8400KN/m” (Table 5.1).

With the exception of the London Clay, the total ;train at the
lower pressure is betweeﬁ 4,1 - 4,8 per cent smaller for the high
pressure cell and this difference, although slightly reduced to

between 3.1 - 4,0 per cent, is maintained to the higher pressure.
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Table 5.2(a) A Comparison of the Teflon and Aluminium Cells

u51ng the London Clay (sample LC37)

Percentage Strain’

Pressure

Aluminium Teflon
cell . cell
158 = 279 7.44 . - 6437
279 - 574 530 5.45
574 =1128 4,41 ' - 5418
2426 -4675 ' 3.72 ' 3.81
4675 ~9349 3.05 = . 4,48
- 9349 =18697 2.55 . 3.85
18697 -=34967 ‘244 4,86

34967 -2 © . 11.63 13.75

Voids Ratio
at Max.Pres.

Aluminium Teflon
cell cell
0.21 - 0.16

Compression Index

- Aluminium Teflon
cell cell
-_0073 - 0052
- 0050 - 0.48
- 0.40 - 0038
- 0035 - 0036
- 0029 - 0.19
§ - 0027 - 0.28
- 022 = 0635
- 0024 - 0048

Voids Ratio :
after consol.

Aluminium ‘ Teflon
cell ‘ cell
0.53 0e.52

Table 5.2(b) A Comparison of the Teflon and Aluminium Cells

u51ng the Oxford Clay (sample 0C44)

Percentage Strain

Pressure Aluminium Teflon
ZkNZ:gs L cell : cell
158 - 279 7.04 . 4,67
279 - 574 4,34 6.90
574 =1128 _ 4,44 4,80

1128 =2426 - 4.49 4.77

2426 =4675 K 3.65 4,26

4675 =9349 T 2499 3.54
9349 ~18697 - 3.24 4,14

18697 =34967 ~ 2.94 4,23
34967 =2 - 11.49 17451

Voids Ratio
. at Max.Pres.

Aluminium Teflon
- cell -cell
0.18 '0.09
205

- Compression Index

Aluminium Teflon
cell cell
- 0083 - 0.41
- 0022 - 0057
- 0,38 - 0,39
b 0.34 - 0.34
- 0.27 - 0.32
- 0025 - 0.28
- 0.27 - 0632
- 0.27 - 0037

Voids Ratio
after consol,

Aluminium Teflon
cell cell
0.48 0. 51




Table 5.3 A Comparison of the Voids Ratios at 35000kN/h for
- Undisturbed & Remoulded Samples -

Sample Undisturbed - Remoulded Difference

Ref, Material ©  Material

- British Material
London Clay 14m - IC14 0.349 “ 0e392. = 0,043
London Clay 37m 1C37 0.308 0,216 -~ 0,092
Gault Clay . - " GC 04296 0.28° . 0,008

. Fuller's Earth (Redhlll) FE23 0. 702 0.707 = 0,005
Weald Clay - wC 0.083 . 04088 - 0,005
Ximmeridge Clay : KC 0.256 0.221 0,035
Oxford Clay 10m 0oClo 0.279 ; ‘06262 0,017
Oxford Clay 44m 0oc44 = 0.235 . 0.186 0.049
Fuller's Earth (Bath) FE19 0.404 - 0s419 = 0,015
Lias Clay 10m L10 0.247 04277 - 0.03
Lias Clay 36m L36 0. 249 0. 264 - 0,015
Keuper Marl . C KM ‘ - .. De242 -
Swallow Wood roof SWR - - o 00205 ~) not over
Flockton Thin roof ~FIR 0.073 0.196 -

. Flockton Thin seatearth  FIS 0,147 0,185 - fgiﬁggs°l

© Widdringham roof "WR 0,041 -0¢130 -

: ; ‘ load
North American Material
Yazoo Clay (] 06342 0.330 0,012
_Kincaid Shale 8m . K8 0. 304 0.214 - 0,090
Nacimiento Shale N1 0.194 0,203 == 0,009
Nacimiento Shale - "N2 - 0.202 0,195 0.007
Nacimiento Shale © N3 0.372 0.321 0.051
Fox Hills Shale . FOX 0.430 ' 00346 0.084
Dawson Shale DS 0.208 0.219 - 0,011
Pierre Shale (Dakota) PSD ' 0390 0,315 .  0.075

Pierre Shale (Colorado) PSC - 0.151 0.171 - 0.020 -
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With regard té the strain energy, although there does not
appear to be a simple mathematical relationship between the results
encountered at different pressuies, similar trends are observed for
both oedometers when fhe ma#imum presﬁurés are considered, These
are discusged in detail in Section 5.11, o

-

S5¢6e3e Consolidation Parameters

The differences in the low pressure range are aiso reflected,
to a certain extent by the consolidation parameters. However, as
higher pressures afe encountefed (4OOOkN/h2 upwards), the behaviour
of both machines becomes nearly identical, (Table 5.1), The main
difference is that fhere is a tendency for thosé from the high
pressure machine to be slightly lower, although this»may be partially

accounted for by the higher pressure used in each case,

5«7 Experiments with a Teflon Oedometer Cell

"Inifially a pure_teflon cell was produced for performing_fests
on rémoulded materials; essentially to reduce the effects of side
friction on the metél plunger. The very stiff nature of fhe natural
clays ruled out its use in the-tests on these materials because of

the difficulty encountered in getting the samplesinto the cell,

From tests conducted on remoulded samples of London Clay (LCé?)
and Oxford Clay '(oc44) (see Table A3.62 and A3.63). it was
discovered that in the high pressure fange (i.e. 2426 - 34967kN/h2),
the incremenfal strains were much larger than those obtained when a
silicone greased aluminium cell was used (Tables 5.2 a & b).- This
1§,re£1ected in the larger values of Cc and smaller values of voids
ratio (Table 5.2 a & b), Similarly when the load was removed, larger
-expansive strains were produced from the teflon cell, (Table 5.2 a & b)

resulting in fihal voids ratios which were comparable with those
07 ‘




obtained from the aluminium cell,

Therefore it was concluded that the teflon ceil wes compressing -
elastically at-the higher pressures, ehus incfeasing the cross-
sectionel area and consequehtly affecting the fesults (which - are
¢onsidered on a one-dimensional baeis). Consequentlf it was decided
that.the teflbn-cell coulgﬂggt §§;3§gg and no further tests were

performed with fhis material.

5.8 Voids Ratio Correction for the Remoulded Consolidation Curve

When the voids ratio-pressufe relationships are compared for the
undisturbed and remoulded etateSat the highest pressure for clafsl
where the pfecdnso1idatioe load has been exceeded,certain relative
" displacements of the eufveé are'noticed. From Table 5.3 it can be
seen that for some eamples‘;he undisturbed voids ratio is larger
(the differenee being expressed ae a positive notation) whilst in
others the reverse situation occurs; in some the results are
" nearly identical.

These differenees in the voids ratio at the highest pressure
are either‘due to actual differences in the clay fabric or to errors
in the.meesﬁrement of the final thickness of the remoulded samples
(because'ef the email sample size). However, because the e - log P
curves for the undisturbed materials have been confirmed by .
independent ihitialivoids ratio determinations, it has been assumed
that errop; in measurement are the chief causes of’these discrepancies
,(e.g.lan 0.05lmm difference can alter the voids ratio by 0.015)
'Errors in measurement are also suspected because although the curQes
are parallel for the majoritylbf clays tested, the remoulded curQe
should always lie beneath that ef the uqdisturbed specimen, Nevertheless
since the preseures concerned are.reasonablf iarge, the difference
viil be.negligiele. To eupport this latter statement; Fleming et al
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(1970), attribute the coincidence of the e-log P curves, in the
pressure range 9000 - 35000kN/h2.for materials-consolidated from
positions normal to, and parallel to fhe bedding, to isotropic
behaviour of clays beyond their preconsolidation loads.

The relative positions .of the é - log P cﬁrves do not materially .

affect the consolidation parameteré of Cyr My X, cc and cs but can

cause significapt errors in the depth estiﬁations when the ﬁethod
utilising the rebound characteristics is considered, (Chapter 2).
‘Therefore for the . purpose of calculatiné the maximum depths
of buri;l from the rebound characteristics, this discrep@ncy has to ‘
be minimised by making the remoulded and undisturbed curves coincide . '

by adjusting the former by the difference in the voids ratio at the

highest pressure.>

5.9 Consolidation Test Results

5¢%.1e Voids Ratio - Pressure Relationships

During each stage of consolidation tests on both remoulded and
undisturbed materials, the voids ratio has been calculated in
aécordance with methods laid down in standard soils texts, for each
clay the values so obtained have been presented graphically‘against
the logarithm to the base_ten of effective pressure (Figs.S.l.l—S.l.S 0).
To ensure the highest degree of accuracy, the initial voids ratio fof'
each cléy in the undisturbed state has been independently checked by
additionai tests (Appendix A3.2).

Since all the materials are heavily overconsolidated, where
increased curvature is present in the compression curve, the Casagrande
construction (Figure 2.6) has been used to assess the maximum overburden
pressures (Tables 2.3 and 2.4). 'In certain cases, to enable another
construction method (Section 2.3) to be used to calculate the maximum

depth of burial an additional line, which represents the adjusted |
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for the Samples Tested,

¥ Values indicate the estimated maximum depth of burial using

febound.characteristics (Chapter 2.3.).
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position of the remoulded curve (see.Section 5.8) has heen added
_to‘the e - log P relationships.for these materials.

Remoulded e = log P relatlonshlps from the low pressure tests
- at various 1n1t1al m01sture contents are presented in F19.5.2 vhere
~ it can be seen that an effect similar to the precansol1datlon
cond1tlon is produced in the 80-150kN/h region when the 1n1t1a1
moisture content-ls reduced from the liquid limit. ThlS effect is
assumed to‘be associated_vith the way the material is paddled into
the'oedometer'cell. In additlon, the e - log P.relationships for
the condition startlng from the liquid limit have been incorporated
in one diagram (Flg.5.3) where a close correspondence is noticed |

with trends suggested by Skempton (1944, 1953).

54942, Coefficient of Consolidation (€,)

. This is dependent upon the thickness of the sample and upon the
rate of loading. It relates the decrease 1n volume of a sediment to
the app11ed pressure and tlme, thus enabling the rate of settlement
vto be predicted and has been calculated in the present study by

reference to the'Tg0 value obtained from the compression - root

time curves (Taylor, 1948) ices =

.Cv_ = 0084832 secccccccosssevee (18)
TS0

vhere HAis the-averageAthickness during the loading increment. The
value of c_ ‘has the dimensions of LoT~ (e.g. m?/&r).
The values of cy for the undlsturbed samples, beyond the
preconsolidation load, are presented in Table 5.4, column (a),
'vhilst the average values for the remoulded samples between the
pressures of 4675 - 34967 kN/hz and 297 - 2426 kn/nz are presented
in colums (b) and (c)‘respectively. Averaée values obtained from
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Table 5.4 Average Coefficient of Consolidation (c ) Values (ma/yl

Sample Undisturbed Remoulded Samples '

Ref, " Samples 4675-34967KN/mC 297~2426XN/m
(2) (b) - ©
British Samples
London Clay 14m 1C14 0.28 0.27 - 010
London Clay 37m . LC37 0.31 0.24 0.48
Fuller's Earth (Redhill) FE23 0.02 0.01 0,03 .
VWeald Clay . ' wC 25,10 10,90 3.54
Ximmeridge Clay XC 0.25 0.43 0.47 .
Oxford Clay 10Om - 0Cl0 . 0.49 0.92 0,15
Oxford Clay 44m - oc4s 0.57 0.90 © 1,09
Fuller's Earth (Bath): FE19 -  0.02 0.02 - 0.08
Lias Clay 10m L10 0.42 0. 26 0.13
Lias Clay 36m L36 - 0e67 0.85 ‘1e15
"~ Keuper Marl M - 7.18 © 4,56
Swallow Wood roof SWR - 1.01 © 0451
Flockton Thin roof FIR - 1,76 0e75
Flockton Thin seat "FTS , - 0.56 0.67
Widdringham roof WR - 6.72 - 9.67
North American Samples -
Yazoo Clay YC 0.03 0.03 0,08
Xincaid Shale ém X6 - 0e55 0.13 0.18
Nacimiento Shale - N1 79.13 2.14 4,38
Nacimiento Shale N2 $232.39 0.53 1,28
Nacimiento Shale . - N3 20,04 0.12 0.47
Fox Hills Shale FOX 0.10 0.18 1,07
Dawson Shale DS ?0.04 0.08 0.22
Pierre Shale (Dakota) PSD 0.10 0.04 0.04
Pierre Shale (Colorado)  PSC - 24.39 0.32 . 0.30
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Table 5.5 Qoefficient'of Consolidation for Pure Minerals

Mineral -

‘Kaolinite
Illite

Mbntmorillonite

(after Hough, 1957)

Liquid Limit

A45

100

210

- Coefficient of consolidation

(ms/yr)

t

3.1 x 1072

9.4 x 1073



100

(cv) with Liquid Limit.
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tests conducted on four reméulded specimens in the conventional
oedometef between 400 - 8400 kN/ha are presented in Tablg.S.llf
The values obtained for C, dec?ease'as the liquid limit

incré&ses in accordahce with the trend observed by.Terzaghi.andA
Peck (1567), (see Fig.5.4), and currently fénge from 47.47m27&2 at

a 1iquid linit of 36, to 0,01 m/yr at a liquid limit of 117,

This trend is:associated with the reductioh in the permeability
‘Lof highly colioidal clays dﬁe to their extrehely small particlel
size, However, there is ﬁo significant difference between those
values obtained from the tests performed on.the undisturbed materials
and tﬁose from tests performed on both the higﬁ ahd low pressure
rahges of the remoulded samples, -Values of ¢ for pure kaolinite
and illite (Hougﬁ, 1957; Table 5.5) agree exceedingly well witﬁ
the rangé proposed by Terzéghi'and Peck (1947), althdugh the values
'fofﬁmontmoril}dnité show . that at very high liquid limits the c
déc;ééses,much less fapidly than in the range between 20 - 100

per cent,
N ‘Typical vg;iations of c, with iﬂcreasing preésure obtained
from'tests perfbfhea on fbﬁr remoulded clays up to pressure of
8460kN/%F.(Fig.5.10(b)) indicate that atlow pressures the value is
dominantly contrplled by the liquid limit, but at higher pressures
the particle size and mineralogy play an important role (eege the |
c, for fhe Fuller's'Ea:th from Bath, (sample FE19), having a liquid
limit of 100, falls below that of the Pierre Shale from Dakota,

(sample PSD), which has a liquid limit of 136}

Se9¢3s Compression Index (C )
- The éompressi@n index, which is a dimensionless quantity,

is a measure of the compressibility of the material and is defined

A
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by the equation:-

Cc' = So—-—e- es 000000 vcsevsssncene (19)

log) Py - log, 4P
- where e_ and Pogare,the.Qoids_ratid and pressure at the beginning of
a bréséure increment aﬁd e ana P are the‘corfesPonding values at the
end of thé loading staée.(both definihg points on the virgin.
~,6om§re§sion curve). |
| Average values for fhé compressién index (béyond the preconsolidation
"load) for the_undisfuibed material aré'presented in Table 5.6, colum
A(a) whilst_avgfage Qalues for the remoulded samples between preséures
of'4675 - 34967:kN/h2 and 297 = 2426 kN/h2 arevpresenfed in columns
(b) and (c) resﬁecfively. .AVErage vélues oBtaingd.during the
consolidation of remoulded clayé to a presgurevof 8400 kN/hz, in the
copvgntionél oe&ometer; are presented in Table 5.11.

?.Tefzaghi and Peck (1948), citing the work of Skempton (1944) -
where a strong relationship between Cc‘and liquid limif vas obtained
- proppée‘ah exﬁression relating -these qugntities for remoulded
clays; i.é.zQ. . | |

| cc‘ = 0,009 (LL = 10%) ecesccescss (20)
and:£6r‘rémou1ded'§1ays having a médium or low sensitivity they
-'propose fhe expressioné- |

| C, = 0.007 (LL = 10%) eescsesssses(2l)

) From the present study it can be seen (Fig.5.5) that the results
obtained in the low pressure fange (297 - 2424 kﬂ/hz) and those from
the tests performed in the conventional oedometer are in agreement
‘with such relatidnships. However, the results at higher.ﬁressurés
' (2426 - 34967 kﬂ/h?) on remoulded samples and those from beyénd the
precénsolidation load in the case of undisturbed samples are better
expressed S} an equation of the form (Fige5.5)

| e, = 0,004 (LL = 10%) seseseese (2)
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Current values of C_ range from Os1 for silts (LL = 33) to 0.34 -
0.54 for highly colloidal clays (LL = 136), with a value of 0.2 -
0.3 for ciays»ofgintermediate liquid limit (i.e; 60 = 75). According.
to Skempton (1944) the avérage value for the compression index of
natural ¢lays between pressures of 50 = 100 kN/ha varies from 0,08
(LL = 24) to 0.91 (LL = 127) and is about 0,35 = 0.45 for clays v;rhere '
~ the liquid limit is ﬁetween 60 = 75. Fleming et al (1970) offer
several values for the compression index from tesfs carried ouf on '
North Americ#n shales_(éee Fige5.5)s Although these ;rg of the'séme
order'as'those from the-high pfessure range, they do not appear fo
‘have quite the same consistency with regard to the liquid 1imit.
However; it is not clear if they represenf particular load increment
| values or whether'they have been averaged over a certain pressure range.

Typical values 6f Cc from low breésure tests on illites, collated
by Lambe and Whifman (1969) follow the trend, defined by Equation’ (20),
see also Figure 5;5, whilst those - for kaolinites, which have low
liquid limits, conform equally well to either equations (20) or (21)
and are also similar to values currently obtained (e.g. Widdringham
roof shale - 53% kaolinite) On the other hand, the values of C, for
montmorillonite (which have extremely high liquid limits) appear to
be more in accordaﬁce with tﬂe equation currently proposed i.e.
equation (22), A similar series of results was also found by Olson
& Mesri (1970) - see Table 5.8.

When the values obtained for the compression indic es of both
the high pressure and low pressure fegions of the remoulded curves
and those from the undisturbed curves (above the: preconsolidation
' loads) are plotted against the average voids ratio over the

corresponding pressure range (Fige5.6), then all the results define
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' Table 5.6 Average Compression Index (C_) Values

Sample Undisturbed Remoulded Materials .
Ref, Material 4675-34967gg/m2 297—2426kN/h

@ ® ©
" British Samples
London Clay 14m C 1014 0.281 - 0.334 0.675
"London Clay 37m LC37 0.216 00260 0. 500
Gault Clay - GC 0.322 0.322 0.512
Fuller's Earth (Redhlll) FE23 - 0.547 0,568 - 0.847
Weald Clay . WC - 0.116 " 04162 0.161
Ximmeridge Clay " XC 0.210 o 06277 0.454
Oxford Clay 10m "~ 0Cle " 06338 0,288 0.475
- Oxford Clay 44m ' 0C44 - 0.289 . 06273 0.451
Fuller's Earth (Bath) - FE19 0.322 0.449 0.830
Lias Clay 10m - T L10 0.208 - 0.320 04593
“Lias Clay 36m ’ . L36 - 0.245 0.311 0.433
Keuper Marl : XM ' - 0.210 0,211
-Swallow Wood roof . . SWR .- 0.292 " 06433
Flockton Thin roof "FIR" - 0. 289 04356
- Flockton Thin seat ' FTS - 0.266 0+451
_Widdringham roof WR - 0.218 0,257
North American Samples
Yazoo Clay . - YC 0.536 0.431 1,050
- 'Kincaid Shale 6ém : X6 0.258. 0. 246 0.606
Kincaid Shale 8m X8 : 0.266 0.222 0,420
Nacimiento Shale N2 20,060 0.223 0.328
Fox Hills Shale - . FOX 0.374 ' 0.373 0.427
Dawson Shale ' DS ?0.176 0. 267 06595
Pierre Shale (Dakota) PSD 0. 344 0,441 1.054

Pierre Shale (Colorado) PSC 0,077 0.238 0.422
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‘one trend, similar to, but above that of Komornii'gg_gl (1970).

This relationship is ultimafely governed by the mineralogy, and at
any glven pressure the presence of a large expandable mineral content
will exert a strong phys1co-chem1cal effect thus increasing the :
voids ratios, and as a consequence those clays are more compress1b1e
(chil 1ngar and Knlght, 1960) Alternatively within certain 11m1ts,'
. as the pressure“is increased;'the voids>5pace and CcAwill be reduced
in accordance with Flgure 5;6.

The coincidence of the eompfession index for the undisturbed
and remoulded materials (Figse5¢5 and 5.6) indieatee that at high
pressure the history of the shale does ﬁot influence the results
provided that'the,values are beyond the preconsolidation load,

Tests'conducted on four remoulded materials to a pressure of
48400kN/h> (Flg.SJOC) indicate that the compression index becomes

less sensitive to applled pressure as the 11qu1d limit decreases,

: 5-9040. Swell Indexicsl

The swelling characteristics of the materials have been studied
by reference to. the Swell Index (Cs) i.e.

C = e —-e¢

cocecssssscasses (23)

longo - logldP
_ wﬁere e -and P are the voids ratib and pressure before a load iecrement
is removed and e, ane P° are the cor;eSponding values at the end of
the unloading stage. \
Average swell index values obtained from tests performed on
undisturbed mater1a1 are presented in Table 5.7, colum (a), whilst
average value for the final and intermediate rebound stages (see

Fige2.7) obtained from tests performed on remoulded material are
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presented in colums (b) and (c) respectively, 'Average rebound
velues obtained for tests conducfed on four remoulded speciﬁens
vin a conventional oedometer are given in Table 5.1l,

',By considering the'eame pressure range, it has been found
that the sﬁellﬂindex value of undisturbed material' is often
1over than that found in the remoulded-counterpart (Table 5.7,
colum (d)). “This ehenoﬁenen is attributed to the effect of
diagenefic bonding aﬁd is diseussed in this context in Section 5.10.
Howeve;g.when the syeli index values for both of these conditions
‘are plotted egainst the liqeid limit of the material (Fige5¢7),
exceedinglyigodd agreement is obtained'with the results of Lambe
A and'Wh:‘L"tman (1969).
ihe results érom the present materials, vhich are all multi-

- component systems (Table 3.2), appear to be lower than those of
pure clays (Table 5.8), as obtalned by Olson and Mesri (1970) when
these were.- remoulded and consolidated to a pressure of 3026 K&An
(64000ps£), Nevertheless, for remoulded shales (free from diagenetic
bonding), when the mineralogf is considered, the same general trend
is observed (fig;5.7) whereby the swell index increases from clays
where quartz (Weald Clay) and kaolinite (Widdringham roof) are
-dominant te:clays where montmorilionite is dominant (e.g. Fuller's
Farths and Pierre Shale (Dakota). This variation is also shown
clearly-in Figﬁre 5«10d where the low pressure tests on four
.remoulded'shales are censidered. There is, moreover, a general
increase in the swell index froﬁ the intermediate to the'final
unloading stage (whieh may result from tighter packing affecting .

the swelling characteristicsh
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Table 5.7 " Average Swell Index (C_) Values

Remoulded Material
Sample Undisturbed Final Intermediate (b)-(a

Ref, - Material Unloading Unloading
@ ® - © (@
British Materials '

London Clay 14m - ~ - . 1Cl4 0.107 0.108 0,097  0.001
" . London Clay 37m - LC37 0.077 0.094 0,070 0,017 *
. Fuller's Earth (Redhill) FE23 0.184 0.178 ~ 0.094 §0.0053
Weald Clay WC . 0.024 0.025 0.019- 0,001
Ximmeridge Clay - XC 0.086 - 0,095 - 0,078  0.009
Oxford Clay 1Om - 0C10 " 0,098 0.068 0,070 (0.030)
Oxford Clay 44m oc44 . 0s071 0.099 - 0,074 0,028 *

Fuller's Earth (Bath) FE19 0.123 04199 0,140 . 0,076 *
Lias Clay 1lOm . 1Ll0 0,083 0,064 0,054 {(0.,019)
‘Lias Clay 36m : L36 - 0,080 0.110 0.086 0,030 *
Xeuper Marl . M - 0,026 . 0.013 -
Swallow Wood roof SWR - 0,012 0.080 -
Flockton Thin roof FTR 0.013 0,070 0,047 - ‘0,057 *
Flockton Thin seat FTS 0.027 0,087 0.069 0,060 *
Widdringham roof WR 0,016 0,048 0.036 0,032 *
North American Materials
. Yazoo Clay - YC 0.218 0.172 0.156 (0.046)
Kincaid Shale 6m X6 . 0.089 0,067 0.032 (0.022)

" Xincaid Shale 8m X8 - 0.046 0.046 0,010 (0.000)
Nacimieénto Shale : N1 -~ 04027 0.051 0.033 0,024 *
Nacimiento Shale N2 0,023 0.046 0.023  0.023 *
Nacimiento Shale - . N3 . 0,064 - 0,109 0.063  0.045 *
Fox Hills Shale .. . FOX 0.117 0.096 0.067 (0.021)
Dawson Shale - DS 0.064 0.085 0,065  0.02L *
Pierre Shale §Dakota) PSD . 0.116 06179 0,177  0.063 *
Pierre Shale (Colorado) PSC 0,026 0.068 0.042  0.042 *

Oxford Clay 44m oc44 0.044
(6245K/m?) - .

(Bracketed figures in colum (d) indicate that the remoulded swell index

is greater than that for the undisturbed sémple).
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Table 5,8 Swell and Compression Indices for Pure Clays *

Xaolinite

Water, Ca 1IN =
-4

_Water, Ca 1¥10 N

‘Water, Na lN
Water, Na 1*10-4N

Illite
_Water, Ca 1N
Water, Ca’ 1*10—3N

Water, Na 1IN "~
3

Water Na 1%10 °N -

Smectite

" Water, Ca 1IN

Water, Ca 1%10 N -

S |
Water, Na 1x*10 N .

Water, Na 5*10-4N

Sand

% After Olson and Mesri (1970) -

0.07.
0.07
0.08

0.08

0.28

0.31

19;37

0665

0.26
0. 34
1.53

3.60

0,01 -~ 0,03
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: c
1000 - —
10000ps£.

0.3
0.3
0.25

0625

1.0

1.6

104 - 105

7.0

13.0

10000 =
64000ps£

"0e2
0.2'
0.25

0025

04375 = 0.5

0e5

0.675

1,875

30125
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5.9.5 Permeability (X)

Permeability is a measure of the flow of liquid through a
medium (which in this Eage consists of granular and plate-like
ﬁinerals) and is goverﬁed b& the partiélé siie, voids ratio ,
fabric; composition and degree of sgturation; |

‘When dealing:ﬁith one-dimensional coﬁsolidationvtests,

- permeability is commonly calculated from the_following rglatiqnship:
| x = év:f qvﬂgxw'.................;..A(24)
where xw-is the unit weight of waters

Average values for the permability of the uhdigturbed material
beyond the preconéoiidation'load are presented in Table 5.5, column
(a),‘whilst average vélues for the remoulded samples, between °

2 : .
and 297 - 2426 X/n° are presented

. pressures o£.4675 -~ 34967 XN/m
in colums (b) and (c) reséectively. Average values for the four
rembu;ded clays consolidated in the larger oedometer between
pressuﬁes of 400 - 8400 kN/hz are presented in Table 5,11,

" The fermgébility as with the qémpreésion index, is depen¢ént
on the voidg ratip_(FiQ.S.S) but is independent of the consolidation
and induration ;taté of the shale. (This is evidenced by the
coincidencé of the values from fhe high pressure range of the

. remoulded samplés with those of the undisturbed -shales).

Typical permeabilify - voids ratio relationships have also
been presented in'Figure 58 for pure minerals in calcium electrolyte
(olson'aﬁd Mesri, 1971), various pure xaolinites (Warner, 1964;
Olsen, 1966); pure illites" (Warner, 1964), the Wyoming bentonite

(Warner, 1964), the Pierre Shale" (Xemper, 1961) and a typical sandy

clay (Lambe and Whitman, 1969).

"% As cited in Rieke and Chilingarian (1974).
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Table 5.9 Average Permeability (k) Values (m/s*10

Remoulded Samples-

Sample Undisturbed 4675-34967KN/m° 297-2426X/m_

Ref. - Samples ‘ , .
N O N
.British Materials ' )
- . London Clay 14m .. 1Lc14 0.0081 - - 0.,0069 0.1091 .
London Clay 37m 1C37 . 0.0038 . 060093 0. 5224
_Gault Clay GC 0.0224 ‘ 0.0268 03647
Fuller's Earth (Redhill) - FE23 0.0004 ' 0,0002 0.3742
. Weald Clay , . WC . 0.1623 0.2283 0.6907
' Oxford Clay 10m -~ . 0Cl0  0.0095 0.0032 0.0544
. Oxford Clay 44m - 0c44 " 0.0053 0.0382 0. 5008
Fuller's Earth (Bath) FE19 0.0002 ~ 0.,0007 0.1362
Lias Clay 1Om L10 0.0036 0,0104 0.0810
Xeuper Marl ' M - 0.1969 069401
Swallow Wood roof SWR . - - 0.0364 0. 2559
Flockton Thin roof FIR - 0.0627 0. 3502
Flockton Thin seat FTS - ' 0.0229 0.3153
Widdringham roof = WR- - 0.2621 4,8910
North American Materials
Yazoo Clay YC  0.0025 0.0019 041297
 Kincaid Shale 6m ’ X6 0.0079 0.0048 002431
Xincaid Shale 8m X8 06896 0.0194 ~ 0.4829
Nacimiento Shale N1 20.0272 000998 2.0491
Nacimiento Shale N2 20,0853 0.0200 0.6953
Nacimiento Shale - .. N3 20,0002 0.0063 0.4723
-~ Fox Hills Shale FOX 0.0024 0.0108 0.6739
Dawson Shale ' DS . 20,0002 0.0034 02634
Pierre Shale (Dakota) PSD 0.0016 0.0024 040562

Pierre Shale (Colorado) PSC 0.1141 : 0.0117 02016
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| The variation of permeability with voids ratio for four
remoulded clays is displayed in Figures S.10e, where a regular
decrease with decreasing voids ratio is noticed (although an
irregﬁiar reponse is sometimes noficed (Waidelich, 1958). .The
relati%e positioné of the curves appear to ﬁe controlled by the
vminerélogiéal rcomposition and the wrifer cénsidgrs that the
explanation given by Olson and Mesri (1971) adequatély explains
this bghavioﬁr. These aﬁthors conclude = that the reduction of
permeabiiityAffom kaolinite to illite to smectite at constant
vﬁids ratio_xis largely the rgsu}t of size reduction of the individual
fiow channels, Eausiﬁg an in;rease in tortuosity of the floQ paths,
coubled with the relative effécts of'diSpefsion and flocculation

caused by physico—chemical,variablés associated with the double

layer,.

_A5.9.6. Coefficient of Volume Compressibility (m,)

A The‘cpefficienf of volume'cémpressibility’(mv) represents the
combression‘of a soil per unit of original thickness due to unit
increase inAprESSUre,.i;e.:-

m = Al

v ¢0000ccess0000000s00000 (25)
(1+e) Bp

where Ae and ApA are changes in voids ratio and applied éressxme and
e is vpids fatio before the pressure is applied. Tﬁe value of m,
has the dimensions L2 M- (i.e. m%/HN).

Average values for m, (peyond the preconsolidation load) for
the undisturbed materials are presented in Table 5,10, column (a)
whilstAawerage values for remoulded samples between pressures. of
4675 - 349671<N/'m2 and 297 - 2426ku/h2 are presented in colums

(b) and (c) respectively. Average values obtained during the




Table 5,10 Average Coefficient of Volume Compressibility (m
Values (m</MN) Y

Remoulded Samples

'sample Undisturbed 297-24261/m>  4675-349671/m°
Ref, Samples " .

- British Material

London Clay 14m 'IC14 0,009 0.415 0.013

London Clay 37m - LC37 . 0,003 0.282 0.011
" Gault Clay GC -+ 0.007 0. 258 0.012
Fullerts Earth (Redhill) FE23 0.007 . 0e245 .. 0,016
Weald Clay : _ wC 0,002 0,117 ' 0.007
Kimmeridge Clay " KC © - 04002 0. 246 " 0,011
Oxford Clay 1Om- ° ~ .-0Cl0 0.005 Oel24 0,011
Oxford Clay 44m . 0C44 0.003 0.276 0,011
Fuller'!s Earth (Bath) FE19 © 0005 0. 363 0.015
Lias Clay 1Om L10 0.002 0,280 0,013
Lias Clay 36m . L36 0.003 0.212 - 0.012
Xeuper Marl ' v KM - 0.126 0.008
Swallow Wood roof - SWR S - 0.228 0,012
Flockton Thin roof FTR - 0,189 0.012
Flockton Thin seat . FTS [ - 0.246 0.012
Widdringham roof WR - 0.159 "0,010

North American Materials

Yazoo Clay YC .. 0020 0.435

Xincaid Shale 6m " X6 0.004 0.443
Kincaid Shale 8m- X8 0.004 0.383
Nacimiento Shale - Nl 0.001 0.172
Nacimiento Shale N2 0.001 0. 200
Nacimiento Shale . N3 0.002 0. 306
Fox Hills Shale = FOX 0,007 0.186
Dawson Shale ] 0.003 04326
Pierre Shale (Dakota) PSD 0.005 0.534

Pierre Shale (Colorado) PSC 0.002 0.258
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. O undisturbed samples
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Table 5,11 Consolidation Parameters from Low Pressure Tests

(400_- 8400K/m2)

cV
(m2/y)

* 'Pierre Shale (Dakota) L.Le 0,07

- 0450LeIo 0,13

—

Fuller's Earth (Bath) Lele 0,07
 0e75LeIe 0407
0.50LiIe 0405

0e25LeI. 0,04

London Clay 37m’ LeLe 0.72

'00 SOL.I. 0035

Widdringham roof LeLe 8,12

0e50LiIe 2456
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0.859

0.757

0.664
0.647
0.650

0. 509

0.374

0.253

0, 268

c
0. 252

0,209

0.187
0.161

0,158

06140

0.107

0.096

0,068 -

0.093

0.0929

. 00757
0.0939
0.0493

0.0229

0.4189

0.1694

2.1502

0.7318

X ' m
(V915" (o)

0.0626 ,

0. 249

0.212

0.183
0.170
0173

0.124

0.139

0.128

0.095

0.099
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éonsolidation of remoulded clays in.a conventional oedometer -are
presented- in Tébie 5.11,

Volﬁmé compressibility decreases with increasiﬁg pressure in a manner
- illustr;ted in Figure 5.10&, whereby at any'givén pres#uré larger
values afe'ehéountered in éléys with higher liquid liﬁits (also-
see Figure 559). The lover values of m encouﬁtered for the
. undisturbed materials (Fige5.9) result because in many cases higher
pfessﬁre‘ranges are required to consolidate the épecimen beyoﬂd the
preﬁonéolidatioh load. The éffECt is further emphasised by the log-

A

‘normal fit.

 5.9.7 Swell Pressure

Swell pressure is the pressure required to prevent a clay from
swglling in algiveﬁ direction when it is allowed to saturate freely
in-a confined sééce. Yong 52L3§L (1963) suggest that a special
'A'measuring device is required to make accurate determinations because

" normal oedometeré allow too much volume éxfansion. Nevertheless in
the present.stuAY”two sets of mea;urements'(Appendix A.3¢32 ) have
been made using an qedometer, and the results of-these are'presented
in Table 5,12, |

- A relétiénship betwveen swéll pressure and present depth of burial
has been observed by Fleming et al (1970) and Figure 5.11 (based on
independent measurement) shows that all of the British materials of
Lias aée and younger, and seven of the ten North Americén materials
follow this trend, The British Carbﬁniférous materials have much
loﬁer swell pressures than would be predicted from their present

| depths of burial using the a£Orementionéd observation, @ig.S.lﬂ.

N However, this probably reflects their indurated nature actihg to
reduce their éwelling potential,a$-proposed by Yong and Warkentin,
(1975.  On the other. hand, the Nacimiento Shales N1 and N2 and .




Table 5,12 Swell Pressure of Sampiés Tested

British.Materials

London Clay 14m
London Clay 37m
. Gault Clay .

