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ABSTRACT 

Studies of a wide s e l e c t i o n of overconsolidated, weak . 

argillaceous rocks from major formations i n the United Kingdom 

and North America have shown that the compaction history, coupled 

with the mineralogical composition have a decisive bearing on the 

natxire of the material, both at depth and i n the near surface zone. 

Current evidence indicates that maximum depths of bur i a l of 

North American sediments are generally much greater than t h e i r 

B r i t i s h counterparts, infeaing that overburden does not increase 

s y s t e m a t i c a l l y with age. Furthermore major differences have also 

been observed i n the mineralogy and geochemistry of these two groups. 

I n particular,, r e c a l c u l a t e d smectite formulae i-ndicate the onset of 

the montmorillonite to i l l i t e transformation i n the former sediments. 

Preferred orientation studies and electron microscopy have been used 

to "(iljtucidate the c l a y microstrxicture, whereas exchangeable cations 

and pore water chemistry indicate possible interactions between clay, 

minerals. 

Consolidation studies to a pressure of 35000kN/ra on both 

tindisturbed and remoTilded materials have led to a new interpretation 

of the stress-stredn response, and i n addition these t e s t s have 

indicated the presence of diagenetic bonding i n unweathered materieils 

the strength of which i s dependent upon the maximum depth of b\irial 

and minercil species present. Furthermore, since slaking and suction 

experinents frequently only detect t h i s bonding i n the Carboniferous 

materials, i t has been inf e r r e d that mineral-mineral welding i s present 

i n these and that c a t i o n i c bonding predominates i n younger sediments, 

Consecfuently to avoid unfo^een engineering complications i n the f i e l d 

caused by the subsequent destruction of the l a t t e r bond type by 

weathering agents i t has been suggested that a combination of 

suction and consolidation t e s t s should be performed on the shales 

i n question. 
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Chapter One 
Introduction 

1.1 General Aims of the Investigation 

This project involves the study of a selection of 26 overconsolidated, 

weak, argillaceous rocks from major, formations i n the United Kingdom and 

North America. The speciniens investigated were largely dictated by the 

a v a i l a b i l i t y of f r e s h , unweathered borehole material. Although the 

selection i s consequently random, the materials span the stratigraphiccil 

sequence Eocene.to Westphalian A, i . e . approximately 40 M years B.P. to 

310 M years B.P, The materials exhibit various states of induration 

ranging from c l a y s , quartz-rich c l a y s to shcuLes/mudstones and quartz-

r i c h claystones ( s i l t s t o n e s ) . Many of the North American types contain 

a high proportion of expandable c l a y minerals ( p a r t i c u l a r l y montmorillonite), 

whilst these c l a y s minerals i n the B r i t i s h materials are very much more 

r e s t r i c t e d s t r a t i g r a p h i c a l l y . 

The investigation i s aimed at establishing relationships between 

depth of b u r i a l , geological age, mineralogy, interparticulate bonding, 

together with the subsequent response of the materials as a consequence 

of u p l i f t and erosion. Comparisons are made between the rock and clay 

types from the two areas and inferences are drawn with respect to further 

material breakdown i n the near-stirface zone. The overall engineering 

behaviour of these overconsolidated argillaceous materials can 

consequently be assessed, 

Petrographical studies commonly fedl to distinguish between 

geological age and depth of b t i r i a l , whereas geotechnical investigations 

of these argillaceous rock types i n the past have tended to ignore 

raineralogical influences. 

Mineralogy, major element geochemistry and cation exchange capacity 

are used i n the present study as controls on composition, Microstructure 

flOV1978 



and preferred orientation studies have given an indication of the 

mineral f a b r i c s involved. Fundamental properties are used as a l i n k 

between mineral composition and compaction studies. 

Consolidation t e s t s c a r r i e d out tinder high pressures on imdistiirbed 

and remoulded materials provide an indirect measure of the depth of 

bu r i a l with respect to geological age. Also, the rebound response and 

s t r a i n energy concepts r e f l e c t the l i k e l y behaviour of the materials 

during u p l i f t to the near surface outcrop zone. Investigations of 

suction and slaking c h a r a c t e r i s t i c s are a useful indication of the . 

l i k e l y problems to be encountered i n terms of 'engineering materials*, 

since these e f f e c t s w i l l be conditioned i n the near-surface zones. 

1.2 Types of Consolidated Clays and Shales 

Terzaghi (1941) suggests that c l a y s can be c l a s s i f i e d into two 

groups by reference to t h e i r present overburden pressure, i . e . 

(a) Normally-consolidated clays*; These are c l a y s which have never 
been subjected to a pressvire greater than t h e i r existing 
overburden load. 

(b) Overconsolidated Clays; These are c l a y s where the existing 
overburden pressure i s l e s s than the maximum effective 
pressure that the clay has ever been subjected to i n the past. 

The process by which these types of clay are produced i s summarised 

i n Figiire 1.1, whereby i t can be seen that a c l a y existing at any effective 

overburden pressure l e s s than the maximum at point (c) w i l l have a 

different voids r a t i o depending on whether i t i s normally - or 

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

1.3 Definition and Nomenclature of Shales 

As s u c c i n t l y stated by Underwood (1967) "the geologic l i t e r a t u r e 

shows that the terminology used to describe the entire group of 

2 
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argillaceous sediments i s not standardised and consequently numerous 

inconsistencies have developed i n the c l a s s i f i c a t i o n and nomenclature 

of shales", 

Deo (1972) c i t e s the following definitions given to shales by 

various authors:-

*A laminated sediment i n which constituent p a r t i c l e s are prominently 

of c l a y grade' (Glossary of Geology, 1957). 

•Shales are consolidated fine sediments, usually hardened clay or 

mud and have a c h a r a c t e r i s t i c fracture. Generally dull i n appearance 

shale can-be scratched with a f i n g e r n a i l ' (Leggett, 1962). 

•A product could not be c a l l e d a shale unless i t possesses two 

properties: when struck with a hammer i t should give a c l e a r ring and when 

immersed in. water i t s vol\ane should remain unchanged' (Terzaghi, 1946). 

'Shale includes the indurated, laminated or f i s s i l e claystones and 

s i l t s t o n e s . The cleavage i s that of bedding and such other secondary 

cleavage or f i s s i l i t y that i s approximately paraillel to the bedding. The 

secondary cleavage has been produced by the pressx^re of overlying 

sediments' (T^/enhofel, 1936). 

'The term shade i s applied to. a wide variety of rocks ranging from 

consolidated c l a y s and s i l t s to rocks which display thin bedding without 

regard primarily to texture or composition. Shades include siltst o n e s 

and claystones' (Krumbien, 1947)• 

'The term shade i s used i n a general sense to r e f e r to the whole 

group of s i l t y and clayey rocks. Shale i s used i n a s p e c i f i c sense for 

rocks composed primarily of s i l t and c l a y with f i s s i l i t y or a tendency 

to s p l i t along f a i r l y close bedding planes' (Deere and Gamble, 1971). 

•A f i s s i l e rock formed by consolidation of c l a y , mud or s i l t , having 

a f i n e l y s t r a t i f i e d or laminated structure cind unaltered minerads* 

(Webster Dictionary, 1966), 



I n the present study, the term shale refers to ' a l l agillaceous rocks 

composed largely of s i l t and clay-sized.particles , and which range in 

composition from clays , quartz-rich clays, to shales/mudstones and 

quartz-rich mudstones (s i l tstones) . The materials may or may not be 

s l ightly cemented by primary and secondary minerals such as iron,; ox/das, 

s i l i c a or ca lc i t e , and may be n o r - a l l y - or overccnsolidated'. However, only 

overconsolidated-.rocks are considered herein and the compositional ektremes of 

materials ciirrently examined range from those containing 100 per cent 

clay mineral species to those where quartz aind other equcint habit 

minerals comprise 60p.er cent of the total species present. 

^•4 Class i f icat ion of Shales 

The c lass i f i ca t ion of shales cited in the l iterature can be 

apportioned into two classes depending on whether the materials are 

considered from a geological or engineering aspect. 

l « 4 e l Geological Class i f icat ion 

This i s based upon the more c las s i ca l approach of observing the 

material in i t s natural state, or by examining i t s composition, 

A fundamentcQ. c lass i f i cat ion i s that based on the grain-sized 

distribution, and accordingly a scale of size which includes gravel, 

sand, s i l t and clay has been developed. 

Mead (1936) proposes a c lass i f icat ion of shales based upon the 

degree of cementation (F ig .1 ,2 ) . . He suggests two basic categories, 

i . e . s o i l - l i k e shales which lack a significant amount of cement, and 

rock-l ike shales where cementation or bonding by recrystal l isation are 

evident, 

Ingram (1953) proposes a c lass i f icat ion based upon the degree of 

f i s s i l i t y and recognises three categories, i . e . : -
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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 which^l i t into fragments of varying thickness, but with 

the width and length many times greater than the thickness and with two 

f l a t sides being approximately paral le l . 

H. aky shales which spl i t along iireguiar surfaces parallel to the bedding 

into uneven flakes, thin chips and wedge-like fragments whose length 

rarely exceeds three inches. 

Shales which are not f i s s i l e may contain laminations, i . e . bands 

of colouration or material ranging in thickness from 0.05-l.Om.m. 

Pettijohn (1957) recognises three types of lamination, i . e . changes of 

textiire, changes of colour and changes of composition, 

Twenhofel (1936) proposes a c lass i f icat ion which includes indurated 

clays and s i l t s and their metamorphic equivalents ( F i g . l . s ) . 

A c lass i f i ca t ion based upon the chemical composition is discounted 

by Underwood (1967) because, with the ew:eption of siliceous and 

calcareous shales, he suggests that the variation i s not great enough. 

However, a c lass i f i cat ion of shales based upon their mineralogy would be 

very useful . To this end, significant steps have been taken to.identify 

and quantify the minerals present (e.g. Gibbs 1967; Schtiltz 1964; Gr i f f in 

1954). Other techniques for' this purpose such as differential thermal 

analysis have also been explored (Reeves, 1971). 

I . 4.2 Engineering Class i f icat ion 

An early attempt at an engineering c lass i f icat ion was made by 

Terzaghi (1936) who proposes three categories of shale, i . e . soft , 

intact clays free from jointing cind f issures; s t i f f , intact clays free 

from jointing and f issures , and l a s t l y , s t i f f fissiAred clays. 
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However, a more exact knowledge of the behaviour of shales, i s now 

required by the engineering geologist, especially when dealing with 

properties such as strength or s tabi l i ty , hence several workers have 

attempted to c la s s i fy shales by reference to certain engineering properties. 

The Atterberg l imits (Atterberg, 1911) are frequently used to 

c la s s i fy shales by reference to moisture contents which define transitions 

between certain consistencies, i . e . : -

Liquid Limit (Wĵ ) which i s the moistxire content at which the. material, just 

begins-to flow ( i . e . form a slurry) by passing from the plastic to the 

l iquid state, Casagrande (193^ has designed a mechanical device to 

standardise this Vcdue, 

Plast ic Limit (Wp) which i s the moisture content at which the material 

passes from the plastic to the solid state. I t i s obtained in the 

laboratory by rol l ing the clay on ground glass unti^ .it just begins to 

criimble. 

Shrinkage Limit (¥g) which i s the moisture content when a l l the grains 

are just in contact, hence further loss of water w i l l not result in a 

decrease in voliane, 

, Casagrande (1948) combines the l iquid and plastic l imits on a 

'p las t ic i ty diagrimV whereby he relates-the l iquid limit to the plast icity 

index ( l iquid l imit minus plastic l imi t ) . The chart i s divided into six 

regions i , e , three above the 'A' l ine (representing inorganic clays of 

low, medium, and high plast ic i ty) and three below, (representing inorganic 

s i l t s of low, raedim and high compressibility). 

Bjerrum (l967a) uses a less formal basis and c la s s i f i e s shales 

according to whether they possess weak, strong or permanent bonding within 

the material. 

By studying a r t i f i c i a l so i l s , Seed et al^(l964) conclude that 

the ' ac t i v i ty ' , which Skempton (1953) defines as the ratio of the plast ic i ty 



index to the clay-sized fraction, would accurately c lass i fy soi ls . 

Underwood (1967) has suggested a c lass i f icat ion based on various 

engineering properties (Table l . l ) for differentiating between 'problem* 

and 'non-problem* shales with respect to their in-s i tu behaviour for 

c i v i l engineering purposes. 

Deere and Gamiie (1971) and Franklin (1970) have suggested a 

durabi l i ty-plast ic i ty c lass i f i cat ion for shales based upon their relative 

diarability to slaking. Morgenstern and Eigenbrod (1974) have also 

proposed a c lass i f i cat ion based on the slaking abi l i ty of clays and . 

shales by measuring the rate of increase in the l iquidity index during 

the f i r s t drying-wetting cycle to supplement the work of Hararol (1961). 

I n addition, they also proposed a c lass i f icat ion based on the reduction 

of shear strength after clays have been softened by water (from their 

natural moisture content) for specified lengths of time. 

1.5 Compaction Studies 

As a stashing point in the formation of the weak rocks under 

consideration i t i s important to consider the compaction processes 

insofar as they affect the sediment after deposition. 

As w i l l be seen from Chapter 2 the maximum depths of bvirial for 

the most deeply buried shales studied in the project are about 3000 to 

3€00m, whilst the majority have values which range from 600 to l800m. 

I n addition, the high pressure consolidation tests performed, simulate 

depths equivalent to 2100 to 2500m of sedimentation. Therefore i t i s 

pertinent to review the various compaction models, applicable to deep 

bxjrial, which have been advanced by other workers. 

1«5»1 Models for Natural Compaction 

Skempton (1970) describes compaction as "the resijlt of a l l processes 
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Table 1.1, An engineering evaluatio.n of shales^ 
F'lyaicoi prfiiM-^rtir^s ^ .'^-obable in-s i tu behavior 

High Tunnel 
Laboratory tests A v c r a p " r . -nre o f values Tendency Slope support 
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strength, ps l " . 
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strengUi, ps i luO to " " ~ ~ ~ ~ 
' >1500 

Angle o{ internal " 10 to 20 v/ V ~ 

"Tjry density, ^U'to i l U ^ " , , ( ? ) 
ll>,'ff^ . - 1 10 to ICO - - - -

^ '̂ot'-'nti.il ' J to lb' _ v _ _ -x/ _ _ 7̂ U 
s\yeli, % 1 to 3 2 ~ " 
KaTural :iU to 35 y; 

content, ?» . 5-15 
Cocu'icient o( .10'^ iff • ' 
permeabil i ty . 1 0 ~ ' ° _ y \ / 

cm/sec > i O - 3 ~ ~ 
• jMontnioril -

Ft'cdomuifiirt lonito or 
clay i l l i io , "i^ 

m i n e r a l s . . Kao l in i ta i i 
chlorite 

Act iv i ty ratio 0.75to>2.0 ^ 
pl.-'.sticity index • 

~ ci.^y ccV.ti-nl: 0..35 0.75 
i iedoces to [ ~ ~ 

Welting and grain .sizes x/ _>£ ^ 
drying cyc les Kecinces to ~ ' 

. , C lose ly [ ' \ . 

.^pricing of spaced v/ ^VL ' i 
i-oclc dc-fegis ' Widely . ~ " " ~ -

spaced 
~ ' "Adversely 

Oi-icnt.ition of oriented \ / \ / ^ 
rock defec+S Favorably " 

oriented 

o v e r 
burden ' 

S . , t e o f s t r o s s - ^ o ^ - ^ — 

burden 
load 

"(Underwood. 1967) 
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causing the progressive transformation of an argillaceous sediment from 

a soft mud (as origineilly deposited) to a c lay, and f inal ly . to a mudstone 

or shale. These include interparticulate bonding, desiccation, cementation 

and above a l l , the squeezing out of pore water under increasing weight 

of overburden", 

Sorby (1908) f i r s t presented quantitative data regarding compaction 

in terms of porosity changes with depth. Later Terzaghi (1923) published 

the now widely accepted one-dimensional history of consolidation 

(Chapter 5.2). Rieke and Chi l ingar ian (1974) discuss the other main 

hypotheses for pressiare-depth models, the main points of which are noted 

herein. 

Athy (1930) states that compaction i s a simple process of squeezing 

out of in ters t ia l f luids and reducing the porosity, but after sedimentation 

the pore volume can be modified by deformation and granulation of minerals, 

cementation, solution, recrystal l isat ion and squeezing grains together, 

Hedberg (1936) suggests that compaction occurs in three stages 

( F i g . l . 4 ) j - (a) From 0 - 5500kIJ/m there i s a mechanical rearrangement 

and devatering of the clayey mass. Between 90 - 75 per cent porosity, 

mainly free water i s expelled, but from 75 - 35 per cent porosity absorbed 

water i s expelled. Below 35 per Cent porosity the particles are pushed 
o 

closer together, (b) Prom 5500 - 41200 kw/m (below 35 per cent porosity) 

the volume i s reduced by mechanical deformation of the clay particles, 

and there i s also more expulsion of absorbed water, (c) Recrystallisation 

occurs at porosities of below 10 per cent, 

Weller (1959) proposes a model similar to that of Hedberg. This 

consists . of a compaction process starting at the svirface with a porosity ^ 

of 85 - 45 per cent. As the pressure i s increased the' interst ial f luids 

are expelled and the porosity decreases to about 10 per cent. The result 

i s that minerals rearrange themselves into a more closely packed structure 

12 



^ -. . c 1 o I )< o I • 

\ 

40 O COMPACTION TISI CUSVE 

ri/Lt AND SHAlf CUJVE 

• O I N ! VAIUC 

l oy o n d l i h y zioy 

p a l o g x day 

i . r i i ^ v n o u i l i t t r d o 

nor w . l h v o l t o ' ^ ' C t K o f d r . l i t f s 

COMPOSITE CU^Vf 

!00 

10 100 1.000 

DEPTH OF BURIAL ( i . a i ) 

10.000 ' 

Figure l . / f . 
Relationship between depth of burial and grain proportion, showing Hedberg's compaction 

stages. Composite curve H is after Baldwin (1971) - see l'ig.42. A = composite curve for Oklahoma 
wells (Alhy, 1930, f'ig.2); D = six Venezuelan wells (Dallmus, 1958, figs.l7, 18, 22); DG = composite 
cur/e for Gulf Coast wells (Dickinson, 1953, i'lgM); t'R l = Santa Barbara basin deep-sea core (Emery 
and Rittcnberg. 1952, fig.ZlC); ER2 = 13 deep-sea cores off California coast (Emer>- and Rittenbers. 
1952, f igs.5-17); ERJ = five Los Angeles basin wells (Emery and Rittenberg, 1952, fig.30); (/ = seven 
Lake Mead cores (Gould, 1960, rig.49); / / = triree Venezuelan wells (Hedberg. 1936, rig.2);y = general
ized curve for J O i D E S hole 1 (BeaUand Fislier. 1969, rig.3); A' = fifteen abyssal plain cores (Kerma-
bon ct al., 1969, figs.3 -8, 1T);A7/ = Venezuelan wells (Kidwell and Hunt, 1958, l lg.lO); A/ = curves 
4. 7, 8, and 10 (Meade, 1966, fig.l A); RK = deep-sea core off Nova Scotia (Richards and Keller. 1962, 
fig.l); SH = based on Skempton's compaction test data (Haiiiiiton, 1959, table 1); SJ = Skeels' com
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and compaction at this stage i s related to the yielding of clay minerals 

between the more resistant grains. He postiAlates that at 10. per cent 

porosity the non-clay minerals are in contact and the clays are sqxieezed 

into the voids space, Parther compaction requires deformation and 

crushing of grains. 

By 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 lOm there i s a rapid compaction with the porosity 

decreasing from 66 to 40 per cent" (for clays) and 56 to 40 per cent (for 

s i l t s ) . 

(b) From 10 - 1200 to 1400m there i s a rapid decrease in compaction and 

the porosity decreases to about 20 per cent, 

(c) From 1400 - 6000m there i s a slow compaction and at 6000m the porosity 

of s i l t s i s 15 - 16 per cent, v/hilst for shales i t i s 7 - 8 per cent. 

Beall (1970) using data from the JOIDES deep sea dr i l l ing project, 

and xTom high pressure experiments on muds, proposes the following model:-

(a) From 0 - lOOOm compaction principally involves the mechanical 

expt^lsion of f lu ids . F i f ty per cent of the total compaction i s completed 

at these depths and the average pore throat diameter i s about 6 .̂. 

(b) From 1000 - 2400m approximately 75 per cent of the total compaction i s 

"completed and the pore throat diameters are reduced to lA. The fltiid 

pressures are s t i l l hydrostatic, 

(c) As the pressure i s further increased, the porosity decreases slowly 

and the pore throat diameters become less than lA. NaCl f i l t ra t ion can 

take place resulting in progressively less saline fluids being expelled. , 

2 
(To. in i t ia te salt f i l t r a t i o n requires pressures of 54900' - 85800kN/m ) . 

Overton and Zanier (1970) propose a similar nodel to Beal l»s but 

with four zones having different water types. 
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In the present work porosities are consistent with the above workers 

and range between 75 - 80 per cent (l iquid limit 100 - 135) and 40 

per cent ( l iquid l imit 36) at depths equivalent to 0 - lOm, decreasing 

to between 40 per cent and 7 per cent at depths equivalent to 2500 m» 

I n addition i t can also be deduced from Figures 5.1 and 5.2 that up to 

between 30 and 50 per cent of the compaction has occurred in the f i r s t 

lOm of buria l , 

- •5»2 Compaction Models based upon Mineralogical^ and Geochemical Transformations 

The present mineralogy of many argillaceous rocks may differ 

s ignif icantly from that of the original sediments, from which they were 

.derived. Weaver (1958a) res tr ic t s the term »diagenesis» to alterations 

\i/hich modify the basic la t t i ce and 'absorbtion' for changes v/hich only 

affect the interlayer material. 

Powers (1959) defines 'hydrogenetic* clays as those which have 

suffered diagenesis within the depositional environment and 'pedrodiagenetic* 

clays as those which have suffered post-depositional changes after burial . 

.The equivalent terms used by Weaver (1958a) are 'syngenetic' and 'epigenetic' 

respectively. I t i s , however, the consensus of opinion that cation exchange 

and reconsitution of s l ightly weathered materials are the major changes 

which occur in the early stages of deposition, 

Kaolinite, i l l i t e and chlorite are relatively stable clay minerals, 

even under large pressures' and temperatures. However, the alteration of 

expanding clays to i l l i t e and mixed-layer clay in marine sediments and 

the associated geochemistry (Fig.1.5) has been described by Powers (1959). 

Powers attributes these changes to depth of burial and introduces the 

concept of 'equivalence l e v e l ' , below which potassium i s preferentially 

absorbed over magnesixim (and ferrous iron) . These latter ions are presumed 

3+ 
to move into the octahedral layer and replcce Al , which in turn replaces 
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4+ Si . i n the tetrahedral layer. I l l i t e i s the resulting mineral and the 
process only involves beidell ite as an intermediate material, and not as 
a starting point as suggested by Weaver (1959). He c i tes the possible 
existejice of be ide l l i t ic soi l (Ross and Hendricks, 1945), although Powers 
(1959) believes that this woxild be unstable and quickly f i x potassium 
to form i l l i t e . 

Keller (1963)suggests four causes for diagenesis of raontmorillonite 

to i l l i t e i . e . depth of burial, geothermal gradient, time and act ivi t ies 

of the essential ions. Powers (1959) found that the alteration of 

mqntmorillonite, in the Texas Gulf Coast, occurs \7ithin a small depth 

range vhich crosses the entire Tertiary strata, and he suggests that the 

transftormation i s not related to geological age, but in some places i t 

may give this appearance because, in general, the older sediments have 

been more deeply biAried, 

The transformation of montmorillonite to i ^ l i t e , which requires 

the removal of the last four layers of orientated water, cannot be 
2 

accomplished by presstire alone ( i t requires 550MN/m (24500ra of sediments) 

2 o 

or 450 l-El/m at 50 C) to perform this process. I t can, however, be 

accomplished at relat ively low pressures i f i t i s assisted by the 

electrostatic forces associated with potassium fixation (Powers 1959 

and 1967)« Potassium fixation i s discussed by Weaver (1958b), 

Nicholls and Loring (1960) also report thai there i s a general replacement 

of Na by K i n i l l i t e s after bxrrial. 

Powers (1967) proposes the following hypothesis for the transformation 

of montmorillonite to i l l i t e : At about lOOOra most of the water has been 

expelled except for the last few layers of bound water, which comprises 

50 per cent of the volume of the deposit. At aboiit 2000m the alteration 

of montmorillonite to i l l i t e begins, and contimoes at an increaising rate^ 

to a depth, usually of about 3000 - 3500m where there i s no discrete 
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montmorillonite l e f t ; the absorbed water becoming free pore water. 

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

these depths, Bvirst (1969) also offers a compaction model for the 

transformation of montmorillonite to mixed-layer clay types involving 

the absorbtion of geothermal heat. 

Present restilts indicate that smectite minerals buried to less 

than lOOOm are 'good' montmorillonites, having Si/M ratios of 

approximately 4, However, as the depth of burial increases to 1500 -

1600m,. i t . has been, observed that a be ide l l i t ic form i s developing 

through the. contract ion of the l a t t i c e , i . e . S i /Al ratio of betv/een 

3.6 - 2.9 are encountered with associated high potassium values, 

1,5»3 Laboratory Compaction Studies 

Compaction studies in the laboratory are usually performed using 

the one-dimensional consolidation test . Irjcremental loading techniques 

are usually applied which can vary greatly i n degree, although the 

majority conform to Terzaghi's theory. However, even the slo;jest rate 

of loading (e.g. 10~^ kg/cm^/day as used by Leonards and Altschaeffl 

(1964)) are far higher than natural rates, hence true conditions are 

never actually simulated. Constant. rate deformation processes have 

also been used i n a limited nximber of cases (e.g. Smith and Wahls, 

1969; Lowe et a l , 1969; Wissa et a l , 1971) and although useful results 

such as voids ratio - effective pressure relationships can be obtained, 

i t i s doubtful whether certain consolidation parameters( e,g. the . 

coeff icient of consolidation (c^)) as determined experimentally can be 

extrapolated to the f i e l d 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 maximum 

pressures of between 1000 - ^OOOkN/m • 
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For tests performed on imdisturbed and remoiilded Gosport Clay, Skempton 

(1944) shows that the e - log P curves do not coincide along the virgin 

portion i n the pressure range 50 - 1000 kN/ra although they do tend to 

merge at higher pressures. He suggests that a type of bonding in the 

natural material i s retaining a more open structure, hence giving a 

larger voids rat io . " Indeed i t i s the considered opinion of most workers 

that at low pressures, the remoulded compression curve f a l l s below that 

of the undistxjrbed curve. Skempton (1953 and 1970) hais compiled data 

to show the variation between voids ratio and effective pressiare for 

natttral normally-consolidated clays and clays compacted in the laboratory 

from the l iquid l imi t , (Pig.1,6) . He points out that although there i s 

close correspondence at low pressures, at pressures equivalent to depths 

of 1000 - 1600ra this agreement disappears because the decrease in the 

voids rat io of the natural material is- more rapid. He suggests that 

the difference could be due to natural recrystal l i sat ion taking place 

over long periods of time.' 

With regard to high pressures, Fleming et a l (1970) have performed 

a series of one-dimensional consolidation tests , to a pressure of 

35000kN/m , on heavily overconsolidated shales from North America, They 

conclude that the virgin cttrve was the same regardless of whether or not 

the shale was tested with the f i s s i l i t y normal to, or parallel to the 

applied s tress , i . e . at these pressures the materials behaved isotropically. 

High pressvire tests on imdistvirbed samples of kaolinite to pressvires 

between 14O00 - 45500 kN/m have also been performed by Wijeyesekera 

and De Frei tas (1976) to observe changes in the fabric and pore water 

chemistry. 

1.5.3.2 Laboratory Studies o f : A r t i f i c i a l Sediments 

(a) Compression 

The relationship between the moisttire content and applied effective 

stress up to 400000psi (2724MN/m2) for pure clays has been studied by 
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v a r i o u s workers , ( e . g . C h i l i n g a r and Knight 1960; C h i l i n g a r i a n and 

Eieke 1968) , The order o f c o m p r e s s i b i l i t y i s m o n t m o r i l l o n i t e , i l l i t e , 

k a o l i n i t e , ( F i g . 1 . 7 ) . Rieke and C h i l i n g a r i a n (1974) suggest t h a t t h i s 

i s r e l a t e d t o the f a : : t t h a t i t i s harder t o squeeze a g iven amotrnt o f 

water out o f the l e s s p l a s t i c c l a y s (which i n t u r n i s r e l a t e d t o t h e i r 

dimensions and s p e c i f i c su r face areas (Table 1,2) and doxjble l a y e r 

c o n t r i b u t i o n s . 

I t can a lso be n o t i c e d f r o m Figure 1.7 t h a t t he re i s a l i n e a r 

r e l a t i o n s h i p between v o i d s r a t i o and e f f e c t i v e pressure f o r l < a o l i n i t e 

and i l l i t e , whereas t he re i s an upwards swing i n the e a r l y stages o f the 

cxirve f o r m o n t m o r i l l o n i t e . C h i l i n g a r and Knight (1960) suggest t h a t 

the breaic i n the curve occurs when on ly o r i e n t a t e d water i s be ing e x p e l l e d . 

Tersaghi was probably the f i r s t engineer t o make an attempt t o 

unders tand the mechanisms c o n t r o l l i n g the c o m p r e s s i b i l i t i e s o f c l a y s . He 

concludes t h a t l a r g e v o i d s r a t i o s and h i g h c o m p r e s s i b i l i t i e s o f c l ays . are 

due t o ' sca le -shaped ' mine ra l p a r t i c l e s , Terzaghi a lso poistulates the 

e x i s t e j i c e o f a s e m i - s o l i d l a y e r o f water on the c l a y sxjrface t o e x p l a i n 

t h e low p e r m e a b i l i t i e s o f c l a y s (Terzaghi 1926) and secondary compression 

(Terzagh i and F r o l i c h , 1936) . 

E a r l y research i n t o the p r o p e r t i e s o f suspensions by workers i n 

c o l l o i d chemis t ry and r e l a t e d f i e l d s , suggested the need f o r l ong range 

e l e c t r i c a l f o r c e s o f a t t r a c t i o n and r e p u l s i o n , i n order t o e x p l a i n the 

p h y s i c a l and chemical e f f e c t s o f suich suspensions (Van Olphen 1963) . 

L a t e r these f o r c e s were i n c o r p o r a t e d i n s o i l mechanics research t o e x p l a i n 

t h e c h a r a c t e r i s t i c s o f c l a y s . The a t t r a c t i v e fo r ce s are represented by 

Van der Waal*s f o r c e s (Lambe, 1958) i . e . i o n - d i p o l e and d i p o l e - d i p o l e 

l i n k s (Lambe l i k e n s t h e i r e f f e c t s t o those o f bar magnets and r e f e r s i 

t o them as secondary valence f o r c e s ) , and Coulombic f o r c e s (Larabe, 1953) , 

i . e . nega t ive s i i r f a c e - p o s i t i v e edge, p a r t i c l e - c a t i o n - p a r t i c l e or hydrogen 
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bonds. Sr idharan and Venkatappa (1973) a lso propose the Loudon 

d i s p e r s i v e f o r c e as an a d d i t i o n a l Van der Waal»s f o r c e . The r e p u l s i v e 

f o r c e s are p r i m a r i l y due t o the osmotic double l a y e r ( B o l t , 1956; Larabe, 

1958) , which i s cons idered t o be the most impor tan t o f the e l e c t r i c a l 

f o r c e s and can be shown t o increase w i t h an increase i n the d i e l e c t r i c 

cons tan t ( B o l t , 1956) . I t i s now the conven t ion t o r e f e r t o such 

f o r c e s as descr ibed above as » p h y s i c o - c h e m i c a l » f o r c e s and hence 

d i s t i n g u i s h them f r o m mechanical f o r c e s , c o n t r o l l e d by the shearing 

r e s i s t a n c e which a l so operates a t the minera l c o n t a c t s . 

B o l t (1956) work ing on the l e s s than 2|i f r a c t i o n o f pure raontmorill-

o n i t e s and N a - i l l i t e s , regards the r e p u l s i v e f o r c e s a c t i n g t o keep the 

p a r t i c l e s apar t as the d i f f e r e r - c e between the osmotic pressure o f the 

double l a y e r and t h a t o f t h e e x p e l l e d f l i i i d , t h e e f f e c t be ing maxintum 

when t h e p a r t i c l e s are p a r a l l e l . Th i s osmotic pressia^e extends over 

d i s t ances corresponding t o a change i n vo ids r a t i o o f 1-20, depending 

on the s p e c i f i c su r face areas o f the m i n e r a l s . When t h e p l a t e s come 

2 

c l o s e t o g e t h e r the pressure may be 4900 - 9QQ0 iN/m . As the l o a d i s 

a p p l i e d , a c e r t a i n amovtat o f pore f l u i d i s d r i v e n out u n t i l t h e osmotic 

pressure d i f f e r e n c e equals t h e app l i ed f o r c e . Th i s inodel does no t 

depend upon mine ra l t o mine ra l c o n t a c t . 

Experiments performed by Warner (1964) , Olson and K e s r i (1970) 

and Sr idharan and Venkatappa (1973) show, t h a t by us ing pore f l v i i d s o f 

d i f f e r e n t d i e l e c t r i c cons t an t s , t he amoxint and na ture o f t h e compression 

i s dependent on t h e mine ra l s present . They conclude t h a t , a l though bo th 

e f f e c t s must occur s imul t aneous ly , t h e mechanical model i s dominant i n 

k a o l i n i t e and i l l i t e systems, i . e . where the mine ra l s possess a low 

c a t i o n exchange c a p a c i t y and a low diameter t o he igh t r a t i o - , ' - . 

^hey can be regarded as s t i f f e l a s t i c p l a t e s capable o f s t o r i n g energy) 
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(see Table 1 . 2 ) , a l though the physico-chemical concept i s s t rong i n 

i l l i t e systems at low pressures . The physico-chemical concept i s 

dominant i n m o n t m o r i l l o n i t e systems where the minera l s have h igh 

c a t i o n exchange c a p a c i t i e s and diameter t o he igh t r a t i o s o f grea ter 

t h a n loo. They can be regarded as t h i n f l e x i b l e f i l m s (see Table 1 , 2 ) . 

Assoc i a t ed w i t h the physico-chemical concept are the na ture and 

s i ze o f t h e exchangeable c a t i o n s present i n the double l a y e r and the 

c o n c e n t r a t i o n o f t h e e l e c t r o l y t e ( i n aqueous s o l u t i o n ) , which a lso 

govern t h e c o m p r e s s i b i l i t y . Olson and Mesr i (1970, 1971) and Warner 

(1964) demonstrate these i n Ka and Ca systems. The l a r g e d i v a l e n t 

c a t i o n s cause a r e d u c t i o n o f the dotible l a y e r , thus causing a 

r e d u c t i o n i n the c o m p r e s s i b i l i t y , e s p e c i a l l y i n m o n t m o r i l l o n i t e s and 

t o a c e r t a i n ex ten t i n i l l i t e systems, K a o l i n i t e , having a very low 

c a t i o n exchange c a p a c i t y (2-10 m.eq/LOOg) shows o n l y a n e g l i g i b l e e f f e c t . 

An increase i n the e l ec t ro l3 r t e c o n c e n t r a t i o n also serves t o reduce 

t h e e f f e c t o f t h e double l a y e r , hence reduc ing the compression. Hov/ever, 

t h i s e f f e c t o n l y seems t o be o f importance i n Na-montmor i l lon i t e s 

a l though i t occurs i n a ve ry minor way i n k a o l i n i t e s , I l l i t e s also 

appear t o be almost independent o f e l e c t r o l y t e c o n c e n t r a t i o n . With 

r e g a r d t o N a - m o n t m o r i l l o n i t e s , M i t c h e l l (l96o) has demonstrated t h a t 

t h e y ' d o indeed behave i n accordance w i t h the p r e d i c t e d double l a y e r 

t h e o r y , Lambe (1958) a lso cons iders t h a t a r e d u c t i o n o f e l e c t r o l y t e 

pH w i l l l e a d t o f l o c c u l a t i o n and hence t o a r e d u c t i o n o f compression, 

(b ) Rebound and Expansion 

Terzaghi (1929) cons iders s w e l l i n g t o be ' n o t h i n g but the p u r e l y 

d a s t i c ex t ens ion o f t h e deformable f a b r i c * . However, modern knowledge 

has r evea l ed t h a t once again bo th the mechanical and physico-chemical 

concepts are a p p l i c a b l e t o s \ / e l l i n g and rebound when the a p p l i e d s t r e s s 
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i s removed. 

The mecheinical concept i n v o l v e s e l a s t i c rebound o f the p l a t e - l i k e 

minera l s and granules (Lambe and Whitman, 1969) and c a p i l l a r y pressure 

(Terzaghi and Peck, 1948) , which i s ve ry s i g n i f i c a n t f o r randomly 

o r i e n t a t e d c l a y s where the osmotic pressure i s smal l (Yongjand Warkent in , 
. . . I • 

1975). The phys ico-chemica l concept i n v o l v e s t h e double l a y e r e f f e c t 

( B o l t , 1956) coup led v i t h t h e e x c h a n ^ l e c a t i o n s present i n t h e double 

l a y e r and t h e c o n c e n t r a t i o n s o f i ons i n the e l e c t r o l y t e ( o l son and 

M e s r i , 1970, 1971). Accord ing t o B o l t (1956), t he osmotic pressi i re 

d i f f e r e n c e s w i t h i n t h e system w i l l be grea ter t han the s t r e s s 

immedia te ly a f t e r a l o a d has been removed, hence s w e l l i n g w i l l occur 

and water w i l l en te r t h e system u n t i l t he i n t e r n a l and e x t e r n a l s t resses 

are i n e q u i l i b r i u m , 

K a o l i n i t e (Olson and M e s r i , 1970; Sr idharan and Venkatappa,1973) 

and g ranu l a r m a t e r i a l s (Lambe and Whitman, 1969) are dominated by the 

mechanical concept o f reboxmd, w i t h exchangeable c a t i o n s i n aqueous 

s o l u t i o n hav ing l i t t l e o r no e f f e c t . According t o Olson and Mesr i 

(1970), i l l i t e shows an i n t e r m e d i a t e e f f e c t ; the Na fo rm being dominated 

by the phys ico-chemica l concept , whereas the Ca f o r m tends t o show 

t h a t b o t h concepts are a p p l i c a b l e . 

As shown by Olson and Mesr i (1970 and 1971) and Sr idharan and 

Venkatappa Roa (1973) m o n t m o r i l l o n i t e i s dominated by the p h y s i c o -

chemical concep t , a l t hough o n l y t h e Na-form expands according t o t h e 

p r e d i c t e d Guoy-Chapman t h e o r y . 

T h i s phenomencincan be explcdned by the f a c t t h a t Ca -mon tmor i l l on i t e 

tends t o f o r m i r r e v e r s i b l e domains when squeezed c lose toge the r 

(Aylmore and_ Q u i r k , 1959) and cannot re-expand t o spacings g rea te r 

than I9-20A. MacEwan (1948 and 1954) and N o r r i s h and Qui rk (1954) 
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account f o r t h i s on the bas i s o f s t r ong e l e c t r o s t a t i c f o r c e s e x i s t i n g 

a t these d i s t ances i n t h e Ca-forms, These do not develop t o any ex ten t 

i n the Na- form because the monovalent ions present a l low the double 

l a y e r t o have g r e a t e r e f f e c t , 

1 ,5 .4 MicrostrTJCtvtre o f Clays and Shales 

I n i t i c i l l y t h e t y p e o f s o i l s t r u c t u r e depends upon the phys i ca l 

and chemical c o n d i t i o n s a t t he t i m e o f d e p o s i t i o n . 

F l o c c u l a t e d c l a y s r e s u l t when t h e n e t t e l e c t r i c a l f o r c e between 

adjacent p a r t i c l e s i s a t t r a c t i o n (Lambe, 1958) . This r e q u i r e s a smal l 

o r c o n t r a c t e d double l a y e r and i m p l i e s open s t r u c t u r e s o f edge - edge 

o r f a c e - edge arrangements ( P i g . 1.8 a & b ) . The »cardhouse* structure 

f o r which t h e r e i s ve ry l i t t l e support i n the l i t e r a t u r e , r e f e r s t o an 

e s s e n t i c i l l y s i n g l e p a r t i c l e arrangement, whereas the 'boolchouse* 

s t r u c t u r e , c o n s i s t i n g o f groups o f p a r t i c l e s has d e f i n i t e suppor t ing 

evidence (Rosenquis t , 1959) . A more open o r ^honeycombed* s t r u c t u r e 

( F i g . 1.8 c ) , proposed by Casagrande (1932 | has been conf i rmed by 

e l e c t r o n microscope s t u d i e s o f qu i ck c l a y (Pusch, 1966) . 

Dispersed c l a y s r e s u l t when t h e n e t t e l e c t r i c a l f o r c e between 

p a r t i c l e s i s r e p u l s i o n (Lambe, 1958) . Th i s r e q u i r e s an expanded double 

l a y e r and i m p l i e s a f a c e - f ace s t r u c t u r e ( F i g . 1.8 d ) . A more 

r e a l i s t i c model , t h e ' t x i r b o s t r a t i c » arrangement ( F i g . 1 . 8 e) c o n s i s t i n g 

o f groups o f p a r t i c l e s o r *domains' i n which c l a y minera ls are 

approx imate ly p a r a l l e l , has been proposed by Aylmore and Qu i rk (1960) . 

Van Olphen (1963) has proposed seven p a r t i c l e arrangements, eilthough 

t h e r e has been l i t t l e evidence t o support o r d i sprove h i s hypo thes i s . 

I n f a c t Barden (1972) suggests t h a t s i n g l e p a r t i c l e s t r u c t u r e s , siich as 

those proposed by Van Olphen are o n l y r e l e v a n t i n d i l u t e c o l l o i d a l 
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F i g u r e 1 . 8 . I d e a l i s e d C l a y b t r u c t u r e s . 
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compac ted c loy 

F i g u r e 1 . 9 . A Sugges ted Scheme f o r P a r t i c l e Ar r angemen t s 

i n C l a y S o i l s ( A f t e r Moon, 1 9 7 2 ) . 
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suspensions, whereas m u l t i p l a t e s t ructx t res e x i s t i n dense c l a y systems 

( i . e . where the p r o p o r t i o n o f c l a y i s g rea te r than water ) . 

Upon compact ion, the i n i t i a l c l a y p a r t i c l e s t r u c t i i r e i s destroyed 

t o a c e r t a i n ex ten t and an i m e a s e i n the amount o f p a r a l l e l i s m i s 

produced, e s p e c i a l l y w i t h respect t o the l a r g e r p a r t i c l e s o f k a o l i n i t e 

and i l l i t e . Meade (1961b), found t h a t the degree o f o r i e n t a t i o n f o r the 

sma l l e r mine ra l s ( e . g . m o n t m o r i l l o n i t e ) i s not r e l a t e d t o the 

superimcuribent l o a d . I n f a c t s tud ie s o f the s t r u c t u r e o f l i g h t l y 

compacted pure c l a y s are presented by v a r i o u s authors ( e . g . Barden 

and S ides , 1971a; Sloane and K e l l , 1966) whereas s tud ies o f n a t u r a l l y 

corapaicted c l a y s have been undertaken by svich authors as Barden (1972) 

and G i l l o t (1969 and 1970) . 

l « 5 o 5 The Development o f P r e f e r r e d O r i e n t a t i o n 

The f o r m a t i o n o f p r e f e r r e d o r i e n t a t i o n has l o n g been the sub jec t 

o f much research i n sedimentary geology, a l though i t i s w i d e l y 

accepted t h a t i t has a s t r ong a s s o c i a t i o n w i t h the degree o f f i s s i l i t y . 

(Odom, 1967) . 

U n t i l r e c e n t l y , i t had been considered t h a t c l a y s e x i s t e d as 

s i n g l e d i s c r e t e p a r t i c l e s and not as packets o r 'domains*. Consequently 

i t was thought t h a t p r e f e r r e d o r i e n t a t i o n (and f i s s i l i t y ) must increcise 

w i t h depth o f b u r i a l . A depth o f 350m f o r t h e onset o f f i s s i l i t y has 

been suggested by Ba ldwin (1971 - see Figiwe 1.4,)whereas Von Engelhardt 

and Gaiida (1963) suggest t h a t shales are formed f rom c layey sediments 

i n t h e depth range o f 1 0 0 - 3000m. Odom (1967) , however, d i d not f i n d 

any c o r r e l a t i o n between p r e f e r r e d o r i e n t a t i o n and depth o f b u r i a l f o r 
y_-. 

i l l i t e / k a o l i n i t e sediments. I n f a c t iniite (1961) s t a tes t h a t some 

marine c l a y s are l e s s f i s s i l e at depths o f 1km. than at depths nearer 

t h e s u r f a c e . Meade (1961b) found no increase i n p r e f e r r e d o r i e n t a t i o n 

w i t h i n c r e a s i n g depth f o r m o n t m o r i l l o n i t e . He suggests t h a t i t s compaction 
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r e s u l t s e n t i r e l y f r o m the expu l s ion o f pore water i n con t r a s t t o 

i l l i t e and k a o l i n i t e which a lso combine a c e r t a i n amovint o f 

r e o r i e n t a t i o n . - . 

I f t h e domain concept i s cons idered , the necess i ty f o r an 

inc rease i n p r e f e r r e d o r i e n t a t i o n w i t h depth i s not r e q u i r e d because 

t h e e f f e c t o f compression i s probably t o increase the number o f 

p a r t i c l e s i n each.domain (Blackmore and I t i l l e r , 1961) which may 

s t i l l be randomly o r i e n t a t e d i n a f l o c c u l a t e d sediment or p a r a l l e l 

i n a d i spersed sediment. Consequently i t i s l i k e l y t h a t a f i s s i l e 

r o c k i s produced from a d ispersed sediment, vrhereas a massive mudstone 

i s produced f r o m a f l o c c u l a t e d c l a y sediment. Moon (1972) proposes 

a scheme f o r the eirrangement o f p a r t i c l e s and packets w i t h i n c r e a s i n g 

compact ion ( F i g . 1 . 9 ) . Meade (1964) a lso suggests t h a t f o r p r e f e r r e d 

o r i e n t a t i o n t o occur i n n a t u r a l l y compacted c l a y s , a p a r t l y o r i e n t a t e d 

f a b r i c may be r e q u i r e d . T h i s might r e s u l t f r o m a slow r a t e o f 

d e p o s i t i o n (Meade, 1961b) , a h i g h i n i t i a l mois ture content a c t i n g 

as-a liLJbricant (Lambe, 1958 j . Heade, 1966)^ pr_the__^^^ .. 

c o n c e n t r a t i o n (Lambe, ,1958). Meade (1964) a l so considers t h a t l a r g e r 

p a r t i c l e s appear t o f o r m domains more r a p i d l y than do smal ler p a r t i c l e s . 

Ho^^ever, Moon (1972) s t a t e s t h a t aomciins i n m a t e r i a l s c o n t a i n i n g 

ex t r eme ly smal l p a r t i c l e s , such as m o n t m o r i l l o n i t e , are very d i f f i c u l t 

t o d e t e c t , even u s i n g the e l e c t r o n microscope. The w r i t e r a lso agrees 

w i t h Moon's deduc t ion . 

P a r t i c l e s i z e appears t o be an impor tan t f a c t o r i n the f o r m a t i o n 

o f p r e f e r r e d o r i e n t a t i o n , Payne (1942) suggests t h a t i l l i t i c shales 

have a g rea t e r tendency towards f i s s i l i t y . A i l i n g (1945) t r i e d t o 

c o r r e l a t e f i s s i l i t y . w i t h compos i t ion and corj::ludes t h a t an increase 

i n t h e ca lcareo i i s o r s i l i c eo ix s con ten t s g r e a t l y reduces the sha l ine s s . 
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Ingram (1S53 ) concludes t h a t the type o f f i s s i l i t y does not c o r r e l a t e 

w i t h the c l a y minera l s present , a l though B o l t (1956) , M i t c h e l l (1956) 

and Von Engelhardt and Gaida (1963) repor t . ' . that l a r g e r p a r t i c l e s o f 

i l l i t e and k a o l i n i t e develop a p r e f e r r e d o r i e n t a t i o n more e a s i l y 

t h a n p a r t i c l e s such as m o n t m o r i l l o n i t e . 

The development o f a h i g h degree o f p r e f e r r e d o r i e n t a t i o n has 

a l so been a t t r i b u t e d t o the presence o f organic matter i n the 

d e p o s i t i o n a l environment (Odom, 1967; O ' B r i e n 1968; Gipson 1966) . 

T h i s m a t e r i a l c o u l d q u i t e e a s i l y act as a d i s p e r s i n g agent because a 

£e\T p a r t s per thousand o f c e r t e d n organic ions ( O ' B r i e n , 1968) can 

cause t h e d i s p e r s i o n o f c l a y s by the n e u t r a l i s a t i o n o f the surface 

charges . Gipson (1966) has suggested t h a t the a c t i o n o f benthonic 

organisms may d i so rgan i se some sediment l a y e r s and not o t h e r s , hence 

r e s x i l t i n g i n the j u x t a p o s i t i o n o f s t r a t a o f p r e f e r r e d and random 

c l a y m i n e r a l o r i e n t a t i o n s . 

1 ,5 .6 Bond Formation i n Shales and the S t r a i n Energy Concept 

Terzaghi (1941) f i r s t p o s t u l a t e d the ex is tence o f r i g i d bonds 

between c l a y p a r t i c l e s and a t t r i b u t e d t h e i r development t o t h e 

' r i g i d w a t e r ' which surrounds c l a y m i n e r a l s ; however, whether bonds 

r e s u l t f r o m moleciAlar f o r c e s o r cementat ion by depos i ted ma t t e r , 

t h e i r presence i s g e n e r a l l y deduced f r o m i n d i r e c t methods, u s u a l l y 

i n v o l v i n g t h e i r e f f e c t on v a r i o u s geo technica l p r o p e r t i e s . Th i s i s 

because o f the minute g r a i n s i ze o f the m a t e r i a l i n which bonding 

o c c u r s . As a consequence, i t i s f r e q u e n t l y o n l y poss ib le t o ga in 

a measure o f t h e i r s t r e n g t h w i t h o u t be ing able t o a s ce r t a i n what 

f o r m o f bonding predominates, 

B je r rum (1967a) cons iders the e f f e c t o f d iagene t ic bonding 

( fo rmed f r o m a combina t ion o f pressure , pore f l u i d , temperature . 
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t ime and mine ra l s p resent ) upon the rebound c h a r a c t e r i s t i c s o f 

c e r t a i n c l a y - s h a l e s . He does no t ca ta logue the bonds g e n e t i c a l l y 

bu t c l a s s i f i e s them accord ing t o s t r e n g t h i . e . 'weak ' , ' s t r o n g ' , 

and ' pe rmanen t ' , (see F i g . l . l ) , Dur ing e r o s i o n , due t o the 

presence o f ' r e cove rab l e s t r a i n e n e r g y ' , t he c l a y s . t e n d t o expand 

and increase t h e i r water c o n t e n t s . However, t he amount o f expansion 

i s governed by t h e bond s t r e n g t h . For c l a y s v i t h weak bonds, most 

o f t h e recoverab le s t r a i n energy i s recovered d u r i n g expansion; the 

e f f e c t o f f u r t h e r wea ther ing on these shales be ing s m a l l , whereas 

c l a y s w i t h permanent bonds may be cons idered as indura ted s o f t rocks, , 

s t r o n g enough t o r e s i s t t h e l i b e r a t i o n o f s t r a i n energy. Clays w i t h 

s t r ong bonds, which B je r rum cons ide r s t o be t h e most dangerous .t jrpe, 

have a l a r g e p r o p o r t i o n o f t h e i r recoverab le s t r a i n energy locked 

i n d i w i n g t m l o a d i n g j hence l i m i t i n g t h e amount o f s w e l l . These bonds 

are g r a d u a l l y des t royed d u r i n g f u r t h e r wea the r ing , which i s 

accompanied by s w e l l i n g and an increcise i n the e f f e c t i v e s t ress 

p a r a l l e l t o t h e g r o m d s i i r f a c e . To support t h i s statement he c i t e s 

t h e Bearpaw Shale (Cretaceous o f N o r t h America) as c o n t a i n i n g s t rong 

bonds .and by r e f e rence t o t h e rebound c o n s o l i d a t i o n curve o f the 

unweathered m a t e r i a l ( F i g . l . l O ) he recognises t h ree zones o f 

wea the r ing and incresised s w e l l i n g i . e . i -

( i ) 0 - 9m. - a. zone o f complete d i s i n t e g r a t i o n 

( i i ) 9 - 12.5ra - a zone o f advanced d i s i n t e g r a t i o n 

( i i i ) 12.5 - 15ra - a zone o f medium d i s i n t e g r a t i o n 

(below 15m t h e shale i s imweathered) . 

Peterson (1954,1958) had p r e v i o u s l y n o t i c e d t h a t c o n s o l i d a t i o n 

t e s t s , performed t o a maximum pressure o f 58 t o n s / f t ^ (6220kN/m^) on 

unweathered Bearpaw Shale (which hcis a p r e c o n s o l i d a t i o n l o a d o f 
p " ' p 

approx imate ly 100 t o n s / f t ( l0725kN/m ) , y i e l d e d a rebound curve which 

was much f l a t t e r t han the i n s i t u surve ob ta ined by Casagrande (1949) , 
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bu t he mere ly a t t r i b u t e d t h i s t o 'secondary t ime e f f e c t s ' which had 

t aken p lace over t h e c e n t u r i e s , 

B j e r r u m ( l967a) a l so concludes t h a t t he ' s o f t , weathered zone 

near t o t h e su r f ace c o n t a i n s m a t e r i a l i n which the vo ids r a t i o i s s t i l l 

s l i g h t l y lower t h a n t h a t observed f r o m t e s t s performed on the remoulded 

m a t e r i a l and a t t r i b u t e s t h i s ' t o groups o f p a r t i c l e s which are bonded 

so s t r o n g l y t h a t wea ther ing agents are unable t o separate them. 

The concept o f s t r a i n energy developed by Bjer rum (1967a) 

p r o v i d e d Brooker (1967) v i t h the bas i s f o r a q u a n t i t i v e i n v e s t i g a t i o n . 

I n d o i n g t h i s , he performed c o n s o l i d a t i o n t e s t s t o a pressure o f 

2 2 0 0 l b / s q . i n , (15169 Wl/ra ) on f i v e remoulded m a t e r i a l s f r o m a 

m o i s t u r e c o n t e n t e q u i v a l e n t t o a l i q u i d i t y index o f 0 . 5 . The 

r e s u l t i n g s t r e s s - s t r e i i n c i j rves are shown i n F igure 1.11 whereby 

i t can be seen t h a t the area between ' the l o a d i n g and un loading curves 

( w h i c h , accord ing t o Brooker represents the 'absorbed s t r a i n energy') 

i nc reases as the j f e s t i c i t y increases (Table 1 .3; end colvimn). He 

suggests t h a t t h e 'absorbed s t r a i n energy ' may be accounted f o r a s : -

1 . Work expanded i n c o n s o l i d a t i o n ( p a r t l y recoverab le ) 

2 . E l a s t i c de fo rma t ion ( recoverab le on re lease o f c o n s t r a i n t ) 

3. Work done i n the f o r m a t i o n o f d iagene t i c bonds ( p a r t l y 

r ecoverab le depending upon the s t r e n g t h o f the.bond) 

Upon s l a k i n g t h e . : conso l idatedmater ia l , Brooker concludes that 

d i s i n t e g r a t i o n i s a funct ion o f absorbed s t r a i n energy ( F i g . 1 . 1 2 ) 

and' suggests t h a t t h e absorbed s t r a i n energy i s dependent :upnn the 

c l a y m i n e r a l o g y . Brooker a l so notes t h a t a t h i g h o v e r c o n s o l i d a t i o n 

r a t i o s , c l a y s w i t h l o w i & s t i c i t y g i v e h igher va lues o f h o r i z o n t a l 

pressxire t h a n c l a y s v i t h h i g h p l a s t i c i t y and concludes t h a t t h i s 

must r e s u l t £rom t h e l a t t e r m a t e r i a l s f o r m i n g s t rong d iagene t i c 

bonds even a f t e r a compara t ive ly shor t c o n s o l i d a t i o n t i m e . 
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F i g u r e 1 . 1 1 . S f c r e s s - S t r a i n R e l a t i o n s h i p s f o r une-Dimensional 
C o n s o l i d a t i o n x e s t s i^Brooker, 1 9 6 7 ) . 
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Table CharacteriKtics of clays tested by Brooker ( 1 9 6 7 ) 

PL^ 
< 2 /L/d Mineralogy {%) S t r a i n 

M a t e r i a l LL""^ PL^ p j C . 
{%) Activi ty '^ Mont. I l l i t e Kaol . Non-clay Ene rg y 

(m lb /-n 

Chicago clay 28 18 10 3 6 0 . 2 9 5 4 0 — 55 65 

Goose Lake Rour 32 IG 16 3 1 0 . 5 0 — 15 65 20 3b 

Weald clay, 4 1 2 1 20 3 9 0 .53 10 15 15 60 6 A 

London clay 64 26 38 64 0 . 6 0 15 35 3 5 15 100 

Bearpav,- shale 101 23 7 8 59 1.53 60 — 5 • 3 5 130 

^ L L - l i qu id I h n i t 

' P L - plast ic l i m i t 

' P I . L - P L 
Percent, by weight, f u i e r tliau 2iu 

' A c t i v i t y = P l / < 2 / i (Skempton, 1 9 5 3 ) 
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The existence of cementation has been demonstrated by Kenney 

et a l (1967). Two specimens of Labrador Clay were i n i t i a l l y 

consolidated to a small overbxarden pressure. Subsequently one was 

flushed with water equivalent to the pore f l u i d , while the other 

was flushed with EDTA ( a disodium -salt of ethylene diamine-tetra 

a c e t i c acid) to remove carbonates, gypsum and iron compounds. 