Fuller's Earth (Redhlll)
"Weald Clay

Ximmeridge Clay

Oxford Clay 10m

Oxford Clay 44m -
. Fuller's Earth (Bath)
Lias Clay 10m
“Lias Clay 36m
. Swallow Wood roof
‘Flockton Thin roof
Flockton Thin seatearth
Widdrington roof

North American Materials

Yazoo Clay
~_Xincaid ém

Kincaid 8m
Nacimiento Shale
Nacimiento Shale
Nacimiento Shale
Fox Hills Shale
Dawson Shale . :
Pierre Shale gDakota)
Pierre Shale (Colorado)
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Per Independent

Per High Pressure

Test

(kN£m2>

362,86
220466
288.33
34.32

. 289,31
- .98,07
1118, 66
424,64
176,53
186.33
741,41
481,52
118,66

. 594,430

84,93
117.68
9.81
1422,01
1075.44
672.76
1188, 61

- 211,83
188,29

Consolidation Tests

(kN:hzl'

254,98
166472
69,63
148,09
118,66
117,68
20359
185,35
167.21
332,46

567483
94,15
57467

85,91
131,41

51,98
398,48
983,64
677.66
641,38
623,14
127,69

72,96




(m)

Depth

0
X
xM : x . Br:t:ish samples
°x . X N. American
. Rt 3 X_ x
* % bue S
25f X
—e_
50t |
O
75l ——
100¢ :
—_—
1251
: After Fleming et al {1970)
S —~ Bearpow :
—+— Claggett .
317!» . ~— Pierre [
o —— Fort Union
-e— Colorado
595}4’ T
0 1000 2000 3000

Swell Pressure (kN/m2)

“Figure 5.11. Relationship Between Swell Pressure

and Depth of Burial.
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the Dawson Shale have larger swell pressures than would normally
be predicted from-their current depths of burial, The writer is
‘unsure why this should be but sugdests that it could result from
the random, flocculated dature.of'their cléyAparticles (Table (4.5),
enddwiné‘the matefial'with a greater swelling potential, -

In addltlon to depth dependence, Flemlng et al (1970) suggest

- .that a reduction of excess swell pressure. at ~shallow depth mlght

reflect the greater avallablllty of water nearer the surface, so
that materials tend to'eduilibrium under a different moisture
" environment, They furtherlnotice that the swell pressure of material
from similar depths tehds to be up tOIBG'per cent higher for those
-with the higher liquid limit, a fact that is.pot evident in the
present study, |

Ward Es;él,(l959)Afbund that the swell pressure-of the London Clay
measqred parallel to the bedding was less than that measured normal
to it.j.Flemiﬁg et al (1970) also notice this effect and cite ratios
of 0026 = 1,00 depending ﬁpon the material, This effect has, hovever,

not been invEStigéted in the current work.

5¢10 An Investigation into the Presence'of Diagenetic Bonding

| In'the present.study an attempt'has been made'to identify the
presence of dieéenetic bonding by the use of the swelling characteristics
obtained from the rebound curves, This method, unfortunately does not
give any indication ef the type of bonds pfesent, although this
matter is discussed further in Chaﬁter 7 when slaking'characteristics
are considered, However, the relative roles of mineraiogical
eomposition and depth of buriai are discussed, and in'addition
evidence.is offered to substantiate Bjerrum's hypothesis regarding

the destruction of bonds (Chapter l.5.6).
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For the purposes of the present exercise it has:been‘assumed
that wheh thé undisturbed_samples'are consolidated, an& diagenetic
Bonds present will be éestroyed in proportion to'their strength apd
the épplied pressure, i.e, at the_maximﬁm'pressure used (35000kN/h2)
weak bonds being almost completely déstroyed and strong bonds refaining
T a prbportion of their strength. This efftc£ may; however, be
-somewhat affected by the variation in the relatignshiés between the
maximum consolidation pressure and the preconsolidation loads (which
:aﬁge from 1900 - 4000de/h?). Nevertheless; broad tfends do emerge
' Whén the éwell indices obtained from equivalent tests on undisturbed
and remoulded material (in which all the bonding has been destroyed)
are compared (seelTablé 5¢7)e |

The statement regarding the‘progressive decrease ;f bond strength
'with appiied pressure-is supported by reference to one additional
consolidation test performed on the unweathered Oxford Clay (sample
0C44) which has a preconsolidation 1oaci of 11000 - 14OOOkN/m2. The
swelling index of 6.071,'obtained'when the material was consolidated
| to a pressure of 35000kN/h? i;'seen to be‘significantiy higher. than
that obt;ined when the material was consolidated to a pressure of
6245kN/h2 (i.ee 0.044)3)This indicates th#t a larger proportion of the
bonding.had been“desyroyed during the test to the higher preséure.
When the remoulded material was consolidated to a pressure of
35000K1/m>, a swell index of 0,099 resulted. This value probably
approaches the maximum value obtainable, sincé in this condition the
material does not contain'anonriginal bonds,

Thirteen samples tested (marked by an asterisk in Table S.7),vall
of which aré very stiff and from below the depth of weathering, (using

Bjerrum's 1967a depth spectrum), show a substantial increase in their
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swell indek Valhgi (ranging from 0,017 = 0.076) when their

“remoulded conditioh is considered. This implies that there
is some sort of strong bonding present in the natural material, There

" does not‘ﬂowever, éppear to be any rigid trend relating tﬁe maximum
depth éf buriailtq the swell index becéuse'fhevmineralogical composition
appears to Play an imﬁortant role, Nevgrtheless a crude trend can be
dépicted in the prifisﬁ-materials (Fig.5.12) where illite and kaolinite
form the ﬁajor constitueﬂts; This ranges from the London Clay, sample
137, (maximum depth 450m) showing an increase in the swell index of
0.017, to the Oxford and Lias Clays, samples 0C44 and L36 respectively
(maximﬁm depths 900 - 1050m) , which show increases in their swell
indices of 0.628 - 65030, to the Carboniferous shales (maximum depth
3800m), which show increases in their swell indicés’of 0.032 = 0,060

Wif£ regard‘to ﬁineralogical composition, partiéularly large

increasés in swell index, equivalent to, and oftén greater than those
obéerved ih fhe Carboniferous shales, are notiéed in certain younger
fine-gralned sediments where smectlte is present in substantial
quantltles (see F19.5.12) i.e. Fuller's Earth from Bath (sample FEL9)
- 0,076, Pierre Shale from Dakota (sample PSD) - 0.063, Nacimiento
Shale No, 3 = 0.045, and the Pierre Shale from Colorado (sample PSC)
- 6.042; The presenée'of granular’matérial suchAas quartz aﬁd feldspar
may also have é deéisive effect by suppressing any bonds which may
develop between clay minerals, The Nacimiento ShalesNos.l and 2, which
are unweathered and from the same horizons as the/yaéimienfo Shale Noe3
(i.é. having a -maximum depth of burial of 1500 - 1800m) contain
moderate amounts of smectite. and yet the presence of these minerals
appears to have caused a lowér bond strength (represented by an increase

in the swell index of 0.025) to develop. This value is of the same
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ordei‘ as those ‘'of the Oxford and Lias Clays whicfx hav'e’oniy. been
buried to between 900 - 1050me The Dawson Shale, containing 49 .
;;er cent smectite, also shows :; smaller increase of the swell -
index than would be expected. This again must be attributed to
the granular content present (F19.5.12)

" Five samples tested, e, London Clay 14m (sample Lc14),
Kimmer:.dge Clay, Kincaid Shale Bm (sample 1(8). Weald Clay and
F‘uller's Earth Prom Redh111 (sample FE23) haveaswell :mdex fer'
the remoulded mater1a1 which -is: almost comc1dent wlth that-
encountered for theAmaterial in the undisturbe'c_l condition. This
implies that any bonds which may once have been present,heve now
been <:iestroyed. All of these materials, with the exception of the
Fuller's Earth (_Redhill), are from within the zone of weathering
accordihg} to Bjerrum (1967@), jees within 17 metres of t-he surface;
consequently no di-agenetic bonding would have been expecteds The
Fﬁllerie Earth»,h.cm‘rever,is from 23mdepth4 but as this specimen was
sampled. from a vez‘titca‘\l' section of a quarry, it is possible that
stress release -i_n the horizontal direction has lead to the destfuction
of any bonds that were originally present.

The femaini_ng six specimens haveaswell index value for the
remoulded material Whj-.Chﬁ,iij_‘.‘Sig’nificantly lower tﬁan that-- for the
undisfurbed material. Again, allAbut one of these (i.e., the Fox Hills
' Shale) are from within Bjerrum's- zone of ?eathering. However, because
the virgin compress‘ien curve. of the undisturbed material in all
_ cases- Sk perailel to the curve ' obtained when the material is
consolidated in the remoulded conditien, it can only be assumed that
some .sort of metastable condition exists ix;x the former and that a
ftmdar‘nental rearz"angement' of the eonstitueﬁts has occurred upon
remoulding, leading‘ to: a reduction of tine swelling; properties, This
is particularly noticable in the 0xford 'Cl'a)’, where both the weathered
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and unweathered.materials have approximately the same miherelogical

: composition (Table 3§2) " The former material which shows some signs

-of ice dlsturbance (Chapter 2) has s1gn1f1cant1y larger 1n1t1al and
flnal v01ds ratlos than the latter, but upon remoulding, however, the
final_stress relieved voids ratio becomes similar to that of the
unveathered sample. With regard to the Fox Hills .Shale, which is

, apparently unweathefed, the Iarge‘amounte of visible organic matter

. (Chapter 2) could have a marked effect on the consolidation properties

of the shale, (eee Skempton,lé?O) esfecially as its size and
distfibution is radieally altered upon remoulding. Nevertheless, the

rebound‘behaviéuf of these six materials is consistent with their

containing no significant degree of diagenetic bonding..

5.11 Strain Energy and Stress-Straln Relationships

The stress-strain relatlonshlps of a sediment during a
consolldatlon cyc;e are prlnClpa}ly dependent upon the initial
coﬁdifioﬁ of the materials (i.e,‘whether it is normally - or
_voverconsolidated)-and aleo upon. the eomposition, vhich in turn imparts
the ph&sical attribufes to the material. Consequently, the strain
energy dnvolved will be dependent on these factors. Therefbre by
performing a series of tests which investigetes each of these factors
separafely,.it is-possible to consider their relative effects and
contributiens to the sediment.'

- Remoulded or normally-consolidated sedlments have stress-straln
'relatlonsh1ps which take the form of that shown in Figure 5.13 (a),
for whlch the straln energy, measured in mkN/h A see Brooker, 1967%
involved during the consolidation cycle can be divided into three

© categories:=
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(i) The 'total strain energy' absorbed during the

compréssion stage, represented by the area OAC.

(ii) The 'recoverable strain energy' repfesehted by
B the area ABC which is attributed to elastic -
rebound (Morely, 1940), physico-éﬁemical
effects (Bolt, 1956) and capillarity
(Terzaghi and Peck, 1948). '

(iii) The 'nonwrecoverable strain energy' represented

- by area OAB which is attributed to sliding
and reorientation effects and the‘érushing of
the point contacts (or actual grains at high

R pfessurgs). ‘This area may be compared to the. .
hysteresis loop obtained during the stress-
strain cycle of a crystalline solid (Morely,1940),
although in this case the energy is expended

as heat within the material.
The~ihterpretatioﬁ of the stress-strain relationships presented.
. by Brooker (1967) - see Chapter 1,is somewhat different from those
curréntlﬁ émpléyed. although in the light of cpnventional strain
énergy conqepts‘(gof:éxample Morely, 1940), the writer considers that
Brooker has misintgrpreted the hysteresis loop .of the stress-strain
cycle, It'is coﬁciuded that the areaAbetween the curves (Fig.5.13a)
is wholly represented by the work dissipafed during the consolidation
cycle, as'previouSIy-meﬁtioned.

If the stfess is reduced to zero at some point during the
loading.stage (i.e. D-E, Fig.S.;Bb), the non-recoverable strain energy
is represented by the area ODE,Aand the residual strain is OE. However,
when the stress is reapplied to the previous maximum pressure (point D)
the resﬁlting streSs;strain curve is E«G, the strain at point G being
slightly gfeéter than that af point D, primarily because of a more
éffective sfate of packing., The hysteresis loop in this partiéular_case

is represented by a much smaller area (DEG). If several cycles of

T T




Figure;S;lB. Stress-Strain Relationships for One-

Dimensional Uonsolidation.
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ioading and unloading between a pressure equivalent to fhét'at point G
-and zero ;are performed, then during the first few cycies (esgs 10 - 50
for sand), small permanent increases in the strain will result. On |
_Suysequent cycles, a stable hysteresis loop will.résult involviﬁg
little or no additional strain for éach cycle (Lambe and Whitman, 1969).
‘At this stage thevparticleé have reached their most effective sfate

‘of packing, where 6ﬁly a small amount of energy is absorbed dufing

' each cycle, Upon increésing the load to point A, the stress-sfraih
Aéu:ve will be essentially the same_és if no ﬁnloading‘had taken ﬁlacet
HoWeVer, upon hnloadihg from ﬁoint A, the stress-=strain curve will
’_foliow the path AB to point-B. Consequently the residual strain will
increasel'from OE to 0B, and the total_hystéresis loop Will increase

>t6 area OAB.. The stress-strain ;ycie EAB (Fig513b) is equivalent to
the conéélidation c&cle ofna laboratory prepared overconsolidated
shale with a_précoﬁsolidation load equal to G However, as can be
"seen from the tes;s cufrently conducted, a naturally overconsolidated
material usually rébounds to its original thickness or even: swells
beyond this poiht'ﬁhen the stress is removed (e.g. see Fig.5.13(c)).
This is presumably bécause these materials have only been subjected

to secondary cogggg§§122 and have often been held at depth for long

. periods of times Consequently the particles have probably attained
their most effective state of packing. .

Stress-s£rain'relationshipé for clays presently under consideration
are presented in Figure 5.14.1 - 5.14,26., In cases where tests have
been performed on the material in both the natural state and from a
remoulded condition with the initial moisture content equal to the
liquid limit, the curve vith tﬁe least amount of strain represents

the former condition; swell pressures and swelling beyond the original
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~

~ thickness being duly accommodated. The resulting strain energies,
-caleulated from the measured areas beneath the stress-strain curves

" using a polar planimeter, have been analysed in two ways, i.e. on

a total volume basis (Tables 5.13 and 5.14) and on a unit weight

. basis (Tables 5015 and 5.16)

For.each method of analy51s, 51gnif1cant relatlonshlps (Tables

'5.18 and 5.19) which exist between the strain energy parameters

themselves, or between the. straln energy parameters and the mineralogy,

Atterberg 11m1ts etc. have been deduced using a correlation matrlx,

involving 24 samples (results from the Xeuper Marlland Swallow Wood

roof being.excluded beeause,only remoulded tests were performed on
these materials)a |

The geochemistry has not been included in the analysis hecause
it is adequately reflected by the mineralogy.

Significant‘relationships obtained from tests performed on the
remoulded materials should reflect, approximately, those relationships
whlch occur~during.sedimentation and compaction of normally-consolidated
clays,.assuming that.no drastic changes have taken place'within the
sediment. On‘therther hand, significant correlations obtained from '
tests performed on undisturbed material_are affected by the state of
the material (e.g. the uariation of the preconsolidation load or

hardness etc.). Nevertheless,-broad trends do emerge which can be

~ reconciled to the remoulded condition,

The results have also been reviewed in the light of work done
by Brooker (1967) by refbrence to several additional tests carried
out in a conventional oedometer on material remoulded at various
moisture contents (Table 5,17 and Fige5.15). Unfortunately, because
the strain energy parameters are pressure and volume dependent, only
values within each of these three groups are directly comparable

i
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(see Test Precedqres, Appendix Ad3)e. Nevertheless, the eeehlting
trends are universally comperable.

With regard to the total Qolume basis of analysis, the total
-~ compressional energy appears to be related fo the com§ressibi11ty
of the minerais present,_ Thie is supported by a strohg positive
correlation‘with ehe plaStie limit for the remoﬁ}ded gfoup andialso
b& .a stfong ﬁositive-correlation with the.totel expandable mineral
content (inciuding smectite content) for the undisfurbed group
(Table 5.18). The recoveraﬁle strain energy is dominantly eohfrolled
by the total eipandaﬁle mineral content, and in earticular the
concentration of smectite, This is substantiated by strong positive
correlations with these eonetituents and also with the Atterberg
.liﬁits and clay-size.compqnents. In addition, the relationship is
supﬁorfee'by an associated negative correlation between recoverable
.':etfain energy and quartz, XKaolinite and illite (see Table 5.18).
The- most significant feature with regard to tﬁe non-recoverable
~_strain energy, is;fhat is has a strong negative relationship with
the‘liquie limit,end plasticity index when the material is remoulded
_at the liquid limit, whereas a positive relationehip is obtained for
samples in the undisturbed condition. |

AThis reversal of trends is also observed when the initial
moisture content of the four remoulded clays, consolidated in the
conventional oedometer, is reduced from the liquid limit to a
liéuidity index of 0.5 (Table 5,17 and Fig.5.16b)e In addition,
the tetal compfessional energy alse increases  as the initial moisture
-content is lowered (Fig.5.16(c)) although a somewhat irregular trend

is observed for the recoverable strain energy (Fig.5.16(a))

 From additional tests performed on the Fuller's Earth (Fig.S.lG(g),

(h) and (i)), it can be seen that as the initial moisture content is
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reduced from the liquid limit to a liquidity index of 0.75 and
then fo‘o.S, the non-recoverable strain energxi and also the total
.compressional and recoverable_strain energies, increase rapidly
in anfalmosf linear manﬁer; Howéytrl when fhe initial moisture
conteht_is at.a iiquidity inde% of 0,25 the nbn-fedoverable straiﬁ
energy'ha§ oniy increased very slightly.

Therefore, on a purely volumetric basis of analy51s and in the
llght of present ev1dence it appears that the 1n1t1al mo1sture
content has a large effect on the strain energy, although the results

_'in this qum do not éive a cléar indicatioh of why this is so. |
However, baéed on the regults-of_s ciays,remoulded at a liquidity
index of 0.5, Brooker(1967) concludes that -the increase in strain
energy béf&gen the.loéding and unloading curves (which'he defines as
‘the tabsorbed strain energy', see Chapter 1l.5.6) with increasing
'piasticity, is related to the disintegration characteristics (élaking)
of thé materiale In the preéent work this str;ip energy is deemed
to be noﬁ-recoyeréble (e.g.‘?ig.5.13(a)).

When the data are considered on a wnit dry weight basis, i.e.
strain energy per ébam, a new picture eherges which leads to the
férmation of a simple working model,

With regard to the rémoulded samples, all three types of
strain énergy increase with increasing plasticity (Fig.S.lj (a),4(p)
-and (c)); this being substaﬁtiated by strong positive correlations
between tﬁe energies per gram and the Atterberg limits (Table 5.19)
The undisturbed materials all of which have liquidity indices of
zefq or below, also produce a similar tfend, (Fige5.17 (d),(e) and
(£)), altﬁouﬁh.lower values of strain energy per gram>are obtained,

- Another similar trend is also encountered for the materials

262




consolidated from the liquid limit in the conventional oedometer

(Fige5.16 (d),(e) and (£))e Furthermore, results from this sérieg of

".tests indicate that the strain energy per gram for each material

remainé constant until the initial moisture content is reduced to a

’ liquidity index of>0.5 (Table 5.17), although upon reducing the.

initial moisture content to a liquidity index of 0.25, a reduction

iﬁ the strain energies per grém oqcufs (Seé Fuller's Earth, Table
5.17)s - '

Therefbfe, it has beenicpncluded thét during the consolidation
cycle qf a clay, mor; non-recoverable energy per gram of dry solid
is expended és the plasticity increases because initially high m&isture

contents allow larger relative displacements and reorientations of

particles, .This will result in larger volumetric - strains, Consequently,

‘a larger amount of total compressional strain energy is required,

élthough thére is usually a greater amount of associated recbverable
strain energy caused by the presence of expandéble minerals, If the
initiai moisture céntent_ié reduced, then the strain energies per

gram of dry solid ;émain relatively constant until a liquidity index

of 0o5 is reached, Below this Value, less energy is expended

- because the denser state of packing restricts large displacements

and reorientations of the minerals., As a consequence of this

behaviour, the total compressional, recoverable and non-recoverable

" strain energies are reduced,

It is alsb interesting to note the effect of previous compaction

" on the three types of strain energy. As the degree of over-consolidation

increases (Fig.5.18(a)), the amount of non-recoverable energy per gram

decreases for undisturbed materials, At the same time the difference
between this value and the amount of non-recoverable strain -energy

per gram expended during the consolidation of the remoulded material
. . ) o .
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increases uhtil'the rétio of maximum depth of burial to the maximum
consolidation pfessurg reaches 0.4, after which fhe.difference tends
_t§ remain constant. Ihis is érobably a function of compaction i.e.
a§ the‘ﬁaterial becomes ﬁore-compé&t the grains become more densely
paéked'and do not have the samé degrges of fréedomAas those in the
loosely femoulded state., Howevef, until the material has been buried
fo a depth of ébout 3500 feet (1050m)f there stiil appears to be a
'certain degree}éf freedom for adjustmeﬁts within the ﬁaterials, which
gs inferred from the fact that more non-recoverable strain energy per
gram is expgndéd in fhé less deéély-buried samples. A similar trend

is éiso noticed for the total compfeSsional energy (Fi§.5.18(c)),
although thé increase in the amount of‘ recovérablg strain energy appeérs

to remain fairly constant over the compaction range (Fig.5.18(b)) and

may.be dependenf'oﬁ the amount of bonding present (Section 5.6).

'5.12 Conclusions
l. The reéults obtéined with the high préssure cell comparé favourably
with those of a conventional floéting head‘oedométer and therefore can
be uéed realistically forvthe basis of discussion. |
2. A review of the consolidation pérameters highlighted the following.
features:-

(a) The Value‘of c, decreases with increasing liquid limit but there
Vls no 51gn1£1cant difference between those values obtained from the |
tests performed on undisturbed materials and those from tests performed
at.both the high and low pressure range on the remoulded materials.

(b) In the low pressure range (297 - 2426kN/h2) the compression
index (C ) agrees with previously derived equatlons. However, at
hlgher pressures (2426 - 34967kN/h ) the values conform to an

equation which can be represented as:-

§

* Ratio of preconsolldatlon pressure to maxlmum consolldatlon pressure

= 0.4
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C, .= 0.004 (LL - 10%)

(c) WhenAideﬁtical pressure ranges are considered, the Swell Index
values (Cs) of remoulded materials are sometimes greater than for the
undisfurbed counferparts; the difftrences being attributed to the
presgh&e of diagenetic bonding. A general increase in swell index
also occurs'When the.maximum consolidation pressure is increasea and
this phenomenon may bé associated with tighter packing of the clay
particles, | |

(d) Wwith regafd'to permeability,:at'similar pressures the value
,appearé to be indeéendent of the state of the material (i.e. undisturbed
or remouldéd). Howevér, there is a general décrease with iﬁcreaﬁing
1liquid limit.. N

(e)A The coefficient ofAvolume compressibility-(mv) like Cc’ decreases
with incfeésiﬁg preséuré, although af any given éressure, the larger

values are associated with the higher iiquid limits.

3. T(a) Diagenetic bonding has been detected in unweathered material

by the presence of reduced swell index values (compared with values
obtained from the remoulded counterparts).

(b) The diagenetié bonding appears to be related to both mineralogy

and maximuﬁ depth of:burial. No relationship with the age of the
‘material was positively confirmed. ‘Where smectite is present as a

major cénstituent,'diagenetic bonds can be formed at depths‘between
900-j800m wvhich éhow similar effécté to those formed in shéles with a more
ineft mineralogy which have been buried to depths probably up to 3800 m
(e.é. British Carboniferous materials). Slaking tests (Chapter 7) indicate
that.diagenefic bonding in Cérboniferous materials is in the nature of

mineral-mineral welding. whereas that present in the younger sediments

may be more characteristic of cationic bondinge
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(¢) The diagenetié bonding presént in the unweathered shales is
'still fetainedtlbut at a reducéd level, even when the material is
recomprgssed tovpressures in excess of their preconsolidatién loads.
' (d) The results obtained are in accordance with Bjerrum's theory

of diageﬁetic bohdings

4".(3)' By considering the non-recoverablé, recoverable and total
gbmpressional stéain energy éompoﬁents in terms of energy per gram

of dry.soiid, rather thén on a total Qolume basis, a simple model has
béen-pﬁt forward to explain the behaviour of clayé during compaction,
.based>on the stafe 6f packing and the ability of minerals to

' :e-orientate unde;-éppiied stress,

(b) In the light of the abové~§b§ervations, it would éppear that
Brooker's ﬁypothesis regarding aﬁsorbed strdin energy can be questioned,
(C) With regard to previous compaction, the difference between the
amount of total compressibﬁél strain energy fbr remoulded and
uﬁdisturbed materialg, decreases until fhe ratio of maximum depth of
burial fo maximﬁm consolidation pressure reaches a value of 0.4
(approximately equivalent to 1050m). Aftefithis, it remains relatively
constant which probably reflécts thé state of packing of the material,

A similar trend is ‘also observed for the non-recoverable strain energy.

However, the difference Between the recoverable strain energy for
undisturbed and remoulded materials remains relatively constant over

the complete range and may be dependent upon the amount of diagenetic

bonding present. .
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Chapter Six

éoil Suction Characteristics

6.1 Introduction

Hav1ng con31dered the effect of compactlon’upon the phy51cal
propertles of clays.and shales, 1t is now pertlnent to 1nvestlgate
thelr behav1our 1n‘the nearfsurface zones and in particular at outcrop,
Qhere»the engineering performanbe.will vary the most.

S As a'conséquence, in this_Chapter.the variation of ﬁoisture
cbntént with soil su;tion has been studied in the range of pF 0.3 to
PF 4.6 for both the wetting and drying conditions. Experimental
_téchniéues are ‘reported in Appéndix A.4. Suction characteristics
have sqbseqqeﬁtly been related‘té the nature of the material (in
parficular, fhe Atterbergvlimits‘and the mineralogical composition.

Sur face areé determinations (in m%/g) on the materials studied
‘have also been made by using the suction curves, and these have been
related to thg mineralogical composition and certain geotechnical
prdbérties, | |

In addition, evidence is présenfed of the effect of burial on

the suction characteristics of certain shales studied,

6.2 The Relationship between Suction and Effective Pressure

The relationship existing in equation (2) for fully compressible
soils can be rearranged to showsin terms of u and P, i.e.
s = u-P [ XN E RN NN N NNNNNENNNNNNNNNNR ] (26)

and in this form it is in the same format as the effective stress

equation, i.e.

~

6'= d-u C...‘................0..... (27)

" Equations (26) and (27) can be used to find the suction (s)




which combines‘ﬁith zero applied pressure to produce the same moisture
content as P ahd u combined. |

In laberatory one-dimensional consolidation experieﬁents, the
"'pore'yeter pressure at_the end of each loading increment ie Zero,
lhence_.

= =0 ceessescsscessecesses (28)

_The consolidatien'fesults from both the undisturbed tests and
teets on the femeulded material have furthermore been superimposed
»(as a broken line) on the suctioh curves (Fig.S.l); by .assuming
: numerical equality only, and in the cases where the desorption suction
curve was obtained (see Appendix A.4.3), it can be observed that the
compression legs. from the'fbrmer tests are seen tplapproximately coincide
‘w1th these.' Therefore, where the desorption curve was not obteined,
the consolidation curve has been used to estimate the Spec1£1c surface
areas (Section 6.5) for thle condition,

The sofptipn curve from oven dryness was obtained for all the
‘materials tested. However;'closevagreement with the expansion legs of
the consolidation curves can eniy be seen in a limited number of cases.
Ih the remainder«the.final’suction moisture content is significahtly
hiéher than that ffoh the consolidation test. This may be explained
b& the'fact4that theAinitial conditioh of the material used for the two
tests was not identical, i.e. the wetting suction test involved oven
- drieﬁ'maéefiei;(et-10500); ﬁhereas the consolidation test.-involved.
'métefial in the natural condition. Consequently, the oven drying may
have enhanced the -slaking propertles of some of the materlals, resultlng

in thelr having a hlgher flnal moisture content,

6.3 Experimental Methods for the Determination of the Relationship between
Suction and Moisture Content )

The' principal methods used to determine the relationship between
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soil suctiom_end moisture content are listed in'Tabie'G.i.' of
"these only the suctionvplate,(Appendii A4.1) and the pressure
{membraneL(Appendix A4.2) have been employed in tmis project.

.‘The sorotion balance has been usednby the Roaq'Reseafcﬁ
Laboratofy £bf studying the suctioq/moisture oontent relationships
of.compémaetively'dry'soils.' In this method the sample is allowed
. to reach equ111br1um with a known hum1d1ty, the suction be1ng computed

from the thermodynamlc relationships between 1tse1f and the humldlty
(Croney and Coleman, 1948). ‘The detailed shapesof the suction curves
“in fhe low.humidit& region have :subsequently been used to indicate
. the mechanism of absorption in soiis containing different clays
minerals and as a conseouence, the surface areas per unit mass are

- obtainéble (see Section 6.5)

Freezing point and electrical mefhods oo not appear to be

_iea&ily applicable'fo undisturbed soils (Croney et al, 1958).

6.4 The Relatlonshlp of Suction to ‘the Mlneralogy and Present State
of Overconsolldated Shales

By observ1ng the suctlon—moisture content relatlonshlps (Flg.6.1)
those of the Flockton Thin roof shale (Fig.G.l 11), Flockton Thin
seatearth (Flg.G.l 12) and the Weald Clay (Flg.6.l 4) are
: characterist1c of incompressible materials (c. f. the Chak, Lewis and
Croney, 1965). Common Carboniferous shales are also concluded to show

a similar response (Tayiom, 1978).

The initially long, vertical portions of ihe drying curve at
(melatively low suctions, observed for the roof shale and Weald Clay,
indicate that considerable suction can be applied before the pores
begin_to empty; drainage appearing to_begin, as nofed by a change in

slope of curves, at pF 3 for the former and pF 2.5 for the latter.

¢




Table 6,1 - Methods of Determining the Relationship between S0l
‘ Suction and Moisture Content *

pF Rapge
Asﬁctiéﬁ Plate or ?fessure Plate | - 0-3
: P;essureMEmbrane.
‘Centrifuge
Freezing Poipt' o s

Vactum Desiccator or- Sorption Balance

.Calibrafed_Electrical Absorption Gauge

» (After Croney et al, 1958)
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From these values to about pF 6 the materlals show- a steady decrease
of moisture content w1th 1ncrea51ng suction. . However, above pF 6 the
curve once again steepens, indicating that nearly all the pores have
been emptled. Unfbrtunately, because of complete disintegration upon
1n1t1al saturatlon a drylng curve Hr the seatearth was not obtained
“but may be assumed to follcw a 51m11ar trend to that obtained for the
two other materlals. |

¢ 4lhe wettinélcurves:shOW’a similar trend to the drying curves,
-in that they have a steep portion at both h1gh and low suctions
v'separated by an area of relatively uniform gradlent.-

Where both wettlng and drying curves were obtalned, the materials -
.show a considerable hysteresis and at any given suction the value of
" molsture content for the former condition is lower than that for the
alatter c0nd1tlon.{ The maximum hysteres1s value of 1. 6 |

per cent for the Weald Clay occurs at pF 3, whereas that for the roof
.shale (of about 1.3 per cent) occurs at pF 4.6 the higher suction
| 'probably reflectlng dlfferences in pore 31ze dlstrlbutlons.
Nonscoalescence of the two curves for the Weald Clay may- result
from diffErences in'litnology of the samples used during testing,
although entrapped alr-can also be responsible according to Childs
(1969) |
Regardlng the saturation moisture content of materials, the
'Flockton ‘Thin seatearth has a value of 9.6 per cent (Table 6.2)

whicn‘is twice that of the roof shale. However, because both of these
materials are relatively de f'icient in quartz, the higher value is
probably a reflection of the large quantities of expandable minerals

| 1nthe seatearth coupled with its much lower degree of preferred _
r1entat10n (Table 4,5) endow1ng it with a greater slaking ability

(Chapter 7) Moreover, since their mlneraloglcal compositions are
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similar tp younger fuily compressible soils contéining‘a fairly inert
mineralogy (e.g. Oxford Clay (0C44)), Lias Clay (L36)), a higher
saturation moisture content would be anticipated (see Fig.6.2).
Therefore it must be concluded thatAsome form of mineral-mineral
welding is preéent in fhe Carboni ferous materials, preventing true
;gxpansioh upon saturation, Further evidghce ?of diageﬁetic bonding
in Carboni ferous materialé with a weldihg nature is-offered in
Chapters 5 and 7. | | -

The satufation moiéture content of fhe Weald Clay is approximately
'the.sahe as that observed for the seatearth (is€e 947 =:11,1 per cent),
butlin this case is probably due to the silty=-granular nature of the
material since it-ié not shown to contain any diagenetic bonding,
(cnéﬁtef 5.1‘0)-. Pﬁilpot (1971) accounts for the difference in the
saturation moisture contents o£ three Carboniferous shales on a bulk
dénsityvbasis, altﬁdugh as with the present Carboniferous materials it
?s possiblé'thét ofientatiqn and bonding effects-may play an important
role.

Suction~-moisture content relationships which suggest an intermediate
soil type are showﬁ by the wetting curve of the Nacimiento Shale (N2).
This~materialihas é characteristically siltstone appearance in the
undisturbed state énd a.liquid limit of 39 which suggeststﬁat it
should exhibit suction characteristics similar to those of the
Weald Claye However, it can be seen from the suction-moisture content
curve (Fig.6.1.16) that it has a maximum moisture content of 27.5 per
cent, compared with 10 perAcent for the Weald Clay. Moreover, it shows
a pronounced sigmoidal shape.at relatively low suctions (i.e. PF 0.5 to
PF 3.5), followed by'a steep linear section up to pF 7. The early

curvature may be associated with a greater range of pore sizes than
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Table 6,2

‘ RecordedZSaturation Moisture Contents

Incompressible Materials

Weald Clay

" Flockton Thin roofi

Flockton Thin seatearth

Partially Compressible Materials

Nacimiento'Shale

Fully Compressible Materials

‘L;ndoh Clay 14m
. London Cléy 37m
Gault Clay

. Ximmeridge Clay
Oxford Clay 10m

Oxford Clay 44m

Fuller's Earth (Bath).

Lias Clay 10m
Lias Clay 36m
AKincaidAShale
Yazoo Clay

Fox Hillé Shale
Dawson Shale

Pierre Shale (Dakota)
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Sample Ref,  Liquid -~Plastic Saturation
R Limit Limit - Moisture Content
WC 36 25 11;1
FIR 46 B 24 4,8
FTS 61 | 26 9.6
N? 39 - 14 é705
1C14 84 53 41,7
" LC37 63 38 35.2
oc. 75 48 35.6
- xC 70 46 - 27.0
0C10 76 50 38.2
0C44 58 29 275
FE19 100 61 ~ 55.0
L10 68 45 3645
L36 | 65 37 25,7
X6 72 53 2245
“YC 117 85 43.0
FOX 61 21 35.2
DS 75 51 22,0
PSD 135 106 92.0




encountered in incompressible and fully compressible materials{

"and between pl:" 6.5 and pF 3A.5 vater enters the structure comparatively
rapldly by f1111ng ‘the channels associated with the silty components.
At h1gher suctlons, above pF 3.5, the structure is comparatlvely devoid
of water‘and that vhich remalns'ls probably held in the structure and
small pore Spaces of the'cla& ﬁinerals. The relatively high saturation
moisture content may also be assoc1ated with the presence of 15 per
cent smectlte, although unllke the Weald Clay, thls mater1al appears

to have a far higher proportlon.of clay sized part1c1esA (Table 3.17)
which Qilltsubstantially alter the pore space geometry,

-The suction-moisture content relationships for the'remaining
materials testedd(Figs.né.l.l, 6ele2y 6ele3y 6ele5y 6s1le6, 6.1.7, 64148
| s.~-1.§,, 6.1.10, 6.1.13, 6.1.14, 6.1,15, 6.1.17, 6,1.18) are similar to
those illustrated by Croney, Coleman and Black (1958) and may be
described as those of fully compre551b1e soils, Whlch in general show
a gradual decrease of m01sture content with increasing suction, However,
for complete ana1y51s a shrlnkage curve is also required but this was
not undertaken in thls progect. Where both the wetting and drylng
| curves were obtained; hysteresis occurs in a similar manner to that
encountered in the incompressible materials, but usually to a greater
extent, i.e. in the order of 2 - 9 per cent.

In general the value‘of the'moisture content determined for the
fully saturated condition (Table 6.2) increases with increasing
plasticity and liquid limitl(Fig.6.3), although observations of the
behaviouriof certain materials leads to a further possible relationship
with diagenetic bonding., In particular it is noticed that the
unweathered sample of Lias Clay (L36) has a much lower saturation

moisture content than its weathered counterpart, even though'both :

* The writer is unsure of the validity of this value,
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materials havé,almost identical mineralogical coméositioné (Table 3.2)
and Atterberg limits (Table 3.16), A similar effect is observed in
fhe Oxf§r§ Clay.'although in this case it ﬁay be partially éccounted
for byléiiéh?idiffereﬂées in the aforémentioned parameters, Furthermore
fdr‘both:of théée clays; the weathered and unweathered samples appear‘
. Atoiposseés a ;imilérly,high degree of preferred orientation (e.g. by
obéefviné_fissilitf in‘haﬁd specimens and from orientation studies on
the léttef).j There fore it is possible that diageﬁetic bonding
(po;fulated in Chaptér 5.10) may bgipreventiﬁg true expanéion in the
un{veathered fnaté‘rial. ﬁoreover, it is also concluded that the bonding
'is of a qatibniq'nature, since static slaking tests (Chapter 7) suggest
that mineral welding. can be discbunted. The low value of hysteresis
eﬁcéﬁqtéred in the Lias Clay (i36) may also be associated with the
pfesence of bonding} |

Tﬁé'sméil différencés,observed in the curves for the London Clay

may be entirely accounted for in terms of mineralogical variations.

6.5 Surface Area Determinations

'The B.E.T, eﬁuation ié'désigned for use in conjunction with

| the high range of suction (i.€e 5 = 6.9) therefore in the present work
the sorption and desorption isotherms undér these conditions have been
obtained b§ extrapolating the suction moisture content relationships in
the experimental range (i.e.~pF 0e3 - 4.6). In addition where the
desorption curve could hot be obtained because of complete disintegration
of the.Sample upon saturation (due to the presehce of e#pandablé minerals)
the coﬁpfession leg of the consolidation curve (whi;h approximates to

the drying condition) has been used for calculation purposes.




Table 6.3 ‘ Calculated Surface Areas @2{gz

Sample Ref, = Drying Curve Wetting Curve

British Material

London Clay 14m | Ic14 13415 97.43

- London Clay 37m ' 1c37 ~110.29 62,34
. Gault Clay = . _ GC 115,89 * 59.93
Fuller's Earth (Redhill) ~ FE23 332,54 % : -
.-Weald Clay _ A WwC - 34,93 - 27,14
Kimmeridge Clay. - XC ' 100,40 73+43
Oxford Clay 10m A : ~ oclo 134,20 106.51
Oxford Clay 44m . ~ 0C44 95.44 T 33.31
Fuller's Earth (Bath) - - FE19 183,68 * 107.09
Lias Clay 1Om 110 . 103.36 , 69,49
Lias Clay 36m’ ' L36 - 96.41 , 77.09
. Swallow Wood roof SWR . - T -
, '~ Flockton Thin roof FTR 26.43 - 13.41
2 Flockton Thin seat : FTS 158,14 * 33.89

. Widdringham Roof , WR - - -

North American ‘Materials

Yazoo Clay : : - YC 151,27 * 63.91
Xincaid Shale 6ém- .. K6 154,25 * 90.83
Xincaid Shale 8m X8 - -
Nacimiento Shale - N - -
Nacimiento Shale . . N2 ' 83.80 * 43,20
Nacimiento Shale - - .. - N3 : 176,99 -
Fox Hills Shale = - FOX 218,69 * 88,10
Dawson Shale X ) DS 92,59 * 71 36
Pierre Shale (Dakota) ' PSD . 181,20 * 142.85.

Pierre Shale (Colorado) PSC -

* Calculated f_‘r_om consolidation curve




‘*LondOn'Clay
London Clay

. London Clay

Gault Clay
Gault Clay
Gault Clay
Gault Clay
Veald Clay
Weald Clay

“Ximmeridge Clay
Kimmeridge Clay

Oxford Clay

oxford Clay
Oxford Clay -

L.Lias Clay
L.Lias Clay

* Keuper Marl
Marl in Keuper

U Coal Measures

Heathrow, Middex
Uxbridge, "
Eastry, Kent

Dunton Green, Kent.
Steyning, “Sussex
Aylesbury, Bucks

Shaveswood, Suséex

‘Ne Holmwood, Surrey

Ditchling Common, Sussei

~ Gillingham, Dorset

Sunningwell, Berks
Waddesden, Bucks
Cumnor, Berks -

_ ‘Alconbury, Hunts

Stonehouse, Gloucs.

Shipton, Oxon

'-Elaby; Leics.,

Measham, Staffs,

Kingbury, Leics.

Clay Mineral Surface Areas (after Farrar and Coleman, 1967)

_ Total Exte
Area Area *
91 56
96 60
97 51
80 ‘48
98 40
133 50
186 51
45 27
" 94 42
.79 57
126 54
41 32
88 39
71 37
65 29
75 38
61 50
34 28
38 28

# Calculated from the nitrogen isotherm using the B.E.T. equation.

Ca Montmorillonite

Ca Illite

Ca Xaolinite
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¥~ Nacimiento Shale (N3)

k— Kincaid Shale (K6)
1507 Yazoo Clay

4~ Oxford Clay 10m
~london day 14m

f— Gault Clay
¥~ London Clay 37m
T e Lias Clay 10m

100 Kimmeridge Clay
K= Lias Clay 36m.
Dawson Shale

f—~ Nacimliento Shale (N 2)

tllite

] k— Flockton Thin seatearth

50+

¥k—Weald Clay

k— Flockton Thin root

kaolinite

O-

Figure 6.4. Ca’culated Surface Areas (in ma/g) in Relation
) to those of Purg Clays.




Since the,ﬁ.E.T. equation-can Se applied fo both the'sorption
and-desorﬁfion conditions, it follows that two values for tﬁe total
surface area of each clay can be determined (Table 6.3). Farrar
(1963)‘§ug§¢sts that this céulq arisé from slight_différences in the

fmolecﬁlér‘arraﬁgeménts on the soil surface. 1f, on the other hand,
“ﬁhe'nitr§§en'absor§tion isothern is studied. then when the B.E.T.
éduétion is appliéd, ohly the external-surface‘afea is determiné&

- (see Table 6.4) However, fbflease of identification,Athe following
d15cusszon is based on the total surface area calculated from the
desorption -curve, unle;s otherwise stated. | o,

The range of surfacé areas encoﬁntered for tﬁe British materials
studled in this proaect varies from 26.43m /b to 332, 54m /b, the
maJorlty (8 out of 13) lying within the range of 95 - 135m /b,
’suggestlng a domlnance of illite (having a range of 67 - 105m /b) in
these matérials;:(Fig;6.4). Farrar and Coleman (1967) also quote
siﬁilaﬁ values for a similar seéuenée of clays from the British Isles
.(Table 6.4) . ” | |
| The F‘uller's Earth from Bath (sample FE19) and Fuller's Earth-
from Redhill (sample FE23), yleld total surface areas of 183.68n1/b
 and 332.54m%/§ resPéctiﬁély.: The latter value lies well within the
pﬁblishedurange of 210 - (?)10005%/9 but the lower value shown by the
formerlﬁample méy be iﬁdicativeuof the relatively high proportion of
other minerals'fpreseﬁt (Table 3.2). The writer also suggests,
sééculéfively, that as this material is much older and has been
Buried more deeply, the chemistry may affect its re-expansion by the
férmation of rigid domains similar to those proﬁosed by Alymoré and
Quirk (1959), although no supporting evidence can be offéred_fbr this -
. statement. Neverthéless, since the surface areas of both shales occur
towafés fhe{lower end of the smectite range, this indicates that Ca is
theAdoﬁinant e*changeable cation. Philpot (1971) quotes a value of




539m /b as the. surface area of a sodium montmorlllon;te.
The three remaining Brltlsh m;terlals are all hard, incompre551b1e
materials whlc_h show low values for their surface areas. The
récordéd value for the Weald Clay of 39.93ﬁ%/§ may be attributed to
-ﬁhé high_quéifz content of this material (Table 3;2), vhereas the
tFldcktoﬁ.Thin roof and seatearth, having coﬁputed_sﬁrface_ﬁreas of
”2€g43:and 58.14m%/§\fe5pectively consisf mainly of iilite, kaolinite,
rand ﬁixed—layer claye 'Thgsehvalués are cénégquently lower than would
" be aﬁticipated-for such sédiments and it is éujgested that fheir
‘.induratgd nature may account for the reductién in the surface areas
" and small moisture uptake‘as shown from the suction curves, It is
 neverthe1ess 1nterest1ng to note that the seatearth, containing a
.:larée amount of mlxed-layer clay and practlcally no quartz (Table 3.2)
has a 51gn1ficantly larger. surface .area than the roof shale, which it _
1s suggested may be a reflectlon of its greater ability to slake upon
jimmersion in water._’Philpot (1971) also records low surface areas for
Carbbﬁiférous ﬁaterialsvcontaining large amoﬁnts of 104 -illite (plus
kaolinite and quartz), e.g. High Hazels - 32m /b and the Park seatearth
19m‘/§, but he also records hlgher values (of 68 - 105n|/§) vhere a
' large prpportlon of mlxed-layer clay is present (i.e. in certain
tonstein#). | |
The NothAAmérican materials, being mainly smectite - quartz
sediments with minor amounts of illite and kaolinite, have surface:
éreas which are in general, larger than those of the Brifish sediments
and.whiﬁh range from183.80m%/b to 216.69m%/§.
~ The Dawson Shale, K:mca:.d Shale (K6) and the Nacimiento Shale
(N2).héveAparticularly high granular contents (éuarti + féldspar+

calcite)'i.e. 53, 56 and 46 per cent respectively and yet their

I
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surface.areas are much larger than that encountered in the Weald
Clay, which has-a similar granular content. This phenomenonmust

be solely aécountéd for by the smectite content present in these
‘materials (Table 3.2). | |

The remaiﬁihg fbuf méterials fested (Table'6;3), having

N rglativeiy'ldw gpaﬁular contents (Table 3.2), also shéw the dominance

‘6§ sme;tife reflected iﬁ their surface areas;‘the,vélues equating

4 reésonably Qél}.with the calcuiated values for the Fu;ler'é Eartﬁ

‘ (Redhill) when the concentrations'are considered,

Concluéibns

(1) Suction-moisture content relationships ‘obtained from suction
.Apléteband préssure meﬁbrané experiments have indicated whether
the shaleé tested possess incompréssible, partly-c0mpressible
“or fuiijAcompféésible soil characteristics.

(2) Suctioh-moisture cdntgﬁt'rélationships for certain incompressible

hateriélé are,incoﬁsistept_yith_théir mineralogy but have been

-aésociéfed witﬁ'fﬁe presence‘of diagenetic bonding, Similar

obéervationé, but of a lesser degree have also been made for
certain fully éompreésible materials.

- (3) ‘With‘the exceptioﬁ of the Carboniferous materials, surface area
determinationé are consisteﬁt with mineralogical compositions.
Those of the Cérboniftrous shales, are ho&ever, much lower than
exﬁécted and are-again attributed-to the presence of strong
bonding welding the particles toééther.

(4) 'Infgénefal; for fuliy compreésible materiais, the saturation
'ﬁoisture content increases with increasing plasticity and liquid

limltso
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Chapter Seven

Slaking Behaviour of Over consolidated Shales

7.1 Introduction

Upon entering_thé zone of weathéring, combacted afgillace&ﬁs
sediments diéiﬁfegfate at yaryi#g~rates depending on Fhe nature of .
the material. - As a,resultvof thié,_it.is.often essential for the
éhgineering geologist £0 §bfain a ﬁeasure of the breakdown which may
'.éccur, g;pecially when the rocks are at outcrop. Consequently a
'sevefal attempts have been made to classify shales from their slaking
behaviour (e.g. Morgensterﬁ and Eigenbrod, 1974; Franklin and Chandra
1972; Gamble, 1971), although at present no absolute classification
.hasibeén obtained.

. ;Inithe preseanwork, two simple slaking tests (using water as
:the slaking médium) have_bggn employed with a view to constructing a
claSsificétioh of tﬂe shales tested; One of these.methods is based on
a static fest, the other upén,fhé rate of disintégration to belov a
sPecified mesh sizef In addition, the results are also seen to offer
indirect evidence aof fhe type of diagenetic bonding present wifhin
certain materials (see Chapter 5)e

Finally, an indication of the possible erodability of the
materials'studied by the incidence of disPeréion has been postulated
~ by examination of'the cations présent in the pore water and on the

exchange sites.

7.2 Slaking Tests

7.2.1. A Review of Previous Testing Procedures

A large number of tests to quantify.the slaking behaviour of
clays and shales, have been devised by engineers, concerned with the -

stability of clay masses, and soil scientists concerned with crumbs

or aggregates.




A simpie static descriptive test, used by such wquefs as Eno
.v(i926),.Mead (1936), Denisov and Reltov (1961), Brooker (1967) and
Fleming.sz_gl (197O)Ainvolves immersing a Speqific amount of éolid
of Inown éha§e.in.g liquid for a given time and observing the
disinfegratioﬁ by means'bf an arbitary numeiical élassification.
This test has also been used to AiStinguish between compaction shales
i_and‘éeﬁeﬂted shales (Meaa,’1936), to classify shales (Emerson, 1967)
ana to study fabric anis&tropy (Hvorsle#, 1960). The static test
'uéed‘by TaYlorvén& Spears (1970) is é quantitative version ;f
of tﬁese methods, - .

The Public Rqads Administration's original slaking test
' '(Hogentoéler, 1937) inwvolves recording the time taken for a dried
c&lihdef pf éoil tﬁ{fall through‘é brass ring'or coarse screen when
'completely immersgq in waters, Whefeas the Public Roads Admipistration's
aiterﬁati?éISiakinQ;test involQes recording the change in apparent
weight as a function of time gf a specimen which is placed in a coﬁtainer
éttaéhéd to a balénce and partly-iﬁmersed in water, A similar type of
_.tést was used by Mériwéki (1974)." | |

The Russian peddlogists slakiﬁg test (Hogentogler, 1937) invoives
éroducihg a soil specimen in a mould used for moulding tensile test
séeéimens of cement mortar. After drying, it is comp}etely coated in
paraffin excépt fér a 7 inch band around‘the middle, and then suspended
in ﬁgte:. The time taken for complete separation is referred to as the
slaking time. ‘

The falling drop test (McCalla, 1944) which is also a type of
erosion test, is performed by allowing drops of distilled water, of

Ynown diameter,.to fall a known distance on to a lump of material until

it is also washed away through a screen.




In‘the single screen wet-sieving test (Bouyoucoe, 1929) a known
amount ofléreded aggregate is placed on a sieve bf éiven eize ahd
after presoaking; the sieve is'oecillafed vertically in water at a
known rate and stroke £or a given length of tlme. _The dried weight
'5reta1ned is subsequently recorded. In the multlple-screen vet-

‘ .51ev1ng test (Bouyoucos, 1935; Yoder, 1936 ) a glven amount of
"materlal 1s 51eved through a series of screens, decrea51ng in size
-in descendlng order.
| | Franklin and Chandra (1972) and Gamble (1971) have used a
Asleke du:ability test, modified from the N.C.B.'s !end—over—end"
'test of the mid=1950's. whereby the meterial‘is placed in a cylindrical .
drum.made of standard 2mm mesh and which hes its axis in the' ‘
_hofizontal,plane. After partial immersion in'water the drum is rotated
| at a constant speed for a given time; the ratio of final to initial
welght retalned in the drum is the slaking durab111ty index,. Although
lAthls test has been ad0pted as an International Rock Mechanics Standard,
it hashserious Qefects in the case of arglllaceous rockse It is a
dynamic.attritioh test, the protbtype'of which vas introdueed
»ohiginelly by the N.C.B. for ﬁerfermance similation of coal washing
plaht. Mpri&eki (1974) is critical of the results obtained usihg
‘oven-aried.sheies. Morgenstern and Eigenbrod (1974) have devised a
'water abserption slaking test whereby a dried saﬁple is cut into a
perforated brass cylinder, open at both ends, and saturahed by placing
the'sample on.a wet filter papér. The inerease in moisture content

with each of a number of drying and wetting cycles is subsequently

" measureds

7.2.2. Present Test Procedures

(a) The shales under test, having prev1ously been cut 1nto a

cylindrical shape measuring lcm in height by lcm in diameter,
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and air dried for several weeks (shrinkages are presentedAin
Table 4.1), were subjected to a slightly modified version of
the Public Roads Alternative Slaklng Test, (see Appendix A5.1)
The rate and amount of'disintegration of.rock debriS'below mesh

| 51ze B.S. No.36 were subsequently obtained, In addition, during
each test, the slaking behav1our of each material was carefully
ﬁoted. !

(b) A purely static test,‘fepofted in Appendix A5.2 has been employed

. to measure the.uptake Qflwater after air-drying. The results of

" this have ultimately been reviewed in the light of the work of

Morgenstern and Eigenbrod (1974).

7s3f:Rate and Amount of Breakdown in Vater

Tests to determlne slaklng behaviour were performed on all of the
materlals studled, except for the Xeuper Marl, which by virtue of its
nature (Chapter 2) could not be cut into a suitable shape for testing.
Observations made during each test about the way in which breakdown
occurred are presente& in Table 7.1l.

To define the rate of disintegration, two methods of presentation
have-been employed, Firstly the percentage of material passing through
the mesh has been plotted directly as a function of the time (in minutes),

and secondly the rate has been expressed in the form of a first order

‘reaction from the expression:

Ler M = Kt sevecvecscoccccccccce (29)

where Mo is the original weight of material and M is the weight passing
through the mesh at time t. According to Badger et al (1956) and
Berkovitch et al (1959) if the material is homogeneous then the rate

of disintegration below a given size will be proportional to the weight




still above that size., ~Hc.vwevwer, they point out that the surface
area will also be an important factor; its ratio ts the.percentage
of sversize material varying as disintegration proceeds,

‘ Vhen the results of the samples curreﬁtly undef discussion ars
,4reviewéd'in the light of the first method of preseﬁtation (Figse 7e1
aﬁd 7.2) then it can be seen that there is a very large spread in the
brgakdc;n rates (Table 7.2). In a large number of instances an almost
'linear‘felationship bétweenvpercentage passing and time is observed
over ths initial'sfaées of fhe disintegrstion. Coﬁsequently the rates
of.disintegration hsve'been 5plit_int9 tﬁree grdups, i.e., rapid siaking
(rate greater than 3.5% per mine ), fast-medium slaking (rate 3.5 = 0.5%
. per min,) and slow slaking (rate less than 0.5% per min.),'principally
b&,fefershce to the behaviour of the British materials, although the
ssme divisions appear quite satisfactbry when -the North American
materlals are con51dered. :

Shales which fall into the rap1d slaking catagory (i.e. 2 British
and 6 Americsn samples) predominantly contaln large amounts of
‘expandable clay minerals (principally smectite), causing some of these
‘materials (e.g. the two Fuller's Earths and the Nacimiento Shale N3) to
litérally-explode when iﬁmersed in water. Taylor and Spears (1970)
reﬁorf that certain British Coal measu;es strsta containing large
quantltles of mixed-layer clay (e.g. Stafford Tonstein) are also
explosive when immersed in water and the writer suggests that these
materials would undoubtedly fall into the rapid slaking group.

From observations made during the tests (Table 7.1), materials falling
within the rapid slaking group disintegraté by inifially shedding tiny
flakes and particles from the edges immediately after immersion,

; followed by a general slumping of the mass with associated loss of

structure, The Dawson Shale did, however, retain some sort of structure

+




Table 7.1

British Maferials

London Clay 14m
London Clay 37m
Gault Clay

Fuller's Earth (Rednill)
. Weald Clay =

Kimmeridge. Clay

Oxford Clay 10m

Oxfdrd Clay 44m ecsce
Fuller's Earth (Bath)

Lias Clay 10m
Lias Clay 36m

Swallow Wood roof eeees
Flockton Thin roof =

Flockton Thin seatearth
.-Widdringham roof

North American Material
Yazoo Clay " sesee
Kincaid Shale ém
Kincaid Shale 8m ecses .
Nacimiento Shale Nl
Nacimiento Shale N2

Nacimiento Shale N3
Fox Hills Shale

Dawson Shale

pierre Shale (Dakota)
‘Pierre Shale (Colorado)

Breakdown Observations of Shales: Studied

Rapid flaking and -dislodgement of particles
from edges. General loss of shape.

Rapid loss of .structure 1nto a pile of
partlcles ‘and flakes,

Rapid disintegration and loss of structure.
Slow slaking at edges and along plames of
weakness,

Rapid flaking and dislodgement of partlcles
from edges. Loss of structure.

Breaks along planes of weakness with associated
disintegration into flakes and particles.
Splits along bedding into fine laminae.

. Rapid disintegration and loss of structure.

Slumped into mass of varied shaped flakes.
Split along bedding, plus small amount of
flaking.

Splits along parallel planes into thick
laminae

. Splits along parallel planes into thick

laminae.

" Rapid slaking into large flakes and chips

Splits along parallel planes into thick
laminae. A

Rapid disintegration and loss of structure,

' Rapid disintegration and loss of structure.

Slakes into small aggregates.
Attack along bedding with some disaggregation,
Initial attack along bedding followed by

. slow disintegration,

Rapid disintegration and loss of structure.
Rapid formation of chips and flakes, structure

" quickly lost.

Disintegration by flaklng and particle
dislodgement. Shape remains relatively
intacte.

Rapid dlslntegratlon and loss of structure.
Small aggregate and individual particle
dislodgement from edge. Shape remains intact.




Table 7.2 Rate and Amount of Breakdde

British Materials

London Clay 14m
London Clay 37m
Gault Clay

Fuller's Earth (Redhlll)
. Weald Clay

' Ximmeridge Clay
Oxford Clay 10m
Oxford Clay 44m
_ Fuller's Earth (Bath)
Lias Clay 10m
"Lias Clay 36m
Swallow Wood roof
Flockton Thin roof
Flockton Thin seat
Widdringham roof

North American Materials

Rate of Disintegratior

. Yazoo Clay- _
¥incaid Shale 6ém
‘Kincaid Shale 8m
Nacimiento Shale
Nacimiento Shale
Nacimiento Shale

Fox Hills Shale

Dawson Shale

pierre Shale (Dakota)
pierre Shale (Colorado)

Sample Ref, - % Passing

: BeSe NoOe36 (% per minutes)
Mesh o ’

1C37 80 2,00

- GC 94 - 3.00
FE23 100 19,00
WC 22 0.15 °
XC .91 2050
0C10 65 1,75

- 0C44 0 0.00 -
FE19 99 - 13,00

- L10 -40 1,00
L36 5 0.25
SWR 0 0.00
FIR 0. 0.00
FTS .6 " 0.23
WR 0 0.00

|

YC 94 8.00
X8 - 70 1.50
Nl 21 0.40

N2 . 82 0635
N3 98 22,50
FOX 87 4,25
DS 87 3.75
PSC 96 1.50




A duriﬁg the early stages of thé test. Tyﬁical eXampies-of slumped
ﬁ;sses are sthn in Figure 7.3, where it can be observed that the
Fuller's Earth (Bath) has disintegrated to a much finer state than
the Pierre Shéle‘frgm Dakota (whiéh'cbntaih; exchahgablg sodium

,céfions in,the.émeqtite), Fof the group as é whole usually over 80%
of fhé.matériai disintegrates below mesh size, (Table 7.2).

»Préferred orientationvstudies (Table 4.5) indicate tﬁat all of -
;heéeimaterials, with the exceptiah of the Yazoo Clay, have.a randomly
orientated Structuré. ﬁowever, alfhough the structure of the Ya;oo
Clay contains a high degree of preferred orieﬁtation, the writer
considers that this is complétély over—riddén byAthe nature of the
mineralogy (Table 3.2).

;.JjIn'thé fast-hedium'slaking group (which contains‘7 British and
é American sahples), breakdown was observed to occur .in number of ways.

. At fhe fasfef.éhd $£»the group, the members slaked principally by

flaking and dislo@geﬁent of pérticles from the edges, with an

- associated géner;l loss ofiétructure into small lumps, rather than

;slaking of the ﬁhéie hassb(like méterials in the rapid slaking.group).
The Gault Clay, apd‘to>a certain extent, the Kincaid Shale (Ké)
disintegrated quite slowly at first, but éfter ébout 10 minutes, the
rate rapidly ihcreasgd. The writer surmises that slaking of these
materiais.may have a certain critical pore=-air pressure, (see Taylor
& Spears; 1§70) above which they are blown apart from within,

The ?ierre Shale (Colorado) which disintegrated at a rate in
the middle of the range (Fig. 7.2) retained its structure almost to the
end of the teét; slaking occurring by surféce dislodgement of particles

and small flakes at an almost constant rate.
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At the slower end of the fast-medium range, the Oxford Clay
(oc10) and _Lias‘ Clay (L10) started to disintegrate by Splitting along
pianes of veakness, which usually coincided with the direction of
bedding, followed by a slow dislodgement‘of particles and flakes.

‘The amount of observedibreakdownrbelow mesh size’Was,alsofvariabie
and ranged_from between 90 - 100 per cent at the faster end to 45
:-per cent at the slower end of the group (Table 7.2)e
With regard to preferred orientation, where quantitative results
’ nere obtained (Table 4.5) it appears that materials at the faster end
of the range have very poorly orientated fabrics, but in general
'lbetter than those materials in the rapid slaking group. Also, in a
number of cases (e.g. the London Clay, Gault Clay, Pierre Shale and
Kincald Shale (X6)) smectite and expandable mixed-layer clays are
present to a moderate degree Wthh must aid the disintegration process.
;No orientation studies wvere perfbrmed on the Oxford Clay (0Cl0) and
lias Ciay (Lio); from the slower, end of the group. However, these
materials, although duite-soft, did tend to split along sub-parallel
: planes to the bedding and it can be subsequently postulated that they
would have a better preferred orientation than those materials at the
faster end of the range.

Materials‘falling within the slow breakdown group exhibit a wide
'range of behaviour. The Nacimiento Shales N1 and N2 are siltstone
like materials (Chapter 2) and contain almost identical mineralogical
compositions (Table 3.2). Slaking in both cases proceeded by attacking
pianes of weakness (parallel to the direction of bedding), followed by
a slow disaggregation. However, at the end of the time alloted, over
82 per cent of sample N2 had passed through.the mesh compared with
21 per cent for sample Nl. Therefore, because both materials contain

-between 15 - 17 per cent smectite, which should aid breakdown, it can

only be concluded that sample N1 is being held together by some form




of cementation or bonding, which although = is comparatively weak
(Chapter 5.10), is slightly stronger than that in sample N2, The

end result of the slaking test on sample Nl is presented in Figure '

7.5,

‘The VEald'Clayt a quartz-rich sediment, also\disintegrated slowly,

principally by‘attacking'planes of weakness, Ultimately 22 per cent

A

passed through the mesh prodﬁcing a similar end result to sample N1,
(of 1rregu1ar shaped chips = Fige 7.4).

Of the six rema1n1ng samples in this group (a1l Brltlsh) two
exhibitaminor breakdovn below mesh size (i.e. the Lias Clay (L36) and
the-Flocktoh Thio seatearth), whereas four materials (i.e. the Oxford
Clay (0C44), the Swallow Wood roof, the Flockton Thin roof and the
Widdringham roof) did not disintegrate'at all below the alloted mesh

size in the given time. The seatearth, which contains a high

| ‘proportlon of mlxed-layer clay and degraded kaolinite (Table 3.2)

and whlch also has a randomly orientated structure (Table 4,5) was

'seen to breakdown into flakes and chips (larger than the mesh size)

-at a comparatively rapid rate; in fact the major part of the event

took place within the first 10 - 15 minutes after immersion. However,

these chips then remained as hard entities (Figure 7.10) for the "

‘remainder of the slaking period.

The slaking behaviour of the40xford;01ay (oc44), Lias Clay (L36),
Swallow Wood roof; Flockton Thin roof and Widdringham roof, all of
whlch contain a fairly inert mlneralogy of illite - kaolinite - quartz
(Table 3.2) is dominantly controlled by their hlghly preferred orientation

of clay minerals, in that breakdown of the post=Carboniferous shales occurred

by separation'of the material into thin laminae parallel to the bedding

"~ (Figse 7.6 and 7.7), although the Carboniferous .sediments, being far more

compactéd, tended to split into thicker units (Figs. 7.8, 7.9, 7.11).
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An'interesting feature observed for the Oxford and Lias clays, was that
their weathered equivalehts (previously discussed) did partially
disintegrate below mesh size, ThisAmust reflect the absence of bonding

“in these fbrms, coupled hith a slightly eisturbed fabric (seen in
hand speciﬁen but not'duantitatively-analysed)g -
In terms of first order reactions (Figs.7.12 and 7.135 four
materlals from the rapld slaklng group (1.e. the two Fuller's Earths,
the Nacimiento Shale N3, and the Yazoo Clay) yield.an approxlmately
N,.linear relationship over their entire breakdown; only a very small .
amount 55 curvature eccurring at the end of the process, The remainder
of‘the materials from this group (Fig.7.13) only show a linear
relatiohship'for the first 20 - 25 minutes, foﬂowed by a gradual :
reductlon in the amount of slaking until breakdown ceases, This may
well ‘be assoc1ated with mlcrmllthologlcal changes whereby the more
nert areas upon belng exposed, take longer to breakdown. This is
supported by the fact that a certain proportion did not pass through
_the sieve (Table 7.2)e Berkovitch et al (1959) suggests that the
ihitiai rapid rate ef disintegration of some Coal Measures shales is'
pessibly caused by the fact that at the beginnihg of the test the
surfaces of the'pieces are roughiand prpvide more area for attack
until they'become smooth aﬁé rounded, Hoﬁever, as the whole structure
| is destreyed; the writer considers this not to be the case in the
present'circumStances. Alternatively the end of the linear portion
'_eould mark the end of a particular breakdowh process (é.g. breakage
by entrapped air presshre or saturation'of expandable minerals).

Within the remaining two grohps, a mon-linear responsevis

‘tredominantly observed, However, in two instances, i.e. the Pierre

Shale (Colorado) and the Nacimiento Shale N2, an almost linear
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relatienship is irdicatee'in the middle to later stages of the .
test,

, As noted earlier, the amount of material disintegrating below
meeh‘siee-No.36 ih‘é4 hours (Table 7;?) is observed.to increase as
the rate of_disintegration inereases. However, this relationship
is.nen-linear (Fig. 7.14) and appears to be aominantly controlled
} b& the mineralogical eomposition4(i;e. the higﬁer percentage break;
M_downs 5eing'associa;ed witﬁ the smectite concehtration), although
preferred qrientation:and amopnts of irduration'are important factors

in shales which show a small'fo-moderate breakdown.‘

7.4 Uptake of Water upon-Immereion

Acceréiné to Mergenstern and Eigenbrod (1974) the maximum
m01sture content of shales. retained 1n a brass ring, open at both
ends, and w1th free access to wvater, increases w1th each’ drying-
wetting eycleAuntil'the liquld limit of the material is reached.

“As a consequence of their results, they have erected a classification
based’upon the rafe or‘ehange of liquidity index during the first
drylng-wettlng cycle and the liquid 11m1t of the material.

The uptake of water of the shales presently under consideration
hape been found by u51ng the same basic technique (reported in
Appendix A5.2) as Morgenstern and Eigenbrod, although in this case
the ﬁateriais were unconfined during the immersion. Nevertheless,
wifh regard to ciassifying the materiele, the writer considers that
the'results presented should be compatible with those of Morgenstern
and Eigenbrod because, they allow free swelling from both ends.
of the confining ring. In addifioh, when considered in conjunction
w1th suctlon and compaction studies (Chapter 8) the results glve an

indication of the type of bonding present in certaln materlals.
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Table 7.3 Uptake of Vater during Static SlaLking

Sample Maximum Slaked  Natural Change

o : . Ref, _ Moisture  Liquidity Liquidity in

. British Materials _ : Content(%) Index Index  Liquidty
' ) . - . ' , - Index
London Clay l4m o 1c14 82,38 0,98 = <0.11 - 1,09

- London Clay: 37m: - We37. 58497 0.89 0,13 1,02
Gault Clay ' GC Not sufficient material

- Fuller's Earth (Redhill) FE23 142,28 1.39 0,12 - . 1,51
Ximmeridge Clay " XC ‘ 54,76 0.67 . -0.11 0.78
Oxford Clay 10m 0Cl0 72,15 0.92 0,10 . 0.82
Oxford Clay 44m = . '0C44 51,84 ~ 0,79 -0.43 1,22
Fuller's Earth (Bath) FE19 T 123.89 1.39 ~0,09 1,48
Lias Clay 1Om . : L10 - 57.92  0.77 =0.08 . 0.85
Lias Clay 36m ' L36 54,49.  0s73 =0.35 1.08
Keuper Marl "KM ~ 35,03 - 1.14 ,
Swallow Wood roof SWR 13,25 0. 36 ~0.66 0. 30
Flockton Thin roof FTR 9.46 -0, 68 -0.97 0.29
Flockton Thin seat FTS . 25080 0.00 ~0.54 0.54 '
Widdringham roof WR 13,31 ~0.45 -0.84 0.39
‘North American Materials
YaZOO'CIay . ) ’ - YC . 116,90 1.00 . 0.13 0087
Xincaid Shale ém . X6 : 60,04 0.77 ~0435 1,12
Kincaid Shale 8m X8 39.59  0.51 0,00 0.51
Nacimiento Shale N 36,58  1l.00 -1.34 2.34 -
Nacimiento Shale -~ - N2 42,88 1,28 ~1.35 2,63
Nacimiento Shale f N3 Not sufficient material
Fox Hills Shale - FOX e Not sufficient material
Dawson Shale -~ . + -DS 64.76 0.80 -0.,20 1.00
Pierre Shale (Dakota) PSD 134,86 1,00 - 0,00 . 1.00

Pierre Shale ‘(Colorado) PSC 506 27 0.73 ~0.18 0.91




4 hor the majority of'post-Carboniferoﬁs shales'it-can be seen
(Fig.7.15) that the uptake of watervduring the test, approaehes and
 often exceeds the liquid limit which would suggest that expansion |
| of‘the-structyre:is relatively unrestricted.’ Excess water held in
the Fuller's Earths is prohably a reflection of their low oermeabilities,
yhilst the low values for the Kincaid Shale (X8) and the Weald Clay |
is a reflectlon of'the coarse granular content. \

' The low valﬁes for the maximum moisture content (with respect
to the liqulollimit), Table 7.3, of the four Carboniferous materials
must refleetotheir indurated and»coﬁpact nature preventing expansion
of the structure. It is however, anticipated that upon subsequent
cycles, that-their maximum moisture content_williapproach the liquid
- limit, as the rigid'strﬁcture is gradually destroyeds

Changes in 1iquidity index (Table 7.3) are further presented
1aceord1ng to the c1a551£1cat1on proposed by Morgenstern and Eigenbrod
-‘(1974) in Figure 7.16.‘ However, because slaklng in the present
. context is related to the uptake of water and not to degree of
physical breakdown (as prev1ously discussed) the two sets of results
are not dlrectly comparable. It is nevertheless, noted that shales
whlch dlSlntegrated at the rapld or fast-medlum rates do fall within
the fast and very fast rate of slaking catagories with respect . the
change of liquioitf index for medium~high slaking materialse.‘’ The
reverse situation does not:however; apply because five‘materials
i.es the OX;a;d Clay (0C44),‘Lias Clay (L36), Weald Clay and the
‘Nacimiento Shales (Nl) and (N2) which disintegrate at a slow rate .
- also fall ‘within the fast and very fast rate of slaklng catagories,
_ Thls would suggest that these materials are fundamentally quite

dlfferent from the Carboniferous shales in that, although they have
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Table 7.4 Slaking under Vacuum

British Materials

Samgle

N . ) Ref, o,
London Clay 14m . TI0w4 -+ Soft but intact
London Clay 37m Ic37 Soft but intact
‘Gault Clay = - - GC . - Just slaked '
 Fuller's Earth (Redhill) FE23 -
' Weald Clay ' : WwC Intact ' .
‘Kimmeridge Clay .KC Soft but intact .
. Oxford Clay 10m * 0C10 - Soft but intact
' Oxford Clay 44m - 0C44 Soft but intact
Fuller's Earth (Bath) FE19 Rapid slaking
- Lias Clay 1l0m L10 . Soft but intact
- Lias Clay 36m _ - . L36 . Soft but intact
Swallow Wood roof SWR - -
Flockton Thin roof - FTIR = . Intact
Flockton Thin seat FTS ' Slaked

Widdringham roof WR -

North American Materials

Yazoo 'Clay o - YC

Kincaid Shale 6ém - " X6
Kincaid Shale 8m X8
Nacimiento Shale - . N1
Nacimiento Shale - N2
Nacimiento Shale . N3
Fox Hills Shale - -  "FOX
Dawson Shale - . DS
Pierre Shale gDakota) PSD
Pierre Shale (Colorado) PSC
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a similar hardness anq/br preferred orientation;they possess a
mineral skeleton with weaker adhering fbrce5° a hypothe51s which is

*

further dlscussed in connectlon with dlagenetlc bondlng in Chapter 8..

75 Slak1ng under Vacuum

. No Spec1f1c slaking tests under vacuum vere perfbrmed. However,
~_diii-ing the.saturation ef,materlals being prepared fbr suction tests
'(see AppendixAA4.3) certain basic observations were.noted (Table 7.4)

_ which'indica;ed‘thaf, on the whole; shales which contained large
quantities of expanaable clay minerals tended to disihtegrate under
vacuum, whilst those Qhere illite and kaolinite were dominant remained
" intact but became very soft,

.

7.6 The Relationship between Exchangeable Cations, Water-seluble
Cations and the Possibility of Erosion

Recent research~into the erodability of shales (from dams) in

o Australla and North America (e.g. Aitchison and Wood, 1965, Cole

and Lewms, 1960, Sherard et al,1972) has highlighted a strong
correlation between the 1nc1dence of piping failure and clay chemistry,
and in particular:tﬁe‘ceneentration of sodium cations on the exchange
sites and in fheepore watef. In&eed the effect of exchangeable
ca_tiens aﬁd the lelectrolyte concentration witﬁ respect to flocculation
and'disfersion of pure clays has been extensively studied, (see
Chapter 157.2).