Upon continued consolidation they show that the c r i t i c a l presstire 

had been reduced from 60 tons/m^ (595W^/m^) to 25 tons/ra^ (2A8'kN/m^) 

i n the treated sample. 

Bonds e x i s t i n g i n natural c l a y 'with the natiore of cementation* 

have been suggested by Bjerrura and Wu (l96o) for c e r t a i n Norwegian 

c l a y s . These bonds remain p a r t i a l l y intact when the samples were 

reconsolidated i n the laboratory to pressures below t h e i r preconsolidation 

loads, but quicU-y break down at'higher pressxires. They suggest that 

these bonds could be due to particular mineralogical compositions or 

cementation r e s u l t i n g from carbonation of microfossils and organic 

matter or super satvir at ion of pore f l u i d s with chemicals. 

With regard to molecular bonding, cold welding of minercil. contacts 

leading to the development of Van der Waal's forces i s suggested by' 

Bjerrum ( l 9 6 7 a ) . However, t h i s type of bonding probably e x i s t s to 

a certedn extent i n a l l c l a y s but may be very veak and w i l l not 

affe c t the compressibility by additioneil loads. 

Diagenetic bonding as proposed by Bjerrum (1967a) forms some 

kind of molecular i n t e r a c t i o n between p a r t i c l e s . This could take the -

form of sxjrface fusion, e s p e c i a l l y i n the more deeply btaried materials 

(e.g. Carboniferous shciles), but, no direct evidence has been presented 

to substantiate t h i s idea. 

By performing experiments on a r t i f i c i a l l y sedimented c l a y s at 

very low e f f e c t i v e pressvtres, with rates of loading as low as 10 

grams per cm per day, Leonards and A l t s c h a e f f l (1964) offer evidence 

that the compressibility i s raxjch smaller Curing natxiral deposition 
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than i n oedonieter t e s t s . They suggest that interparticulate bonds 

are formed which are not equal at a l l contacts, and that t h e i r 

dispersion plays a decisive role i n the s t r e s s - s t r a i n response. 

Changes i n e f f e c t i v e s t r e s s cause s l i d i n g between contacts, leading 

to an increase or decrease i n the bond strength. I f movements 

r e s u l t i n an o v e r a l l increase i n the bond strength then s l i d i n g 

w i l l decay. However, i f the reverse occurs then shear f a i l u r e w i l l 

r e s u l t . Shovild deposition cease for a given length of time then 

orientation of water molecules and creep e f f e c t s w i l l increase the 

bond strength and thus the strength of the c l a y . On subsequent 

loading, again i n small steps, a quasi-preconsolidation load i s 

produced, which has also been demonstrated by Leonards and RaTiaih 

(1959). A similar phenomenon uas observed by Bjerrum and Lo (1963) 

when a normally-consolidated Norwegian cla y was held at various 

confining pressures i n a tria:d.al machine for given lengths of time 

before shearing. 

An interesting speciilative hj'pothesis for the nature of 

i n t e r p a r t i c u l a t e bonding and i t s relationship to effective stress 

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

phenomena i n . .soils. They postulate that interparticxilate bonds, 

in d i v i d u a l l y of s i m i l a r strength, form i n response to solid-to-solid 

contact forces of mineral grains; the number of bonds per contact 

varying with the compressive force at that contact. For normally-

consolidated c l a y s the mxrnber of bonds formed i s d i r e c t l y proportional 

to the e f f e c t i v e s t r e s s . VHien the applied s t r e s s i s removed, however, 

i t i s not accompanied by a disappearance of a l l the bonds. Consequently 

ovejTConsolidated c l a y s are stronger than ncrmall3^-<:onsolidated c l a y s 

at the same eff e c t i v e pressure, Mitchell et a l also deduce that 

38 



compressive strengths are proportional to the number of bonds 

i r r e s p e c t i v e of the s o i l type or state; water only appearing 

to influence the number of bonds by i t s effect on the effective 

pressure. Cohesion r e s t i l t s i f bonds e x i s t at zero s t r e s s . 

1.6 S o i l Water Phenomena 

Following u p l i f t and erosion (e.g. Bjerrum 1967a) 

s o i l sxjction i s one of the important processes i n the partly-

saturated near—surface zone. As a consequerce, a b r i e f review of 

the different mechanisms operatives i s cxirrently given. Moreover, 

i n l a t e r chapters i t w i l l be seen how the compaction history affects 

suction-moisture content relationships, 

i.6,1 The Movement and Distribution of Water i n S o i l s i n Relation 
' to S o i l Suction . 

Water w i l l flow from one point to another under the influence 

of a press'jre gradient r e s u l t i n g from hydrostatic pressure, vapotcr 

pressure or both (Coleman, 1949). Movement of water imder the 

former process occurs i n the form of c a p i l l a r y flow or transfer of 

moisture films, whereas movement by the l a t t e r process occurs by 

evaporation and condensation. 

The surface forces by which water i s retained i n the s o i l 

structtire and responsible for the pressure red\K:tion (below atmospheric 

pressure) are .known,as the »soil suction*,' This, term may be defined as 

the negative pressiare by which water i s retained i n the pores of a 

sample of s o i l when the sample i s ftee from external s t r e s s . 

To account for the extremely large range of pressures encountered 

( i . e . from oven dryness to the f u l l y satiirated condition) Schofield 

(1935) developed a scale based on the logarithm of the hydraulic 
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head (measured i n centimetres of water), known as the pP scale 

(see Table 1.4). 

S o i l sxjction i s only s l i g h t l y reduced by an increcise i n the 

temperature, but temperatvcre gradients do give r i s e to s i g n i f i c a n t 

vapour pressure differences. However, the v a r i a t i o n of vapour 

pressure with moisture content i s nevertheless small for s o i l s at 

. the moisture contents l i k e l y to be found i n practice. 

Under isothermal conditions, the effect of suction increcises 

as the s o i l isecomes d r i e r and i t can be dedxiced from Figure 1,13 

that only when very dry s o i l s are encountered, where the suction 

exceeds pP 5, does the pore water vapour pressure d i f f e r s i g n i f i c a n t l y 

from that of free water. This i n f e r s that only under conditions 

approaching these sections w i l l isothermal movements of water take 

place." . ' • 

When freezing occurs the s o i l suction increases; t h i s leads 

to a r e d i s t r i b u t i o n of s o i l water defined by the equation 

(Schofield, 1935):-

pF = 4.1 + log^Qt (1) 

I f u i s the pre water pressure when an external pressxare i s 

applied to a sample, and s i s the stc t i o n i n the material when i t 

i s free from external loading, then these quantities can be related 

by the following equation:-

u = s + oc p • (2) 

where « i s the f r a c t i o n of the applied pressure P vbich i s e f f e c t i v e 

i n changring the pressure of the s o i l water. The value of oc, which 

can be determined by simple experiment (Croney, Coleman and Black, 

1958), v a r i e s from 0 to 1. For incompressible s o i l s , such as sands, 

chalk and limestone the value i s zero, heaace s = -u, but for f u l l y 
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Table 1.4 

Units of Measiirement for Suction Pressure 

. £ £ Equivalent Hydraulic Head Suction Relative Humidity 

(cm) ( f t ) ( W J ^ (Ib/in^) i%) 

0 , 1 3.28 • l o " ^ 0.0981 1.42 » lo""^ . -

1 • " 10 . 3.28 * lo"^; 0.981 1,42 » lo"^ 

10^ 3.28 • 9.81 1.42 99.99 

10^ 3.28 * 10 98.1 1.42'» 10 99.92 

lo"* 3.28 » 10^ 981.0 1.42 » 10^ 99.27 

10^ 3.28 » 10-̂  9810 1.42 * 10"̂  93.00 

10^ ' 3.28 * 10^ 98100 1.42 * lo'^ 48.43 

10'̂  3.28 « 10^ 981000 1.42 * 10^. 0.07 
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compressible s o i l s i t i s e s s e n t i a l l y 1 since the applied pressure 

i s taken by the water, consequently u = s + P. For p a r t i a l l y 

compressible s o i l s (e.g. s i l t s and sandy c l a y s ) , k varies between 

the two extremes. 

Once the value of K has been determined, equation (2) can be 

used to derive the d i s t r i b u t i o n of moistxare beneath structures and 

pavements on saturated or unsaturated s o i l s , and the settlements 

l i k e l y to a r i s e from changes i n the water table and loading 

conditions can be determined. 

When the water table i s near the surface ( i . e . i n wet climates) 

t h i s detennines the d i s t r i b u t i o n of negative pore pressure and 

ultimately the d i s t r i b u t i o n of sijction and moisture content. Under 

dry conditions, the moisture content of the ground near the surface 

can be determined by the atmospheric humidity and suction i n these 

circumstances can. be deduced from the average humidity (Croney and 

Coleman, 1961). A semi-empirical method depending upon the 

Thomthwaite moistxire index (iirfiich i s a function of the mean a i r 

temperature and r a i n f a l l at a given s i t e ) has been derived by 

Eussam (1959) to deduce the suction between the two extremes 

( i . e . no water table i n the upper 3m of s o i l ) . 

1,6,2 The Variation of S o i l Suction i n Compacted Sedimentary Rocks 

The way i n which nuDisture content varie s with applied suction 

depends upon the nature of the material, i , e , whether i t i s 

incompressible, f u l l y compressible or partly compressible (Croney 

and Coleman, 1954). 

(a) Incompressible s o i l s include a l l granular materials such as 

sands, and materials lilce limestone and chalk, where the in t e r n a l 

pressxcre a r i s i n g from an overburden i s transmitted by the intergrantilar 

contacts and does not contribute s i g n i f i c a n t l y to the pore water 
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pressure; the volume of such materials being independent of the 

moisture content. Typical s\K;tion moisture content relationships 

for incompressible materials are i l l u s t r a t e d by studies on the 

Chalk ( L e v i s and Croney, 1965) i n Figure 1.14a. I n incompressible 

materieils the largest proportion of water i s retained by surface 

tension e f f e c t s around the point contacts of gredns and i n the s o i l 

pores and c a p i l l a r i e s . The remaining proportion of water within the 

s o i l structiJre may be regarded as either being chemically combined 

water i n the c r y s t a l l a t t i c e (which can be regarded as part of the 

s o l i d , as i t cannot be removed by heating at 105°C) or absorbed 

water (which can be removed by heating at 105*^0). The amovtnt of t h i s 

retciined water depends upon the stirface area of the material. 

C h i l d s (1969) shows that the pressure acting on the surface of 

water entrapped between grains of s o i l can be defined by a number of 

equations depending upon the d i r e c t i o n of the two r a d i i of curvature 

acting through the surface concerned. Since a curved interface can 

only be maintained by an excess pressiire on the concave side then 

when the two r a d i i of curvature originate from centres on opposite 

sides of the interface i . e . (centre on the a i r side of the 

i n t e r f a c e ) and (centre on the water side of the i n t e r f a : e ) , the 

nett pressure difference i s represented by the equation:-

P = A - T ( I A L - l A P • • (3) 

where T i s the surface tension acting i n the surface and A and P 

are the press\jres on the sides of the interface which contain R̂^ 

and Rg r e s p e c t i v e l y . 

I f both centres of ciorvature (now represented by R^ and R^) 

originate from the same side i . e . on the side from which A operates, 

then the nett pressure i s represented by the equation:-

P = A - T(lA-, + 1A4) i"^) 
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For a sphericeOL i n t e r f a c e (e.g. a small drop of water or an a i r 

bubble i n water, both r a d i i have the same value (R) and the pressure 

outside the sphere is represented by:-

P = A - 2T/2 (5) 

For s o i l s , i t i s usually found that one side of the interface i s 

i n f r e e communication with' the atmosphere and consequently i s at 

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

of P. Thus i f A i s zero, then the above forraxilae become:-

P = - T ( l / R ^ (6) 

P = - 1(1/^3 + 1/R^) (7) 

p 2T/R (8) 

where P i s the presstire i n the water, which always can be shown to 

represent a suction. Furthermore, by modifying the geometry i t i s 

possible to choose small values of R̂  and R^ (representing saddles) 

and large values of R̂  'and R^ (representing cups) to give the same 

values of suction. 

The removal of water from granular s o i l s can best be 

demonstrated by reference to Figure 1.15 (From Childs, 1969) which 

i s a section through a hypothetical s o i l specimen. I n i t i a l l y the 

s o i l i s saturated with the water l e v e l above the p a r t i c l e surfcce 

(stage l ) and since the interface i s planar, the suction jtist 

below the surface i s zero. . I f the water i s withdrawn from the 

specimen, then xmtil stage 2 i s reached, the suction j\ist under the 

surface remains zero. As soon cis p a r t i c l e s cut the air-water 

i n t e r f a c e (stage 3 ) j curvatiire of the interface i s imposed and as 

the i n t e r f a c e withdraws into the specimen the curvat\ire becomes 

sharper and the suction accordingly increases; being greatest i n 

the narrowest parts of the pore channels (stage 4 ) . At higher 

sxictions the interface r e t r e a t s into wider channels, i , e , with a 
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l a r g e r curvature (stage 5)« I n s t a b i l i t y r e s u l t s and the interface 

does not r e s t u n t i l a position i n a channel of narrower radius 

than stage 4 i s found ( i , e , stage 6 ) , I f no stiitable channels 

are found (e.g. i n a s o i l which consists of granules enclosing 

channels of sim i l a r geometry) then almost complete dradnage 

occurs. However, some water does remain at the contacts between 

grcdns, and t h i s can only move very slowly either by l i q u i d 

movement i n very t h i n films l e f t on the p a r t i c l e s by molecular 

a t t r a c t i o n , or i n the vapour phase. 

I f the suction i s decreased at stage 6, the interface w i l l 

climb to the widest part ( i . e . through stages 7 and 8 ) , after 

which the interface curvature becomes sharper and requires a 

greater sxaction, than at stage 8, to maintain equilibrium. 

I n s t a b i l i t y r e s u l t s and the suction i s i n s t i f f i c i e n t to prevent 

the c e l l r e f i l l i n g u n t i l stage 10 i s reached. Further uptake of 

water requires a continued relaxation of the suction. 

The h y s t e r e s i s of the siactioiymoisture curves i s consequently 

accounted for by the above factors, i . e . the suction required to 

empty the c e l l i s the r e l a t i v e l y high valtae corresponding to the 

cuarvature at stage 4, whilst the suction for r e f i l l i n g i s the 

lower value corresponding to the curvatiare at stage 8; larger 

h y s t e r e s i s e f f e c t s being produced by a greater s i z e disparity 

between the pores and channels. Surface tension effects also 

make a contribution to the difference between the suction for 

entry and withdrawal, i . e . the radius of curvature i s greater for 

a greater angle of contact. The c h a r a c t e r i s t i c moisture content/ 

sxjction relationship from the t o t a l l y saturated condition to that 

of oven dryness i s known as the boundary drying condition, whereais 

when the reverse occurs the relationship i s known as the boxmdary 
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wetting condition. 

(b) F u l l y Compressible S o i l s include c l a y s and c o l l o i d a l materials. 

Under f i e l d conditions these are normally saturated and pressures 

are c a r r i e d exclusively by the pore water. A t y p i c a l suction-

moisture content, relationship for these materials is shown i n 

Figure 1.14b ( a f t e r Croney, Coleman and Black, 1958). These 

w r i t e r s also show that the v a r i a t i o n i n the same relationships 

when c l a y s of d i f f e r i n g Atterberg l i m i t s are considered (Fig.1.17). 

Childs (1969) considers the mineral skeleton as consisting of a 

large number of p a r a l l e l plates (Fig.1,16). Repvilsion between 

the plates i s due to the hydrostatic pressure between plates 

being higher than i n the region outside the meiss. Equilibrium 

i s maintained by the application of e i t h e r a mechanical pressure 

or a suction which i s equal to the hydrostatic pressure between 

the plates; any increase i n the former quantities causing the 

plates to move together i m t i l the pressiires are again equal. 

Consequently the previous explanation of hysteresis cannot 

be applied to c o l l o i d a l matter. However, assuming that hysteresis 

i s a genuine e f f e c t j then a suitable explanation can be put forward. 

I f the c l a y c o n s i s t s of plates which are non-parallel, then the 

c a v i t i e s between them w i l l be larger than i n an array of p a r a l l e l 

plates, thus the potential energy w i l l be higher. An increase i n 

suction may not only draw the plates c l o s e r together but may also 

reorientate them into nearly p a r a l l e l positions of lower energy, 

water being l o s t i n the process. At the same'puring rewetting 

the plates w i l l separate bxit not n e c e s s a r i l y to t h e i r o r i g i n a l 

positions, and hence l e s s water w i l l be absorbed. Subsequent 

c y c l e s of wetting and drying should produce a closed loop. 
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(c) Water l o s s by different mechanisms at the same time. I n 

c e r t a i n circxamstances water may be l o s t with equivalent edr entry 

over part of the sxaction range and equivalent shrinkage over the 

remainder. I n other cases water l o s s may occur by both processes 

simultaneously. Typical suction curves are shown i n Figure 1,14c. 

I f suction i s applied to a saturated c l a y s o i l consisting of 

aggregates, then shrinkage of the aggregates w i l l occur 

simultaneously with the withdrawal of water f^om the pores between 

the aggregate. I f the aggregates are of commonly occurring s i z e s 

ranging from a few millimetres to a few centimetres and are i n 

random array, then, the strtactural pores w i l l , be large and empty 

at low soactions ( i . e . a few centimetres of water, and r e l a t i v e l y 

l i t t l e water i s l o s t from the crumbs. I f the plates are of uneven 

thickness and i n random orientation then there w i l l be points of 

physical contact between some neighbouring plates while there i s 

appreciable separation between others. Shrinkage i s consequently 

l i m i t e d while there i s s t i l l large amoiants of water l e f t i n the 

pore space and further increases of section cause ciarvature of 

the air-water i n t e r f a c e and losses of water by a i r entry. 

1.6.3 The Relationship between Suction and the Mineralogy of 
A r t i f i c i a l l y Prepared S o i l s . . 

An investigation of s o i l suction (and strength) of a r t i f i c i a l l y 

prepared remoulded s o i l s has been undertaken by Dumbleton and West 

(1970)• Philpot (1971) uses t h i s data to obtain approximate 

mineralogical composition from siaction cxarves. An attempt to 

obtain the l i q u i d , l i m i t by a quick sxction technique has also been 

made by Russel and Mickle (1970), Durableton and West suggest that, 

on the bcisis of siaction meaisxarements made on mixtures of k a o l i n i t e -
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quartz and Ca-montmorillonite-quartz, there i s a l i n e a r rielationship 

between moisture content and computed l i q u i d l i m i t of the mixture 

at constant suction pressure. 

1 . € . 4 Determination of the Specific Surface Area 

Brtmauer, Emmett and T e l l e r (1938) use a molecular model to 

deduce a t h e o r e t i c a l equation for the absorbtion isotherm and 

from t h i s the siirface area ( i n m /g) of the c l a y minerals present . 

may be calcxilated. For t h i s model, the surface of the absorbent 

i s v i s u a l i s e d as being p a r t i a l l y covered with up to n layers of 

water molecules. The rate of condensation i n any layer i s 

proportional to the instantaneous difference i n area between the 

la y e r and the l a y e r beneath i t , and the rate of evaporation i s 

proportional to the difference i n area between the layer and the 

layer above i t . At equilibrixim the rates of condensation and 

evaporation are equal, and from these considerations Brumauer,. 

Emraett and T e l l e r prodvtce an equation (the B.E.T* equation) of 

the form:-

H = 1 + C - 1 » H fQ^ 
M(l- H ) M"C M C 100 ^ ' 

100 

where M i s the moistiire content of the s o i l at a r e l a t i v e humidity H, 

and M i s the moisture content when the s o i l i s completely covered m 

by a unimoleciilar l a y e r of water. The constant C i s an exponential 

function of the l a t e n t heat of evaporation of water from the 

unimolecxilar l a y e r on the s o i l surface (E^^ cals/gram), the normal 

late n t heat of evaporation of water (EJ^ = 538 cals/gram), the 

molecular weight of water (m = 1 8 , 0 grams/mole), the gas content 

(R = 1 .987 cals/mole/'r) and the absolute temperature (T°r), i . e . ; -
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C = exp(E - E ) m (lO) 

Equation ( 9 ) i s of the form y = mx + c, thus when^-Q/^(l-j^-Q) 
H I i s p l o t t e d against,— a st r a i g h t l i n e vdth an intercept of —_ on 

J.UO M t/ 
• • • •• - • • •in 

the »y» axis and a slope of (C^l ) /kx ; w i l l result# (Consequently 
C and can bie calculated knowing that the r e l a t i v e hunddity 

(H ) i s related to the suction (pp) at 2 0 C by the following 
. • . t . . . . 

equation derived by Coleman and Farrar ( 1 9 5 6 ) : 

pF = 6 . 5 0 2 + l o g ^ o ( 2 - log^Q H ) ( l l ) 

The value of i s related to the siarface area (A cm /g) by the 

following equation:-
area of water mols ( 1 , 0 5»10"'^^cm^) MyloO 

A = — ^ — cmVg . . . . . ( 1 2 ) 

Mol wt water ( 1 8 , 0 ) * u n i t at. mass ( l , 6 6 * 1 0 ~ ^ 1 r )• 

, ( i . e . A = 35\ m^/g) 

1.7 SleJcing Behaviour 

Upon u p l i f t i n t o the zone of weathering, and i n particid.ar 

upon exposure at outcrop or as a r e s u l t of engineering excavations, 

materials may disintegrate by slaking through the action of water 

on the p a r t l y saturated or dried f a b r i c . This behavioin' i s not 

only controlled by the mineralogy, pore water chemistry and s o i l 

f a b r i c , but m^ also be influenced by the compaction history, 

especially the presence of diagenetic bonding. Consequently a 

series o f experiments have been performed on the materials currently 

under consideration i n an attempt to delineate the above factors, 

1.7.1 Slaking Mechanisms 

The most important mechanism operating during the slaldng 

o f non-swelling clays (e.g. k a o l i n i t e ) r e s t i l t s from an increase i n 
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the pore a i r pressure overcoming the t e n s i l e strength of the materidl 

(Terzaghi and Peck, 1967} Yoder, 1936). According to Henin (1938) 

and Tschebotarioff (1951 )j detachment of expansive materials 

(e.g. montmorillonite) occurs by a shear or t e n s i l e stress which 

i s indijced by d i f f e r e n t i a l swelling. This mechanism may be 

divided i n t o the osmotic swelling effe c t (involving forces at 

distances greater than 20A) and the surface and cation hydration 

e f f e c t involving short range forces (Mielenz and King, 1955). 

Slaking by d i s s o l u t i o n of cementing agents, which may include 

diagenetic bonds (Bjerrum, 1967a) has been suggested by Winterkorn 

(1942). 

»Salt heaves*, more associated with swelling than slaking, 

such as the oxydation o f pyrrhotite and p y r i t e (with the former 

acting as a c a t a l y s t f o r the non-reactive l a t t e r ) (Bastiansen, 

et a l . , 1957) or swelling due to c r y s t a l l i s a t i o n and change i n 

hydration state o f sulphates has not been considered. The formation 

of gypsum . and j a r o s i t e i n both i n s i t u and compacted shssle i n f i l l 

has posed problems i n a number of countries (see Taylor, 1978). 

1.7.2 Slaking Behaviour of Pure Clays 

General descriptions of the slaking of pure clay minerals 

are given by Mielenz and r i n g (1955) and general observations have 

been made by Emerson (1964). l a o l i n i t e s and i l l i t e s disintegrate 

by s p a l l i n g u n t i l a mass of chips remain, while montmorillonite 

slakes i n d i f f e r e n t ways depending upon the exchangeable cations 

present. A i r - d r i e d K-forms swell and s p a l l with considerable 

release of a i r w i t h each new crack; spalled pieces continuing 

t o disintegrate u n t i l only small aggregates remain. The a i r -

dried Ca-fonn i s prone to rapid expansion with simultaneous 
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disintegration into small aggregates. Air-dried Na-montmorillonite 

slowly s-rfells and flocculatant grov;ths appear on the surface. Sv/elling 

increases the size severalfold, and ultimately the form i s lost 

by slumping.. 

Slaking of non-expansive kaolini t e i s prevented by a i r 

evacuation p r i o r to immersion, whereas the effect on expansive 

materials i s to cause a more rapid but less complete breakdown 

(i-Iielenz and King, 1955). Emerson (l954) concludes that a i r evacuation 

only reduces, but does not stop, the slaking of t h i n flakes of 

Ca-kaolinite, i n the sense that the average size of the debris i s greater. 

His results also indicate that the reduction of slaking due to a i r 

evacuation i s less for C a - i l l i t e s , whereas dried flakes of Ca-

montmorillonite swell to' the same extent as those not subjected 

to a i r evacuation. 

y i t h regard to the i n i t i a l water content, slaking increases 

as the a i r - d r i e d condition i s approached (Mielenz and King, 1955). 

Mitchell (l965) produces qualitative evidence i n agreement v/ith 

t h i s statement (see Table 1.5). According to Emerson (l964) the 

boundary between slaking and non-slaking of C a - i l l i t e occurs at 

a r e l a t i v e vapoiir pressure (p/p^) value of between 0,75 - 0.84. 

(Table 1,6), and above p/p^ = 0.92 i l l i t e flakes are saturated. 

On the other hand, he reports that at p/p^ = 0,985 only 60 per 

cent of the pore space of Ca-kaolinite i s f i l l e d and consequently 

slaking i s complete xmder these conditions (and i s only stopped by 

slowly v/etting the material prior to immersion). He further reports 

that Ca-montmorillonite flakes do not slake upon immersion, . 

although many transverse cracks occur on the surface ' 

aiid the edges become frayed. Equilibration of dried . 
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Table, 1,5 Effects of Relative Humidity (R H) Equilibration 
on the' Slaking Behaviour of Various Clays (After 
M i t c h e l l , 1965K *" '' 

Degree of Disintegration 

Sample 100?̂  R.H. (After drying to) 
9A% R.H. 

80% R.H, 

Kaolinite Complete Complete Complete 

I l l i t e Severe Severe—^Complete Complete 

Hontmorillonite Moderate Complete Complete 

Table 1.6 Effects o f Relative Vapour Pressure (p/p ) Ecpiilibration 
on the Slaking Behaviour of Two Clays (After Emerson, 
19645 ' '• ~ 

Sample 

Degree of Disintegration 

(After 'Wetting* to p/p = ) 

0.75 0.84 0.92 0.985 

Ca-Kaolinite — Complete Complete 

C a - I l l i t e Slight None None None 
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samples to higher r e l a t i v e vapoiir presstires cxily reduces the 

amount of s\/elling subseqtient to immersion i n water. 

The effect of electro l y t e concentration upon the dispersion^ 

o f clays i s well known (Van Olphen, 1963) and the existence of 

a c r i t i c a l s a l t concentration (CSC) at which 50 per cent of 

dispersed clay flocculates i n 24 hotars i s recognised. The 

ef f e c t o f the exchangeable sodixim percentage (ESP) on the 

dispersion behaviour of i l l i t e s and montmorillonites i s shown 

i n Table 1.7. ^̂ hen the ESP i s below 12.5 Ca/^a montmorillonite 

systems (Rowell, 1963) and Ca^4ja i l l i t e systems (Rowell et al 

1969) behave l i k e the pure Ca material. The equilibrium state 

of i l l i t e s and montmoriilonites as a function of ESP and 

e l e c t r o l y t e concentration i s sho\m i n Figure 1.18. The dispersion 

behaviour of k a o l i n i t e systems with an ESP higher than 15 per cent 

i s considered t o be id e n t i c a l to the pure Na-form (Elgabaly and 

Elghatiry, 1970). These workers also note that the permeability of 

k a o l i r d t e , decreases as the ESP increases., and i n fact at an ESP 

of 15 per cent the permeability is 20 times less than that for 

the Ca-forra, 

Emerson (1967) reports that the water con.tent f o r dispersion^ 

Dispersion i s the separation and suspension of individual particles 
or domains from the main mass when immersed i n a l i q u i d , and i s 
evidenced by a cloudy appearance. I t includes defloccuation (Van 
Olphen,(1963). 

_ sodium exchange capacity (m,eq/lGOg) * 100 (%) 
cation exchange capacity (m»eq/l00g) 

The Water Content fo r Dispersion i s defined as the minimum i n i t i a l 
water content o f clayey material, usually remotilded, which j u s t 
e x h i b i t perceptible dispersion when immersed i n water. 
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Table 1.7 Exchangeable Soditim Percentage (E S P) for Dispersion 
of Air-dry Neutral Clay Flakes i n Water (Adapted 

• from Emerson, 1967) 

Clay 
ESP (%) f o r 

Complete Dispersion 
i n Water 

ESP (%) £or 
Just Perceptible 

Dispersion i n Water 

C ^ a - i l l i t e 13 

C^/^a-montmorillonite 12 

Table 1.8 Water Contents f o r Dispersion (WCFD) of Clay i n 
Water-from Remoulded Silt-Calcium Clay Mixtures 
(Adapted £rom Emerson, 19677^" 

Clay and Meaistired 
WCPD f o r Clay 
Fraction only 

Ratio 
S i l t : Clay 

WCFD (%) 
after Remoulding 

Measured Calculated 

C a - i l l i t e 
(WCFD = 52) 

1 : 1 
3 : 1 

26 
17 

26 
13 

Ca-montmorillonite (A) 1 S 1 
(WCFD = 150) 3 : 1 

78 
48 

75 
39 

Ca-montmorillonite (B) 
(WCFD = 350) • -

180 175 
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Figure 1.18. I n f l u e n c e of Exchangeable Sodium i n b o i l 
i i t r u c t u r a l E q u i l i b r i u m - i J l e c t r o l y t e 
Concentration Relationships ( A f t e r Inges, 
1968 and Moriwaki, 197^).. 
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( V C F D ) to be 52 per cent for C a - i l l i t e and 150 and 350 per cent 

fo r two di f f e r e n t Ca-montmorillonites tested. However, the l a t t e r 

t\ro values correspond to basal spacings of 28A and 53A respectively 

(assuming a specific surface area of 800m^/g) which are miich 

higher than the I9A maximum basal spacing reported by Norrish and 

Quirk (1954). Consequently he concludes that the excess must 

be associated with the inter-domain pore space. On the other 

hand, Ca-kaolinites flocculate i n water (Schofield and Samson, 

1954) and aggregates cannot be dispersed by increasing the water 

content (Emerson, 1967), 

The effect of s i l t upon the V7CFD i s summarised i n Table 1.8 

and the good agreement between measured and calculated values 

possibly implies that the s i l t i s merely acting as a di l u t a n t . 

Water contents f o r dispersion of mixtures of C a - i l l i t e and Ca-kaolinite 

indicate that the presence of k a o l i n i t e up to 50 per cent does not a l t e r 

the WCFD of the i l l i t e (see Fig,1.19). By considering the work of S i l l s 

et a l (1973) the shape of the curves may be explained by assuming 

an i n e r t k a o l i n i t e structure dominated by active i l l i t e particles 

which f i l l the voids surrounding the former. 

Schofield and Samson (1953) demonstrate that Na-kaolinite 

(flocculated at pH 4) defloccuiates upon increasing the a l k a l i n i t y 

by the addition of NaOH,; A similar, but lesser effect i s observed 

i n Na-montmorillonites (Emerson, 1963). Arora (1969) reports t h a t , 

i n 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 

containing divalent cations are only affected i n a small way by 

changes i n pH and CSC values are generally low ( i . e ^ i n the order 
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Figure 1,19. Water Contents f o r Dispersion of Ca-
K a o l i n i t e - H l i t e Mixtures (Adapted from 
Emerson, 1968), 
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of 1 me/Litre). The effec t of CSC values on heterionic Na/Ca 

and NaAlg clays i s summarised i n Figure 1.20. 

The effect of p a r t i c l e size on dispersion behaviour has been 

studied by Arora (1969) whilst the e f f e c t of soltible s i l i c a t e s on 

the aggregation behaviour of bentonite and k a o l i n i t e has been 

reported by Dutt (1948). 

With regard to clay microstructure and f a b r i c , Lambe (1958) 

suggests that dispersed structures i n compacted clays resiilted i n 

faster slaking than fo r corresponding flocculated structures, but 

he doesnot elaborate on this, except to mention that differences 

i n permeability may be a complicating factor.. Studies with a 

scanning electron microscope and other methods (Harden and Sides, 

1971^. indicate that the structure o f k a o l i n i t e contains large 

domains with i l l - d e f i n e d boundaries showing gradual changes i n 

ori e n t a t i o n regardless o f being flocculated or deflocculated 

(Smart, 1967). Emerson (1964) further concludes that rearrangement 

of k a o l i n i t e c r y s t a l s upon immersion i s not a major cause of slaking 

f o r t h i s material, I l i i t e , on the other hand, shows a marked change 

i n fabric ( i . e . dispersed or s a l t floccixlated) depending upon the 

physico-chemical conditions (Harden and Sides, 1971a). At present 

the resolution l i m i t of the scanning electron microscope prevents 

any conclusion on the fabric o f raontmorillonite. 

Swelling phenomena i n clay minerals occur by either intramicellar 

( i n t r a c r y s t a l l i n e ) swelling, involving the expansion of the clay 

mineral i t s e l f , or intermicellar ( i n t e r c r y s t a l l i n e ) swelling, 

involving expansion due t o the water between the clay minerals. 

(Barshad, 1955). I n t r a c r y s t a l l i n e swelling t o unlimited basal 

spacings occurs i n K a - r r u 3 n t m o r i l l o n i t e s whereas a maximum viJ-ue 
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Figure 1.20. In f l u e n c e of Exchangeable Sodium on 
C r i t i c a l S a l t Concentration Values i n 
Ca/«a Clay Systems (.After Arora,1969; 
Moriwaki, 197k). 
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o f I9A occurs i n the Ca-form (Norrish and Quirk, 1954). By 

studying Na/Ca montmorillonite systems, t h i s behaviour can be 

accounted for by the domain concept (Aylmore and Cjuirk, 1959) 

and the concept of demixing of cations (Fink et a l , 1971). 

According t o the l a t t e r authors, v/ith an ESP 504^per cent random 

mixing of Na and Ca cations occurs and there i s xmlimited 

swelling between a l l the plates v/hen water i s added. As the ESP 

i s reduced from 50 to 10 per cent there i s progressively more 

.demixing. on the interlayer exchange sites with progressively 

more sets of plates collapsing to a 20A repeat spacing. With 

an BSFcF10-15 per cent the interlayer exchange sites are 

predominantly Ca saturated and Na ions occupy external planar 

and edge s i t e s . 

Physico-chemical aspects of swelling have been reviewed by 

Mitchell,(1973). By varying the e l e c t r o l y t e concentration and 

ESP the e f f e c t on the s'.^elling potential of i l l i t e (Rowell et a l , 

1969) and montmorillonite (Rowell, 1963) are shovn i n Figures 1,21 

and 1,22 respectively. I n both cases the pure Ca-form appears to 

be nearly independent of the former variable.Emerson (1962), however, 

concludes that the swelling of orientated Ca-mbntmorillonite 

gradually increases as the electr o l y t e concentration i s reduced. 

Emerson (1964) has suggested that on a macroscopic scale 

the pressure of entrapped a i r w i l l be lower i n swelling materials 

(than i n non-swelling materials) because a larger amount of additional 

water absorbed i s used t o s\/ell the a l r e a ^ wet regions and not i n 

occupying new pore space. Consequently, montmorillonite, ^^rith 

small f l e x i b l e plates, shoxiLd have a lower entrapped a i r pressure 

than either i l l i t e or k a o l i n i t e . 
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Figure 1.21. E f f e c t of T o t a l E l e c t r o l y t e Concentration on the 
Swe l l i n g of Mixed fJa-Ca M o n t m o r i l l o n i t e Aggregates 
( A f t e r Rowell, 1963). 
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Figure .1.21. E f f e c t of E l e c t r o l y t e Concentration on the 
Sw e l l i n g of Mixed Na-Ca I l l i t i c Aggregates 
( A f t e r Rowell et a l . 1969). 
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1.7.3 Slaking Behaviour of Natural Clays and Shales 

Natural clays and shales, in- addition to being polymineralic, 

have additional complicated s t r u c t w a l features such as f i s s i l i t y , 

j o i n t i n g and slikensiding and diagenetic bonding which meikes 

studying t h e i r slaking behavioiir a f a i r l y d i f f i c i i l t task. As a 

consequence of t h i s a suitable c l a s s i f i c a t i o n based on t h e i r 

engineering properties has not yet been well established 

(Underwood, 1967; Morgenstern and Eigenbrod,1974). 

According to.many workers (e.g. Nakano, 1967; Nordquist 

and Bauman, 1967; Kerjiard et a l , 1967; Grice, 1968) natxiral 

materials at i n s i t u moisture contents do not slake i n water; 

a fact which has also been noticed by the present w r i t e r . Nakano 

(1967) has indicated the existence of a c r i t i c a l r e l a t i v e humidity 

as he found that samples did not slaike i f they were kept at 

a r e l a t i v e humidity of greater than 94 - 98 per cent before immersion. 

Furthermore when equilibrated to d r i e r conditions than t h e i r 

natural state, a l l the materials had a greater tendency to 

dis i n t e g r a t i o n i n water which may be a t t r i b u t e d to a i r breakage 

and clay mineralogy (Taylor and Spears, 1970). Van Eeckhout 

(1976) shows that the strength of coal mine shales i s severely 

lowered by hxanidity flijctuations, and r e s u l t s from expansion-

contraction characteristics lengthening i n t e r n a l cracks.and from 

the lowering of fracture energy with increased moisture. I n fact 

Johns et al (1963) have actually used humidity control i n the f i e l d 

to. prevent disintegration. However, when studying the storage and 

drying e f f e c t of samples of Oxford and Weald Clays on slaking 

d u r a b i l i t y values, Franklin and Chandra (1972) fotmd that slaking 

was reduced f o r samples with lower i n i t i a l moisture content. I n 

addition, oven-drying did not change the e f f e c t of moistxAre 

content v a r i a t i o n on the slaking behaviour. Van Eeckhout '(1576) further 
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shows that at hianidities of less than 60 per cent, the strength 

o f c o 3 i i mine shales i s kept r e l a t i v e l y high, Aughenbaugh (1974) 

suggests that i t i s not possible to correlate slaking behaviour 

of shales to t h e i r moisture content, changes under various r e l a t i v e . 

humidity conditions. 

The e f f e c t o f a i r evacuation on the slaking behaviour of 

i l l i t i c shales associated with B r i t i s h coal seams has been 

explored by Badger et a l (1956), (Table,1.9). They report that 

slaking of the majority of shales tested increased with a i r evacuation, 

and attribute' t h i s to the fact that removal o f a i r from the . 

pores permits. m.ore water to. reach and attack a greater surface . 

area by the use of the 'ionic dispersive force*, Only one sample, 

containing a r e l a t i v e l y large amount o f k a o l i n i t e showed a large 

reduction o f slaking, p a r t i c u l a r l y o f the minus 10 pm and minus 

5 ym p a r t i c l e sizes. Consequently they consider a i r breakage 

important i n mechanically weak shales. However, no mention 

i s made of the ef f e c t of redxiction of i n i t i a l moisture content 

as previously discussed, Taylor and Spears (1970) also note 

that breakdown i s p a r t i a l l y reduced i n materials which contain 

r e l a t i v e l y large amounts of k a o l i n i t e and c h l o r i t e , 

A' montmorillonitic mudstone, studied by Nakano (1967) showed a 

si g n i f i c a n t change i n slaking behaviour upon eiir evacuation, although 

the percentage of small grains remained lower after- slaking i n , VCLCUO, 

By studying the physico-chemical factors eissociated with 

slaking behaviour. Badger et a l (1956) show some co r r e l a t i o n 

between exchangeable sodim and the degree of disintegration, 

(Table l . i o ) . They also note that high e l e c t r o l y t e concentrations 

of Na CI and CaClg s i g n i f i c a n t l y reduced slaking i n the samples 
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Table 1.10 Correlation of Exchangeable Ions and 
Disintegration (After Badger et a l 1956) 

Shale 

Ion concentration, 
mill i - e q u i v a l e n t s 
per 100 g. shale 

Percentage of ̂ . i n , 
to ^ i n . shale 
disintegrating. 

Na I -36 B.S. mesh -10 vaa. 

Ryder 15.0 5.0 82.5 40.5 

Kingsbtiry 12.2 4.5 31.9 26.2 

Flaggy Delf 9.5 7.2 32.3 11.7 

Denby 9.0 6.4 19.7 6.7 

Linby 8.5 4,8 11.7 8,0 

Llanharan 6,2 5.1 9.7 3.9 

Rushy Park 5.5 4.9 5.4 3.2 
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tested, although they conclude that the concentration necessary 

to conpletely suppress slaking i s so large that no p r a c t i c a l 

sigrdficance can . be placed upon the r e s u l t s . 

I n general, l i q u i d s which have a high dieleelcic constant 

tend to give higher degrees of disintegration (Denisov and 

Eeltov, 1961; Badger et a l , 1956). Nakano (196?) concludes 

however, that because no reaction was observed with nitrobenzene 

( d i e l e c t r i c constant 36), i t i s the a b i l i t y of a l i q i i i d to form 

hydrogen bonds with water which i s important i n slaking behaviour 

rather than the d i e l e c t r i c constant i t s e l f . He also e s t a b l i s h s 

a relationship between swelling and slaking behaviow and suggests 

that the l a t t e r involves hydrogen bonding with the c l a y surfaces 

which releases ejoress free energy of the l i q u i d ultimately caiising 

destruction of the material. 

Taylor and Spears (1970) conclude that brea2<down of sandstones 

and s i l t s t o n e s i s slow and i s controlled by structures s\jch as . 

j o i n t s and s t r a t i f i c a t i o n . They also note that mudstones and 

shales (including seatearths) breakdo'.ra rapidly, structure again 

playing an important r o l e , although a simple pattern cannot be 

applied because of;the range of mineralogy etc.; extreme members 

l i t e r a l l y exploding when water i s added to . the desiccated material. 

They also conclude that a highly preferred orientation does not 

n e c e s s a r i l y reduce breakdown i n argillaceous shales whereas 

White (1961) suggests that n o n - f i s s i l e materials tend to 

disintegrate more i n water. 

Disintegration of shales by the formation of a polyagbnal 

cracking pattern perpendicular to the bedding upon drying has been 

reported by Kennard et a l (196?), who corjclude. that the feature i s 
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formed cis a r e s u l t of t e n s i l e stresses created due to negative 

pore pressures. 

The destruction of diagenetic bonding (sjerrujn, 1967^ 

leading to the release of locked i n s t r a i n energy r e s u l t s i n 

the slaking of overconsolidated shales af t e r s t r e s s release. 

Under natural conditions these bonds are destroyed by weathering 

agents over long periods of. time (Peterson, 1958), at rates which 

are dependent upon t h e i r own strength; a process which ultimately 

leads to. an iiKrrease i n swelling and associated higher moisture 

contents. Strong diagenetic bonding may only break down to a 

c e r t a i n extent when the material i s rapidly consolidated and 

reboinded i n the laboratory tinder t e s t conditions (Bjerrum 1969), 

However, when subjected to, repeated c y c l e s of loading and 

unloading (Bjerrum, 1969) or ± 0 repeated c y c l e s of drying and 

v e t t i n g (Morgenstem and Eigenbrod, 1974), then i t i s quite 

possible that these bonds can be broken down and the resulting. 

iiKirease i n moisture content can be meastired, (Consequently i t 

i s not surprising-that c y c l e s of wetting and drying generally 

cause a rapid breakdown of shales (Underwood, 1967) and that 

samples which do not break down appreciably upon the f i r s t cycle 

of the slaking dT^rability t e s t tend to fall apart after a number 

of c y c l e s (Gamble, 19 7 l ) . 
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Chapter Tvro 

Geological Nature and C h a r a c t e r i s t i c s of the Samples Studied 

2.1 General Information 

Details of sample l o c a l i t i e s , present depths of b u r i a l , water 

table l e v e l s and how the samples were obtained, i n addition to 

"their coding (for futxire reference), are given-in Tables 2.1 and 

2.2. Areal; distributions of the samples are shown i n Figures 2.1 

and 2.2» 

2.2 Stmtigraphy and Lithology 

Stratigraphical distributions. along v;ith correlations of the 

B r i t i s h and North American s t r a t a are presented i n Figure 2.3; l o c a l 

geological conditions being shorn i n Figures 2.4 and 2.5. 

The general s t r a t i g r a p h i c a l d e t a i l s for the B r i t i s h I s l e s were 

obtained from Rayner (196?) whilst for the North American materials, 

IXinbar and ¥aage (1969) was consulted. 

The rock materials investigated are b r i e f l y described below 

on a l i t h o l o g i c a l basis star t i n g with the oldest types sampled i n 

— t h e respective geological successions of the two countries. 

2»2»1 B r i t i s h Materials 

2»2,1»1» Carboniferous Deposits 

Swallow Wood roof (Westphalian b) (sample STAR, Table 2.1) 

Flockton Thin roof (Westphalian A) (sample FTR, Table 2.1) 

Flockton Thin seatearth (Westphalian A) (sample FTS, Table 2.1) 

Widdringham roof (westphalian A) (sample WR, Table 2.1) 

72 



Index 

T E R T I A R Y 

CRETACEOUS 

JURASSIC 

T R I A S S I C 

CARBONIFEROUS 

PRE-CARBONIFEROUS 

PERMIAN 

m 

i l l ! ' 
j l " ' 
111 

FEt9 

miles 

^ * t * r to T o b l * 2.1 fo r s o m p i * litntilicoltat> 

F i g u r e 2.1. A r e a l D i s t r i b u t i o n of B r i t i s h Samples. 
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/ K6.K81 

s c a l e (miles) 

R e f e r to Toble 2.1 for sample ident i f ica t ion 

F i g u r e 2.2. A r e a l D i s t r i b u t i o n of north American Samples. 
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These aj>e the oldest x ^ k s investigated and are the products 

of deposition i n l o v - l y i n g , nonnnarine, p a r a l i c conditions, which . 

tended t o prodtace c y c l i c deposits i n the general sequence! mudstone-

s i l t s t o n e -sandstone-seatearth-coal. 

The three roof shales are bard and mildly indurated, commonly 

shoving a narked f i s s i l i t y * The Viddringham roof (sample VE) i s the 

%realQest by vizinie of the f a c t that i t contains carbonaceoxis partings. 

Highly polished l i s t r i c surfaces together v i t h occasional root 

remains, are p3?esent throughout the seatearth, endowing the specimen 

v i t h a r e l a t i v e l y weak strength and the f a c i l i t y to crumble e a s i l y , 

2« 2,1,2 — T r i a s s i c Deposits 

Ifeuper Marl , (sample XM, Table 2,1) 

The Keuper Marl \ras l a i d down i n sali n e basins of inland 

drainage tmder-hot,-arid, joxidising conditions sxich that haematite 

gives the rock a general red colouration. Local green patches are 

probably the resialt of l a t e r periods of reduction, rather than l o c a l 

v a r i a t i o n s i n the conditions'of deposition, The material x t s e l f i s 

composed of a silty«<:layey matrix siarounding angular, non-uniform 

grains of quartz, carbonate and ( ? ) evaporite. 

2«2«1»3 J u r a s s i c Deposits 

rimmeridge Clay (lirameridgian) (sample EC, Table 2,1) 

U Oxford Clay (Oxfordiai/ (ssunples OC10 , 

Callovian) and 0C44). Table, 2,1) 

Pullerfe Earth (Bathonian) (sample F E l 9 i Table 2,1) 

U# Lists Clay (Toaixrian) (sample 110, 
and L 36 , Table 2,1) 

•i 
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The Einmeridge Clay, Oxford Clay and L i a s Clay are t y p i c a l of 

the heavy c l a y s which were deposited under the widespread s h e l f sea 

conditions which prevailed throughout most of the period, p a r t i c u l a r l y 

i n the southern part of B r i t a i n * 

The deeper saiq>les.of the.Oxford and L i a s Clays ( i , e , samples 

0C44 and L36 (Table 2*1) res p e c t i v e l y ) are very firm and fine 

grainedj although the former i s noticeably coarser. They also 

show a marked f i s s i l i t y by s p l i t t i n g along w e l l developed planes, 

su b - p a r a l l e l to the bedding. The samples of Oxford and Lias Clay 

from shallow depth ( i . e , samples OClO' and LlO' (Table 2,1) 

respectively^) and the Kimmeridge Clay (sample BC, Table 2,1) which 

i s £ram lOm depth, are noticeably softer, although the Li a s Clay 

has s t i l l retained a moderate f i s s i l i t y . The Oxford Clay shows 

t r a c e s of iron staining, highly disturbed bedding and occasional 

X i s t r i c surfaces indicating that i t i s i n an advanced state of 

weathering. The Kirameridge Clay contains occasional f a i n t l y 

polished surfaces. 

The Puller'fe Earth, (sample FE19, Table 2,1) fl'om the 

Retrocostatum Zone of the Middle J u r a s s i c Bathonian beds probably 

represents a d e v i t r i f i e d volcanic ash deposit (Hallam & SdLwood, 

1968) l a i d down under marine conditiozis. I t occurs as a band 2m 

i n thickness i n the F u l l e r ^ Earth Clay of the Coombe Hay area near 

Bath, The lover 1,6m, fJrom which the sample wcis taken, i s nearly 

pure calcium montmorillonite. I n the unweathered condition i t i s 

bl\ie-grey i n colour but quickly weathers to a yellow colour upon 

exposure to a i r . The material heis a soapy textxtre, with laminations 

and a conchoidal fracture. 
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2«2*1*4 Cretaceoiis Deposits 

U. Gaiat Clay (Albian) (sample GC, Table 2.1) 

Puller's Earth (Aptian) (Sample FE23, . Table 2.1) 

U. Veald Clay (Barremian) (feample WC, Table 2.1) 

The Cretaceous Period i s characterised i n i t i a l l y by non-marine 

conditions to the soxzth of the London Platform and marine conditions 

i n Yorlcshire. Siibsequently widespread marine conditions vere established 

over the vhole o f B r i t a i n under %rtiich the Chalk vas deposited. 

The Veald Clay specimen (:sample VC* Table 2.1) vas l a i d down 

as a firesh vater deposit (Allen, 1959) at the top of a rhythmic 

s e r i e s o f sediments involving the i n t e r a c t i o n of l a c u s t r i n e and 

d e l t a i c conditions. The M a t e r i a l i t s e l f i s very hard, s i l t y c l a y 

containing very t h i n , i r r e g u l a r l y spaced, non-uniform bands o f hard 

and s o f t material, the former containing large quantities of quartz, 

often i n l e n t i c u l a r masses. 

The Gault Clay (sample GC, Table 2.1) i s a s t i f f , imbedded c l a y 

"irom 30m belov the base of the Chalk and contains up to 30 per cent 

calcium carbonate vhich appears to be present i n the form of coccoliths. 

The Cretaceous Puller's Earth, (sample FE23, Table 2.1) fi^om the 

Sandgate Beds i n the Redhill-Reigate area, has the same c h a r a c t e r i s t i c s 

as the jTXTcissic deposit, and i s probably of s i m i l a r origin. I t has 

been described by various authors (e.g. Hallam & SdLvood, 1968; Dines 

& Edmunds, 1933). The deposit c o n s i s t s of several seams of nearly 

pure calcium montmorillonite alt-emating with sandy glauconitic 

limest<KQes i n a lenticxilar mass, up to 21.5m t h i c k , of which the 

principa.1 seam i s nearly 2.3m t h i c k . 

2.2.1.5 T e r t i a r y Deposits 

London Clay (Ypresian) (samples UM and IX;37, Table 2.1) 

T e r t i a r y deposits i n mainland B r i t a i n are l i m i t e d to the London 
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and Hampshire basins; the London Clay being l a i d down as the second 

marine transgression into these areas. The deposit i s r e l a t i v e l y 

uniform i n character, being a brown c l a y with sandy partings. 

The specinen StGOi STm̂ d̂epth (sample LC37, r Table 2,1) i s a 

s t i f f f i s s u r e d c l a y fl?om the uaweathered fT>lue" London Clay zone. 

I t has frequent sandy partings and a g r i t t y texture, indicating 

a high quartz content. The specimen firom 14m depth (semple LC14, 

Table 2»1) i s from the t r a n s i t i o n zone between the »n>lue" and •^rown" 

(weathered) London C I C Q T * I t i s moderately s t i f f with a very fine-grained 

texture* 

2*2*2 North American Materials 

2*2*2*1 Cretaceous Deposits * Western I n t e r i o r 

Pierjre Shale (Campanian) ( samples PSD & PSC, Table 2,2) 

Fox H i l l s Shale (Maastrictian) ('Sample FOX, Table 2*2) 

The CretaceoTis deposits of the Western I n t e r i o r ( F i g , 2,2) were l a i d 

down i n the Rocly-Mountain geosyncline which'was occupied by a-vast 

epicontinental sea covering the whole of North America from the Gialf 

Embayment to the boreal sea i n the Mackenzie Delta region of Canada* 

The deposits are characterised by decreasing amounts of non-marine, 

and r e l a t i v e l y coarse-grained material i n an ea s t e r l y d i r e c t i o n from 

the f o o t h i l l s of the Rocky Mountains (Tourtelot, 1962), 

The P i e r r e Shale (which c o r r e l a t e s with the Bearpaw and Claggett 

formations from other a r e a s ) i s the most widespread deposit i n t h i s 

region* The sample from South Dakota, from the Verendyke member 

(sample PSD, Table 2,2), i s a very fine-grained material containing 

a high proportion of montmorillonitic minerals which were derived 

from the volcanic a c t i v i t y i n the western highlands according to 
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Tourtelot (1952)* The material may be i d e n t i f i e d with the eastern 

f a c i e s of shales and marlstones.* 

The P i e r r e Shale from Colorado (sample PSC, Table 2,2) i s a 

coarser, s i l t y material which may be i d e n t i f i e d with the western 

f a c i e s of alte r n a t i n g marine shales and'sands (Tourtelot, 19ii)» 

Veimer and Land (1975) suggest that the deposits i n Colorado are 

e i t h e r those of a pro-delta or deeper n e r i t i c f a c i e s , depending 

upon the area of depositiozu 

Sample (POX) shown i n Table 2*2, i s from the Pox H i l l s Shale 

from North Dakota* I t i s a n o n ^ f i s s i l e , moderately s t i f f , dark 

brown clay containing abmdant organic matter, coming from a non-

mar ine_ deltaic_sequence JHhichjis_ch2u?.ac 

sandstones and dark coloured shales (Weinffir and Land, 1975)* 

2*2*2*2 T e r t i a r y Deposits - Eastera Rockies 

Dawson Shale . (Palaeocene) (sample D6, Table 2*2) 

L* NcCimiento Shale (Palaeocene, (samples Nl, N2 & N3 

Puerco Unit) Table 2,2) 

These «teposits from t t e Eastern Rockies occur i n basins of 

ra p i d deposition and erosion as a r e s u l t of the orogenic phase 

which produced the Rocky Mountains, 

The Dawson Sheile occurs i n the Denver Bsisin of Colorado 

(Brown, 1943) and has a litho l o g y which i s very variable, but i s 

broadly that of a t e r r e s t i a l r i v e r or stream-laid arkosic deposit 

of sandstones, s i l t s t o n e s and claystones containing andesitic 

lenses* Correlation i s d i f f i c u l t because of the lack of marker 

bands, but i t i s believed that the lower 170m are of Cretaceous age 

w h i l s t the remainder are Palaeocene* 

The Nscimiento Shale occurs i n the San Juan Basin, New Mexico 
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F i g u r e 2.if. L o c a l Geology Surrounding B r i t i s h Samples. 
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F i g u r e 2.if. continued. 
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F i g u r e 2.5. L o c a l Geology Surrounding Ncrth American 
Samples. 
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(BaltZy 1967) and also consists of t e r r e s t i a l stream-laid sandstones 

and siltstones v i t h interbedded shales containing much volcanic debris* 

Specimens HI and N2 consist of hard, clayey siltstones whereas specimen 

N3 i s a s t i f f , dark clay, 

2*2#2»3 Tertiary Deposits - Mississippi Embayroent 
Yazoo Clay (jaclcson Formation) (san^le YC, Table 2*2) 

ICincaid Shale (Midvay Formation) (samples i:6 & IS, Table 2*2) 

A shallov sea has occupied t h i s area since the latt Jtirassic 

Period and thick deposits have been l a i d down i n a slovly sinking 

basin which has a central axis running i n a north-south direction 

through the states of Mississippi and Louisiana* 

The Uncaid Formation, £rcm the base of the Midway Formation 

(Cushing et a l , 1964) consists of glauconitic sands, clays and 

limestones, a l l of marine origin* The two samples investigated 

(isamples X6 and XJB, Table 2*2) are both weak, s i l t y , weathered clays 

having a yellowish colouration with interdispersed greyish area«* 

Fbssil debris i s common throughoizt both materials* 

The Yazoo Clay, from the Jackson Formation, i s considered by 

Monroe (19^) to be a marii^ deposit l a i d down f a i r l y close to the 

shore i n a region where large amounts of material were brought into 

the sea by a large r i v e r , or several rivers. The material ( i , e , sample 

YC, Table 2,2) i t s e l f i s a soft, blue-grey f a t clay with patches of 

brown colouration, 

2*3 Estimation of the Maximum Overburden Thicknesses of Strata 
Three methods were used to estimate the maximum probable 

thicknesses of strata which have overlain the samples studied i n this 

project, the results of which are summarised i n Tables 2,3 and 2,4* 

No account has been taken of the weight of ice cover during the 
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Pleistocene, tectonic forces, groundwater fluctuations and the 
stresses due to freeze-thaw cycles, as these factors cannot be 
quantified. The three methods employed \rere:-

2»3»1 STaiimation of Thicknesses from the Literature 

The probable thiclaiesses overljring the British strata (Table 2e5) 
were obtained ft^ia Strahan et al (1916), Dines and Edmunds (1933), 
Welsh and Croolcall (1935), Arlaell (1947), Sherlock (1947), Chatwin 
(1947), Edmunds (1947), WUson (1948), Chat\d.n (1948), Lanrood and 
Punnel~(l970), Eayner and Hemingway (1974). The estimates for the 
samples from North America (Table 2.6) were obtained from Brown 
(1943), Bass and Northrop (1963), Cxishing et al (1964), Robinson 
et al (1964), Underwood et al (1964), Baltz (1967), Vames and 
Scott (1967), Hail (1968), Cooley et al (1969), Hilpert (1969), 
""Fanning et al (1970), Shawe (1970) and Fasset and Hinds (1971). 

2»3»2 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). To do t h i s , the 

point of maximum curvature on the compression limb .wais located visually 
(point C) and through t h i s point a tangent (AB) and a line parallel 
to the pressure axis CD. were inserted. The intersection of the 
bisectrix of the acute angle, formed by this pair of lines, and the 
projection of the v i r g i n consolidation cnirve was considered to .represent 

the preconsolidation load (P(0« 
Although the oedometers used could simxilate depths equivalent 

to 2100 - 2500m of sedimentation (35000kN/m ) , a li m i t i n g value for 
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the preconsolidation load of 1050 - 1200m (14000 - ISOOOMJ/râ ) was 
found to o p e r a t e H e n c e the maximum depths of clays buried to 
greater depths were not estimated by this method. 

2.3.3 Rebound Characteristics using Undisturbed Samples 
From the consolidation test data for undisturbed specimens a . 

li n e whose gradient was equivalent to the average swelling index 
was projected through the point which represents the present day 
overbiirden/voids ratio of the sample, i.e. calculated for the 
location and present topography from which the sample was taken. 

2 
Where thi s projected line met the corrected e - log P 
compression curve for the same specimen i n i t s remoulded state, the 
intersection vas taken as being equivalent to the preconsolidation 
pressure (See Fig.2.7). The maximum overburden pressures obtained 
are recorded i n Tables 2.3 and 2.4 and further details relating to 
the techniqiie are given i n Chapter 5. 

Altschaeffl and Harrison (1959) use a somewhat similar 
technique by projecting a line with a slope equivalent to the 
average remoulded swelling index and consider that the intersection 
of t h i s with.the remoulded compression curve represents the 
preconsolidation load. However, by reference to Chapter 5, i t can 
be concluded that remoulding can sometimes enhcuace the swelling 

; • ' .... - . . . . 

properties of the material, implying that the slope of the rebound 
(1) As the applied pressure i s doubled for each load increment, a 

preconsolidation load of less than I200ra allows at least two 
points to be plotted on the v i r g i n curve. 

(2) Correction of the remoulded e-log P curve necessitates adjusting 
the curve so that the voids ratios at the high pressxires coincide 
with those of the vir g i n ciirve for the undisturbed sample. 
(See Section 5.8). 
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curve w i l l be increased. Consequently, Altschaeffl and Harrison's 

intersection point w i l l lead to enhanced values of the preconsolidation 

load* 

The preconsolidation loads obtained by using the undisttJrbed 

swelling characteristics agree reasonably v e i l with the values 

obtained by other methods (Tables 2,3 and 2,4), However, when the 

values determined from remoulded swelling characteristics are 

considered, i t can be seen that for the f i n a l unloading stage only 

11 out of the 25 samples have results which are i n agreement with 

other methods; the z'emainder give higher values (Table 2,3 and 2,4), 

Values obtained using the intermediate tmloading stage (See Pig, 2,7) 

during the tests on remoulded material follow the same pattern, 

(Tables 2,3 and 2,4), although their swelling characteristics tend 

to be less than those of the f i n a l stage, which i s probably a 

reflection of the states of particle packing at the different 

pressures ( i , e , the eleistic and physico-chemical effects being 

greater at the higher pressure), 

2*4 Assessment of the Accuracy of Estimated Maximum Depths of Burial 

.2*4*1 Br i t i s h Materials 
Dcx:umentary evidence for the thicknesses of British strata i s 

^ f a i r l y complete, hence comprehensive compilations of overlying 

•strata were readily obtained (Tables 2.5), However, possible 

Inaccuracies arise where deep erosion has removed large amounts 

of strata. 

The maximum recorded thicknesses of TertiBiy and Recent strata 

down to the base of the London Clay, i n the, London basin, i s about 

244m (Strahan et a l , 1916), whereas i n the Hampshire basin the 
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thickness to the same horizon i s over 6l0ra. At the end of the 
Eocene epoch the S.E. comer of England was subjected to u p l i f t and 
erosion, thus a considerable thickness of sediments nay have been 
removed. Fl̂ om consolidation tests on the London Clay, maximum 
depths of about 420m (for the shallow sample, 103.4̂ ) to 520m (for 
the deep sample, IC37) V sre indicated, which az>e confirmed by the 
rebound characteristics (Table 2.3)* These depths are considerably 
greater than the measured thicknesses, but are supported by Bishop 
et a l (1965), vhere a maximum depth of 366-396m was calculated, also 
using geotechnical methods. Fookes (1966) suggests that although 
these depths cannot be substantiated directly, i t i s i>ossible that 
the^Baa^dh Beds~at the top of the Eocene, which form the erosion 
surface, coxild have been considerably thicker than the present 
maximum of 15in (compared to 120m i n the Hants Basin). Dr. G. Larvood 
(Durham University, personal x:ommunication) -agrees with this statement 
and suggests that evidence of deep erosion may be fo\md i n the 
abnormal direction of the local rivers i n the S.E. of England. 

Because of deep erosion at the end of the Upper Cretaceous 
Period, large thicknesses of Chalk have been removed, thus making the 
estimation of burial depths of older strata uncertain. However, 
Dr. G. Larvood (personal communication) believes that a thickness of 
at least 300-360m has probably been removed from the Midlands and up 
to 600m from the Vest CoTintry. These figures are confirmed by Jackson 
and Fookes (1974)• 

Mestsured thicknesses of strata from the Lower Jurassic Period to 
the Chalk i n the Midlands and West Country are considered to be 
representative of the acttxal thicknesses of strata l a i d down. Therefore 
by assuming a thickness for the Chalk, reasonable estimations of the 
maximum depths of burial can be made for a l l the Mesozoic strata studied. 
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Depths obtained £rom Rayner (1967) indicate that maximum thicknesses 

to the hase of the Jurassic are fo\md i n the Veald and Vessex b^ins 

where they are of the order of 2400 - 3000m (450 - 700m of Tertiary, 

1200 - 1500m of Cretaceous, and 1200 - 1500m of Jureissic), Elsewhere 

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

strata i n the Midlands and Vest Country averaging about 900m to the 

base of the Middle Jurassic (1200m to the base of the Lower Jurassic), 

Even i n the Yorkshire Basin, Attewell and Taylor (1970) only record a 

thickness of 1067m to the top of the Lower Lias, 

The maximum recorded depths for these materials studied ( i , e , 

samples from the L, Jurassic to the Chalk) using the consolidation 

parameters are i n general consistent with the results obtained from 

the summation technique. I n certain cases, however, (e,g, Gault Clay 

(GC), Oxford Clay (0C44) and Lias Clay (L36 ))geotechnical 

Information indicates a greater depth than summated thicknesses, 

which may be caused by a possible underestimation of the assumed 

Chalk thickness i n the Midlands, The slightly low resiiLts obtained 

fl^om'the^consolidation parameters for the Oxford=^Clay (OCIO) and 

the limmeridge Clay (KC) may be explained by the fact that these 

samples are f^om shallow depths and show some signs of distxirbance 

(See Chapter 2,2,1,3,) 
The t o t a l thickness of strata which existed above the Coal 

Measxiâ es rarely exceeded 2400 - 3050m i n the British Isles (Rayner, 
1967), This i s indeed the ceise when considering the strata of 
Yorkshire where between 1370 - 2740m have been recorded (Table 2,5), 
I n addition, the Carboniferous materials tested have also had between 
850 - 1000m of Upper Carboniferous strata above them. However, as no 
exact figure could be arrived at for the maximum depths of burial, an 
average figure of 3800m (Table 2,5) has been proposed* which i s 
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considei^d by the writer to be qiiite reasonable. 
Becavise of the great depth of burial of the Carboniferous shales, 

preconsolidation loads, using the Casagrande construction could not 
be obtained. Nevertheless, by considering the rebound characteristics 
an indication of their values could be deduced, although only that of 
Flockton Thin seatearth (FTS) i s i n accordance with the measured 
depths. The remaining three samples give restiLts of 49b0m (for the 
Widdringham roof (WR)) and 6100 - 6700m (for the Piockton Thin roof 
(PTR) and Swallow Wood roof (SWR)), which are obviously far hi^ier 
than could be reasonably expectecj. When the physical properties 
are considered, those of the seatearth, being crumbly and readily 
sxisceptible to slaking (Chapter 7) may be associated with the fact 
the coal directly above i s often a good aquifer (Taylor and Spears, 
1970), whereas, those of the roof are more .akin,to londurated sediments. 

2.4.2 North Anerican Materials 
Documentary evidence relating to the thicknesses of the North 

American strata was not always readily to hand for the actTial sample 

locations, therefore estimations often involved extrapolations from 

adjacent areas (Table 2.6). 
Thicknesses of strata which once overlaid the Ajnerican material 

tend t o be very variable but on the whole are much greater than 
thicknesses overlying the British materials. I n the Great Plains 
region and the Eastern Rockies, the Cretaceotis strata forms an 
eastwards sloping wedge 6100m thick i n the west which tapers o f f 
to 600m on the eastern side, whilst i n the Mississippi Embayment, 
up to 2150m of strata were l a i d down. Tertiary strata occurring on 
the eastern slopes of the Rockies forms basin and apron deposits 
up to 3650m thick, whereas i n the Great Plains, thicknesses are 
generally of the order of 600 - 950m. From a boring i n Louisianna, 
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i n the Gulf of Mexico, thicknesses of Tertiary strata i n the 
Mississippi Enibayment extend to depths of 7600 - 9100m. 

The above thicknesses are reflected i n the Tertiary and 
Cretaceous sediments studied, Preconsolidation loads and rebound 
characteristics (Table 2.4) indicate a maximum depth of burial of 
760 - 910m for the Pierre Shale (Dakota, Sample PSD), and 460 -
610m for the Pox H i l l s Shale (sample POX), which are both similar 
to the val\jes obtained by Underwood et al (1964) and Fleming et al 
(1970), Data regarding measured thicknesses for these materials 
i s not considered to be reliable because erosion has stripped material 
from vast areas of the central plains. I n fact Fleming et al (1970) 

' record a maximum measured thickness overlying the Pierre Shale of 
only 250m, 

Although no information regarding the depth of burial was 
obtained-for the Pierre Shale from Colorado (Sample PSC) the 
preconsolidation load and reboxind characteristics suggest a maximum 
depth of burial of about 1050 - 1350m (Table 2,4). 

Available literature concerning the N.V, area of the San Juan 
basin i n New Mexico shows that at least 730 - 1530m of sediments 
(Table 2,6) have been recorded as cxrcxirring above the base of the 
Nacimiento Formation, from which horizon the samples were taken 
(Cooley et al 1969; Ba3te, 1967; Paisset and Hinds, 1971). However, 
..although no preconsolidation pressures were obtadned to confirm this 
figure, the rebound characteristics indicate that a maximum thickness 
of 1650m may once have been present (Table 2.4), 

No conclusive evidence Weis obtained from the literature regarding 
the maximum measured overburden on the Dawson Shale from the Denver 
basin because thi s deposit i s the youngest remaining formation i n the 
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area, and only 610m have been recorded by Brown (1943) and 

Vanies and Scott (1967). However i n adjacent basins, thicknesses 

of equivalent formations ranging from 1520ni(Bass & Northrop, 

1963) to 3650in (Hail, 1968) have been recorded. Again, although 

no preconsolidation load could be determined (which indicates 

that a large thickness of overlying strata has been removed), 

the rebound characteristics imply a meiximum possible thickness 

of 1500m (Table 2.4) which i n the l i g h t of the above evidence 

does not seem unreasonable. 

The preconsolidation load and rebound characteristics for 
the Yazoo Clay (YC) and lincaid Shales (Z6 and IB) from the 
Mississippi Enibayment indicate maximum thicknesses of 120 - 150m 
and 430 - 550m respectively, which are i n line with the recorded 
depths (Table 2.6) of other workers (e.g. Gushing et a l , 1964). 

2.5 Conclusions 

(1) The mjociraum depth of burial for each sample has been 

assessed by up to three methods which involved:-
(a) A li t e r a t u r e review. 
(b) The use of the Casagrande construction on the compression 

e - log P curve of undisturbed samples. 
(c) The use of rebound characteristics. 

(2) I n general, the thicknesses of B r i t i s h strata are much 

thinner than those of equivalent strata from the Eastern Rockies, 

Great Plains and Mississippi Embajrment regions of North America. 

This i s i l l u s t r a t e d by a simple table, i.e. :> 
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Britain North America 

Veald 8t Vessex Basins Rockies ^^^^ Mississippi 
•• ' • Plains Embayment 

(m) (m) -JST (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 
overljring Carb, 
strata i s about 
4000m.) 

(3) I n general, the greater thicknesses overlying the 

American samples are reflected i n their maximum depths of burial, 

although certain samples have maximum depths which are compatible 

with B r i t i s h sediments. 

(4) As a consequence of conclusions (2) and (3) i t can be 

concluded that i n general, that overburden does not increase 

systematically with age, although on a local scale this may be 

trxie i f deposition i s iminterrupted. 
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Table 2.5. Recorded Thicknesses of Strata Over B r i t i s h Materials. 

London Clay 
m 

S u p e r f i c i a l 15 - 30 
Barton Beds 12 - 15 
Bracklesham Beds 12 - 20 
Bagshot Beds 30 - 36 
Claygate Beds 15 - 17 
London Clay 106 - l?7 190 - 2?? 
Qeotechnical evidence/ eg, 
Bishop et a l . 1965) suggests 
365-396m. 

Qault Clay 

T e r t i a r y and 
Kecent 
Chalk 
U. Oreensand 
Gault Clay 

30 
27J^ 
0 

11 

91 
365 
6 

-21 

Probable thickness if25-520m 

F u l l e r ' s Earth ( R e d h i l l ) . 

Recent 0 - 45 
Bracklesham Beds 0 -137 
Bagshot Beds 18 - 24 
Claygate Beds 8 - 9 
London Clay 100 - 121 
Reading Beds 15 - 20 
-Thane t~Sands — 3 
Chalk 30k - 457 
n.Greensand 9 - 18 
Gault Clay k3 - 103 
Folkstone Beds 37 - 76 
Sandgate Beds d - 24 

-1038 
Probable thickness 6l0-760m 

Weald clay 
m 

Recent 0 m 45 
Bracklesham Beds 15 - 24 
Bagshot Beds . 0 - 24 
Claygate Beds 0 - 9 
London Clay 91 - 146 
Reading Beds 9 - 27 
Thanet Sands 0 mm 10 
Chalk 304 - 457 
U. Greensand 9 - 61 
Gault Clay 45 - 91 
Folkstone Beds 48 - 79 
Sandgate Beds 15 - 45 
Eythe Sands 30 mm 91 
Atherfleld Beds 6 — .18 
Weald Clay 121 — 426 

^9? 
Probable thickness 1220-1370m 

Kimmeridge Clay 

Recent and 
Tertiary 31 - 243 
Chalk 426 - 548 
U. Greensand & 
Gault Clay 31 - . 62 
L. Qreensand 15 .̂̂  62 
Wealden 62 - 121 
Purbeck 58 - 121 
Portland 62 - 76 
Kimmeridge Clay - 487 

1142 -1720 
Probable thickness 1070-I220m 

Oxford Clay 

Recent and 
Tertiary 30 - 106 
Chalk 274 - 457 
U. Greensand 0 - 6 
Gault Clay 45 - 70 
L. Qreensand 21 67 
Wealden 0 - 15 
Purbeck 6 — 9 
Portland 12 - 18 
Kimmeridge Clay 30 - 38 
C o r a l l i a n . 6 - 12 
Oxford Clay 121 - 1?2 - 9?o 
Probable thickness 850-945in 

mm 
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Table 2,5. cont. 

F u l l e r ' s Earth (Bath) 

Recent and m 
Te r t i a r y 0 - :̂ 30 
Chalk l̂ 26 - 548 
U.Oreensand 30 - 55 
Qault Clay , and -

L. Qreensand 0 - 27 
Wealden 
Purbeck -
Portland - . 
Klmmeridge Clay 5̂ - 91 
C o r a l l i a n 0 - 36 
Oxford Clay and 
Kellaways Beds 121 - 152 
Combrash 6 - 8 
Forest Marble 27 - 39 
Great Oolite 0 - 33 
F u l l e r ' s Earth Clay - 128 

694 -1147 

I n f e r i o r Oolite 6 - 15 
U. L i a s 9 - . 82 
M.-Lias- 30 76 
L. L i a s 0 - 152 
Rheatic 0 - 30 
Keuper Marl - 48? Keuper Marl 

llOif -19S9 
Probable thickness to: 
(a) F u l l e r ' s Earth 760-885m 
(b) Keuper Marl 1100-1990in 

L i a s Clay 

Recent and m 
Tertiary 30 - 61 
Chalk 304 - 426 
L. Cretaceous 76 - 106 
Purbeck -
Portland -
Kimmeridge Clay 0 - 91 
C o r a l l i a n (Amphill) 0 - ^ Oxford Clay and 

- 106 Kellaways Beds 91 - 106 
Combrash 0 - 3 
Great Oolite 16 - 30 
I n f e r i o r Oolite 15 - 70 
U. L i a s 6 - 76 -
Probable thickness 885-975ni 

Carboniferous Samples 

Tertiary and 
- 61 Recent 30 - 61 

Chalk 426 - 548 
L. Cretaceous 121 - 137 
Kimmeridge Clay 182 -213 
Corallian 61 - 91 
Oxford Clay 15 - 45 
Callovian 12 - 55 
M. J u r a s s i c 91 - 243 
U. L i a s 45 - 128 
M. L i a s 0 - 43 
L. L i a s 24 - 243 
T r i a s 365. - 670 
Permian 304 - 609 
Carboniferous 8?? -1006 

2?2? -4092 
Probable thickness 305O-3810m 
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Table 2,6 Recorded Thicknesses of Strata Overlying 
North American Materials 

Yazoo Clay 
m 

Quaternary 3 1 - 6 2 
Oligocene 4 5 - 6 2 
Eocene 91 - 106 

161 - 230 Probable thickness 120-150m 

Xincaid Shale 
m 

Eocene 
Claiboume Group 

Sparta Sand 91 
Ht. Selma 91 
Carrizo Sand 62 

Wilcox Fm, 152 
Paiaeocene 
Midway Group 

W i l l s Point Fm. 152 
r i n c a i d Shale 9 

557 Probable- thickness .420-550m 

Nacimiento Shale 
m 

Quaternary 0 - 91 
Eocene 

San Jose Fin. 426 - 914 
Paiaeocene 
Nacimiento Pm, 304 - 548 

730 - 1553 Probable thickness 1220-I530m 

Fox H i l l s Fomation 
m 

Oligocene 45 
Eocene 91 
Paiaeocene 

Fort Union Gp. 365 
U. Cretaceous 

Lance Riu 152 
Fox H i l l s Fm. 45 

698 Probable thickness 460-6l0m 
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Chapter Three 
Mineralogy & Geochemistry 

3»1 Mineralogy 

A P h i l l i p s 21ar X-ray diffTactometer vas used to analyse all 

of the samples studied i n t h i s project for the major c l a y mineral 

components ( i l l i t e , k a o l i n i t e , montmorillonite, mixed-layer c l a y 

and c h l o r i t e ) as w e l l as other d e t r i t a l and non-detrital minerals 

(quartz, feldspar, c a l c i t e , dolomite and p y r i t e ) . The r e s u l t i n g 

X-ray traces of a l l the specimens analysed are presented i n Figures 

3*1 and 3.2. 

Quantitative analyses* reported i n Appendix A 1,1 were c a r r i e d 

out using boehmite as an i n t e r n a l standard ( G r i f f i n , 195At Gibbs, 

1967} by reference to standard minerals l i s t e d i n Table 3*1« However, 

for c h l o r i t e and feldspar, which occur i n small quantities, estimates 

were derived by spiking the relevant samples with penninite and 

orthoclase respectively. Because of variations i n c r y s t a l l i n i t y and 

chemical composition (Brown, 1961) i t was found necessary to use 

several standards to cover the range of diagnostic X-ray r e f l e c t i o n 

shapes enco\mtered for the three main c l a y mineral tjrpes. 

A l l uncorrected t o t a l mineral concentrations l a y between 90 - 110 

per cent, indicating that the method used gave reasonable r e s u l t s * 

However, for the powposes of the following discussion, a l l r e s u l t s 

have been normalised to 100 per cent and are presented i n Table 3» 2» 

• Mineralogical analyses of rocks containing a high proportion of 

s i l t and c l a y s i z e minerals (plixs c o l l o i d a l matter) are s t r i c t l y 

semi-quantitative. 
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Table 3.1 Minerals used to Prepare Semi-quantitative 
Cal i b r a t i o n Curves 

Mineral 

Quartz 

Cornish Koolinite 

l a o l i n i t e , A.P.I, r e f . 

l a o l i n l t e , A.P.I, r e f . 
(crushed) 

Source 

Madagascar 

Cornwall, England 

Bath, S. Carolina 

Bath, S. Carolina 

P i t h i a n I l l i t e , A . P . I . r e f . I l l i n o i s 

Morris I l l i t e , A.P.I, r e f . I l l i n o i s 

'French I l l i t e Piqr-en-Valey, France 

Montmorillonite, A.P.I, r e f . Otay, C a l i f o r n i a 

Montmorillonite, 
F u l l e r ^ Earth 

C a l c i t e 

Dolomite 

P y r i t e 

Coombe Hay, England 

Unknown (Durham Univ. 
Geol. Dept.) 

N. Nottingham, England 

Hopa, N.E. Turkey 

Impurities 

None 

5% quartz 

5% quartz 

•3% quartz 

205̂  quartz 
5% other 

12% qxiartz 
3% other 

5% quartz 

None 

2% quartz 
6% feldspar 
7% c a l c i t e 
3% pyrite 

None 

None 

None 
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1 

(FE23) 

(0C4«'' 
(OCtO) " J 

3». 29 
tFEl9) 

r 0 
Degrees of 2S 
(Cobalt rod) 

F i g u r e 3.1. X-Ray T r a c e s of B r i t i s h Samples. 
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3». 29 

(K8) 

lYC) 

5 0 
Degrees of 29 
(Cobalt rod.) 

F i g u r e 3.2. X-Ray T r a c e s of North American Samples. 
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3»1»1 Clay Minerals 

3.1.1.1 I l l i t e and Mixed-layer Clay 

A l l micaceous minerals with a basal spacing of loA have been 

placed i n t h i s group and the term * i l l i t e * has been adopted to i d e n t i f y 

thenu These minerals usxially contain an expanding mixed-layer 

component which occws as a * t a i l * on the low 29 side of the lok peak* 

Consequently t h i s component has been included i n the i l l i t e group f o r , 

the purposes o f quantitative a n a l y s i s and the discussion which follows. 

Quantitative estimation o f i l l i t e minerals ^proved d i f f i c u l t 

because the shape of the r e f l e c t i o n v a r i e s greatly depending upon the 

c r y s t a l l i n i t y of the i l l i t e and the quantity of mixed-layer c l a y 

present ( a s e l e c t i o n of t y p i c a l shapes i s presented i n Figure 3.3)# 

Consequently three reference i l l i t e s were chosen (see Figure 3#3) whose 

shapes approximately covered the range of shapes shown by the i l l i t e s 

i n the samples studied,and c a l i b r a t i o n curves for quantitative analyses 

were prepared tising these species. The concentration of mixed-layer 

c l a y present Mas determined by estimating the reduction of the area 

of the untreated i l l i t e peak, a f t e r glycolation had expanded the 

mixed-layer component to a higher angstrom spacing, .(see Appendix A l . l ) . 

The shape of the lok r e f l e c t i o n i s indicative of the type of 

i l l i t e . G r i f f i n (1954) xises a • shape factor', which he defines as the 

r a t i o of the width at h a l f peak height of the mineral to that of 

boehraite, (the i n t e r n a l standard), for selecting the appropriate 

c a l i b r a t i o n curve. Teorlor (1971) expresses the »shape factor* as the 

r a t i o of the height of the i l l i t e r e f l e c t i o n to i t s width at h a l f height. 

The shape fac t o r s of the reference i l l i t e s are:-
After G r i f f i n After Taylor 

French I l l i t e 3.2-4.5 0.13 
P i t h i a n I l l i t e 8.2 -10.9 0.35 
Morris I l l i t e 15.0 - 18.1 0.59 
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2 0 C o t e 

10 8 6 
Flockton Thin Seateorth 

10 8 
Weald Clay 

10 8 
Oxford Clay 

10 8 
L ias Ciay 

10 8 
Swallow Wood Roof 

10 8 
/ Kimmeridge Clay 

10 8 
Pierre Shale (Colorado) 

(b)| 
/ 

10 8 
London Cloy 

y 

10 8 
Pierre Shale (Dakota) 

10 8 
Nacimiento Shale Na 2 

Basel ine 
lOA peak after glycolation 

R E F E R E N C E I L L I T E S 

10 8 
Morns Illite 

10 8 
Fithian Illite 

10 8 
French Illite 

F i g u r e 3.3. T y p i c a l ' I l l i t e ' X-Ray T r a c e s . 
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Share fac t o r s and the c a l i b r a t i o n curves used to determine quantities 

of i l l i t e s c u rrently i d e n t i f i e d are presented i n Table 3 . 3 . 

Two of the Carboniferous roof shales, namely the Flockton Thin 

and Swallow Wood, contain a loA i l l i t e with a t a l l narrow peak 

( s i m i l a r to hydromuscovite) which does not correspond to any of the 

reference samples. ( F i g . 3 a 3 ) a However, by ignoring the narrow 

portion at the top of the r e f l e c t i o n , a shape similar to that of the 

F i t h i a n I l l i t e weis obtadned, hence t h i s c a l i b r a t i o n curve was used for 

t h e i r estimation. 

* The shape factor can be used as a measure of the c r y s t e d l i n i t y 

state of the mica present. Taylor ( 1 9 7 1 ) using CuXot radiation and 

a shape factor of height to width at h a l f peak height, shows that 

the r a t i o of a highly c r y s t a l l i n e mica (the Miami Muscovite) to be 

0 . 0 0 1 , and i l l i t e s with a mixed-layer mineral ' t a i l ' on the low 29 

side of the basal r e f l e c t i o n to have higher values (the Morris 

I l l i t e r a t i o being 0 . 1 3 4 ) . I n the present study, using Taylor's 

shape factor and the same rate of scan, the r a t i o s calculated 

(see Table 3 . 3 ) for Cobalt radiation, appear to be of a higher order 

(the Morris I l l i t e r a t i o i s 0 . 5 9 ) , but the same trend i s observed. 

A s i m i l a r trend i s also observed when the G r i f f i n shape factors are 

considered. 

Referring to Figure 3.2, i l l i t e s of type (a) (from the Carboniferous 

roof shales) and possibly those of typefe (b) and (c) have sharp, narrow 

peaks with a r e l a t i v e l y small t a i l , and can be interpreted as hydromicas, 

I l l i t e s of types (d) and (e) have t a l l , broader peaks and a more 

pronounced t a i l and these are i d e n t i f i e d as being intermediate between 

hydromicas and t y p i c a l i l l i t e s . 

I l l i t e s of types ( f ) , ( g ) , (h) and ( i ) have low, broad peaks with 

long tapering t a i l s and are interpreted as t y p i c a l i l l i t e s . 
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I l l i t e s of type ( j ) from the Carboniferous Flockton Thin 

seatearth have very broad peaks with a large, well developed t a i l 

oh the low 29 side of the peak and a ragged tapering edge on the 

high 29 side. This suggests that a large amount of disordering i s 

present (Brown, 1961), A small, broad, diffuse peak i s also 

v i s i b l e at 17A indicating that montmorillonite i s present i n the 

mixed-layer component. This mineral has the c h a r a c t e r i s t i c s of a 

t y p i c a l degraded i l l i t e , 

i n a l l cases where the 060 r e f l e c t i o n was id e n t i f i e d , i t was 

c l o s e to I.5A implying that the 10%. minerals are dioctahedral, but 

because-of peak interference from quartz, c a l c i t e and boehraite i n the 

2.6 - 4.4A region i t was not always possible to identify the type of 

polymorph present. However, the i l l i t e s from the Carboniferous roof 

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

were a l l i d e n t i f i e d as 2M polymorph^ although that of the .. 

:'seatearth could; be c l o s e l y related to the IMd polymorph described ' 

by-Yoder^& Eugester (1955), I t was not possible to positively 

i d e n t i f y the state of any other i l l i t e s , 

3.1.1.2. Kaolinite 

Kaolinite i s the most stable of the c l a y minerals and i s 

i d e n t i f i e d by i t s 001 r e f l e c t i o n which occiors at 7A. 

A s e l e c t i o n of t y p i c a l 7A r e f l e c t i o n s i s presented i n Figure 3.4, 

and again, as with the i l l i t e s , i t can be seen that quantitative 

estimation i s d i f f i c i i l t because of the v a r i a t i o n i n peak shapes. These 

v a r i a t i o n s , which are represented by broadening of, and the development 

of a t a i l on the peak, are caused by differences i n c r y s t a l s i z e and 

random displacements of b/3 p a r a l l e l to the »b» axis (Brindley and 

Robinson, 154?) respectively. They are nevertheless imlikely to be 

greatly affected by chemical changes. Disordered k a o l i n i t e s are common 
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i n Carboniferous seatearths (Schultz, 1958) and are t y p i c a l l y 

represented by the Flockton Thin seatearth. Several North American 

k a o l i n i t e s , however, also show signs of disorder, which may r e f l e c t 

t h e i r conditions of depositioiu 

Murray & Lyons (1956) l i s t the important diffierences between 

ordered and disordered k a o l i n i t e s , the most useful of .which are:-

( i ) Non-resolution of the 4.12 - 4.17A doublet i n 
disordered k a o l i n i t e s . 

( i i ) A broad 2.SA peak repleces the 2.55 - 2.52 -
2.49A t r i p l e t of the ordered form. 

( i i i ) A broad 2.3A peak replaces the 2.37 - 2.33 -
2.28X Jtriplet-of-the ordered form. 

. In' the present study the t r i p l e t s covOid only be resolved i n 

samples where a s u f f i c i e n t cjuantity of k a o l i n i t e was present and l i n e 

interference from other minerals was not too great. I n the case of 

the Flockton Thin seatearth, a disordered form was implied by the 

presence of two broad bands which replaced the two t r i p l e t s . The 

doublet could only be resolved i n the Widdringham TOO£ shale, the 

L i a s Clay, the Swallow Wood roof shale and the Flockton Thin roof 

shale. 

Hinkley (1963) uses the I I O (4.35A) and the I I I (4.17A) planes 

to obtain a meeisure of the c r y s t a l l i n i t y s t a t e . F i r s t l y a background 

bciseline i s drawn on the trace and then another beiseline i s drawn 

from the low 29 side of the IIO r e f l e c t i o n to the high 29 side of 

the I I I r e f l e c t i o n . The c r y s t a l l i n i t y factor i s : - A + B 

where, A i s the height of the IIO peak above the secondary baseline, 

B i s the height of the I I I peak above the secondary baseline, 

and A ^ i s the height of the I I O peak above the primary baseline. 
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F i o c k t o n T h i n S e a t e a r f h 

N a c i m i e n t o St ia le No,1 

I 

N a c i m i e n t o S h a l e No.3 

L o n d o n C l a y 

K i n c a i ( j S h a l e 

F l o c k t o n T h i n Roof 

G a u l t C l a y 

L i a s C l a y 

Yazoo C l a y 
K i m m e r i d g e C l a y . 

B a s e l i n e 

F i g u r e 3.Zf. T y p i c a l K a o l i n i t e X-Ray T r a c e s . 
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Hinkley quotes 1,284 for the c r y s t a l l i n i t y factor of a well 

ordered k a o l i n i t e and 0,25 for that of a poorly c r y s t a l l i n e kaolinite, 

Taylor (1971) obtains a value of 0.973 for the Cornish kaolinite used 

for c a l i b r a t i o n i n t h i s project. A value of 0.710 was obtained by the 

w r i t e r for the reference kaolinite from Bath, South Carolina, 

ind i c a t i n g a lower degree of c r y s t a l l i n i t y . (which i s borne out by 

reference to the shape factor - see l a t e r ) . However, owing to 

interference from the 4.26A r e f l e c t i o n of quartz, and also a lack . 

of k a o l i n i t e concentration, only s i x c r y s t a l l i n i t y factors for the 

samples studied could be obtained. These were 0.652 for the 

Widdringham roof, 0.473 for the Flcxikton Thin seatearth, 0.611 for 

the L i a s Clay, O.SOO for the London Clay, 0,584 for the Flockton 

Thin roof and 0.625 for the Swallow Wood roof. 

G r i f f i n (1954) uses the •shape factor*, i . e . the r a t i o of the 

width at h a l f peak height of kaolinite to that of boehmite (see also 

. I l l i t e s and Mixed-Lajrer Clay) as a measure of the c r y s t a l l i n i t y state, 

with low values representing higher degrees of c r y s t a l l i n i t y . The 

shape factors for the reference k a o l i n i t e s are:-

Comish Kaolinite 1.4 
Kaolinite, South Carolina 1.6 
Crushed Kaolinite, South 
Carolina 1.95 

Disordered Kaolinite 4,5" (approx.") 

The shape factors for the k a o l i n i t e s i n the samples studied (Table 

3,3) a r e , i n general, much higher than those of the two c r y s t a l l i n e 

k a o l i n i t e s . However, by heavily crushing the kaolinite fTom South 

Carolina for 10 minutes i n an agate mortar and pestle, the 7A peak 

height can be greatly reduced and the peak width broadened so „ 

increasing the shape factor to a l e v e l which i s comparable with 

thoffi of the majority of kaolinites. studied, due to distort i o n of 
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the structu3?e (Grim, 1968), Consequently the crushed kaolinite 

vas used for the majority of serai-quantitative estimations. Miller 

and Oulton (1970) discuss the e f f e c t of progressive grinding on 

k a o l i n i t e s and Brindley (1961^ s t a t e s that c r y s t a l s much smaller 

than one micron give appreciably broadened r e f l e c t i o n s with 

correspondingly smaller peak heights. 

The k a o l i n i t e s from the l i n c a i d Shales and Kacimiento Shale (M3) 

appear to have shape factors which are more aldn to the disordered 

icaolinite and t h e i r quantities have been estimated using t h i s curve. 

The k a o l i n i t e s o f the Yazoo Clay and Flockton Thin seatearth have 

shape fac t o r s which are intermediate between those of the disordered 

k a o l i n i t e and the crushed k a o l i n i t e , but as no comparable standard 

Weis availzCble, t h e i r estimates were based on the crushed kaolinite 

ciirve, and hence they may be s l i g h t l y underestimated. 

When c h l o r i t e i s present, the (002) r e f l e c t i o n coincides with 

and tends to broaden the 7A (OOl) basal r e f l e c t i o n of kaol i n i t e , thus 

increasing the shape factor, cis w e l l as adding to the area of the 

k a o l i n i t e peak. The correction procedure for removing t h i s component 

from the k a o l i n i t e peak i s reported i n Appendix A 1,1, 

3,1,1«3 Smectite • 

Smectites are i d e n t i f i e d by t h e i r 001 basal r e f l e c t i o n which 

occurs between 12,5 h 15)1 (see Table 3.4), depending on the state of 

hydration of the mineral (Grim, 1968). Grim states that 'the 'c* 

axis spacing, the diffuseness of the r e f l e c t i o n , and the number of 

orders shown, vary £rom sample to sample, depending on the thickness 

of the water l a y e r s and t h e i r regularity, which factors i n turn are 

dependent on the exchangeable cations present and the conditions, e.g. 

water-vapour pressure, under which the sample has been prepared". 
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Bradley et a l (1937) found that the water occurring between the 

s i l i c a t e layers i s an integral number o£ l a y e r s , and for naturally 

occurring smectites with Na as the exchangeable cation, generally 

only one layer of water molectiles i s present giving a »c» axis 

spacing of about 12. sX, I f Ca i s the exchangeable cation, two 

l a y e r s of water molecules are present and the 'c* axis spacing i s 

14.5 - 15.5A depending on the r e l a t i v e humidity,. Cation exchange 

determinations shown i n Table 3»12 revealed that the majority of 

smectites have Ca cis the dominant in t e r l a y e r cation. The Pierre 

Shales from Dakota and Colorado, however, were found to contain 

moderate Na l e v e l s and from Table 3,4 i t can be seen that these 

two c l a y s have lower untreated basal 001 spacings. 

I t ' i s necessary to distinguish bet\«reen smectites and vermiculites , 

because both minerals have a basal spacing of about 14A, The most 

commonly occtirring v a r i e t y of verraiculite i s the Mg-form which has a 

basal spacing of 14,4A, However, unlike that of smectites, t h i s 

spacing does not vary with r e l a t i v e humidity (¥alker, 1961), Upon 

treatment with ethylene glycol (Brunton, 1955; Brown and Farrow, 1956) 

the basal spacing of snfictites expands to about I7A, because two 

l a y e r s of glycol are taiken into the structure to replace the water 

molecules (see Table 3.4); the resulting complex having a higher 

degree of r e g u l a r i t y (Bradley, 1945) with the 001 reflection 

becoming t a l l e r and narrower. On the other hand, glycolation of 

Mg-vermiciilites r e s u l t s i n a one layered organic complex (Walker, 

1950; Barshad, 1950) with a basal spacing of 14.3A, which i s 

approximately the same as the untreated sample. However, the double-

layered complexes can be occasionally formed (Walker, 1957) depending 

on the l a t t i c e charge and the s i z e of the vermiculite p a r t i c l e s . 
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He s t a t e s that expansion to approximately 16k may be observed with 

sorae Cap Sr, and Ba--verraiculites, Mg-vermiculites with a low l a y e r 

charge may also expand to •d« spacings greater than 14. sA, 

Therefore, glycolation cannot be used as an absolute diagnostic t e s t 

for the d i s t i n c t i o n between smectites and vermiculites, Howiever, 

o v e r a l l the results i n f e r the presence of smectite rather than 

verndculite because the large degree of swelling of the 001 reflection 

to I 7 I i s i n l i n e with the swelling c h a r a c t e r i s t i c s of smectites, 

since v e n n i c u l i t e s r a r e l y swell to spacings greater than 16k, The 

geochemistry also implies that smectite i s present (see Section 3,2). 

Serai-quantitative estimates of the smectite content were 

performed using the glycolated peak areas because t h e i r ^ shape 

fa c t o r s ' (see I l l i t e s and Kaolinites) were more consistent than those 

of untreated peaks as a result of the increase i n regularity of the 

c r y s t a l structure as previously discussed (see Table 3.3). 

Where the 060 reflection was distinguished i t was always close 

to 1.495 - 1»500A, showing that the mineral species present are 

dioctahedral, but 1:he type was d i f f i c u l t to ascertain. However, 

geochemical evidence (Section 3.2), p a r t i c u l a r l y the combined s i l i c a 

to alumina r a t i o t e n t a t i v e l y suggests, that the smectites belong to 

the montmorillonite-beidellite s e r i e s . 

Because the sn«ctites have an important bearing on the engineering 

properties of shales, an attempt was made to derive the basic formula 

u n i t s present using geochemical data presented i n Table 3.10. However, 

t h i s was only possible when the only other minerals present i n the 

shale were quartz, k a o l i n i t e , c a l c i t e or feldspar, because these 

minerals have reasonably constant compositions, thus enabling a f e a r l y 

accurate correction to be made to the major element geochemistry (see 

Appendix A 1,2), No recalc\alation was atten5>ted when i l l i t e was present 
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because of the very complex and variable nattore of the composition 

of t h i s mineral* 

The method of re c a l c u l a t i o n used i s baised on Nagelschmidt (1938), 

whereby the basic structure has been reduced fsrom kl^Si^O^QiOE)^* 

to AlgSi^O^j^i.e, basing the structxiral composition on eleven 

oscygen atoms and removing the loacertainty about the number of 

hydroxyl groups present i n the l a t t i c e . The actual recalculations 

are given i n Appendix A 1,2#1 - A 1.2.3, and a summary of the results 

presented i n Table 3,5. Only oxides which are considered l i k e l y to 

be present i n the smectite are used i n the r e c a l c u l a t i o n . Hence, 

t i t a n i m , phosphorus, sulphur, carbon and carbon dioxide have been 

excluded i n addition to the water content. The s t n c t u r a l formula 

for the nwntmorillonite from Otay, C a l i f o r n i a (Oligocene) has also 

been r e c a l c u l a t e d (Appendix A 1»2.6) and included i n Table 3.5- I n 

addition, the composition of the two samples of F u l l e r ' s Earth, as 

re c a l c u l a t e d by lerr & Hamilton (1949) are also presented, and are 

seen to agree exceedingly well with the w r i t e r s own results. 

Because of the assumption made and the correction procedures 

used, the results obtained are used primarily to portray differences 

i n the smectite l a t t i c e structure rather than as absolute values, A 

p r i n c i p a l soxirce of error when the smectite i s derived from volcanic 

material, i s the presence of amorphous material, paurticularly s i l i c a 

and alvimina, which are not e a s i l y estimated (Weaver & Pollard, 1973). 

MacEwan (1961) discusses the ranges of S i and A l r a t i o s i n the 

montmorillonite-beidellite s e r i e s and concludes that the maximum r a t i o 

representing the i d e a l i s e d montmorillonite mineral 'with the tetrahedral 

l a y e r having .Si =. 4, and i n which magnesium was the only other major 

constituent, wotild be 5 : 2. The maximum r a t i o representing the 
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i d e a l i s e d b e i d e l l i t e vouLd be 3 t 2. However, i t w i l l be noticed 

that i r o n i s present to a moderate degree i n the octahedral layer , 

thus complicating the above statements. Nevertheless, important 

v a r i a t i o n s i n the s i l i c o n and aluminium content of the tetrahedral 

l a y e r , which are iiiq>lied from the above statements can be used as 

a guide to the type of mineral present. 

The F u l l e r t E arth from K e d h i l l (sample FE23) and the montmorillonite 

from Otay, C a l i f o r n i a both have an S i value of 4 i n the tetrahedral 

l a y e r , which probably indicates that these are 'good* montmorillonites. 

I n addition, the P u l l e r s Earth from Bath (sample FE19), having an 

&i value of 3.94Tmist also be considered a t y p i c a l montmorillonite-

tjrpe mineral. . i ' 

The remaining three minerals a l l have lower amounts of s i l i c o n , 

and mare aluminium i n the tetrahedral layer , p a r t i c u l a r l y the Dearson 

Shale where the S i value i s only 2.91, and i t must be inferred from 

t h i s that the mineral present i s more akin to a b e i d e l l i t e . The 

smectites from the Nacimiento Shale (N3) and the Yazoo Clay have 

intermediate S i values of 3.62 and 3.83 respectively and may represent 

a t r a n s i t i o n a l type of mineral, although that from the former may be 

approaching a t j r p i c a l b e i d e l l i t e mineral. Another indication that 

the l a t t e r three smectites are b e i d e l l i t i c i n character i s r e f l e c t e d 

i n t h e i r high p o t a s s i m contents. Weaver 8t Pollard (1973) state 

that b e i d e l l i t i c smectites can have a s u f f i c i e n t l y high layer charge 

to f i x potassium i n the interlaye'r position, causing layers to contract 

to 10A» However, no discrete 10& peaks were recorded on the X-ray 

c h a r t s , although the low angstom side of the smectite peaks was. -

f a r more ragged and-extend-^ifarther towards the 10^ area than tha t 

seen on the traces for the P u l l e r ' s Earths or montmorillonite from 

Otajr, C a l i f o r n i a , (See Pig. 3.1 and 3.2). Weaver (1958a) however. 
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Table 3»5 Eecalculated Smectite Formulae 

^ B r i t i s h Shales 

(a) F u l l e r ' s Earth ( R e d h i l l ) 

(Ahao^0.41«^0.38)(Si4.o4)Oio (OH)2(Cao,24Na^^Q3X^^j^) 

(^1.48^0.33*^0.42>(^0.06SS.94)°lo(°«)2(°^.55^^.03) After Iterr 
& Hamilton(l949) 

(b) F u l l e r ' s Earth (Bath) 

K.30^0.28^0.39>(^0.05'S.94>°10<^«)2H.20^^ ,06^0.04' 

•ITorth American Shales 

(a) Nacimiento Shale No, 3 

(^^0.75^0.86*^0.3o)K.38SS.62)°lo(°«)2H.22^^0.05^0.46) 

(b) Dawson Shale 

(^1.33^0.51^G.4l)(^1.09^^2.9l)°lo(°«)2(°^.19^^.05'^0,31^ 

( c ) Yazoo Clay 

(^1.03^0,57«^0.44>(^0.16SS.83)^lo(°«>2H.04^^,06^0,3l) 

REFERENCE CLAY 

Montmorillonite (Otay, C a l i f o r n i a ) 

("l.l5%.10'«0.8l) ("4,04>°10<°''>2(°^).10''^0.16*^0.03) 

<"l.43%.03%.64>(*^O.Ol"3.99>''lo(°'"2(''^O.on.lP*^[,^^,) 
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points out that the relationship between potassium f i x a t i o n and 

contracted layers i s s t i l l not c l e a r . 

The relationships of these findings to the age and depth of 

b u r i a l of the shales i s discussed i n Section 3,4, 

3,1.1.4 Chlorite 

C h l o r i t e i s recognised by i t s 001 basal r e f l e c t i o n which occurs 

at 14.3&. 

To distinguish c h l o r i t e from vermiculite, which also has a 

r e f l e c t i o n at 14&, the samples were heated at 550°C for one hour. 

At t h i s temperature vermiculite (and also k a o l i n i t e ) are removed 

by dehydration and the c h l o r i t e peaks remain unaltered, Schultz 

(1958) uses a dual procedure for the separation of these minerals, 
o • / \ 

F i r s t l y , by heating at 450 C any vermiciilites present (and montmorillonites) 

undergo dehydration and the disappearance of the 14^ peak would 

in d i c a t e t h e i r presence. Secondly, the samples ^fare reheated at 
o " 550 C, whereby any k a o l i n i t e present i s removed and any 14,7A and 

4.7A r e f l e c t i o n s represent c h l o r i t e minerals. 

Brindley (1961^ iises the r e l a t i v e i n t e n s i t i e s of basal reflections 

to determine whether the c h l o r i t e s are Mg- or Fe-rich, For Pe-rich 

c h l o r i t e s the odd i n t e n s i t i e s (001,003) tend to be r e l a t i v e l y low 

compared t o the Mg-rich c h l o r i t e s . Measurement of the basal 

r e f l e c t i o n s before and after heating showed that the c h l o r i t e s from 

the Flockton Thin roof, the Swallow Wood roof and the Oxford Clay 

(sample 0C44) produced large increases i n t h e i r odd r e f l e c t i o n s 

( p a r t i c u l a r l y the 001 peak) after heating, suggesting that they were 

of the Mg-rich va r i e t y ; the 002 r e f l e c t i o n s were completely absent. 

Other c h l o r i t e s were more problem s t i c a l as the peaks were very 

small before and after heating. Small increases were noticed i n the 

i n t e n s i t i e s of the odd r e f l e c t i o n s , but no attempt was made to 
1 

c l a s s i f y them, 
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A broad 1 ^ peak i n the leuper Marl, which moved to 17.lA 

2ifter glycolation was suspected of being a smectite. However, 

a f t e r heating at 550°C, a 13.87A peak was present and a swelling 

c h l o r i t e s i m i l a r to one described by Honeybourne (1951) for the 

reuper Marl i s a more l o g i c a l diagnosis. 

A further t e s t to confirm the presence of c h l o r i t e was performed 

by warming the samples with dilute hydrochloric acid at 80°C for 

12 houris. The destruction of the lAk peak confirmed that c h l o r i t e 

was present. I f t h i s peak had been unaffected then the mineral 

present may have been vermiculite. 

3.1.1.5. Vermiculite 

Vermiculite vas not detected i n any of the samples examined. 

A l l t e s t s performed indicated that minerals occurring with a 

reflection at 14& were ei t h e r smectitesor c h l o r i t e s . p errin (1971) 

records that various workers have found traces of vermiculite throughout 

the B r i t i s h succession but there i s no confirmation of t h i s from the 

present-work, 

3.1.2. Relative Abundances of Clay Minerals 

The average concentrations of the c l a y minerals present, 

including t h e i r standard deviations have been computed i n two groups; 

one based on 15 B r i t i s h materials and the other based on 10 American 

materials (see Table 3.6). The mineralogy of the leuper Marl has 

been excluded from the computation because i t i s not a true shale 

and also because of the abnormal c h l o r i t e which i s present. Materials 

with high quartz contents have teen included because i n subsequent 

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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Table 3,6 Average Mineralogy and Geochemistry of Shales 

N. American Shales B r i t i s h Shales piark 
Aver. SJ) Aver. (1924) 

SiOg 62,65 4,83 53.58 7.34 58.10 
A1203 15.26 1.51 19.14 5.09 15.40 

^2°3 4.84 1.38 5.10 1.36 6.46 
MgO 1,66 0.51 .2.06 0.79 2.44 
CaO 1.70 0.97 x-2.94 4.16 3.11 
NagO 0,76 0.49 0.49 0.27 1.30 
K̂ O 2.47 0.59 2.82 0.96 3.24 
TiOg 0,67 0.10 0.92 0.19 0.65 
S 0,62 0.66 1.16 1.10 -
^ 5 0,10 0.02 0.12 0.04 .0.17 
CO2 0.99 0.96 1.86 3.23 2.63 
C 0.76 0.85 1.14 1.05 0.80 

HoO 7.46 2.16 8.62 - 3.11 5.00 

N.Americ, 
Aver. 

Shales B r i t . 
Aver. 

Shales 
SD 

Clark 
(-1924) 

Yaalon 
(1962) 

Mont. 30.46 17.31) 13.81 30.45) ) 
111. 8.10 9.06)Total 23.13 12.92)Total ) 
Mixed 3.06 5.1l)Clay 13.81 11.84)Clay ) 
Eaol. 
Chi. 

-18.98 _ 9.86)^°-^^ 
xSD = 
'14.23 

21.21 
0.86 ''<in ) 

25.0 —59.0 

Qtz. 32.40 12.79 19.17 14.15 22.3 20.0 

C a l . 
Dol. 

1.97 
1.21 

3.72 
1.80 

3.91 
0.40 

8.42) 
1.02) 5.7 7.0 

Pyr. 0.20 0.40 1.75 1.76 - -
P e l . 3.28 4.02 1.18 2.40 30.0 8.0 

C. 0.76 0.85 1.14 1.05 - -
Lim. - - - - 5.6 3.0 

Misc. — - • - - 11.4 3.0 

66.9 

36.8 

3.6 

4.5 
1.0 
0.5 
0.2 
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The average t o t a l c l a y mineral content of the B r i t i s h shales 

of 72.8 per cent, compared with 60,6 per cent for the samples from 

North America i s a r e f l e c t i o n of the variation i n the conditions 

of deposition (see Chapter 2), i . e . generally slow deposition for 

the former and comparatively rapid deposition for the l a t t e r . 

Relative abundances o£ clay minerals species expressed i n terms 

of i l l i t e , k a o l i n i t e (plus c h l o r i t e ) and expandable clays (montmorillonite 

plus mixed-layer c l a y ) are presented i n Figure 3.5, v;hilst the 

r e l a t i v e proportions of non-expandable clay to expandable clay i n 

r e l a t i o n to the r a t i o of quartz to t o t a l c l a y content are presented 

i n Figiire 3,6 (See also Tables A l . l to A1.3). 

3,1,2,1 B r i t i s h Materials 

A guide to the clay mineralogy of B r i t i s h sediments i s given 

by P e r r i n (1971). 