.Soil scientists express the concentration of sodium on the
- exchange sites in terms of the exchangeable sodiuﬁ percentage (ESP),
i.e; |

Na
CEC

where Na and CEC are in milliequivalents per 100 grams: of clay., The

ESP = *100 000000 0OCCOIOIOOIGOIS (30)

concentration of sodium in the pore Water is expressed in terms of




the sodium absorption ratio (SAR), i.e.
SAR = _ Na

Ca + Mg
5 A

seeeesescceeses (31)

“where Na, Ca and Mg are the concentratlon of dlssolved salts in -
m1111equ1valents per 11tre in the pore water at the liquid 11m1t

(or saturation extract of Sherard et al, 1972). R ]

‘Richards? (1954) has’ shown a relationship between ESP and SAR

(see Fige7.17)s Sherard et al, (1972) also observe this relationship
in materials.frbm failed clay dams. In the present study, the ESP
(Table 7.5)4and the SAR (Table 7.6),which_has_been‘recalculated from
. the cation conceﬁtration in the washings asédciated yith.amhonium
acetate leaching (Appendix Al,3), do not show sﬁch'a strong.
relationship as observed by the former workers; instead a.more
irregular response ie noticed (Fige7.17).

1 §heraré.gg_gl (1972) have also investigated the combined effect
of perceﬁtage;sodiuﬁ and total soluble salts. in the saturation extract
4upen'the diépersing-beﬁavioui of clays (Fig.7.18)s They conclude that
‘ suff1c1ent data are ava11ab1e to suggest that strong erosion of clay
dams by dlsper51on does ﬁot occur if the total salt concentration 1s
greater than 15 m1111equ1valents per litre (1mply1ng a sodium percentage
of between 50 - 60 per cent)s. On the other hand, agricultural scientists
recogniee‘that soils which have an ESP greater than 15 and low total
salte in the pore water are highly dispersive.

Nevertheless;-using Sherard et al's parameters the calculated
| ‘ values'for the current shales (Table 7.6) suggest that in their
"present condltlon, all except the Nacimiento Shale N3 and the Flockton
Thin seatearth would be re51stant to erosion by dlspers1on (Flg.7.18)
However, even fhese'shalee only f£all within fheitransitioh zone

" and consequently would only be sumept'i_‘ble'to low dispersion, althdugh

333




Table 7.5 ' 'Exchangeable Sodium Values for Samples Studied

Sample Ref, ESP
British Materials
London Clay 14m IC14 , 1,36 °
London Clay 37m 1C37 : o 136
Gault Clay ' - .GC 10,97
Fuller's Earth (Redhill) FE23 : 111 )
Weald Clay wC C
Kimmeridge Clay " KC -
Oxford Clay 10m - 0C10
Oxford Clay 44m - 0Cc44
Fuller's Earth (Bath) FE19
Lias Clay 1lom 110
Lias Clay 36m L36
Keuper Marl : M
Swallow Wood roof. - SWR
‘Flockton Thin roof FTR
Flockton Thin seat FTS -

Viddringham roof WR

Norfh Americal Matéfials

Yazoo Clay - , YC
Kincaid Shale 6m - X6

. Kincaid Shale 8m X8
Nacimiento Shale = = N1
Nacimiento Shale - N2

. Nacimiento Shale N3
‘Fox Hills Shale B 10).¢
Dawson Shale . - DS
Pierre Shale (Dakota)  PSD

Pierre Shale (Colorado) PSC




~Table 7.6 Concentration of Cations in the Pore Water
: : (including Sodium Absorption Ratio)

Cation Concentrations in m.eq/litre
. Na K Ca Mg - Total  SAR  ¥Na

British Materials

‘London Clay 14m - 157 41 - 56 118 230 | 1.6  0.65%

London Clay 37m . " 47 40 38 93 218 5.8 21,5%
Gault Clay S 9 36 -176 . 67 288 0.8 3.0
Fuller's Earth (Redhill) 3,5 7.5 102 19 132 0ed’  2,6%
Veald Clay : - - - - - - - -
Kimmeridge Clay =~ 95 11 : 55 18 ° 93,5 1.6 10.1%
Oxford Clay 10m" 74 - 40 104 37 - 255 8,8 29%
Oxford Clay . -44m 136 41 178 52 407 12,6 13,3%
Fuller's Earth (Bath) 3.5 11 89 24" 127.5 0.5 @ 2.7%
~Lias Clay 10m .78 52 158 51 339 7.6  23.0%
Lias Clay 36m - - 137 .35 130 34 340" 15.1 40.3%
Swallow Wood roof . 97. 47 8 18 170 26.9  57.0%
Flockton Thin roof 180 37 11 24 . 252 43.0 71.4%
Flockton Thin seat l65 13 6 10 194 . 58,3 85.0%

Widdringham roof - 55 17 15 17 54¢5 1.4 - 10.1%

North American H’atefi als

Yazoo Clay . 35 13 103 48 199 4,0 17.5%
Xincaid Shale ém - . 17.5 6 150 14 . 187.5 2.1 9¢ 3%
Kincaid Shale 8m. 22

Nacimiento Shale : 110 -

Nacimiento Shale .. 86

Nacimiento Shale. ’ 30

Fox Hills Shale 40

Dawson Shale . =~ =~ - 48

Pierre Shale (Dakota) ~ 113
Pierre Shale .(Colorado) 225
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tﬁe indurated nature of the seatearth would prepably hold the :
material together to a certain extent, The'writer-does, however,
-eonsider that-e}ape falling just below the proposed traneition‘zone
of_Sherard}gE_gl (i972),'maf easily pecome dispersing to varying |

degrees if slight changes‘occur in the chemistry of the pore °

selution, (esge if a dilution of the salt concentration. occurred),

' 7.7 Conciusiens
| (1) - Two simple.slaking tests; i.e;'measuring the rate of dieintegratton
beiow mesh size B.Se No.36 and the uptakeiof water during the first
dryingdwetting_cycle,.have been used to assess the breakdown
eharacteristice of the shales studied.
: (2)‘-From the rate éé disintegration test, a broad classification of
breakdown 1nto three groups has been made 1.e. rapid (greater than 3.5%
per mlnute), fast—medlum (3.5 - 0.5% per mlnute) and slow (less than
0. 5% per mlnute); dlslntegratlon being shown to be related to
,vmlneralogy, preférred orlentatlon ‘and the presence of dlagenetlc
bondlng. :

(3) From the uptake of water during the first drylng-wettlng cycle,
the shales have been c1a551f1ed accordlng to the method adopted by
Morgenstern and Eigenbrod (1974).
'(4) ‘By considering the breakdown behaviour of each shale during both
tests, indirect evidence is offered for the type of bonding present in
‘certain materials (see Chapter 8)e |

(5) It is coheidered that the majority of shales currently studied
would be resistant to erosion by dispersion with their presenttpore .

water ehemistry, although siight adjustments might make some of the

shales moderately dispersive.




A Chapter Eight
Summary and General Conclusions

Tﬁe study ef a random'selection‘of overconsolidated, weak, .

’ apgilleceoﬁs ﬁoéke_from.mejor fqrmatione in the United Kingdom and ,
Nbrth.America,lhas_ﬁeen psed to establish felationships petween depth
- of bﬁrial,~geologica1 age, mineralogical composition, interpartieulate

;ponding, fogether'with'the subsequent response of the materiais as a
_ cbnsequence-of upiiff an& erosionﬂ
. The ma:éi.mumh deptﬁ o;f‘ burial for each, material has been
w1nvest1gated by up to three d1££€rent methods dependlng upon the
avallable datag therary ev1dence, vhilst belng reasonably complete
for the Britiéh materlals is quite scant when the North American
saﬁple locatiehs-iare'considered. Nevertheless, even where eomplete
data appear to be avallable, the method relles on the fact that
recorded thlcknesses ‘have not been subJected to perlods of widespread
_er951on (or non—depos;tlon).' Typical instances of intense erosion
leadihg fo reduced thiék@esées ef British strata in the areas of the
sampie iocelifies are'deteefed in the deposits abeve the London Clay
- (where up to 250m of sedlments have been removed), the Chalk (where
‘up to 360m of sediments have been removed) and above the Carboniferous
dep051ts (where several thousands of metres of Permo-Trias dep051ts
have'been remeved); According‘fo North Aﬁerican stratigrath; meferials
from the Rocky Mountains fegion have been subjected to rapid deposition
and eroéion of maﬁy thousands of meters of overlying sedimehts during
the formatien of these mountains in the Miocene Period. As a |
coﬁsequence! literary docﬁmehtation.of thicinesses in this region are

often very incomplete or non-existent.




To overcome the shortcominés notedabove-in tne.literary-method,'
two geotechnical techniques were aiso employed to obtain a measure of
the maximum depth of burial of the sed1ments studled. Where possible;
the Casagrande constructlon was performed on the compre551on e-log P
curve of the undlsturbed Spec1mens. However,‘as a consequence of the
‘11m1t1ng pressure of the oedometer (iee. 35000kN/h ) the method could
only be.applled ‘to materials buried to a maximum depth of between
| 2100m to 2500mu _The use of the rebound characterlstlcs from the
: undlsturbed samples gave values which . are consistent uith those
obtalned by the other two methods in every instance except for the
‘ ‘three Carboniferous roof shales, where exceptionaily high-values;
in the order of two or three times the anticipated manimum, are
recorded, LHowever, it is considered that these results probably
.refiect the fact that certain Carboniferous sediments behave in a
manner more akln to hard, 1ndurated rocks, than to overconsolidated
clays. A 51m11ar technlque u31ng the rebound characterlstlcs from |
the remoulded mater1a1 (proposed by Altschaefl and Harrison, 1959)
'_has also been 1nvest1gated; However, results from this project
indicate‘tnatqenhanced’values for the maximum depth of burial are
fobtained.when.diagenetic.bonding (see later) is present.

In general terms, strata from the BritishtIsles appears to be
less deeply buried than strata of equivalent age from the North
American continent, although areas of similarly buried strata can be
found, Rayner (1967) quotes. that the maximum thicknesses of British
strata to the base of the Jurassic occur in the Weald and Wessex basins
and are of the order of 2400 ‘- 3000m (i.e. 450 - 700m of Tertiary,
1200ﬁ- 1500m of Cretaceous, 1200 - ISOOmIJurassic); thicker deposits

may however, occur in the North Sea basin. Tertiary deposits, alone,
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from the fringe basins of the Eastern Rockies are up to 3650m
in thiékness, whereas.in the Mississippi Embayment.ieﬁuivalent
deposits of.betweén 7600 - 9100m have been fecorded. 'Cretaceoﬁs
A'deposits in:the Great Plains region form an eastwards slbping
.wéd§é rénging.in thicknesé from GOOOﬁ égaihét the Rocky Mbuntains;
to.600m as the Appalachians are approached. 1In the M@ssissiépi
'Embaymenxg‘Cretaceous'sediments reach a total thickness of about
2some | -
".Theéévabdvé meﬁtioned thicknesses are, in general, refleéted
by the majority of'sémples fested in this present study (see‘
 .Tab1e 2,2)s Here it can be seen that the maximun depths of burial
of the British Jurassié.deposits are of the order of 1000 - 1250m
and eQen fﬁe aldest'British specimens (frqm the Upper darboniferous .
’,lferiQA) héve bnl&’been buried to a maximum depth of ab;ut 3800m,
 §herea$ ceftéihzﬁoffh'American specimens from the Late Cretaceous
and'Eaply Ter;iary Périods &ield maximum ovefburden thicknesses of
| up to ISSOHuZ:ﬁevefthéless, three samples from the fringes of the
Missis#iﬁp{vEmSayﬁentiénd one from.thé centre of the Great Plains
: .
show méximum'overburdéns which fall in line with recorded depths
for British strata .of’_ equivalent age.
| Coﬁséquentiy 1t has bgen concluded that, in general, overburden
does not increésé systematically with age, although on a local s;ale
this may be true provided deposition is reasonably uninterrupted.
X-ray analysis has been used to identify the major clay mineral
componenté (i.e. illite, kaolinite, montmorillbnite, ﬁixed—layér.
clay and chlorite) as well as other detrital and non-detrital
miﬁerals such as Quartz, feld spar, calcite, dolomite and pyrité.

Semi~quantitative analyses were performed using boehmite as an




"internal standard (Griffin, 19543 Gibbs, 1967). However,
estimates of the quantities of minerals which occurred as minor
constituents of a'limited number of samples._(e.g.‘chlorite and
feldsoan) vere determinedvhy spihing’the relevant specimens with -
:éenninieano onthoolase nespectiyely.~ Determination,-of water,

“uearbon and carbon dioxide vas by wet chemical;methods; the major
'~e1ement analyses being by X-ray fluorescence..

From a detalled analyszs of the mineralogy, maJor differences’

' have been found in the relatlve abundances of mineral species

'present in the North Amerlcan and Brltlsh materials examined, and
as a consequence it was anticipated that the engineering behaviour
of each'group would be markedly different. The results indicate
thatJSmeotite (averaging 30 per:cent) is the dominant clay mineral
Spec1es present in the North American shales (Table 8,1) and its
occurrence’ in the Late Cretaceous and Tertiary strata of the

.

'western Interlor of Amerlca is associated w1th the uplift of the
Rocky Mountalns. Some mater1a1 underwent terrest1a1 accumulation
-and transportat1on to the 51te of dep051t1on (e.g. Dawson Shale

‘ and Nac1m1ento Shales), but the majority 1s probably the result

of volcanic fallout (Tourtelot, 196?), (e.é. Pierre Shale and

Fox HillsAShalej. The occurrence of smectite in the British
materials'is limited to a'small number of samples, although its
presence has been recorded‘ln the majority of post-Carboniferous
strata (Perrln, 1971). éoncentrated‘deposits of smectite, resulting
from dev1tr1f1cat10n of volcanlc fallout (Hallam and Sellwood, 1968),
such as the Fuller's Earth, are comparatively rare in British strata

although diluted deposits have been recorded elsewhere (Bradshaw,

1975). K-bentonite bands occurring in the Carboni ferous Period are




also considered to be diagenetically altered volcaniC'ash deposits.

$mectite occurring in the London and Gault Clays is considered to be

of detrital origih because of the absence of nearby volcanic centres.
“, An investigation of the transformation‘of smectite to mixed-

layer clay and illite (Powers, 1959 and 1967, Keller, 1963; Burst,

' 1959 and 19693 Weaver, 1959; Larsen’ and Chlllngar, 1967) was made by

recalculatlon of the structural formulae of thlS mlneral from

several samples where a 51mp1e mlneralogy was 1dent1f1ed. Smectites

| from ‘both samples of Fuller's Earth (one of Upper Cretaceous age and

the other of Middle Jurassic age) yzeld Sl/hl ratios of 4.0 and

3.94 respectlvely, 1nd1cat1ng that they _are nearly pure montmorillonites,

and 51nce both materlals have been buried to approximately the same

| depth (1.e. 760m) 1t would appear that any transformation which may

occur is not related to geological agee However, according to

Powers (1959) it- may sometimes give thls appearance because, in

' general, the older sedlments have been more deeply burieds In fact

Powers (1967) suggests that the transformatlon does not begin until

1000mvof'oyerburden»1s present. Recalculations of the smectites

obserredAin the Nacimiento Shale'(Né) and the Dawson Shale (buried

‘to a max1mum depth of about 1500m) reveal Si/Al ratios of 2.9 - 3.6

with an assoc1ated h1gh potassmm content indicating a beldell 1t1c

. character, and probably reflect the first stages of the montmorlllonlte

“to illite transformation. A lov Si/Al ratio . is also recorded for the
smectite in>the Yazoo Claye . Hovever; no conclusions could be drawn
regardlng thls because the materlal is comsidered‘to be of secondary

detr1ta1 or191n° the smectite not resultlng dlrectly from volcanic

falloute




Therefore; fror current oﬁservations, it has beeh concluded
‘~that depth of bﬁrial is the most important factor influencing the
dlagenetlc alteration of smectite minerals, .. .

Tllite (averaglng 23 per cent), closely followed by kaolinite
' (averaglng 21 per cent) are the most common clay mineral species
present in the British materlals examined - (Table 8.1). In the
:Nortﬁ American samples howeverglafter Smectite;Aiaolinite is the
n next most 1mportant clay mineral (averaging 19 per cent), whereas
1111te (averaglng 8 per cent) only appears as a minor constituent.
These-m;nerals, in addition to chlorlte, vhich only occurs in trace
amcunts‘ir the British materials, are.considered fo be detrital in
origin, especially since they representAstabie mineral phases even
under the influence of large temperatures and pressures.

Mlxedelayer clay occurs to a varylng degree 1n both groups of
sedlments, but as the materlal, currently identified, is closely
related to the illite concentratlon, the larger amounts are found in
‘.the Brltlsh materlals. Absence of correlation wlth smectltes, also
noted by Bradshaw (1975) indicates that mlxed-layer species present
are detrltal }n origin and do not arise from the transfbrmat1on of
the aforesaid mineral. .Attewell and Taylor (1973) do, however,_
record a'relaticnshiﬁ betwveen mixed-layer clay and smectite when
stﬁdying a series of North American strata.

AQuartz is the dominant - detrital non-clay mineral in both
grecps of materials. Moreover, it has a significantly higher.
coﬁceﬁtration‘in the North American samples, i.e. 32 per cent compared
with 22 per cent in the British materials, which reflects the higher

~rates of dep031t10n. Feldspar species are also found in both groups,




Table 8.1.

* Distorted by extremely high concentrations in

the Fuller s Earths,

Average Mineralogicai.Compositions.
: Average © Range
British Shales - () O
Illite .23 o - 54
Kaoliniie 21 0.- 54
Mixed-layer Clay. 13 0 - 45
" Smectite 13+ 1 0-99
Quartz plus other | 30. l1-55
equant habit minerals :
Carbénates L 0,1 - 34
Pyrite 2 | 0.1 - 6
- Carbon" 1 0 - 4
_North American Shéiéé
Illite B 8 0 - 25
Kaolinite - | 19 5-3
Mixed-layer Clay. 3 0 - 15
Smectite 31 8 - 54
Quarfz rlus othefi 39 20 - 60
'eguapt habit minerals. .
&arboﬂatés o 3 | 0.1 - 11
Pyrite. 0{5 0.1 - 3.5
Carbon 1 o 0.1 - 3



but again their occurrence is far more frequent.in‘the North
American materials; being associated with the.vulconicity present
. during the.Lote Cretaceoﬁs4and Tertiary Periode in the United States.
ﬁon-detrifal ﬁinerals, such'as pyrite and carbonates occur
:throughout both groups of sedlments, although the former is more
common in the British materlals. Carbonates generally reflectlng
,:marinefconditions:of depositioh'are often observed as fossil debris
w1th1n the sedlments. ‘ L
Determlnatlon of exchangeable catlons revealed that calczum
| and magne51um are the domlnant species - in both groups of shales,

although exchangeable sodium . is an important. constltuent of the

‘Flocﬁtoo'Thin seatearth’ond rhe ?ierre Shale from Dakota, Water-
“-soluble cation c_oncentrations show a certain amount of compatibility
 with the findings of Spears (19742)<§ith regard to the palaeosalinity
of ancient;environments. This-is'e5peciolly eo for the Carboniferous
. sediments aod certéin non-marine AmeriCan shales, althougﬁ no
definlte conc1u51ons ~can be drawn from the remaining results.

However, oy con51der1ng the pore water chemistry in conJunctlon
with the exchange capac1ty, it has been concluded that in their
“present condition, the majority of clays studied would be resistant
to?erosion by dispersion. Nevertheless it is likely that a slight
Aolterationlin.the oore water chemistry, €.ge by dilution, may lead

todmoderate dispersing.properties of several materials (especially

‘the Pierre and Nacimiento Shales)es Possible dispersion of three -
Carboniferous sediments may be resisted by their indurated nature.
PrefErred orlentatlon studles play an important role in the

undeprstanding of the dep051tlonal and compactlon histories of clayey
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' sed:.ments. 'Consequently, quantitative evaluatl'ons of -the orientations _

‘<o£ clay mnerals have been made us:mg both opt:.cal and. X-ray
techmques. In addltlon, the general 1nter-relat10nsh1ps between the
mneral spec1es present hare been examined using a scanmng electron
mcroscope. Moreover, no mpregnatlon of the specimens was requlred
to preserve the clay structure during drylng because air-dried |

, shrmkaqes were found on the whole, to be well within the 11m1ts

.accepted by other vorlcers (e.g. Qulgley and Thompson, l966° ‘Morgenstern

| and 'It:halenlco, 1967a).

) In'gener‘al, :the degree of pzjeferxed-'orientation is not associated
with depth of burial or geological age; a fact whlch islhighlighted
by the ju#tapo'sition of the Flockton Thin seatearth (a specimen
having a ran'dom orientation), against the Flockton Thin roof shale
~ _(wh:.ch exh1b1ts an almost perfect orlentatlon) This phenomencnmay
arise f‘rom the domaln concept (Aylmore and Qulrk, 1960), whereby an
~1ncrease in pref‘erred orlentatz.on with depth is not requlred because
.the effect of compressmn is to increase the number of particles in

each domain (Blackmore and Mlller, 1961), which may still be randomly

_ orientated in a flocculated sediment or parallel in.a disPersed‘
sediment., Shales. exhibiting a preferred orientation predominantly
conta:.n . the 1arger clay mnerals of 1111te and kaollmte as the
maJor clay sPec1es present, whereas wlth the exceptlon of the Yazoo

Clay, montmorillonite clays tend to retaln a poor or random orientation

rrespectlve of the depth of bur:Lal. (The Yazoo Clay is considered to
have been 1a1d down under slow condltlons of sedimentation such that
the montmorlllomte acqulred a high degree of preferred orlentatlon, .

ie.es a purely detrital origin,




Furthermore, it has beén obse;ved that, ih”general, ﬁheh 11lite and
kéolinite eccur together they are seen}to exhibit the séme dégree 4
of preferred oriehtation, altﬁough when montmoriilonite is also
pregeht, evidgnce is offered: to shov that in Certéin shales
(e.golLoﬁdén.Ciay and Pierre Shale), a lower orientation is pfeéent
in fhis mineral than in the other two. This would seem to confirm
the statement 0f Meade (19619, who suggests that illite and |
;kaollnlte, being much larger mlnerals, are subgect to a certain
' amount of reorlentatlon at some stage during compact1on° montmorillonite
only suffErlng expu151on of pore fluids,

- Clay mlcrostructure, as_qbserved from SesEeMs bhotographs, is
seen to mirror, in é general way, the degfee-of preferred orientation
obtained Sy othér.ihdirect methods, i.e. dispersed turbostratic
‘4 étrqctﬁres beipg sho&n‘By shales exhibiting a high preferred orientation,
floccuiétedfétrﬁéfu;eﬁ by those exhibiting a random orientations
However, aﬁznoted by Eardeﬁ'(1972), the struﬁture of overconsolidated
shales is nof ﬁeceséafily that which‘was in existence af the time of
dgpositioh;,aﬁé éohsegﬁenflyha dispersed turbostratic fabric'
observed in.a natufallclay may result from the collapse of an
originally floccuiated arrangement, In this respect, an interesting
feature was noted in the re;onsolidatéd-sample of Lias Clay .Here
partial alignment of illite and kaolinite particles has occurred
even after rapid compression and rebound, which the writer considers
may have occurred during the early sfages of the test when the moisture
~content was highe o 4

S;E.H; photographs éf theACarboni£Erous materials indicate that

fhese_are unlike any of the younger sediménts studied aﬁd are pfobably
a'feflection of their stress history causing a certain amount of

alteration to the originél sediment, Differences in behaviour of




':theﬁe‘materials, compared t§ post—Carboni ferous sediments are
- further nqtiééd in the consolidation, suction and slaiing test
resﬁitsQ | |

Cénsolidafion tests were pérfbrmed in a specially'constructed
oedometer, using a maximum pressure of approx1mately BSOOOkNAm

(equlvalent to an overburden of between 2100 - 2500m of sedlmentatlon),

on materials in both their natural state and in a remoulded condition
from an inifial moistufefcontenf equal to the liquid limite The
1atter condltlon was chosen because it is considered to repfesent
the state of the materlals Just below the 11qu1d-sol1d interface
and therefore consequent consolldatlon will give a general indication
of the natgral compaction, |

An'adaitional series of tests waslperfofmed on four remoulded
f_élays‘tq azpfeésuré‘of 8400KN/m° in a conventional floating head
. oedéﬁeter tpvinyéstigate the effect of variation in the initial
ﬁoisfuré‘éoﬁpgpf."Moreover, since the parameters obtaiﬁgd from the
hiéﬂkﬁressﬁfe:teét§»were:coﬁpatiblé~with those from the conventional
'méchipé;m}ffwas:;oﬁci&déﬁ that a high degree of acceptabiiity could
béiflaﬁed on the afé;éﬁenfioned results, -

Current résults-sth fhat the coefficient of consolidation (cv)
decreaseg witﬁ increasing liquid liﬁit in accordance ﬁith'the trend
oﬁserved by Terzaghi an& Peck (1948), but there is no significant
éiffefence between values obtained (beyond the preconsolidation load)
fof the tests-perfbrmedibﬁ undisturbéd ﬁaterials and those from tests
perfbrmeg on remoulded materials; B

With régara to the compression index (Cc), of those values in
~ the lowlpressure range (297 - 2426kN/h2), i.e. befbre’the intérmediate
~ rebound stage for thé remoulded materiéls, there is genéral agreement

with equations previously determined (e.ge Terzaghi and Peck, 1948),




At higher pressurés however, i.e. 2426 - 34967kN/'1ﬁ2 for reﬁoul;ed
méterials and values obtéined beyond thé preconsolidation load for
natural materials, the compression index is better expfessed by an -
~ equation of the form:- |

c, = o.oo4' (LL - 10%)
In addition, all values of compression indgx defi;e one trend when
‘ equatéd tovthe average voids ratio which is similar to, but above
.that obtained by Komornik et al (1970)s The cqefficient of volume
compressibility (mvx like C_, decreases with incre%sing pressure,
although at any-given pressure, the higher valuesAare associated
‘with the higher liquid limits. -

The swell index (C) ié,-in general, seen to increase with liquid
liﬁif in‘aécordance'with p:gvious findingé (eege Lambe and Whitman,
.1969);1'Howevér, more important is the fact that the recorded swell
_ ihdex fbr ﬁndiéturﬁéd materials is often lower than that found in‘the
remouldedlcédntérparf. This phenomenon is concluded to be associated
witﬁ thé preséhce df diagenetic bbnding and is accordingly discussed
in this connééfién{'-

' The permeability, at similar pressures, has been found to be
independent of the state'of the material but dependent upon the voids
ratio. Consequently there is a general decrease associated with
increasing liquid limit.

The stress -_strain response has been reviewed in the light of
cbnventional‘strain energy concepts (e.g. Morely, 1940) whereby the
area undervthe stress - strain cﬁrvé is represented by three
conditions (i.e. the non-recoverable strain energy and the recoverable
strain energy, which combined form the total strain energy for the

cycle)e Furthermore, the results have been analysed on aAvolumetric




basis’(where no account is taken.of the veight of solid) and on a
unit dry weight basis.

The former metnod of analysis has also been employed by Brooker

in his 1967 paper where in consolidating five remoulded shales from
a 11qu1d1ty 1ndex of 0e¢54 he observes that the ‘area between the
loading and unloading curves'(which he refers " to as representing
'absorbed strain energy') increasesras the plastieity.increases; He
fgoes on to relateithis phenomenon to the disintegration properties
- of the materials, ﬁowever, nponvextending the range of initial
:remonlded moisture contents; it is noticedithat the relationship
obtained b& Brooker does not always hold‘true, thus casting doubt
on the'hfpothesis.

In the present study, 'positive relationship between plasticity
and the non-recoverable energy (i.ee the area between the loading and
unloading curves),is noticed for materials consolidated in the natural
condition and also remoulded materials'consolidated in a conventional
oedometer from a 11qu1d1ty 1ndex of 0.5. However, this relationship
.becomes negative when the consolidation tests are performed on
remoulded material starting from an initial moisture content equivalent
"to the llquld 11m1t. Consequently it has been concluded that this
method of analysis does not fully account for the process in operation,
although it does indicate that the total compressional strain energy
is related to the compressibility of the shales, whereas the recoverable
strain energy i¢ dominantly controlled by the total expandable mineral
content and in particular,-the smectite concentration.

‘By comnuting the energy components in terms of strain energy per
unit weight of dry solid, a new picture emerges whereby, under similar

initial conditionsg, all these values increase with increasing plasticity.




It has subsequently been concluded that, during the consolidation
cycle, more non-recoverable strain ehergy is dissipated as the
plasticity increases because initially higher moisture contents allow
greater'relative:displacements.and reorientation of particles, thus
resultlng in 1arger volumetric stralns. .'onsequently a larger amount
of total compre551ona1 straln energy is requlred, and because of the
presence of more expandable.minerals, there is usually a greater amount
of recoverable strain eneréy. |

"It has also been observed that the strain energy portions (per
.unit dry'weight) remain relatively constant as the initial moisture
.content is reduced from the liquid limit to alliquidity index of 0;5.
: However, below this value iess'energy is expended because the denser
state of packing restricts large'diSplacements o.. reorientations, and
ias'a.consequence, the total compressional and recoverable strain
energ'yvcomponents ‘are -also reduced.

Extendlng the study of straln energy to the effect of previous
compactlon, 1t has been observed ‘that as the degree of overconsolidation
1ncreases, the amount of non-recoverable strain energy (per unit dry
welght) decreases. Moreover, at the same tlme, the differenceé
between thls value and that obtained during the consolldatlon of
material remoulded from the liquid 1imit also decreases until a
maximum depth of burial 3f about 1050m is recorded, after which the
difference remains relatively constant. This infers that until this
. depth is reached there is stili some degree of freedom available for
'permahent movements within the material. Furthermore a similar trend
is also observed for the total compressional strain energy, although
' the recoverable strain energy remains approximately cohstant and may

be dependent upon the presence of bonding.




Consolidation tests have confirmed that strain energy may be
retained in unweathered, heavily overconsolidated shales by the

formatlon of dlagenetlc bondlng, which in this 1nstance, has been

- 1dent1f1ed by the presence of a depressed swell 1ndex in these

materlals,.eompared with that obtained from the1r remoulded
counterparts. vFﬁrthermore, materials obtained from the zone of
weethering, cited by Bjerrum (196%), i.e. less than 17m from the
'-<surface, are shown to be almost devoid of diagenetic bonding., These
, flndlngs are espec1ally supported by reference to the London, Oxford
- and Llas 01ays where both weathered and unweathered specimens were

examined, AS a consequence the overall results are in excellent

agreement with the hypothesis-proposed by Bjerrdm in 1967,

| It has elso been shown, by reference to one unveathered Specimen,
that thlS bondlng can be progre551vely destroyed by applied pressure,
although total destructlon appears to require loads far in excess of
the 11m1t1ng pressure of the oedometer used, Furthermore, since the
preconsolldatlon 1oad is dlffErent for each specimen (i.e. ranglng
'from 1400-40000kN/h ) a sllghtly dlstorted picture may emerge wvhen
the speetrﬁm of sheles'are considered although broad trends do emerge
which relate to mineralogical variation and depth of burial,

A crude depth dependent relationship coverihg a range of 450m

ih the Tertiery'sedimepts to 3800m in the Carboniferous sediments
" has been depicted where illite and Xaolinite are the major mineral
species, However, in clays_where smectite is a major constituent,
diagenetic bonds can be formed in sediments buried to only 900 - 1800m

depth which result in the suppression of swell index values to a

similar extent encountered in the Carboniferous sediments. On the

other hand,‘a high proportion of quartz and other equant habit minerals
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ﬁould seem to offset the above beﬁaviour even vhere sﬁectife is
?‘maéor constitqéﬁt, :
Unfortunatel&, consolidation results do not offer any indication

. of thé‘type of Sonding present wifhin.the ﬁatérials éfuéied.'
NevertheleSs,»ﬁy éopsidering the engihéering behavioﬁr preialent.in
‘théknear-surfacerzdﬁe:in:terﬁs of sﬁction ané slaﬁing characteristics,
céz}tain, evidgncéf is offered vhich suggests that the Carboniferous
.shéles*examiéedrposéeé#‘bbpding in the form of minefél to mineral
weiding,iﬁﬁefeﬁsla aominantlvaeaker cationic form is pfobably pfesent-
in yoﬁnger matérials. |

| The.reéponse of the materials to total immef§ion in water
(ieee slgking) has been investigated by two methods. Firstly by a
simp1e sta£ic slakiﬁé'test,'measuring the uptake of water in terms
éf a change of liquidity index fbr the first drying - wetting cycle,
énd,seébndly B} meagqring the rate and.amount of disintegration below
mééh sizg'é:ég‘No.36., |

.-Soil suctioﬁtharacfgriétics, in the pF iange 0.3 to 4,6, héve
been obtaihéd-uéinéééﬁg:guction plate and pressure membrane methods.
A weftinj cufve, from'6§éﬁ'dryness, was obtained for each materiaI.

studied, although the drying condition could only be found in a

limited nuhber of cases because many.samples, notably those which
coﬁtaiﬁéd largeiquantitiés of expandable-material, tended to
disiﬁtegréte dpring the saturation'pfocegs. However, a simple
mathematicai relationship betwéen suction pressure and effective
stréss has ied to a éomparison of moisture retention during suction
and consolidation experiménté. Moreover, becausé of very close

agreemént in the high'suction_pressure range, the consolidation curve
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' has‘been uséd to calculate the specific surfage‘areas Qhen a drying
curve was not obtained, | o
Current results indicate that the Carbonlerous shales ‘and
the Weald Clay have suctlon -~m01sture content relatlonshlps
resembllng 1ncompre551b1e materials, whilst the Nacimiento Shale (n2)
:has 1ntermed1ate characterlstlcs. The remaining specimens appear to
,zbehave'in accordahce with fully compressible materlals and also show
Aé genéfal increase'in saturation moisture content with increasing
E .p.1 astiéity. |
ﬁowever, it is observéd thétithe Carboniferous materials have
a broadly similar mlneraloglcal composition (of illite - kaollnlte -
quartz) to. certain younger, fully compre551b1e materials (notably the
ox£ford and”Lias.ClayS). They also have Atterberg limits which are of
a_simi;a; orﬁer,-althoﬁgh §light1y lower thaﬁ tﬁose of typical fully
éompfessiﬁle materiéls. Consequently it:would be anticipated that
thelr suctlon curves would also be similare Therefbre since they

show a very marked dlfference (1.e. their saturation moisture contents

"~ are 4 - 10 per éenf éompared with 20 - 30 per cent for similar fully
compressible materials)'sée Figure 6.2, it must be concluded that they
are prevgéfed from behaving as true clays by the presence of some
form of bbnding which has a minerai to mineral welding nature. Surface
area determinations for the Carboniferous sediments are also
significantly lower than would be expected for the mineral suite
present (i.e. 25 - 50 m /b «compared with approxlmately 80 - 120m /b
for similar overconsolidated clays-or clay-shales)e

The effect of diagenetic bonding (possibiy'coupled with the
effEct of a highly preférred orlentatlon) js also inferred in certain

1111te -~ kaolinite rich. fully compressible materlals in that the uptake
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of water at any:given suction islsignificantly lower in unueathered
materials than in their weathered counterparts. Furthermore, although
swell 1ndex results 1ndicate that the bonding present in these
. materials is generally about half as strong as in the Carboniferous
; sediments, ev1dence from statlc slaking tests suggests that it is of
: a: 51gn1f1cant1y different nature. In these tests, the recorded
"changes in liquidity 1:&hasfbr the unweathered spec1mens (1n ‘the
order of 0.9 - 1.1) do~— not show any marked variation from changes

in the_values recorded 'in unbonded shales, inferring that the bonds
can be easily deStroyed hy free immersion in water, and may therefore
'be-of a cationic nature.’ Changes in ﬁquidity indicaes for the
: Carbonifbrous materials are generally less than half the aforementioned
values, suggesting that these materials are substantially res1st1ng
_the attack by water. Surface area determinations (Table 6.3) which
. are consistent w1th the mineraloglcal comp031tions also indicate the
absence’ of a welding - type of bondlng. | |

On the other hand, materials whlch contain strong bonding as
indicated by compaction -studies, but which also contain large
quantities of expandable material (notabiy smectite), appear to show
‘suction-moisture content relationships which are compatible with their
mineralogy and related properties, and also disintegrate rapidly in.
water, 'Consequently, it has been concluded that bonding in these
materials is of a cationic nature, readily destroyed by drying and
' resaturation.' Furthermore, it is also uostulated that it may be of
a similar nature to that encountered in the previously mentioned
sediments, although in the latter materials the effect may be stronger
because of the orientated structure. |

As a consequence of the slaking tests (previously discussed)

an attempt has been made to classify the materials studied by various




methods suitablg for engineering purposes, Firstly, the chapge in
liquidify indeX'has.bgen.related to the liquid limit in a mannér
first described by Morgenstern and Eigenbrod (1974)e This
classificatlon as prev1ously mentioned does 1nd1cate whether bonding
of a.weldlng nature is present, but does not deplct mater1als which
‘ contaln the weaker cationie.forms Secondly, a new c1a551f1catlon
| ba#ed,én the initial rate of disintegration (bélow mesh size BeSe
.:No;36).and relating more to structural and minéralqgical compositioﬁ
hgs leéd to a subdivision into three categories ise, a rapid slaking
"groﬁp (disintegrationlgreater than 3.5 per cent per minute), a fasf -
medium slaking grbup (disintégration between 0.5 = 3.5 per cent per
"minute).and a slow slaking group (disintegration 1es§ than 6.5 per-
cent per ﬁinute).' TheAdisintegration process in terms of a first
order reaction is only shown by the very explosive materials within
the rapld slaklng group, although in general terms, no true first
order procesg could'be p051t1vely identified, indicating that more
than one fdrmxbf breékdowp was operating.
Shales which:féli wifhin the rapid slaking group predominantly

-contain‘largé quantifiés of expandable minerals (notably smectite).
Preferred orientation studies indicate that materials in this group
genefally ﬁavé a random sfructure, although a highly orientated
structure is noted ih the Yazoo Clay.

| Breakdown in the fast-medium group is observed to occur in a
number of ways, materials exhibiting the faster rates generally
contain small to moderate quantities of expandable minerals (including
soﬁe émectité) and posseés a fairly random structure, alfhough
generally better orientated than those observed in the rapid slaking
groupe On the other hand, breakdown of materials héving disintegration
:rateﬁ to&afds the slower end of the group usu;lly starts by sditting

along planes of veakness followed by slow disintegration., Observations
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from hand specimens infers that their fabrics have a reasonable

-. degree of orientation.‘ Within the slow slaking group, materials
having a highly preferred orientation show little, or no tendenc_y
V_tWardsAbreakdoﬁn‘, ‘althou-gh bsplittirig along olanes of wveakness does
occurs On the other hand, slzghtly mdurated quartz deficient,
randomly orientated matenals, (eege the seatearth) are observed
to brea.kdown qulte rap1d1y into large ch1ps not sma11 enough to
pass through the mesh. Hard, s:thy matenals (w1th llquld limits
between 35 = 42 per cent), however, ‘also breakdown into large chips,
but at a slower rate, and in certain cases contlnued slow breakdown
below mesh siie occurs where smectite is p_resent._

The amount of disintegration below mesh-size, with certain
exceptions; is observed to generally decrease as the rate of
.dls:mtegrat:.on decreases. .The range is from 80 - 100 per cent
w:.thm the -rapld group and faster end of the fast-medlum group, to
' ~ 45 per cent at the lower end of the latter, to zero per cent in the
slovw group. ‘ |

Therefore,' in conclusion, it has been shown from studies on a
wide spectrum of ! shales'dthat the compaction history, coupled with -
‘the mineralogical composition have a decisive bearing on the behaxriour
of these fnaterials, both at vdepth and in the near surface zone. A
new interpretation of- stress=strain response has been proposed as a
result of these studies, and in addition the roie of interparticulate
bohding has.been extensively studied with further evidence being
offered to supportBjerrwxi's (19673 hﬁpothesis. Bonding studies have
further indicated that, in general, materials examined of post-
C.arbonAiferous age »rcontain‘ mainly cationic forx'ns; : whereas a welding
nature is indicated from sediments of the Carboniferous age.
Furthermore, although simple slaking and suction experiments will
depict the latter type of bonding; t_hey' g;enerally fail to detect the
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\}lé.aJcer cé?:_ionic . form, wvhich may often be i_:he cause of -unforéségn
ehginee_fing complicatic;ns in the field, Consequenfly to i,nv'estigaté
this phenomenon.'iri full, it is suggested that consolidation tests
(of alvllessér';rﬁagnitu'd.e.than those curren;cly used) should be °

- performed on'b.bth‘undisturbégi and remoulded material in addition to

"+ 7 'a_simple 'stati'c slaking tests _Moreover; it is also suggested that

materials cohtaining 'sti'ong bondings*, ésccording to Bjerrum (196%)
‘can be further sub-divided into those where é welding type bond is
present and those where a cationic form is vpres'ent; the latter being

- inherently the most dangerous from an engineering aspect.
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Appendix A.1,

Mineralogy & Geochemidtry

A.l.1, Semi-Quantitative Mineralogical Analysis

A.l.1,1 Basis of Analysis

éemi-quanfitative mineralogical analyses were performed Qn
kaolinitg,'illité, montmorillonite, quartz, calcite, dolomite and
pyrife using boehmite (Griffin, 1954; Gibbs,71967) as an internal
standafd. ‘ |

‘Boehmite was chosen as an internal standard because:-

(i) The mass absorption at the deg(wavelength is of the same

order as those of the mineralsnencountered.