For the materials cujrrently being examined, semi-quantitative • 

estimations show that, i l l i t e , having a mean concentration of 23»1 

per cent i s the most common cl a y mineral, followed c l o s e l y by 

k a o l i n i t e , having a mean coricentration of 21.2. per cent. Both of 

these c l a y minerals being of d e t r i t a l origin, occur i n a l l of the 

samples, except for the F u l l e r * s Earths from Bath (sample FE19) and 

Redhill (sample FE23) which may be considered asatypical deposits 

because they r e s u l t from de v i t r i f e d volcanic fa l l o u t (Kalian & Sellwood, ^^(>S)\ 

and contedn calcium montmorillonite as the only c l a y mineral phase 

(Table 3.2). Kontmorillonite i s only present i n three other B r i t i s h 

samples, i . e . the London Clay 14m, sample LC14, (12.4 per cient), the 

London Clay 37m, sa-nple LC37 (6.8 per cent) and the Gault Clay(7.1 per 

c e n t ) , and i n these samples i t i s probably d e t r i t a l i n origin. 
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KAOLINITE p lus 
CHLORITE 

ILLITE E X P A N D A B L E C L A Y 

F i g u r e 3.5. R e l a t i v e Abundance of Clay Mineral S p e c i e s . 
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Burnett & Fookes (1974) record a zonation i n the montmorillonite 

content of the London Clay £rom 10 - 35 per cent i n a south-easterly 

d i r e c t i o n away from the south-east shoreline of the London Platform, 

P e r r i n (1971). records the presence of smectite from the T e r t i a r y 

Period to the J u r a s s i c Period, after which i t becomes very rare, the 

disappearance being r e l a t e d to the removal of t h i s mineral with 

deep b u r i a l (see Section 3*4)« 

Mixed-layer c l a y occurs to a varying degree i n a l l of the 

B r i t i s h shales, except for the two samples of Puller's Earth, and 

has a mean value of 13,8 per cent. I t heis an exceptionally high 

concentration (45,3 per cent) i n the PLockton Thin seatearth where 

i t probably r e s u l t s from the degradation of i l l i t e i n a manner 

described by Teo^lor & Spears (1970), 

C h l o r i t e i s present i n minor amounts i n eight of the B r i t i s h 

samples. The c h l o r i t e fl'om the leuper Marl i s of a swelling variety 

(see C h l o r i t e s ) and has a concentration of about 6 per cent, but 

the remaining samples i n which i t occurred contained normal v a r i e t i e s 

which range i n coiKientration fi»om t).9 - 3.0 per cent. The or i g i n of 

t h i s mineral i s probably d e t r i t a l (Taylor, 1971? Reeves, 1971), 

3,1,2,2, North American Shales 

Montmorillonite i s the most common clay mineral i n the North 

American samples, having a mean value of 30,4 per cent and occurs 

i n a l l o f the samples studied. I t s occurrence i n the Late Cretaceous 

and T e r t i a r y s t r a t a of the Western I n t e r i o r i s associated with the 

u p l i f t of the Rocky Mountains, Some of t h i s material underwent 

t e r r e s t i a l accumulation and transportation to the s i t e of deposition, 

but the majority was probably the r e s u l t of volcanic ash f a l l o u t 

(Tourtelot, 1962), 
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E a o l i n i t e i s the next most common cl a y mineral and also occurs 

i n a l l o f the samples studied; having a mean value of 18.8 per cent. 

I l l i t e , averaging 8.1 per cent, and mixed-layer clay, averaging 

6.1 per cent are the l e a s t abundant of the c l a y minerals studied. 

Schultz (1964) t records large quantities of mixed-layer material 

i n the P i e r r e Shale. However, only minor amounts were recorded i n 

the two samples studied i n t h i s project. 

C h l o r i t e weis not recorded i n the samples analysed. 

Therefore i t can be concluded that major differences do e x i s t 

between the c l a y mineral contents of the B r i t i s h and North American 

shales. These differences are i n exceedingly good agreement with the 

results obtained fl?om a s i m i l a r study of Attewell & Taylor (1973) 

and w i l l also (have a decisive bearing on the engineering properties 

of the : .particular shales studied, as w i l l be seen i n the following 

Chapters. 

3.1.3 Other D e t r i t a l Minerals 

3.1.3.1 Quartz 

Quartz i s i d e n t i f i e d by i t s prin c i p a l ( l O l ) reflection which 

occxirs at 3.3lA. However, quantitative analysis wis performed on the 

4.261 reflection because t h i s peak v a r i e s i n a uniform manner with 

concentration, which i s e a s i l y comparable with the boehmite 6.18A 

peak. Taylor (1971) fo\md that the quartz content, as determined 

quantitatively, compared exceedingly well with the more precise wet 

chemical method of T r o s t e l & Wynne (1940). 

I n the present study, quartz i s the dominant massive mineral 

i n both the B r i t i s h and the North American samples. I n the former 
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i t v a r i e s from 1 - 5 5 per cent and has a mean value of 21,8, 

w h i l s t i n the l a t t e r i t v a r i e s l:Jrom 1 1 - 5 4 per cent and has a 

mean value of 32,4, 

Thin section examination revealed that the shape and s i z e of 

the grains was very v a r i a b l e . The Weald Clay, having the lar g e s t 

quartz content (55 per c e n t ) , has grains which are present i n two 

p r i n c i p a l f s i z e ranges, i , e , very small grains dispersed i n the 

matrix and l a r g e r , angular and subrounded grains up to 0,3 - 0,5mm 

i n diameter, often occurring I n c l i i s t e r s . The Dawson Shale, an 

arkosic deposit, generally c o n s i s t s of large angiilar and subrotmded 

grains up to 0,5mm i n diameter, distributed with occasional feldspars 

i n a matrix of smectite. The Eincaid Shale heis angular grains up 

to O^lnm i n diameter distributed throughout the shale. The remaining 

shales have a random distribtttion of very small gradns (approximately 

up to 0,03mm i n diameter) within the c l a y matrix, 

3,1.3,2 Feldspar 

I n the present study, orthoclase, microcline and plagioclase 

were i d e n t i f i e d by a s e r i e s of peaks occurring between 3,23 and 

3,18A, An estimation of the quantities i n the shales was ' based on 

spiking with 5 and 10 per cent orthoclase. 

Feldspar species occur i n eight out of ten North American shales, 

varying from trace amounts ( i n three) to 11,4 per cent i n others. 

They have an average value i n the shales of 3,28 per cent and are 

probably associated with the vulcanism which gave r i s e to the parental 

material which subsequently degraded to montmorillonite. They also 

occur i n eight of the B r i t i s h samples, but only as trace amounts i n 

f i v e , and up to 7 per cent i n the Puller's Earth from Bath (sample PE19) 
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where they are also associated with vulcanism i n a similar manner 

to those from North America, No feldspars were detected i n the 

R e d h i l l F u l l e r ' s Earth, (sample FE23), although Hallam & Seawood 

(1968) record traces of a l b i t e and sanadine i n t h i s deposit. 

3.1.4 ^Non D e t r i t a l Minerals 

3.1.4.1 Carbonates 

-The major carbonate phases i d e n t i f i e d were c a l c i t e (peaJc at 

3 .03A) , dolomite (peak at 2 . 8 8 A ) , s i d e r i t e (peak at 2.79A) and 

(?)ankerite (peak at 2.90A). 

C a l c i t e occxirs throughout the B r i t i s h and North American samples, 

but c h i e f l y i n the marine s t r a t a where i t i s present i n the form of 

f o s s i l debris, averaging 3.9 per cent for the former and 1,9 per cent 

for the l a t t e r . I n the Ga\Jlt Clay, c a l c i t e occurs i n the form of 

c o c c o l i t h s which constitute 35 per cent of the mineralogy of the 

sample. I n the Keuper Marl 13.3 per cent i s present, although t h i s 

i s fonned as a r e s u l t of precipitation caused by evaporation of 

bcisins of inland dreiinage. Dolomite i s present i n smeill quantities 

( i n marine samples), ranging from 1 - 7 per cent i n three B r i t i s h 

.shales-and 1 - 5 per cent i n four North American shales, 

"The-percentages of c a l c i t e and dolomite were determined by the 

use of semi-quantit?tive c a l i b r a t i o n curves (see Appendix A l , ) , These 

values are-compared i n Table 3.7 with quantitative estimates, of the carbonate 

contents expressed as (a) a l l c a l c i t e and (b) a l l dolomite, 

obtained by recalcxalation of the CO^ percentages (Table 3.10), • 

However, only moderate agreement appears to e x i s t . This may be 
> 

accounted for on the basis that the majority of the carbonates are 

present i n the form of f o s s i l debris, as previously mentioned (which 

i s not evenly distributed throughout the specimens) and also by the 

f a c t that other carbonates (e,g. s i d e r i t e and ankerite) may be 
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present which have not been accounted for. 

On the bcisis of a trace run with 5 per cent s i d e r i t e present, 

the peaks i d e n t i f i e d for t h i s mineral represented only about 0 - 1 

per cent by weight, hence s i d e r i t e was considered to be merely a trace 

mineral. 

The possible presence of ankerite was detected i n the samples 

of London Clay and the Kincaid Shale as a kink on the low .2& side of 

the dolomite 2,88k peak. No attempt was made to estimate i t s 

concentration. 

3.1.4.2. Pyrite 

Pyrite i s i d e n t i f i e d by an X-ray peak at 2.7lA and the semi

quantitative estimation made for t h i s mineral (see Appendix A i ) agrees 

reasonably well with the values obtained by recalculation of the sulphur 

content i n terms of FeS_ (Table 3.7). 
C 1 

This e a r l y diagenetic mineral i s more common i n the B r i t i s h 

samples, where i t occurs i n nine specimens and varies i n concentration 

from 1 - 4 . 7 per cent, than i n the North American samples where i t 

i s only recorded i n the Fox H i l l s Shale. I t s concentration i n 

sediments i s dependent on a suitable type and source of organic matter 

to support the sulphate reducing b a c t e r i a and also on the rate of 

sulphate diffusion from the overlying water. 

3.1.5 Carbonaceous Material 

The organic carbon contents were determined by wet chemical 

an a l y s i s (see Appendix A 1.4). Carbonaceous natter weis v i s i b l e as 

coaly partings i n the Widdringham roof shale, as l i g n i t i c material 

i n the Fox H i l l s Shale and as occasional rootlets i n the Flockton 

Thin seatearth. Both samples of Oxford Clay contain over 3 per 

cent organic carbon, but t h i s i s i n a f i n e l y disseminated form since 
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none vas v i s i b l e i n hand specimen. The organic carbon i n the 

remaining samples i s belov 1 per cent (Table 3*10)* 

3«1«6 Mineral Relationships 

Tvo c o r r e l a t i o n matrices were set up to determine whether any 

s i g n i f i c a n t mineralogical (and geochemical) relationships existed 

v i t h i n the groups of shales studied; the B r i t i s h group containing 

15 samples (excluding the Jevtper Marl) and the North American group 

containing 10 samples* The r e s u l t i n g l e v e l s of significance (presented 

i n Tables 3«9 and 3,10 respectively), i . e . 99.9 and 99 per cent -

highly s i g n i f i c a n t * and 95 per cent - probably s i g n i f i c a n t * vere 

determined by reference to s t a t i s t i c a l tables presented by Fisher 

& Yates (1974). 

I n a closed system where a l l the components t o t a l 100 per cent 

(ais i n the Ceise of the present mineralogy), an increase i n one leads 

to a reduction i n the others, which means that the preseiKie of a 

strong negative c o r r e l a t i o n (e.g. quartz and t o t a l c l a y mineral content) 

i s not, by i t s e l f , of particxasa? relevance. However, a strong 

p o s i t i v e c o r r e l a t i o n may indicate co-existence between mineral pa i r s , 

particnalarly when other evidence such as geochemical data supports 

the r e l a t i o n s h i p . 

Correlations are also very dependent on the amomt and type of 

data analysed. I n the present instance, the samples analysed are 

from two p r i n c i p a l global locations, i . e . B r i t a i n and North America. 

I n addition, the samples from each are not from within p a r t i c u l a r 

s u i t e s of sediments, but randomly selected, therefore only broad 

mineral r e l a t i o n s h i p s can be expected from the present work, although 

more s e n s i t i v e c o r r e l a t i o n s would be expected when the geochemical 

congelations are included. 
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For the 15 B r i t i s h samples i n the present study, the only 

s i g n i f i c a n t positive corarelation i s between kaoli n i t e and c h l o r i t e 

( a t the 95 per cent l e v e l ) . But since both of these minerals are 

believed to be d e t r i t a l i n o r i g i n , t h e i r co-existence i s probably 

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

and i s u n l i k e l y to represent any geochemical a f f i l i a t i o n such as the 

transformation of k a o l i n i t e to c h l o r i t e during sediment diagensis 

( s e e F i g , 1.5) 

I n the North American group, a positive correlation e x i s t s 

bet\*een feldspar and i l l i t e (at the 95 per cent l e v e l ) . However, 

t h i s again can only be regarded as evidence of a d e t r i t a l origin 

of these materials. 

3o2 Geochemistry 

""3.2.1 Method of Analysis 

Geochemical analyses were performed with a P h i l i p s PW 1212 

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

The data from which, were processed using standard programmes with 

an IBM 360/67 computer, l i s t i n g the elemental compositions i n terms 

of t h e i r oxides (except for sulphur). Ten major elements were 

analysed by t h i s technique, v i z : S i , A l , Pe, Mg, Ca, Na, K, T i , 

P and S, The normalised r e s u l t s are presented i n Table 3.10. 

Carbon, carbon dioxide and t o t a l water contents were analysed 

by conventional wet chemical methods. (See Appendix A l , 4 ) . 

To a i d analysis of the geochemistry, and to highlight any trends 

v;^hich can be r e l a t e d to the c l a y minerals, the oxide/alumina r a t i o s of 

combined s i l i c a ( t o t a l s i l i c a minus quartz), ^^2* ^ * Na^Ot 

KgO have been computed along with the Ua^o/t^O r a t i o and are presented 

i n Table 3,11. Ratios of TiOgt S and ?^0^ are not included since 
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these elements are generally xmimportant with respect to cl a y 

minerals. 

S i g n i f i c a n t relationships between major elements or between 

major elements and mineralogy were determined with the aid of two 

c o r r e l a t i o n matrices (See Section 3«1«6). 

3*2»2 Geoctemical Relationships 

The t o t a l s i l i c a content i s conposed of Srce s i l i c a (quartz) 

•valid tsomibihed s i l i c a s ^Gojnbined s i l i c a * along with alumina, occurs 

as a major constituent; of s i l i c a t e s . Except where feldspar i s 

present, these two oxides are daninantly represented by c l a y 

minerals. 

The average t o t a l s i l i c a contents for the B r i t i s h and North 

American shales i n the present study are 53.5 and 62.5 per cent 

r e s p e c t i v e l y , which favourably r e f l e c t s the difference between the 

average quartz contents, since the combined s i l i c a contents for 

both groups are approximately the same, i . e . 33 and 30 per cent 

r e s p e c t i v e l y . 

The r a t i o of combined s i l i c a to cilumina can be xised as a 

measure of the v a r i a t i o n i n c l a y mineral species i n sedimentary 

rocks provided that they are r e l a t i v e l y free from other s i l i c a t e s . 

T3npical combined s i l i c a to alumina r a t i o s for c l a y minerals aret-

(a) Xaolinite 1.06 - 1.37 

(^) X - i t e 1.45 - 2.40 

(Plthian n i i t e 2.02) iTom^^aLra^d 
( c ) Montmorillonite 2.14 - 3.45 ^973) 

(Fullerfe- Earth 4.32) 
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Hydromicas and b e i d e l l i t e s have smaller values than i l l i t e s and 

montmorillonites respectively. 

, The combined s i l i c a to alumina r a t i o i n the B r i t i s h samples 

c u r r e n t l y studied shows a si g n i f i c a n t positive c o r r e l a t i o n with the 

montmorillonite content indicating the dominance of S i over Al i n 

the smectite l a t t i c e . This i s further supported by a negative 

r e l a t i o n s h i p ( at the 95 per cent l e v e l ) with the kao l i n i t e and 

l l l i t e . Unfortunately, owing to the more uniform natuz>e of the 

samples from North America, t h i s relationship f a l l s belcnr the 95 

per cent l e v e l , but can be inferred from the high combined s i l i c a 

to alumina r a t i o s i n Table 3.11. 

Referring to the " B r i t i s h samples, the"n«an value for the 

combined s i l i c a to alumina r a t i o i s 1.903, but t h i s i s draisticcLLly 

reduced t o 1.599 when the two samples of Puller* s Earth are 

excluded, and c l e a r l y r e f l e c t s the dominance of i l l i t e and k a o l i n i t e 

i n these materials (the F u l l e r ' s Earth rocks have values of 4.32 

and 4.43 which ar e consistent with t h e i r compositions as almost pure 

montmorillonite% See Table 3.5. 

The mean value for the combined s i l i c a to alumina r a t i o for the 

samples from North America i s 2.005 which r e f l e c t s the high smectite 

content, although the value i s somewhat depressed by the presence of 

other c l a y minerals and b e i d e l l i t i c species of smectite (see Table 

3.2). 

The lower alumina content i n the North American samples ( i . e . 

15.2 per cent compared with 19.1 per cent for the B r i t i s h samples) 

must be taken as further evidence for the dominance of smectite i n 

theseshales, although part of t h i s difference may be explained by the 

lower t o t a l c l a y mineral content (60 per cent as opposed to 73 per 
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cent i n the B r i t i s h s h a l e s ) . The small standard deviation observed 

for the alumina content i n the North American shales indicates that 

a smaller v a r i a t i o n i n the c l a y mineral types might be expected, and 

t h i s i s indeed the case. 

The higher l e v e l of alumina i n the l a t t i c e s of kao l i n i t e and 

c h l o r i t e i s confini«d by s i g n i f i c a n t positive correlations between 

these two minerals and alumina i n both groups of sediments. A 

strong positive c o r r e l a t i o n also e x i s t s between altmdna and mixed-

l a y e r c l a y i n the B r i t i s h samples. 

The strong positive c o r r e l a t i o n between MgO and FCg^s between 

Mgo/AlgOg and Pe^O^/AlgO^ observed i n the B r i t i s h samples shows the 

high degree of i n t e r - r e l a t i o n s h i p between iron and magnesium i n the 

s i l i c a t e l a t t i c e s , p a r t i c u l a r l y of smectite (and i l l i t e ) , (see Table 

3.5). This r e l a t i o n s h i p i s not shown by the samples from North 

America. However, the strong positive relationship between these 

l a t t e r two r a t i o s and the combined s i l i c a to alumina r a t i o , which i s 

shown i n both .the_British and North American shales, and the positive 

r e l a t i o n s h i p between the oxide (MgO and Fe^O^) to alumina r a t i o s and 

smectite content for the B r i t i s h samples, indicates t h e i r association 

with the octahedral layer of smectite minerals where they replace 

alumina (See Table 3.5). This i s supported by the negative 

co r r e l a t i o n s for the r a t i o s of KgO/kl^O^ and Fe^O^kl^O^ with alumina, 

k a o l i n i t e , c h l o r i t e and mixed-layer c l a y i n the B r i t i s h samples. I n 

addition, the positive c o r r e l a t i o n of MgO and Fe^O^ with the combined 

s i l i c a to alumina r a t i o i n the North American samples and MgO with 

the combined s i l i c a to alumina r a t i o i n the B r i t i s h samples may 

indicate t h e i r r e l a t i v e importance within the smectite minerals 

(see Table 3.5). The rel a t i o n s h i p between MgO and smectite i n the 
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B r i t i s h samples i s partly explained by the high MgO to alumina r a t i o s 

found'in the F u l l e r ' s Earths, but also by the fact that dolomite i s 

present i n both the London Clays (which also contain smectite) tiMS 

enhancing the previously mentioned r a t i o . 

I n addition to t h e i r c l a y mineral association, iron and magnesium 

are also associated with other minerals found i n sediments. Iron i s 

found i n the reduced ferrous state combined with sulphur i n pyrite. 

However, ^though t h i s mineral was recorded i n many of the samples 

no signijPicant correlations were recorded between iron and sulphur 

or between i r o n and pjrrite, which suggests that most of the iron i s 

probably held within the s i l i c a t e l a t t i c e s . A strong relationship 

between sulphur and pyrite does, however, e x i s t i n the B r i t i s h samples. 

Magnesium i s often present i n carbonates i n the form of dolomite 

(calcium magnesium carbonate), as evidenced by i t s correlation with 

t h i s mineral i n the B r i t i s h samples. The teuper Marl, which has been 

excluded from the s t a t i s t i c a l a n a l y sis, contains 7.14 per cent 

dolomite, accounting for the high magnesium oxide content of 7.91 

per cent. 

CaO i s present i n the form of c a l c i t e as evidenced by i t s strong 

c o r r e l a t i o n to t h i s mineral, and also to carbon dioxide i n both the 

B r i t i s h and North Anerican shales. The significance of these remarks 

i s demonstrated by the large occurrence of both CaO and COg i n the 

Gault Clay (17.5 and 13.2 respectively) and i n the leuper Marl (12.5 

and 10.5 per cent r e s p e c t i v e l y ) . CaO does not show any sign i f i c a n t 

rielationships with MgO but t h e i r presence together can be inferred 

from the presence of dolomite i n some of the samples tested. 

The relationship of NagO within the c l a y minerals i s partly 

obscured by the presence of feldspar, hence no degree of certainty 
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can be placed upon the correlations obtained, e s p e c i a l l y those for 

the North American shales where feldspar i s very common. However, 

as sodium i s mainly an i n t e r l a y e r cation, i t i s possible to obtain 

a more accurate measure of i t s presence i n the c l a y minerals by 

reference to the cati o n exchange c a p a c i t i e s , (see Section 3,3). 

Rpom these i t can be seen that the Pierre Shale (Dakota) and the 

Flockton Thin seatearth have reasonably high Na exchange values 

which are r e f l e c t e d i n the high Ha^o/t^O values (0.51 and 0.33 • 

i^espectively) and the high Na^O/Al^O^ values (O.l and 0.03 

r e s p e c t i v e l y ) . 

Potassium i s fixed by the i l l i t e s , as evidenced by a highly 

s i g n i f i c a n t p o s i tive c o r r e l a t i o n between K̂ O and i l l i t e i n both 

groups of shales. This i s further confirmed by the positive relationship 

between the Z^o/alvadna r a t i o and i l l i t e . Potassium i s also present 

i n feldspars as evidenced by i t s correlation with t h i s mineral i n 

the North American samples (the correlation between Va^O and feldspar 

f a l l s j u s t below the acceptable confidence l e v e l ) . Hence i t i s 

possible that some of the relationships involving potassium may 

have a r i s e n becaiise of t h i s f a c t , and also because feldspar and 

i l l i t e are seen to be associated, since they are both d e t r i t a l 

minerals. The rela t i o n s h i p between Na^O and KgO i s also probably 

r e l a t e d to the high feldspar content of these samples as i t would 

not normally be expected for these two oxides to follow the same 

trends w i t h i n c l a y minerals (Attewell and Taylor, 1973). 

Water i s present i n a l l c l a y minerals i n the form of ' l a t t i c e 

water* (which i s removed at 1100°C) and 'absorbed water* (which i s 

removed at 105°C). These two types have been combined to form the 

• t o t a l water* content presented i n Table 3.10. 
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A l l indications from the c o r r e l a t i o n matrices are that the 

t o t a l water content i s rel a t e d to the t o t a l expandable cla y mineral 

content, e s p e c i a l l y that of the smectite. This i s confirmed by 

reference to the chemical analyses of workers syxph as l e r r and 

Hamilton (1949) and Weaver and Po l l a r d (1973). 

The remadning major elements i . e . organic carbon, sulphur, 

phosphorus and titanium occur i n minor amotants and are not associated 

with the c l a y mineralogy. 

Organic carbon and sulphur are often found i n close association 

under reducing conditions, which are suitable for the formation of 

py r i t e . Phosphorus, analysed as Pg^j* strong a f f i l i a t i o n s with 

carbonates as evidenced by i t s relationships with c a l c i t e , carbon . 

dioxide and CaO i n the B r i t i s h samples. This i s indicative of i t s 

presence i n f o s s i l debris, possibly as a phosphate mineral and 

consequently t h i s association i n f e r s mainly marine conditions for 

the palaeosalinity. 

Titaniura,„j(as=.Ti02) i s commonly „fpt>nd .as r u t i l e inclusions i n 

c l a y minerals and hence may follow the c l a y mineral trends, 

p a r t i c u l a r l y k a o l i n i t e with which i t i s commonly eissociated^ This 

statement i s supported by the fact that there i s a strong association 

between TiOg and Al^O^ i n the North American samples. This i s not 

shown by the B r i t i s h samples as the c o r r e l a t i o n c o e f f i c i e n t f a l l s 

below the acceptable l e v e l of sign i f i c a n c e . However, by inspection, 

the TiOg value does tend to follow k a o l i n i t e and alumina. An 

in t e r e s t i n g r e l a t i o n s h i p does come to l i g h t i n the B r i t i s h samples, 

and that i s the positive dissociation between TiO^ and quartz, which 

may we l l indicate a d e t r i t a l o r i g i n for the oxide as proposed by 

Goldschmidt (1954) and Spears (1964). 
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3.3 Cation Exchange Capacity 

3.3.1 Method of Analysis 

-Two methods (reported i n Appendix A1.3) were used to obtain 

the c a t i o n exchange capacity of the shales studiedt-

( i ) The individual concentration of exchangeable Na', K , Ca and 

Mg cations ( i n m i l l i e q u i v a l e n t s per 100 grams of c l a y ) were 

determined by leaching with ammonium acetate (Chapman, 1965; Spears, 

1973), see Table 3.12. Although t h i s method i s s\xitable ̂ or analysis 

of a l l mineralogical species, ezihanced values for exchangeable Ca 

are obtained i f c a l c i t e i s present to any degree (cla y s for which 

t h i s s i t u a t i o n a r i s e s are marked by an a s t e r i s k i n Table 3.12). 

( i i ) The t o t a l c a t i o n exchange capacity (Table 3.13) was determined 

( i n m i l l i e q u i v a l e n t s per 100 grams) for c e r t a i n materials \ising 

methylene blue absorption (Taylor, 1967). This utethod i s , however, 

only stiitable for analysing shales containing mixtures of i l l i t e 

and k a o l i n i t e because the large methylene blue molecule cannot enter 

the smectite l a t t i c e (e.g. F u l l e r ' s Earth from Bath, Table 3.13). 

Therefore t h i s method was used to obtain true t o t a l exchange 

c a p a c i t i e s for i l l i t e - k a o l i n i t e shales where c a l c i t e had afffected 

the r e s u l t . This enabled a corrected calcium value to be obtained. 

Three control samples, i . e . two Carboniferous shales and the London 

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

3.3.2 Exchangeable Cation Relationships 

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

exchange capacity of pure c l a y s are:-

l a o l i n i t e 3 .6-18 mec^AoOg 
I l l i t e 10.0 - 40 " 
Montmorillonite 70.0 -130 " 
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' The m a j o r i t y o f recorded values are i n l i n e w i t h the values quoted above 

. (see Tables 3.2 ar.d 3.T2); a r.otable exceotior. being the Fox. K i l l s Shale 

\ which contains 3 per cent carbonaceous m a t e r i a l , • 

Unlike the relationships e x i s t i n g «̂  between geochemistry 

and mineralogy, which follow c e r t a i n r i g i d trends, the exchangeable 

cations are controlled by a v a r i e t y of f a c t o r s , e.g. the composition 

o f the water i n environment of deposition, post-depositional leaching 

and diagenesis, depth of b u r i a l , and to a c e r t a i n extent, the time 

i n which the particxilar events took place. Therefore i t i s possible 

for the same mineral to contain different cations depending on these 

v a r i a b l e s . 

Spears (1973) shows that tl» v a r i a t i o n i n the exchangeable 

c a t i o n s from a sequence of Carboniferous s t r a t a could be related to 

changes i n the palaeosalinity ( i . e . i n marine shales the exchangeable 

Mg i s higher than i n shales deposited under brackish conditions, 

and the concentrations of exchangeable Ca and Na , and K are 

lower; the san« relationships being recorded i n modern sediments). 

Other workers have commented on the e f f e c t o f bwial-upon the. cations 

present. Weaver and Beck (1971), show that the order of exchangeable 

c a t i o n s (from a borehole i n the Gulf of Mexico) changes with depth 

from Na , Ca ^ Mg , K at the surface to Ca ^ Mg , K jNa at a depth 

of 5200 metres. 

I n the present range of shales, Ca , followed by Mg are the 

dominant exchange cations, although Na i s an important constitvient 

of the Flockton Thin seatearth and the Pierre Shale from Dakota, 

Unfortunately the samples studied are not from related s u i t e s , 

therefore i t i s not possible to f u l l y equate the cation values, or 

t h e i r r a t i o s (Table 3,14) to the above findings. Nevertheless, a 

number of s i g n i f i c a n t relationships are observed(Table 3,16), 
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Table 3.12 Cation Exchange Capacities from Acetate Leaching ?e capacities fr< 
nueq/lOOg Clay) 

Sample IJa r Kg Ga Total 
Ref. 

B r i t i s h Shales 

London Clay 14m LC14 0.44 0.34 12.63 18.87 32.28 
London Clay 37m LC37 « 0.36 0.30 10.30 15.32 26.28 
Gault Clay GC * 1.62 0.19 3.81 133.03 138.65 
Pullerfe Earth ( R e d h i l l ) FE23 1.09 0.40 3.76 93.41 98.06 
Weald Clay ¥C - - — - -
limraeridge Clay KC « 0.48 0.23 4.36 22.18 27.25 
Oxford Clay lOm OCIO • 1.06 0.29 4.67 121.95 127.97 
Oxford Clay 44m 0C44 0.49 0.22 2.30, 31.88 34.89 
F u l l e r ^ E arth (Bath) FE19 0.67 0.23 10.60 103.16 114.66 
L i a s Clay 10m UO 0.73 0.20 3.30 54.80 59.03 
L i a s Clay 36m L36 0.70 0.29 3.08 59.04 63.11 
reuper Marl KM 0.79 0.34 6.12 99.55 106.80 
Svallov Wood roof SWR 2.57 1.36 2.70 3.90 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 5.20 18.69 
Widdringham roof VR 0.40 0.28 2.86 3.54 7.08 

North American Shales 

Yazoo Clay YC 0.90 0.31 10.61 87.37 99.19 
l i n e a i d Shale 6m X6 0.97 0.11 0.99" 69.81 - 71.88 
Ilincaid Shale 8m IB 0.40 0.06 0.22 14.37 15.05 
Nacimiento Shale Nl 1.16 0.55 1.84 22.53 26.08 
Nacimiento Shale N2 0.55 0.31 0.51 • 14.08 15.45 
Nacimiento Shale N3 0.60 1.21 5.37 39.22 46.60 
Fox H i l l s Shale POX 1.51 1.71 7.40 9.37 19.99 
Davson Shale DS 0.71 0.28 3.53 60.15 64.67 
P i e r r e Shale (Dakota) PSD 6.23 4.10 5.38 30.57 46.28 
P i e r r e Shale (Colorado) PSC 0.57 0.29 6.85 19.18 26.89 

Enhanced calcium concentration because of 
c a l c i t e concentration 
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Table 3,13 Total Eachcuigeable Cation Capacity 
(From Methylene Blue Absorption) 

SaTiple 
S e f . 

Total Corrected 
C.S.C. Calcium (where applicable) 

(m.eq/100g) (m^eq/lCOgT 

London Clay 37m LC37 17.90 6.94 

Gault Clay GC 14.76 9.14 

Kimmeridge Clay KG 12.07 7.00 

Oxford Clay lOm OCIO 14.06 8.04 

Oxford Clay 44m 0C44 11.33 8.32 

Fuller's Earth (Bath) FE19 7.75 - piire 
montmorillonite 

L i a s Clay 10m U a 12.16 7.93 

L i a s Clay 36m L36 13.66 9.59 

Flockton Thin seat FTS 13.25 

Widdringham roof WR 6.71 

Reference Clays 

Morris I l l i t e (A.P.I. No,36) 
If 

C a l c i t e 
151 
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Table 3,14 Cation Ratios 

Sample 
Ref, 

Na 
E 

Na Kg 
r Ca 

2a 
Ca 

Water Exchangeable Water Exchangeable 
Soluble Cations Solxible Cations 
Cations Cations 

London Clay 14m LC14 0,36 1.29 2,05 0,67 
London Clay 37ni LC37 1,16 1,20 2,40 0,67 
Gaiilt Clay 6C 0,22 8,52 0,37 0,41 
Pullerfei Earth ( E e d h i l l ) -FE23 • 0,48 2,72 0,18 0,04 
Weald Clay WC - - - -
dimmeridge Clay XD 0,85 2,08 0,32 0,63 
Oxford Clay 10m OCIO 1,89 3,65 0,35 0,58 
Oxford Clay 44m r;0C44 3,34 2,23 0,29 0,28 
P u l l e r t Earth (Bath) FE19 0,30 2,91 0,27 0,10 
L i a s Clay 10m UO 1,49 3,50 0,32 0,42 
L i a s Clay 36m L36 3.95 2,41 0,25 0,32 
Keuper Marl KM 5,05 2,32 0,62 3,45 
Swallow Wood roof SWR 2.03 1,88 2,33 0.69 
Flockton Thin roof PTR 4,80 1,53 2,20 0,47 
Flockton Thin seat FTS 12,49 8,27 1,58 0,31 
Widdringham roof WH 0,32 1,42 0,87 0,81 

Yazoo Clay YC 2,66 2,90 0,46 0,12 
Tixtcaxd Shale 6m r6 2,80 8,81 0,09 0,01 
E i n c a i d Shale 8m 18 3,23 6,66 0,04 0,02 
Nacimiento Shale Nl 11,68 2,10 0,97 0,08 
Nacimiento Shede N2 7,30 1,61 0.22 0,03 
Necimiento Shale N3 2,68 0,49 0.44' 0,13 
Fox H i l l s Shale POX 4,74 0,88 1.16 0,78 
Dawson Shale DS 0,95 2,53 0.44 0,05 
P i e r r e Shale ^Dakota) PSD 14,61 1.52 1.02 0,17 
P i e r r e Shale (Colorado) PSC 9,31 1,97 1.43 0,35 
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3»3»3 Vater-Soluble Catioiis 

Spears (1974) suggests that the water-soluble cations i n non-

marine and brackish conditions are characterised by high Na and K 

concentrations and low Ca ' and Hg?" concentrations! the reverse 

s i t u a t i o n s p r e v a i l i n g for marine conditions. Veaver and Beck (1971) 

and Van Moort (1971) report that from deep boreholes Na i s the 

mcijor c a t i o n , followed by K , Mg and Ca « and suggest that 

Ca" i s s e l e c t i v e l y retedned during b u r i a l . Spears (1974) shows 

-^that the water soluble-cations from a sequence of Carboniferous 

s t r a t a do not bear any relationship to the o r i g i n a l pore water, 

but instead are the r e s u l t of diagenetic alterations causing the 

removal of exchange s i t e s by the transformation of montmorillonite 

l a y e r s to i l l i t e , Drever (1971) accounts for post-depositional 

changes i n the exchange c h a r a c t e r i s t i c s of marine sediments i n the 

Rio Ameca Basin by the action of anaerobic bacteria. 

Water-soluble cationsfrom the current shales (Table 3.15), 

determined-in .association with .ammonium_acetate_leaching (Appendix 

A1.3) show that Ca and Na are the dominant species. Those of 

the Swallow Wood roof, Flockton Thin roof and seatearth, which are 

a l l non-marine i n or i g i n , conform to the argument of Spears (1974). 

The Widdringham ropf also of non-marine origin, does not, however, 

agree with h i s hypothesis, but as the sample i s from r e l a t i v e l y 

shallow depth, compared with the other Carboniferous materials, 

i t i s possible that the pore waters have been substantially altered. 

Of the non-marine shales from North America, the Nacimiento samples 

also tend to agree with Spear* s findings although the Dawson and 

Fox H i l l s shales do not. I n complete contrast, pore waters from 

the P i e r r e Shales are sodium-rich, although both of these materials 
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Table 3,15 Water-Sol\ible Cations (m,eq/lOOg Clay) 

• 

Sample Na r M2 Ca Total 
Ref, 

M2 

B r i t i s h Shales 

London Clay 14m LC14 1,26 3,52 9,79 4,77 19,34 
London Clay 37m LC37 2,96 2,56 5,82 2,42 13,76 
Gaxilt Clay GC 0,63 2,75 4,99 13,22 21,59 
P u l l e r ^ Earth ( R e d h i l l ) FB23 0,44 0,90 2,32 12,46 16,12 
Weald Clay WC — - - - -
Kimmeridge Clay IC 0,67 0,78 1,25 3.88 6,58 
Oxford Clay lOm OCIO 5,69 2,01 2,80 7.96 19,46 
Oxford Clay 44m 0C44 7,91 2,37 3.02 10.35 23.65 
Fuller*s Earth (Bath) FE19 0.33 1,10 2.41 8.96 12.80 
L i a s Clay lOm UO 5.30 3,54 3.44 10.80 23.08 
L i a s Clay 36m L36 8,94 2,26 2,16 8.45 21.81 
Xeuper Marl m 6,02 1,19 5,57 .8* 93' 21.71 
Swallow Wood roof SWR 5,63 2,76 1,05 0.45 9.89 
Flocktoh Thin roof FTR 8,32 1,73 1,10 0.50 11.65 
Flockton Thin seat FTS 10,12 0,81 0,60 0.38 11,91 
Widdringham roof WR 0,25 0,78 0,70 0.80 2,53 

North American Shales 

Yeizoo Clay YC 4,32 1,62 5.80 12.57 24.31 
Kincaid Shale 6m U 1.26 0,45 1.00 10.85 13.56 
Kincaid Shale 8m K8 1.26 0,39 1.39 39.67 42.71 
Nacimiento Shale Nl 4.09 0,35 0.73 0.75 5.92 
Nacimiento Shale N2 3.36 0,46 0.25 1.12 5.19 
Nacimiento Shale N3 2.82 1.05 0.79 1.79 6,45 
Fox H i l l s Shale POX 2.42 0.51 8,63 7.40 18.96 
Dawson Shale DS 3.63 3.79 3.46 7.75 18.63 
Pier r e Shale (Dakota) PSD 15.49 1.06 2.70 2.64 21.89 
Pi e r r e Shale (Colorado) PSC 13.97 1.50 3.07 2.14 20,68 
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Table 3.16. S i g n i f i c a n t C o r r e l a t i o n s A r i s i n g 
Amonjst Exchangeable and Water-Soluble 
C a t i o n s . 
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are marine i n o r i g i n . No other d e f i n i t e conclusions regarding 

pa l a e o s a l i n i t y could be found. 

3.4 The E f f e c t of Age and Depth of B u r i a l upon the Mineralogy and 
Geochemistry 

I n the present study, the B r i t i s h shales f l ^ the Tertiary to 

the L i a s have been buried to a maximum depth of about li250m (see 

Chapter 2) and hence are above the l e v e l at which the mineralogical 

transformations begin, (Powers, 1967). Even the most deeply 

bTiried shales i n the above age range have preconsolidation loads 

equivalent to only 2500m. From the r e c a l c u l a t i o n of the smectite 

chemical structure from the F u l l e r ' s Earth from Bath (which i s Great 

Oolite i n age and consequently among the oldest of the sediments 

i n B r i t a i n which have not been affected by orogenic phases), the 

mineral present i s showtito be an almost pure montmorillonite 

( S i / A l = 3.94). This implies that the age alone does not a l t e r the 

mineralogy. Powers (1967) suggests that t h i s may be the case but 

did not have c l e a r evidence because a l l of h i s samples were 

r e l a t i v e l y young, Bradshaw (1975) shows that the r a t i o of mixed-

l a y e r c l a y to montmorillonite i n the Esturine Series of the Middle 

Jvcrassic i s not constant and concludes that the mixed-layer material 

i s of d e t r i t a l o r i g i n because i f i t had been derived ft'om the 

montmorillonite, the above r a t i o would have been constant throughout 

the section. 

The B r i t i s h Carboniferous shales, which are the r e s u l t of over 

3500m of sedimentation, have a simple mineralogy of i l l i t e , mixed-

l a y e r c l a y , k a o l i n i t e and c h l o r i t e , P e r r i n (1971) shows that 

montmorillonite i s notably abseirt: (or very rare) i n the Carboniferous 

or older rocks and t h i s conforms to the depth argument of Powers, 

156 



However, evidence of ash bands i n these older rocks i s presented 

by several workers. Spears (1971) suggests that the Stafford 

tonstein, where the p r i n c i p a l c l a y mineral i s a mixed-layer 

micaHTiontmorillonite comparable to a K-bentonite, i s the prodiact 

of an ancient volcanic ash band. Bands containing K-bentonite 

material-in the mixed-layer component have also been noted by 

Trewin (l968) and Gilkes and Hodson ( l 9 7 l ) . ' , 

With regard to the North American shales, which are from the 

Late Cretaceous and T e r t i a r y , a l l are seen to contain smectite 

which suggests that the d i s t r i b u t i o n of t h i s mineral i s much 

greater than i n the B r i t i s h shales, presumably because of the "Mcaw'^^ «<ssD<-i^C(i ui 

formation of the Rocky Mountains (Toiirtelot, 1962). 

From the estimates of the maximum depth of b u r i a l , i t can be 

concluded from the present work, that the North American s t r a t a have 

been, i n general, more deeply bi;iried than much of the older B r i t i s h 

s t r a t a . I n the present study several samples have had a maximiAra 

overbtJrden pressure equivalent to 1650 - l800m of sediments, 

although the maximum thicknesses of T e r t i a r y and Upper Cretaceous 

s t r a t a i n North America can reach 7500 - 9000m (Dunbar & Wciage, 

1969). The rec a l c u l a t i o n of smectites (Table 3.5) shows that the 

most deeply buried North American samples have low .Si/Al r a t i o s 

of 2.9 - 3.6 and high potassium contents, and are consequently 

b e i d e l l i t i c i n character. These shales may therefore show the 

i n i t i a l stages of the montmorillonite to i l l i t e conversion with . 

associated potassiim f i x a t i o n . 

The Si/ A l r a t i o for the smectite of the Yazoo Clay i s 3.83, 

and the potassi\OT content i s also moderately high, which would suggest 

that a c e r t a i n degree of degradation hcis occurred. However, as the 
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smectite i s of d e t r i t a l o r i g i n and as t h i s deposit i s not deeply buried 

i t i s l i k e l y that t h i s degradation may have occurred before deposition 

and i s not associated with the history of the Yazoo Clay. 

To conclude, i t appears that the depth of bi^rial i s the most 

important-factor which influences the diagenetic alteration of clay 

minerals, p a r t i c u l a r l y 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 are used as a means of c l a s s i f i c a t i o n i n 

s o i l s engineering and because of t h e i r dependency on mineralogical 

composition, i t i s pertinent to consider them at t h i s point. 

Two s e r i e s of t e s t s were conducted, the f i r s t (Table 3.17) was 

under the conditions specified by B r i t i s h Standard 1377 (1967), wliile 

-the second wais after the material had been slaked, mechanically 

disintegrated, dried and powdered to paiss a B.S, 200 mesh. The 

resialts,, which are presented on p l a s t i c i t y diagrams (Fig. 3.7), 

a f t e r Casagrande (1948) indicate that there i s a general increase i n 

the l i q u i d l i m i t (of up to 87 per cent i n the more indurated materials) 

and-decrease i n the p l a s t i c l i m i t when the slaking technique i s used. 

Furthermore, i t i s considered that the r e s u l t s obtained, after using 

the slaking technique are more representative of the properties of 

the shales studied sirsce they probably r e f l e c t the behaviow of 

individual p a r t i c l e s and not aggregates, (as suggested by the indurated 

sediments). 

The l i q u i d l i m i t s vary from 35 - 135, with the higher values 

( i . e , greater than 75) being associated with smectite concentration, 

* Atterberg Limits are defined i n Section 1.4.2 
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Even small quantities of t h i s mineral i n shales containing large 

quantities of quartz tends to enhance the value (e.g. Dawson Shale 

and Kincaid Shale). The two samples of Pull e r * s Earth, being 

p r i n c i p a l l y Ca montmorillonites, have values of 100 and 117 vhich, 

although low when compared with a number of valxies for multi-component 

systems, are i n good agreement, however, with those of other workers 

(Dr» A«B* Hawkins, B r i s t o l University, personal communication). The 

presence o f exchangeable sodlxan to any degree i n the smectites greatly 

enhances the l i q u i d l i m i t (e.g. P i e r r e Shale, Dakota (sample PSD)), 

conversiely a r e l a t i v e l y high carbonaceous content, even i n smectite 

r i c h sediments, appears to depress the aforementioned value (e.g. 

Pox H i l l s s h a l e ) . 

Moderate l i q u i d l i m i t s (50 - 8o) are t y p i c a l of shales containing 

i l l i t e , mixed-layer c l a y , k a o l i n i t e and quartz (e.g. the magority of 

B r i t i s h sediments). 

Liquid l i m i t s of 35 - 45 are c h a r a c t e r i s t i c of shales where 

quartz or ka o l i n i t e are the msgor mineral species (e.g. Weald Clay-

high quartz, Widdringham roof shale - high kiaolinite). 

The p l a s t i c l i m i t appears to increase as the smectite content 

in c r e a s e s , provided that Ca i s the dominant exchangeable cation. 

Conversely the presence of exchangeable sodium appears to medntain a 

depressed value for the p l a s t i c l i m i t (e.g. Pierre Shale, Dakota). 

Seed et a l (1964) have suggested that the a c t i v i t y * (Skempton, 

1953) w i l l accurately c l a s s i f y a r t i f i c i a l l y prepared s o i l s . Therefore 

the c l a y - s i z e d f r a c t i o n was determined for the materials tested 

( t a b l e 3.18). However, although a general increase i s associated 

with the higher l i q u i d l i m i t s , these r e s u l t s , and those of the 

associated a c t i v i t y (Table 3.18) are not considered to be e n t i r e l y 

acciirate becaiise d i f f i c u l t i e s were encountered with flocc\Jlation 

* A c t i v i t y i s defined i n Section 1.4.2 
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Table 3,17 Atterberg Limits of the Shales Tested 

Slaked 200 mesh Crushed 36 mesh 

B r i t i s h Samples 

London Clay 14m 
London Clay 37in 
Gavlt Clay 
F u l l e r ' s Earth (Redhill) 
Weald Clay 
limmeridge Clay 
Oxford Clay 10m 
Oxford Clay 44m 
Fullerfe Earth (Bath) 
L i a s Clay 10m 
L i a s Clay 36M 
Swallow Wood roof 
Flockton Thin roof 
Flockton Thin seat 
Widdringham roof 

Ref, XL PL PI LL PL PI. 

LC14 84 31 53 84 31 53 
LC37 63 25 38 65 25 40 
GC 75 27 48 76 30 46 
FE23 117 54 63 117 61 56 
WC 36 25 11 37 25 12 
xc 70 24 46 58 22 36 
OCIO 76 26 50 63 32 31 
0C44 58 29 29 51 29 22 
FE19 100 39 61 100 37 61 
UO 68 , 23 45 60 28 32 
L36 65 28 37 50 30 20 
SWR 58 26 32 33 20 13 
FTR 46 24 23 31 20 11 
FTS 61 26 35 34 20 14 
WR 45 23 22 29 19 10 

North American Samples 

Yasoo Clay 
Tincaid Shale 6m 
r i n c a i d Shale 8m 
Nacimiento Shale 
Nacimiento Shale 
Nacimiento Shale 
Fox H i l l s Shale 
Dawson Shale 
P i e r r e Shale (Dakota) 
P i e r r e Shale (Colorado) 

YC 117 32 85 101 37 64 
K6 72 19 53 61 20 41 
18 58 19 37 48 23 25 
Nl 37 24 13 35 24 11 
N2 39 25 14 42 21 21 
N3 94 33 61 65 31 34 
FOX 61 40 21 57 37 20 
DS 75 24 51 49 23 26 
PSD 135 29 106 115 36 79 
PSC 62 17 45 53 20 33 
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Table 3,18 Clay-sized Fraction & A c t i v i t y Values 8e Specific Gravity 

Sample. Clay-Sized A c t i v i t y S.G. 
B r i t i s h Materials Ref, Fraction 

London Clay 14m LC14 65 0,82 2.77 
London Clay 37m LC37 53 0,72 2,72 
Gault Clay GC 60 0,80 2,71 
Fullerls Earth ( R e d h i l l ) FS23 69 0,91 -2; 80 
Weald Clay WC 32 0,34 2,69 
limmeridge Clay XC 57 0.81 2,68 
Oxford Claty 10m OCIO 37 1.35 2,49 
Oxford Clay 4 ^ 0C44 46 0.63 2,53 
Puller's Earth (Bath) FE19 68 0.90 2,70 
L i a s Clay 10m UO 62 0,73 2,67 
L i a s Clay 36m -L36 65 0,57 2,65 
Xeuper Marl XM 43 0,33 2,75 
Swallow Wood roof SWR 35 0.94 2,75 
Flockton Thin roof FTR 48 0.46 2,75 
Flockton Thin seat FTS 42 0.83 2,66 
Widdringham roof WR 64 0.34 2,50 

North American; Materials 
Yazoo Clay YC 85 1.00 2,73 
lincedd Shede 6m X6 68 0.78 2,71 
Kincaid Shale 8m r8 16 2.44 2.66 
Nacimiento Shale Nl 21 0.62 2,69 
Nacimiento Shale N2 54 0.26 2.67 
Nacimiento Shale N3 34 1.79 2.76 
Fox H i l l s Shale POX 61 0.34 2.57 
Dawson Shale DS 63 0.81 2.62 
Pi e r r e Shale (Dakota) PSD 71 1.49 2.64 
Pi e r r e Shale (Colorado) PSC 47 0.96 2.67 
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F i g u r e 3 . 7 . R e l a t i o n s h i p s Between L i q u i d L i m i t and P l a s t i c i t y 
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during the course of t e s t i n g . Consequently, the r e s u l t s have, 

i n the main, been excluded f^om further ana l y s i s . 

3.6 Conclusions 

From a detailed analysis of the mineralogy (obtained by X-ray 

d i f f r a c t i o n ) and geochemistry of 16 B r i t i s h shales (ranging i n eige 

from the Carboniferous Period to the T e r t i a r y Period) and lOTJorth 

American shales (from the Late Cretaceoiis and Tertiary Periods), 

major differences were found i n the r e l a t i v e abundances of mineral 

species present i n each group, and as a consequence, the engineering 

properties of the shales i n each w i l l be very differecit. I n addition, 

further evidence i s presented to confirm that the depth of b u r i a l , -

and not the age, i s the most important factor controlling the 

transformation of montmorillonite to i l l i t e during diagenesis of 

sediments. This evidence i s based on the recalculation of the 

s t r u c t u r a l formulae of several smectite minerals from both groups 

of shales. 

The following are the meijor points which a r i s e from the mineralogy 

and geochemistry to j u s t i f y the above statements 

(1) Smectite i s the dominant mineral i n the North America shales, 

occurring i n every sample, whereas i t s occurrence i n the B r i t i s h shales 

i s r e s t r i c t e d to 5 samples ( i . e . the two samples of F u l l e r ' s Earth 

where i t i s the only c l a y mineral and 3 others where i t i s a minor 

con s t i t u e n t ) . 

(2) By r e c a l c u l a t i n g the struct\iral formulae of smectites from 5 

samples i t was concluded that the depth of b u r i a l was the most 

important control i n the transformation of montmorillonite to i l l i t e . 

The two samples of F u l l e r ' s Earth, which have not been deeply buried 

( l e s s than lOOOm) contained good montmorillonite which showed no signs 

of degrading to i l l i t e , even though the sample from Bath i s 6f Great 
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Oolite age • The snectitez from the Dawson Shale and the Nacimiento 

Shale No. 3, having been buried to depths of about 1800m were much 

mo|re b e i d e l l i t i c i n character and could be interpreted as being i n the 

i n i t i a l stages of the transformation process. No conclusions were 

drawn f o r the smectite from the Yazoo Clay because of the d e t r i t a l 

o r i g i n of the deposit. 

(3) I l l i t e i s the dominaat dery mineral i n the B r i t i s h samples, 

whereas^ i t i s the l e a s t inqportant c l a y mineral species i n the North 

Ajaerican s u i t e . A l l the i l l i t e s were found to be dioctahedral, and 

where i d e n t i f i c a t i o n was possible, the 2M polymorph prevailed except 

i n the Flockton Thin seatearth where the iMd polymorph was suspected. 

(4) Xaolinite i s the second most abundant c l a y mineral i n both 

groups, although i t i s more common i n the B r i t i s h shales. The 

v a r i a t i o n s i n the k a o l i n i t e s are primarily cavised by differences i n the 

c r y s t a l l i n i t y s t a t e s or by '•b« axis disordering of the l a t t i c e , 

(5) Expandable mixed-layer c l a y occurs to a varying degree i n 

both groups of shales. However, ais the material i d e n t i f i e d i s more 

c l o s e l y r e l a t e d to the i l l i t e s i n the present study; the higher 

concentrations are found i n the B r i t i s h samples. Evidence i s also 

presented to confirm that the mixed-layer component i s d e t r i t a l i n 

o r i g i n and does not a r i s e from the transformation of montmorillonite. 

(6) C h l o r i t e i s present as a minor d e t r i t a l c l a y mineral i n the 

B r i t i s h samples only. None was detected i n the North Anfirican samples, 

(7) Quartz i s the dominant massive mineral i n both groups of 

shales although i t has a s i g n i f i c a n t l y higher concentration i n the 

North American samples, which i s probably associated with higher 

r a t e s of deposition, 

(8) Feldspar i s found, i n both groups of shales but again i t s 

occurrence i s f a r more^ frequent i n the North American material. This 

i s associated with the v u l c a n i c i t y which was present during the Late 
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Cretaceoxis and Tertiaxy times i n the United States. 

(9) The nott-detrital minerals i . e . carbonates and pyrite were 

found to be pz«sent i n both the B r i t i s h and North American shales. 

P y r i t e occurs with greater fl^equency i n the B r i t i s h shales, whereas 

the carbonates are evenly distributed between the two groups. Their 

presence r e f l e c t s marine conditions of deposition. 

(10) The trends observed from the geochemical analyses, i n terms 

of ten major elements, have proved a useful guide to c l a r i f y and 

elucidate the mineralogy and the r e s u l t s obtained are i n good agreement 

with other workers. 

(11) Cation exchange c a p a c i t i e s were determined by two methods 

and the results indicate that Ca i s the dominant exchangeable cation, 

although Na was present in. s i g n i f i c a n t amounts i n several samples. 

I n addition, the concentration of water- soluble cations were also 

determined, and i n conjunction with the exchangeable cations an attempt 

was made to r e l a t e t h e i r values to the p a l a e o s a l i n i t i e s e t c , although 

t h i s was obscured by anomalous Ca values caused by the presence of 

c a l c i t e . 
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C?hapter Four 
Clay Micrcstructure and Prefeired Orientation 

4.1 Introduction 

S o i l structure presents a complex picture vhich i s often 

d i f f i c u l t to quantify. I t e x i s t s at a wide variety of l e v e l s fjpom 

the micro to the macro (Barden, 1972) • Hacrostructure includes such 

features as horizontal bedding, laminations, varves, v e r t i c a l root 

channels, tension cracks, f i s s u r e s and j o i n t s , vhereas the microstructxsre, 

^ ^ c h forms the b a s i s o f t h i s chapter, embraces the distribution .and 

forms of the p a r t i c l e s which constitute the sediment. 

E a r l y studies of c l a y microstrxxiture, mostly betsed on speculation 

were undertaken by for example Terzaghi (1925), Casagrande (1932| and 

Lambe (1953 and 1958). However, l a t e r research using techniques of 

scanning electron microscopy. X-ray d i f f r a c t i o n and the polarising 

microscope have lead to a greater understanding of the basic engineering 

behaviour of s o i l s , although only the electron microscope allows 

examination at the s c a l e of individual p a r t i c l e s because even with 

high powered microscopes i t i s never possible to be c e r t a i n whether 

i t i s single p a r t i c l e s or aggregates that are being viewed (Tchalenko, 

1968), Nevertheless, the p o l a r i s i n g microscope and X-ray diffi'action 

have proved useful tools for obtaining quantitative evaluations of the 

degree o f orientation of the c l a y minerals over scanning areas of 

varying s i z e . 

4.2 Preferred Orientation Studies 

4.2.1 Methods of Analysis 

Quantitative evaluations have been performed by optical means 

and X-ray analysis (Appendix A. 2 ). The degree of preferred orientation 
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has subsecjuently been calculated i n terms of 'orientation r a t i o * , 

which is- o n a scale of 0 to 1 ( i . e . 0 implying perfect orientation 

and 1 implying random d i s t r i b u t i o n ) . 

I f the study of preferred orientation i s to lead to representative 

r e s u l t s , then i t i s e s s e n t i a l that no s i g n i f i c a n t alterations occur 

to the o r i g i n a l fabric during preparation of the sample for analysis. 

Consequently impregnation of the material with a binding agent i s 

often necessary to prevent shrinkage during drying to provide 

s u f f i c i e n t hardness to allow grinding. 

Freeze drying avoids large volume changes but i s only effective 

to shallow depths (0.2 cms.) within the sample (Brewer, 1964). 