(ii) It does not interfere with any of the proposed analytical

peaks. | |
(iii) It has strong intensities when only small quantities are
present,

The 6.18% reflection of boehmite was used for comparison with
the 78 reflection of kaolinite (Fig.A.l.l),'IOA reflection of illite
(FigeAels2), 15-17& reflection of montmorillonite (Fig.A.1.3) 4.26R
reflection of quartz (Fig.A.l.4), 3.03% reflection of calcite (Fig.
A.1.5), 2.71% reflection of pyrite (Fig.A.16), 2.88% reflection of
dolomite (Fig.A.l.7). The peaks chosen for the three clay minerals
represent those of the relatively strong basal reflections. The
4,268 reflection of éuartz was chosen because it varies uniformly
with the amount of quartz present in a range which is gasily
comparable with that of the boehmite reflection. Till and Spears
(1969) produced a quartz (4.26R) to boehmite (6.18%) calibration
curve by a method which involved destroying all the clay minerals

present by ignition at 950°C. This method was used by these authors

because the 4.58 reflection of illite can overlap the 4,26}
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reflection of quartz near to the baseline, For calcite, dolomite
and pyrife the peaks chosen were the strongest for eaéh of the

minerals.

A.l.l.2:~Ekperimental Procedures

| The experimental procedure adopted for X-ray diffraction wsrk
‘was asrfolléw5:- An air:dried sample of clay was gently powdered
in én agate mortar and'ﬁestle. Then 0,225 gramS of the powder
‘ﬁere thoroughly mixed with 0,025 grams of 5oéhmité, i.e., making
‘theé boehmite 10 per cent by weight of the mixture. The mixture
‘ was‘smear-mqunted on a glass microscope slide using acetone as the
- liquid:medium and an X-ray trace was proéuded with a Phillips PW
.1130 X~ray Diffractometer using iron-filtered cobélt K, radiation at 60kV
and 25mA, with divefgent, scatter and receiving slits of 1°, 1°
and O.Io resPecfively. All the samples were run ét a scanning speed
of 1° of 20 per minute, covering a.range of 3o of 28 to SOO of 20.
The smear-moﬁnted samples were then placed in a sealed vessel
éontaining ethylene glycoi and heated for a period of 12 hours at
50 - 60°C, after which, the slides were X-rayed again using the
same conditions, The difference between the traces was used for
identification of the expanéable minerals,

A polar planimeter was used to measure the peak areas after a
suitable baseline had been inserted, Placing of this baseline was
found to be very subjective, but a standard method was adopted which
entailed inserting a smooth curve at the foot of fhe background under
the areaé concernéd.. Quantitative assessment was found to be more
.accurate using the peak area (integrated intensity) than the peak
heights because the latter depends on instrumental factors and pn
the crystalline nature of the material studied (Brown, 1961). i,e. crystals

much smaller than one micron give appreciably broadened reflections
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Figure 4 1.4,
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. with correspondingly smaller peai heights. .{Reeves-(1971) found
that measurements:of peak height multiplied by the width-at half
height gave reasonable fgsults for quartz, kaolinite, illite and
chlorite. but méasurementé of peai héight gave only adequate results
fo;.kaolinite, éuartz and chlorite, andAvery poor resulfs for illites.
When chloriteas pfesent its (002) 7A reflection coincided with
" the 7R reflection of kaollnlte. This inereaSed the area of fhe latter
_and led .. to enhanced kaollnlte values. To ovércomé this difficulty,
the relationship of the 78 to the 14& reflectlon, of chlorite, was
determined experlmentally using a penn1n1te from Swltzerland. The

relationship 1s:-

area 7R peak = 2.35 % area 148 peak

A.1.2. Correction Procedures for Smectite Calculation
To calculate the smectite'structural formulae, the following
‘procedure haslbeen adopted fo correct geochemical analyses where
kaolinife,'feldsﬁar and qalcite aré pfesent.
(i) Xaolinite (A1,5i,0 5(0H) )
Formula = A1203 251 02 . 2H20

or 46.54% 5i0,, 39.5% AL,05, 13.96% HO

1f kaolinite is x per cent of total (by weight), then
subtracts
x+46,54% from total SiO2

%239, 50% -from total A1203

'(ii) Peldspar KAl 81 0g,- assuming potassium form is present)

Formula = X0, A120 6510

or 16,92% K20, 18,31% A1203,_64.76% 5102
If feldspar is x per cent of total (by weight) then subtract:

x'» 16,92% from total K20
x » 18, 31% from total Al 03
. 64.76% from total 3102
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(iii). Calcite (CaCO3)
Formla = ca0. CO,
or 56,03% CaD, 43.96% CO,
1f calcite is x per cent of total (by weight), then subtract:
X 56.03% from the total Ca0 |

X x 43.96% from the-total C‘02

A.1.3 Cation Exchange Capacity

Aele3e1l Leaching with Ammonium Acetate

Sémples of air-dfied clay were gentiy crushed to pass a B.S.200 )
meéh‘and 0.4 grams of the resulting powder were placed in each of
two 50 millilitre centrifuge tubes, 20 millilitres of distilled
&ater were then addedAand the mixture was mechanically shaken for
15 minutes., At the end of this period the suspension was centrifuged
at 4500 ropeme until the resulting liquor became clear, at which stage
if was decanted into a plastic stoppered bottle, This process was
reéeated 5 times and a total of 100 mils. of washings were collected.

Next, a solution of 1N ammonium acetate at pH 7 was added to the
clay,_mechanicaliy shakeh for 15 minutes and allowed to stand for a
périod of 12 hours, after which time it was centrifuged and decanted
into'a separate plastic stoppered bottle.

Analysis of Ca and Mg ions (byvatomic absorption 5pectometry)
and Na and X ions (by. flame photmetry) was then carried out on the

washings and acetate solutions.

A.le.3.1¢1s Atomic Absorption

Ca and Mg cations were analysed by this method after the addition

of one millilitre of 5 per cent w/v Lanthenum solution to nine




miliilitres of each liquor (making the Lanthenum content about 1.0
per cent of the total, which vas sufficient to prevent absorptiﬁn
effects by sulphétes, phosphates, silicon etc. ). |
Standard solupiong (also containing 5 per cent q/v-Lgnthenum)
of 2, S5 10,-25, 50 and 100ppm fb; Ca and Mg weré previously prepared
and used to calibrate the ﬁachine before and after the unknowns were
analysed;'thelresulfs being displayed via’a‘pen recorder printout,
Thé-dopcentration of the cation§ in the actual solutions was
obtained by multiplying the recorded ppm's by a factér of 10/9.
.Conversion to ﬁilliéqﬁiﬁalents per 100 grams of clay-was accomplished

by reference to the calculations set out in A.1s3.1.3.

Asle3els2e Flame Photometef

Na and X cations were analysed by this method. Prior to
analysing the unknown the photometer was calibrated with standard
solutions of 2, 5, 10 and 25 ppm Na or K; the results being displayed
.by a galvonoﬁeter at the front of the machine,A
00hveréiqn to.milliequivalents per 100 grams’ ﬁf‘clay was made

by reference to the calculations set out in Aele3ele3s

BAele3ele3s’ Calcul-ations

(i) General Calculation:
. X ppm = x grms per 106 grms of eolution,
x ppm per cc. (water) = 3/106 grms/cc.
In y ccs of water, no. of grms of ions = x{y;10_6grm5.

1f xly-lo'-6 grms of ions are produced from z grms of clay,

then x-(y,‘lo-6 grms of ions are produced from lgrm of clay,
z

or k#yklo—sxloo grms are produced from 100 grms of clay,
YA

By converting the above equation-to equivalent weights:
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CeEeCe = x~:y¢10-6*100*1000 : meg/lOOg'rms clay
Al Eq.wt.'

(The above equation gives the same results whether the element or
the oxide is considered).

' (ii) -C.E.c.' Capacities:

Volume of acetate used = 40ccs.
Volume of washings used = 100ccs. (5 repeats.of 20 cce.)

Calcium (wts = 40,08)

C.E.C. (acetate) 0.4490 * ppm

C.E.C. (washings) 1,2475 * ppm

Magnesium (wte = 24)

C.E.C. (acetate) 0.8223 % ppm

C.E.C. (washings) 2,0558 * ppm

Sodium (wte = 22,91)

C.E.C. (acetate) 0.4364 * ppm

CeEsCe (washings) 1,0912 * ppm

Potassium (wte = 39.10)

CeE«Ce ( acet ate)

0.2557 * ppm

0.6393 * ppm

'C.E.C. (washings)

Aele3.2, Methylene Blue (C 1 gV s.c1.3n20) Absorption

The method is based upon quantitative work on pure clays by
Robertsen and Ward (1951) which was quantified by Taylor (1967) and
adopted for argillaceous focks.

A 0.1 per cent stock solution of methylene blue was prepared.
Twenty m111111tres of distilled water was added to 0.2 = 0.5 grams
of clay, which had passed a B.S.200 mesh and been heated at 380 C to
remove organic matter by oxydation. Methylene blue was added to the

suspension from a burette, mechanically shaken for 1 = 1 hour,
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centrifuged at 4500 r.p.m. and then visually examined for'traces of
blue colouration. if'none was visible, the procedure was repeated;
otherwise the contents were tranéférred to a1 litre volumetric-
"giask and - made up to volume,; the glasgware being thoroughly cleaned
with>a rubber policéman. The flask was then gently agitated for
one hour'to ensure that all the excess dye had been washed frpm the
cléy and. glassware, |

The excess dye was determined photoelectrically from ceptrifuged
samples of.sdlution; using a Unicam'SP 500 Spectrophotomefer at an
opfimum-wavelength of 655mu(Fig.A.1.8), and a comparative solution
of 0.000; per cgnt.

The procedure was repeated if the concentration of excess dye
was greatef than 6 - 8 per ceﬁtAbecause the onset of physical
absorption was demonstrated by Féirburn and Robertson (1956) at
greater concentrations,

A typical caiculation, as set out by Taylor (1967) is given

below, assuming that the dye is 100 per cent pure.

Aele3e2.1e General Calculation

Percentage dye initially 0.1
Excess dye (as a percentage of standard) X

. . ¥
Excess dye (as a percentage of original)  x/1000

Percentage dye absorbed 0.1 = x/1000
Moisture content of dye a *¥x |
Purity of dye 4 100-a
Milliequivalent of dye 0.3199

(equivalent wt. of arhiydrous dye = 0,3199)
Volume of dye solution used y

Dry weight of clay




OPTICAL DENSITY

655
015K
010}
0-05 ., ‘ ) \ L
6C0 625 : 650 675
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Figure A 1.8, Optimum Wavelength for Methylene
Blue Absorption.




CeEeCe in milliequivalents per 100 grams "of dry clay:

(Percentage dye initially - Percentage excess dye) * Percentage purity

Equivalent weight * 100 * Dry weight of clay
1000 Volume of dye : o

(0.1 - x/1000)" (100 = 2) * y
0.3199 ¥ 100 * z

*% One cc.of 0.1 per cent stock solution was diluted to 1000ccs.
*%% For .the.' present series of tests the water content was not

‘measured and the purity has been taken at.loo per cent,

A.le4 Vet Chemical Methods

A;1.4.1. Determination of Carbon Dioxide

0.5g. of rock powder were placed in a flask and 50 millilitres
of ortﬁdphosphoric acid were added via a tap funnel, Gentle heat
was then applied, Carbon &ioxide gas given off was collected in
U=tubes containing known weights of soda=-lime.

% CO2 in sample = % 100

X
y
where x = weight of 002 collected and y is the weight of rock powder.

A.le4.2 Determination of Carbon

Upon compietion of the experimental procedures to determine
carbon dioxide, 3 grams of chromium trioxide were added. Upon
boiling, any carbon present vas oxidised to carbon dioxide, which
was again collected in U-tubes containing ¥nown weights of soda-lime.

% C in sample = % CO, X 12/44

Aelede3e Determination of Total Vater

A knowm welght of sample was heated at 1200 C for 15 minutes in

an electric furnace. Any water evolv1ng from the sample was flushed
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from the furnace by a gentle stream of nitrogen gas and collected

in U-tubes containing known weights of anhydrous calcium chloride.

%‘HZO in sample = increase in wt. of CaCI2 x 100
' wte of rock powder used

Acl.4.4 Determination of Loosely held Water

A known weight of air-dried sample was placed in a sintered -
.glass bowl and heated overnight in a furnace at 105°C. The reduction
in weight, expressed as a percentage, represents the loosely held

_water (see Table As1.7)e




Table A 1,1,

Structural Formula of Smectite ih the Fuller's Earth (Redhilll. '

Impurities: 1% Quartz (i.e. combined silica = 54.14%)
~ 0.6% Calcite (i.e. Ca0 = 3,10%)
Wt (%) Mol. - Metal [¢] Metal Atoms

h Props. Atoms Atoﬁs . per 11- 0, - Atoms.
510 S4.14 0,9009 0.9009 1.8018  4.0399
A1é63 12.5% 0.1228 * 0.2456 0.3684 1.1013.
Fe<o 7.20  0.0450 0.0900 0.1350 0.4035
Mg > . 3.39 0.0841 0.0841 0.0841 0.3771
Ca0 3.10 0.0552 0.0552 . 0.0552 0.2475 factor =
Na_0 0.24 - 0.0038 0.0076 0.0038 0.0340  4.4843
K8 0.45 0.0047  0.0094 g.zg%% 0.0421

Tetrahedral layer: Si - 4.0399 : : _
Middle layer: ° Al - 1,1013, Fe - 0.4035, Mg - 0.3771
Excess ions: .Ca - 0.2475, Na - 0,0340, K - 0.0421

Table A 1.2,

Structural Formula of Smectite in the Fuller's Earth (Bath),

2% Calcite (i.e. Ca0 = 2.29%) .

- Impurities:

7% Feldspar (i.e. 510, = 47.54%, K;0 = 0.4h%,

Al.0

5 3=13.86%)

Tetrahedral layer: Si - 3.9433, Al - 0.0567

Wt(%) Mol. Metal 0 Metal Atoms

~ Props. Atoms Atoms per 11 O, Atoms.
S10 47.54 0,7911 0.7911 1.5822 3.9433
_A1263 12.86 - 0.1359 0.2718 0.4077 1.3548
Fe507 k.54 0.0284 0.058 0.0852 0.2851
Mgb 2,20  0.0793 0.0793 0.0793 0.3952
cao 2.29 ©0.0408 0.0408 0.0408 0.2033 factor =
Na60 0.4 0.0072 0.0140 0.0070 o.osgg- 4.9845
K-8 O.44 0.0046 0.0092 0.0046 0.045

2" 2.2068

Al - 1,2981, re - 0.2831, Mg - 0.3952

* Middle layer: |
Ca - 0.2033, Na - 0.0618, K - 0.0458

Excess ions:

Table A 1.3.

‘Structural Formula of Smectite in the Nacimiento Shale (N3).
= 22.65%, A1205=6.0%)

Impurities: 22.5% Quartz, 28% Kaolinite (i.e. SiO2

0.18% Calcite (i.e. Ca0 = 1.29%).

Wt(%)

Mol.

Metal

0

retal Atoms

Props. Atoms Atofis per 11 O, Atoms.
510 22.65 0.3769 0.3769 0.7538 3.6189 ©
A1263 6.00 0.0588 0.1176 0.1764 1.1291
Fe20 2.13 0.0446 0.0892 0.1338 0.8564
Mgb °  1.27 0.0315 0.0315 0.0315 0.3024
ca0 1.29 0.0230 0.0230 0.0230 0.2208 . factor =
Na_0 0.18 0.0029 0.0058 0.0029 0.0556  9.6019
K26 2.28 0.0242 0.048L  0.0242 0.4647

1.1456

Tetrahedral layer: Si - 3.6189, Al - 0.3811

Al - 0.74,80, Fe - 0.8564, Mg - 0.3024

Middle layer:
Ca - 0.2208, Na - 0.0556, K - 0.4647

Excess ions:
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‘Table A 1.4,

Structural Formula of the Smectite in the Dawson Shale.

Impurities: 49% Quartz, 7% Kaolinite, 4% Feldspar'(i.e. S:I.o2 = 15.26%,

A1,0, = 10.82%, K,0 = 1.26%). -
Wt(%) Mol. Metal .0 Metal Atoms
‘ ' Props. Atoms Ato%s per 11 O, Atoms,
510 15.26 0.2539 0.2539 0.5079 2.9059 -
A1,0, 10.82 0.1061 0.2122 0.3183 2.h286
FecOy  3.55 0.0222° 0.0kkh  0.0666 0.5081
Mgh 1.45 0.0359 0.0359 0.0359 O.4108 :
cao0 0.95 0.0169 0.0169 . 0.0169 0.1934  factor =
Na_0 0.14 0.0022 0.004%4 0.0022 0.,0503 -11.4452
K,6 1.26 0.0133 0.0267 0.0133 03055
0.9611 |

Tetrahedral layer: Si-2.9059, Al-1.0941 -
Middle layer: A1-1.3345, ¥e-0.,5081, Mg-0.1574
Excess lons: Mg-0.2534, Ca-0.1934, Na-0.0503, K-0.3055

Table AAlLE;

Sﬁructural Formula of the Smectite in the Yazoo Clay.

Impurities: 11.5% Quartz, 26% Kaolinite, (i.e. SiOZ=27.74%, A1203=10.27%)
5.81% Calcite (i.e. Ca0 = 0.31%).

- Wt(%) Mol, Metal 0 Metal Atoms
© . . Props.  Atoms Atoés per 11 O, Atoms.
5i0 27.74 0.4616 0.4616 0.9232 3.8363 -
5126 2.33  0.0718 0.1436 0.2154 1.1934
Fe og 5.50 0.0344 0.0688 0.1032 0.5717
Mgb 2.16 0.0535 0.0535 0.0535 O.h44L6
Cao 0.31 .0.0055 0.0055 0.0055 0.0457  factor =
Na_0 0.25 0.0040 0.0080 0.0040 0.0664  '8.3106
4 K26 © 1.78 0.0188 0.0376 0.0188 0.3124
1.3236

Tetrahedral layer: Si-3.8363, Al1-0.1637

A1-0.0297, Fe-0.5717, Mg-0.3586
Mg-0.0460, Ca-0.0457, Na-0.0664, k-0.3124

Table A 1.6.

Middle layer:
Excess ions:

Structural Formula of the Montmorillonite (Otay, California).

Wt(%) Mol.. Metal 0 Metal Atoms
rrops. Atoms Ato%s per 11 O, Atoms.
sio 56.06 0.93%29 0.9329 1.8658 4.0450 *
A1263 13.66 0.1339 0.2678 0.4017 1,1611
FeZ0 1.88 0.0117 0.0234 - 0.0351 0.loll
Mgb >  7.61 0.1887 0.1887 0.1887 0.8182
Cca0 1.33 0.0237 0.0237 0.0237 0.1027  factor =
Na_O 1.13 0.0182 0.03%64 0.0182 0.1578  L4.3360
Kaé 0.35 0.0037 0.0074 0.0027 0.0320
‘ 2.53%69
Tetrahedral layer: Si-4.0450

Al1-1.1575, Fe-0,1011, Mg-0.7375

Middle layer:
Mg-0.0807, Ca-0.1027, Na-0.1578, K-0.0320

Excess ions:
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" Table A 1,7. Absorbed Water Content of Samples Studied.

. ~ Sample (%)
British Materials Ref.

- London Clay 1l4im . LC14 : 3.46
London Clay 37m LC37 ' 2.86
Gault Clay ’ GC ) 2.51

- Fuller's Earth (Redhill)- FE23 15.54

. Weald Clay : WeC . 1,31
Kimmeridge Clay KC 1.82
Oxford Clay 10m 0Cl0 - 2e22
Oxford Clay 44m oCLl 3.52
Fuller's Earth (Bath) FE19 - 12,43
Lias Clay 10m : L10 - 1.80
Lias Clay 36m " L36 2.01
Keuper Marl : KM 1.89
Swallow Wood roof SWR : 1.35
Flockton Thin roof FTR 1.06
Flockton Thin seatearth . - FTS 2.89

Widdringham roof WR . 1.08

North American Materials

Yazoo Clay .

-Kincaild Shale 6m
Kincaid Shale 8m
Nacimiento Shale-
Nacimiento Shale
Nacimiento Shale

Fox Hills Shale

" Dawson Shale

Pierre Shale  (Dakota)
Pierre Shale (Colorado)
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Table A 1.8,

Normalisation of'Quaftz‘+ Carbonate + Feldspar $ Expandable Clay :
' ‘ Non-Expandable Clay, ' ' '

Sample Quartz + . Expandable Non-

: ‘ Ref., Carbonate + ~ Clay Expandable
British Materials Feldspar Clay.
London Clay 1l4m . LCly 23.0 .23.0 54.0
London Clay 37m LC3? 52.5 14.5 33,0
Gault Clay GC - 49.5 . 8.5 42,0
Fuller's Earth (Redhill) FE23 1.0 - 99.0 - 0.0
Weald Clay - owe - 55.0 1.0 - 44,0
Kimmeridge Clay KC 34,0 26.5 39.5
Oxford Clay 1l0m ~ 0C10 - 30,0 26.5 43,5
Oxford Clay 44m och4Yy 40,0 15.5 L4y ,5
Fuller's Earth (Bath) FE19 18.0 82.0 - 0.0
Lias Clay 1Om Llo 21,5 17.0 61.5
Lias Clay 36m - L36 21.0 17.5 61.5
Keuper Marl . KM 55.0 8.0 37.0
Swallow Wood roof - SWR 12,0 15.5 72.5
Flockton Thin roof FTR 20,0 13,0 57.0
Flockton Thin seatearth FTS 3,0 45,5 51.5
Widdringham roof . WR 17.5 9.5 73.0
North American Materials

" Yazoo Clay ' YC 20,0
Kincaid Shale 6m - K6 59.0
Kincaid Shale 8m K8 59.5
Nacimiento Shale ‘N1 35.
Nacimiento Shale N2 46.5
Nacimiento Shale N3 22.5
Fox Hills Shale FOX 31,0
Dawson Shale DS 53.0
Pierre Shale (Dakota) PSD 25.5

‘Pierre Shale (Colorado) PSC 41.0
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Table A 1.9.

Clay Mineral Normalisation,

Sample Kaolinite Mica Expandable

. _ o Ref. + Chlorite - Clay
- British Materials ~ .
London Clay 1l4m LC14 25.5 Ly.5 30.0
London Clay 37m LCc3?7 22.5 - 47.5 30.0
Gault Clay GC 38.0 45.5 16.5
Fuller's Earth (Redhill) FEk23 10,0 0.0 100.0
Weald Clay .~ WC 40,0 57.0 3.0
Kimmeridge Clay KC 28.0 32.0 40.0
Oxford Clay 10m 0C10 . '30.5 32.0 37.5
Oxford Clay 44m : oCL4 35.5 38.5 26.0
Fuller's Earth (Bath)  FEI19 0.0 - - 0.0  100.0
.Lias Clay 10m » . L10 46.0 32.0 22.0
Lias Clay 36m - L36 46.0 32,0 22.0
-Keuper Marl ~ KM 9,0 73.0 18.0
Swallow Wood roof SWR 20.5 62.0 "17.5
Flockton Thin roof FTR 28.5 53,0 18,5 ~
Flockton Thin seatearth  FTS 27,0 16.0 47.0
. Widdringham roof -~ WR 69.0 19.0 12.0
North Emerican Materials .
Yazoo Clay B { ¢ 2%9.0 0.0 61.0
Kincaid Shale 6m K6 67.5 0.0 32.5
Kincaid Shale 8m K8 64.0 0.0 36.
Nacimiente Shale N1 42,0 29.0 -29.0
Nacimiento Shale N2 39.0 29,0 32.0
Nacimiento Shale N3 36,0 0.0 64.0
Fox Hills Shale FOX 9.0 11,0 80.0
Dawson Shale ~ DS 14,5 0.0 85.5
Pierre Shale (Dakota) PSD 7.0 19.0 74.0
Pierre Shale (Colorado) PSC 20.0 42,0 38.0




Table A 1,10,

Ratio of Non- pandable Qlax to Expanda lg ngx ng Ratio Qz Quartz

to Claz.

Sample Ratio: ‘Ratio:
Ref. Non-Expandable Clay - Quartz to Clay
to Expandable Clay

British Samples

London Clay 1lhm - LC1Y , 2.32 0.29 °
London Clay 37m " LC37 o 2.32. B 1l.10
Gault Clay - . ac 5.10 " 0.98
Fullers Earth (Redhill) FE23 0,00 0.01
Weald Clay S we . .32.33 o seenl,22
Kimmeridge Clay = - KC 1.48 : - 0.51
Oxford Clay 10m . 0C10 1.67 0.43
Oxford Clay L4m oClLl 2.88 . 0.66
Fullers Earth (Bath) . FE19 0.00 0.22
Lias Clay 10m . L10 . 3.60 .0.27
Lias Clay 36m L36 _ 3.50 : 0.27
Keuper Marl - KM S 4,71 _ 1.23
swallow Wood roof SWR - Lh.71 . 0.14
Flockton Thin roof FTR - 4,38 0.43
Flockton Thin seatearth FTS 1.14 0.03

Widdringham roof - WR 7.65 0.21

North American Samples .

Yazoo Clay YC 0.63 0.25
Kincaid Shale 6m K6 2.08 1.45
Kincaid Shale 8m K8 1.79 1.46
Nacimiento Shale Nl 2.4 V.55
Nacimiento Shale N2 2.18 0.88
Nacimiento Shale N3 0.57 0.29
Fox Hilles Shale FOX 0.24 0.45
Dawson Shale DS 0.17 1.13
Pierre Shale (Dakota) PSD 0.35 0.34
Pierre Shale (Colarado) PSC 1.63 0.69
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Appendix A.2

Clay Microstructure and Preferred Orientation

‘ A.2.1s Optical Microscopy

"Ae2.1,1, Sample Preparation

The,pfeparation of thin sections utilised a'suféacé impregnafion
'teéhniéue of the clay in its natural condition; Initially a piece of
'clay approximately 1.5 cms> was immersed in a 1:l mixture of acetone
_and plasticraft énd‘subjected fo a vacuuh of 760mm pressuré~for
-several minutes. It was then immersed ip a mixturé of plastiéraft and
--ha;dener (2 drops per millilitre) and placed in an oveﬁ at approximately
4b°C until- hardening had occurred.- At this point the clay was in a
condition which prevented disintegrationlduring the preparation stage.

An ofientatéd slice of clay was then cut and polished flat,
firstly Qith a medium abrasive and then a very fine abrasive using
paraffin as the lubricating fluid, A 1:l mixture of araldite AY105
and VErsamidll40lAD.was then applied to the polished surface and a
glass slideAplaced on~top. After the adhesive had hardened, the
specimen was ground downvto a thickness of 25 microns, after which a

glass cover slip was applied.

Ae. 2+1.2s Method of Analysis

Estimations of the degree of preferred orientation were made by
reference to the ratio of maximum to minimum birefringenqe,'using
the technique adopted by Mofgenstern and Tchalenko (1967a) ;(see FigeAe2e1)
The method depends upon the fact that between crossed nicolsy a

clay particle will transmit zero light intensity when the direction of

mum intensit

the optic axis coincides with the polarising direction and maxi

399




210V

Diagrammatic'sketch of microscope arrangement. 4, analyser DG, display gal-
vanometer; E, eyepicce; F, selenjam photocell; G4, galvanometer amplifier; I, iris
diaphragm; L, light 'source unit; O, objective; P, polarizer; 1S, mains stabilizer; S.
thin section; T, transformer; V, voltmeter. :

Figure A 2.1. Apparatus used to.defermine Urientation
Katios by an Optical riethod (After

morgenstern and ‘ichalenke, 1967a).




at 45° to these direcfions. 'When-an aggregafe islconsidered, the

birefringence behaves in a similar manner, but will depend on-the

- optical distribution of partlcles, although 1t will seldom be zero ,

unless the partlcles are in perféct al1gnment. |
The blrefrlngence ratio has been calculated from slide areas

l of O.33mm (1.e. x 40 magn1f1cat1ons) and the resultlng numerical

value for the degree of preférred orlentatlon was obtalned by

: reference to the two dlmen51onal model of Morgenstern and Tchalenko

(1967a) see Fige 4ele.

Ae2.2 X=ray Diffraction

‘Ae2¢2+1s Sample Preparation

A1r-dr1ed, orlentated samples were prepared by cutfing strlpa
of dry clay approxzmately 10mm wide by 20mm long in directions parallel
to, and at right angles to the vertical direction., The large - surfaces
of the strips were ground flat with a medium abrasive (3CF) and finally
polished flat with a very fine abrasive (FlOOOCF),.using paraffin as

the lubricating medium because water caused slaking of the material,

Ae2e2¢ 2. X—ray AnalySlS

The pollshed slices were placed in a Phillips PV 1130 X-ray
Diffractometer and a trace was produced using the same conditions as
those used for analysis of the mineralogy (see Appendix A.1).

After a suitable baseline had been inserted, also in the same
manner as that used for the mineralogical analysis (see Appendix Al),
estimations of the peak intensities of the Xaolinite 001 and 020
reflections, the illite 002 and 110 reflections and the montmorillonite

001 and 020 reflections were made by the following methods:-




(2) Measurement of the peak height above the baseline

(b)  Measurement of the peak area with a polar planimeter

A.2+3. Sample Preparation for Electrdn Microscopy

Thé method of sample preparation giving tiaé least structufal
disturbance of the particles present was a;iopt;ec_i from Bfar'c;en and
sides (1971b)e .This involved air-drying the‘cla.ys; followed by
fracturing a thin slice (5mm thick) in the particular direction
.té be studied, (in thisi éase parallel to gi§e a ver;ical sectionh
Tﬁe side .opposite theifracture was then sandpapered down to produce
a flat surface and the resulting block (5mm high by 10mm wide) was
glued to an alumlmum backing stub. ‘Cleaﬂing of the fractured
surface was acéomplished by peelj.ng with adhesive tape between 50 -
100 times, Barden aﬁd, Sides (1971b) found this to be very effective
for removing all loose debris, leaving a surface which presenfed a
clea:r; picture -of the structure. The stﬁb was then coated, firstly
wiﬁh a thin iayer of carbon and then with a thin lay.er of gold
'palladium to prevent charging of the particles by the scanning

eléétron beam; both processes being performed in a vacuume




Appendix A.3

Consolidation

A.3.1" General Procedures

Allhfests perfqrmed oﬁ undisturbed and rgmoulded material were
carried out usiné a load ih;rement ratid'@QR/?) of "~ approximately
unit&, which was considered adequate to allow the consolidation
process to.proceed according_to'the Te:zaghi'fheory.

The pfogress and amount of comépession duringveach feriod of
loading was recorded graphieally against the Squafe root of time from
the péginning o£ the ;tage and qonséduently the value for Tgo,:used to
calculate various ccnsoIidation:parameters, was obtained in the usual

manner described in most standard. soils' texts.

As3s2 Tests onlUndisturbed'Material

Undisturbed material, orientated such that the bedding was
éerpendicular to the~applied‘stres$, was carefully cut to fit the
oedometer cell, which had been préviously lined with silicone grease;
the resulfing specimen being . approximately 16mm high by 37mm in
diameter. After being weighed andumeasured, the sample was placed in
the oedomgter and allowed to saturate for 24 hours, Initi;lly a
presSure of 20kN/'m2 was applied to'ensure that the lever arm was
reétinghbn the plunger.

‘ 'Swelling wés érevented during»the saturation period by gradually
apblying loads to maintain a zero reading on the strain dial recording
the specimen height. The resulting pressure at the end of the saturation
period was known as the 'swell pressure's

The specimen was then consolidated to the maximum pressure by

approximately déubiing the load every 24 hours and the subsequent

unloading was performéd in 4 or 5 stages, again over periods of 24 hours.
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At_thé end of thé unloading stageé ;he sample was measured for
thickness betweén two glass cover slides, reweighed wet, oven dried-
and theh reweighed dry.

Ih addition to fhe'above test, a specimen was placed in ;
convenfional §edometer cell 2ohm high by 50mm in diameter and an
indepéndent measurement Qas maqé of theiswell pressure, free'swell,
vet and dry density and ﬁtress reiieved voidé ratio, This data,
(rable A;3.64)was also used fo confirm the initial voids ratio ﬁéed

in the consolidation test,

A.3.3 Tests on Remoulded Material

'(i) Remoulding

Io ensure ‘th-at each sample retained the same mineralog_ical
composition for this set of tests, the oven-dried materials from the
tests on thé undisturbed materal were used,

Firstly each clay was slaked in distilled water for 2 - 3 days
and then coméletely disintegrated in a mechanical stirrer until a
_sméoth gel was obtained.. Aftér being oven-dried, this materiai was
powdered fo pass a B.S.200 mesh.and made up to a moisture content
equivalent to the liquid limit, which was assumed to approximate to
the condifion of the original sediment justlbelow the sediment-water
| interface (Skempton, 1944),

(ii) Consolidation Tests from the Liquid Limit

The remoulded material was made up to an initial volume of 13mm

in height by 37mm in diameter in a modified oedometer cell (see Fig.A.3.1),

' 2
after which it was placed in-the oedometer and a small load of 20KN/m

was applied to ensure that the lever ‘arm was seated on top of the plunger.

It was found necessary to use a smaller volume of material to accommodate

the'travel of the lever arm over the pressure range.
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Incremental consolidation then proceeded to a pressure'of
2426kn/h2. after which the load was removed in three stages to allow '
rebouné to occur,  Subsequently the load was reapplied in thrée stages
; back up to 242§kN/h2. and from this poiﬂt normal incremental loading
was-resumed wntil a maximum pressure of 34967kN/h2 was reached.

The sample was finally unloaded in four stages, after which it was
meas#red and reweighed in the same manner as described for the

" undisturbed tests.-

(iii) Low Pressure Tests on Remoulded Material

' .Four élays-covéring a wide range of Attefberg limits, weré
consolidated in a‘éonventional oedometer, with a 50mm diameter cell,
to a maximum pressurg;of'8400kNy%?. Initially all of the clays were
remoulded as‘déscribéd above and were subsequent1y>consolidated from
initial moisture contents equal to their liquid limits and a liquidity
index of 0u5. In addition,_thé Fuller's Earth was consolidated from

initial moisture contents equal to liquidity indices of 0.75 and 0.25.




.MODIFICATION TO ACCOMMODATE
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Figdre A 3.1, High Pressure Oedometer with Modification for
' Remoulded Material,




Initial m/c

Natural Bulk Density
Final Bulk Density

Swell Perce

Pressure

(kN/m )
-130
149
167
200
276
422
2 U N

1297 -

2283

4799

9342

18663

19120

4566

- 912

3

- Table A 3,1,

Consolidation ‘Data - London Clay lim (Undisturbed)

ntage

2

nuwun

8.21%
2.07g/cm
2.01lg/cm
5.22%

Voids R Strain ¢

0,718

V. 717

© 0.716
0.711.
0,70k

6.690

- 0,664
0. 625'

0.580
0.515
00 ’+38
0.349
0.368
0.398

0.499

0.808

(%)

0.08
0.13
0.39
0.82
1,62
3.13
S.41
8.03
11.79
16.28
21.45
20,38
18.58
12.72
"5022

(a?/y) (u2/1m)

3
3

Final m/c

Natural Dry Density
Final Dry Density

Swell Pressure

m
v

26.98 6.030
10.53 0.032°
1.96 0.088
0.91 0.053
0055 00056
0.74 0,052
0.60 0,040
0.51 0.028
o.48 0.016
0.33 - 0.011
- 0,23 0.006
Table A 3.2

(myst
Teslu

2.56227

1.05620
0.53648
0.15185
0.09594

- '0,12089

0.07477
0.04 441
0.02433
0.01144
0.00479

)

c./C.

31.20%

1. 6lg/cm3

l-SBs/cm2
130,63kN/m

¢’ B8

«0.023
-0. 018

=0.05k

-0.071}
~-0.114
-0.150
-0.183

-0 3 200

=0.266

-0, 306
0.059
0.102
0. ll"’l}
0.123

Consolidation Data - London Clay lhm (Remoulded).

Initial m/c

Initial Wet Demnsity
Final Bulk Density

Pressure
(kN/n)
20

S

89
158
297
574
1128
2426
867
175
37
605_
1214
2426
4675
9349
18697
34967
9347
- 1560
175
20

Voids R Strain cv

2.530
2.373
2.071
1.771
1.348
1.111
0.917
"0.738
0.756
0.815
0.926
0.8553

0.783 .

0.697
v.593
0.494
0.392
0.309
0.367
0.486
0.582
0.656

v
(x®/y) (mZ/MN)

= 84,00%
= l.hhg/cm
= 2,06g/cm

(%)

.43 0 0.05
12.99 ~0.06
21.50 0.06
33.49 0.08
40.19 0.08
45.68 0.12
50.76 0.12
50.25 )
48,58
45.43
§7.48 0.08
49.48 0.16
51.91 0.13
54.87 0.1k
57.67 0.12
60.55 0.12
62.91 0.72
61.27
57.89
55.19
53.09

407

3
3

Final m/c

Initial Dry Density
Final Dry Demsity

1.308
2-558
1.415
1.098

0.365

0.126
0.072

0.067
0.062
0.040
0.027
0.013

0,007

0.003

(
27elo

0.20276

- 0.47581

0.26333
0.27236
0.09036
V.V2676

0.01654

)

0.03076

0.01603

0,01182

0.00275

0.00817

cc/cs

~0.364

. =1.402

-1.202
-1.553
-0.826
-00 661
-0.539
0.040
0.084
0.166
-0.060
~0.233
-0.285
-O. 366
‘00338
-0. 366
0.101
0.153
0.100
0.079

23.06%

0.78g/cm
1.67g/cm

3

3
3




Table A 3.3

Consolidation bata - London Clay 37m (Undisthrbe;).

Initial m/c 2l.41%

. = 19.71% 3 Final m/c 3
Natural Bulk Density = 2.06g/cm; Natural Dry Density = l.7ag/cm3
Final Bulk Density = 2.05g/cm® Final Dry Density = 1.69g/cm3
Swell Percentage = 2.0% Swell Pressure =254,98kN/m

_ ?ressgre Voids R Strain Zv amv (m§§i0 Cc/Qs
(kN/m“) o (%) (n/y) (n"/MR) 10 7)
255 - 0,578 ' _
294 - 0,578 0.00 0,00 ©.L00  0,V0000 0.000
321 0.578 0.0 0.00 0.000 0.00000  0.000
404 0.575 0.18 15.24 0.026 1.25030 =0,029
550 0.570 6.52 11.61 0.021 .0.78259 -0,.040
- 842 - 0.555 1.42 8.13 0.032 0.82463 -0.076
1431 0.536 2.65 1.55 0.021 0.09967 -0.084
2590 . 0.507 L.48 1.01 0.016 0.05100 -0.112
4925 0.474 6.60 0.72 0.009 G.02093 -0.120
. 9597 0.430  9.39 0.56 0.006  0.01108 =0.152
- 18244 0.372 15,05 0.35 0.004  0,00525 -0.207
35025 0.308 17.11 0.27 0.002 0.00241 -0,225
9120 0.342 14.98 0.057
1824 0. 407 10.82 : 0.094
367 0.472 6.71 o . 0.093
7.3 . ° 0,610 -2.05 | " 0,061
Table A 3.k,
Consolidation Data - London Clay 37m (Remoulded).
initial m/¢ . = 63.00% . Final m/c .= 20.16%
Initial Wet Density = 1.64g/cm, Initial Dry Density = l.Olg/cms
Final Bulk Density = 2.11g/cm™ Final Dry Density = 1,76g/cm
Pressgre VVoids R Strain ;v va ‘m§§io Cc/cs
(kN/m") - (%) (e%/y) (m®/MN) 10 77) -
20 1.700 :
54 1.641 2.19 . 1.10 0.642 2.19161 -0,137
89 1.384 11.68 1.02 2.780 8.79140 -1.188
158 1.116 21.64 ©0.66 1.629 3.33333 =1.076
297 - 0,915 29.08 0.69 0.683 1.46173 -0.737
574 0.771  34.38 0.50 0.271 0.42077 -0.500
1128 ~ 0.652 38.82 0.40 0.121 0.15039 -0.408
2426 - 0.533 43,19 0.33 0.055 0.05672 -0.355
867 0.549 42.61 0.035
175 0.612 40,27 0.091
37 0.669 38.19 0.083 -
L35 0.629 29.64 0.20 0.059 0.03696 -0.036
‘1214 ~© 0.569 41,89 - 0.36 0.047 0.05277 -0.13%6
2426 U.518 43.76 w.57 0.027 0.04738 =0.168
. 4675 0.433 46.91 0.26 0.025 0.,02007 -0.298
9349 0.351 49.96 ©.30 0.012 0.01138 -0.274
18697 . 0,282 52.51 0.21 0.005 "0,00355 -0.228
34967 0.216 54,95 0.22 0.003 0.,00215 -0.242
1560 - 0.338 50.43 0.103
175 0.436 46.80 0.103
20 0.530 L43.32 : 0.100




-Inifial m/c

Natural Bulk Density
Final Bulk Density

Table A 3.5,

Consolidation Data - Gault Clay (Undisturbed).

Swell Percentage

Pressure

(xN/n%)
166"
240
313
. 458
750 .
1371
2556
4928
9853
19703
35025
18241
9120
1824
366
2

Initial m/c

Initial Wet Density -
Final Bulk Density

Pressure Voids kK

(kN/ma)
20
54
89

158
297
574
1128
2426
. 867
175
37
435
1214
2426
L4675
9349
18697
34967
9347
1560
175
20

0.662
0,661
0.660
0065"’

0.642

0.598
0.569
0,505
0.385
0.296
0.311
0.347
0.414
0.498

1.

2,34
83 .

3.
5.
9.

2

Voids R Strain .¢
- 2v 2

(%) (ph/y) (m /MN)

" 0,04 '

19

61
47

6;29% ‘43 Final m/c

2.06g/cm

0.70% Swell Pressure

m
v

0.14 11,37 0,008
0.50 9.41 0.025
6.10 0.024
4,78 . 0.018
2.50 - 0,007
1.86 0.008
0.54 0,008

16.
22.

21,

18.
14,

9.
-0,

65
ok
13

0.33 0.004

95
93~

89
70

Table A 3.6.

(mfe,

0.68693
0.29068
0.72715
0.46984
0.,27613
0.14747
0.06139
0.04871
0.01400
0.00451

3 Natural Dry Densitj
2.12g/cm” Final Dry Density

)

" Consolidation Data - Gault Clay (Reﬁbulded)

31,08% 3
. l.63g/cm3
,1.62g/cm2
166.72kK/m

CC/CS

- =0.,004

-0.014
-0.035
-0.053
'09073-

~=0,092

-0.104
-0. 213
"'Oo 397

. =0.358

0.053
0.120
0.095
0.120
0.084

2,013
1.798

1.542
1.279

" 1.095

0.953
0.806
0.680
0.696
0.753
0.812
0.786
0,720
0.663
0.579
0.474
0.366
0.288
0.329
0,407
0.489
0.536

-39

L9.

76.00% 3 Final m/c

1.58g/cm}'1nitia1 Dry Density
2.12g/cm” Final Dry Density

Strain c¢_ - m
§2v 2,v
(%) (m%/y) (m"/MN)
7.14 0.30 2.098
15.61 0.47 2.614
24,35 0.43 1.499
20.46 0.39 0.598
35.18 O.44  0.244
. 40,03 0.69 0.136
Ly, 2L 0.67 0.054
43,69
41.80
.84 )
ho.72 0.31 0.036
L2.90 0.73 0.048
44,78 ~1.08 0.027
47.58 0.77 0.023
51.06 0.80 0.014
54.64 0.59 0.008
57.22 0.39 0,003
55.89_
53.29
50,57
00

(m5§{0

1.95183

' 3.80875

1.99876

0.72304

0.33376
0.29061
0.11163

0.03401
0.10735
0.09154
0.05361
0.03528
0.01433
0.00437

)

20.17% 3
0.89'g/cm3
1.76g/cm

Cc/cs

"'Oo 500
-1.184
-1.055
"Oo 67""
-O [ 497
-Oo 498
-0.381
0.037
0.081
0.088 -
-0.025
-0.147
-0.188
—0 ) 295
"0. 3""8
"Oo 358
-0.287
0.070
0.101
0.086
0.050




Table & 3.7.

Consolidation Data - Fullers Earth, Redhill (Undisturbed).

Initial m/c A = 48, 85% - , Final m/c = 58.91% 3
Natural Bulk Density = 1. 813/cm3 KNatural Dry Density = l.Zag/cm3
Final Bulk Density = 1, 883/cm3 Final Dry Density = -1.183/cm2
Swell Percentage = 2.74% Swell Pressure = 69.63kN/m
lfressgre, Voi@s R Strain ZV .amv- , (myslo Cc/CB‘
-~ (kN/m") (%) (n%/y) (n=/MN) lo ™)
: 69 1.3v2 -
134 1,297 0.21 25.20. 0.0%2 . 2.61043 =0,017
200 . 1.290 0,49 39.19 0.046 5.60957 =-uv.037
33 1.283  0.82 8.62 0.023 ~0.62353 =-u.035 ---
594 1,259  1.83 24.59 0.039 73.04697  =0.091
1152 1.223 3.4 66.51 0.029 5;88842 -0.128
2302 ' 1.171 5.69 15.97 0.020 1.00700 =0,172
4437, 1.110 8.3, 0.63 0,013 0.02570 -0.214
8873 1.014 12.49 0.33 0.010 0.01077 =0.317
1774 0.866 18.92 0.02 0.008  0.00059 =0.492
33185 . 0,702 26.04 0.01 ©0.005 0.00022 =-0.602
8873 0.837 20.19 0.234
1481 - 0.955 15.08 o 0.151
331 -1,100 8.75 . 0.223
2 .

1.365 -2.7h | | 0.128

Table A 3.8.

Consclidation Data - Fullers Earth, Redhill (Remoulded).

Initial m/c

- =117.00% 3 Final m/c = 45.78% 3
Initial Wet Density = 1.40g/cm3 Initial Dry Density =. 0.663/cm3
Final Bulk Density = 1.81g/cm” Final Dry Density ~ = 1l.24g/cm
Pressure Voids R Strain ;v 2mv ‘myfo c CS
(kN/m ) (%) (n/y) (n"/MN) 1077)
20 34335 ' -
54 3.083 5.82 0.8% 1.709 #.39919 -0.587
89 2.753 13.42 0.83 2.309 5.94164 =1.529
158 - 2.409  2i.3% 1.04 1.328 4.28278 =-1.378
297 2,181 26.61 0,75 0.495  1.15185 -0.834
- 574 1.969 31.51 0.39 0.240 0.29088 =-0.743
1128 1.170 37.48 0.10 0.157 0.04881 -0.882
- 2426 - 1,400 44.62 0.02 0,088 0.00546 -0.931
867 1.430  43.93 0.067
175 1.506 42.19 ‘ ' 0.109
37 . 1.578  40.54 _ 0.106
435 1.566 - 40.81 0.06 0.011 0.00215 =-0.011
1214 1.469 43.04 0,01  0.049 0.00150 =0.216
2426 1.367 45,40 0.01 G.034  0,00087 -0.340
4675 1,195 49.36 0.01  0.033 0.00056 =-0.,603
9349 1.025 53.29 0,01 0.017 ©.00028 -0.566
18697 0.845 S7.44 ©6.01  0.009 0.00023 =-0.597
34967 0.707 60.62 0,01 0.004 0.00011 -0.506
9349 0.811 58.23 :
1560 1.065 52.37
175 1.176  49.79

20 1.259  47.89
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‘Table A 3.9. .

- Consolidation Data - Weald Clay (Undisturbed).

Initial m/c = 7.24% "3 Final m/c = 11.97% .
Natural Bulk Density = 2.423/cm3 Natural Dry Density = 2.26g/cm?
Final Bulk Density = 2.57g/cm” Final Dry Density = 'Z.BOg/cmg
Swell Percentage- = 0,00% Swell Pressure . =148.09kN/m
Pressgre Voids_R. Strain gv _ .va (m5§io cc/cs _
(kN/m"™) : (%) (n"/y) (m™/MN) 10 77)
281 0,188 0.03 25.92 0,006 0.50812 -0.001
hl2 | 0.186 - 0.22 4.89 0.013 0.19480 -0.014
675 0.180 '0.71 . 71.37 0.019 4.25886 -0.027
1234 0.170 1.51 15,01 0.015 0.70541 -0.036
2302 0.162 2,16 14,78 0,006 - 0.29333 -0.029
L4y37 0.151 3,09 14.55 0.004 0.19994 -0,039
8873 0.136°  4.40 29.66 0,003 0.28234 -0.051
17744 0.117 6.02 28.77 0.001 0.17102 -0.063
34827 " 0.083 .8.88 27.42 0.001 0.15367 -0.116
16429 ~ © 0.090 -8.26 o 0.022
1481 0.117 6.00 ' o , 0.023
331 - 0,134 4,59 ' o 0.026 -
2 0.170 1.57 L 0.017
Table 3.10.
Consolidation Data - Weald Clay (Remoulded).
Initial m/c = 35,00% 3 Final m/c = 35.00% 3
Initial Wet Density = 2.12g/cm3 Initial Dry Density = l.5?g/cm3
Final Bulk Density = 2.6lg/cm” Final Dry Density = 2.29g/cm
Press;re'. Voids R Strain ;v 2mv (m5§id Cc/cs
(kN/m™) - = (%) (m"/y) (m®/MN) 10 )
20 0.706
54 0.618 5.19 0.1 1,517 0.65843 -0.206
89 0.532 10.19 0.39 1.518 1.83602 -0.396
158 0.475 13.5% 0.67 = 0.539 1.11996 -0.230
297 0.422 16.67 0.98 0.266 0.80863 -0.194
574 0.373 19,50 1,77 0.124 0.68257 -0.169
1128 0.335 21.73 3.61 0,050 0.55907 -0.129
2426 T 0,284 2L.72 7.81 0.030 0.71256 -0.153
867 0.289  24.46 0.010
175 0.304 23.58 : 0.021
’ 37 - 0.322 22.51 0,027
- 435 0.308 23.35 3.80 0.027 0.31032 -0.013
1214 0.292 24.30 33.41 0.016 1.62634 -0.036
2426 0.277 25.18 11.74 0.009 0.34862 -0.050
L675 0.240 27.35 10,22 0.013 0.40817 -0.129
9349 v.192 320.13 l0.52 0.007 0.23627 -0.158
18697 0.138 33,21 11.94 0.004 0.17605 -0.174
34967 0.088 36.21 10,91 0.002 0.09307 -0.187
9347 0.105 35.24 0.029
1560 0.127 33.92 0.029
175 0.151 32.52 0.025

20 0.169 31.47 _ 0.019

411




Table A 3.1l1.

Consolidation Data - Kimmeridge Clay (Undisturbed).

Initial m/c 29.28%

_ = 21.99% 3 Final m/c = 3
Natural Bulk Density. = 2.10g/cm7 Natural Dry Density = l.?Zg/cm3
Final Bulk Density = 2.llg/cu® Final Dry Demsity = 1.63g/cms
Swell Percentage = 5.43% . Swell Pressure =118.66kN/m
Pressgre Voids R Astrain _ gv 2mv (myslo CC/Cs
(kN/m™) (%) (m7/y) (m/MN) )

. 118 0.555 : o .

183 0.552 0.19 27.92 0.029 2.56895 =0.015
249 0.546 0.56 0,27 - 0.058 °~ 0.04902 -0.042
495 0.528 1.77 0.15 . 0,047 - 0.02200 =-0.063

1152 0.482 4.67 0.09 0.045 ~ 0,01278 -0.123

2302 0.441 7.36 0.11 0.024 0.00820 -0.13%9

4437 0.403 9.78 0.15 0.012 0.00615 =-0.132

8873 0,360 12.53 0.24 0.006 0.00519 -0.142
17744 0.314 15.52 0.31 0.003 - 0.00383 -~0.154
23181 0.256 19.20 0.25 0.002 0.00225 =0.210

"~ 8873 0.291 16.98 ’ ) 0.060
1480 0.349 13.25 : 0.074
331 0.416 8.96 - 0.102
.2 0.639 -5.45 0.109°
Table A 3,12,
Consolidation Data - Kimmeridge Clay (Remoulded).
Initial m/c = 70.00% 3 Final m/c = 19.85% 3
Initial Wet Density = 1.63g/cm7 Initial Dry Density = 0.96g/‘cm3
Final Bulk Density = 2. U9g/cm3 Final Dry Density = 1.75g/cm
Pressgre Voids R Strain ;v . va (m§§io Cd/cs
(kN/m®) (%) (n%/y) (n"/MN) 10 7).
20 .- 1.796 '
54 1.688 3.86 0.38 1.13%6 1.33829 -0.251
89 1.382 '14.81 0.27 3.252 2.72238 -1.420
158 © 1,093  25.14 0.33 1.758 1.79879 -1.156
297 0.936 30.75 0.47 0.555 0.80957 =-0.575
- 574 0.795 325.81 0O.44 0.262 0.35863 -0.494
1128 " 0.681 29.87 G.48 0.114 0.17058 -0,387
2426 0.561 44.16 0.49. 0.055 0.08354 -0.360
867 - 0.576  43.61 . : 0.034
175 0.640 41.32 . 0.092
- 37 0.713  38.74 ' . 0.108
435 0.669 40,30 0.30 0.064 0.05942 ~0.040

1214 0.601 L2.73 0.45 0.053% 0.07296 -0.152

2426 0.542 Ly, 84 0.%9 0.030 0.05561 -0.196

4675 0.465 47.58 0.54 0.022 0.03716 -0.269
- 93249 0.378 50.71 0.42 0.013 0.01744 =0.291
18697 0.298 53.58 0.40 0.006 0.00798 -0.266
34967 0.221 56.32 0.35 0.003 0.00413 -0.282

9347 0.270  54.56 ' 0.086

1560 0.360 51.36 0.115

175 0.464  47.63 0.110
20 0.532 45.18 ~ , 0.072
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Table 4 3,13,

Consolidation Data - Oxford Clay 1Om (Undisturﬁed).

Initial m/c = 27.64% 3 Final m/c = 33,47%
Natural Bulk Density = 1.88g/cm3 Natural Dry Density = 1.4?8/cm3.
Final Bulk Density = 1.9Y5g/cm” Final Dry Density = = l.hGg/cm3
Swell Percentage = 0.81% Swell Pressure =ll?.68kN/m2
Pressgre Voi@s'R Strain ;v | 2mv (m§§i0 Cc/cs
- (kN/m™) - . (%) (m"/y) (m™/MN) 10 )
: 117 - .0.690 - ' )
184 - 0,686 0.25 28.90 0.038 3.16488 -0.021
250 0.676 0.81 26.60 0.089 7.24323 -0.071 .
381 - 0,665 1.48 28.32 0.051  4.39847 -0.061
661 0.636 = 3.20 3.40 0.062 - 0.65563 -0.121
1238 ' 0.603 5.15 1.94 0.035 = 0.21024 <-0.121
2309 0.571 " 7.06 1.77 0.018 © 0.,10227 -0.119
Lut51 0.537 9.05 1.94 0.010 0.06110 =-0.118
8896 0.480 - 12.42 1.60 0,008 0.04198 -0.189
17796 . 0,387 17.92 0.58 0.007 0.01310 =~0.309
" 3493) " 0,279 . 24.30 0.41 0.004 0.00605 =-0.368
16475 - 0. 304 22.82 4 0.076
8237 0,328 . 21.39 0.080
1482 0.404 16.93 ' . , 0.101 -
329 0.488 11.96 . 0.128
2 0.701 -0,68"° 0.104

Table A 3.14.

Consolidation Data - Oxford Clay 10m (Remoulded). -

76.00%~

Initial m/c Final m/c 20.2%%

Initial Wet Density = 1;48g/cm§41nitial Dry Density = 0.8445/c33
Final Bulk. Density = 2.02g/cm” Final Dry Density = 1,69g/cm
A Pressgre.’ Voids R Strain gv _ va : (myéio Cp/Cs
(kN/m") , (%) (n/y) (n"/MN) 10 )
20 1.949
54 1.828 4,08 0.32 1.206 1.19713 -0.280
89 ‘ 1.528 14,25 0.11 3,031 - 1.033%54 -1,391
158 1,323 21.20 0.05 1.176 0.18216 -0.820
297 1.135 27.57 0.08 0.582 0.14439 =0.689
574 0.969 33,20 0.1l2 0.280 0.10441 -0.580
1128 . 0.834 37.80 0.17 0.123 0.06522 -=0.462
2426 0.679 43,06 0.18 0.065 0.0%3633 =0.466
4675 0.567 46.84 0.13% 0.030 0.01195 -0.391
867 0.605 45.57 0.051
175 0.656 43%.82 0.074
37 0.715 41.85 0.087
867 : 0.674 43,23 0.07 0.028 0.00625 ~0.029
2426 0.598 45,81 0.10 0.029 0.00909 -=0.170
L4L675 0.530 48.10 0.10 0.019 0.00586 -0.238
9349 0. 440 51.14 0.12 0,012 0.00468 -0.298
18697 . 04336 54.67 0.08 0.008 0.00194 =0.345
34967 0.262 57.17 0.04 . 0,003 0.00054 -0.271
9349 0.303 55.81 _ 0.070
1560 0.381 53.14 0.101
175 0.427 51.59 0.048

20 0.476 . 49.93




‘Table A 3.15.

Consolidation Data -~ Oxford Clay Lhm (less thanipreconsolidation load)

Initial m/c A = 15.90% 3 Final m/c = 15.90% 3
Natural Bulk Density = 1.99g/cm; Natural Dry Density = 1.72g/cm3
Final Bulk Density z 2.O6g/cm3 Final Dry Density = = ‘1.64g/cm2
Swell Percentage = L.63% Swell Pressure =528.60kN/m

c_/C

. Pressure Voids R Strain - cy . mv (myé' /Cg
(kN/n?) ) (¥y) ) 10720) A
660 o 0.469 © -0.12 4,22 0.005  0,06741 -0.018
791. .0.466 0.29 1.30 0.015 0.06282 =0.031
1234 : 0.455 '.1,06 . 3,10 .0.017 0.16277? -0.059
- 2302 0.431 2,70 1.96 0.015 0.09384 -0.089
Ly37 ’ 0. 404 4.48 2.56 0.008 0.07013 -0,091
6245 - 0.392 5.36 3.28 0.005 0.04806 -0.087
1480 0.416  3.73 0.038
331 0.449 1.44 : 0.051
2 0.538 -4.63 0.043




Initial m/c
Natural Bulk Density
Final Bulk Density

Table

A 3.16.

Consolidation Data - Oxford Clay Lim (Undistufbed).

Swell Pércentage

. Pressure

(kN/n%)
203
276
349
495
787

. 1188

2556 -
4928
9853

19703
35025 .

18241
6208 -
1642

366
2

Initial m/c

Initial Wet Density
Final Bulk Density

’(kN/ma)

20
5k
89
158
297
57k
1128
2426
867
175
37
261
867
2426
4675
9349
18697
34967
8657

© 1560

3 .

= 18.20% 3 Final m/c = 22.,00%
= 2, oug/cm3 Natural Dry Density = 1.733/cm3
= 2.04g/cm” Final Dry Density = 1.68g/cm2
r 3,05% Swell Pressure =203.59kN/m
Vo%ds R Strain ;v 2mv (m§§io Cc/Cs‘
: (%) (m%/y) (m~/MN) 10 77) "
0.462 0.02 28.68 0.009 0.83247 -0.002
0.461  0.15 12.72 0,029 1.16918 -0,018 -
0.456 0.45 1.82 0.023 0.13225 =~0.029
O.L447 1.10- 1.85 0.021 - 0.12149 -=0.047
0.435 1.,92. 1.57 0.020 0.10065 =-0.067
0.410 3.60 1.31 0.012 0.05138 -0.074
0.387 5.15 1.24 0.006  0.02619 =-0.079
0.360 . 7.03 1.01 0.004 0.01277 -0.091
0.307 10.62 0.68 0.003 0.00849 -0.174.
0.235 15.56 0.49 0.003 0.00538 -0.289 -
0.248  14.65 0.047
0.275 12.84 0.076
0.339 8.44 - 0.092
.0.398 .43 . 0.090
0.507 -3.05 0.052
Table 4 %.17.
Consolidation Data - Oxford Clay 44m (Remoulded).
= 57.00% Final m/c = 57.00% 3
= 1.54g/cm3 Initial Dry Density = 0.98g/cn:
= 2.05g/c;n3 Final Dry Density = 1.70g/cmj
Pressure  Voids R Strain ; Z?V (m§§io Cc/CS
(%) (n~/y) (m~/MN) 10 °7)
1.580 - | ‘
“1.504 2, 96 3.63 0.866 . 9.74953 -0.,177
1.210 14, 3 - 0.29 3.354 3.01586 -1.362
1.041 20.90 0.60 1.108 2.06135 -0.677
- 0.813 29.74 1.03 0.803 - 2.566lh -0.836
0.747 32.29 1.00 0.131 0.40745 -0.229
0.633 36.72 1.20 0.117 0.43817 -0.390
0.517 41,21 1.13 0.056 0.19170 -0.348
0.529 Lo,72 0.028
0.583 38.62 0.078
0.662 35.56 0.117
0.637 35.56 0.59 0.067 0.12281 -0.030
0.574 38.98 0.81 0.064 0.15949 -0.120
0.502 41.78 2.08 0.029 0.18692 ~0.161
0. 422 44,86 1.26 0.024 0.09377 =-0.279
0.345 47.85 0.94 0.011  0.03501 =-0.256
0.262 51.09 0.77 0.006 0.01644 =-0.277
0.186 54.03% 0.63 = 0.003 0.00746 -0.279
0.223 52.57 © 0.062
0.292 49.92 0.092
0.384 46.36 0.096
0.482 42.54 0.147

175
. 37

415




Consolidation

Table A 3.18.

416

Data - Fullers Earth, Bath (Undisturbed).
Initial m/c = 32.98% 3 Final m/c = 44.55% 3
Natural Bulk Density = 1.99g/cm3 Natural Dry Density = l.SOg/cm3
Final Bulk Density = 2.10g/cm” Final Dry Density = 1.l+5g/cm2
Swell Percentage = 3.36% Swell Pressure =185.35kN/m
‘Pressgre Voids R Strain §V' | ng' (m§§id C./Cq
(kN/m") o (%) (o/y) (n"/MN). 10 7).
185 0.804 , ‘ | -
- 331 0.803 0.07 24.70 0,004 .0.29071 -0.004
L77 -0.795 0.47 3.93 0.030 0.37024 -0.045
769 0.777 1.48 9.46 0.034 1.00711 -0.087
1352 0.757 2.59 2.92 0.019 -0.17474 -0,082
. 2556 0.706 5.41 0,95 0.024 - 0.07099 -0.184
4928 0.655 8.26 0.04- 0,012 0.00150 -0.180
9853 0.582 12.29 0.03 0.009 0.00089 -0.241
19703 0.484 17.74 ©.01 0,006 0.00035  -0.327
- 35022 0.404 - 22.16 . 0.061 0.003  0.00010 -0.319
C 18241 ©0.437 20,32 ' : 0.117
9120 0.478 18.06 - 0.135
1641 0.602 11.21 0.166
T 366 0.672 7.32 0.108
2 0.864 -3.36 0,093
Table 4 3.19.
Consolidation Data - Fullers Earth, Bath (Remoulded).
Initial m/c =105, 00% Final m/c = 39.70% P
Initial Wet Density = 1.43g/cm§ Initial Dry Density = O.69g/cm3
Final Bulk Density = 1,83g/cm” Final Dry Density = l.3lg/cm
Pressgre Voids R Strain ; | amv (m§§io Cc/Cs
(kN/m") (%) (m/y) (m"/MN) 10 77)
20 2.895 :
54 2.635 6.68 0.79 1.964 4,80817 -0.605
89 2.251 16.53 0.84 3.018 8.17851 -1.780
158 1.912 25.22 0.40 1.511 1.87390 ~1.354
297 1.560 34,26 0.14 0.919 0.39887 -1.292
- 574 1.338 39.97 0.12 0,313~ 0.11644 -0.778
1128 1.145 44.92 0.05 0.149 0.02309 =0.656
2426 . 0.948 49.99 0.03 0.071 0.00653 =-0.594
- 867 " 0.992 48.86 0.099
- 175 1.109  45.84 0.169
37 1.211 " 43,22 : 0.152
4,35 1.159 44.55 0.04 0,059 0.00720 ~0.049
1214 1.039 47.63 0.04 0.071 ©.00887 =-0.269
2426 0.940 50.18 0.02 0.041 0.00244 ~0.329
4675 0.809 53.56 0.02 0.031 0.00199 -0.461
9349 0.668 57.17 0.01 0.017 0.00078 -0.468
18697 0.528 60.76 ©0.01 0,009  0.00038 -0.463
34967 0.419 63.57 0.01 0.004 0.00015 =0.403
8657 0.532 60.65 0.188
1560 - 0.722 55.79 0.254
175 0.945 50.06 0.235
17 1.068 46.91 0.121




Initial m/c

Natural Bulk Density
Final Bulk Density

Tébie

A 3.20. -

Consolidation Data - Lias Clay 10m (Undisturbed).

Swell Percentage

Pressure
 (kN/m?)
167
232
300 -
429
- 692
- 1231
2299
4437
8873
17743
33184
8875
1480
331
2

Initial m/c
Initial Wet Density
Final Bulk Density

Pressure Voids R

(kN/m) . -
20
54
89
158
297
S74
1128
2426
867
175
37
605
1214
2426
L575
9349
18697
34967
9347

1560
175
20

0.562 -
0.559.
0.553

0.534

0.507

0.468

- 0.429

0.394
0.353

. 0.304

0.247
0.283

0.354 .

O.411
0.598

2

0.19
0.58
1.79
3.84
6.03
8.52
10.74
13.35
16.52
20.15
17.86
13,32
9.66

L
2.O7g/cm3

- 2.11g/cm

2.35%

Voids R Strain cy

-2.35

Final m/c

Natural Dry Density
Final Dry Density

Swell Pressure

m

v

%) (22/y) (n®/MN)
9.52 -0.029
1.05 0.057
0.25 0.094
0.14 0.066
0.13 '0.049
1 0.17 0.025
0.22 0.011
0.23 0.006
0.43 0.004
0.42 0.002

Table A 3.21.

 (n¥er
Toﬁlo

0.87201
0.18553

- 0.07350 .

0.02903
0.02045
0.01329
0.00769
0.00479
0.00544
0.00368

).

26.78%

nnu-w

Cc/Cs

-0.020
-0.056 °
-0.121
-0.127
-0.159
-0.143
-0.114
-0.135
-0.165
-0.208
0.062
0.091
0.088
0.091

Consolidation Data - Lias Clay 10m (Remoulded).

1.937
1.835
1.562

.1.383
©1.196

0.993
0.822
0.690
0.693
0.743
0.799
0.756
0.710
0.648

0.545

00456

0.357

0.277
0.315
0,374
0.411
0.479

68.00%
1.52g/cm
2.12g/cm

3
3

Strain c

m
\'4 v
%) (/y) (u°/MN)

3.48
12.76
18.87
25.21
32,15
37.96
42.45
42,33
40.63
38075
40,20
41.78
43,88
47.39
50.43
53.80
56.52
55.21
53.21
51.95
49.63

.COOOOCO
NN H AN =
O O\~ O oW

Final m/c

Initial Dry Density
Final Dry Density

1.021
2.751
1.012
0.581
0.331
0.154
0.056

0.042
0.043

- 0.030

0.028

- 0.012

0.007
0.003

417 -

(nyss
foflo)

0.41160
1.02345
0.50227
0.10812
0.10345
0.08161
0.03111

0.01695
0.02408
0.02780
0.02420
0.00725
0.00717
0.00346

17.79%
0.90g/cm
- 1.80g/cm

Cc/cs

-0.237
-1.264
-0.718
-0.582
-0.713
-0.582
-00396
0.007
" 0.072
0.082
-0.035
-0.154
-0.205
-0.361
-0.296
-0, 329
-0.294
0.067
0.075
-0.039
0.072

l.?lg/cm3
1.67g/cm2
167.21kN/m

3

3

3




Table A 3.22.

. Consolidation Data - Lias Clay 36m (Undisturbed).