An impregnation technique has been devised by Mitchell (1956). This 

involves submerging a sample, at i t natural moisture content, for one week, 

i n melted Carbowax at 60*̂ C, which being soluble i n water i n a l l 

proportions, gradually replaces the water. Shrinkage i n Carbowax 

i s however, not t o t a l l y eliminated. Q^ligley and Thompson (1966) 

quote l i n e a r shrinkages of 7.2 per cent i n the horizontal direction 

and 8.8 per cent i n the v e r t i c a l direction for undistttrbed samples 

of Leda Clay. Morgenstern and Tchalenko ( 1 9 6 ^ obtain a value of 

8.8 per cent for the v e r t i c a l direction and about h a l f t h i s value 

for directions orthogonal to t h i s . 

Typical adr-dried shrinkages for the c l a y s presently under 

consideration are presented i n Table 4.1. The majority have values 

i n the range of 0.1 - 9.1 per cent for the v e r t i c a l direction and 

0.1 - 6.0 per cent for the horizontal direction. The Yazoo Clay 

and F u l l e r ' s Earth from Redhill (sample FE23), having very high 

i n i t i a l moisture contents compared with the other materials show 

larger shrinkages ( i . e . 20.7 and 12.8 per cent respectively for 

the v e r t i c a l d i rection and 8.6 to 10.1 per cent respectively for 

the horizontal d i r e c t i o n ) . Consequently, since these values, with 

the exception of the l a s t two c l a y s , are well within the l i m i t s of 
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shrinkage accepted by other workers, i t was decided that t o t a l 

impregnation was not required. However, a stirface impregnation 

technique was adopted during the preparation of t h i n sections for 

v i s u a l a n a l y s i s . Material examined by X-ray d i f f r a c t i o n weis merely 

a i r - d r i e d before orientated samples were prepared. 

4.2.1.1 An Optical Method for the Determination of preferred Orientation 

An o p t i c a l method which l e d to three relationships between 

or i e n t a t i o n r a t i o and bir e ^ i n g e n c e r a t i o ( i . e . minimum to maximum 

birefi'ingence) for cla^ p a r t i c l e s has been developed by Mbrgenstem 

and Tchalenko (1967a & b ) , (Appendix A.2.1). The l i n e a r model 

( F i g . 4 . l ) , which they consider to be u n r e a l i s t i c , cissunffis that the 

c l a y p a r t i c l e s are e i t h e r i n domains with a random strvicture or 

domains with perfect p a r a l l e l i s m and having a common direction of 

preferred orientation. The two dimensional model, ( F i g , 4 . l ) which 

they consider to be best suited for the determination of the 

o r i e n t a t i o n r a t i o , and the one adopted by the wri t e r , eissumes that 

a l l c l a y p a r t i c l e s l i e with t h e i r basal sectiozis orthogonal to the 

plane of the section, wheree^ the three dimensional model (Fig.4.1) 

assisnes that the p a r t i c l e s do not have t h e i r basal sections orthogonal 

t o the plane of section. 

The method i s independent of sample thickness but has been 

developed for use on monomineralic aggregates. Nevertheless, i n the 

present study orientation r a t i o s (which compare very favourably with 

those obtained by X-ray nethods) have been found for f i v e materials 

(Table 4.2) which contain e i t h e r r e l a t i v e l y small amounts of graniilar 

material, or where granule free areas could be scanned. No r e s u l t s 

were obtained fW>m materials which contained large quantities of 
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S ( f o r l i n e a r r e l a t i o n ) 

0-1 0 4 0-6 08 1-0 
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2, Uvo-dimenMonal 
t h e o i y 

3, t h r e e - d i m e m l o n i 
t h e o i y 

JO 03 0^ 0-4 0-2 
o r i e n t a t i o n r a t i o , J? 

F i g u r e / f . l . R e l a t l o n s n i p Between- O r i e n t a t i o n Ratio 
and B i r e f r i n g e n c e . R a t i o ( A f t e r Morgenstern 
and Tchalenko, i967a). 
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Table 4.1 Air-Dried Shrinkage Values 

B r i t i s h Clays Sample 
Sef. 

V e r t i c a l Horizontal 
Direction Direction 

-

London Clay 14m LCflL4 5.5 -6.7 3.2 - 4.5 

London Clay 37m LC37, 5.2 - 5.3 2.1 - 2.3 

Gault Clay GO - 2.0 0.3 - 0.4 

F u l l e r ' s Earth ( E e d h i l l ) EE23 12.8 10.1 

Weald Clsy WC 0.5 0.1 

Zinmeridge Clay EC 4.1 - 4.6 2.3 - 2.9 

Oxford Clay lOm OCLO . 9.1 - 9.4 3.8 - 4.1 

Oxford Clay 44m 0C44 3.1 - 3.6 0.7 ^ 0.9 

P u l l e r ' s Earth (Bath) FEL9 8.3 6.0 

L i a s Clay 10m u o 5.8 1.4 

L i a s Clay 36m L36 3.0 - 3.4 0.1 - 0.2 

Keuper Marl EM N/A N/A 

Swallow Wood roof SWR 0.3 0.1 

Flockton Thin roof PTE 0.3 0.1 

FLockton Thin seat FTS 1.7 0.7 

Viddringham roof VB 0.5 0.2 

North American Clays 

Yazoo Clay YC 20.7 - 22.3 8.5 - 9.2 

Xirscaxd Shale 6m K6 3.5 - 3.8 2.3 - 3.2 

Kincaid Shale 8m K8 4.1 3.6 

Nacimiento Shale Nl 0.6 0.2 

Nacimiento Shale N2 0.6 0.2 

Nacimiento Shale N3 N/A N/A 

Fox H i l l s Shale POX 4.4 - 4.7 4.5 -4.5 

Dawson Shale DS 0.1 0.1 

P i e r r e Shale (Dakota) PSD 5.4 - 5.6 2.1 

P i e r r e Shale (Colorado) PSC 0.4 0.2 
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Table 4*2 Optical Orientation Ratios » 

Sample Orientation 
Ref. Ratio 

London GTLay 37m LC37 0.20.- 0.28 

Ximnsridge Clay EC 0.10 - 0.18 

Oxford Clay 44m 0C44 0.10 - 0.18 

L i a s Clay 36m 1-36 0.02 - 0.06 

Flockton Thin r o o f - -PTR — ^ 0.01- 0.02 

• Based on the two dimensional model of fforgenstem 
and Tchalenko, (1967a ). 
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Table 4.3 Calculation of Orientation Ratio firom X-£ay Analysis 

I n t e n s i t y Ratio Equivalent Orientation 
Ratio 

Bates, 1947 

Xaarsberg, 1959 

Meade, 1961a 

0»Brien, 1964 

Gipson, 1966 

Odom, 1967 

(002) / (IIO)H 1 

(002) / (110)V R2 

(002) / (IIO)H 1 

(002) / (IIO)V R2 

(001) / (020)H 1 

(001) + (OOl) ̂  . R 

(020) + (020) 

(OOl)K + (002)l 

(020)K + ( l l O ) l ° 1 

(020)r + ( l l O ) l 

(020) + (020 

2 

(OOl)l + (002)l R 
V 

2 

(002) / (020)H i 

(002) + (002) ^ R 2 

(OOL)V R 

(OOL)V + (OOL)H R + 1 

H = Horizontal (at right angles to the v e r t i c a l direction) 

V = V e r t i c a l ( p a r a l l e l to the v e r t i c a l direction) 

r = K a o l i n i t e 

I = I l l i t e 
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smectite, even when the granular content was low, because the piresence 

of t h i s mineral caused the s l i d e , no matter how t h i n l y grotmd, to 

have a brown, muddy appearance which obliterated a l l traces of 

bireft'ingence under crossed n i c o l s . 

4.2.1.2 X-Raqr Difflraetion Methods for the Determination of Preferred 
Orientation 

X-ray diffi>action methods r e l y on a canparison of the basal 'c* 

a x i s r e f l e c t i o n s (and also r e f l e c t i o n s at right angles to these) when 

the material i s orientated p a r a l l e l to and at right angles to the 

bedding. Various methods for c a l c u l a t i n g the preferred orientation, 

as used by other workers are given i n Table 4.3. Bates (1947), 

Xaarsberg (1959) and Gipson (1966) have used i l l i t e peaks only, as 

t h i s was the dominant mineral i n t h e i r specimens. O'Brien (1964) 

combines the i l l i t e and k a b l i n i t e peaks to account for the r e f l e c t i o n s 

i n the 4.4& clsor wedge. Meade (1961a), i n h i s study of the orientation 

of montmorillonite, uses a s i m i l a r r a t i o to Gipson (1966), and i n both 

these casest three orthogonal sections have been chosen, i . e . two 

p a r a l l e l to the v e r t i c a l d i r e c t ion and one a t r i g h t -angles to i t . 

Odom (1967) uses the r a t i o o f the principal 'c* axis r e f l e c t i o n s 

and consequently h i s formula i s applicable to each of the c l a y 

minerals separately, making i t possible to compare t h e i r orientations 

and hence t h e i r behaviour. 

Two di f f e r e n t methods have been employed by the writer to obtain 

a measure of the degree of preferred orientation of the c l a y minerals. 

For each, an orientation r a t i o has been calculated on a peak height and 

a peak area b a s i s , and i n a l l cases the near coincidence of the r e s u l t s 

suggests that e i t h e r method can be used with a high degree of confidence. 

( i ) The method of Odom (1967) has been applied separately to the i l l i t e 

002 r e f l e c t i o n , the k a o l i n i t e 001 r e f l e c t i o n and the montmorillonite 

001 r e f l e c t i o n (Table 4.4). 

( i i ) An o v e r a l l measure o f the orientation for each c l a y has also 
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Table 4.4 Orientation Ratios of Individual Minerals * 

Sample I l l i t e E a o l i n i t e Montmorillonit< 

B r i t i s h Materials 

London Clay 37m 

Gault Clay 

Eef. peak peak peak peak pfeak peak 
ht. area ht. area ht. area 

LC37 

GC 

Fullerte Earth ( R e d h i l l ) FE23 

Eimneridge ClaQr 

Oxford Clay 44m 

ED 

0C44' 

Puller's Earth (Bath) FE 

L i a s Clay 36m L36 

Fiockton Thin roof FTR 

Plockton Thin seat FTS 

0.49 0.45 0.47 0.47 0.63 0.61 

0.53 0.41 0.52 0.49 -

- - - 1.00 0.96 

1.04 0.58 0.47 0.49 -

0.16 0.16 0.11 0.16 -

- - - - 1.00 1.00 

0.19 0.20 0.12 0.11 -

0.07 0.08 0.15 0.15 -

0.61 0.75 0.47 0.52 -

North American Materials 

Yazoo Clay YC 

Eiiacaid Shale 6m 

Nacimiento Shale 

Nacimiento Shale 

Fox H i l l s Shale 

Dawson Shale 

K6 

N2 

N3 

POX 

DS 

P i e r r e Shale (Dakota) PSD 

P i e r r e Shale (Colorado)PSC 

0.13 - .0.04 0.17-0.15 

0.69 0.52 0.75 0.69 

0.41 0.22 0.25 0.19 0.37 0.25 

0.81 0.81 0.85 0.88 

1.00 1.00 

1.00 0.78 0.78 0.66 

0.45 0.30 0.85 0.38 0.78 0.61 

0.54 0.61 0.72 0.75 0.92 0.81 

» Based on Odom, (196?) 
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Table 4.5 Combined Orientation Ratios 

Sample Kaolinite^^^ t a o l i n i t e Mont^^^ 
Ref, » I l l i t e + I l l i t e 

; B r i t i s h Materials 
Peak 
ht. 

Peak 
Area 

Peak 
Ht. 

Peak 
Area 

London Clay 37m LC37 0.40 0.39 0.42 0.36 

Gaxalt Clay GC 0.53 0.49 - -

Puller's Earth (Redhill)FE23 • - • - • 0.85 0.79 

Eimmeridge Clay ED 0.64 0.52 - -

Oxford Clay 44m 0C44 0.19 0.19 - • .-

Fullerte Earth (Bath) •FE19 - - - 0.83 0.88 

L i a s Clay 36m L36 0.13 0.11 -

Flockton Thin roof FTR 0,19 0.23 - -

Flockton Thin seat FTS 0.46 0.44 - -

North American Materials 
Yazoo Clay YC 0.28 0.16 0.31 0.26 

E i n c a i d Shale 6m E6 0.73 0.67 0.78 

Necimiento Shale N2 0.57 . . 0.49 - 0.61 0.42 

Nacimiento Shale N3 0.82 0.75 0.84 0.77 
Fox H i l l s Shale POX - . - 1.00 1.00 

Dawson Shale DS 0.83 0.68 0.72 0.63 

P i e r r e Shale (Dakota) PSD 0.39 0.24 0.42 0.31 

P i e r r e Shale (Colorado) PSC 0.56 0.65 0.58 0.71 

(1) Based on O'Brien (1964) 

(2) Based upon nmdified O'Brien formula, i . e . 

(001)1: + (002)1 + (OOI)M 

(020)1 + (110)1 + (020)M 
H 

(001)r + (002)1 + (001)M 
— V 

(020)E + (110)1 + (020)M 
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been obtained using the equation proposed by O'Brien (1964). I n 

addition, to account for the presence of montmorillonite, a modified 

version o f t h i s equation has also been used (see Table 4.5), 

4.2.2 The Relationship of Preferred Orientation to Mineralogy and 
Depth o f B u r i a l . 

Upon inspection o f the preferred orientation r a t i o s for the 

in d i v i d u a l c l a y minerals (Table 4.4), i t i s observed that when i l l i t e 

and k a o l i n i t e occur together t h e i r orientation r a t i o s are approximately 

i d e n t i c a l . T h i s would suggest that under natural conditions they 

behave i n approximately the same fashion under compaction. Barden 

and Sides (1970) have, however, concluded that, from t e s t s performed 

on a r t i f i c i a l l y prepared c l a y s , chemical additives have l i t t l e e f f e ct 

on the structure of k a o l i n i t e whereas t h e i r presence i s apparent i n 

i l l i t i c c l a y s . Mbntmorillonite on the other hand, frequently has a 

more random degree of preferred orientation than either i l l i t e or 

k a o l i n i t e which may be present i n the same material, thus confirming 

that the l a r g e r minerals develop an orientated fabric more e a s i l y 

(Von Engelhardt and Gaida, 1963; Mitchell 1956), although these 

findings are not depth dependent, (see l a t e r ) . 

I n general the current r e s u l t s confirm the findings of other 

workers (see Chapter 1.5.5) i n that there i s no s i g n i f i c a n t relationship 

between preferred orientation and depth of b u r i a l (Fig.4.2), 

^ronsequently i t can be inferred that i t i s the i n i t i a l conditions which 

govena the formation of the s a i d parameter (Meade, 1961b, 1964, 1966; 

Lanibe, 1958). T h i s i s particxilarly well i l l u s t r a t e d by two instances. 

F i r s t l y by reference to the two deeply buried Carboniferous Shales 

where the Plockton Thin seatearth has a very much more random structure 
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than the associated f i s s i l e roof shale* Secondly, by reference 

to the fac t that the smectite minerals only show any tendency 

towards an orientated fab r i c i n the Yazoo Clay, which i s 

considered to have been deposited i n a dispersing environment. 

With regard to the re l a t i o n s h i p with f i s s i l i t y , of the shales 

examined i n the present study, four erf i i b i t a high degree of 

preferred oriattattion. Of these, the Oxford Clsy (0C44), L i a s 

Clay (L36) and the Flockton Thin roof, show a marked f i s s i l i t y 

by s p l i t t i n g with a sob-parallel fracture. These are a l l hard, 

or s t i f f materials with a c l a y mineralogy consisting predominantly 

of the l a r g e r p a r t i c l e s of i l l i t e and k a o l i n i t e (Table 3.2). The 

Yazoo Clay, a f a t , soft clay- with snectite as the major c l a y 

mineral phase also shows some degree of f i s s i l i t y but t h i s i s l e s s 

obvious than i n the other three and may be attributed to i t s softer 

nature and o v e r a l l smaller grain s i z e . 

4.3 Clay Microstmeture 

4.3.1 Method of Analysis 

A scanning electron microscope, embracing magnification's i n 

the range of x20 to xl2000 has been employed to stuc^ the c l a y 

microstructure, and with i t s large depth of focus an almost three 

dimensional build-up was obtained. The c l a y samples which were 

tised were prepared by a simple technique reported i n Appendix A2.3. 

A standard magnification of x2500 has ultimately been chosen 

for the general presentation of the r e s u l t s , although other 

magnifications have been used to i l l u s t r a t e s p e c i f i c features. 
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4,3.2 Microstructure of the samples studied 

• An introductory review of the development of cleor microstructure 
i s presented i n Chapter 1.5.4. However, before discussing the 
microstructure of the rocks presently under consideration i t i s 
pertinent to note that a l l have been heavily overconsolidated, 
although t h e i r conditions have been very varied (Chapter 2 ) . 
Barden (1972) concludes that a predominantly ( dispersed strxicture, 
portrayed by s i x heavily overconsolidated marine c l a y s , r e s u l t s from 
the c o l l a p s e of an o r i g i n a l l y flocculated arrangement, and consequently 
a true representation of t h i s o r i g i n a l structiure can only be inferred 
by coixsidering a l l of the f a c t s . With regard to the development of 
preferred orientation within t h i s type of deposit, Tchalenko (1968) 
has shown that the degree of horizontal orientation, deduced from 
the birefringence r a t i o of the London Clay can be reproduced i n the 
laboratory by compressing a flocculated sediment containing 35 grams 
per l i t r e of NaCl. Chandler (1971) has also noticed a similar 
birefringence r a t i o i n the L i a s Clay. Had the sedimentation conditions 
been dispersing,then the mineral orientations i n the natural sediment 
may be expected to be higher, even approaching the C.P.O, (complete 
preferred orientation) of Smart (1969). 

This dispersed tiu?bostratic structure as evidenced by a 

preponderance of edges i n the v e r t i c a l section, i s currently displayed 

by c l a y s containing large c l a y minerals, i . e . the Oxford Clay ( 0 C 4 4 ) , 

(Fig.4.12), and the L i a s Clay ( L36), (Fig.4.13). 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 t h e i r structures are somewhat more random, as shown by the 

greater nximber of f l a t s w f a c e s which are v i s i b l e . Reorientation of 

the c l a y minerals along micro-shear planes, as a r e s u l t of s t r e s s 
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r e l e a s e , i s c l e a r l y indicated i n the Eimmeridge Clay (Pig.4.10). 

A dispersed turbostratic arrangement i s also shown' by the 

Yazoo Clay (Fig.4il9) although i n t h i s case montmorillonite forms 

a major proportion of the c l a y mineral content. Because t h i s 

mineral does not reorientate under pressxire (Meade, 1963}), the 

w r i t e r considers that t h i s structure i s symptomatic of the conditions 

of deposition iproducing a dispersing environment. 

A factor common to the granular minerals i n the turbostratic 

structxsre a l s o observed by Barden (1972) and confirmed by polarising 

microscope observations (Mitchell, 1956) i s that they do not appear 

to touch one another, hvtt are surrounded by a skin of c l a y p a r t i c l e s 

(e.g« Eimmeridge Clay^ Fig.4.l0). Vhen the s i l t p a r t i c l e s have been 

pl\icked out, a hole i s often i n evidence i n the surroimding c l a y 

structure, (e.g. Fig.4.12). A general observation with j?eference 

to the calcareous content of the Gault Clay i s that the presence 

of t h i s material i s i n the form of coccoliths, i . e . the 'button 

shaped' p a r t i c l e s i d e n t i f i e d • i n Figure 4.5. 

Flocculated c l a y mineral structures shown by an o v e r a l l random 

d i s t r i b u t i o n with large numbers of edges, f l a t s and c a v i t i e s v i s i b l e 

are i d e n t i f i e d i n materials where smectite and other expandable 

c l a y minerals form a large proportion of the constituents (e.g. Pigs. 

4.20, 4.21, 4.22, 4.23, 4.24, 4.25» 4.26). These minerals are very 

small and are generally represented by a somewhat cr i n k l e d appearance, 

but unfortunately even at higher magnifications no greater detailed 

structure i s v i s i b l e . However, a type of domain structure, involving 

the p a r a l l e l alignment of p a r t i c l e s i s v i s i b l e i n the F u l l e r ' s Earth 

materials ( F i g . 4.6 and 4.7). 

C e r t a i n evidence for an edge-to-face flocculated structicre can 

be i d e n t i f i e d i n the Veald Clay (Pigs.4.8 and 4.9), which i s an 

i l l i t e , k a o l i n i t e quartz-rich sediment of freshwater o r i g i n . However 
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i t nrust be added that as the material contains over 50 per cent 

quartz, th i s structure could result from entrapped clay minerals. 

Another Characteristic of th i s sediment i s that i t contains clusters 

of quartz suzrounded by a matrix of clay minerals and smaller 

granules, (Fig.4«9), a feature which vas also evident under the 

polarising microscope* 

Electron microscope photographs of the Carboniferous material 

i»e* the Floclcton Thin roof shale (Figs.4»15 and 4*16) and the 

Flockton Thin seatearth (Figs«4«17 and 4#18) do not resemble axxy 

of the other sediments, which probably ref lects their indurated 

nature. The photograph of the roof shale was taken at an 

orientation o f 45° to the bedding, hence the structure i s not . 

altogether clear. Nevertheless, on close inspection a face-to-

face orientation o f minerals can be detected (which i s supported by 

a high degree of preferred orientation - see Table 4.5) . A contorted 

structure of twisted clay minerals with a (?) face-to-face structure 

i s shown by the seatearth. Preferred orientation studies suggest 

a random part icle arrangement exists and consequently i t i s 

considered that th i s must result £rom the above mentioned structvtre 

rather than from a t r u l y flocculated clay structure. 

4.4 The Relationship Between Clay Microstnaeture and Preferred 
Orientation 

Prom the S.E.M. photographs i t i s not always possible to relate 

the observed structure to the preferred orientation (as determined 

by X-ray and optical techniques). Nevertheless by reference to the 

previous section i t can be concluded that a preponderance of edges 

i n ver t i ca l section, showing parallel alignment would indicate a 

highly preferred orientat ion. I n fact th is sitxiation i s particularly 

well demonstrated by the i l l i t e / k a o l i n i t e clays of the Oxford Clay 
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(0C44) i n Figure 4.12 (preferred orientation 0»19), the Lias Clay 

(: L36) i n Figure 4»13 (prefftrred orientation 0.13) and the KLockton 

Thin roof i n Figure 4.16 (preferred orientation p»19), A less n e l l 

developed edge-facing structure i s also developed i n the smectite-

r i c h Yazoo Clay (Fig.4.19) which has a preferred orientation ra t io 

of 0.28, 

As the degree of preferred orientation i s decreased then 

there w i l l be a gradual decrease i n the areas of dispersed structxire 

and an increase i n the number o f top surfaces of clay minerals (or 

• f l a t s* ) v is ib le i n ver t ica l section. The limmeridge Cle^y, . 

^ g . 4.1]), the London Clegr ( lC37) f Figure 4.4f and Gault-Clay 

(Fig«4«5)i having moderate orientation ratio.? ^(0*64t 0«40 and 0.33 

respectively) show such an airangement where areas of dispersion 

are interspersed \irith areas ^ e r e only f l a t s are v i s ib le . No 

orientation rat ios were obtained fo r the remoulded samples, however, 

the SEM photograph of the remoulded Lieis Clay (Fig.4.14) clearly 

indicates that a par t ia l alignment of clay minerals has been 

produced, even after rapid consolidation. 

A random dis tr ibut ion of clay minerals i s associated with the 

flocculated structure and i s demonstrated i n SEM photographs by a 

s i tuat ion whereby large numbers of edges, f l a t s and cavities are 

v i s i b l e . Such features are clearly indicated i n materials which 

contcdn large quantities of expandable clay minerals (e.g. Fuller 's 

Earth (Fig.4.6) , BLncaid Shale 6m (Fig.4.20), Nacimiento Shales Nos. 

2 and 3 (Fig.4.21 and 4.22), Pox H i l l s Shale (Fig.4.23), Dawson 

Shale (Fig.4.24) and the Pierre Shales (Figs, 4.25 and 4.26). 
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Figure i f .3 . S.E.M. Photograph of London Clay 
37m., x2/f00. 

Figure S.E.M. Photograph of London Clay 
37m., x2if00. 
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Figure Zf.5, S.E.M. Photograph of Gault Clay, 
x2if80. 

Figure i f . 6 . S.E.M. Photograph of Fu l le r s Earth 
from Redh i l l , x2300. 



i 

Figure i f , 7 , S.E.M. Photograph of Fu l l e r s Earth 
from Redh i l l , x6ifOO. 

r 

Figure i f ,8. S.E.M. Photograph of Weald Clay, 
x2ififO. 
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Figure i f ,9 . S,E.M, Photograph of Weald Clay, 
X1220. 

Figure i f , 1 0 . S.E.M. Photograph of Kimmeridge 
Clay, X 1 2 0 0 . 
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Figure S.E.M. Photograph of Kimmeridge 
Clay, x 2 W . 

Figure if.12. S.E.M. Photograph of Oxford 
Clay /f4m, x2if00. 
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Figure if ,13, S.E.M. Photograph of Lias Clay 
36m, 7t^h:^, 

Figure i l f . l i f . S.E.M. Photograph of Lias Clay 
36m I remoulded), x2500. 
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Figure if.15. S.E.M, Photograph of Flockton 
Thin roof , x6lO, 

Figure i f . l 6 , S.E.M. Photograph of Flockton 
Thin roof , x6lOO. 
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Figure 4.17. S.E.M. Photograph of Flockton 
Thin seatearth, xll50. 

Figure 4.18, S.E.M. Photograph of Flockton 
Thin seatearth, x2390. 
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Figure if . 19. S.E.M. Photograph of Yazoo Clay, 
X2500. 

Figure i f ,20. S . t .M. Photograph of Kincaid 
Shale 6m, x2500. 

191 



1 

Figure 4.21. S.E.M. Photograph of Nacimiento 
Shale N2, x2350. 

Figui-e 4.22. S.E.M. Photograph of Nacimiento 
Shale N3, X2500. 
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Figure if,23, S,E,H, Photograph of Fox H i l l s 
Shale, x2if00. 

Figure if ,2if , .S.E,M, - Photograph of Dawson Shale, 

X2600, 
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Figure 4.25. S.E.M. Photograph of Pierre 
Shale (Dakota), x2300. 

f 

1̂  ̂ - ' 

Figure 4.26. S.E.M, Photograph of Pierre 
Shale (Colorado), x2400. 
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Chapter Five 
Consolidation 

5.1 Introduction 

A standard oedometer, modified to accommodate high press\ires 

has been used to compress a series o f overconsolidated shales 

(see Chapter 2) i n both the undisturbed state and remoiilded at their 

l i q u i d l i m i t , to a pressure of SSOOOWJ/m • I n the majority of 

cases th i s was found to be above the originail preconsolidation loads. 

Experimental details are reported i n Appendix A.3. In addition, a 

series of tests were conducted on four materials remoulded at 

various i n i t i a i l moisture contents, i n a conventional oedometer to 

a pressure of 8400 IcN/m • 

The resulting consolidation parameters c^, m^, k. Ĉ  and C^, 

have been reviewed i n the l igh t of the mineralogical composition and' 

the induration state of the shales, and by reference to the swell 

index (C^) the presence of diagenetic bonding has been deduced i n 

certain cases. 

Sta t is t ica l methods involving the use of correlation matrices 

( c . f . mineralogical analysis - Chapter 3) have been used to analyse 

the stress-strain response of the clays tested and a new concept 

fo r th is behaviour has been put forward based on these findings, 

5.2 The One-Dimensioned Theory of Consolidation 

The equation governing the one-dimensional theory of consolidation, 

i s of the f o i m : - " 

d 2 dt (13) 

derived by Terzaghi i n 1923. I n formiilating this equation Terzaghi 

adopted the following assumptionsj-
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(1) The soi l i s homogeneous and isotropic. 

( 2 ) The so i l i s f u l l y saturated. 

(3) The compressional stress and pore water flow are i n one 
direction only, 

(4) Both the so i l and water are incompressible, 

(5) The flow of water i s governed by Darcy»s Law:-

" ' " ^ i (14) 

(6) The temperature remains constant. 

(7) The coeff ic ient of volume compressibility and permeability 
remain constant over the interval of consolidation. 

(8) The weight of the sample i s negligible compared with the 
weight of the load. 

(9) The compressional strain during the interval of consolidation 
i s S T i f f i c i e n t l y small so that an element of space through which 
pore water flows, and whose dimensions do not change with time, 
C a n be used interchangeably with an element of the soi l skeleton, 
which i s compressing with time. 

(10) OriLy hydrodynamic .time lag i s considered. 

5,3 A Review of Research into the Val idi ty of the Terzaghi Theory 

According to the Terzaghi theory, the degree of consolidation 

shoxild be numerically equal to the degree of pore pressure 

dissipation at any given time during each compression stage. This 

implies that compression should be completed at the end of * primary 

consolidation* (which is defined as that which occurs when excess 

pore pressure i s being dissipated, and which proceeds according to 

the Terzaghi theory). However, i t has been found that experimental 

compression time c\irves usually depart from the theoreticeuL model 

i n the la te r stages of compression. This deviation i s known as 

'secondary consolidation* and i s represented by co l lo id chemistry 
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processes (e .g . stressed moisture f i l m s around grains, surface 

tension e f f e c t s i n the corners between grains, density and v i scos i ty 

changes i n the stressed moisture f i l m s and absorbed ionic bonds) 

and r e o r i e n t a t i o n e f f e c t s , 

Newlands and A l l e l y (1960), Taylor (1942) and Leonards and 

G i r a u l t (1961) have shown tha t w i t h step loading, the r a t i o o f 

secondary t o primsury compression decreases as the load increment r a t i o 

i s increased. This r a t i o becomes zero when the load increment r a t i o 

reaches a f a c t o r o f ten or above (Newlands and A l l e l y , 1960). 

Work done by Leonards and Ramaih (1959) on remoulded clays to 

supplement the work o f Taylor (1942), Van Zelst (1948), Lewis (1950) 

and Northely (1956) on the e f f e c t o f load increment durations, suggests 

tha t e - log P re la t ionships are insensi t ive to load increment 

dura t ion provided t h a t : s u f f i c i e n t time has elapsed to allow the 

d i s s ipa t ion o f pore pressure, the load increment r a t i o is large 

enough and the s o i l does not exh ib i t inherent ly large secondary 

compression e f f e c t s (e .g . peat) . They d i d , however, conclude that 

the c o e f f i c i e n t o f consol idat ion , c^, i s dependent on the s o i l 

type , consol ida t ion pressure and the magnitude and duration o f the 

pressure increments. Therefore the value o f c^ calculated i n the 

laboratory may bear no re la t ionship to that found under natiaral 

condi t ions , but used on a comparative basis, can be a usefu l guide 

t o the mineralogy o f the clays tested. 

Langer (1936) found that s o i l i s less compressible under small 

load increments and a t t r ibu tes t h i s to the fac t tha t , f i r s t l y , large 

load increments cause a shock t o the s o i l structure and, secondly, 

tha t , the induced pore pressure gradients cause in t e rna l rupture 

t o the s t ruc tu re . 
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Crawford (1964) working on iindisturbed, sensitive clays 

shows that the e - l og P curve and the preconsolidation pressure 

vary according t o the length o f time that secondary compression 

i s allowed t o proceed. 

Various models have been suggested to accommodate the t ime-

compression curves, Terzaghi»s model i s represented by a l i nea r 

spring whereby the volumetric s t r a i n i s proportional to the e f f e c t i v e 

s tress, Taylor (1942) proposes a modif ica t ion to t h i s by suggesting 

that the mineral skeleton might be represented by a spring and a 

l i n e a r dashpot propor t ional t o the time rate o f compression. Both 

o f these models imply that only primary consolidation i s represented 

because compression ceases when the pore pressure i s dissipated. . 

Tan (I957)t Murayama and Shibata (1959), Gibson and Lo (1961) and 

Lo (1961) have since attempted to modify Taylor 's model by using 

springs, dashpots and s l ide r s t o simulate measured time-compression 

curves, Leonards and A l t s c h a e f f l (1964) have attempted to observe 

the e f f e c t o f sample thickness on the rate o f compression by \ising 

mul t ip les o f the simple l i nea r models. 

The v a l i d i t y o f Darcy's law at small hydraulic gradients has 

been questioned by several workers. Hansbo (196o) has found that at 

small v e l o c i t i e s the equation i s bet ter represented by the equation 

V = k ( i ) " where n = 1 . 5 . However, f o r a wide range o f medium 

v e l o c i t i e s n = 1 . Leonards and Giraul t ( l 9 6 l ) have shown that 

v a r i a t i o n o f the load increment r a t i o heis a great influence on the 

consol idat ion proper t ies . They show that f o r small or meditim load 

increment r a t i o s ( i , e . P/i> = 0 ,1 - 0,3) or f o r the load increment 

which straddles the preconsolidation load, the pore pressure 

d i s s ipa t ion (hence rate o f consolidation) does not fo l low the 

Terzaghi theory, even approximately. However, f o r larger load 
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increment r a t i o s ( i . e , P/ t = l ) consolidation proceeds 

according t o Terzaghi»s theory, 

A one-dimensional model has been produced by Gibson et a l (196?) 

which does not impose the l i m i t a t i o n s on large strains and i n which 

Darcy»s law has t o be recast i n a form whereby the r e l a t i v e ve loc i t y 

o f the s o i l skeleton and the pore f l u i d are re la ted to the excess 

pressure gradient, 

Barden (1965a) assumes tha t at small stresses, var ia t ions from 

Terzaghi 's theory are u n l i k e l y t o be caused by var ia t ions i n 

permeabil i ty but more l i k e l y as a r e su l t o f creep e f f e c t s . He 

therefore has produced a theory o f consol idat ion which involves 

non-lixiear v i s c o s i t y and concludes that i t provides a method f o r 

ex t rapola t ing pore pressiire^time curves, obtciined i n the laboratory, 

t o the f i e l d scale, which also incorporates the e f f ec t s o f sample 

thickness and load increment r a t i o . 

Other workers (e ,g , Davis & Raymond, 1965; Barden & Barry, 1965) 

have attempted t o produce theories o f consol idat ion whereby the 

decreases i n compress ib i l i ty and permeabili ty during compression 

have been taken i n t o considerat ion. 

The non-linear theory produced by Davis and Raymond (1965)f 

which . i s f o r normally-consolidated c lays , assumes that the c o e f f i c i e n t 

o f consol idat ion remains constant and that Darcy's law i s obeyed. 

Their resu l t s show that f o r high r a t i o s o f f i n a l to i n i t i a l e f f e c t i v e 

pressure, the pore pressure i s higher at any given time than that 

predicted by the Terzaghi theory, but the degree o f settlement , i s 

independent o f load increment r a t i o and i s the same as that predicted 

£rom the Terzaghi theory, 

Schiffman (1958) assumes tha t the c o e f f i c i e n t o f volume 

compress ib i l i ty remains, constant during a loading stage, and that the 

permeabil i ty decreases* However, t h i s treatment leads t o a redaction 
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i n the c o e f f i c i e n t o f consol idat ion w i t h increasing . pressure, 

whereeis i t i s the reverse s i t u a t i o n which usually occurs, 

Lo (1961) attempts t o take account o f the va r i a t i on i n the 

permeabil i ty and the c o e f f i c i e n t o f consolidat ion, 

Barden (1965b) has prodiiced a theory to account f o r p a r t i a l l y 

saturated mater ia l which includes the e f f ec t s caused by non-linear 

va r i a t ions o f permeabil i ty and compress ib i l i ty , 

5,4 Concept o f E f f e c t i v e Stress 

Terzaghi (1923) proposes the f o l l o w i n g relat ionship between 

t o t a l s t ress , 6, and pore water pressure, u : -

<y > cr'+ tt f l 5 ) 

He recognises that i n a saturated mater ia l , the a l l - round pressure, 

u , can not have any inf luence on the mechanical properties, and that 

compaction must be a f unc t i on o f the pressure, (S'f which he defines 

as the ' e f f e c t i v e pressure ' . 

With regard t o consol ida t ion , at the instant o f appl icat ion 

o f load , the t o t a l pressure increment i s car r ied by the pore water. 

However, i f the f a c i l i t y f o r drainage i s present, as i n laboratory 

experiments, the load i s gradually t ransfer red to the mineral skeleton 

as the water i s expel led. Ul t imate ly the excess pore pressure i s 

zero and the t o t a l stress becones equal to the e f f e c t i v e stress. 

To account f o r low poros i t i e s , Skempton (1970) suggests a more 

accurate form o f the Terzaghi e f f e c t i v e stress equation would be 

o f the f o r m : -

<5 = d ' - (1 - C ) . u (16) 
C^ 

where C^ and C are the compress ib i l i t ies o f the clay par t i c les and the 

c lay s t ructure respect ive ly , hence accounting f o r the wide range o f 
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poros i t i es encountered. However, even at low porosi t ies (15 per 

cent) the r a t i o o f C^C i s s t i l l only about one per cent, implying 

tha t the Terzaghi equation i s s t i l l applicable, 

Sridharan & ;^enkatappa (1973) have also proposed, a-modif icat ion t o the 

Terzaghi e f f e c t i v e stress equation, because i t does not account f o r 

e l e c t r i c a l forces o f a t t r a c t i o n and repulsion which are discussed 

i n Chapter 1.5.3.2. The modified equation i s o f the f o r m : -

c = 5 ' - u^ - R + A (17) 

where c = the e f f e c t i v e contact stress, u and u arethe e f f e c t i v e 

pore water and pore a i r pressures respectively and R and A are the 

t o t a l repulsive and a t t r a c t i ve forces respectively divided by the 

t o t a l i n t e r p a r t i c u l a t e areas. 

An a l t e rna t ive to Terzaghi»s e f f e c t i v e stress concept has been 

proposed by Bjerrum (19671^)., He introduces the cnncept of ' ins tant* 

and 'delayed* compression as being applicable to natural sediments. 

Ins tant compression occxirs simultaneously w i t h an increase i n the 

e f f e c t i v e stress and causes a reduction o f the voids r a t i o u n t i l 

an e q u i l i b r i a value i s reached when the structure e f f e c t i v e l y 

supports the overburden pressure. Delayed compression represents 

the reduction i n volume at unchanged e f f e c t i v e stress. This process 

requires the incorporat ion o f time l ines on the diagram r e l a t i n g 

voids r a t i o to logarithms e f f e c t i v e pressure, ieach representing 

the equi l ib r i i an voids r a t i o f o r d i f f e r e n t values o f e f f e c t i v e 

overburden at s p e c i f i c times o f sustained load . These l i n e s are 

approximately p a r a l l e l (Taylor, 1942), 

5,5 Consolidation Tests - Method o f Analysis 

5,5.1 Apparatus 

A conventional f l o a t i n g head oedometer has been modified so that 
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pressures o f approximately 35000kN/m (equivalent to 2500 - 3000m 

o f sedimentation) could be applied t o the specimens (See F i g . A 3 . l ) . 

This was accomplished b y : -

(1) Extending the lever arm so that the loading r a t i o was increased 

from lO'l y t o 20 :1 . 

(2) Reducing the cross-sectional area o f the sample container to 
2 

10.75cm ( i . e . using a diameter o f 3.7cm). 

(3) Replacement o f the porous drainage platons by sintered bronze 

discs. 

5 .5 .2 . Experimental ProcedTires 

(1) A series o f consol idat ion tes t s were' performed on materials i n 

both the undisturbed cond i t ion and from a remoulded condi t ion 

using an i n i t i a l moisture content equal t o the l i q u i d l i m i t 

(a de ta i led account o f which i s given i n Appendix A.3) 

(2) An addi t iona l series o f consol idat ion tests were performed to 

a maximum pressure o f 8400 Ml/m i n a conventional f l o a t i n g 

head oedometer on four remoxilded materials to investigate the 

e f f e c t o f v a r i a t i o n o f the i n i t i a l moisture content (see 

Appendix A . 3 ) , ' 

5,6 Comparison o f the Performance o f the High Pressure Ce l l w i t h 
a Standard Oedometer 

By reference t o tes ts ca r r i ed out on four remoulded materials 

( w i t h i n i t i a l moisture contents equal to t h e i r l i q u i d l i m i t ) , i t was 

possible t o compare the performance o f the high pressure oedometer 

w i t h standard laboratory equipment containing a 50mm diameter c e l l , 

and hence assess the accep tab i l i ty o f the resu l t s , which form the 

basis o f t h i s thes i s , 

5 , 6 , 1 . Voids Ratio - Pressure Relationships 

The large size o f the lever arm endowed the oedometer w i t h a 

s l i g h t l y xanbalanced nature which made seating on top o f the plunger 
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quite d i f f i c u l t . However, t h i s was overcome by applying a small 

2 

load o f 201cN/m t o the specimen before the tes t was commenced. 

Consequently the i n i t i a l voids r a t i o s are s l i g h t l y reduced i n a l l 

cases (Table 5 .1 ) . 

The e - l o g P curves produced by the standard oedometer are 

un i fo rmly curved and s l i g h t l y concave upwards over t h e i r ent i re 

length ( e .g . F ig . 5 .3) , whereas those from the high pressure c e l l 

tend t o show an i r r egu la r response i n the 20-lOOlil/m pressure 

range. This behaviour could w e l l be the r e su l t o f incorrect 

pressure assumptions, caused by the e f f e c t o f the large lever arm. 
2 

However, above 200kN/m t h i s e f f e c t seems to be i n s i g n i f i c a n t and 

i s considered to be unimportant because the p r inc ipa l areas o f 

i n t e r e s t are i n the high pressure range. At higher pressures the 

e - l o g P curves become p a r a l l e l t o those from the standard oedometer. 

Small displacements between the curves which are r e f l ec t ed by the 

d i f f e r ence at 8400 kN/m (Table 5 .1) , are a t t r i bu ted to errors i n 

sample measurement at the end o f the tes t s . 

5 .6 .2 . Stress-Strain Response 

The f ac t that a small loadms imposed upon the samples before 

measurements commence (causing consol idat ion) , i s not only r e f l ec ted 

by the i n i t i a l voids r a t i o , but also by the lower t o t a l percentage 

s t r a i n : the di f ferences f o r which have been calci i la ted at pressures 

o f 500kN/m^ and 8400kN/m^ (Table 5 .1 ) . 

With the exception o f the London Clay, the t o t a l s t r a i n at the 

lower pressure i s between 4 .1 - 4.8 per cent smaller f o r the high 

pressure c e l l and t h i s d i f fe rence , although s l i g h t l y reduced to 

between 3.1 - 4.0 per cent , i s maintained t o the higher pressure. 
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Table 5.2(a) A Comparison o f the Tef lon and Aluminitam Cells Table 5.2(a) 
using the London Clay ( sample LC37) 

Percentage S t ra in Compression Index 

Pressure AlxJminium Tef lon Aluminium t e f l o n 
(kN/m2) c e l l . c e l l c e l l c e l l 

158 - 279 7.44 6.37 - 0.73 - 0.52 
279 - 574 5.30 5.45 - 0,50 - 0.48 
574 ^1128 4.41 5.18 - 0.40 - 0.38 

1128 -2426 4.37 4.65 - 0.35 - 0.36 
2426 -4675 3.72 3.81 - 0.29 - 0 . 1 9 
4675 -9349 3.05 4.48 - 0.27 - 0.28 
9349 -18697 2.55 3.85 - 0.22 0.35 

18697 -34967 2.44 4.86 - 0.24 - 0.48 
34967 -2 11.63 13.75 

Voids Ratio Voids Ratio 
at Max.Pres. af ter , consol. 

Al\aminium Tef lon Aluminium Tef lon 
c e l l c e l l c e l l c e l l 

0.21 0.16 0.53 0.52 

Table 5.2(b) A Comparison o f the Tef lon and Aluminium Cells Table 5.2(b) 
using the Oxford Clay (sample 0C44) 

Percentage St ra in Compression Index 

Pressure Aluminium Tef lon Aluminium Tef lon 
(kN/mii) c e l l c e l l c e l l c e l l 

158 - 279 7.04 4.67 - 0.83 - 0.41 
279 - 574 4.34 6.90 - 0.22 - 0.57 
574 -1128 4.44 4.80 - 0 . 3 8 - 0.39 

1128 -2426 4.49 4.77 - 0.34 - 0.34 
2426 -4675 3.65 4.26 - 0.27 - 0.32 
4675 -9349 2.99 3.54 - 0.25 - 0.28 
9349 -18697 3.24 4.14 - 0.27 - 0.32 

18697 -34967 2.94 4.23 - 0.27 - 0.37 
34967 -2 11.49 17.51 

Voids Ratio Voids Ratio 
at Max,Pres, a f t e r consol. 

Aluminium Tef lon Aluminium Tef lon 
c e l l c e l l c e l l c e l l 

0,18 0,09 0.48 0.51 
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Table 5.3 A Comparison o f the Voids Ratios at 35000kN/m f o r 
Undisturbed & Remoulded Samples 

Sample Undisturbed Remoulded 
Ref. Mater ia l Material 

B r i t i s h Mater ia l 

London Clay 14m LC14 0,349 0.392 
London Clay 37m LC37 0.308 0.216 
Gault Clay GC 0.296 0.28° 
F u l l e r ' s Earth (Redhi l l ) FE23 0.702 0.707 
Weald Clay WC 0.083 0.088 
Kirameridge Clay KC 0.256 0.221 
Oxford Clay lOm OCIO 0.279 0.262 
Oxford Clay 44m 0C44 0.235 0.186 
F u l l e r ' s Earth (Bath) FE19 0.404 0.419 
Lias Clay lOm LIO 0.247 0.277 
Lias Clay 36m L36 0.249 0.264 
Keuper Marl KM 0.242 
Swallow Wood roo f SWR ' - 0.205 
Flockton Thin roof FTR 0.073 0.196 
Flockton Thin seatearth FTS 0.147 0.185 
Widdringham roo f WR 0.041 0.130 

Difference 

0.043 
0.092 
0.008 
0.005 
0.005 
0.035 
0.017 
0.049 
0.015 
0.03 
0.015 

- i not over 
preconsol-
idated 
load 

North American Mater ia l 

Yazoo Clay YC 
Kincaid Shale 6m ' 16 
Kincaid Shale 8m I8 
Nacimiento Shale Nl 
Nacimiento Shale N2 
Nacimiento Shale N3 
Fox H i l l s Shale POX 
Dawson Shale DS 
Pier re Shale (Dakota) PSD 
Pier re Shale (Colorado) PSC 

0.342 
0.316 
0.304 
0.194 
0.202 
0.372 
0.430 
0.208 
0.390 
0.151 

0.330 
0.261 
0.214 
0.203 
0.195 
0.321 
0.346 
0.219 
0.315 
0.171 

0.012 
0.055 
0.090 
0.009 
0.007 
0.051 
0.084 
0.011 
0.075 
0.020 
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with regard to the s t r a i n energy, although there does not 

appear t o be a simple mathematical re la t ionship between the resul ts 

encotmtered at d i f f e r e n t pressures, s imi la r trends are observed f o r 

both oedometers when the maximum pressures are considered. These 

are discussed i n d e t a i l i n Section 5.11. 

5 .6.3. Consolidation Parameters 

The di f ferences i n the low pressure range are also r e f l ec t ed , 

t o a c e r t a i n extent by the consolidation parameters. However, as 

2 

higher pressures are encountered (4000kN/m upwards), the behaviour 

o f both machines becomes nearly i d e n t i c a l , (Table 5 .1) . The main 

d i f fe rence i s that there i s a tendency f o r those from the high 

presswe machine to be s l i g h t l y lower, although t h i s may be p a r t i a l l y 

accounted f o r by the higher pressure used i n each case. 

5.7 Experiments w i t h a Tef lon Oedometer Ce l l 

I n i t i a l l y a piare..teflon c e l l ..was produced f o r performing tests 

on remoulded mater ia ls , essent ia l ly to red\ace the e f f ec t s o f side 

f r i c t i o n on the metal plunger. The very s t i f f nature o f the natural 

clays ru l ed out i t s use i n the tests on these materials because of 

the d i f f i c u l t y encountered i n ge t t ing the samples i n to the c e l l . 

From tes ts conducted on remoxilded samples o f London Clay (LC37) 

and Oxford Clay (0C44) (see Table A3.62 and A3.63). i t was 

discovered that i n the high pressure range ( i . e . 2426 - 34967kN/m ) , 

the incremental s t ra ins were much larger than those obtained when a 

s i l i cone greased altiminiTim c e l l was used (Tables 5.2 a & b ) . This 

i s r e f l e c t e d i n the larger values o f C^ and smaller values o f voids 

r a t i o (Table 5.2 a & b ) . S imi la r ly when the load was removed, larger 

expansive stradns were produced from the t e f l o n c e l l , (Table 5.2 a 8c b) 

r e s u l t i n g i n f i n a l voids r a t i o s which were comparable w i t h those 
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obtained from the aluminiiim c e l l . 

Therefore i t was concluded that the t e f l o n c e l l was compressing 

e l a s t i c a l l y at the higher pressures, thus increasing the cross-

sect ional area and consequently a f f e c t i n g the res \ i l ts (which are 

considered on a one-dimensional basis) . Consequently i t was decided 

tha t the t e f l o n c e l l could not be used and no fu r the r tes ts were 

performed w i t h t h i s mate r ia l . 

5.8 Voids Ratio Correction f o r the Remoxilded Consolidation Curve 

When the voids ratio-pressure re la t ionships are compared f o r the 

undisturbed and remoulded statesat the highest pressure f o r clays 

where the preconsolidation load has been exceeded, ce r ta in r e l a t i v e 

displacements o f the curves are noticed. From Table 5.3 i t can be 

seen tha t f o r some samples the undistvirbed voids r a t i o i s larger 

(the d i f fe rence being expressed as a pos i t ive notat ion) w h i l s t i n 

others the reverse s i t u a t i o n occurs; i n some the resul ts are 

nearly i d e n t i c a l . 

These di f ferences i n the voids r a t i o at the highest pressure 

are e i the r due t o actucil differences i n the clay fabr ic or t o errors 

i n the measurement o f the f i n a l thickness o f the remoulded samples 

(because o f the small sample s i ze ) . However, because the e - log P 

cxirves f o r the iindisturbed materials have been confirmed by 

independent i n i t i a i l voids r a t i o determinations, i t has been assumed 

that e r rors i n measurement are the c h i e f causes o f these discrepancies 

(e ,g , an 0.051mm di f fe rence can a l t e r the voids r a t i o by 0.015). 

Errors i n measurement are also suspected because although the cxarves 

are p a r a l l e l f o r the ma jo r i t y o f clays tested, the removdded curve 

should always l i e beneath that o f the \mdisturbed specimen. Nevertheless 

since the pressures concerned are reasonably large, the di f ference 

w i l l be neg l ig ib l e . To support t h i s l a t t e r statement, Fleming et a l 
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(1970), a t t r i b u t e the coincidence o f the e-log P curves, i n the 

pressure range 9000 - 35000kN/ra f o r materials consolidated from 

posi t ions normal t o , and p a r a l l e l to the bedding, to i sot ropic 

behaviour o f clays beyond t h e i r preconsolidation loads. 

The r e l a t i v e posi t ions o f the e - log P curves do not mater ia l ly 

a f f e c t the consol idat ion parameters o f c , m , k, C and C but can 
V V c s 

cause s i g n i f i c a n t errors i n the depth estimations when the method 

u t i l i s i n g the rebound charac ter i s t ics i s considered, (Chapter 2 ) . 

Therefore f o r the purpose o f ca lcu la t ing the maximiim depths 

o f b u r i a l from the rebound charac te r i s t i cs , t h i s discrepancy has to 

be minimised by maOdng the remoxilded and undisturbed ciurves coincide 

by adjus t ing the former by the d i f ference i n the voids r a t i o at the 

highest pressure. 

5.9 Consolidation Test Results 

5 . 9 . 1 . Voids Ratio - Pressure Relationships 

During each stage o f consol idat ion tes ts on both remoulded and 

undisturbed materials , the voids r a t i o has been calculated i n 

accordance w i t h methods l a i d down i n standard so i l s t ex t s , f o r each 

c lay the values so obtained have been presented graphically against 

the logari thm to the base ten o f e f f e c t i v e pressure (Figs. 5.1.1-5.1.5 o ) . 

To ensure the highest degree o f accviracy, the i n i t i a l voids r a t i o f o r 

each c l ay i n the undisturbed state has been independently checked by 

add i t iona l tes ts (Appendix A3.2) . 

Since a l l the materials are heavily overconsolidated, where 

increased curvature i s present i n the compression curve, the Casagrande 

const ruct ion (Figure 2.6) has been used to assess the maximum overburden 

pressures (Tables 2.3 and 2 . 4 ) . I n ce r t a in cases, to enable another 

const ruct ion method (Section 2.3) t o be used to calculate the maximum 

depth o f b i i r i a l an addi t iona l l i n e , which represents the adjusted , 
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position of the remoulded curve (see Section 5.8) has been added 

to the e - log P relationships for these materials. 

Remoulded e - log P relationships from the low pressure tests 

at various i n i t i a l moisture contents are presented i n Fig. 5.2 where 

i t can be seen that an effect similar to the preconsolidation 
2 

condition i s produced i n the 80-1501cN/m region when the i n i t i a l 

moistiire content i s reduced from the l i q u i d l i m i t . This effect is 

assumed to be associated with the way the material i s paddled into 

the oedometer c e l l . In addition, the e - log P relationships for 

the condition starting from the l i q u i d l i m i t have been incorporated 

i n one diagram (Fig.5.3) where a close correspondence i s noticed 

with trends suggested by iSkempton (1944, 1953). 

5.9.2. Coefficient of Consolidation (.ĉ ) 
This is dependent upon the tkickness of the sample and upon the 

rate of loading. I t relates the decrease i n volxime of a sediment to 

the applied pressure and time, thus enabling the rate of settlement 

to be predicted and has been calculated i n the present study by 

reference to the T̂ ^ value obtedned from the compression - root 

time curves (Taylor, 1948) i.e. -
c = 0.848h^ (18) 

T90 
where H i s the average thiclcness dxiring the loading increment. The 

2 """1 2 
value of c^ has the dimensions of L T (e.g. m /yr). 

The Vei lues of c^ for the undist\arbed samples, beyond the 

preconsolidation load, are presented i n Table 5.4, column (a), 

whilst the average values for the remoulded samples between the 

pressures of 4675 - 34967 kN/m̂  and 297 - 2426 Wl/m̂  are presented 

i n columns (b) and (c) respectively. Average values obtained from 
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Table 5,4 Average Coefficient of Consolidation (c^) Values (m /y) 

Sample 
Ref, 

Undistiu'bed Remoulded Samples 
Samples 4675"34967Ml/m'̂  297-24'26KN/m 

Br i t i s h Samples 

London Clay 14m 
London Clay 37m 
GavHt Clay 
Fuller's Earth (Redhill) 
Wecdd Clay 
Kimmeridge Clay 
Oxford Clay 10m 
Oxford Clay 44m 
Fuller's Earth (Bath) 
Lias Clay lOm 
Lias Clay 36m 
ICeuper Marl 
Swallow Wood roof 
Flockton Thin roof 
Flockton Thin seat 
Widdringhara roof 

LC14 
LC37 
GC 
FE23 
VC 
KC 
OCIO 
0C44 
FE19 
LIO 
L36 
KM 
SWR 
FTR 
FTS 
WR 

(a) 

0.28 
0.31 
0.91 
0.02 
25.10 
0.25 
0.49 
0.57 
0.02 
0.42 
0.67 

0.27 
0.24 
0.64 
0.01 
10.90 
0.43 
0.92 
0.90 
0.02 
0.26 
0.85 
7.18 
1.01 
1.76 
0.56 
6.72 

(£) 

0.10 
0.48 
0.55 
0.03 
3.54 
0.47 
0.15 
1.09 
0.08 
0.13 
1.15 
4.56 
0.51 
0.75 
0.67 
9.67 

North American Samples 

Yazoo Clay YC 0.03 
rincaid Shale 6m K6 - 0.55 
rincaid Shale 8m K8 47.47 
Nacimiento Shale Nl 79.13 
Nacimiento Shale N2 i?32.39 
Nacimiento Shale N3 ?0.04 
Fox H i l l s Shale POX 0.10 
Dawson Shale DS 70.04 
Pierre Shale (Dakota) PSD 0.10 
Pierre Shale (Colorado) PSC 24.39 

0.03 
0.13 
0.62 
2.14 
0.53 
0.12 
0.18 
0.08 
0.04 
0.32 

0.08 
0.18 
0.52 
4.38 
1.28 
0.47 
1.07 
0.22 
0.04 
0.30 
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Table 5,5 Coefficient of Consolidation for Pure Minereds 
(after Hough, 1957) 

Mineral Liquid Limit Coefficient of consolidation 

Taolinite 45 9.45 

I l l i t e ICQ 3.1 X 10 -2 

Montmorillonite 210 9.4 X 10 -3 
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t e s t s conducted on four remoulded specimens i n the conventional 

oedometer between 400 - 8400 kN/m are presented i n Table 5.11. 