Initial m/c 17.01% Final m/c : 28.2%%

Natural.Bulk Density = 2.12g/cm§ Natural Dry Density = 1.815/cm5
Final Bulk Density = = 2.14g/cm” Final Dry Density = 1;67g/cmg
Swell Percentage = 8.70% Swell Pressure =332, 46kN/m
‘Pressgre _ Voids R Strain ;& ~7'2mv (m§§i0 - ¢ /¢y
(kN/m™) . (%) (m“/y) (m™/MN) . 10 °7) ‘
464 0.458 0.05 27.43 - 0.005 0.44152 -0.005
596 . 0.454 0,32 ?7.57 0.020 0.48776 -0.036
859 0.447  0.79 2.49 0.018 ‘0.14128 -0.043
1485 - 0.432 1.80 Al.16 - 0.016 0.05954 =-0.062
- 2427 0.413 3.10 1.3 -0.013 0.05614 -0.085
L451 0.389- 4,78 1.50 0.008  0.03994 =0.096
8896 0.358 - 6.88 1.28 0.005 0.01993 -0.102
17796 0.316 9.79 1.11 0.003 0.01195 -0.141
32283 - 0.249 - 14,36 0.67 0.003 0.00682 -0.245
16475 0,271 12.85 o 0.072
8237 0.293 11.32 ' : 0.074
1482 0.355  7.07 ' : - 0.083
329 . 0.413 3,12 : : 0.088
2 0.586 -8.77 . o 0.084
Table A 3.23.
4 Consolidation bata - Lias Clay 36m (Remoulded)s
Initial m/c = 65.00% 3 Final m/c = 22.50% 3
Initial wet Density = 1.61g/cm7 Initial Dry Density = 0.97g/cm3
Final Bulk Density = 2.03g/cm® Final Dry Density . = 1l.66g/cm
Pressgre. Voids R Strain ;v 2mv (mbfio ch/Cs
(kN/m™) - - (%) (n%/y) (n°/MN) 10 7).
20 . 1.719
54 1.542 6.51 0.27 1.914 1.60250 -0.412
89 1.334 14.18 0.41 2.338 2.97147 -0.967
158 1.154 20.76 0.78 1.117 2.70252 =-0.716 -
- 297 01,021 25.67 0.83 0.457 1.17686 -0.490
S74 0.896 30.27 1.04 0.223 0.71988 -0.437
1128 0.777 34.63 1.40 0.113 0.49164 =~0.405
2426 0,643 39.58 1.32 0.058 0.23773 -0.404
867 0.658 39.03 0.033
175 0.728 36.43 0.103 -
37 0.811 33.39 0.123
261 0.781 34.50 0.75 0.074 0.17195 -0.036
867 ) 0.707 37.22 1.08 0.069 0.22957 =-0.1l42
2426 0.625 40.21 1.49 0.031 . 0.14231 -0.182
4675 - 0.53%9 43.41 1.13 0.024 0.08246 =0.305
9349 - . . O.443 46.92 1.05 0.013 0.04458 =-0.317
18697 0.346 50.50 0.8l 0.007 0.01874 =-0.323
34967 0.264 53.49 0.43 0.003 0.00516 =-0.299
8657 . 0.316 51.59 ' 0.085
1560 0.401 48.46 0.114
175  0.512 44,38 0,117
37 0.596 41.28 ‘ 0.126

418




 Table A 3.24.

Consolidation Data - Keuper Marl (Remoulded).

Initial m/c. = 33,00% 3 Final m/c = 11.45% 3
Initial Wet Density = l.79g/cm3,ln1tidl Dry Density = 1.35g/cm3
Final Bulk Density = 2,32g/cm = 2.08g/cm

Final Dry Density

Pressgre Voids R Strain . ZV 2mv (m$§i0 \ QC/Cs
(kN/m") (%) (2%/y) (m~/MN) 10 77) ~
20 1.042 .
S 0.947 L.64 0,24 1.368 1.01800 -0.220
89 0.824 10,67 0.49 1.804 2.74173 =0.571
158 . 0.745 14.54 0.89 0.627 1,73186 -0.316
297 0.677 17.86 1.20 0.288 1.07371 =-0.249
574 0.623 20.49 1.55 0.116 0.55854 -0.189
1128 0.563 23.43 5.04 0,067  1.04251 -0.204
2426 0.495 26.77 10.45  0.034 1.08582 - -0.205
. 867 0.497 26.65 , A : 0.005
175 0.508 26.11 : 0.016
37 0.522 - 25.46 0.020
135 0.513 25.87 7.15 0.0L4 0.31037 -0.008
1214 0.502 26.45 10.16 0.009 0.29396 =0.026
2426 0.485 27.23 9.97 0.009 0.28860 =-0.053"
- 4675 ‘ 0.430 29.93 - 9.50 0.016 0.48490 -0.193
9349 - 0.364 33,19 3.41 0,010  0.10433 -0.221
18697 - 0.304 36.14 9.82 0.004 0.14325 -0.200
34967 0.242 39.17 5.98 0.002  0.05545 -0.227
9347 0.262 38.15 : 0.036
1560 0.284  37.09 0.028
175 0.309 35.88 - 0.026

20 : 0.323 35.18 ' - 0.015




- Table & 3.25.

Consolidation‘Data -~ Swallow Wood Roof (Remoulded).

Initial m/c

= 57.00%. 3 Final m/c : = 20.52% 3
Initial wet Density = 1.6Sg/cm3 Initial Dry Density = 1.05g/cm3
Final Bulk Density = 2.14g/cm”. Final Dry Density = 1.77g/cm

Pressgre. Voids R Strain ;v 2mv '(myéio Cc/cs
(kN/m™) - (%) (n%/y) (2°/MN) 10 7T) :
20 1.609 o
54 1.538 2.71 0.18 0.800 0.44663 ~0.164
89 1.251° 13.71 0.06 - 3.230 0.60090 -1,331
158 1.085 20.07 0.12 1,068 = -0.39754 -0.664
297 0,994 25.48 0.24 0.501  0.37263 =0.517
574 - 0.810 30.60 0.40 0.248  0.30852 -0.477
1128 0.710 34,80 0.60 0.108  0,20210 -0.373
2426 0.576 39.58 0.80 0.057  0,14041 -0.375
’ 867 0.596 38.82 , ' 0.044
175 0.669  36.01 , 0.105
37 0,729  33.70. ‘ : 0.099
435 0.678 35.66 .0.42 0.073 0.09558 =-0.047
1214 0.606 38.42 0.91 0.055 0.15531 =-0.161
2426 0.545 40,78 1.13 . 0.026 0.09175 -0.205
4675 0.462 43.96 0.82 0.024 0.06079 =-0.291 .
9349 0.365 47.67 . -1.18 0,014 0.05193 -0.321
18697 0.281 .50.90 1.13 0,006 0.02300 -0.289
34967 0.205 53,81 0,91 0.003 0.01020 -0.289
9347 - 0.247 52.20 : 0.073
1560 0.328 49.06 0.105
175 0.453 44,31 : . 0.130

20 0.545  40.75 o 0.108




Table & 3.26.

Consolidation Data - Flockton Thin Roof (Undisturbed).

Initial m/c = 2.80% 3 Final m/c 7.07% 3
Natural Bulk Density = '2.48g/cm3 Natural Dry Density = Z.hlg/cm3
Final Bulk Density = 2.63g/cm” Final Dry Demsity . = 2.46g/’cm2
Swell Percentage = 0.00% Swell Pressure =567.83kN/m
Press;re Vo;ds R( Strain ;v 2mv ‘ (m§§io CC/CB
(kN/m") (%) (n°/y) (m™/MN) 107°7)
© 567 0.137 ' A
1279 . 0.126 1.01 49.30 0.014 2.07661 - -0.032 .
2556 0.115 1.92 9.25 0.007 0.21956 =-0.034
4929 0,109  2.47 7.20 0,002 0.05061 =-0.022
9855 . 0.099 3.3 4.35 0.001 0.02468 -0.033"
19708 0.089 .23 2.35 0.001 0.00672 =0.034
35033 0.073 - 5.61 18.23 0.001 0.05417 -0.,063
9855 - 0.083 4.73 0.018
- 1644 0.096 3.65 0.016,
- 367 0.105 2.81 0.014
2 0.116 1.84 0.005:
Table A 3.27.
" Consolidation Data - Flockton Thin Roof (Remoulded).
Initial m/c . = 46.00% - 3 Final m/c = 15,08% 3
Initial Wet Demnsity = l.67g/cm3 Initial Dry Density = l.lb,g/'cm3
Final Bulk Density = 2.21g/cm” Final Dry Density = 1l.92g/cm
Pressgre Voids R Strain ;v .2mv (m§§i0 Cc/Cs
(kN/m") (%$) (m"/y) (m"/MN) 10 )
20 1,404
Sh 1.338 2.74 0.15 0.807 0.37544 -0.153
89 1.119 11.83 0.13 2,676 1.07852 -1.0l14
158 . 0.982 17.54 . 0.20 0.937 0.58094 -0.548
297 0.868 22.28 O.44 0.413 0.56441 =0,418
574 - 0.766 26.54 0.65 0.197 0.39721 -0.358
1128 0.671 30.48 0.96 0.097 0.28897 -0.323
2426 0.562 35.01 0.97 0.050 = 0.15113 -0.327
867 0.572 34.60 : 0.022
175 - 0.617  32.73 0.064
37 0.653 31.21 0.054
L35 - 0.624 32.43 0.65 0.04Y4 0.08798 -0.027
1214 0.577 34.40 1,48 0.037 0.17043 -0.107
2426 0.530 36.32 1.52 0.024 0.11589 -0.153
4675 0.445 39.88 1.39 0.025 0.10647 . -0.300
9349 0.356 43,59 2.26 0.013 0.09231 -0.296
18697 0.268 L7.22 1.43 0.007 0.03070 =0.290
34967 0.196 50.28 1.98 0.003 0.02177 -0.270
9347 0.229 48.85 0.060
1560 0.286  46.49 0.072
175 0.369 L43.04 0.087
20 0.425 40.70 0.060




Table A 3.28.

Consolidation Data - Flockton Thin-Seatearth (Undisturbed).

Initial m/c = 6.80% 3 Final m/c = 10.76%
Natural Bulk Density = 2.27g/cm3 Natural Dry Density = Z.IZg/cm3
Final Bulk Density = 2.39g/cm” Final Dry Density = 2.163/cmg
Swell Percentage = 0,00% Swell Pressure = 94.,15kN/m
Prgssgre Voids R ‘Strain gv 2mv (myslo Cp/Cs
(kN/m") . (%) (n"/y) (n"/MR) 10 )
94 0f250 .
- 239 - 0.244 0.51 46.69 0.033 4,79135 -0.015
385 - 0.237 1.05 10.23 0.038 1.,22225 =-0.032
677 - 0,226  1.89 17.25 0.030 1.62851 - -0.042
1279 0.217 2.63 14,64 0.012 '~ 0.55342 =0.033
2556 .0.207 3.47 23.33 0.006 0.46536 =0.035
4929 ' 0.198 4,18 19.29 0.003 0.18790 -0.031
9855 , 0.184 5.29  18.93 0.002 1 0.13921 -0.046
19708 0.165 -6.82 18.41 0.001 0.09294 =-0.063
" 35033 0.147 8.26 13.10 0.001 0.04093 -~0,071
18247 . - 0.152 7.81 : . 0.020
- 9125 " 0.160 7.17 0.026
1644 0.179 5.68 0,025
367 0.194 4.45 : ‘ 0.023
2 - 0.228 1.77 | - 0.016
Table A 3.29.
Consolidation Data - Flockton Thin Seatearth (Remoulded).
Initial m/c = 67.00% 3 Final m/c = 17.94% 3
Initial Wet Density = 1.72g/cm3 Initial Dry Density = l.OZg/cm3
. Final Bulk Density = 2.13g/cm” Final Dry Density = 1,8lg/cm
Press;re‘ Voids R .Strain ZV va (m%g* - ¢ /C,
(kN/m") : (%) (m®/y) (m™/MN)
. 20 _ 1.609 ' :
54 1.522 3,34 0.13 0.980 0.42117 -0.203
&9 1.213 15.16 0.08 3.500 0.86811 -1.430
158 1,038 21.87 0.11 1.146 0.39080 -0.701 .
297 0.887 27.68 0.28 0.533 0.46262 -0.555
574 . 0.739 33.34 0.40 0.283 _ 0.35117 ~0.516
1128 0.632 237.45 0.56 0.111 0.19287 =0.365
2426 . 0.509 L2.14 1.44 0.057 0.25491 -0.368
867 0.529 41.38 0.044
175 0.592 38.98 0.090
37 0.641  37.11 0.072
435 0.608 38.36 o.4l4 0.050 0.06823 =0.030
1214 0.548 40,65 0.69 0.048 0.10240 -0.134
2426 0.495 - 42.70 0.97 0.028 0.08490 -0.177
4675 0.411 45,91 0.62 ~ 0.025 0.04944 =0.293
9349 0. 329 4L9.07 0.68 0.012 0.02711 -=0.273
18697 . 0,247 ~ 52.20 0.52 0.006 0.01100 -0.271
34967 0.185 54.55 0.43 0,003  0,00420 =0.226
9347 0.230 52.83 . 0.078
1560 0.311  49.73 0.104
175 0.403 46.21 0.097
20 0.469 43,67 ' 0.070




Table A 3,30.

Consolidation Data - Widdringham Roof (Undisturbe_)

Initial m/c = 3, 94% 3 Final m/c = 8.24% 3
Natural Bulk Density = 2, 32g/cm3 Natural Dry Density = 2.21+g/cm3
Final Bulk Density = 2.49g/cm” Final Dry Density = 2.31g/cm2
Swell Percentage = 0.,00% Swell- Pressure = 57.67kN/m
Pressgre Voids R Stra;n gv__ | 2mv ' (m§§i0 C./Cq
(kN/m") (%) (n%/y) (w™/MN) . 10 7).
.57 0.117 . ' .
203 0.112 0.42 22.37 0.029 2.02982 -v.008
349 0.108 0.76 74.63 0.024 5.70000 -0,015
641 0.102 1.33 54.33 0.019 3.12340 =0.024
1279 - 0.097 1.74 13.45 0.007 - 0.29653 <-0.015
2556 © 0.090 2.37 5.91 0,005 - 0.09154 =-0.023 B
4929 0.083 3,03 17.87 - 0.002 @ 0.14992 -0,026
9855 0.073 3.89 70.38 0,001 0.40895 =-0.032
19708 0.057 5.31 14,64 0.001 0.06862 =-0.052
35033 0.041 6.76 24,00 0,001  0.07348 =0.064
18247 - 0,047 6.27 : _ 0.019
9125 0.054  5.65 - S 0.023
1644 0.068 .33 - . , - 0.019
367 ~ 0.078 3.47 ' . 0,015
2

0.082  3.09 ‘ 0.002

Table A3,3l.

Consolidation Data - Widdringham Roof (Remoulded).

Initial m/c = 43,00% 3 Final m/c = 13,75%. 3
Initial wet Density = l.8lg/cm3 Initial Dry bensity = l.263/cm5
Final Bulk Density = 2.20g/cm” Final Dry Density = 1.94g/cm
Pressgre Voids R Strain ;V 2mv (mbslo cc'/cs
(kN/m) (%) (n/y) (m°/MN) -~ 10 °7)
20 0.974
Sh - 0.87?5 . 5.00 2.43 1.475 11.11603 -=0,230
89 0.778 9.90 2.80 1.478 12.82988 -0.448
158 0.699 13.92 7.95° 0.643 15.86904 -0.318
297 - 0.611 18.37 10.06 0.372 11.62071. -0.321
574 © 0,546 21.66 10.05 0.145 ~  4.53809 =0.227
1128 0.480 25.02 8.41 0.077 2.00908 -0.226
2426 . 0.395 29.31 10.18 0.04Y4 1.39633 -0.254
- 867 - 0.405 - 28.83 . 0.021
175 0.435 27.27 0.04lL
37 0.465 ~25.78 0.043
867 0.423 27.91 1i2.70 0.032 1.25369 -0.054
2426 0.383 29.90 13.68 0.018 0.76466 -0.088
L4675 0.320 33,09 11.25 0.020 0.70619 -0.221
9349 0.252 26.57 6.08 0.011 0.20777 -0.22§
18697 0.183 40.05 5.4l 0.006 0.0994L4 =0.225
34967 0.130 42,75 4,135 0.002 0.03529 =-0.195
1560 0.195 39.45
175 . 0.248 36.75.

20 - 1 0.286 34.81




Table A 3.32.

Consolidation Data - Yazoo CIayv(Undisturbeq).

Initial m/c = 46.24% 3 Final m/c = 56.15% 3
.Natural Bulk Density = 1.8Og/cm3 Natural Dry Density = ‘1.23g/cm5
Final Bulk Density = 1,88g/cm” Final Dry Density = 1.20g/cm;
Swell Percentage = 2.28% . Swell Pressure = 85.91ki/m"~ .
Pres;gre Voids R Strain ;v 2mv (myéio C./Cg
(kN/m") (%) (n%/y) (m"/MN) 10 )
85 1.217 . ‘
150 1,209 0.33 L.94 0.055 0.85015 ~-0.029
215 - 1.195 0.96 8.95 0.097 2.70553% -0.090
347 1.174 1.93 2.49 0.072 . -0.55946 <=0.103
610 1.125 L,11 0.14 0.085 0.03716 =-0.197
1152 1.058 7.13 0.09 0.058 0.01623 -0.242
2302 0.966 11.30 0.10 0.039 0.01205 -0.307
L4 37 0.803 18.64 0.06 0.039 0.00722 <0.571
8873 . 0.616 27.06 0.03 0,023  0.00217 =-0.620
17743 . 0.462 34,01 0.02 0.010 0.00066 -0.512
73181 . " 0.342 . 39.44 0.01 0.005 0.00016 -0.442
8873 ’ 0. 440 35.00 0.171
1480 _0.605 27.57 0.212
331 0.766 20.34 ’ . 0.246
2 1,267 ~-2.28 - A 0.244

Table A 3.33.

Consolidation Data - Yazoo Clay (Remoulded).

Initial m/c =117.00% 3 Final m/c = 31.76% 3
Initial Wet Density = l.L;Og/cm3 Initial Dry Density = O.65g/cm3
= 1.91g/cm” Final Dry Density = l.44g/cm

Final Bulk Density

.Pressgre Voids R Strain gv; ng (m§§io Cc/Cs
(kN/m™) (%) (m/y) (m™/MN) 10 77)
20 3,215
54 C2.969 5.8 0.15 1.716 0.78914 -0.578
- 89 2.461 17,90 0.10 3.656 1.13366 =2.358
158 2.069 27.20 0.09 1l.641 0.45796 =1.569
297 1.606 38.18 0.10 1.085 0.33640 =1.699
574 1.342  44.45 0,11  0.365 0.12473 -0.923
1128 1.072 50.83 0.07 0.208 0.04517 -0.917
2426 . 0.853 56.04 0.05 0,081 0,01262 ~0.659
867 0.905 54.81 0.115
175 1.041 51.57 . - 0.197
37 1.147 49,06 0.157
435 1.087 50.49 0.04 0.069 0.00868 =0.056
1214 0.947 53,81 0.04 0,086 - 0.01061 -0.31l4
2426 0.8%2 56.54 0.04 0.049 0.00606 =0.382
4675 0.694 '59.80 0.04 0.034 0.00419 -0.482
9349 0.549 63.25 0.04 0.018 0.00224 -0.483
18697 0.422 66.27 0.03 0.009 0.00100 ~0.423
34967 0.330. 68.44 0.03 0.004 0.00035 =0.336
9347 - 0.420 66.31 . 0.156
1560 0.589 62.29 0.218
175 0.743  58.65 0.162

20 0.886 55.26 _ 0.152




Table A 3.34.

Consolidation Data - Kincaid Shale 6m (Undisturbed).

Initial m/c = 21.00% 3 Final m/c = 28.62% 3
Natural Bulk Density = 1.985/<:m-.5 Natural Dry Demsity = l.GBg/cm3
'Final Bulk Density . = 2.02g/cm” Final Dry Density = l.57g/cm2
Swell Percentage = 4.27% Swell Pressure =131.41kN/m
Pressgre ‘ Voids R Strain ;v _ 2mv : (myﬁio C./Cq
(kN/m®) (%) (n°/y) (o) 10 )
131 _ 0.654 '
200 ’ 0.650 .0.21 27.87 _ 0.036 . 3.,11851 -0.019
. 265 0.645 0.54 9.59 0.046 1.38596 -0.04%4
412 . 0,634 1.17 5.67 0.043  0.79956 =-0.054. .
660 - 0.620 2.05 5.59 0.043 --0.59868 -0.070 -
1152 0.598 3.35 26.44 - 0.027 2.26237 =-0.089
2302 0.557 . 5.82 12.97 0.022  0.89703 -0.136
Ly 37 0.516 8.30 2.51 0.012 0.09596 -0.144
8873 0.461 11.62 2.21 0.008 0.05603 -0.182
17743 0.387 16.10 0.63 -0.005 0.01115 -0.246
33184 . -0.316 20,40  0.47 0.003 . 0.00482 -0.261
8873 - 0.343 18,80 - . . - 0.046
1480 0.412 14.58 . ‘ ' 0.089
331 ¥ 0.481  10.45 - 04105

2 0.72h  -h.27 . 0.118

‘Table A 3,35.

Consolidation Data - Kincaid Shale 6ém (Remoulded).

Initial m/c = 72.00% 5 Final m/c _ = 17,04%
Initial Wet Density = 1.53g/cm3 Initial Dry Density = 0.89g/cm
= 2.15g/cm” Final Dry Density = 1l.83g/cm

Final Bulk Density

Pressgre Voids R Strain ;v | 2mv '4(m§§ib -Cc/cs
(kN/m") L (%) (=/y) (m=/MN) 10 -7)
20 2.037 . o
54 - - 2,008 0.96 2.45 0.281 2:13419 -0.067
89 1.811 7.43 0,31 -1.877 1.79821 -0.912
158 1.543 16.27 0.26 1.384 1.113%67 -1.074 .
297 1.123 30.10 0.17 1.188 0.62610 -1.541
574 - 0,915 36.92 - 0.19 0.353 0.20800 =0.724
1128 0.731 42,99 0.19 0.173 0.10219 -0.628
2426 - 0.576 48.11 0.17 0.069 0.03636 -0.468
867 0.582 47.88 _ 0.015
175 " 0.609 L7.02 0.037
37 0.639  46.02 0.045
435 0.630 46,31 0.43 0.013 0.01808 -0.008
1214 0.593 47.54 0.22 0.029 0.01985 -0.084
2426 0.547 49.05 0.31 0.024 0.02282 =0.153
4675 0.469 51.61 0.17 0.022 0.01187 =~0.273
9349 0.394 54.10 0.14 0,011  0.00498 -0.25L
18697 0.321 56.48 0.12 0.006 0.00211 =0.240
34967 0.261 58.45 0.09 0.002  0.,00078 -0.220
9347 0.302 57.13 0.070
1560 0.374  54.74 0.093
175 . 0.436 52.69 0.065

20 0.473 51.48 0.039
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~ Table A 3.36.

Consolidation Data - Kincaid Shale 8m (Undisturbed).

Initial m/c = 18.94% 3 Final m/c = 23.,00% 3
Natural Bulk Density = 1.96g/cm3 Natural Dry Demnsity = l.65g/cm3
Final Bulk Density - = 2.12g/cm” Final Dry Density . = 1.?2g/cma'
Swell Percentage =. 0.00% Swell Pressure = 51.98kN/m"
.Press;re Voids R S§rain- ~;v 2mv (myEiO C./Cq
(kN/m") o (%) - (m%/y) (m™/MN) 10 )
52 0.613 .
117 . 0.606 0.47 73.35 0.065 14,95138 -0.021
183 - 0.601 0.75 72.80 0.047 10.64566 =-0.024
314 0,591 1.35 25.98 0.047 ;f3.84005 "=0.041 -
577 0.576 2.33 71.01 0,036 ~"7.89125 -0.060
1152 0.552 3.77 17.31 0.026 1.42116 -0.077
2302 0.531 5.08 67.32 0,011 2.43547 =-0.070
L4 37 0.505 6.69 29.01 0.007 0.71532 =0.091
8873 0.455° 9.79 89.36 0.007 2.,07465 -0.166
17743 0.388 13,93 57.25 0.005 0.92134 <=0.222
- 33184 - 0.304 19.18 37.70 0.004 0.45814 =0.311
8873 - 0.321 18,11 . 0.030
1480 . 0.347  16.53 0.035> -
331 0.373 14.88- 0.041
2 ©0.541  Lo45 _ 0.082

Table A 3.37.

Consolidation Data - Kincaid Shale 8m (Remoulded).

‘Initial m/c = 59,00% 3 Final m/c = 14,.01% 3
Initial Wet Density = 1.653/cm3 Initial Dry Denmsity = l.Ohg/cm3
Final Bulk Density = 2.21g/cm” Final Dry Denmsity = 1.94g/cm
Pressgre Voids R Strain ;v va (m§§io Cc/cs
(kN/m™) = (%) (m“/y) (m"/MN) 10 7))
20 1.554
54 1.531 0.88 3.07 0.264 2.52070 =0,052
89 1.445 4,25 1.09 0.970 3,2803%7 -0.399
158 . 1.180 14,64 0.52 1,572 2.53214 -1,061
297 0.867 26.89 0.36 1.032 1.25271 =1.148
574 0.688 23,90 O.44 0.346 0.47212 =-0.625
1128 -~ 0.585 37.92 0.61 0.110 0.20825 -0.350
2426 - 0,490 41.65 0.69 0.046 0.09872 =0.286
867 0.492 41.59 ) 0.003
175 0.498 41,34 ‘ ) 0.009
37 0.511 40,84 0.019
435 0.509 40,90 6.77 0.002 0.06915 -0.001
1214 o.494  41.50 1.07 0.011 0.03683 -0.033
2426 0.472 42.36 2.26 0.012 0.08518 -0.073
L4675 0.407 44,89 0.53 0.019 0.03228 =0.227
9349 0.338 47.61 0.89 0.0l  0.03000 =0.230
18697 0.272 50.17 0.81 0.005 0.01347 =0.217
34967 0.214 52.45 0.26 0.002 0.00232 =0.214
9347 0.235 51.63 | 0.036
1560 0.274 50.09 ' . 0,050

20 0.367 46.45 | 0.062




Table A.3.38.

Consolidation Data - Nacimiento Shale, N1 (Undisturbed).

Initial m/c

, = 7.19% 3 Final m/c = 11.25% 3
Natural Bulk Density = 2.285/cm3 Natural Dry Density = 2.135/cm3_
Final Bulk Density = 2.328/cm” Final Dry Density = 2.09g/cm2
Swell Percentage = 1.7%% Swell Pressure =398. 48kN/m
A,Pgessgre_v Voids R Strain ;v gv : (mys*
(kN/m™) . (%) (n%/y) (m™/MN)
1398 0.263 R .
2959 .0.253 0.74 28.85 0.005 0.45362 =0,029
8873 0.23%0 2.59 . 27.92 0.002 - 0.23507 -0.051
17740 - 0,22 3,98 18.88 0,001 = 0.09659 =-0.058
33184 - " 0.194 5.42 9.13 0,001 - 0.02721 =0.067
--8873 . 0,212 4,02 : 0.030
1480 0.234 2.29 0.028
331 0.257 0.47 . 0.035
2 . 0.285 -1.75 0.013
Table A 3,39,
Consolidation Data - Nacimiento Shale, N1 (Remoulded)
Initial m/e = 37.00% Final m/c = 14.1%%
Initial Wet Denmsity = 1.7lg/cm§ Initial Dry Demsity = 1.2k g/cg3
Final Bulk Density = 2.24g/cm” Final Dry Density = 1.96g/cm
Press;re Voids R Strain gV : zév ‘ (m¥slo cc/cS
(kN/m™) (%) (m“/y) (m"/MN) 10 )
20 1.157
54 1.113 2.05 1.19 0,599 2.21322 =0.102
158 - 0.880 12,85 2.36 0.711 5.20224 -0,389
297 . 0,782  17.35 3.33 0.375 3.87730 -0.356
574 0.696 21.34 3,71 °0.174 2.00380 -0,300
1128 0.609 25.37 5.54 0.092 1.59021 =0,297
2h26 0.509 30.03 4.93 0.048 0.73114 -0.302
867 0.519 29.61 : 0.020
175 0.544 28.38 _ 0.038
370 " 0,573 27.08 0.042
{35 ' 0.555 27.87 4.32 0.028 0.37497 =0.0lb
1214 . 0.527 29.17 9.45 0.023 0.67712 -0.063
2426 0.495 30.66 1l1.z22 0.017 0.60139 =-0.107
14675 0.426 33,88 3.77 0.021 0.23980 -0.243
9349 0.340 37.85 3.38 0.013 0.13511 -0.284
18697 0.263 Li.43 1.17 0.006 0.02226 -0.257
34967 0.203 L .20 0.26 0.002 0,00242 =0.219
9347 0.253 42.83 V.051
1560 0.282 40,55 : 0.063
175 0.337 38.02 0.057
20 0.368 36.55 ' v 0.034
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Table A 3.40.

Consolidation Data - Nacimiento Shale, N2 (Undisturbed).
12.81%

Initial m/c 5.85% 3 Final m/d

Natural Bulk Density = ~2.Zag/cm3 Natural Dry Density = Z.IOg/cmg
Final Bulk Density = 2.34g/cm” Final Dry Density = 2.083/cm2
~ Swell Percentage = 0.91% Swell Pressure =983.64kN/m
P?essgre .tids R Strain. gv 2mV~ (myfio .chlqé
(kR/m") - (%) (n™/y) (n"/MN) 10 ) '
1234 0.267  0.24 35.62 0.009 1.03919 =-0.030
2302 0.256  1.14 28.52 0.008 - 0.71870 -0.042
L4437 0.241 2.32 56.99 0.005 0.98823 -0.052
8873 0.229 = 3.23% 5.64 0.002 - 0.03811 -0.038
17740 ' 0.218:. 4,10 18.64 0.001 0.05832 -0.037
33184 h 0,202  5.40 32.39 0.001 0.08538 =0.060
8873 0.214 4,44 ' . 0.021
1480 0.234 2.89 0.025
331 . 0.256  1.13 | 0.034
2 - 0.282 -0.91 | 0.012
Table A 3.41.
Consolidation Data - Nacimiento Shale, N2 (Remoulded).
Initial m/c , = 39.00% Final m/c = 13.53% 3
Initial Wet Demsity = 1.75g/cm] Initial Dry Demsity = 1.26g/cmg
Final Bulk Density = = 2,Zug/cm3 Final Dry Density = 1.97g/cm

Press;re Voids R Strain gv 2mv (“§§io CC/Cs
(kN/m") (%) (u%/y) (n™/MN) 10 ™)
20 1l.112
54 1.047 3,07 0.29 0.904 0.81376 -0.151
89 - 0,966 6.92 0.43 1.130 1,50703 —0,377
158 - . 0.849 12.46 0.65 0.877 1.76763 =0.478
297 - 0.725 18,33 0.97 0.480 1.45079 ~=0.454
574 0.636 22.56 1.30 0.186 0.75067 =-0.313
1128 - 0.555 26.38 1.34 0.089 0.37128 =0.275
2426 0.465 30.65 1.51 0.045 0.20874 -0,271 -
867 0.469  30.44 0.019
175 0.486  29.62 : . 0.025
3?7 0.510 28.52 0.034
435 0,496 29.19 1.28 0.023 0.09152 =-0.013
1214 0,476 20.10 2.83 0.017 0.15050 -0.043
2426 0.455 . 31.11 32.08 0.011 0.11205 -0.071
b675 0.396 33,91 0.93 0.018 0.05193 -0.207
9349 - 0. 3%20 37.47 0.53 0.011 0.01911 -0.250
18697 0.255 40,59 0.39 0.005 0.00662 =0.219
34967 0.195 L3.42 0.28 0.002 0.00261 -0.219
9347 0.219 42.28
1560 0.253 40.67
175 0.296 38.64

20 0.348  36.16
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Table A 3.42.

Consolidation Data - Nacimiento Shale, N3 (Undisturbed).

Initial m/c

= 16.63% 3 Final m/c = 25.74% 3
Natural Bulk Density = 2.09g/cm5 Natural Dry Density = 1.79g/cm3
Final Bulk Density = 2.,10g/cm” Final Dry Density = 1.67g/cm2
Swell Percentage = 7.24% Swell Pressure =677.66kN/m
«Press;re Voids R Strain ;v ;v (m§§io »Cc/CB
(kN/m"™)- o (%) (n"/y) (m"/MN) 10 )
677 0,538 :
- 750 . 0,538
820 0.537 . 0.04 31,49 0.009 0.90673 =-0,009
969 - 0.534 0.24 38.79 0.013 1,57521 -=0.043
1279 0.531 0.49 38.62 0.006 0.75527 -0.032
2556 - 0.512  1.67 6.99 0.009  0.21050 =0.060
4927 0.490 3.09 1.97 0.006 = 0.03746 -0.077
9853 . 0.459 5.15 0.83 0.004 0.01086 =-0.105
19703 0.412 - 8.21 0.04 0.003 0.00031 . -0,156
35025 - 0,372 10.79 0.04 0.001 0.00023 =~0.159
18241 - 0.384 . 9.99 : 0.043
‘9120 0.40L 8.68 0.067
1641 = . 0.464 L.82 0.079
- 366 - 0.506 2.08 0.065
2 . 0.649 -7.24 0.068

Table A 3,43,

Consolidation Data - Nacimiento Shale, N3 (Remoulded).
22.8%%

Initial m/c 93,00% 3 Final m/c

Initial Wet Density = l.50g/cm3 Iinitial Dry Density = 0.77g/cm§
Final Bulk Density = 2,06g/cm” Final Dry Density = 1l.67g/cm
'.Prgss;re Voids R - Strain ;v 2mv ' (m§§io Cc/cs
(kN/m") ' .. (%) (n%/y) (m"/MN) 10777)
20 2.548 .
54 2.443 2.97 l1.62 0.870 4,37219 =0.245
89 1.890 18.55 0.68 4.589 9.67368 -2.564
158 1.550 28.13 0.60 1,705 3,17135 =-1.360
297 - 01.302 35,11  O.44 0.699 0.95438 -0.909
574 - 1.108 40,60 0.68 0.304 0.64139 -0.681
1128 0.920 45.89 0.48 0.161 0.23957 -0.640
2426 - 0.764 50,28 0.28 0.062 0.05433 -0.467
R67 0.789  49.57 0.056
175 0.857 47.66 0.097
37 0.916  45.99 0.088
L35 0.881 46.99 0.16 0.045 0.02253 -0.033
1214 0.811 48.96 0.19 0.048 0.02813 -0.157
2426 0.746 50.79 0.24 0.030 0.02200 -0.216.
4675 0.639 53.80 0.16 0.027 0.01358 -0.374
9349 0.514 57,32 0.19 0.016 0.00961 =0.415
18697 0.407 60.34 0.07 0.007 0.00162 =0.356
34967 0.321 62.76 0.06 0.003 0.00072 =-0.316
9347 - 0.390 60.81 0.121
1560 0.496 57.83 - 0.135
175 0.588 55.25 0.096

37 0.643 53.69 0,083




" rable A 3.4k,

Consolidation Data - Fox Hills Shale (Undisturbed).

Initial m/c = 30,78% '3 Final m/c .= 3L ,06% 3
Natural Bulk Density = 1.77g/cm3 Natural Dry Density = 1.36g/cm3
Final Bulk Density = 1,78g/cm” Final Dry Density = 1.32g/cm2
Swell Percentage = 2.31% * Swell Pressure =641, 38kN/m
} Press;re Voids R Strain ;v}_ : va '(mygio” C./Cq
(kN/m™) . (%) (a%/y) (m°/MN) 10 °7)
713 0.884  0.05 ,
1224 . 0.867 0.93 28.74 0.021 " 1,95528 =0.100
. 1809 0.848 1.96 25.64 0.017 1.38508 -0.114
2611 0.816  3.64 8.47. 0.021  0.56620 -0.198
4928 0.748 7.28 0.80 0.016 0.04007 =0.249
9853 - 0.649 12.51 0.13 0.011 0.00463 =0.328
19703 0.530 18.82 . 0.06 0.007 0.00136 -0.395
- 35025 - 0.430 24,12 0.11 0.004 - 0,00148 =-0.399
18025 - 0.448 23.19 - : 0.061
8208 0.492 20.85 . - . 0.128
1641 ¥ 0.597 15,28 - o 10.151
366 0.682 10.75 0.131
2 0.929 -2.31 . 0,117

" Table A 3.45.

Consolidation Data - Fox Hills Shale (Remoulded).

Initial m/c = 62.00% 3 Final m/c A = 62.00% 3
Initial Wet Density = 1.56g/cm3 Initial Dry Density = 0.96g/cm3
Final Bulk Density = 1.,96g/cm” Final Dry Density . = 1.55g/cm
,?résggre Yoi@s R Strain gv émv \m§§i0 Cc/cs
(kN/m") (%) (m"/y) (m"/MN) 10 )
20 . - 1.659
54 1.563 3.63 0.42 1,061 1.38253 =-0.224
89 1.418 9.06 0.69 1.616 2.45746 -0.671
158 1,308 13.21 1.03 0.659 2.10519 -0.441
297 1.181 " 17.97 1.23 0.895" 1.50948 =0.465
574 1.071 22.12 1.25 0.182 0.70557 <=0.385
1128 - 0.940 27.04 0.98 0.114 0.34690 -0.445
2426 0.803 32.21 0.80 0.054 0.13495 -0.413
867 . 0.824 31.41 0.047
175 0.879° 29.34 0.079
37 0.930 27.42 0.076
L35 -0.899 28.60 0.95 0.039 0.11768 -0.029
1214 0.843 30.68 0.91 0.037 0.10675 -0.124
2426 0.779 33,10 0.80 0.029 0.07103 =0.214
L4675 0.671 37.17 0.36 0.027 0.03011 =0.380
9349 0.554 41,57 0.22 0.015 0.01024 -0.388
18697 O.444 45,70 ~ 0.09  0.007 0.00228 -0.365
34967 0.346 49,39 0.05 0.004 - 0.00071 =0.360
- 9347 0.403 47.24 0.100
1560 0.496 43.75 ’ 0.119
175 " 0.570  40.94 0.078

20 0.655 37.77 . . 0.090
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Table A 3.46. .

Consolidation Data - Dawson Shale (Undisturbed).

Initial m/c = 14,02% 3 Final m/c = 25.32% 3
Natural Bulk Density = 2.17g/cm5 Natural Dry Density ‘= l.9lg/cm3
Final Bulk Density = 2.,12g/cm” Final Dry Density = 1.69g/cm2
Swell Percentage = 12.89% Swell Pressure - =623.14kN/m"~
Pressgre Voids R Strain ;v 2mv (mysilo cc/cs
(kN/m"™) (%) (m%/y) (m=/MN) - 10-77)
623 0.370 -
732 0.369 0.10 8.86 0.007 0.18392 -0.019
91y 0.365 0.35 35.34 0.016 1.75877 . -0.035
1206 ' 0,362  0.61 4.94 0.007 __ 0.11526 -0.029
1827 . 0.352 . 1,32 1.00 0.011 -:.0,03666 =0,054
- 2556 0. 344 1.89 0.70 0.008 0:01761 -0.054
4928 . 0.324 3.37 0.40 0.006 0.00777 ~-0.071
9853 0.298  5.27 0.33 0.004  0.00407 -0.086
19704 ' 0.252 8.59 0,07 0.003 0.00078 =0.151
35025 0.208 11.80 0.04 0.002 0.00028 -0.176
- 18241 - . 0,217 11.14 : 0.032
9120 0.234 9.96 0.054
C 164l 0.274 6.98 . 0.055
- 367 ~ 0,324 3.36 - ] 0.076

2 0.547 -12.88 » 0.106

‘Table A 3.47.

Consolidation Data - Dawson Shale (Remoﬁlded);

Initial m/c

= 75.00% 3 Final m/c = 19.77% 3
Initial wet Density = l.59g/cm3 Initial Dry Density = 0.9lg/cm5
Final Bulk Density = 2.09g/cm” Final Dry Density = 1,74g/cm
Press;re Voids R Strain ;v aqv (m§§io | Cc/C8
(kN/m"™) 4 (%) (m"/y) (n"/MN) 107°7)
54 1,809 2.16 1.25 0.635 2.46127 -0.144
89 1.519 12.27 0.56 2.949 5.12070 =1.347
158 1.231 22.29 0.35 1.656 1.79787 -=1.150
297 . 0.988 30.75 0.29 0.783 0.70446 ~0.892
574 - 0.813  36.85 0.23 0.317 0.22658 =-0.612
1128 0.668 41,90 0.22 0.144 0.09841 -0.494
2426 - 0.540 46.36 0.16 0.063 0.02452 =~0.384
867 0.554 45,86 0.032
i75 0.612 43,83 . 0.084
27 0.667 41.93 : 0.081
435 0.634 43.07 0.12 0.049 0.01836 =-0.030
1214 0.578 45.02 0.12 0.044 0.01692 =-0.126
2426 0.530 L6.72 0.16 - 0.025 0.01287 -0.161
4675 0.453 49.39 0.13 0.022 "0.00934 -0.269
9349 0.365 52.45 0.07 0.013 0.00295 =0.292
18697 @ - 0.289 55.10 0.05 0.006 0.00097 -0.253
34967 0.219 57.54 0.06 0.003 0.00063 -0.257
9347 0.268 55.83
1560. 0.321° 53.97
175 0.437 49.93
T 20 0.500 47.74
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Table A 3.48. _

Consolidation Data - Pierre Shale, Dakota (Undisturbed).

Initial m/c = 29.52% 3 Final m/c = 36.5%% 3
‘Natural Bulk Density = 1.9Zg/cm3 Natural Dry Density = l.l;8g/cni3
Final Bulk Density- = 1.98g/cm” Final Dry Density = 1l.45g/cm
Swell Percentage = 1.84% Swell Pressure =12?.69kN/m3
Press;rei' voids.R‘ Strain ;9 . 2mv (m§§i0' Cc/cs :
(kN/m"™) o (%) -(n°/y) (m=/MN) 10 77)
127 . 0.780 e o
203 0.776 - 0.17 28.52 . 0.029 2.61419 -0.015
276 - 0.769 0.57 °21.44 0.054 . 3,58854 =0.053
422 0.756 1.34 21.19 0.050 - 3.30639 -=0.073
732 0.736 2.42 3,27 0.036 * 0.37243 -0.081 -
1316 0.709 3.97 .0.99 . 0.027 .0.08175 -0.108
2556 0.674 - 5.93 0.27 0.016" 0.01382 -0.121
4928 0.633 = 8.23 0.23 0.010 0.00737 <-0.143
9853 0.579 11.29 0.21 0.006 0.00437 -0.181
19703 0.484 16.61 0.21 - 0.006 0.00227 -0.315
- 35025 . 0.390 21.87 "0.08 0.004 - 0.00105 =~0.374
18241 o 0.411 20,72 - : , 0.072
9120 0.454 18,31 : : 0.142
1641 - 0.567  11.94 . A ' 0.152
. 366 0.658 6.82 . 0.140
2

v 0.812 -1.84 : - 0.073

Table 4 3.49.

Consolidation Data - Pierre Shale, Dakota (Remoulded).

Initial m/c =135.00% 3 Final m/ec = 35.51% 3
Initial Wet Density = 1.34g/cm3 Initial Dry Density = 0.5?g/cm3
Final Bulk Density = 1.87g/cm” Final Dry Density = 1.38g/cm
Pressgre Voids R Strain ;v 2mv (m§§i0 Cc/cs
(kN/m™) - (%) (mS/y) (m©/MN) 10 7))
. 20 3,616
o4 3.514 2,22 18.65 0.649  37.57473 -0.238
8 2.842 16.77 0.05 4.253 0.65921 -3.117 -
158 2.427 25.76 0.04 1.565 0.19412 =1.660
297 1,806 .39.21  0.03 1.303 0.12120 =2.279
574 1.399 48.03 0.04 0.523 0.06498 -1.423
1128 o 1.101 54.48 - 0.04 0.224 0.02782 =-1.015
2426 0.860 59.69 0.04 0.088 0.01099 =0.723
867 0.898 58.88 i 0.083
175 1.040 55.79 ' 0.205
37 1.204 52.25 . 0.244
435 1.102 S4. 45 0.03 0.115 0.01079 -0.095
1214 0.935 58.07 0.03 0,106 0.01117 -0.375
2426 0.828_ 60.39 0.06 0.047 0.00844 ~0.356
L4675 0.678 63.65 0.04 0.038 0.00548 =0.527
9349 0.539 66.65 0.04 0,018 0.00229 =-0.459
18697 O.414 69.37 0.05 0.009 0.00148 =0.417.
34967 0.315 71.51 0.04 0.004 0.00060 =0.363
8657 0.395 69.83 0.128
1560 . 0,544  66.54 0.204
175 0.702 " 63.13 0.166

20 0.908  58.65 , 0.220
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.Table A 3.50.

Consolidation Data - Pierre Shale, Colorado (Undisturbed).

Initial m/c = 13.04% 3 Finel m/c = 13.04% 3
Natural Bulk Density = 2.39g/cm3 Natural bry Density = 2.llg/cm3
Final Bulk Density = 2.32g/cm” Final Dry Density = ~2.l§g/cm2
Swell Percentage = 0.00% Swell Pressure = 72.96kN/m
?ress;re Voids R Strain . ;v 2mv (m?s Cc/qs
(kN/m™) (%) (m/y) (n°/MN) 10~
- 72 0.262 : _
148 0.259 0.21 29.20 0,031 2.85134 -0.008
221 - 0.253 0.67 59.21 0.065 11.98283 -0.033
267 0.245  1.27 9.93 0.043 .. 1.34616 =0.034
659 0.237 1.97 34.97 0.022 =2.35558 =0.035.
1279 0.227 . 2.75 6.97 . 0.013 - 0.28172 -0.034
2556 0.216 3,60 19.05 - 0.007 0.41458 -0.035
4929 0.206 4,37 13.76 0,003 0.14782 -0.034
9855 0.195 5.31 3.92° 0,002 0.02250 =0,039
17518 0.178 6.60 17.97 0.002 0.10341 -0.065
- 35033 0.151 = 8.72 30.80 0.001 0.12494 -0,089
18247 0.158 8.22 - - 0.022
- 9125 0.168 7.40 0.034 -
leyy 0.193 543 . 0.033
367 . 0.210 4.07 0.026

~ 0.247  1.11° 0.018

fable A 3.51.

Consolidation Data - Pierre Shale, Colorado (Remoulded).

Initial m/c = 62.00% 3 Final m/c = 15.66% 3
Initial Wet Density = 1l.64g/cm7 Initial Dry Density = l.Olg/cm3
Final Bulk Density = 2.20g/cm3 Final Dry Density = 1.90g/cm
Pressgre inds R Strain ;v 2mv (myslo CC/CB
(kN/m") ' (%) (m“/y) ("/MN) . 10 )
20 1.628 -
54 1.482 5.56 0.070 1.639 0.35456 =0.340
89 1.172 17.37 0.098 3.568 1.,08415 =1.440
158 0.948 25.86 0,104 1.494 0.48181 -0.893
297 - 0.772 32.56 0.208 0.649 0.41913 -0.646
574 0.662 36.77  0.301 0.224 . 0.,20915 -0.386
1128 - 0.559 40,70 0.340 0,111 '0,11796 =0.352
2426 0.457 L4 ,56 0.387 0.051 -0.06044 =0.305
. 867 "0.466 44,20 : 0.021
175 0.501 4L2.90 - 0.049
37 0,540 " 41.41 : 0.058
L35 0.513 42 .4k 0.292 0.044 0.03947 -0.025
1214 0.479 43.72 0.580 0.029 0.05181 -0.075
2426 0. 447 44,92 0.841 0,017 0.04640 -0.105
L4675 0.380 47.48 0.359 0.021 0.02287 =0.235
9349 0.299 50.56 0.416 0.012 0.01657 -0.269
18697 0.235 53.02 0.339 0,005 0.00558 =-0.215
34967 0.171 55.44 0.218 0.003 0.00209 =0.233
9347 0.203 54.22 . 0.055
1560 0.258 52.12 ) 0.071
175 0.328  49.47 ' 0.073

20 0.399  46.77 | 0,075




Tab;e A 3.52.

Consolidation Data - London Clay 37m (Liquid Limit, §9mm.Cel;).
28.46%

Initial m/c

= 65.00% 3 Final m/c , = 3
Initial Wet Density = 1.56g/cm3 Initial Dry Density = 0.9hg/cm3
Final Bulk Density = 1,96g/cm” Final Dry Density = 1.,53g/cm
P;essgpe‘- Voids R Strain: ;v émv (m5§i0 : Cc/cB
(kN/m~) (%) (n%/y) (m~/MN) 10 )
11 1,577 10,39 0.52 11,516 18.56525 . -0.384
21 1.477  13.87 1.05 3.880 12.63095 f0.580
I 1,379 17.26 1.56 1.978 - 9.56657 =0.347
80 1.268 2l.13 1.07 1.196 3,96835 ~0.383
158 1.116 26.39 1.16 0.859 3,08976 =0.511
394 0.932 -32.79 1,07 0.368  1,22218 -0.466
786 0.78? 37.85 1.02 0.191 0.60539 -0.485
1571 0.674 41,78 0.72 0.080  0.17979 -=0.375
3502 0.536 46.58 . 0.55 0.042 0.07278 -=0.397
8365 0.411 50.92 0.28 0,016 . 0.01452 =0,329
2802 0.450  49.55. - | ~ 0.083
700 0.526 46.91 _ 0.126
196 0.600 44,34 0.134

2 0.779 = 38.13 ' o 0.089

" Pable A 3.53.

Consolidation Data - London Clay 37m (0.5 Liquidity Index, 50mm Cell).

Initial m/c _ = 45.00% Final m/c . = 27.42% 3
Initial Wet Density = 1.64g/cmgv1nitial Dry Density = l.lig/cm3
‘Final Bulk Density = 1.96g/cm” Final Dry Density = 1l,53g/cm
Pressgre Voids R Strain ;v va (m§§i0 Cc/c8
(kEN/m"™) (%)  (n"/y) (m”/MH) 10 )
2 1,392 _ |
21 1.3%47 1.90 1.34 0.990 4,11305 =0.044
41 1.288 L,37 0.30 1.256 1.16893 -0.210
80 . 1,204 7.87 0.35 0.941 1.02138 -0.288
158 1.073 13.34 0.38 0.762 0.89765 -0.443
394 0.901 20.53 0,45 0.357 - 0.49044 -0.435
786 0.779 25.64 0.43 0.163 0.21823 -0.408
1571 0.675 }0.00’ 0.35 0.074 0.08080 ~0.346
2502 . 0,548 35.29 0.31 0.039 0.03773 -0.364
8404 0.427 40,35 0.20 0.016 0.00988 -0.319
2801 - 0.460 38.96 0.070
700 ‘0.532 35.94 . : 0.120
196 0.604 32.92 | 0.130
2l - 0.689 29.37 0.088
2 0.766 26.17 . 0.074
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Table A-3,.54,

Consolidation Data - Fullers Earth, Bath (Liquid Limit, 50mm Cell).

Initial m/c =105, 00% 3 Final m/c ‘ = 52.25% 3
Initial Wet Density = = 1.26g/cm3 Initial Dry Density = O.Glg/cm3
= 1.71g/cm” Final Dry Density = 1.12g/cm

Final Bulk Density

Pressure Voids R Strain ¢ m, (mye' Cc/cs
a®) %) iy @m0
2 3,400 o :
11 - 2.889 11.63 © 0.39 12.900 - 15.60098 -0.657
21 2.741  14.97 0.23 3,805  2.71339 -=0.559
41 2.4,88 20,73 0.40 3,381  4.19299 -0.902
80 . . 2,205 27.16 0.35 2.080° . 2.28722 -0.974
158 1.913 33,80 0.31 1,168 "~ 1.11224 =0.997
394 1.551 - 42,01 0.18 0.526  0.29382 -0.909
786 - 1,324 ' 47.19 -0.09 0.227  0.06333 =0.759
1571 1.144 '51.28. 0.05 0.098  0.01529 -0.598
3502 0.947 55.76 0.03 0.047  0.00445 =0,567
8406 0.760° 59.99 0.03 0.019 0.00183 -0.489
2802  0.841 58.16 - 0.169
786 0.972 55.18 - . S 0.237
198 1.080 52.73 o 0.180

2 1.404 45,37 ‘ 0.161

Table A 3.55.

‘Consolidation Data - Fullers Earth, Bath (0.J5 Liquidity index,

50mm Cell).

Initial m/c = 89.00% 3 Final m/c = 47.80%
Initial Wet Density = 1.36g/cm3 Initial Dry Density = 0.7Zg/cm3
Final Bulk Density = 1,77g/cm” Final Dry Density = 1.19g/cm
Pres§gre Voids R Strain gv va (m$§i0- CC/Cs
(kN/m™) (%) (n%/y) (m™/MN) 10 77)
2 2.745
2l 2.460 7.62 0.87 3.805 10.26228 -0.274
41 2.321 11.34 0.42 2.086 2.61527 =0.496
80 2.089 17.54 0.49 1.791 2.72089 -0.799
158 1.850 23.92 0.33 0.991 1.01475 -0.808
294 1.534 32.34 0.25 0.469 -0.36411 -0.799
786 - 1.320 38,07 0.11 .0.215 0.07346 --0.715
1571 1.142 42,81 0.06 0.097 ‘0.01817 -0.591
3502 0.945 48.06 0.07 0.047 0.01033 -0.565
8407 0.729 ° 53.83 0.05 0.022 0.00350 =0.568
2802 0.816 51.52 0.181
700 0.947 48.01 0.218
196 1.060 45.00 0.204
21 1.178 41.85 0.123
2 1.262 39.61 _ 0.081
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Table A 3.56.

Consolidation Data - Fullers Earth, Bath (0.5 Liquidity Index,

S50mm Cell),
Initial m/c . = 74.00% Final m/c = 47.33% ’
Initial Wet Density = 1. 47g/cm§ Initial Dry Density = -O.8l+g/cm3
Final Bulk Density = 1.74g/cm” Final Dry Density = 1.18g/cm3
P;essgre . Voids R Strain gv va (m?s C./Cg
(kNf/m™) o (%) (n%/y) (m™/MN) 10” )
‘ 2 : 2.205%
41 2.140 2.03 30,94 0.520 49.87727 -0.049
80 2.037  5.25 13.03 0.841  33.97417 -0.355
158 - 1.865 '10.62 0.19 0.726 0.42766 -0.583
786 1.326 27.45 0.06 0.218 0.04065 =0,727
1571 - 1,134 33.42 0,03 0.105 . 0.00977 =0.636
3502 0.945 39.31 0.03 0.046 - 0.00426 -0.542
8408 - 0.742 45.64 ° 0,01 0,021 0.00066 =0.534
2802 © 0,815 43,37 - 0.153
" 700 0.965 - 38.71 0.248
196 1.050 36.04 . . 0.155 -
21 1,179 32,02 ~ - 0.134
2 1.288 28.61 ' 0.105

Table A 3.57.

Consolidation Data - Fullers Earth, Bath (0.25 Liquidity Index,

50mm_Cell).
Initial m/c¢ . -+ = 59.,00% 3 Final m/c = 45.92% 3
Initial Wet Density = 1;58g/em3f1nitial Dry Density = 0.99g/cm3
Final Bulk Density ‘= 1,77g/cm” Final Dry Density = 1l.21g/cm
Pressgre Voids R Strain -;v émv (m&s Qc/cs
(kN/m™) (%) (n“/y) (m~/MN) 10~ )
2 1.710 - |
21 1.697 0.51 22:57 0.251 17.66500 ~0,013
L1 1.690 0.75 20.88" 0.129 8.34991 =0.023
80 ~ 1.670 1.50 67.91 0.190 40.13362 -0,070
158 1.617 3.43 16.52 0.254 132.03291 -0.177
294 T 1,440 9,99 0.07 0.286 0.06218 -0.450
786 1.268 16.32 0.06 0.179 0.03344 =0.572
1571 1.093 22.77 0.05 0.098 0.01523 -0,.582
3502 0.929 28.82 0.02 0.040 0.00251 =0.472
8406 0.750 235. 414 0.02 0.019 0.00118 -0.471
2802 0.281 22.79 o - 0.151
700 0.949 28.10 o 0.211
196 1.028 25.18 . 0.143
21 1:131  21.36 - 0.108
2 1.223 17.98 0.088
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Table A 3.58;

Consolidation Data - Widdringham Roof (Liquid Limit, SOmm Cell).

" Initial m/c = 43,00% 3 Final m/c = 23,00% 3
‘Initial Wet Density = 1.65g/cm7 Initial Dry Density = 1.15g/cm
Final Bulk Density = 1.98g/cm”> Final Dry Demsity = 1l.6lg/cm’
Pressgre Voids R ‘Strain ;v 2mv (m§§io C./Cq
(kN/m™) (%) (mn"/y) (m"/MN) 10 77)

2 1.150 ' ,
21 0.921 10.64 0.69 2.734 5.84840 " -0.201
41 - - .0.867 13.15 2.06 1.405 8.97565 =-0.192
80 0.798 16.39 2.65 0.947 - 7.78480 =-0.239
159 0,731 19,50 L4.44 0,471 6.49235 =~0.229
394 0.621 24.61 6.15 0.270 5.15542 -0.276
786 0.560 27.43 8.45 0.096 2.51461 -0.202
1571 0.478 31,28 8.70 0.066 1.80592 -0.274
3502 - 0.392 35.23 7.77 0.030 0.72582 =0.244
8408 ©0.291  39.96 9.54 0.018 0.54964 =-0.267
2802 0.322 . 38.53 0.064
786 0.352 37.11 0.655
198 0.403  34.75 o 0.087
21 0.481  31.12 ‘ ’ ' 0.081
2 0.539 28.41 = . -0.056

‘Table A 3.59.

Consolidation Data - Widdringham Roof (0.5 Liquidity Index, 50mm Cell).

"Ipitial m/c = 33,00% 3 Final m/c = 27.18% 3
Initial Wet Density = l.74g/cm3 Initial Dry Density = l.3lg/cm3
Final Bulk Density = 1,98g/cm” Final Dry Density = 1.56g/cm
?ressgre Voids R Strain ;v ' va (m§§io Cc/Cs
(kN/m7) (%) . (m~/y) (m"/MN) 10 ™)
2 0.903 |
L1 0.825 L.07 0.96 1.051 3.,12769 =0.058
80 0.774 6.76 1.15 0.693 2.49061 -0.175
159 0.709 10.18 1.38 0.463 1.98414 =0.222
394 -0.610 15,41 2.09 0.246 1.59710 -0.250
786 0.522 19.99 2.35 0.139 1.01578 -0.290
1571 0.445 24.04 2.74 0.064 0.54741 -0.256
3504 : 0.354 28.87 2.44 0.032 0.24668 -0,264
8406 : 0.246 34,51 3.19 0.016 0.16090 ~0.283
2802 0.273  33.09 0.056
786 0.3%22 30.54 0.088
198 0.391 26.90 0.115
21 - 0.503 21.01 . 0.116
2 0.596 16.15 . 0.089
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Table A 3,60

Consolidation Data - Pierré Sha;e,,Dakota (Liquid Limit, 50mm Cell).

Initial m/c =136,00% 3 Final m/c = 58.21% 3
Initial Wet Density = 1.2_8g/cm3 Initial Dry Density = _0.54g/5m
Final Bulk Density = 1,65g/cm” Final Dry Density =1,05g/cm
»Pressg?e Voi§§ R St;ain Zv 2mv (m§§i0 CC/Cs
(kN/n%) (%). (n%/y) (@°/My)  10°10)
' 2 3.866 . o _
11 - 3.216 . 13,35 0,10 14.842 “4.548%2 -0,835
21 . 3,019¢ 17.40 0.08 4.672 1.25882 -0.749
41 2,728 23,38 0.09 3.620  1.01006 =-1.035
80 2.404 30.04 - 0,10 2.119 0.65689 ~1.114
159 1,972 38.92° 0.12 1.606 0.59759 -1.461
394 1.477 49.10 0.09 0.708 ° 0.19773 -=1.255
786 1.179 55.22 0.07 0.307 0.06659 -0.992
1571 0.925 60.43 0,07 0.148 0.03222 -0.843
2502 _ 0.692 65.23 0.05 0,062 0.00971 -~0.671
8365 "0.490 69.38. 0.09 0.024 0.00684 =-0.533
2802 - . 0.566 67.82 ‘ . : 0.159
700 - 0,709  64.88 , ' 0.238
196 €.866 61.64 . : 0.285

2 1.522 48.17 ' ) 0.328

Table 3.61.
Consolidation Data.- Pierre Shale, Dakota (0.5 Liquidity Index,

- 50mm Cell).
Initial m/c = 82,00% 3 Final m/c = 50.98% 3
Initial Wet Density = 1,u1g/cm3 Initial Dry Density = 0.7?g/cm3
Final Bulk Density = 1.,72g/cm” Final Dry Density = 1.13%g/cm
Press;re Voids R Strain ;v 2mv (m§§io Cc/Cs
(kN/m™) (%) (o%/y) (m™/MN) 1o 77)
2 2.397
21 1.230 2,27 2.38 1.193 8.80197 -0.073
L1 2.239 4.65 0.18 1.219. 0.68069 -0.288
80 - 2,095 8,90 0.17 1.139 0.60075 -0.496
159 _ 1.837 16.48 0.15 1,105 0.49066 -0.871
394 1.447 27.96 0.17 0.584 0.30828 -0.988
786 - 1.195 35.40 0.10 0.262 0.08144 -0.842
1571 0.964 L2.20 0.10 0.134 0.04155 =-0.768
2504 0.736 48.91 0.12 0.060 0.02236 =0.654
8365 0.533 54,86 0.15 0.024 0.01118 -0.534
2802 0.596 @ 53.03 ' 0.130
700 0.731 49.04 0.225
196 0.870  44.96 0.250
21 1.014 40.71 0.150
2 1.318 31.76 . 0.291

438




Table A 3.62.

Consolidation Data - London Clay 37m (Remoulded,'Teflon Cell).

Initial m/c = 65.00% 5 Final m/c. = 22.17% 4
Initial Wet Density = 1.6l+g/cm3 Initial Dry Density = O.99g/cm3
= . 2.17g/cm” Final Dry Density = 1.78g/cm

Final Bulk Density

Pressure Voids R Strain c, C'c/CB

(kN/@®) @ (@)
20 1.736 , )
54 1.713 0.81 1.88 -0.051 °
158 1.208 19.29 V.65 -0.993
297 1.033 25.66 - 0.64 -0.639
574 0.884 ~ 31.11 0,54 -0.520
1128 0.743 36,29 0.47 -=0.483
2426 0.615 - 40.94 0.45 -0,383
4675 0.511 44.75 0.52 =0.365
867 0.564 L2 .82 0.072
294 " 0.632 40.34 ‘ ‘0. 144
37 0.739  36.41 ‘ 0.120
349 0.696 ,38.00 - 0.37 . =-0.045
1560 . 0.567 42.70 0.28 -0.197
9349 0.389 49.23 0,31 =0.282
18697 0.283 53,08 0.65 -0.350
34967 . 0,150 57.94 0.37 -0.488
17315 0.167 57.33 : 0.054
8659 0.185 56.67 0,060
1560 0.272 53.48 0.117
349 0.378 49.63 0.162
2 0.071

0.527 44.19




Table A 3.6}.

Consolidation Data - Okford Clay 44im (Remoulded, Teflon Cell),

Initial m/c = 57.00% 3 Final m/c 4 = 22.40% 3
Initial Wet Density = l.66g/cm3 Initial Dry Density = 1.06g/cm3
Final Bulk Density = 2.05g/cm” Final Dry Density = 1.67g/cm”’
Pressure Voids R Strain Cy Cc/Cs
(kN /n) @) (2f/y)
20 1.389 _
.54 1.254 5.64 2.38 €0.313
89 1.120 11.27 @ 1.93 -0.624
158 0.982 17.03 3,65 -0.550
297 0.870 21.70 4.29 -0.410
-1128 - 0.591 33,40 3,68 -0.390
2426 0.477 38.17 2.04  -0.343
867 0,504  37.05 _ 0.059
209 0.570 34330 : 0.106
37 0.646 31.10 : 0.102
. 258 0.616 32.34 1.60 -0.035
867 '0.548 - 25,22 1.51 -0,130
2426 0.468 38.53 2.26 -0.177
4675 0.376 42.39 . 1.75 =0.323
9349 0.292 45.93 1.0?7 -0.280
18697 0.193 50.07 0.62 -0,328
34967 0.092 54.30 0.48 -0,.372
17312 - 0,120 53.10 : 0.093
8657 0.153 51,72 0.109
- 1560 0.238 48,17 ' 0.114
, 175 0.365 42.87 0.133
37 0.446 39.47 0.121
2 0.510 36.79 - 0.057
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Appendix A.4

Soil Suction

A.4.1 The Suction Plate -

Ad4.l.1 AEparatus

This apparatus,.consigting of é'filtér unit and a mercury manometer
(Fig.A.4.1). enables a constant'éuctibn kranging from a few centimeters
of'water to one atmOSpheré) to be applied to a soil specimen via a
porous plate, ) |

‘The filter unit is_compose§ of demountable glassware which consists
of a sintered-glass porous disc fused into the ﬁarrow,end of 'a B40 cone.
Thié in turn is fused, at its other end, to a B24 cone; the narrow end
' of which being attached to a glass tube of 5mm internal diameter. The
sintéred-glass porous plate, which must be in good contact wifh thé.
specimen, is chosen so that the pore size in the external surface will
not allow air to-pass until a suction of one atmosphere (pF3) has been
applied. To-satisfy this condition, a maximum external pore size of
1.5 microns is required. However, in practice a No.5 plate (porosity
of 2 microns) with an external reinforcement of No.3 porosity (30 microns)
is used, The external reinforcement is required because it has been
found that a No.5 plate alone allows air to pass through at suctions of
between 50 - 75 centimeters of mercury (Croney, Coleman and Bridge, 1952).
The filter unit is inserted by means of an air tight groud glass seal
into a standard filter flask, which also contains sufficient air-free
water to allow immersion of the glass tube at the end of the filter unit.

A negative pressure, measured by a mercury manometer, is applied
. to the sintered glass porous disc by evacuating the air space in the
filtervflasks. To minimise pressure fluctuations in the apparatus

caused by changes in atmospheric pressuré, a glass cap is fitted over
‘the B40 cone by means of a groud glass seal. This in turn is connected
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to the open end of the mercury manometer by a rubber tube,

The suction in terms of pF is determined from the following
equation (Coleman, 1959):-

?F = log,,(h + 13.54H)

. where h is the‘height of the suction plate above the level of the water
in the flask and H is the negative pressure (in cms) recorded by the
manomefer. A maximum suction of pF3 can be attained and the smallest
suction which can be-applied is when:-

pF = logloh

Adbdele2 Test Procedure

Before the apparatus vas assembled (Fig.A.4.2)'the suction plates
“were cleaned with acetone and boiléd in distilled vater for 5 minutes
to ensure complete saturation. AEachApiece of demountable glassware
was then completely filled with de-aired water and inserted into the
filfer flask, which was also filled with de-aired water to a level
above the en& of the glass tubing, An air tight seal between the
giéssware'wés ensured by smearing the ground glassglass contacts with
silicone grease.
” A suétion of between one centimeter and one atmosphere was then
appliéd to the system by means of pipe (a)_; see Figure A.4.1l, and
after equilibrium suction had been attained (usually within a few seconds),
_‘the samples were placed on the suction plates. The open ends of the
manometer were then closed by piacing the glass caps over the B40 cones.
The system was then left for up to é4 hours to allow the samplé to
attain equilibrium with the suction plate. The time taken for this
. depended upon the nature of the material, the height of the sample and
the closeness of the contact with the suction plate, Croney, Coleman
and Bridge (1952) found that only one day was required for samples one
centimeter in he;ght to reach equilibrium for any material, provided
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thefe is good contaét. However, in the present study a maximum thickness
of 3mm  yas " used, thus ensuring that 24 hours‘as adequate to reach
equilibrium,

AMPOSition of constant tempefature‘was reqﬁired for fhevduration
of the test becaﬁse_changes in temperature affect the pressur¢-0£ the
air and hen?e the suction at the surface of the plate.

Idealiy,vone épécimen should have béen used for each sefies.ofAtests
on a particulai material, thuslilluminating minefélogical and textural
variations. Howeve;, this'waé rarely possible because . certain samples
(particulariy those containing montmorillonite or large quanfities of
mixed-layer clay) tended to disinteérate eifhér upon removal from the °

suction plate or upon saturation before the test commenced.

A.4,2 Pressure Membrane

As4.2.1 Apparatus

In the pressure membrane apparatus (Fig.A.4.2), the sample is
placed-in coﬁtaﬁt yith a cellulose semi-permeable membrane which in turn
is in contact with free water at atmospheric preésure via a sintgred
bronze disc. Compressed air within the chamber provides a differential
pressure between moisture in the sample and that in the mémbrane;

The pressure vessel consists of a closed cylinder which is split
into two poritions. fhe lower unit contains the sintered bronze disc
which is connected by outflow pipes to distilled water supplies,
maintained at atmospheric pressure., The upper unit comprises the pressure
chamber and consequently contains an inlet/outlet air value and a pressure
guage. A rubber '0O' ring, coated with silicone grease is contained in a
groove at the base of the upper unif and when the apparatus is assembled
the ring sits on the outer edge of the semi-permeable membrane, which

covers and overlaps the brass disc.




. The two portions of the pressure vessel are held tdgether by
means of a steel yoke attached to a heavy base plate.'
‘This apparatus was originally regarded as being usable over a
‘prgssure range of 0 - 100 atmospheres (pFO - 5),4but has been extended
by the Road Research Laboratory to cover suctions of ' pF6.2.
The‘value‘of suction produced is determined from thg equation:- '
| pF = 1,8477 + log, P
‘ whefe P is the applied pfessure in lb/éq.in. and 1,8477 is the
conversion factor relating lb/'in2 to centimefers of water (Colemén,

1959). .

Ae4e2+2  Test Procedure

Initially tﬁe-porous disc was Saturatgd by boiling in distilled water,
The semi-permgable ﬁembrane, which consisted of a cellulose sheet 0,004
inches thick_in‘ thé dry condition, was then cut into a circular shape
to fit the space .provided. Upon its subsequent saturation the membrane
ekpanded to'a thickness of about 0,007 inchgs but also expanded
anistropically in the direction of the sheet, hence retrimming was
necessarye

The apparatus was then assembled (according to Figure A.4.2),

without the sample being present, and pressurised to the required

pressure for several minutes; the water reservoirs being disconnected.

Pressurisation of the»cell was accomplished by firstly releasing the
tap on the air cylinder and then carefully opening the value on the
pressure vessel until the required pressure was reached, after which
it was closed. This pre-test procedure removed excess water from the
membrane thus preventing the ultimate moisture content from becoming

too high‘in the wetting condition and also reduced the time required

, for the sample to reach equlibrium in the drying condition.




The apparatus was.theh dismantléd, the sample placed on the
memﬁrane and t£en reassembled, this time with water reservoirs
cbnnected‘and bled uﬁtil any entrapped air removed,

The experiment was left for abﬁut'lz - 24 hours to allow ‘the
sample to reaéh equilibrium moisture conten#-with the mémbrane. _Upon
dismantling firstly the water reservoir&were‘_dis;connected and then
fhe.pressure was released as quickly as ppésible,in a controlled manner
by loosening the nut at the base of the pressure dial, The sample was

removed as quickly as possible to pfevent revetting.

As4e3 Sample Preparatidn.

. (a) For the Sorption Curve

The matérial_was initially air-dried and'.cutvintq pieces
approximately 10mm by 1Omm ﬁy 3mm,.which_qere sandpapered flat on one
side, The speciméﬁs;were‘then heated in an oven at 105°C for several
hours, after which tiHE'they were feady for use in either of the pieces,
of apparatuéipreviously discussed, |

(b) For the Desorption Curve

This preparation required complete saturation of the material
with de-aired water. Initially, air-dfied maferial wvas cut into tablets
10mm by 10ﬁm by 3mm which were sandpapered flat on one side, These were
placed in the}apparatus shown in Figure A.4.3, which was evacuated for
' several hours vi_a a pump attached toppe (B)e. After de-airing (which
was indicated by the-absence of bubbles in the water) the specimens
were saturated (still in the evacuated condition) by opening tap (4).
Finally air was re-admitted via tap (B), after which the specimens were

‘removed and quickly placed in the waiting_apﬁaratus.
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Figure &4 4.1, Suction Plate Apparatus.
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Figure A 4.2. Pressure Membrane Apparatus,
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Figure A 4.3, Apparatus used rfor Saturating Suction

Test Material.




Appendix Ae5
Slakiné Tests

- As5.1 Measurement of the Rate of Disintegration

A simple piece of appérafus (Hogentogler, 1937).was constructed
using an obsolete beam balance (see Fig.A.B.l);

Initially the gauze cage (B.S.No.36) was suSpendedAin-distilled
water and counterbalanced by the addition of_ﬁeighfs to the pan. The
Cage'was then'removed from fhe water and-a_samplé measuring lcm in
diameter by lém in height was placed in it, Re;immersion was
acc0mpanieq by starting a laboratory clock and rapid rebalancing.

After éertain lengths of time (usually 1 min., 5 mins., 10 mins.,
éOAmins., 30 mins., 1 hr., gtc.) the ca§e was gently agitated three
timés in a vertical direction to flush away material trapped by the
;wire mesh, and then the system wvas rebalanced. After a maximun period '
of about three days, material still remaining in the cage was balanced:
for a final 1::ime. R

The améunt.of slaking at the given times of measurement was expressed
as a percentage, by comparing the apparent weight at that time against

the initial apparent weight of the material,

Ae5.2 Measurement of the Uptake of Vater during the Static Slaking Test
The apparatus used is presented in Figure Ae5e2e Initially 30 - .50
grams of air-dried sample were placed inside the filter paper and
subsequently saturated by allowing water to flow slowly into the funnel,
_ in between the filter paper and'glass. After immersion for 2 - 3 days,
excess water was drained from the funnel, the retained moisture content

: . . o
being determined on a dry weight basis after oven drying at 105 Ce.
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Figure A 5.2. Apparatus used for Static slaking
' Test.
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