The values obtained f o r c^ decrease as the l i q u i d l i m i t 

increases i n accordance w i t h the trend observed by Terzaghi and 

Peck (1967), (see Fig. 5 . 4 ) , and c i i r r e n t l y range £rqm 47.47m / y r at 

a l i q u i d l i m i t o f 36, t o 0.01 m / y r at a l i q u i d l i m i t of I I 7 . 

This trend i s associated w i t h the reduction i n the permeability 

o f highly c o l l o i d a l clays due to t h e i r extremely small p a r t i c l e 

size. However, there i s no s i g n i f i c a n t difference between those 

values obtciined from the tests performed on the undisturbed matericils 

and those from tests performed on both the high and low pressure 

ranges of the remoxilded samples, Vcilues of c^ for pure k a o l i n i t e 

and i l l i t e (Hough, 1957; Table 5,5) agree exceedingly well with 

the range proposed by Terzaghi and Peck (1947), although the values 

f o r montmorillonite show . that at very high l i q u i d l i m i t s the c^ 

decreases much less r a p i d l y than i n the range between 20 - 100 

per cent. 

Typical variations of c^ w i t h increasing pressure obtained 

from t e s t s performed on four remoulded clays up to pressure of 

8400kN/m (pig. 5 . 1 0(b)) indicate that at low pressures the value i s 

dominantly controlled by the l i q u i d l i m i t , but at higher pressures 

the p a r t i c l e size and mineralogy play an important role (e.g. the 

c^ f o r the Fuller»s Earth from Bath, (sample FE19), having a l i q u i d 

l i m i t o f 100, f a l l s below that of the Pierre Shale from Dakota, . 

(sample PSD), which has a l i q u i d l i m i t of 1 3 ^ 

5,9,3. Compression Index (C^) 

The compression index, which i s a dimensionless quantity, 

i s a measure of the compressibility of the material and i s defined 
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by the equation:-

= (19) 

where e^ and are the voids r a t i o and pressijre at the beginning of 
a pressure increment and e and P are the corresponding Veilues at the 
end o f the loading stage (both defining points on the v i r g i n 
compression curve). 

Average valties f o r the compression index (beyond the preconsolidation 

load) f o r the imdisturbed material are presented i n Table 5,6, colijmn 

(a) w h i l s t average values for the remoidded samples between pressures 

of 4675 - 34967 IcN/m and 297 - 2426 IcN/m are presented i n columns 

(b) and (c) respectively. Average values obtained .during the 

consolidation o f remoulded clays t o a pressure of 8400 XN/m , i n the 

conventional oedometer, are presented i n Table 5»11» 

Terzaghi and Peck (1948), c i t i n g the work of Skempton (1944) 

where a strong relationship between and l i q u i d l i m i t was obtained 

- propose an expression r e l a t i n g :.these quantities for remoulded 

clays, i , e , : -

= 0,009 (LL - 10?̂ ) (20) 

and f o r remoulded clays having a mediizm or low s e n s i t i v i t y they 

propose the expression:-

= 0,007 (LL - 10%) (21) 

From the present study i^ can be seen (Fig,5.5) that the r e s i i l t s 

obtained i n the low pressiare range (297 - 2424 kN/m ) and those from 

the t e s t s performed i n the conventional oedometer are i n agreement 

w i t h such relationships. However, the results at higher pressiires 

(2426 - 34967 IcN/m ) on remoulded samples and those from beyond the 

preconsolidation load i n the case of undisturbed samples are better 

expressed by an equation of the form (Fig,5.5) 

= 0,004 (LL - 10%) (22) 
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Current values o f Ĉ  range from 0»1 for s i l t s (LL = 33) t o 0,34 -

0,54 f o r highly c o l l o i d a l clays (LL = 136), w i t h a value of 0,2 -

0.3 f o r clays o f intermediate l i q u i d l i m i t ( i , e , 60 - 75). According 

t o Skempton (1944) the average value for the compression index of 

natural clays between pressures of 50 - 100 kN/m varies ft'om 0.08 

(LL = 24) t o 0.91 (LL = 127) and i s about 0.35 - 0.45 for clays where 

the l i q u i d l i m i t i s between 60 - 75. Fleming et al (1970) o f f e r 

several values f o r the compression index from tests carried out on 

North American shales (see Fig.5.5). Although these are of the same 

order eis those from the high pressure range, they do not appear to 

have quite the same consistency w i t h regard t o the l i q u i d l i m i t . 

However, i t i s not clear i f they represent particular load increment 

values or whether they have been averaged over a certain presstire range. 

Typical values of Ĉ  from low pressure tests on i l l i t e s , c ollated 

by Lanibe and Whitman (1969) follow the trend, defined by Equation (20), 

see also Figure 5.5, whi l s t those for k a o l i n i t e s , which have low 

l i q u i d l i m i t s , conform equally w e l l t o either equations (20) or ( 2 I ) 

and are also s i m i l a r t o values currently obtained (e.g. Widdringham 

roof shale - 53% k a o l i n i t e ) On the other hand, the values of Ĉ  f o r 

montmorillonite (which have extremely high l i q u i d l i m i t s ) appear t o 

be more i n accordance w i t h the equation ciorrently proposed i . e . 

equation ( 22), A similar series of results was also found by Olson 

& Mesri (1970) - see Table 5,8, 

^^hen the values obtcdned f o r the compression indie es of both 

the high pressure and low pressure regions of the remoulded curves 

and those from the undisturbed curves (above the preconsolidation 

loads) are pl o t t e d against the average voids r a t i o over the 

corresponding pressure range (Fig,5.6), then a l l the results define 
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Table 5.6 Average Compression Index (C ) Values 

Sample 
Ref. 

Undisturbed Remoulded Materials 
Material 4675-34967Wn»'^ 297-?426kN/m' 

B r i t i s h Samples 

London Clay 14m 
London Clay 37ni 
Gault Clay 
Fuller's Earth (Redhill) 
Weald Clay 
Kimraeridge Clay 
Oxford Clay 10m 
Oxford Clay 44m 
Fuller's Earth (Bath) 
Lias Clay lOm 
Lias Clay 36m 
Keuper Marl 
Swallow Wood roof 
Flockton Thin roof 
Flockton Thin seat 
Widdxingham roof 

LC14 
LC37 
GC 
FE23 
WC 
KC 
OCIO 
0C44 
FE19 
UO 
L36 
KM 
SWR 
FTR-
FTS 

(a) 

0,281 
0,216 
0,322 
0,547 
0,116 
0,210 
0,338 
0,289 
0,322 
0.208 
0,245 

(b) 

0.334 
0,260 
0.322 
0.568 
0.162 
0.277 
0.288 
0.273 
0.449 
0.320 
0.311 
0.210 
0.292 
0.289 
0.266 
0.218 

(£) 

0.675 
0.500 
0 ,512 
0,847 
0.161 
0.454 
0.475 
0 .451 
0.830 
0. 593 
0.433 
0 .211 
0i433 
0.356 
0.451 
0.257 

North American Samples 

Yazoo Clay YC 0.536 
Kincaid Shale 6m K6 0.258 
r i n c a i d Shale 8m K8 0.266 
Nacimiehto Shale Nl ?0.067 
Nacimiento Shale N2 ?0.060 
Nacimiento Shale - N3 ?0.158 
Fox H i l l s Shale POX 0.374 
Dawson Shale DS ?0.176 
Pierre Shale (Dakota) PSD 0.344 
Pierre Shale (Colorado) PSC 0.077 

0.431 
0.246 
0.222 
0.250 
0.223 
0.365 
0.373 
0.267 
0.441 
0.238 

1.050 
0.606 
0.420 
0.318 
0.328 
0.674 
0.427 
0.595 
1.054 
0.422 
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one trend, similar t o , but above that of IComornik et a l (1970). 

This re l a t i o n s h i p i s ultimately governed by the mineralogy, and at 

any given press\a3r€ the presence of a large expandable mineral content 

w i l l exert a strong physico-<:hemical effe c t thus increasing the 

voids r a t i o s , and as a consequence those clays are more compressible 

( C h i l ingar and Knight, 196o), A l t e r n a t i v e l y w i t h i n c e r t a i n l i m i t s , 

as the pressure i s increased, the voids space and Ĉ  w i l l be reduced 

i n accordance w i t h Figure 5,6, 

The coincidence of the compression index f o r the undisturbed 

and remoulded materials (Figs,5.5 and 5,6) indicates that at high 

pressure the history of the shale does not influence the results 

provided that the values are beyond the preconsolidation load. 

Tests cond\JCted on four remoulded materials t o a pressure of 
2 

8400kN/m (Fig,510c) indicate that the compression index becomes 

less sensitive t o applied pressure as the l i q u i d l i m i t decreases, 

5.9.4. Swell Index (C.) 

The swelling characteristics of the materials have been studied 

by reference t o the Swell Index (C ) i, e , 
S 

C = e - e 
^ -2 (23) 

^^^10^0 - ̂ °^ioP 

where e and P are the voids ratito and pressiire before a load increment 

i s removed and e and P are the corresponding values at the end of o o 
the unloading stage. 

Average swell index values obtained from tests performed on 

undisturbed material are presented i n Table 5.7f column ( a ) , whilst 

average value f o r the f i n a l and intermediate rebound stages (see 

Fig.2,7) obtained from tests performed on remoulded material are 
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presented in colxarais (b) and (c) respectively. Average rebound 

values obtained for tests conducted on four remoulded specimens 

i n a conventional oedometer are given in Table 5»11« 

By considering the same pressure range, i t has been found 

that the swell index valxie of undisturbed material i s often 

lower than that fo\and in the remoulded counterpart (Table 5.7, 

column (d)). This phenomenon i s attributed to the effect of 

diagenetic bonding and i s discussed in this context i n Section 5.10. 

However, when the swell index values for both of these conditions 

are plotted against the liquid limit of the material (Fig.5.7), 

exceedingly good agreement i s obtained with the results of Lanibe 

and Whitman (1969). 

The results from the present materials, v;hich are a l l multi-

component systems (Table 3.2), appear to be lower than those of 

pure clays (Table 5 .8) , as obtained by Olson and Mesri (1970) when 

these were-remoulded and consolidated to a pressure of 3026 kN/m 

(64000psf), Nevertheless, for remoulded shales (free from diagenetic 

bonding), when the mineralogy i s considered, the same general trend 

i s obsejTved (Fig. 5 .7) whereby the swell index increases from clays 

v/here quartz (Weald Clay) and kaolinite (Widdringham roof) are 

dominant to clays where montmorillonite i s dominant (e.g. Fuller's 

Earths and Pierre Shale (Dakota), This variation i s also shown 

clearly in Figxjre 5.10d where the low pressure tests on fovac 

remoxilded shales are considered. There i s , moreover, a general 

increase i n the swell index from the intermediate to the final 

unloading stage (which may result from tighter packing affecting . 

the swelling characteristicsJl 
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Table 5.7 Average Swell Index (C ) Valxaes 

Remoulded Material 
Sample Undisturbed Final Intermediate (b)-(a' 

B r i t i s h Materials 

London Clay 14m 
London Clay 37ni 

. Gault Clay 
Fuller's Earth (Redhill) 
Weald Clay 
Kimmeridge Clay 
Oxford Clay 10m 
Oxford Clay 44ra 
Fuller's Earth (Bath) 
Liais Clay 10m 
Licis Clay 36m 
leuper Marl 
Swallow Wood roof 
Flockton Thin roof 
Flockton Thin seat 
Widdringham roof 

North American Materials 

Yazoo Clay 
Kincaid Shale 6m 
Kincaid Shale 8m 
Nacimiento Shale 
Nacimiento Shale 
Nacimiento Shale -
Fox H i l l s Shale . 
Dawson Shale 
Pierre Shale (Dakota) 
Pierre Shale (Colorado) 

Oxford Clay 44m 
(6245kN/m2) 

Ref. Material Unloading Unloading 

(a) (£) ( i ) 

LC14 0.107 0,108 0.097 0.001 
LC37 0.077 0,094 0.070 0.017 * 
GC 0.095 0.077 0.068 (0.018). 
FE23 0.184 0.178 0.094 (0.006) 
WC 0.024 0.025 0.019 0.001 
KC 0.086 0.095 0.078 0.009 
OCIO 0.098 0.068 0.070 (0.030) 
0C44 0.071 0.099 0.074 0.028 » 
FE19 0.123 0.199 0.140 0.076 * 
LIO 0.083 0.064 0.054 (0,019) 
L36 0,080 0.110 0.086 0,030 * 
»f — 0.026 6.013 -
SWR — 0.012 0.080 -
FTR 0,013 0.070 0.047 •0,057 » 
FTS 0.027 0.087 0.069 0,060 * 
WR 0.016 0.048 0.036 0,032 « 

YC 0.218 0.172 0.156 (0,046) 
K6 0.089 0.067 0.032 (0,022) 
K8 0.046 0.046 0.010 (0,000) 
Nl 0.027 0.051 0.033 0.024 * 
N2 0.023 0.046 0.023 0.023 * 
N3 0.064 0.109 0.063 0,045 * 
POX 0.117 0.096 0.067 (0,021) 
DS 0.064 0.085 0.065 0.021 » 
PSD . 0.116 0.179 0.177 0.063 * 
PSC 0.026 0.068 0.042 0,042 * 

0C44 0,044 

(Bracketed fig\Jres i n coltunn (d) indicate that the remoulded swell index 
i s greater than that f o r the undisturbed sample). 
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Table 5.8 Swell and Compression Indices f o r Pure Clays 

ICaolinite 

Water, Ca IN 

Water, Ca 1»10~^N 

Water, Na IN 

Water, Na l»lo'^N 

0,07 

0,07 

0.08 

0.08 

1000 -
lOOOOpsf 

0.3 

0.3 

0.25 

0.25 

10000 -
64000psf 

0,2 

0.2 

0.25 

0.25 

I l l i t e 

Water, Ca IN 

Water, Ca l*lo"^N 

Water, Na IN 

Water Na l*lo"^N 

0.28 

0.31 

0.37 

0.65 

1.0 

1.6 

0.375 - 0.5 

0,5 

Smectite 

Water, Ca IN 

Water, Ca 1»10~^N 

Water, Na l«lo"'''N 

Water, Na 5*lo"^ 

0,26 

0,34 

1.53 

3,60 

1.4 - 1,5 

7.0 

13.0 

0.675 

1.875 

3.125 

Sand 0.01 - 0.03 

« A f t e r .Olson and Mesri (1970) 
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5.9.5 Permeability (k) 

Permeability i s a measure of the flow o f l i q u i d through a 

medium (which i n t h i s case consists of granular and pl a t e - l i k e 

minerals) and i s governed by the p a r t i c l e size, voids r a t i o , 

f a b r i c , composition and degree of saturation. 

When dealing w i t h one-dimensional consolidation t e s t s , 

permeability i s commonly calculated from the following relationship: 

k c X m H X ( 2 4 ) 

where i s the u n i t weight of water. 

Average values f o r the permeability of the undisturbed material 

beyond the preconsoiidation load are presented i n Table 5.9, column 

( a ) , w h i l s t average values f o r the remoulded samples, between 
2 P 

pressures of 4675 - 34967 kw/m and 297 - 2426 kN/m are presented 

i n coltmtns (b) and (c) respectively. Average values for the four 

remoulded clays consolidated i n the larger oedometer between 

pressures of 400 - 8400 kN/ra are presented i n Table 5.11. 

The permeability as wit h the compression index, i s dependent 

on the voids r a t i o (Fig.5.8) but i s independent of the consolidation 

and induration state of the shale. (This i s evidenced by the 

coincidence of the values from the high pressure range of the 

remoulded samples w i t h those of the \indist\irbed shales). 

TjT>ical permeability - voids r a t i o relationships have cilso 

been presented i n Figure 5.8 for pure minerals i n calcium electr o l y t e 

(Olson and Mesri, 1971), various pure k a o l i n i t e s * (Wamer, 1964; 

Olsen, 1966); pure i l l i t e s (Warner, 1964), the Wyoming bentonite 

(Wamer, 1964), the Pierre Shale* (lemper, 1961) and a t y p i c a l sandy 

clay (Lambe and Whitman, 1969). 

» As c i t e d i n Rieke and Chilingarian (1974). 
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Table 5.9 Average Permeability (k) Values (nv/s*lo''̂ °) 

Br i t i s h Materials 

Remoulded Samples 

Sample Undisturbed 4675"34967kM/m̂  297-2426kw/m̂  
Ref. Samples 

(£) 

London Clay 14m LC14 0,0081 0.0069 0.1091 
London Clay 37m LC37 0,0038 0.0093 0,5224 
Gault Clay GC 0,0224 0.0268 0,3647 
Fuller's Earth (Redhill) FE23 0,0004 0.0002 0,3742 
Weald Clay WC 0,1623 0.2283 0,6907 
Kimmeridge Clay KC 0,0022 0.0166 0.3555 
Oxford Clay lOm OCIO 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 10m UO 0.0036 0.0104 0.0810 
Lias Clay 36m L36 0.0068 0.0376 0.6565 
Keuper Marl KM 0.1969 0.9401 
Swallow Wood roof SWR - 0.0364 0.2559 
Flockton Thin roof PTR - 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 0.1297 
Kincaid Shale 6m K6 0.0079 0,0048 0.2431 
Kincaid Shale 8m K8 0,6896 0,0194 0.4829 
Nacimiento Shale Nl ?0,0272 0.0998 2.0491 
Nacimiento Shale N2 ?0,0853 0.0200 Q.6953 
Nacimiento Shale N3 ?0,0002 0,0063 0.4723 
Fox H i l l s Shale POX 0,0024 0,0108 0.6739 
Dawson Shale DS ?0,0002 0,0034 0.2634 
Pierre Shale (Dakota) PSD 0,0016 0,0024 0.0562 
Pierre Shale (Colorado) PSC 0,1141 0,0117 0.2016 
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The variation of permeability with voids ratio for four 

remoulded clays i s displayed in Figures 5.lOe, where a regxilar 

decrease with decreasing voids ratio i s noticed (although an 

irregular reponse i s sometimes noticed (Waidelich, 1958]J. The 

relative positions of the curves appear to be controlled by the 

mineralogical icomposition and the writer considers that the 

explanation given by Olson and Mesri (1971) adequately explains 

this behaviour. These axithors conclude that the reduction of 

permeability from kaolinite to i l l i t e to smectite at constant 

voids ratio . i s largely the result of size reduction of the. individual 

flow channels, causing an increase i n tortuosity of the flow paths, 

coupled with the relative effects of dispersion and flocculation 

caused by physico-chemical variables associated with the do\ible 

layer. 

5.9.6. Coefficient of Voltane Compressibility (m^) 

The coefficient of volume compressibility (m^) represents the 

compression of a s o i l per unit of original thicloiess due to unit 

increase in pressure, i. e . : -

\ = (25) 
(1+e) Ap 

where A e and Ap are changes in voids ratio and applied pressure and 

e i s voids ratio before the pressure i s applied. The value of m.̂  

hcis the dimensions L M~ ( i , e , m /mn). 

Average values for m.̂  (beyond the preconsolidation load) for 

the undisturbed materials are presented in Table 5.10, column (a) 

whilst average values for remoulded samples between pressures of 

4675 i- 3A967ys/m^ and 297 - 24261«N/m̂  are presented in columns 

(b) and (c) respectively. Average values obtained during the 
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Table 5.10 Average Coefficient of VbliOTe Compressibility (m ) 
Valines [mi/m) 

Remoulded Samples 
Sample Undisturbed 297-2426kN/m^ 4675-34967kN/m^ 
Ref. Samples 

B r i t i s h Material 

London Clay 14m LC14 0.009 0,415 0.013 
London Clay 37ni LC37 0.003 0,282 0.011 
Gault Clay GC 0.007 0.258 0.012 
Fuller's Earth (Redhill) FE23 0.007 0.245 0.016 
Weald Clay WC 0.002 0.117 0.007 
Kimmeridge Clay KC 0.002 0.246 0.011 
Oxford Clay lOm ' OCIO 0.005 0.124 0.011 
Oxford Clay 44m 0C44 0.003 0.276 0.011 
Fuller's Earth (Bath) FE19 0.005 0.363 0.015 
Lias Clay lOm UO 0.002 0.280 0.013 
Lias Clay 36m L36 0.003 0.212 0.012 
Keuper Marl ^ KM - 0.126 0.008 
Swallow Wood roof sm - 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 0.020 0.435 0.016 
Kincaid Shale 6m K6 0.004 0.443 0.010 
Kincaid Shale 8m K8 0.004 0.383 0.009 
Nccimiento Shale Nl 0,001 0.172 0.011 
Nacimiento Shale N2 0,001 0.200 0.010 
Nacimiento Shale N3 0,002 0.306 0.014 
Fox H i l l s Shale POX 0,007 0.186 0.013 
Dawson Shale DS 0,003 0.326 0.014 
Pierre Shale (Dakota) PSD 0,005 0.534 0.017 
Pierre Shale (Colorado) PSC 0,002 0.258 0.010 
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Table 5»11 Consolidation Parameters from Low Pressure Tests 
(400 - 8400 Wm'^) 

(n.2/y) ("^^ ^° ^ (m2^N) 
Pie r r e Shale (Dakota) L.L, 0.07 0.859 0.252 0.0626 0.249 

0.50L.I, 0.13 0.757 0.209 0.0929 0.212 

P u l l e r s Earth (Bath) L.L. 0.07 0.664 0.187 0.0757 0.183 

0.75L.I. 0.07 0.647 0.161 0.0939 0.170 

0.50L.I. 0.05 0.650 0.158 0.0493 0.173 

0.25L.I. 0.04 0.509 0.140 0.0229 0.124 

London Clay 37m L.L. 0.72 0.410 0.107 0.4189 0.139 

•0.50L.I. 0.35 0.374 0.096 0.1694 0.128 

Widdringham roof L.L. 8.12 0.253 0.068 2.1502 0.095 

0.50L,I. 2.56 0.268 0.093 0.7318 0.099 
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consolidation of remoulded c l a y s i n a conventional oedometer are 

presented i n Table 5.11. 

Volume compressibility decreases with increasing pressxire i n a manner 

i l l v i s t r a t e d i n Pigrire 5.10a, whereby at any given pressure larger 

values are encountered i n c l a y s with higher l i q u i d l i m i t s (also 

see Figure 5.9). The lower values of m̂  encountered for the 

•undisturbed materials (Fig.5.9) r e s u l t because i n many cases higher 

pressTore ranges are required to consolidate the specimen beyond the 

preconsolidation load. The e f f e c t i s further emphasised by the log-

normal f i t . 

5.9.7 Swell Pressure 

Swell pressure i s the pressiire required to prevent a clay from 

swelling i n a given direction when i t i s allowed to saturate freely 

i n a confined space. Yong et a l (1963) suggest that a special 

measuring device i s reqviired to make accurate determinations because 

normal oedometers allow too rwxih volxune expansion. Nevertheless i n 

the present study two sets of measurements (Appendix A.3.i2 ) have 

been made using an oedometer, and the r e s u l t s of these are presented 

i n Table 5.12. 

A relationship between swell pressure and present depth of b\irial 

has been observed by Fleming et a l (1970) and Figtcre 5.11 (based on 

independent measurement) shows that a l l of the B r i t i s h materials of 

Liais age and younger, and seven of the ten North American materials 

follow t h i s trend. The B r i t i s h Carboniferous materials have much 

lower swell pressures than would be predicted from t h e i r present 

depths of b u r i a l \ising the aforementioned observation, (Fig. 5.13). 

However, t h i s probably r e f l e c t s t h e i r indurated nature acting to 

reduce t h e i r swelling potential^as proposed by Yong and Varkentin, 

(1975). On the other hand, the Nacimiento Shales Nl and N2 and 
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Table 5.12 Swell Pressure of Samples Tested 

B r i t i s h Materials 

Per Independent Per High Pressure 
Test Consolidation Tests 

London Clay 14m 362.86 130.63 
London Clay 37m 220.66 254.98 
Gault Clay 288.33 166.72 
F u l l e r ' s Earth (Redhill) 34.32 . 69.63 
Weald Clay , 289.31 148.09 
Kimmeridge Clay 98.07 118.66 
Oxford Clay lOm ^ .1118.66 117.68 
Oxford Clay 44ra 424.64 203.59 
F u l l e r ' s Earth (Bath) 176.53 185.35 
L i a s Clay 10m 186.33 167.21 
L i a s Clay 36m 741.41 332.46 
Swallow Wood roof 481,52 
Flockton Thin roof 468.77 567.83 
Flockton Thin seatearth 118.66 94.15 
Widdrington roof . 594.30 57.67 

North American Materials 

Yazoo Clay 84.93 85.91 
Kincaid 6m 117.68 131.41 
Kincaid 8m 9.81 51.98 
Nacimiento Shale 1422.01 398.48 
Nacimiento Shale 1075.44 983.64 
Nacimiento Shale \ - 677.66 
Fox H i l l s Shale 672.76 641.38 
Dawson Shale 1188.61 623.14 
P i e r r e Shale (Dakota) 211.83 127.69 
Pi e r r e Shale (Colorado) 188.29 72.96 
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the Dawson Shale have larger swell pressxa^s than would normally 

be predicted from t h e i r current depths of b u r i a l . The w r i t e r i s 

xinsure why t h i s should be but suggests that i t coxild r e s u l t from 

the random, flocculated nature of t h e i r c l a y p a r t i c l e s (Table (4.5), 

endowing the material with a greater swelling potential. 

I n addition to depth dependence, Fleming et a l (1970) suggest 

that a redxiction of excess swell pressure , at shallow depth might 

r e f l e c t the greater a v a i l a b i l i t y of water nearer the surface, so 

that materials tend to equilibritmi under a different moisture 

environment. They further notice that the swell pressure of material 

from s i m i l a r depths tends to be up to 30 per cent higher for those 

with the higher l i q u i d l i m i t , a fact that i s not evident i n the 

present study. 

Ward et a l (1959) found that the swell pressure of the London Clay 

measured p a r a l l e l to the bedding was l e s s than that measxjred normal 

to i t . Fleming et a l (1970) also notice t h i s effect and c i t e r a t i o s 

of 0.26 - 1.00 depending upon the material. This e f f e c t has, however, 

not been investigated i n the current work. 

5.10 An I n v e s t i g a t i o n into the Presence of Diagenetic Bonding 

I n the present study an attempt has been made to identify the 

presence of diagenetic bonding by the use of the swelling c h a r a c t e r i s t i c s 

obtained from the rebound curves. This method, unfortunately does not 

give any i n d i c a t i o n of the type of bonds present, although t h i s 

matter i s discussed further i n Chapter 7 when slaking c h a r a c t e r i s t i c s 

are considered. However, the r e l a t i v e roles of mineralogical 

composition and depth of bxirial are discxissed, and i n addition 

evidence i s offered to sixbstantiate Bjerrvun's hypothesis regarding 

the destruction of bonds (Chapter 1.5.6). 
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For the piarposes of the present exercise i t has been assumed 

that when the undisti^rbed samples are consolidated, any diagenetic 

bonds present w i l l be destroyed i n proportion to t h e i r strength and 
2 

the applied pressice, i . e . at the maximum pressure used (35000]<N/m ) 

weak bonds being almost completely destroyed and strong bonds retaining 

a proportion of t h e i r strength. This e f f e c t may, however, be 

somewhat affected by the v a r i a t i o n i n the relationships between the 

maximum consolidation pressure and the preconsolidation loads (which 

range from 1900 - 40000kN/m ) • Nevertheless, broad trends do emerge 

when the swell indices obtained from equivalent t e s t s on undisturbed 

and remoulded material (in which a l l the bonding has been destroyed) 

are compared (see Table 5.7). 

The statement regarding the progressive decrease of bond strength 

with applied pressure i s supported by reference to one additional 

consolidation t e s t performed on the unweathered Oxford Clay (sample 

0C44) which has a preconsolidation load of 11000 - 14O00kN/m • The 

swelling index of 0.071, obtcdned when the material weis consolidated 

to a pressure of 35000kN/m i s seen to be'significantly h i ^ e r than 

that obtained when the material was consolidated to a pressure of 

6245l!N/m ( i . e . 0.044)*^ This indicates that a larger proportion of the 

bonding had been destroyed during the t e s t to the higher pressxire. 

\Jhen the remoulded material was consolidated to a pressure of 

35000kN/m^, a swell index of 0.099 resulted. This valiie probably 

approaches the maximum value obtainable, since i n t h i s condition the 

material does not contain any o r i g i n a l bonds. 

Thirteen samples tested (marked by an a s t e r i s k i n Table 5.7)f a l l 

of which are very s t i f f and from below the depth of weathering, (using 

B j e r r m ' s 1967a depth spectrxm), show a substantial increase i n t h e i r 
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swell index value': (ranging from 0.017 - 0.076) when th e i r 

remoulded condition i s considered. This implies that there 

i s some sort of strong bonding present i n the natural material. There 

does not however, appear to be any r i g i d trend r e l a t i n g the maximum 

depth o f b u r i a l to the swell index because the mineralogiceil composition 

appears to play an important r o l e . Nevertheless a crude trend can be 

depicted i n the B r i t i s h materials (Fig.5.12) where i l l i t e and kaolinite 

form the major constituents. This ranges from the London Clay, sample 

L37, (maximum depth 450m) showing an increase i n the swell index of 

0.0l 7 t to the Oxford and L i a s Clays, samples 0C44 and L36 respectively 

(maximum depths 900 - 1050m), which show increases i n t h e i r swell 

in d i c e s of 0.028 - 0.030, to the Carboniferous shales (maximum depth 

3800m), which show increases i n t h e i r swell indices of 0.032 - 0.060. 

With regard to mineralogical composition, p a r t i c u l a r l y large 

increases i n swell index, equivalent to, and often greater than those 

observed i n the Carboniferous shales, are noticed i n c e r t a i n younger 

fine-grained sediments where smectite i s present i n sxibstantial 

quantities (see Fig.5.12) i . e . F u l l e r ' s Earth from Bath (sample FE19) 

- 0.076, Pierre Shale from Dakota (sample PSD) - 0.063, Nacimiento 

Shale No. 3 - 0.045, and the Pierre Shale from Colorado (sample PSC) 

- 0.042. The presence of granular material such as quartz and feldspar 

may a l s o have a decisive e f f e c t by suppressing any bonds which may 

develop between c l a y minerals. The Nacimiento Shales Nos.l and 2, which 

are -unweathered and from the same horizons as the Nacimiento Shale No. 3 

( i . e . having a maximum depth of bx^rial of 1500 - 1800m) contain 

moderate amounts of smectite and yet the presence of these minerals 

appears to have caused a lower bond strength (represented by an increase 

i n the swell index of 0.025) to develop. This value i s of the sane 
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order as those of the Oxford and L i a s Clays which have only been 

buried to between 900 - 1050ra. The Dawson Shale, containing 49 

per cent smectite, also shows a smaller increase of the swell 

index than woxild be expected. This again must be attributed to 

the granular content present (Fig.5.12). 

Five samples tested, i . e . London Clay 14m (sample LC14), 

Kirameridge Clay, Kincaid Shale 8m (sample K8), Weald Clay and 

F u l l e r ' s Earth from E e d h i l l (sample FE23) haveaswell inde>c - for 

the remoulded material which ~i5 almost coincident with thit', 

encountered for the material i n the undistxirbed condition. This 

implies that any bonds which may once have been present,have now 

been destroyed. A l l of these materials, with the exception of the 

F u l l e r ' s Earth ( R e d h i l l ) , are from within the zone of weathering 

according to Bjerrum (l967a), i . e . within 17 metres of the surface; 

consequently no diagenetic bonding would have been expected. The 

F u l l e r ' s Earth,however,is from 23indepth but as t h i s specimen was 

sampled from a v e r t i c a l section of a quarry, i t i s possible that 

s t r e s s release i n the horizontal direction has lead to the destruction 

of any bonds that were o r i g i n a l l y present. 

The remaining s i x specimens haveiswell index value for the 

remoulded material which ̂ i n s i g n i f i c a n t l y lower than that- for the 

landisturbed material. Again, a l l but one of these ( i . e . the Fox H i l l s 

Shale) are from within Bjerriim's zone of weathering. However, because 

the v i r g i n compression curve of the undisturbed material i n a l l 

cases .^is< p a r a l l e l to the curve obtained when the material i s 

consolidated i n the remoulded condition, i t can only be assimed that 

some sort of metastable condition e x i s t s i n the former and that a 

fundamental rearrangement of the constituents has occurred upon 

remoulding, leading to.a reduction of the swelling properties. This 

i s p a r t i c u l a r l y noticsable i n the Oxford C l ^ , where both the weathered 
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and unweathered materials have approximately the same mineralogical 

composition (Table 3.2). The former material which shows some signs 

of i c e distxjrbance (Chapter 2) has s i g n i f i c a n t l y larger i n i t i a l and 

f i n a l voids r a t i o s than the l a t t e r , but upon remoulding, however, the 

f i n a l s t r e s s r e l i e v e d voids r a t i o becomes similar to that of the 

unweathered sample. With regard to the Fox H i l l s Shale, which i s 

apparently unweathered, the large amounts of v i s i b l e organic matter 

(Chapter 2) coxild have a marked effect on the consolidation properties 

of the shale, (see Skempton,1970) e s p e c i a l l y as i t s s i z e and 

di s t r i b u t i o n i s r a d i c a l l y altered upon remo\Jlding. Nevertheless, the 

rebound behaviour of these s i x materials i s consistent with th e i r 

contcdning no significant' degree of diagenetic bonding. 

5.11 S t r a i n Energy and St r e s s - S t r a i n Relationships 

The s t r e s s - s t r a i n relationships of a sediment during a 

consolidation c y c l e are p r i n c i p a l l y dependent upon the i n i t i a l 

condition of the materials ( i . e . whether i t i s normally - or 

overconsolidated) and also upon the composition, which i n turn imparts 

the physical attributes to the material. Consequently, the stradn 

energy involved w i l l be dependent on these factors. Therefore by 

performing a s e r i e s of t e s t s which investigates each of these factors 

separately, i t i s possible to consider t h e i r r e l a t i v e e f f e c t s and 

contributions to the sediment. 

Remoulded or normally-consolidated sediments have s t r e s s - s t r a i n 

relationships which take the form of that shown i n Figure 5.13 ( a ) , 

for which the s t r a i n energy^ measured i n min/m (see Brooker, 1967)j 

involved dtiring the consolidation cycle can be divided into three 

categories:-
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( i ) The 't o t a l s t r a i n energy* absorbed during the 
compression stage, represented by the area OAC. 

( i i ) The 'recoverable s t r a i n energy' represented by 
the area ABC which i s attributed to e l a s t i c 
rebound (Merely, 1940), physico-chemical 
e f f e c t s (Bolt, 1956) and c a p i l l a r i t y 
(Terzaghi and Peck, 1948). 

( i i i ) The 'non-recoverable s t r a i n energy' represented 
by area OAB which i s attributed to s l i d i n g 
and reorientation e f f e c t s and the crushing of 
the point contacts (or actual grains at high 
pressures). This area may be compared to the. 
h y s t e r e s i s loop obtained during the s t r e s s -
s t r a i n c y c l e of a c r y s t a l l i n e s o l i d (Merely, 1940), 
eJ.though i n t h i s case the energy i s expended 
as heat within the material. 

The interpretation of the s t r e s s - s t r a i n relationships presented 

by Brooker (1967) - see Chapter 1, i s somewhat different from those 

c u r r e n t l y employed, although i n the l i g h t of conventional s t r a i n 

energy concepts (for example Merely, 1940), the writer considers that 

Brooker has misinterpreted the hysteresis loop of the s t r e s s - s t r a i n 

c y c l e . I t i s concluded that the area between the cujrves (pig. 5.13a) 

i s wholly represented by the work dissipated dxiring the consolidation 

c y c l e , as previously mentioned. 

I f the s t r e s s i s reduced to zero at some point dxiring the 

loading stage ( i . e . D-E, Fig.5.13b), the non-recoverable s t r a i n energy 

i s represented by the area OIE, and the residual s t r a i n i s OE. However, 

when the s t r e s s i s reapplied to the previous maximum pressiire (point D ) 

the r e s u l t i n g s t r e s s - s t r a i n curve i s ErG, the s t r a i n at point G being 

s l i g h t l y greater than that at point D , primarily because of a more 

e f f e c t i v e state of packing. The hysteresis loop i n t h i s particvilar case 

i s represented by a much smaller area ( K I G ) . I f several cycles of 
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loading eind unloading between a pressure equivcilent to that at point G 

and zero •• are performed, then during the f i r s t few c ycles (e.g. 10 - 50 

for sand), small permanent increases i n the s t r a i n w i l l r e s u l t . On 

subsequent c y c l e s , a stable hysteresis loop w i l l r e s u l t involving 

l i t t l e or no additional s t r a i n for each cycle (Lambe and Whitman, 1969). 

At t h i s stage the p a r t i c l e s have reached t h e i r most e f f e c t i v e state 

of packing, where only a s m e i l l amount of energy i s absorbed during 

each c y c l e . Upon increasing the load to point A, the s t r e s s - s t r a i n 

curve w i l l be e s s e n t i a l l y the same as i f no unloading had taken place.. 

However, upon unloading from point A, the s t r e s s - s t r a i n curve w i l l 

follow the path AB to point B. Consequently the residual s t r a i n w i l l 

increase ' £rom OE to OB, and the t o t a l hysteresis loop will increase 

to area OAB, The s t r e s s - s t r a i n cycle EAB (Fig513b) i s eq\iivalent to 

the consolidation cycle of a laboratory prepared overconsolidated 

shale with a preconsolidation load equal to G. However, as Ccin be 

seen from the t e s t s currently conducted, a naturally overconsolidated 

material usually rebounds to i t s o r i g i n a l thickness or even swells 

beyond t h i s point when the s t r e s s i s removed (e.g. see Fig.5.13(c)). 

This i s presumably because these materials have only been subjected 

to secondary compression and have often been held at depth for long 

periods of time. Consequently the p a r t i c l e s have probably attained 

t h e i r most e f f e c t i v e state of packing. 

S t r e s s - s t r a i n relationships for c l a y s presently under consideration 

are presented i n Figure 5.14.1 - 5.14.26, I n cases where t e s t s have 

been performed on the material i n both the natural state and from a 

remoulded condition with the i n i t i a l moisture content equal to the 

l i q u i d l i m i t , the c\arve with the l e a s t amount of s t r a i n represents 

the former condition; swell pressures and swelling beyond the original 
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thickness being duly accommodated. The r e s u l t i n g s t r a i n energies, 

c a l c u l a t e d from the measured areas beneath the s t r e s s - s t r a i n curves 

using a polar plahimeter, have been analysed i n two ways, i . e . on 

a t o t a l volume basis (Tables 5.13 and 5.14) and on a unit weight 

basis (Tables 5.15 and 5.16). 

For each method of analysis, s i g n i f i c a n t relationships (Tables 

5.18 and 5.19) which e x i s t between the s t r a i n energy parameters 

themselves, or between the s t r a i n energy parameters and the mineralogy, 

Atterberg l i m i t s e t c . have been deduced using a correlation matrix, 

involving 24 samples ( r e s u l t s from the Keuper Marl and Swallow Wood 

roof being excluded because only remoulded t e s t s were performed on 

these m a t e r i a l s ) . 

The geochemistry has not been included i n the analysis because 

i t i s adequately r e f l e c t e d by the mineralogy. 

Sig n i f i c a n t relationships obtained from t e s t s performed on the 

remoulded materials should r e f l e c t , approximately, those relationships 

which occur dxaring sedimentation and compaction of normally-consolidated 

c l a y s , assuming that no d r a s t i c changes have taken place within the 

sediment. On the other hand, si g n i f i c a n t correlations obtained from 

t e s t s performed on tuidisturbed material are affected by the state of 

the material (e.g. the v a r i a t i o n of the preconsolidation load or 

hardness e t c . ) . Nevertheless, broad trends do emerge which can be 

reconciled to the remoulded condition. 

The r e s u l t s have also been reviewed i n the l i g h t of work done 

by Brooker (1967) by reference to several additional t e s t s c a r r i e d 

out i n a conventional oedometer on material remoulded at various 

moisture contents (Table 5.17 and Fig. 5.15). Unfortunately, because 

the s t r a i n energy parameters are pressure and vol time dependent, only 

valoxes within each of these three groups are d i r e c t l y comparable 
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(see Test Procedures, Appendix A,3). Nevertheless, the resulting 

trends are universally comparable. 

With regard to the to ta l volume basis of analysis, the to ta l 

compressional energy appears to be related to the compressibility 

of the minerals present. This is supported by a strong positive 

correlation with the plastic l i m i t for the remoiilded group and also 

by a strong positive correlation with the to ta l expandable mineral 

content (including smectite content) for the undisturbed group 

(Table 5.18). The recoverable strain energy is dominantly controlled 

by the t o t a l expandable mineral content, and i n particular the 

concentration of smectite. This is substantiated by strong positive 

correlations with these constituents and also with the Atterberg 

l i m i t s and clay-size components. I n addition, the relationship is 

supported by an associated negative correlation between recoverable 

s t ra in energy and quartz, kaolinite and i l l i t e (see Table 5.18), 

The most significant feature with regard to the non-recoverable 

Strain energy, i s that i s has a strong negative relationship with 

the l i q u i d l i m i t and p las t ic i ty index when the material is remoulded 

at the l i q u i d l i m i t , whereas a positive relationship is obtcdned for 

samples i n the undisturbed condition. 

This reversal of trends i s also observed when the i n i t i a l 

moistvire content of the four remoulded clays, consolidated i n the 

conventional oedometer, is reduced from the l i qu id l i m i t to a 

l i q u i d i t y index of 0,5 (Table 5,17 and Fig.5.16b), I n addition, 

the t o t a l compressional energy also increases as the i n i t i a l moisture 

content i s lowered (Fig,5.16(c)) although a somewhat irregular trend 

i s observed for the recoverable strain energy (Fig,5,16(a)), 

From additional tests performed on the Fuller 's Earth (Fig.5,16(g)i 

(h) and ( i ) ) , i t can be seen that as the i n i t i a l moistiire content is 
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reduced from the l i q u i d l i m i t to a l i q u i d i t y index of 0,75 and 

then to 0.5i the non-recoverable strain energy, and also the to ta l 

. compressional and recoverable strain energies, increeise rapidly 

i n an almost linear manner. However̂  when the i n i t i a l moistiire 

content i s at a l i q u i d i t y index of 0.25 the non-recoverable strain 

energy has only increased very s l ight ly . 

Therefore, on a ptirely volxmetric basis o f analysis and i n the 

l i g h t of present evidence i t appears that the i n i t i a l moisture 

content has a large effect on the s train energy, although the results 

i n th i s form do not give a clear indication of why this i s so. 

However, based on the results of 5 clays remoulded at a l i qu id i t y 

index o f 0.5, Brooker(l967) concludes that -the increase i n strain 

energy between the loading and \mloading cijrves (which he defines as 

the •absorbed strain energy*, see Chapter 1.5.6) with increasing 

p l a s t i c i t y , is related to the disintegration characteristics (slalcing) 

of the material. I n the present work this s train energy is deemed 

to be non-recoverable (e.g. Fig.5.13(a)). 

When the data are considered on a unit dry weight basis, i . e . 

s t ra in energy per gram, a new picture emerges which leads to^the 

formation of a simple working model. 

With regard to the remoulded samples, a l l three types of 

s t ra in energy increase with increasing p las t i c i ty (Fig.5.17 (a),(b) 

and ( c ) ) | th is being sxjbstantiated by strong positive correlations 

between the energies per gram and the Atterberg l imi t s (Table 5.19). 

The \indisturbed materials a l l of which have l i q u i d i t y indices of 

zero or below, also prodvice a similar trend, (Fig.5.17 (d),(e) and 

( f ) ) , although lower values of strain energy per gram are obtained. 

Another similar trend is also encoimtered for the materials 
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consolidated from the l i q u i d l i m i t i n the conventional oedometer 

(Fig.5.16 (d),(e) and ( f ) ) . Furthermore, results from this series of 

tests indicate that the strain energy per gram for each material 

remains constant u n t i l the i n i t i a l moisture content.is reduced to a 

l i q u i d i t y index of 0.5 (Table 5.17)f although upon reducing the 

i n i t i a l moisture content to a l i q u i d i t y index of 0.25, a reduction 

i n the strain energies per gram occurs (see Fuller 's Earth, Table 

5.17). 

Therefore, i t has been concluded that during the consolidation 

cycle of a clay, more non-recoverable energy per gram of dry solid 

i s expended as the p las t i c i ty increases because i n i t i a l l y high moisture 

contents allow larger relative displacements and reorientations of 

part icles. This w i l l result i n larger volumetric strains. Consequently, 

a larger amount of t o t e d compressional stradn energy i s required, 

although there i s usually a greater amount of associated recoverable 

s t ra in energy caused by the presence of expandable minerals. I f the 

i n i t i a l moisture content i s reduced, then the strain energies per 

gram of dry sol id remain relat ively constant \ j n t i l a l i q u i d i t y index 

of 0.5 i s reached. Below this value, less energy i s expended 

because the denser state of packing restr icts large displacements 

and reorientations of the minerals. As a consequence of this 

behaviour, the t o t a l compressional, recoverable and non-recoverable 

s t ra in energies are reduced. 

I t i s also interesting to note the effect of previoxis 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 tmdisturbed materials. At the same time the difference 

between th is value and the amount of non-recoverable s train energy 

per gram expended dwing the consolidation of the remoulded material 
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U N D I S T U R B E D 
S A M P L E S 

R E M O U L D E D 
S A M P L E D 

remoulded 

s i r a i n energy 

undisturbed 

Starn e n e r g y 
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total exp clay 
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quartz to c lay 

c l a y - s i z e fraction 

activity 
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plast ic l im i t 

p las t ic i ty index 
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total • compression 
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Table 5 . 1 8 . S i g n i f i c a n t C o r r e l a t i o n s A s s o c i a t e d 
with S t r a i n Energy (Considered' on a 
T o t a l Volume B a s i s ) . 
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U N D I S T U a E D 
S A M P L E S 

R E M O U L D E D 
S A M P L E S 

remoulded 

s i r a i n energy 

undisturbed 
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carbon 
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activity 
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Table 5 . 1 9 . S i g n i f i c a n t C o r r e l a t i o n s Associated 
with S t r a i n Energy (Considered on, a 
u n i t Dry Weight B a s i s ) . 
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1. 
LONDON CLAY Km 

10000 20000 

2. 
LONDON CLAY 37m 

30000 10000 20000 30000 
kN/m 

50 

V/EALD CLAY 

R _ p e m o u l d c d s t a t e 

U - U n d i s t u r b e d « 

10000 20000 

<30H 

3O00D 

GAULT CLAY 

1D000 20000 
kN/m2 

30000 

F i g u r e 5 . 1 4 . S t r e s s - S t r a i n E e l a t i o n s h i p s f o r Samples Tested. 

271 



F'JLLERS E A R T H (REDHILL) KIMMERISGE C L A Y 

10000 20000 30000 
kN/m2 

10000 20000 30000 

7. 
OXFORD CLAY 10m 

0 . 
OXFORD CLAY i i n 

10000 20000 
kN/m2 

30000 10000 20000 
kN/n)2 

30000 

F i g u r e 5 . 1 4 . cont. 
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increases u n t i l the r a t i o of maximum depth of bu r i a l to the maximum 

consolidation pressure reaches 0.4, after which the difference tends 

to remain constant. This i s probably a function of compaction i . e . 

as the material becomes more compact the grains become more densely 

packed and do not have the same degrees of freedom as those i n the 

loosely remoulded state. However, u n t i l the material has been buried 

to a depth of about 3500 feet (l050m) there s t i l l appears to be a 

c e r t a i n degree of fl^eedom for adjustments within the materials, which 
f 

i s i n ferred from the fact that more non-recoverable s t r a i n energy per 

gram i s expended i n the l e s s deeply buried samples. A similar trend 

i s also noticed for the totcil compressional energy (Fig. 5.18(c)), 

although the increase i n the amount of recoverable s t r a i n energy appears 

to remain f a i r l y constant over the compaction range (Fig.5.i8(b)) and 

may be dependent on the amoimt of bonding present (Section 5.6). 

5.12 Conclusions 

1. The r e s u l t s obtained with the high pressure c e l l compare favourably 

with those of a conventional floating head oedometer and therefore can 

be used r e c i l i s t i c a l l y for the basis of discussion. 

2. A review of the consolidation parameters highlighted the following 

features:-

(a) The vadue of c ^ decreases with increasing l i q u i d l i m i t but there 

i s no s i g n i f i c a n t difference between those values obtained from the 

t e s t s performed on undisturbed materials and those from t e s t s performed 

a t both the high and low pressure range ori the remoulded materials. 

(b) I n the low pressure range (297 - 2426laj/m ) the compression 

index (C^) agrees with previously derived equations. However, at 

higher pressiires (2426 - 349671cN/m ) the values conform to an 

equation which can be represented as:-

» Ratio of preconsolidation pressure to maximum consolidation pressure 
= 0.4 
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,= 0.004 (LL - 10%) 

(c) When i d e n t i c a l pressure ranges are considered, the Swell Index 

values (Cg) of remoulded materials are sometimes greater than for the 

iindisturbed coimterparts; the differences being attributed to the 

presence of diagenetic bonding. A general increase i n swell index 

eilso occurs when the. maximum consolidation pressvire i s increased and 

t h i s phenomenon may be associated with tighter packing of the c l a y 

p a r t i c l e s , 

(d) With regard to permeability, at similar pressures the value 

appears to be independent of the state of the material ( i . e . undisturbed 

or remoulded). However, there i s a general decrease with increasing 

l i q u i d . l i m i t . 

(e) The c o e f f i c i e n t of volume compressibility (m^) l i k e C^, decreases 

with increasing pressure, although at any given pressure, the larger 

values are associated with the higher l i q u i d l i m i t s . 

3. (a) Diagenetic bonding has been detected i n unweathered material 

by the presence of redxiced swell index values (compared with values 

obtained from the remoulded counterparts), 

(b) The diagenetic bonding appears to be related to both mineralogy 

and maximum depth of b u r i a l . No relationship with the. age of the 

material was p o s i t i v e l y confirmed. Mhere smectite i s present as a 

ir.ajor constituent, diagenetic bonds can be formed at depths between 

900-l800m which show s i m i l a r e f f e c t s to those formed i n shales with a more 

in e r t mineralogy which have been buried to depths probably up to 3800 m 

(e.g. B r i t i s h Carboniferous materials). Slaking t e s t s (Chapter 7) indicate 

that diagenetic bonding i n Carboniferous materials i s i n the nature of 

mineral-mineral welding, whereas that present i n the younger sediments 

may be more c h a r a c t e r i s t i c of cationic bonding. 
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( c ) The diagenetic bonding present i n the unweathered shades i s 

s t i l l retained, but at a reduced l e v e l , even when the material i s 

recompressed to pressures i n excess of t h e i r preconsolidation loads, 

(d) The r e s u l t s obtained are i n accordance with Bjerriun's theory 

of diagenetic bonding* 

4. (a) By considering the non-recoverable, recoverable and t o t a l 

compressional s t r a i n energy components i n terms of energy per gram 

of dry s o l i d , rather than on a t o t a l volume basis, a simple model has 

been put forward to explain the behaviour of c l a y s during compaction, 

based on the state of packing and the a b i l i t y of minerals to 

re-orientate \mder applied s t r e s s . 

(b) I n the l i g h t of the above observations, i t would appear that 

Brooker»s hypothesis regarding absorbed s t r a i n energy can be questioned. 

(c) With regard to previous compaction, the difference between the 

amount of t o t a l compressional s t r a i n energy for remoulded and 

undistiirbed materials, decreases u n t i l the r a t i o of maximum depth of 

b u r i a l to meiximum consolidation pressure reaches a value of 0.4 

(approximately equivalent to 1050m). After t h i s , i t remains r e l a t i v e l y 

constant which probably r e f l e c t s the state of packing of the material. 

A s i m i l a r trend i s also observed for the non-recoverable s t r a i n energy. 

However, the difference between the recoverable s t r a i n energy for 

undist\«'bed and remoulded materials remains r e l a t i v e l y constant over 

the complete range and may be dependent upon the amovmt of diagenetic 

bonding present. 
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Chapter Six 
S o i l Suction C h a r a c t e r i s t i c s 

6,1 Introduction 

Having considered the effect of compaction upon the physical 

properties of c l a y s and shales, i t i s now pertinent to investigate 

t h e i r behaviour i n the near-surface zones and i n particular at outcrop, 

where the engineering performance w i l l vary the most. 

( As a consequence, i n t h i s Chapter the v a r i a t i o n of moisture 

content with s o i l suction has been studied i n the range of pF 0,3 to 

pF 4.6 for both the wetting and drying conditions. Experimental 

techniques are reported i n Appendix A.4. Sxiction c h a r a c t e r i s t i c s 

have subsequently been related to the nature of the material ( i n 

p a r t i c u l a r , the Atterberg l i m i t s and the mineralogical composition. 
2 

Surface area determinations ( i n m /g) on the materials studied 

have also been made by using the suction curves, and these have been 

r e l a t e d to the minerailogical composition and c e r t a i n geotechnical 

properties. 

I n addition, evidence i s presented of the effect of bxarial on 

the sviction c h a r a c t e r i s t i c s of c e r t a i n shciles studied, 

6.2 The Relationship between Suction and E f f e c t i v e Pressure 

The relationship exi s t i n g i n equation (2) for f u l l y compressible 

s o i l s can be rearranged to showsin terms of u and P, i , e . 

s = u - P (26) 

and i n t h i s form i t i s i n the same format as the effective s t r e s s 

equation, i . e . 

<j'= - u (27) 

Equations (26) and (27) can be used to find the suction (s) 

285 



which combines with zero applied pressure to produce the same moisture 

content as P and u combined. 

I n laboratory one-dimensional consolidation experiements, the 

pore water pressiare at the end of each loading increment i s zero, 

hence 

s = -C (28) 

The consolidation r e s u l t s fl>om both the undisturbed t e s t s and 

t e s t s on the remoulded material have furthermore been superimposed 

(as a broken l i n e ) on the suction curves (Fig.5.1), by assuming 

numerical equality only, and i n the cases where the desorption suction 

curve was obtained (see Appendix A.4.3), i t can be observed that the 

compression legs, from the former t e s t s are seen to approximately coincide 

with these. Therefore, where the desorption cvirve was not obtained, 

the consolidation curve has been used to estimate the s p e c i f i c svirface 

areas (Section 6.5) for t h i s condition. 

The sorption curve from oven dryness was obtained for a l l the 

materials tested. However, close agreement with the expansion legs of 

the consolidation curves can only be seen i n a limited nximber of cases. 

I n the remainder the f i n a l suction moisture content i s s i g n i f i c a n t l y 

higher than that from the consolidation t e s t . This may be explained 

by the fa c t that the i n i t i a l condition of the material used for the two 

t e s t s was not i d e n t i c a l , i . e . the wetting siiction t e s t involved oven 

dried material (at 105°C), whereas the consolidation test-involved-

material natural condition. Consequently, the oven drying may 

have enhanced the slaking properties of some of the materials, resulting 

i n t h e i r having a higher f i n a l moisture content. 

6.3 Experimental Methods for the Determination of the Relationship between 
Stiction and Moistitre Content 

The'principal methods used to determine the relationship between 

286 



s o i l suction and moisture content are l i s t e d i n Table 6.1, Of 

these only the suction plate (Appendix A4.1) and the pressure 

^ membrane- (Appendix A4.2) have been employed i n t h i s project. 

The sorption balance has been used by the Road Research 

Laboratory for studying the svction/moisture content relationships 

of comparactively dry s o i l s . I n t h i s method the sample i s cillowed 

to reach equilibrium with a known humidity; the suction being computed 

from the thermodynamic relationships between i t s e l f and the hiunidity 

(Croney and Coleman, 1948), The detailed shapes of the suction curves 

i n the low humidity region have siobsequently been used to indicate 

the mechanism of absorption i n s o i l s containing different clayis 

minerals and as a consequence, the surface areas per unit mass are 

obtainable (see Section 6,5)» 

Freezing point and e l e c t r i c a l methods do not appear to be 

r e a d i l y applicable to undistiJrbed s o i l s (Croney et a l , 1958). 

6.4 The Relationship of Suction to the Mineralogy and Present State 
of Overconsolidated Shales 

By observing the suction-^noisture content relationships (Fig.6.l) 

those of the Flockton Thin roof shale (Fig.6.1,11), Flockton Thin 

seatearth (Fig,6,1,12) and the Weald Clay (Fig.6,1.4) are 

c h a r a c t e r i s t i c of incompressible materials ( c . f . the Chalc^ Lewis and 

Croney, 1965). Common Carboniferous shales are also concluded to show 

a s i m i l a r response (Taylor, 1978). 

The i n i t i a l l y long, v e r t i c a l portions of the drying ciirve at 

r e l a t i v e l y low suctions, observed for the roof shale and Weald Clay, 

indicate that considerable s\JCtion can be applied before the pores 

begin to empty; drainage appearing to begin, as noted by a change i n 

slope of curves, at pF 3 for the former and pF 2.5 for the l a t t e r . 
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Table 6,1 Methods of Determining the Relationship between So i l 
Suction and Moisture Content * 

pF Range 

Suction plate or Pressure Plate 0 - 3 

Pressure Membrane 0 - 6.2 

Centrifuge . 3 - 4 , 5 

Freezing Point ' 3 - 4 

Vacuum Desiccator or Sorption Balance 5 - 7 

Calibrated E l e c t r i c a l Absorption Gauge 3 - 7 

* (After Croney et a l , 1958) 
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From these values to about pF 6 the materials show a steady decrease 

of moisture content with increasing suction. However, above pF 6 the 

curve once again steepens, indicating that nearly a l l the pores have 

been emptied. Unfortunately, because of complete disintegration upon 

i n i t i a l saturation a drying c u i ^ fbr the seatearth was not obtained 

but may be assumed to follow a similar trend to that obtained for the 

two other materials, 

( The wetting curves show a similar trend to the drying curves, 

i n that they have a steep portion at both high and low suctions 

separated by ah area of r e l a t i v e l y uniform gradient. 

Where both wetting and drying curves were obtained, the materials 

show a considerable hysteresis and at any given suction the value of 

moisture content for the former condition i s lower than that for the 

l a t t e r condition, The maximum hysteresis value of 1.6 

per cent for the Weald Clay occurs at pF 3, whereas that for the roof 

shale ( o f about 1.3 pier cent) occxirs at pF 4.6; the higher suction 

probably r e f l e c t i n g differences i n pore s i z e distributions. 

Non-coalescence of the two ciorves for the Weald Clay may r e s u l t 

from differences i n lithology of the samples used during testing, 

although entrapped a i r can also be responsible according to Childs 

(1969). 

Regarding the saturation moisture content of materials, the 

Flocktori Thin seatearth has a value of 9.6 per cent (Table 6.2) 

which i s twice that of the roof shale. However, because both of these 

materials are r e l a t i v e l y d e f i c i e n t i n quartz, the higher value i s 

probably a r e f l e c t i o n of the large quantities of expandable minerals 

i n the seatearth coupled with i t s much lower degree of preferred 

orientation-(Table 4.5) endowing i t with a greater slaking a b i l i t y 

(Chapter 7 ) . Moreover, since t h e i r mineralo^ical compositions are 
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s i m i l a r to younger f u l l y compressible s o i l s containing a f a i r l y i n e r t 

mineralogy (e.g. Oxford Clay (0C44)), Lias Clay (L36)), a higher 

saturation moisture content would be anticipated (see Fig.6.2). 

Therefore i t must be concluded that some form of mineral-mineral 

welding i s present i n the Carboniferous materials, preventing true 

expansion upon saturation. Further evidence for diagenetic bonding 

i n Carboniferous materials with a welding natwe i s offered i n 

Chapters 5 and 7, 

The saturation moisture content of the Weald Clay i s approximately 

the same as that observed for the seatearth ( i , e , 9.7 - 11.1 per cent) , 

but i n t h i s case i s probably due to the silty-granular nature of the 

material since i t i s not shown to contain any diagenetic bonding, 

(Chapter 5.10), Philpot (1971) accounts for the difference i n the 

satxjration moisture contents of three Carboniferous shales on a bulk 

density b a s i s , although as with the present Carboniferous materials i t 

i s possible that orientation and bonding e f f e c t s may play an important 

r o l e , 

Sviction-moisture content relationships which suggest an intermediate 

s o i l type are shown by the wetting ciirve of the Nacimiento Shale (N2). 

This material has a c h a r a c t e r i s t i c a l l y s i l t s t o n e appearance i n the 

tindisturbed state and a l i q u i d l i m i t of 39 which suggests that i t 

should exhibit suction c h a r a c t e r i s t i c s similar to those of the 

Weald Clay, However, i t can be seen from the siiction-moistxire content 

curve (Fig.6.1.16) that i t has a maximum moistiire content of 27.5 per 

cent, compared with 10 per cent for the Weald Clay. Moreover, i t shows 

a pronounced sigmoidal shape at r e l a t i v e l y low suctions ( i . e . pF 0.5 to 

pF 3.5), followed by a steep l i n e a r section up to pF 7. The ea r l y 

curvature may be associated with a greater range of pore s i z e s than 
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Table 6,2 Recorded Saturation Moisture Contents 

Sample Ref, Liquid 
Limit 

P l a s t i c 
Limit 

Saturation 
Moisture Content 

Incompressible Materials 

Weald Clay WC 36 25 11.1 

Flockton Thin roof, FTR 46 24 4.8 

Flockton Thin seatearth FTS 61 26 9.6 

P a r t i a l l y Compressible Materials 

Nacimiento Shale N2 39 14 27.5 

F u l l y Compressible Material s 
• 

London Clay 14m LC14 84 53 41.7 

London Clay 37m LC37 63 38 35.2 

Gault Clay GC 75 48 35.6 

Kimmeridge Clay KC 70 46 27.0 

Oxford Clay 10m OCIO 76 50 38.2 

Oxford Clay 44m 0C44 58 29 27.5 

F u l l e r ' s Earth (Bath) FE19 100 61 55.0 

L i a s Clay 10m UO 68 45 36.5 

L i a s Clay 36m L36 65 37 25.7 

Kincaid Shale Y£ 72 53 22.5 

Yazoo Clay YC 117 85 43.0 

Fox H i l l s Shale FOX 61 21 35.2 

Dawson Shale DS 75 51 22.0 

P i e r r e Shale (Dakota) PSD 135 106 92.0 
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enco\mtered i n incompressible and f u l l y compressible materials, 

and between pF 0.5 and pF 3.5 water enters the striicture comparatively 

r a p i d l y by f i l l i n g the channels associated with the s i l t y components. 

At higher suctions, above pF 3.5| the structure i s comparatively devoid 

of water and that which remains i s probably held i i i the strxjctxzre and 

small pore spaces of the c l a y minerals. The r e l a t i v e l y high saturation 

moisture content may also be cissbciated with the presence of 15 per 

cent smectite, although unlike the Weald Clay, t h i s material appears 

to have a far higher proportion of c l a y sized p a r t i c l e s (Table 3.17) 

which w i l l . s u b s t a n t i a l l y a l t e r the pore space geometry.' 

The suction-moisture content relationships for the remaining 

materials tested ( F i g s . 6,1,1, 6,1,2, €,1,3, 6,1.5, 6.1.6, 6.1.7f 6.1,8 

6 i l . 9 , 6.1,10, 6,1,13, 6,1,14, 6,1,15, 6,1.17, 6,1.18) are similar to 

those i l l u s t r a t e d by Croney, Coleman and Black (1958) and may be 

described as those of f u l l y compressible soils,which i n general show 

a gradual decrease of moistiire content with increasing suction. However, 

for complete analysis a shrinkage cverve is also required but t h i s was 

not undertaken i n t h i s project. Where both the wetting and drying 

curves were obtained, hysteresis occurs i n a s i m i l a r manner to that 

encountered i n the incompressible materials, but usually to a greater 

extent, i , e , i n the order of 2 - 9 per cent. 

I n general the value of the moisture content determined for the 

f u l l y saturated condition (Table 6,2) increases with increasing 

p l a s t i c i t y and l i q u i d l i m i t (Fig,6,3), although observations of the 

behaviour of c e r t a i n materials leads to a further possible relationship 

with diagehetic bonding. I n particular i t i s noticed that the 

unweathered sample of L i a s Clay (L36) has a much lower saturation 

moisture content than i t s weathered coxmterpart, even though both 

« The writer i s unsure of the v a l i d i t y of t h i s value, 
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materials have almost i d e n t i c a l mineralogical compositions (Table 3.2) 

and Atterberg l i m i t s (Table 3.16). A similar effect i s observed i n 

the Oxford Clay, although i n t h i s case i t may be p a r t i a l l y accounted 

f o r by s l i g h t differences i n the aforementioned parameters. Furthermore 

for both o f these clays, the weathered and unweathered samples appear 

to possess a s i m i l a r l y , high degree of preferred orientation (e.g. by 

observing f i s s i l i t y i n hcind specimens and from orientation studies on 

the l a t t e r ) . Therefore i t i s possible that diagenetic bonding 

(postulated i n Chapter 5.10) niay be preventing true expansion i n the 

unweathered material. Moreover, i t i s also concluded that the bonding 

i s o f a catibnic nature, since s t a t i c slaking tests (Chapter 7) suggest 

that minercil welding. cSn be discounted. The low value of hysteresis 

encountered i n the Lias Clay (L36) may also be associated with the 

presence of bonding. 

The small differences observed i n the curves for the London Clay 

may be e n t i r e l y accounted f o r i n terms of mineralogical variations. 

6,5 S^xr£ace Area Determinations 

The B.E.T. equation i s designed for use i n conjunction w i t h 

the high range of suction ( i . e . 5 - 6,9) therefore i n the present work 

the sorption and desorption isotherms linder these conditions have been 

obtained by extrapolating the suction moisture content relationships i n 

the experimental range ( i , e , pF 0,3 - 4.6), I n addition where the 

desorption ciirve covild not be obtained because of complete disintegration 

of the sample upon saturation (due to the presence of expandable minerals) 

the compression leg of the consolidation curve (which approximates to 

the drying condition) has been used for calculation purposes. 
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Table 6.3 Calculated Surface Areas 

B r i t i s h Material 

Sample Ref. ~ Drying Curve Vetting Curve 

London Clay 14m LC14 134.15 97.43 
London Clay 37ni LC37 110.29 62.34 
Gault Clay ' GC 115.89 * 59.93 
Fuller's Earth (Redhill) FE23 332.54* -
Weald Clay WC 34.93 27.14 
Kimmeridge Clay KC 100.40 73.43 
Oxford Clay lOra OCIO 134.20 106.51 
Oxford Clay 44m 0C44 95.44 33.31 
Fuller's Earth (Bath) FE19 183.68 * 107.09 
Lias Clay lOm UO 103.36 69.49 
Lias Clay 36m L36 96.41 77.09 
Swallow Wood roof SWR - •' -
Flockton Thin roof FIR 26.43 13.41 
Flockton Thin seat FTS 58.14 * 33.89 
Widdringham Roof m. 

North American Materials • 

Yazoo Clay YC 151.27 * 63.91 
Kincaid Shale 6m i:6 154.25 * 90.83 
Kincaid Shale 8m 1C8 - • — 

Nacimiento Shale Nl - -
Nacimiento Shale • N2 83.80 * 43.20 
Nacimiento Shale N3 176.99 — 

Fox H i l l s Shale POX 218.69 * 88.10 
Dawson Shale DS 92.59 * 71.36 
Pierre Shale (Dakota) PSD 181.20 * 142.85 
Pierre Shale (Colorado) PSC — — 

* CalciJlated from consolidation curve 
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Table 6.4 Clay Mineral Surface Areas ( a f t e r Farrar and Coleman, 1967) 

Total 
Area 

Ext. 
Area * 

London Clay Heathrow, Middex 91 56 
London Clay Uxbridge, " 96 60 
London Clay ' Eastry, Kent 97 51 
Gault Clay Dunton Green, Kent .80 48 
Gault Clay Steyning, -̂ Sussex 98 40 
Gault Clay Aylesbury, Bucks 133 50 
Gaiilt Clay Shaveswood, Sussex 186 51 
Weald Clay N. Holrawood, Surrey 45 27 
Weald Clay Ditchling Common, Sussex ' 94 42 
Kimmeridge Clay Gillingham, Dorset . 79 57 
Kimjjieridge Clay Sunningwell, Berks . 126 54 
Oxford Clay Waddesden, Bucks 41 32 

Oxford Clay Ctminor, Berks 88 39 
Oxford Clay Alconbury, Hvints 71 37 
L.Lias Clay Stonehouse, Gloucs, 65 29 
L.Lias Clay , Shipton, Oxon 75 38 

Keuper Marl Elaby, Leics, 61 50 

Marl i n Keuper Measham, Staffs, 34 28 

U. Coal Measures Kingbury, Leics, 38 28 

* Calculated from the nitrogen isotherm using the B,E,T. equation • 

Ca Montmorillonite 491 122 

Ca I l l i t e 95 84 

Ca Kaolinite 23 18 
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Since the B.E.T. equation can be applied t o both the sorption 

and desorption conditions, i t follows that two values for the t o t a l 

surface area of each clay can be determined (Table 6.3). Farrar 

(1963) suggests that t h i s could arise from s l i g h t differences i n the 

molecular arrangements on the s o i l surface. I f , on the other hand, 

the nitrogen absorption isotherm i s studied, then when the B.E.T. 

equation i s applied, only the external surface area i s determined 

(see Table 6.4). However, f o r ease of i d e n t i f i c a t i o n , the following 

discTission i s based on the t o t a l siarface area calcTilated from the 

desorption curve, imless otherwise stated. 

The range of surface areas encoxuitered for the B r i t i s h materials 
2 2 

studied i n t h i s project varies from 26.43m /g to 332.54m /g; the 
2 

majority (8 out of 13) l y i n g w i t h i n the range of 95 - 135m /g, 
p 

suggesting a dominance o f i l l i t e (having a range of 67 - 105m /g) i n 

these materials, (Fig.6.4). Farrar and Coleman (1967) also quote 

s i m i l a r values f o r a sim i l a r sequence of clays from the B r i t i s h Isles 

(Table 6.4). 

The Fuller's Earth from Bath (sample FE19) and Fuller's Earth 

from Redhill (sample FE23), y i e l d t o t a l surface areas of 183.68m /g 

and 332.54m /g respectively. The l a t t e r valtie l i e s well w i t h i n the 

pxjblished range of 210 - (?)l000m^/g but the lower value shown by the 

former sample may be ind i c a t i v e . o f the r e l a t i v e l y high proportion of 

other minerals :'present (Table 3.2). The w r i t e r also suggests, 

speculatively, that as t h i s material i s much older and has been 

buried more deeply, the chemistry may affect i t s re-expansion by the 

formation of r i g i d domains similar t o those proposed by Alymore and 

Quirk (1959), although no supporting evidence can be offered for t h i s 

statement. Nevertheless, since the surface areas of both shales occur 

towards the lower end of the smectite range, t h i s indicates that Ca i s 

the dominant exchangeable cation. Philpot (1971) quotes a value of 
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2 

539m /g as the surface area of a sodium montmorillonite. 

The three remaining B r i t i s h materieds are a l l hard, incompressible 

materials which show low values f o r t h e i r surface areas. The 

recorded value f o r the Weald Clay of 39,93m /g may be at t r i b u t e d to. 

the high quartz content of t h i s material (Table 3.2), whereas the 

Flockton Thin roof and seatearth, having computed surface areas o f 

26.43 and 58,14m /g respectively consist mainly of i l l i t e , k a o l i n i t e , 

and mixed-layer clay. These values are consequently lower than would 

be anticipated f o r such sediments and i t i s suggested that t h e i r 

indurated nature may account f o r the reduction i n the surface areas 

and small moisture uptake ais shown from the suction curves. I t i s 

nevertheless i n t e r e s t i n g "•• to note that the seatearth, containing a 

large amount of mixed-layer clay and p r a c t i c a l l y no quartz (Table 3,2) 

has a s i g n i f i c a n t l y larger, surface area than the roof shale, which i t 

i s suggested may be a r e f l e c t i o n of i t s greater a b i l i t y t o slake upon 
incnersion i n water. Philpot (1971) also records low surface areas f o r 
Carboniferous materials containing large amounts of loA i l l i t e (plus 

2 

k a o l i n i t e and quartz), e.g. High Hazels - 32m/g and the Park seatearth 

19m /g, but he also records higher values (of 68 - 105m /g) where a 

large proportion of mixed-layer clay i s present ( i , e , i n certain 

tonsteins). 

The North American materials, being mainly smectite - quartz 

sediments w i t h minor amounts of i l l i t e and k a o l i n i t e , have svirface-

areas which are i n general, larger than those of the B r i t i s h sediments 
' ' 2 2 and which range from 83.80m /g t o 216,69m /g. 

The Dawson Shale, Kincaid Shale (K6) and the Nacimiento Shale 

( N2) have p a r t i c u l a r l y high granular contents (qizartz + feldspar+ 

c a l c i t e ) i . e . 53, 56 and 46 per cent respectively and yet t h e i r 
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surface areas are much larger than that encountered i n the Weald 

Clay, which has a similar granular content. This phenomenon must 

be solely accounted f o r by the smectite content present i n these 

materials (Table 3.2). 

The remaining four materials tested (Table 6.3), having 

r e l a t i v e l y low granular contents (Table 3.2), also show the dominance 

o f smectite r e f l e c t e d i n t h e i r surface areas; the veilues equating 

reasonably w e l l w i t h the calculated values f o r the Fuller's Earth 

(Redhill) when the concentrations are considered. 

Conclusions 

(1) Suction-moisture content relationships obtained from siiction 

plate and pressure membrane experiments have indicated whether 

the shales tested possess incompressible, p a r t l y compressible 

or f u l l y compressible s o i l characteristics. 

(2) Sijction-moisture content relationships f o r certciin incompressible 

materials are inconsistent w i t h t h e i r mineralogy but have been 

associated w i t h the presence of diagenetic bonding. Similar 

observations, but of a lesser degree have also been made fo r 

c e r t a i n f u l l y compressible materials. 

(3) With the exception of the Carboniferous materials, surface area 

determinations are consistent w i t h mineralogical compositions. 

Those of the Carboniferous shales^ are however, much lower than 

expected and are again a t t r i b u t e d t o the presence of strong 

bonding welding the par t i c l e s together. 

(4) I n general, f o r f u l l y compressible materials, the saturation 

moisture content increases w i t h increasing p l a s t i c i t y and l i q u i d 

l i m i t s . 
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Chapter Seven 
Slaking Behaviour of Over consolidated Shales 

7.1 Introduction 

Upon entering the zone of weathering, compacted argillaceous 

sediments disintegrate at varying rates depending on the nature of . 

the material. As a resu l t of t h i s , i t . i s often essential for the 

engineering geologist t o obtain a measure o f the breakdown which may 

occiir, especially when the rocks are at outcrop. Consequently 

several attempts have been made t o c l a s s i f y shales from t h e i r slaking 

behavioiiT (e,g, Morgenstern and Eigenbrod, 1974; Franklin and Chandra 

1972; Gamble, 1971), although at present no absolute c l a s s i f i c a t i o n 

has been obtained. 

I n the present work, two simple slaking tests (using water as 

the slctking medium) have been employed with a view to constructing a 

c l a s s i f i c a t i o n of the shales tested. One of these methods i s based on 

a s t a t i c t e s t , the other upon the rate oip disintegration t o below a 

specified mesh size. I n addition, the results are also seen to offer 

i n d i r e c t evidence :of the type of diagenetic bonding present w i t h i n 

c e r t a i n materials (see Chapter 5), 

F i n a l l y , an ind i c a t i o n of the possible e r o d a b i l i t y of the 

materials studied by the incidence of dispersion has been postulated 

by examination of the cations present i n the pore water and on the 

exchange s i t e s , 

7.2 Slaking Tests 

7.2,1. A Review of Previous Testing Procedta'es 

A large number of tests t o quantify the slaking behaviotir of 

clays and sheiles, have been devised by engineers, concerned with the 

s t a b i l i t y o f clay masses, and s o i l s cientists concerned wi t h crumbs 

or aggregates, 
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A simple s t a t i c descriptive t e s t , used by such workers as Eno 

(1926), Mead (1936), Denisov and Reltov ( l 9 6 l ) , Brooker (1967) and 

Fleming et a l (1970) involves immersing a specific amount of s o l i d 

o f known shape i n a l i q u i d f o r a given time and observing the 

dis i n t e g r a t i o n by means of an arbitary numerical c l a s s i f i c a t i o n . 

This t e s t has also been Used t o distinguish between compaction shales 

and.cemented shales (Mead, 1936), t o c l a s s i f y shales (Emerson, 1967) 

and t o study fabric anisotropy (Hvorslev, 1960). The s t a t i c test 

used by Taylor and Spears (1970) i s a quantitative version 

of these methods. 

The Public Roads Administration's o r i g i n a l slaking test 

(Hogentogler, 1937) involves recording the time taken for a dried 

cylinder of s o i l t o f a l l through a brass r i n g or coarse screen when 

completely immersed i n water. Whereas the Pi&lic Roads Administration's 

cilternative slaking t e s t involves recording the change i n apparent 

weight as a function of time of a specimen which i s placed i n a container 

attached to a balance and p a r t l y immersed i n water. A similar type of 

t e s t wais used by Moriwciki (1974). 

The Russian pedologists slaking test (Hogentogler, 1937) involves 

producing a s o i l specimen i n a mould used for moulding tensile t e s t 

specimens of cement mortar. After drying, i t i s completely coated i n 

p a r a f f i n except f o r a -J inch band around the middle, and then suspended 

i n water. The time taken f o r complete separation i s referred to as the 

slciking time. 

The f a l l i n g drop t e s t (McCalla, 1944) which i s also a type o f 

erosion t e s t , i s performed by allowing drops of d i s t i l l e d water, of 

known diameter, t o f a l l a known distance on t o a lump of material \ j n t i l 

i t i s also washed away through a screen. 
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I n the single screen vet-sieving t e s t (Bouyoucos, 1929) a knovm 

amount o f graded aggregate i s placed on a sieve of given size and 

eifter presoaking, the sieve i s o s c i l l a t e d v e r t i c a l l y i n water at a 

known rate and stroke f o r a given length o f time. The dried weight 

retained i s subsequently recorded. I n the multiple-screen wet-

sieving t e s t (Bouyoucos, 1935; Yoder, 1936;) a given ^imount of 

material i s sieved through a series o f screensj decreasing i n size 

i n descending order. 

Franklin and Chandra (1972) and Gamble (1971) have used a 

slake d u r a b i l i t y t e s t , modified from the N.C.B.»s 'end-over-end» 

t e s t o f the mid-1950's whereby the material i s placed i n a c y l i n d r i c a l 

drum made of standard 2mm mesh and which has i t s axis i n the 

horizontal plcine. A f t e r p a r t i a l immersion i n water the drum i s rotated 

at a constant speed f o r a given time; the r a t i o o f f i n a l t o i n i t i a l 

weight retained i n the drum i s the slaking d i ^ r a b i l i t y index. . Although 

t h i s t e s t has been adopted as an International Rock Mechanics Standard, 

i t has serious defects i n the caise of argillaceoxzs rocks. I t i s a 

dynamic a t t r i t i o n t e s t , the prototype o f which was introduced 

o r i g i n a l l y by the N.C.B. f o r performance simulation of coal washing 

plant. Moriwaki (1974) i s c r i t i c a l o f the results obtained using 

oven-dried shales. Morgenstern and Eigenbrod (1974) have devised a 

water absorption slaking t e s t whereby a dried sample i s cut i n t o a 

perforated brass cylinder, open at both ends, and saturated by placing 

the sample on a wet f i l t e r paper. The increase i n moisture content 

w i t h each of a n\imber of drying and wetting cycles i s subsequently 

measured, 

7.2.2. Present Test Procedures 

(a) The shales under t e s t , having previously been cut i n t o a 

c y l i n d r i c a l shape measuring 1cm i n height by 1cm i n diameter, , 
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and c i i r dried f o r several weeks (shrinkages are presented i n 

Table 4.1), were subjected t o a s l i g h t l y modified version of 

the Pxiblic Roads Alternative Slaking Test, (see Appendix A5.1). 

The rate and amount of disintegration of rock debris below mesh 

size B.S. No,36 were subsequently obtained. I n addition, during 

each t e s t , the slciking behavioiir of each material Wcis c a r e f u l l y 

noted, 

(b) A purely s t a t i c t e s t , reported i n Appendix A5.2 has been employed 

t o measure the uptake of water after air-drying. The results of 

t h i s have i i l t i m a t e l y been reviewed i n the l i g h t of the work of 

Morgenstern and Eigenbrod (1974). 

7i3 Rate and Amount of Breakdown i n Water 

Tests t o determine slaking behaviour were performed on a l l of the 

materials studied, except for the Keuper Marl, which by v i r t u e of i t s 

nature (Chapter 2) could not be cut i n t o a suitable shape for testing. 

Observations made during each te s t about the way i n which breakdown 

occurred are presented i n Table 7,1, 

To define the rate of disintegration, two methods o f presentation 

have been employed. F i r s t l y the percentage of material passing through 

the mesh heis been p l o t t e d d i r e c t l y as a function of the time ( i n minutes), 

and secondly the rate has been expressed i n the form of a f i r s t order 

reaction f^om the expression: 

I T ^ ^ ^ = ^ (2^^ 
o 

where M i s the o r i g i n a l weight of material and M i s the weight passing 
o 

through the mesh at time t . According to Badger et a l (1956) and 

Berkovitch et a l (1959) i f the material i s homogeneous then the rate 

of d i s i n t e g r a t i o n below a given size w i l l be proportional t o the weight 
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s t i l l above that size. However, they point out that the surface 

area w i l l also be an important factor; i t s r a t i o t o the percentage 

o f oversize material varying as disintegration proceeds. 

When the r e s u l t s o f the samples currently under discussion are 

reviewed i n the l i g h t o f the f i r s t method of presentation (Figs, 7,1 

and 7,2) then i t can be seen that there i s a very large spread i n the 

breakdown rates (Table 7,2). I n a large number of instances an almost 

l i n e a r relationship between percentage passing and ti n e i s observed 

over the i n i t i a l stages o f the disintegration. Consequently the rates 

of d i s i n t e g r a t i o n have been s p l i t i n t o three groups, i.e, rapid slaking 

(rate greater than 3.5% per min.), fast-mediiun slaking (rate 3.5 - 0.5% 

per min,) and slow slaking ( r a t e less than 0.5% per min,), p r i n c i p a l l y 

by reference t o the behaviour o f the B r i t i s h materials, although the 

same divisions appear quite satisfactory when the North American 

materials are considered. 

Shales which f a l l i n t o the rapid slaking catagory ( i . e . 2 B r i t i s h 

and 6 American samples) predominantly contain large amounts of 

expandable clay minerals ( p r i n c i p a l l y smectite), causing some of these 

materials (e.g. the two Fuller's Earths and the Nacimiento Shale N3) to 

l i t e r a l l y explode when immersed i n water. Taylor and Spears (1970) 

i^eport that c e r t a i n B r i t i s h Coal measures strata containing large 

quantities of mixed-layer clay (e.g. Stafford Tonstein) are also 

explosive when immersed i n water and the w r i t e r suggests that these 

materials would undoubtedly f a l l i n t o the rapid slaking group. 

From observations made during the tests (Table 7.lX materials f a l l i n g 

w i t h i n the r a p i d slaking group disintegrate by i n i t i a l l y shedding t i n y 

flakes and p a r t i c l e s from the edges immediately after immersion, 

followed by a general sliunping of the mass with associated loss o f 

structure. The Dawson Shale did, however, r e t a i n some sort of structxjre 
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Table 7,1 Breakdown Observations of Shales Studied 

B r i t i s h Materials 

London Clay 14m ) Rapid f l a k i n g and dislodgement of part i c l e s 
London Clay 37ni ) ••••• from edges. General loss of shape, 
Gault Clay Rapid loss o f structure i n t o a p i l e o f 

par t i c l e s and flakes. 
Fuller's Earth (Redhill) Rapid disintegration and loss of structxire, 
¥eald Clay Slow slaking at edges and along planes of 

weakness, . ' 
Kirameridge Clay Rapid f l a k i n g and dislodgement of part i c l e s 

from edges. Loss of striJcture. 
Oxford Clay lOm ..... Breaks along planes of weakness with associated 

disintegration i n t o flakes and partic l e s . 
Oxford Clay 44m ..... Spl i t s along bedding i n t o fine laminae. 
Fuller's Earth (Bath) Rapid disintegration and loss of structure. 
Lieis Clay lOm ..... Sl\amped i n t o mass of varied shaped flcikes. 
Lias Clay 36m ••••• S p l i t along bedding, plus small amount of 

fl a k i n g . 
Swallow Wood roof S p l i t s along p a r a l l e l planes i n t o t h i c k 

laminae 
Flockton Thin roof • Spl i t s along p a r a l l e l planes in t o t h i c k 

laminae. 
Flockton Thin seatearth Rapid slaking i n t o large flakes and chips 
•Widdringham roof ..... Splits along p a r a l l e l planes i n t o t h i c k 

laminae. 

North American Material 
Yazoo Clay Rapid disintegration and loss o f structure, 
Kincadd Shale 6m ,,,,, Rapid disintegration and loss of structure, 
Kincaid Shale 8m Slakes i n t o small aggregates, 
Nacimiento Shale Nl Attack along bedding with some disaggregation. 
Nacimiento Shale N2 I n i t i a l attack along bedding followed by 

- slow disintegration. 
Nacimiento Shale N3 Rapid disintegration and loss of structure. 
Fox H i l l s Shale ..... Rapid formation of chips and flakes, structure 

quickly l o s t . 
Davison Shale ..... Disintegration by fl a k i n g and p a r t i c l e 

dislodgement. Shape remains r e l a t i v e l y 
i n t a c t . 

Pierre Shale (Dakota) Rapid disintegration and loss of structure. 
Pierre Shale (Colorado) Small aggregate and individual p a r t i c l e 

dislodgement from edge. Shape remains i n t a c t . 
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Table 7.2 Rate and Amount of Breakdown 

B r i t i s h Materials Sample Ref. % Passing 
B.S. No. 36 

Rate of Disintegratior 
(% per minutes) 

Mesh 

London Clay 14m LC14 
London Clay 37ni LC37 
Gault Clay GC 
Fuller's Earth (Redhill) FE23 
Weald Clay WC 
rimmeridge Clay ICC 
Oxford Clay 10m OCIO 
Oxford Clay 44m 0C44 
Fuller's Earth (Bath) FE19 
Lias Clay lOm LIO 
Lias Clay 36m L36 
Swallow Wood roof SWR 
Flockton Thin roof FTR 
Flockton Thin seat FPS 
Widdringbamroof WR 

94 
80 
94 

100 
22 
91 
65 
0 
99 
40 
5 
0 
0 
6 
0 

3.00 
2.00 
3.00 

19.00 
0.15 
2.50 
1.75 
0.00 
13.00 
1.00 
0.25 
0.00 
6.00 

• 0.23 
0.00 

North American Materials 

Yazoo Clay 
Kincaid Shale 6m 
Kincaid Shale 8m 
Nacimiento Shale 
Nacimiento Sheile 
Nacimiento Shale 
Fox H i l l s Shale 
Dawson Shale 
Pierre Shale (Dakota) 
Pierre Shale (Colorado) 

YC 
K6 
1C8 
Nl 
N2 
N3 
POX 
DS 
PSD 
PSC 

94 
83 
70 
21 
82 
98 
87 
87 
97 
96 

8.00 
4.25 
1.50 
0.40 
0.35 
22.50 
4.25 
3.75 
5.50 
1.50 
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during the early stages o f the t e s t . Typical examples of slumped 

masses are shown i n Figxire 7»3, where i t can.be observed t h a t the 

Fuller's Earth (Bath) has disintegrated to a much f i n e r state than 

the Pierre Shale from Dakota (which contains exchangable sodium 

cations i n the smectite). For the group as a whole usually over 8o?̂  

of the material disintegrates below mesh size, (Table 7.2). 

Preferred o r i e n t a t i o n studies (Table 4.5) indicate that eill of 

these materials, w i t h the exception of the Ycizoo Clay, have a randomly 

orientated structure. However, although the structure of the Yazoo 

Clay contains a high degree of preferred orientation, the w r i t e r 

considers that t h i s i s completely over-ridden by the nature of the 

mineralogy (Table 3.2). 

I n the fast-medium slaking group (which contains 7 B r i t i s h and 

2 American samples), breakdown was observed to occur i n number of ways. 

At the faster end of the group, the members slaked p r i n c i p a l l y by 

f l a k i n g and dislodgement of pa r t i c l e s from the edges, with an 

associated general loss o f structure i n t o small lumps, rather than 

slaking o f the whole mass ( l i k e materials i n the rapid slaking group). 

The Gault Clay, and t o a c e r t a i n extent, the Kincaid Shale (icS) 

disintegrated quite slowly at f i r s t , but after about 10 minutes, the 

rate r a p i d l y increased. The w r i t e r surmises that slaking of these 

materials may have a c e r t a i n c r i t i c a l pore-air pressure, (see Taylor 

& Spears, 1970) above which they are blown apart from w i t h i n . 

The Pierre S h c i l e (Colorado) which disintegrated at a rate i n 

the middle of the range (Fig. 7.2) retained i t s structure almost to the 

end o f the t e s t ; slaking occurring by surface dislodgement of part i c l e s 

and small flakes at an almost constant rate. 
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At the slower end o f the fast-medium range, the Oxford Clay 

(OCIO) and Lias Clay (LIO) started t o disintegrate by s p l i t t i n g along 

planes o f weakness, which usually coincided w i t h the direction o f 

bedding, followed by a slow dislodgement o f part i c l e s and flakes, 

The amount of observed breakdown below mesh size was also, variable 

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), 

¥ith regard to preferred o r i e n t a t i o n , where quantitative results 

were obtained (Table 4,5) i t appears that materials at the faster end 

of the range have very poorly orientated fabrics, but i n general 

better than those materials i n the rapid slaking group. Also, i n a 

niimber o f cases (e.g, the London Clay, Gault Clay, Pierre Shale and 

Kiricaid Shale (K6)) smectite and expandable mixed-layer clays are 

present t o a moderate degree which must aid the disintegration process. 

No or i e n t a t i o n studies were performed on the Oxford Clay (OCIO) and 

Lias Clay (LlO), from the slower, end of the group. However, these 

materials, although quite s o f t , did tend to s p l i t along sub-parallel 

planes t o the bedding and i t can be subsequently postulated that they 

would have a better preferred o r i e n t a t i o n than those materials at the 

fast e r end of the range. 

Materials f a l l i n g w i t h i n the slow breakdown group exhibit a wide 

range o f behaviour. The Nacimiento Shales Nl and N2 are siltstone 

l i k e materials (Chapter 2) and contain almost ide n t i c a l mineralogical 

compositions (Table 3.2). Slaking i n both cases proceeded by attacking 

planes o f weakness ( p a r a l l e l t o the direc t i o n of bedding), followed by 

a slow disaggregation. However, at the end of the time alloted, over 

82 per cent o f sample N2 had passed through the mesh compared with 

21 per cent f o r sample Nl. Therefore, because both materials contain 

between 15 - 17 per cent smectite, which should aid breakdown, i t can 

only be concluded that sample Nl i s being held together by some form 
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of cementation or bonding, which although i s comparatively weak 

(Chapter 5.10), i s s l i g h t l y stronger than that i n sample N2. The 

end r e s u l t o f the slaking test on sample Nl i s presented i n Figure 

7.5. • 

The Weald Clay, a quartz-rich sediment, also disintegrated slowly, 

p r i n c i p a l l y by attacking planes o f weakness. Ultimately 22 per cent 

piassed t h r p u ^ the mesh producing a similar end re s u l t to sample N1', 

(of i r r e g u l a r shaped chips - Fig. 7.4). 

Of the s i x remaining samples i n t h i s group ( a l l B r i t i s h ) two 

exhibitssminor breakdown below mesh size ( i . e . the Lias Clay (L36) and 

the Flockton Thin 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 a l l below the alloted mesh 

size i n the given time. The seatearth, which contains a high 

proportion o f mixed-layer clay and degraded k a o l i n i t e (Table 3.2) 

and which eilso has a randomly orientated strvicture (Table 4.5) was 

seen t o breakdown i n t o flakes and chips (larger than the mesh size) 

at a comparatively rapid r a t e ; i n f a c t the major part o f the event 

took place w i t h i n the f i r s t 10 - 15 minutes after immersion. However, 

these chips then remained as hard e n t i t i e s (Figure 7.10) for the 

remainder o f the slaking period. 

The slaking behavioiir of the Oxford Clay (0C44), Lias Clay (L36), 

Swallow Wood roof, Flockton Thin roof and Widdringham roof, a l l of 

which contain a f a i r l y i n e r t mineralogy o f i l l i t e - ka o l i n i t e - quartz 

(Table 3.2) i s dominantly controlled by t h e i r highly preferred orientation 

o f clay minerals, i n that breakdown of the post-Carboniferous shales occurred 

by separation o f the material i n t o t h i n laminae p a r a l l e l t o the bedding 

(Figs. 7,6 and 7 ,7) , a l t h o u ^ the Carboniferous sediments, being f a r more 

compeicted, tended to s p l i t into thicker units (Figs. 7.8, 7.9, 7.11). 
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F i g u r e 7.5 . T y p i c a l 
Breakdown of Smectite-
Rich Sediments. 

Figure 7.^. Breakdown of 
the Weald Clay. 

F i g u r e 7.5. Breakdown of 
the Naciraiento Shale tN2). 
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F i g u r e 7.6. Breakdown of 
the Oxford Clay t^l^n 

f . ' ' ' 

Figure 7.7. Breakdo\ra of 
the L i a s Clay 36a. 

F i g u r e 7.8. Breakdown of. 
the Swallow Wood roof. 
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F i g u r e 7.9. Breakdown of 
the F l o c k t o n Thin roof. 

F i g u r e 7,11. Breakdown of 
the Widdringham roof. . 

Figure 7.10. Breakdown of 
the Flockton Thin seat -
e a r t h . 
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An i n t e r e s t i n g feature observed f o r the Oxford and Lias clays, was that 

t h e i r weathered equivalents (previously discussed) did p a r t i a l l y 

disintegrate below mesh size. This must r e f l e c t the absence of bonding 

i n these forms, coupled w i t h a s l i g h t l y disturbed fabric (seen i n 

hand specimen but not quantitatively analysed). 

I n terms o f f i r s t order reactions (Figs.7,12 and 7,13) four 

materials from the rapid slaking group ( i , e . the two Fuller's Earths, 

the Nacimiento Shale N3, and the Yazoo Clay) y i e l d an approximately 

l i n e a r r e l a t i o n s h i p over t h e i r entire breakdown; only a very small 

amoT«it o f cxirvature occurring at the end of the process. The remainder 

of the materials from t h i s group (Fig.7.13) only show a linear 

r e l a t i o n s h i p f o r the f i r s t 20 - 25 minutes, folbwed by a gradual 

reduction i n the amotmt of slaking u n t i l breakdown ceases. This may 

w e l l be associated w i t h micro-lithological changes whereby the more 

. i n e r t areas upon being exposed, take longer t o breakdown. This i s 

supported by the fact that a c e r t a i n proportion did not pass through 

the sieve (Table 7.2). Berkovitch et al (1959) suggests that the 

i n i t i a l rapid rate of disintegration of some Coal Measures shciles i s 

possibly caused by the fact that at the beginning of the t e s t the 

surfaces o f the pieces are rough and provide more area for attack 

u n t i l they become smooth and rounded. However, as the whole structure 

i s destroyed, the w r i t e r considers t h i s not to be the case i n the 

present circxjmstances. A l t e r n a t i v e l y the end of the linear portion 

coiild mark the end o f a pa r t i c u l a r breakdown process (e.g, breakage 

by entrapped a i r pressure or satiiration of expandable minerals). 

Within the remaining two groups, a non-linear response i s 

predominantly observed. However, i n two instances, i.e. the Pierre 

Shale (Colorado) and the Nacimiento Shale N2, an almost l i n e a r 
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r e l a t i o n s h i p i s indicated i n the middle t o l a t e r stages o f the. 

t e s t . 

. As noted e a r l i e r , the amount of material disintegrating below 

mesh size No.36 i n 24 hours (Table 7.2) i s observed t o increase as 

the rate o f disintegration increases. However, t h i s relationship 

i s non-linear (Fig. 7.14) and appears t o be dominantly controlled 

by the mineralogical composition ( i . e . the higher percentage break

downs being associated w i t h the smectite concentration), although 

preferred orientation and amounts of induration are important factors 

i n shales which show a small t o moderate breakdo\m. 

7.4 Uptalce o f Water upon Immersion 

According t o Morgenstern and Eigenbrod (1974) the maximum 

moisture content of shales- retained i n a brass r i n g , open at both 

ends, and w i t h free access t o water, increases with each drying-

wetting cycle i m t i l the l i q u i d l i m i t of the material i s reached. 

As a consequence of t h e i r r e s u l t s , they have erected a c l a s s i f i c a t i o n 

based upon the rate o f change o f l i q u i d i t y index during the f i r s t 

drying-wetting cycle and the l i q u i d l i m i t of the material. 

The uptalce of water of the shales presently Tinder consideration 

have been found by using the same basic technique (reported i n 

Appendix A5.2) as Morgenstern and Eigenbrod, although i n t h i s case 

the materials were unconfined dxiring the immersion. Nevertheless, 

w i t h regard t o c l a s s i f y i n g the materials, the w r i t e r considers that 

the resxjlts presented should be compatible with those of Morgenstern 

and Eigenbrod because, they allow free swelling from both ends 

of the confining r i n g . I n addition, when considered i n conjxuiction 

w i t h sxjction and compaction studies (Chapter 8) the r e s i i l t s give an 

in d i c a t i o n o f the type o f bonding present i n c e r t a i n materials, 

326 



Table 7 . 3 Uptake of Vater during Static Slaldng 

Sample Maximum Slciked Natural Change 
Ref. Moisture Li q u i d i t y L i q u i d i t y i n 

B r i t i s h Materials Content(?J) Index Index L i t ^ d t y 
Index: 

London Clay 14m LC14 82.38 0.98 -0.11 1.09 
London Clay: 37m LC37 58.97 0.89 -0.13 1.02 
Gault Clay GC Not s i i f f i c i e n t mater i ell 
F u ller's Earth (Redhill) FE23 142.28 1.39 -0.12 , 1.51 
VeaLd Clay WC 18.33 -0.63 -1.80 1.17 
Kinmeridge Clay KC 54.76 0.67 -0.11 0.78 
Oxford Clay 10m OCIO 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 123.89 1.39 -0.09 1.48 
Lias Clay 10m UO 57.92 0 . 7 7 -0 . 0 8 . 0.85 
Lias Clay 36m L36 54.49 0.73 -0.35 1.08 
JCeuper Marl KM 35.03 1.14 

-0.66 0.30 Swallow Wood roof sm 13.25 -0.36 -0.66 0.30 
Floclcton Thin roof FTE 9.46 -0.68 -0.97 0.29 
Flockton Thin seat FTS 25.80 0.00 -0.54 0.54 
Widdringham roof \m 13.31 -0.45 -0.84 0.39 

North American Materials 

Yazoo Clay YC - 116.90 1.00 . 0.13 0.87 
Kincaid Shale 6m Z6 60.04 0.77 -0.35 1.12 
Kincaid Shale 8m K8 39.59 0.51 0.00 0 . 5 1 

Nacimiento Shale Nl 36.58 1.00 -1.34 2.34 
Nacimiento Shale N2 42.88 1.28 -1.35 2.63 
Nacimiento Shale N3 Not s u f f i c i e n t material 
Fox H i l l s Shale POX Not s u f f i c i e n t 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 50.27 0.73 -0.18 0.91 
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For the majority o f post-Carboniferous shales i t can be seen 

( F i g . 7 . 1 5 ) that the uptake of water during the t e s t , approaches and 

often exceeds the l i q u i d l i m i t which would suggest that expansion 

of the str u c t i j r e i s r e l a t i v e l y unrestricted.' Excess water held i n 

the Fuller's Earths i s probably a r e f l e c t i o n o f t h e i r low permeabilities, 

w h i l s t the low values for the Uncaid Shale ( 1 8 ) arid the Weald Clay 

i s a r e f l e c t i o n o f the coarse granular content. 

The low values f o r the maximum moisture content (with respect 

t o the l i q u i d l i m i t ) . Table 7.3, of the four Carboniferous materials 

mxist r e f l e c t t h e i r indurated and compact nature preventing expansion 

of the s t r i i c t u r e . I t , i s however, anticipated that upon subsequent 

cycles, t h a t - t h e i r maximum moisture content w i l l approach the l i q \ i i d 

l i m i t , as the r i g i d structure i s gradually destroyed. 

Changes i n l i q u i d i t y index (table 7.3) are further presented 

according t o the c l a s s i f i c a t i o n proposed by Morgenstern and Eigenbrod 

( 1 9 7 4 ) i n Figure 7.16. However, because slaking i n the present 

context i s r e l a t e d t o the uptake of water and not to degree of 

physical breakdown (as previoxisly discussed) the two sets of results 

are not d i r e c t l y comparable. I t i s nevertheless, noted that shales 

which disintegrated at the rapid or fast-medium rates do f a l l w i t h i n 

the f a s t and very f a s t rate of sleiking catagories with respect to. the 

change o f l i q u i d i t y index f o r medium-high slaking materials.' The 

reverse s i t u a t i o n does not however, apply because f i v e materiatLs 

i . e . the Oxford Clay ( 0 C 4 4 ) , Lias Clay (L36), Weald Clay and the 

Nacimiento Shales ( n 1 ) and (N2) which disintegrate at a slow rate 

also f a l l w i t h i n the fast and very fcist rate o f slaking catagories. 

This would suggest that these materials are fundamentally qiii t e 

d i f f e r e n t from the Carboniferous shales i n th a t , although they have 
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Table 7.4 Slaking under Vacuum 

B r i t i s h Materials 
Sample 

- Ref. 
London Clay 1 ^ LC14 Soft but inta c t 
London Clay 37ni LC37 Soft but intact 
Gault Clay GC Just slciked 
Fuller's Earth (Redhill) FE23 -
Weald Clay WC Intact 
Kimraeridge Clay KC Soft but inta c t 
Oxford Clay 10m OCIO Soft but inta c t 
Oxford Clay 44m 0C44 Soft but inta c t 
Fuller's Earth (Bath) FE19 Rapid slaking 
Lias Clay lOm UO Soft but inta c t 
Lias Clay 36m L36 Soft hvct intact 
Swallow Wood roof SWR -
Plockton Thin roof FTR Intact 
Flockton Thin seat FTS Slaked 
Widdringham roof WR -

North American Materials 

Yazoo Clay . YC 
Kincaid Shale 6m K6 
Kincaid Shale 8m K8 
Nacimiento Shale Nl 
Nacimiento Shale N2 
Nacimiento Shale N3 
Fox H i l l s Shale ; .POX 
Dawson Shale DS 
Pierre Shale ^Dakota) PSD 
Pierre Shale (Colorado) PSC 

Slaked 
Slaked 
Slaked 

Slaked 

Slaked 
Slaked 
Slaked 
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a s i m i l a r hardness and/or preferred orientation,they possess a 

mineral skeleton w i t h weaker adhering forces; a hypothesis which i s 

f u r t h e r discussed i n connection w i t h diagenetic bonding i n Chapter 8. 

7.5 Slaking \mder Vacuum 

No specific slaking t e s t s under vacuum were performed. However, 

during the saturation of materials being prepared for suction tests 

(see Appendix A4.3) c e r t a i n bcisic observations were noted (Table 7.4) 

which indicated t h a t , on the whole, shales which contained large 

quantities of expandable clay minerals tended to disintegrate under 

vacuum, w h i l s t those where i l l i t e and k a o l i n i t e were dominant remained 

i n t a c t but became very s o f t . 

7.6 The Relationship between Exchangeable Cations, Water-Soluble 
Cations and the P o s s i b i l i t y o f Erosion 

Recent research i n t o the e r o d a b i l i t y of shales (from dams) i n 

A u s t r a l i a and North America (e.g. Aitchison and Wood, 1965; Cole 

and Lewis, 1960; Sherard et al,1972) has highlighted a strong 

c o r r e l a t i o n between the incidence of piping f a i l u r e and clay chemistry, 

and i n p a r t i c u l a r the concentration of sodium cations on the exchange 

s i t e s and i n the pore water. Indeed the effec t of exchangeable 

cations and the e l e c t r o l y t e concentration w i t h respect to flocculation 

and dispersion of pure clays has been extensively studied, (see 

Chapter 1.7.2). . 

Soil s c i e n t i s t s express the concentration o f sodium on the 

exchange si t e s i n terms of the exchangeable sodium percentage (ESP), 

I.e. 
Na ESP = «ioo (30) CEC 

where Na and CEC are i n milliequivalents per 100 grams of clay. The 

concentration of sodium i n the pore water i s expressed i n terms of 
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the sodilun absorption r a t i o (SAR), i.e. 

SAR = Na 
Ca + Mg 

2 

(31) 

where Na, Ca and Mg are the concentration of dissolved salts i n 

millieqxuvalents per l i t r e i n the pore water at the l i q u i d l i m i t 

(or saturation extract of Sherard et a l , 1972). 

Richards, ( 1 9 5 4 ) has.shown a relationship between ESP and SAR 

(see F i g . 7 . 1 7 ) . Sherard et a l , ( 1 9 7 2 ) also observe t h i s relationship 

i n materials from f a i l e d clay dams. I n the present study, the ESP 

(Table 7 . 5 ) and the SAR (Table 7.6),which has been recalculated from 

the c a t i o n concentration i n the Wcishings associated w i t h ammonium 

acetate leaching (Appendix A 1 . 3 ) , do not show siich a strong, 

r e l a t i o n s h i p as observed by the former workers; instead a more 

i r r e g u l a r response i s noticed ( F i g . 7 . 1 7 ) . 

Sherard et a l (1972) have also investigated the combined effect 

of percentage sodium and to t c i l soluble salts i n the satixration extract 

upon the dispersing behaviour of clays (Fig.7.18). They conclude that 

s u f f i c i e n t data are available t o suggest that strong erosion of clay 

dams by dispersion does not occur i f the t o t a l s a l t concentration i s 

greater than 15 millieqtiivalents per l i t r e (implying a sodium percentage 

o f between 50 - 60 per cent). On the other hand, agricultxjral scientists 

recognise that s o i l s which have an ESP greater than 15 and low t o t a l 

s a l t s i n the pore water are highly dispersive. 

Nevertheless, using Sherard et al's parameters the calculated 

values f o r the current shales (Table 7.6) suggest that i n t h e i r 

present condition, a l l except the Nacimiento Shale N3 and the Flockton 

Thin seatearth would be resistant to erosion by dispersion (Fig.7.18). 

However, even these"shales only f a l l w i t h i n the t r a n s i t i o n zone 

and consequently would only be susceptible t o low dispersion, although 
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Table 7.5 Exchangeable Sodium Values f o r Samples Studied 

Sample Ref. ESP 

B r i t i s h Materials 

London Clay 14m LC14 1.36 
London Clay 37m LC37 1.36 
Gault Clay GC 10.97 
Fuller's Earth (Redhill) FE23 1.11 
Weald Clay WC -
Kimmeridge Clay KC 3.91 
Oxford Clay 10m OCIO 7.53 
Oxford Clay 44m 0C44 4.32 
Fuller's Earth (Bath) m 9 0.64 
Lias Clay lOm LlO 6.00 
Lias Clay 36m L36 . 5.12 
Keuper Marl KM 
Swallov; Wood roof Ŝ R̂ '24.40 
Floclcton Thin roof FTR 22.70 
Flockton Thin seat FTS 56.66 
Widdringham roof WR 5.64 

North Americal Materials 

Yazoo Clay YC 0.90 
Kinc a i d Shale 6m K6 1.34 
Kincaid Shale 8m K8 2.65 
Nacimiento Shale •Nl 4.44 
Nacimiento Shale N2 3.55 
Nacimiento Shale N3 1.28 
Fox H i l l s Shale • FOX 7.55 
Dawson Shale DS 1.09 
Pierre Shale (Dakota) PSD 13.46 
Pierre Shale (Colorado) PSC 2.11 
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Table 7»6 Concentration of Cations i n the Pore Water 
(including Sodium Absorption Ratio) ~ 

Cation Concentrations i n m.eq/iitre 

B r i t i s h Materials Na K Ca m. Total SAR %Na 

London Clay 14m • 15 41 ~ 56 118 230 1.6 0.655 
London Clay 37m 47 40 38 93 218 5.8 21.5% 
Gault Clay 9 36 - 176 67 288 0.8 3.0% 
Fuller's Earth (Redhill) .3.5 7.5 102 19 132 0.4 2,6% 
Weald Clay - - — mm _ 
Kimmeridge Clay 9.5 11 . 55 18 93.5 1.6 10.1% 
Oxford Clay lOm 74 4o 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 lOm 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 165 13 6 10 194 58.3 85.0% 
Widdringham roof 55 17 15 17 54.5 1.4 10.1% 

North American Materials 

Ycizoo Clay 35 13 103 48 199 4.0. 17.5% 
Kincaid Shale 6m 17.5 6 150 14 . 187.5 2.1 9.3% 
Kincaid Shale 8m 22 7 68.3 24 736 1.1 2.9% 
Nacimiento Shale 110 9 20 20 159 24.5 69.1% 
Nacimiento Shale 86 12 29 6 133 20.5 64.6% 
Nacimiento Shale 30 11 19 8 68 8.1 44.1% 
Fox H i l l s Shale 40 8 121 143 312 3.5 12.8% 
Dawson Shale 48 50 103 47 248 5.5 16.1% 
Pierre Shale (Dakota) 113 8 19 20 160 25.5 70.6% 
Pierre Shale (Colorado) 225 .24 34 50 333 34.7 67.5% 
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the indurated nature of the seatearth woxjld probably hold the 

material together t o a ce r t a i n extent. The w r i t e r does, however, 

consider that clays f a l l i n g j u s t below the proposed transition.zone 

of Sherard et a l (1972), may easily become dispersing t o varying 

degrees i f s l i g h t changes occur i n the chemistry of the pore 

s o l u t i o n , (e.g. i f a d i l u t i o n o f the s a l t concentration occurred). 

7.7 Conclusions 

(1) Two simple slaking t e s t s , i . e . measuring the rate of disintegration 

below mesh size B.S. No.36 and the uptake of water dijring the f i r s t 

drying-betting cycle, have been lised t o assess the breakdown 

cha r a c t e r i s t i c s of the shales studied. 

( 2 ) From the rate of disintegration t e s t , a broad c l a s s i f i c a t i o n o f 

breakdown i n t o three groups has been made i. e . rapid (greater than 3 .5% 

per minute), fast-medium ( 3 . 5 - 0 . 5 % per minute) and slow (less than 

0 . 5 % per minute); disintegration being shown t o be related t o 

mineralogy, preferred orientation and the presence of diagenetic 

bonding, 

( 3 ) From the uptake of water during the f i r s t drying-betting cycle, 

the shales have been c l a s s i f i e d according to the method adopted by 

Morgenstern and Eigenbrod (1974). 

( 4 ) By considering the brecikdown behaviour of each shale dxjring both 

t e s t s , i n d i r e c t evidence i s offered for the" type of bonding present i n 

c e r t a i n materials (see Chapter 8). 

( 5 ) I t i s considered that the majority of shales c\n>rently studied 

would be r e s i s t a n t t o erosion by dispersion w i t h t h e i r present pore . 

water chemistry, although s l i g h t adjustments might mate some of the 

shales moderately dispersive. 
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Chapter Eight 
Summary and General Conclusions 

The study of a random selection of overconsolidated, weak, 

argillaceous focks ft>om major formations i n the United Kingdom and 

North America, has been used t o establish relationships between depth 

of b u r i a l , geological age, mineralogical composition, i h t e r p a r t i c u l a t e 

bonding, together w i t h the subsequent response of the materials as a 

consequence o f u p l i f t and erosion. 

The maximxim depth o f bvirial for each, material has been 

investigated by up t o three d i f f e r e n t methods depending upon the 

available data. L i t e r a r y evidence, whilst being reasonably complete 

f o r the B r i t i s h materials i s quite scant when the North American 

sample locations are considered. Nevertheless, even where complete 

data appear t o be available, the method r e l i e s on the fact that 

recorded thicknesses have not been sxabjected t o periods of widespread 

erosion (or non-deposition). Typical instances o f intense erosion 

leading t o reduced thicknesses of B r i t i s h s t r a t a i n the areas of the 

sample l o c a l i t i e s are detected i n the deposits above the London Clay 

(where up t o 250m of sediments have been removed), the Chalk (where 

up t o 360m of sediments have been removed) and above the Carboniferous 

deposits (where several thousands of metres of Permo-Trias deposits 

have been removed). According t o North American stratigraphy, materials 

from the Rocky Mountains region have been subjected t o rapid deposition 

and erosion o f many thousands of meters of overlying sediments during 

the formation o f these moxintains i n the Miocene Period. As a 

consequence, l i t e r a r y documentation of thicknesses i n t h i s region are 

often very incomplete or non-existent. 
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To overcome the shortcomings noted above i n the l i t e r a r y method, 

two geotechnical techniques were also employed t o obtain a measure of 

the maximum depth of b u r i a l o f the sediments studied. Where possible, 

the Casagrande constr\action was performed on the compression e-log P 

curve o f the undisturbed specimens. However, as a consequence of the 

l i m i t i n g pressure of the oedometer ( i . e . 35000kN/m^) the method could 

only be applied t o materials buried t o a maximum depth of between 

2100m t o 2500ra. The use of the rebound characteristics from the 

undisturbed samples gave values which are consistent with those 

obtained by the other two methods i n every instance except for the 

three Carboniferotis roof shales, where exceptionally high values, 

i n the order of two or three times the anticq)ated maximum, are 

recorded. However, i t i s considered that these results probably 

r e f l e c t the fact that certedn Carboniferous sediments behave i n a 

manner more aJcin to hard, indiarated rocks, thaun. t o overconsolidated 

clays. A similar technique using the rebound characteristics from 

the remoulded material (proposed by Altschaefl and Harrison, 1959) 

has also been investigated. However, results fl-om t h i s project 

indicate that enhanced values f o r the maximum depth of bu r i a l are 

obtained when diagenetic bonding (see l a t e r ) i s present. 

I n general terms, s t r a t a from the B r i t i s h Isles appears to be 

less deeply buried than s t r a t a o f equivalent age from the North 

American continent, although areas of s i m i l a r l y buried strata can be 

found. Raynor (1967) quotes that the maximum thicknesses of B r i t i s h 

s t r a t a t o the base of the Jurassic occur i n the Weald and Wessex basins 

and are of the order of 2400 - 3000m ( i . e . 450 - 700m of Tertiary, 

1200 - 1500m o f Cretaceous, 1200 - 1500m Jiirassic); thicker deposits 

may however, occtir i n the North Sea basin. Tertiary deposits, alone. 
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from the fl-inge basins of the Eastern Rockies are up to 3650ra 

i n thiclaness, whereas i n the Mississippi Embaymenti equivalent 

deposits of between 7600 - 9100m have been recorded. Cretaceous 

deposits i n the Great Plains region form an eastwards sloping 

wedge ranging i n thickness from 6000m against the Rocky Mountains, 

to 600m eis the Appalachians are approached. I n the Mississippi 

Embayment, Cretaceous sediments reach a t o t a l thickness of about 

2150m. 

These above mentioned thicknesses are, i n general, reflected 

by the mcijority of samples tested i n this present study (see 

Table 2.2). Here i t can be seen that the maximum depths of burial 

of. the B r i t i s h Jurassic deposits are of the order of 1000 - 1250m 

and even the oldest Bri t i s h specimens (from the Upper Carboniferous . 

Period) have only been buried to a maximum depth of about 3800m, 

whereas certain North American specimens from the Late Cretaceoiis 

and Early Tertiary Periods yield maximum overburden thicknesses of 

up to 1550m. Nevertheless, three samples from ,the fringes of the 

Mississippi Embayment and one from the centre of the Great Plains 

show maximum overburdens which f a l l i n line wifh recorded depths 

for B r i t i s h strata of equivalent age. 
Consequently i t has been concluded that, i n general, overbwden 

does not increase systematically with age, although on a local scale 
t h i s may be true provided deposition i s reasonably uninterrupted. 

X-ray analysis has been used to identify the major clay mineral 
components ( i . e . i l l i t e , kaolinite, montmorillonite, mixed-layer 
clay and chlorite) as well as other d e t r i t a l and non-detrital 
minerals such as quartz, feldspar, calcite, dolomite and pyrite. 
Semi-quantitative analyses were performed using boehmite as an 
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internal standard ( G r i f f i n , 1954; Gibbs, 1967). However, 
estimates of the quantities of minerals which occurred as minor 
constituents of a limited number of samples, (e.g. chlorite and 
feldspar) were determined by spiking the relevant specimens with 
penrdnieand orthoclase respectively,- Determination , of water, 
carbon and carbon dioxide was by wet chemical methodsj the major 
element analyses being by X-rs^r fluorescence. 

F̂ ora a detailed analysis of the mineralogy, major differences 
have been found i n the relative abundances of mineral species 
present i n the North American and British materials examined, and 
as a consequence i t was anticipated that the engineering behaviour 
of each group would be marlcedly different. The results indicate 
that smectite (averaging 30 per cent) is the dominant clay mineral 
species present i n the North American shales (Table 8.1) and i t s 
occurrence i n the Late Cretaceous and Tertiary strata of the 
Western Interior of America i s associated with the u p l i f t of the 
Rocky Mountains. Some material tinderwent terrestial accumulation 
and transportation to the site of deposition (e.g. Dawson Shale 
and Nacimiento Shales), but the majority is probably the result 
of volcanic fal l o u t (Tourtelot, 1962), (e.g. Pierre Shale and 
Fox H i l l s Shale). The occTarrence of smectite i n the British 
materials i s limited to a small number of samples, although i t s 
presence has_been recorded i n the majority of post-Carboniferous 
strata (Perrin, 1971). Concentrated deposits of smectite, resulting 
from d e v i t r i f i c a t i o n of volcanic fallout (Hallam and SdLwood, 1968), 
such as the Fuller's Earth, are comparatively rare i n British strata 
although diluted deposits have been recorded elsewhere (Bradshaw, 
1975). K-bentonite bands occxarring i n the Carboniferous Period are 
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also considered to be diagenetically altered volcanic ash deposits. 

Smectite occurring i n the London and Gault Clays is considered to be 

of d e t r i t a l origin because of the absence of nearby volcanic centres. 

An investigation of the transformation of smectite to mixed-

layer clay and i l l i t e (Powers, 1959 and 1967; Keller, 1963; Burst, 

1959. and 1969; Weaver, 1959; Larsen and Chilirtgar, 1967) was made by 

recalculation of the str\jctural formulae of this mineral Brom 

several samples where a simple mineralogy was identified. Smectites 

from both samples of Fuller's Earth (one of Upper Cretaceous age and 

the other of Middle Jurassic age) y i e l d . Si/Al ratios of 4.0 and 

3,94 respectively, indicating that they . are nearly pure montmorillonites, 

and since both materials have been buried to approximately the same 

depth ( i . e . 760m) i t would appear that any transformation which may 

occur i s not related to geological age. However, according to 

Powers (1959) i t may sometimes give this appearance becatise, i n 

general, the older sediments have been more deeply buried. In fact 

Powers (1967) suggests that the transformation does not begin u n t i l 

1000m of overburden i s present. Recalculations of the smectites 

observed i n the Nccimiento Shale (N3) and the Dawson Shale (buried 

to a maximum depth of about 1500m) reveal Si/Al ratios of 2.9 - 3,6 

with an associated high potassium content indicating a beidell' i t i c 

character, and probably reflect the f i r s t stages of the montmorillonite 

to i l l i t e transformation, A low Si/Al ratio . is also recorded for the 

smectite i n the Yazoo Clay, However, no concl\isions covld be drawn 

regarding this because the material ' is considered to be of secondary 

d e t r i t a l origin; the smectite not resiilting directly from volcanic 

f a l l o u t . 
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Therefore, from current observations, i t has been concluded 
that depth of burial is the most important factor influencing the 
diagenetic alteration of smectite minerals. 

I l l i t e (averaging 23 per cent), closely followed by kaolinite 
(averaging 21 per cent) are the most common cleer mineral species 
present i n the B r i t i s h materials examined (Table 8,1), In the 
North American samples however, after smectite, kaolinite i s the 
next most important clay mineral (averaging 19 per cent), whereas 
i l l i t e (averaging 8 per cent) only appears as a minor constituent. 
These minerals, i n addition to chlorite, which only occurs i n trace 
amounts i n the Bri t i s h materials, are considered to be det r i t a l i n 
o r i g i n , especially since they represent stable mineral pheises even 
under the influence of large temperatures and pressures, 

., Mixedr-layer clay occurs to a varying degree i n both groups of 
sediments, but as the material, currently identified, i s closely 
related to the i l l i t e concentration, the larger amounts are found i n 
the B r i t i s h materials. Absence of correlation with smectites, also 
noted by Bradshaw (1975) indicates that mixed-layer species present 
are d e t r i t a l i n origin and do not arise from the transformation of 
the aforesaid mineral, Attewell and Taylor (1973) do, however, 
record a relationship between mixed-layer clay and smectite when 
studying a series of North American strata. 

Quartz i s the dominant d e t r i t a l non-clay mineral i n both 
groups of materials. Moreover, i t has a significantly higher 
concentration i n the North American samples, i,e, 32 per cent compared 
with 22 per cent i n the Bri t i s h materials, which reflects the higher 
rates of .deposition. Feldspar species are also found i n both groups. 
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Table 8.1. Average Mineralogical Compositions. 

B r i t i s h Shales 
Average Range 

(%) (%) 

I l l i t e 23 0 - 5 4 

K a o l i n i t e 21 0 . -54 

Mixed-layer Clay 13 0 - 4 5 

Smectite 13* 0 - 9 9 

Quartz plus other 30 1 - 5 5 
equant habit minerals 
Carbonates 4 0 , 1 - 3 4 

Pyrite 2 0 . 1 - 6 

Carbon 1 0 - 4 

North American Shales 

I l l i t e 8 0 - 2 5 

K a o l i n i t e 19 5 - 3 1 

Mixed-layer Clay 3 0 - 1 5 

Smectite 31 8 - 5 4 

Quartz plus other 39 2 0 - 6 0 
equant habit minerals 
Carbonates 3 0^1-11 

Pyrite 0.5 0.1 - 3.5 

Carbon 1 0 . 1 - 3 

* Distorted by extremely high concentrations i n 
the Fuller's Earths. 
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but again their occtirrence i s far more frequent i n the North 

American materials; being associated with the vulcanicity present 

during the Late Cretaceous and Tertiary Periods i n the United States, 

Non-detrital-minerals, such, as pyrite and carbonates occur 

throughout both groups of sediments, although the former i s more 

common i n the B r i t i s h materials. Carbonates generally reflecting 

marine conditions of deposition are often observed as fossil debris 

within the sediments. 

Determination of exchangeable cations revealed that calcium 

and mcignesioM are the dominant species i n both groups of shales, 

although exchangeable sodiijm . is an important constituent of the 

Flockton Thin seatearth and the Pierre Shale from Dakota. Water-
soluble cation concentrations show a certain amoixnt of compatibility 
with the findings of Spears (1974.) with regard to the palaeosalinity 
of ancient environments. This i s especially so for the Carboniferous 
sediments and certain non-marine American shales, although no 
definite cohcltisions xcan- be drawn from the remeiining results. 

However, by considering the pore water chemistry i n conjionction 
with the exchange capacity, i t has been concluded that i n their 
"present condition, the majority of clays studied would be resistant 
t o erosion by dispersion. Nevertheless i t i s l i k e l y that a slight 
alteration i n the pore water chemistry, e,g, by dilution, may lead 
to moderate dispersing.properties of several materials (especially 

the Pierre and Nacimiento Shales), Possible dispersion of three 
Carboniferotis sediments may be resisted by their indurated nature. 

Preferred orientation studies play an important role i n the 
undefstanding of the depositional and compaction histories of clayey 
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sediments, Conseqxiently, quantitative evaluations of the orientations 
of clay minerals have been made using both optical and X-ray 
techniques. I n addition, the general inter-relationships between the 
mineral species present hare been examined using a scanning electron 
microscope. Moreover, no impregnation of the specimens was required 
to preserve the clay structure during drying because edr-dried 
shrinkages were foimd on the whole, to be well within the limits 
accepted by other workers" (e,g, Quigley and Thompson, 1966; Morgenstern 

and Tchalenko, 1967a), 
In general, the degree of preferred orientation is hot associated 

with depth of burial or geological age; a fact which i s highlighted 

by the juxtapoisition of the Flockton Thin seatearth (a specimen 

having a random orientatiori, against the Flockton Thin roof shale 

(which exhibits an almost perfect orientation). This phenomenon may 

arise from the domain concept (Aylmore and Quirk, 1960), whereby an 

increeise. i n preferred, orientation with depth i s not required because 

the effect of compression i s to increase the number of particles i n 

each domain (Blackmore and Miller, 1961), which may s t i l l be randomly 

orientated i n a flocculated sedinent or parallel i n a dispersed 
sediment. Shales exhibiting a preferred orientation predominantly 
contain . the larger clay minerals of i l l i t e and kaolinite as the 
major clay species present, whereas with the exception of the Yazoo 
Clay, montmorillonite clays tend to retain a poor or random orientation 

irrespective of the depth of burial, (The Yazoo Clay i s considered to 

have been l a i d down \mder slow conditions of sedimentation such that 

the montmorillonite acquired a high degree of preferred orientation, 

i.e. a piirely d e t r i t a l origizi. 
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Purthermore, i t has been observed that, i n general, when i l l i t e and 
kaolinite occur together they are seen to exhibit the same degree 
of preferred orientation, although when montmorillonite i s also 
present, evidence i s offered v to show that i n certain shales 
(e,g, London Clay and Pierre Shale), a lower orientation i s present 
i n t h i s mineral than i n the other two. This would seem to confirm 
the statement of Meade (19611^, who suggests that i l l i t e and 
kaolinite, being mach larger minerals, are subject to a certain 
amount of reorientation at some stage during compaction; montmorillonite 
only suffering expulsion of pore fluids, 

C l ^ microstructure, as observed from S.E.M, photographs, i s 
seen to mirror, i n a general way, the degree of preferred orientation 
obtained by other indirect methods, i.e. dispersed turbostratic 
structures being shown by shales exhibiting a high preferred orientation, 
flocciilated. strtictures by those exhibiting a random orientation. 
However, as noted by Barden (1972), the structure of overconsolidated 
shales i s not necessarily that ^ i c h was i n existence at the time of 
deposition, and consequently a dispersed turbostratic fabric 
observed i n a natural clay may result from the collapse of an 
originally flocculated arrangement. I n this respect, an interesting 
feature was noted i n the reconsolidated .sample of L i a s Clay . Here 
par t i a l alignment of i l l i t e and kaolinite particles has occurred 
even after rapid compression and rebound, which the writer considers 
may have occxarred diiring the early stages of the test when the moist\ire 
content was high, 

S.E.H, photographs of the Carboniferous materials indicate that 
these are unlike any of the younger sediments studied and are probably 
a reflection of their stress history causing a certain amount of 
alteration to the original sediment. Differences i n behaviour of 
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these materials, compared to post-Carboniferous sedin«nts are 

further noticed i n the consolidation, suction and slaking test 

results. 

Consolidation tests were performed i n a specially constructed 

oedometer, using a maximum pressure.of approximately 35000kN/m 

(equivalent to an overburden of between 2100 - 2500m of sedimentation), 

on materials i n both their natural state and i n a remoulded condition 

from an i n i t i a l moisture content eqxxal to the liquid l i m i t . The 

l a t t e r condition was chosen because i t i s considered to represent 

the state of the materials just below the liquid-solid interface 

and therefore consequent consolidation w i l l give a general indication 

of the natural compaction. 

An additional series of tests was performed on four remoiilded 
2 ' 

clays to a pressure of 8400kN/m i n a conventional floating head 
oedometer to investigate the effect of variation i n the i n i t i a l 
moisture content. Moreover, since the parameters obtained from the 
high pressure tests were compatible with those from the conventional 
machine, i t Wcis concluded that a high degree of acceptability could 
be placed on the eiforementioned resialts. 

Current results show that the coefficient of consolidation (c^) 
decreases with increasing l i q u i d l i m i t i n accordance with the trend 
pbsejrved by Terzaghi and Peck (1948), but there is no significant 
difference between values obtained (beyond the preconsolidation load) 
for the tests performed on \mdisturbed materials and those from tests 
performed on remoulded materials. 

With regard to the compression index (e^)» of those values i n 
the low pressure range (297 - 2426kN/m ) , i.e. before the intermediate 
reboxmd stage for the remoulded materials, there i s general agreenent 
with equations previovisly determined (e.g. Terzaghi and Peck, 1948), 
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At higher pressures however, i.e, 2426 - 34967kN/m for remoulded 

materials and values obtained beyond the preconsolidation load for 

natural materials, the compression index i s better expressed by an 

equation of the formi

ca = 0.004 (LL - 10%) 

I n addition, a l l values of compression index define one trend when 

equated to the average voids rati o which i s similar to, but above 

that obtained by Komornik'et al (1970). The coefficient of volume 

compressibility (m^), l i k e Ĉ , decreases with increasing pressure, 

although at any given pressure, the higher values are associated 

with the higher l i q u i d l i m i t s . 

The swell index (cQ i s , i n general, seen to increase with l i q u i d 

l i m i t i n accordance with previous findings (e.g. Lambe and Whitman, 

1969), However, more important i s the fact that the recorded swell 

index for undisturbed materials i s often lower than that found i n the 

remooalded coTwiterpart. This phenomenon i s concluded to be sissociated 

with the presence of diagenetic bonding and i s accordingly discussed 

i n t h i s connection. 

The permeability, at similar pressures, has been found to be 

independent of the state of the material but dependent upon the voids 

r a t i o . Consequently there i s a general decrease associated with 

increasing l i q i i i d l i m i t . 
The stress - strain response has been reviewed i n the li g h t of 

conventional strain energy concepts (e.g. Morely, 1940) whereby the 
area xmder the stress - stradn curve i s represented by three 
conditions ( i . e . the non-recoverable strain energy and the recoverable 
strain energy, which combined form the t o t a l strain energy for the 
cycle). Purthermore, the results have been analysed on a volumetric 
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basis (where no accoiint is taken of the weight of solid) and on a 
unit dry weight basis. 

The former method of analysis has also been employed by Brooker 
i n his 1967 paper where, i n consolidating five remoulded shales from 
a l i q u i d i t y index of 0,5, he observes that the area between the 
loading and unloading curves (which he refers to as representing 
•absorbed strain energy*) increeises as the plasti c i t y increases* He 
goes on to relate this phenomenon to the disintegration properties 
of the materials. However, upon extending the range of i n i t i a l 
remoTilded moisture contents, i t i s noticed that the relationship 
obtedned by Brooker does not always hold true, thus casting doubt 
on the hypothesis. 

I n the present study, a positive relationship between plasticity 
and the non-recoverable energy ( i , e , the area between the loading and 
unloading curves), i s noticed for materials consolidated i n the natural 
condition and also remoulded materials consolidated i n a conventional 
oedometer from a l i q u i d i t y index of 0.5. However, this relationship 
becomes negative when the consolidation tests are performed on 
remoulded material starting from an i n i t i a l moisture content equivalent 
to the l i q u i d l i m i t . Consequently i t has been concluded that this 
method of analysis does not f u l l y account for the process i n operation, 
although i t does indicate that the t o t a l compressional strain energy 
i s related to the compressibility of the shales, whereas the recoverable 
strain energy i s dominantly controlled by the t o t a l expandable mineral 
content and i n particular, the smectite concentration. 

By computing the energy components i n terms of strain energy per 
unit weight of dry solid, a new pictvure emerges whereby, under similar 
i n i t i a l conditions, a l l these values increase with increasing plasticity. 
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I t has subsequently been concluded that, during the consolidation 
cycle, more non-recoverable strain energy i s dissipated eis the 
pl a s t i c i t y increases because i n i t i a l l y higher moisture contents allow 
greater relative displacements and reorientation of particles, thus 
resulting i n larger volumetric strains. Consequently a larger amount 
of t o t a l compressional stradn energy i s required, and because of the 
presence of more expandable minerals, there i s usually a greater amount 
of recoverable strain energy. 

I t has also been observed that the strain energy portions (per 
unit dry weight) remain relatively constant as the i n i t i a l moisture 
content i s reduced from the l i q u i d l i m i t to a l i q u i d i t y index of 0,5. 
However, below thi s value less energy is expended because the denser 
state of packing restricts large displacements o, reorientations, and 
cis a,consequence, the t o t a l compressional and i^overable strain 
energy components are also reduced. 

Extending the study of strain energy to the effect of previous 
compaction, i t has been observed that as the degree of overconsolidation 
increases, the amount of non-recoverable strain energy (per unit dry 
weight) decreases. Moreover, at the same time, the difference 

between thi s value and that obtained diiring the consolidation of 
material remoulded from the l i q u i d l i m i t also decreases \mtil a 
maximum depth of b\jrial of about 1050m i s recorded, after which the 
difference remains relatively constant. This infers that u n t i l this 
depth i s reached there i s s t i l l some degree of freedom available for 
permanent movements within the material. Furthermore a similar trend 
i s also observed for the t o t a l compressional strain energy, although 
the recoverable strain energy remains approximately constant and may 
be dependent upon the presence of bonding. 
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Consolidation tests have confirmed that strain energy may be 

retained i n unweathered, heavily overconsolidated shales by the 

formation of diagenetic bonding, which i n this instance, has been 

identified by the presence of a depressed swell index i n these 

materials, compared with that obtained from their remoulded 

counterparts. Furthermore, materials obtained from the zone of 

weatheringf, cited by Bjerrum (196^, i.e. less than 17m fi«om the 

surface, are shown to be almost devoid of diagenetic bonding. These 

findings are especially supported by reference to the London, Oxford 

and Lieis Clays where both weathered and unweathered specimens were 

examined. As a consequence the overall results are i n excellent 

agreement with the hypothesis proposed by Bjerrum i n 1967. 
I t has also been shown, by reference to one unweathered specimen, 

that t h i s bonding can be progressively destroyed by applied pressure, 
although t o t a l destruction appears to require loads far i n excess of 
the l i m i t i n g pressure of the oedometer used. Furthermore, since the 
preconsolidation load i s different for each specimen (i. e . ranging 
from 1400 - 4o0OOkN/m ) a s l i g h t l y distorted picture may emerge when 
the spectrum of shales are considered although broad trends do emerge 
which relate to mineralogical variation and depth of burial. 

A crude depth dependent relationship covering a range of 450m 
i n the Tertiary sediments to 3800m i n the Carboniferous sediments 
has been depicted where i l l i t e and kaolinite are the major mineral 
species. However, i n clays where smectite i s a mayor constituent, 
diagenetic bonds can be formed i n sediments buried to only 900 - I800m 
depth which result i n the suppression of swell index values to a 

similar extent encountered i n the Carboniferous sediments. On the 

other hand, a high proportion of quartz and other equant habit minerals 
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wotild seem to offset the above behaviour even where smectite i s 
a major constituent, 

Unfortxmately, consolidation results do not offer any indication 
of the type of bonding present within the materials studied, . 
Nevertheless, by considering the engineering behaviour prevalent i n 
the near-surface zone i n terms of suction and slaking characteristics, 
certain evidence i s offered which suggests that the Carboniferous 
shales examined possess bonding i n the fonn of mineral to mineral 
welding, whereeis a dominantly weaker cationic form i s probably present 
i n younger materials. 

The response of the materials to t o t a l immersion i n water 
( i , e , slaking) has been investigated by two methods. Firstly by a 
simple static slaking test, measuring the upteike of water i n terms 
of a change of l i q u i d i t y index for the f i r s t drying - wetting cycle, 
and secondly by measuring the rate and amount of disintegration below 
mesh size B,S, No,36, 

Soil suction characteristics, i n the pP range 0,3 to 4.6, have 
been obtained using the suction plate and pressure membrane methods. 
A wetting curve, from oven dryness, was obtained for each material 
studied, although the drying condition could only be found i n a 

limited number of cases because many samples, notably those which 
contained large quantities of expandable material, tended to 
disintegrate during the saturation process. However, a simple 
mathematical relationship between suction pressure and effective 
stress has led to a comparison of moisture retention during suction 
and consolidation experiments. Moreover, because of very close 
agreement i n the high sxjction pressure range, the consolidation curve 
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has been used to calculate the specific surface areas when a drjring 

curve was not obtained. 

Current results indicate that the Carboniferous shales and 

the Weald Clay have suction - moisture content relationships 

resembling incompressible materials, whilst the Nacimiento Shale (N2) 

has intermediate characteristics. The remaining specimens appear to 

behave i n accordance with f u l l y compressible materials and also show 

a general increase i n saturation moisture content with increasing 

p l a s t i c i t y . 

However, i t i s observed that the Carboniferous materials have 

a broadly similar mineralogical composition (of i l l i t e - kaolinite -

quartz) to. certedn younger, f u l l y compressible materials (notably the 

Oxford and Lias Clays), They also have Atterberg l i m i t s which are of 

a similar order, although sli g h t l y lower than those of typical f u l l y 

compressible materials. Consequently i t would be anticipated that 

their suction curves wovild also be similar. Therefore since they 

show a very marked differeiK:e ( i , e , their saturation moistiire contents 

are 4 - 1 0 per cent compared with 20 - 30 per cent for similar f u l l y 
compressible materials) see Figvire 6.2, i t must be concluded that they 
are prevented from behaving as true clays by the presence of some 
form of bonding which has a mineral 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 m̂ /g compared with approximately 8o - 120m̂ /g 
for similar overconsolidated clays or clay-shales). 

The effect of diagenetic bonding (possibly coupled with the 
effect of a highly preferred orientation) i s also inferred i n certain 
i l l i t e - kaolinite rich f u l l y compressible materials i n that the uptake 
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of water at any given s\Jction i s significantly lower i n unweathered 

materials than i n their weathered counterparts. Furthermore, although 

swell index resiilts indicate that the bonding present i n these 

materials i s generally aboxit half as strong as i n the Carboniferous 

sediments, evidence ̂ from static slaking tests suggests that i t is of 

a significantly different nature. I n these tests, the recorded 

changes i n l i q u i d i t y ixidfict^ far the xuiweathered specimens ( i n the 

order of 0,9 - 1,1) d o not show any marked variation from changes 

i n the values recorded i n unbonded shales, inferring that the bonds 

can be easily destroyed by free immersion i n water, and may therefore 

be of a cationic nature. Changes i n l i j u i d i t y indie: .es for the 

Carbonifierous materials are generally less than half the aforenentioned 

values, suggesting that these materials are substantially resisting 

the attack by water. Surface area determinations (Table 6.3) which 

are consistent with the mineralogical compositions also indicate the 

absence of a welding - type of bonding. 
On the other hand, materials which contain strong bonding as 

indicated by compaction studies, but which also contain large 
quantities of expandable material (notably smectite), appear to show 
suction-moistiire content relationships which are compatible with their 
mineralogy and related properties, and also disintegrate rapidly i n 
water. Consequently, i t has been, concluded that bonding i n these 
materials i s of a cationic nature, readily destroyed by drying and 
resaturation. Furthermore, i t i s also postulated that i t may be of 
a similar nature to that encountered i n the previously mentioned 
sediments, although i n the l a t t e r materials the effect may be stronger 
because of the orientated striicture. 

As a consequence of the slaking tests (previously discussed) 
an attempt has been made to classify the materials studied by various 
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methods suitable for engineering pxjrposes. Firstlyt the change i n 
l i q u i d i t y index heis been related to the l i q u i d l i m i t i n a manner 
f i r s t described by Morgenstem and Eigenbrod (1974) • This 
classification as previously mentioned does indicate whether bonding 
of a welding nature i s present, but does not depict materials which 
contain the weaker cationie form* Secondly, a new classification 
beised on the i n i t i a l rate of disintegration (below mesh size B«S* 
No.36) and relating more to structural and mineralogical composition 
has lead to a subdivision into three categories i.e. a rapid slaking 
group (disintegration greater than 3.5 per cent per minute), a fast -
medium slaking group (disintegration between 0.5 - 3.5 per cent per 
minute) and a slow slaking group (disintegration less than 0.5 per
cent per minute). The disintegration process i n terms of a f i r s t 
order reaction i s only shown by the very explosive materials within 
the rapid slaking group, although i n general terms, no true f i r s t 
order process could be positively identified, indicating that more 
than one form of breakdown was operating. 

Shales which f a l l within the rapid slaking group predominantly 
contain large quantities of expandable minerals (notably smectite). 
Prefen^ed orientation studies indicate that materials i n this group 
generally have a random structure, although a highly orientated 
structure i s noted i n the Yazoo Clay. 

Breakdown i n the fast^nedium group is observed to occur i n a 
number of ways, materials exhibiting the faster rates generally 
contain small to moderate quantities of expandable minerals (including 
some smectite) and possess a f a i r l y random stricture, although 
generally better orientated than those observed i n the rapid slaking 
group. On the other hand, breakdown of materials having disintegration 
rates towards the slower end of the group usually starts by sjiit t i n g 
along planes of weakness followed by slow disintegration. Observations 
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from hand specinens infers that their fabrics have a reasonable 
degree of orientation. Within the slow slaldng group, materials 
having a highly preferred orientation show l i t t l e , or no tendency 
towards breakdown, although s p l i t t i n g fdong planes of weakness does 
occur* On the other hand, slightly indurated quartz def icient, 
randomly orientated materials, (e.g. the seatearth) are observed 
to breakdown quite rapidly into large chips not small enough to 
pass through the mesh. Hard, s i l t y materials (with l i q u i d limits 
between 35 - 42 per cent), however, also breakdown into large chips, 
but at a slower rate, and i n certain cases continued slow breakdown 
below mesh size occws where snectite i s present. 

The amount of disintegration below mesh size, with certeiin 
exceptions, i s observed to generally decreeise as the rate of 
disintegration decreases. The range i s from 80 - 100 per cent 
within the rapid group and faster end of the fast-medium group, to 
45 per cent at the lower end of the l a t t e r , to zero per cent i n the 
slow group. 

Therefore, i n conclixsion, i t has been shown from studies on a 
wide spectrum of •shales» that the compaction history, coupled with 
the mineralogical composition have a decisive bearing on the behaviour 
of these materials, both at depth and i n the near surface zone, A 
new interpretation of stress-stredn response has been proposed as a 
result of these studies, and i n addition the role of interparticulate 
bonding has been extensively studied with further evidence being 
offered to support Bjerrum*s (1967^ hypothesis. Bonding studies have 
further indicated that, i n general, materials examined of post-
Carboniferous age contain mainly cationic formswhereas a welding 
natxjre i s indicated from sediments of the Carboniferous age. 
Furthermore, although simple slaking and suction experiments w i l l 
depict the l a t t e r type of bonding, they generally f a i l to detect the 
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weaker cationic form, which may often be the cause of unforeseen 
engineering complications i n the f i e l d . Consequently to investigate 
this phenomenon i n f u l l , i t i s suggested that consolidation tests 
(of a lesser magnitude than those cijrrently used) should be 
perfomied on both undisturbed and remoulded material i n addition to 
a simple static slaking test. Moreover, i t i s also suggested that 
materials containing 'strong bondings*, according to Bjerrum (l96Tj} 
can be further sub-divided into those where a welding type bond i s 
present and those where a cationic form i s present; the l a t t e r being 
inherently the most dangerous from an engineering aspect. 
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Appendix A . l . 
Mineralogy & Geochemistry 

A.1.1. Semi-Quantitative Mineratlogical Analysis 

A.l.1,1 Basis of Analysis 

Semi-quantitative mineralogical analyses were performed on 

k a o l i n i t e , i l l i t e , montmorillonite, quartz, c a l c i t e , dolomite and 

pyrite using boehmite ( G r i f f i n , 1954; Gibbs, 196?) as an internal 

standard. 

Boehmite was chosen as an in t e r n a l standard because:-

( i ) The mass absorption at the CoICo< wavelength i s of the same 

order as those of the minerails encountered, 

( i i ) I t does not interfere with any of the proposed anal3rtical 

peaks, 

( i i i ) I t has strong i n t e n s i t i e s when only small quantities are 

present. 

The 6.18A r e f l e c t i o n of boehmite was used for comparison with 

the 7A r e f l e c t i o n of k a o l i n i t e ( P i g . A . l . l ) , 10& r e f l e c t i o n of i l l i t e 

( Fig.A,l , 2 ) , 15-17& r e f l e c t i o n of montmorillonite (Fig.A.1.3) 4.26A 

r e f l e c t i o n of quartz (Fig,A,1.4), 3.03& r e f l e c t i o n of c a l c i t e (Fig. 

A . l , 5 ) , 2.71A r e f l e c t i o n of pyrite (Fig.A.3.6), 2.88A re f l e c t i o n of 

dolomite (Fig.A,l,7). The peaks chosen for the three cla y minerals 

represent those of the r e l a t i v e l y strong basal re f l e c t i o n s . The 

4.26A r e f l e c t i o n of quartz was chosen because i t varies vmiformly 

with the amount of quartz present i n a range which i s e a s i l y 

comparable with that of the boehmite r e f l e c t i o n . T i l l and Spears 

(1969) produced a quartz (4.26A) to boehmite (6,18A) c a l i b r a t i o n 

curve by a method which involved destroying a l l the cla y minerals 

present by i g n i t i o n at 950°C, This method vas used by these authors 

because the 4.5A r e f l e c t i o n of i l l i t e can overlap the 4.26A 
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r e f l e c t i o n of quartz near to the baseline. For c a l c i t e , dolomite 

and p y r i t e the peaks chosen were the strongest for each of the 

minerals. 

A.1.1.2 Experimental Procedures 

The experimental procedure adopted for X-ray d i f f r a c t i o n work 

was as follows:- An a i r dried sample of c l a y was gently powdered 

i n an agate mortar and pestle. Then 0,225 grams of the powder 

were thoroughly mixed with 0,025 grams of boehmite, i . e . making 

the boehmite 10 per cent by weight of the mixture. The mixture 

was smear-mounted on a glass microscope s l i d e using acetone as the 

l i q u i d medium and an X-ray trace was produced with a P h i l l i p s F\f 

1130 X-ray Diffractometer using i r o n - f i l t e r e d cobalt K̂^ radiation at 60kV/ 

and 25nA, with divergent, scatter and receiving s l i t s of 1°, 1° 

and 0.1° respectively. A l l the samples were rim at a scanning speed 

of 1° of 29 per minute, covering a range of 3*̂  of 2B to 50° of 29. 

The smear-mounted samples were then placed i n a sealed vessel 

containing ethylene glycol and heated for a period of 12 haiacs at 

50 - 60°C, aft e r which, the s l i d e s were X-rayed again using the 

same conditions. The difference between the traces was used for 

i d e n t i f i c a t i o n of the expandable minerals. 

A polar planimeter was used to meeisure the peak areas after a 

suitable baseline had been inserted. Placing of t h i s baseline was 

fo;md to be very subjective, but a standard method was adopted which 

e n t a i l e d i n s e r t i n g a smooth curve at the foot of the backgroimd Tinder 

the areas concerned. Quantitative assessment was found to be more 

accurate using the peak area (integrated intensity) than the peak 

heights because the l a t t e r depends on instrumental factors and on 

the c r y s t a l l i n e nature of the material studied (Brown, 1961). i , e , c r y s t a l s 

much smaller than one micron give appreciably broadened r e f l e c t i o n s 

378 



F i g u r e A 1.1. 

KAOLINITE CALIBRATION CURVES 
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F i g u r e A 1.2. 

ILLITE CALIBRATION CURVES 

(a) F rench l l l i te . 
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(c) M o r r i s l l l i te ° 
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F i g u r e A 1.3. 
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F i g u r e A 1.4. 

QUARTZ CALIBRATION CURVE 
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F i g u r e A 1.5. 

CALCITE CALIBRATION CURVE 
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F i g u r e A 1.6. 

PYRITE CALIBRATION CURVE 
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F i g u r e A 1.7« 
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with correspondingly smaller peak heights. Reeves (1971) found 

that measurements of peak height multiplied by the width at h a l f 

height gave reasonable r e s u l t s for quartz, k a o l i n i t e , i l l i t e and 

c h l o r i t e , but measurements of peak height gave .only adequate r e s u l t s 

for k a o l i n i t e , quartz and c h l o r i t e , and very poor r e s u l t s for i l l i t e s . 

When c h l o r i t e vas present i t s (002) 7A r e f l e c t i o n coincided with 

the 7A r e f l e c t i o n of k a o l i n i t e . This increased the area of the l a t t e r 

and l e d ... to enhanced ka o l i n i t e values. To overcome t h i s d i f f i c u l t y , 

the r e l a t i o n s h i p of the 7A to the I4A r e f l e c t i o n , of c h l o r i t e , was 

determined experimentally vising a penninite from Switzerland, The 

re l a t i o n s h i p i s : -

area 7A peak = 2,35 * area I4A peak 

A,1.2 Correction Procedures for Smectite Calculation 

To c a l c u l a t e the smectite structural formulae, the following 

procedxire has been adopted to correct geochemical analyses where 

k a o l i n i t e , feldspar and c a l c i t e are present, 

( i ) Kaolinite (Al2Si20^(0H)^) 

Formula = ^•^2°3 " °2 * ^^2° 

or 46,54% SiOg, 39.5% Al^O^, 13.96% HgO 

I f k a o l i n i t e i s x per cent of t o t a l (by weight), then 

subtract: 

x«46.54% ffom t o t a l SiO^ 

X'<39.50% from t o t a l Al^O^ 

( i i ) Feldspar X^l^x^O^- assuming potassium form i s present) 

Formula = K̂ O,. Al^O^, GSiO^ 

or 16.92% KgO, 18.31% AlgO^, 64.76% SiOg 

I f feldspar i s x per cent of t o t a l (by weight) then subtract! 
X « 16.92% £rom t o t a l X̂Q, 
X ' 18.31% from t o t a l AlgOa 
,64.76% ft'oin t o t a l si02 
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( i l l ) C a l c i t e fCaCO^) 

Formula = caO. CO^ 

or 56.03% CaO, 43.96% CX)2 

I f c a l c i t e i s x per cent of t o t a l (by weight), then subtract! 

x - 56.03% from the t o t a l CaD 

x«43.96% from the t o t a l CO^ 

A.1.3 Cation Exchange Capacity 

A.1.3.1 Leaching with Ammonium Acetate 

Samples of a i r - d r i e d c l a y were gently crushed to pass a B,S.200 . 

mesh and 0.4 grams of the r e s u l t i n g powder were placed i n each of 

two 50 m i l l i l i t r e centrifuge tiabes, 20 m i l l i l i t r e s of d i s t i l l e d 

water were then added and the mixture was mechanically shaken for 

15 minutes. At the end of t h i s period the suspension was centrifuged 

at 4500 r.p.m. \ i n t i l the r e s u l t i n g liquor hecaim c l e a r , at which stage 

i t was decanted into a pleistic stoppered bottle. This process was 

repeated 5 times and a t o t a l of 100 mils, of washings were collected. 

Next, a solution of IN ammonium acetate at pH 7 was added to the 

cl a y , mechanically sheJcen for 15 minutes and allowed to stand for a 

period of 12 hours, af t e r which time i t was centrifuged and decanted 

into a separate p l a s t i c stoppered bottle. 

Analysis of Ca and Mg ions (by atomic absorption spectometry) 

and Na and K ions (by flame photmetry) was then car r i e d out on .the 

washings and acetate solutions, 

A,1,3.1.1. Atomic Absorption 

Ca and Mg cations were analysed by t h i s method after the addition 

of one m i l l i l i t r e of 5 per cent w/v Lanthenum solution to nine 
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m i l l i l i t r e s of each l i q u o r (making the Lanthenujn content about 1,0 

per cent of the t o t a l , which was s u f f i c i e n t t o prevent absorption 

e f f e c t s by sulphates, phosphates, s i l i c o n e t c ) . 

Standard solutions (also conteiining 5 per cent w/v Lanthenum) 

of 2, 5f 10 , 25 , 50 and lOOppm for Ca and Mg were previously prepared 

and used t o ca l i b r a t e the machine before and af t e r the unlcnowns were 

analysed; the r e s i i l t s being displayed v i a a pen recorder printout. , 

The concentration of the cations i n the actual solutions was 

obtained by multiplying the recorded ppm's by a factor of 10/9. 

Conversion t o milliequivalents per 100 gram;? of clay was accomplished 

by reference t o the calculations set out i n A,1.3.1.3. 

A.1.3.1.2. Flame Photometer 

Na and K cations were analysed by t h i s method. Prior t o 

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 galvonometer at the front of the machine. 

Conversion t o milliequivalents per 100 grams of clay was made 

by reference t o the calculations set out i n A,1.3.1.3. 

A.1.3.1.3. Calculations 

( i ) General Calci;J.ation! 

X ppm = X grms per 10^ grms of solution, 

X ppm per cc. (water) = x/lO^ grms/cc. 

I n y CCS o f water, no. of grms of ions = x^y-10~^grms. 

I f x-^y-lo"^ grms of ions are produced from z grms of clay, 

then x»y.10~^ grms of ions are produced from Igrm of clay, 
z 

or x».y.lo"^KlO0 grms are produced from 100 grms of clay, 
z 

By converting the above equation t o equiveilent weights: 
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—6 C.E.C, = x-*y»10 *100*1000 meg/lOOgrms clay 
2* Eq.wt. 

(The above equation gives the same results whether the element or 

the oxide i s considered), 

( i i ) C.E.C. Capacities; 

Voliime o f acetate used = 40ccs, 

Voliune o f washings used = lOOccs, (5 repeats of 20 ccs,) 

Calcium (wt. = 40.08) 

C.E.C. (acetate) = 0.4490 * ppm 

C.E.C. (washings) = 1.2475 * ppm 

Magnesium (wt. = 24) 

C.E.C. (acetate) = 0.8223 * ppm 

C.E.C. (v/ashings) = 2.0538 * ppm 

Sodium (wt. = 22.91) 

C.E.C. (acetate) = 0.4364 * ppm 

C.E.C. (washings) = 1.0912 * ppm 

Potassium (wt. = 39.10) 

C.E.C. (acetate) = 0.2557 » Ppm 

C.E.C. (washings) = 0.6393 * ppm 

A.1.3.2. Methylene Blue (Cj^^Hj^gN^S.Cl.SH^O) Absorption 

The method i s based upon quantitative work on pvcre clays by 

Robertson and Ward (1951) which was quantified by Taylor (1967) and 

adopted f o r argillaceous rocks. 

A 0.1 per cent stock solution of methylene blue was prepared. 

Tv-;enty m i l l i l i t r e s of d i s t i l l e d water was added t o 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 t o the 

suspension from a burette, mechanically shaken for ̂  - 1 hour, 
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centrifuged at 4500 r.p.m. and then v i s u a l l y examined for traces of 

blue colouration. I f none was v i s i b l e , the procedure was repeated, 

otherwise the contents were transferred t o a 1 l i t r e volumetric 

f l a s k and made up t o volumej the glassware being thoroughly cleaned 

w i t h a rubber policeman. The flaisk was then gently agitated f o r 

one hour t o ensure that a l l the excess dye had been washed from the 

clay and Sri as sw are. 

The excess dye was determined photoelectrically from centrifuged 

samples of solution, using a Unicam SP 500 Spectrophotometer at an 

optimum wavelength of 655mu(Fig.A.1.8), and a comparative solution 

of 0.0001 per cent. 

The procediire was'repeated i f the concentration of excess dye 

was greater than 6 - 8 per cent because the onset of physical 

absorption was demonstrated by Fairbxirn and Robertson (1956) at 

greater concentrations. 

A t y p i c a l calcvilation, as set out by Taylor (1967) i s given 

below, assuming that the dye i s 100 per cent pure, 

A.1.3.2.1. General Calc\ilation 

Percentage dye i n i t i a l l y 0.1 

Excess dye (as a percentage of standard) x 

Excess dye (as a percentage of o r i g i n a l ) x/lOOO 

Percentage dye absorbed 0.1 - x/lOOO 

Moisture content of dye a *** 

Purity of dye lOO-a 

Mil l i e q u i v a l e n t o f dye 0.3199 
(equivalent wt. of arhydrous dye = 0.3199) 

Volume of dye solution used y 

Dry weight o f clay z 
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F i g u r e A 1.8. Optimum Wavelength f o r Methylene 
Blue Absorption. 
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C.E,C. i n milliequivalents per 100 grains of dry clay: 

(Percentage dye i n i t i a l l y - Percentage excess dye) * Percentage jpurity 

Equivalent weight « 100 * Dry weight of clay 
1000 Volume o f dye 

= (0.1 - xAoOO)* (100 - a) » y 
0.3199 » 100 * z 

** One cc of 0.1 per cent stock solution was diluted t o lOOOccs. 

*** For the present series of tests the water content was not 

measured and the p u r i t y has been taiken at 100 per cent. 

A.1,4 Wet Chemical Methods 

A.1,4.1, Determination of Carbon Dioxide 

0.5g- of rock powder were placed i n a f l a s k and 50 m i l l i l i t r e s 

o f orthophosphoric acid were added v i a a tap funnel. Gentle heat 

was then applied. Carbon dioxide geis given o f f was collected i n 

U-tubes containing known weights of soda-line, 

% COg i n sample = ^ , , 1 0 0 

where x = weight of CO^ collected and y i s the weight of rock powder, 

A.1,4,2 Determination of Carbon 

Upon completion o f the experimental procedures to determine 

carbon dioxide, 3 grams o f chromiim t r i o x i d e v;ere added. Upon 

b o i l i n g , any carbon presentvas oxidised t o carbon dioxide, which 

•was again collected i n U-tubes containing Icnown weights of soda-lime. 

% C i n sample = % CO^ x 12/44 

A,1,4,3, Determination of Total Water 

A known weight of sample was heated at 1200°C for 15 minutes i n 

an e l e c t r i c furnace. Any water evolving from the sample was fliished 
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from the furnace by a gentle stream of nitrogen gas and collected 

i n U-tiJbes containing known weights of anhydrous calcivim chloride. 

% HpO i n sample = increase i n wt. of CaCl^ x 100 
wt. of rock powder used 

A.1.4.4 Determination of Loosely held Vater 

A known weight of edr-dried sample was placed i n a sintered 

glass bowl and heated overnight i n a furnace at 105°C. The reduction 

i n weight, expressed cis a percentage, represents the loosely held 

water (see Table A.I . 7 ) . 
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Table A 1.1. 

S t r u c t u r a l Formula o f Smectite I n the F u l l e r ' s Earth ( R e d h i l l ) , 

I m p u r i t i e s : 1% Quartz ( i . e . combined s i l i c a = 
0.6^6 C a l c i t e ( i . e . CaO = 3.10%) 

Wt (95) Mol. Metal ^2 Metal Atoms Wt (95) 
Props. Atoms Atoms per 11 0^ Atoms. 

SiO 
A l - 6 , 

54. U 0.9009 0.9009 1.8018 4.0399 SiO 
A l - 6 , 12.53 0.1228 0.2456 0.3684 1.1013 

Mg6 ^ 
7.20 0.0450 0.0900 0.1350 0.4035 

Mg6 ^ 3.39 0.0841 0.0841 0.0841 0.3771 
CaO 3.10 0.0552 0.0552 0.0552 0.2475 f a c t o r 
Na 0 
K 6 

0.2if 0.0038 0.0076 0.0038 0.0340 4.4843 Na 0 
K 6 0.45 0.0047 0.0094 0.0047 0.0421 
c 2.4530 

T e t r a h e d r a l l a y e r : Si -4.0399 
Middle l a y e r : A l - 1.1013, Fe - 0.4035, Mg - 0.3771 
Excess i o n s : Ca - 0.2475, Na - 0.0340, K - 0.0421 

Table A 1.2. 

S t r u c t u r a l Formula o f Smectite i n the F u l l e r ' s Earth ( B a t h ) . 

I m p u r i t i e s : 2% C a l c i t e ( i . e . CaO = 2.29%) 
7% Feldspar ( i . e . SiO^ = 47.54%, K2O = 0.44%, Al20^=13.86%) 

SiO-

F e 4 ^ 
Mg6 ^ 
CaO 
Na 0 
K:.6 

wt(%) Mol. Metal ^2 Metal Atoms wt(%) 
Props. Atoms Atoms per 11 0̂  Atoms. 

47.54 0.7911 0.7911 I .5S22 3.9433 " 
13.86 0.1359 0.2718 0.4077 1.3548 

4.54 0.0284 0.0568 0.0852 0.2831 
3.20 0.0793 0.0793 0.0793 0.3952 
2.29 0.0408 0.0408 0.0408 0.2033 f a c t o r 
0.44 0.0070 0.0140 0.0070 0.0697 .4.9845 
0.44 0.0046 0.0092 0.0046 0.0458 0.44 0.0092 

2.2068 
T e t r a h e d r a l l a y e r : S i - 3.9433, A l - O.0567 

- Middle l a y e r : A l - 1.2981, Fe - O.283I, Mg - 0.3952 
Excess i o n s : Ca - O.2033, Na - O.O6I8, K - 0.0458 

Table A 1.3. 

S t r u c t u r a l Formula o f Smectite i n the Nacimlento Shale (N3). 

I m p u r i t i e s : 22.5% Quartz, 28% K a o l i n i t e ( i . e . SiO = 22.65%, AlpO,=6.0%) 
0.18% C a l c i t e ( i . e . CaO = 1.29%). 

Wt(%) Mol. Metal Metal Atoms 
Props. Atoms Atoms per 11 0^ Atoms. 

SiO . 22.65 0.3769 0.3769 0.7538 3.6189 
A l 6 , 6.00 0.0588 0.1176 0.1764 1.1291 
Fe^O^ 7.13 0.0446 0.0892 0.1338 0.8564 
MgD 1.27 0.0315 0.0315 0.0315 0.3024 
CaO 1.29 0.0230 0.0230 0.0230 0.2208 f a c t o r = 
Na 0 0.18 0.0029 0.0058 0.0029 0.0556 9.6019 
K-D 2.28 0.0242 0.0484 0.6242 0.4647 

1.1456 
T e t r a h e d r a l l a y e r : S i - 3.6I89, A l - O.38II 
Middle l a y e r : A l - 0.7480, Fe - O.8564, Mg - 0.3024 
Excess i o n s : Ca - 0.2208, Na - 0.0556, K - 0.4647 
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Table A l.k* 
S t r u c t u r a l Formula of the Smectite i n the Dawson Shale. 

I m p u r i t i e s : k9% Quartz, 7% K a o l i n i t e , Feldspar ( i . e . 
Al^O^ = 10.82%, =1.26%). 

Si02 = 15.26!*, 

wt(%) Mol. Metal -2 Metal Atoms 
Props. Atoms Atoms per 11 0^ Atoms, 

15.26 0.2539 0.2539 0.5079 2.9059 
10.82 0.1061 0.2122 O.3I83 2.^286 

3.55 0.0222 O.Okkk 0.0666 O.508I 
1.̂ *5 0.0359 0.0359 0.0359 0.1fl08 
0.95 0.0169 0.0169 0.0169 0.1934 f a c t o r 
0.14 0.0022 O.OOi+'f 0.0022 0.0503 ll . i f 4 5 2 
1.26 0.0133 0.0267 0.0133 

0.9611 
0.3055 

SiO_ 
A l 6 

CaO 
lfa_0 

Tetrahedral l a y e r : Si-2.9059, Al-l , 0 9 i f l 
Middle l a y e r : 
Excess i o n s : 

Al-1.33^*5, Fe-0.5081, Mg-0.1574 
Mg-o.253't, Ca-0.1934, Na-0.0503, K-0.3055 

Table A 1 . 5 . 

S t r u c t u r a l Formula of the Smectite i n the Yazoo Clay. 

I m p u r i t i e s : 11.5% Quartz, 26% K a o l i n i t e , ( i . e . SiO-=27.74%, Al20,=10.27%) 
5.81% G a l c i t e U.e. CaO = 0.31%). . ^ 

Wt(%) Mol. 

^0? 

Si0„ 
Al^D 

CaO 
Na-0 

27.74 
7.33 
5.50 
2.16 
0.31 
0.25 
1.78 

Props. 
0.4616 
0.0718 
0.0344 
0.0535 
0.0055 
O.OOZfO 
0.0188 

Tetrahedral l a y e r : S i - 3 
Middle l a y e r : Al-0 
Excess i o n s : Mg-0 

Metal 
Atoms 
0 7 ^ 6 
0.1436 
0.0688 
0.0535 
0.0055 
0.0080 
0.0376 

,8363, Al. 
,0297, fe. 
,0lf60, Ca-

At o i s 
0.9232 
0.2154 
0.1032 
0.0535 
0.0055 
0.0040 
0.0188 
1.3236 

-0.1637 
-0.5717, 
•0.0457, 

Metal Atoms 
per 11 0-. Atoms. 
3.8363 ^ 
1.1934 
0.5717 
0.4446 
0.0457 
0.0664 
0.3124 

f a c t o r = 
8.3106 

Mg-0.3986 
Na-0.0664, k-0.3124 

Table A 1.6. 
S t r u c t u r a l Formula of the M o n t m o r i l l o n i t e (Otay. C a l i f o r n i a ) . 

Wt(%) 
SiO 
Fe^O^ 
Mg6 ^ 
CaO 
Na-0 

56.06 
13.66 

1.88 
7.61 
1.33 
1.13 
0.35 

Mol. . 
Props. 
0.9329 
0.1339 
0.0117 
0.1887 
0.0237 
0.0182 
0.0037 

Metal 
Atoms 
0.9329 
0.2678 
0.0234 
0.1887 
0.0237 
0.0364 
0.0074 

Tetrahedral l a y e r : Si-4.0450 
Middle l a y e r : Al-1.1575, Fe-
Excess i o n s : Mg-0.0807, Ca-

0- Metal Atoms 
Atoms per 11 0^ Atoms. 
1.8658 4.0450 
0.4017 1.1611 
0.0351 O.lol/f 
0.1887 0.8182 
0.0237 0.1027 f a c t o r = 
0.0182 0.1578 4.3360 
0.0037 0.0320 
2.5369 

0.1011, Mg-0.7375 
•0,1027, «a-0.1578, K-0.0320 
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Table A 1.7. Absorbed Water Content o f Samples Studied. 

Sample 
B r i t i s h M a t e r i a l s Ref. 

London Clay 14ni LCI4 3.46 
London Clay 37m LC37 2.86 
Gault Clay GC 2.51 
F u l l e r ' s Earth ( R e d h i l l ) FE23 15.54 
Weald Clay WC 1.31 
Kimmeridge Clay KG 1.82 
Oxford Clay 10m OCIO 2.22 
Oxford Clay 44^ OC44 3.52 
F u l l e r ' s Earth (Bath) FEI9 12.A3 
L i a s Clay IGm LIO 1.80 
L i a s Clay 36m L36 2.01 
Keuper Marl KM 1.89 
Swallow Wood r o o f SWR 1.35 
F l o c k t o n Thin r o o f FTR 1.06 
F l o c k t o n Thin seatea r t h FTS 2.89 
Widdringham r o o f WR 1.08 

North American M a t e r i a l s 

Yazoo Clay YC 7.00 
K i n c a i d Shale 6m K6 3.34 
K i n c a i d Shale 8m K8 2.74 
Nacimiento Shale Nl 3.33 
Nacimiento Shale N2 3.12 
Nacimiento Shale N3 7.14 
Fox H i l l s Shale FOX 5.27 
Dawson Shale DS 4.40 
P i e r r e Shale (Dakota) PSD 4.24 
P i e r r e Shale (Colorado) PSC 2.22 
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t a b l e A 1 .8. 

N o r m a l i s a t i o n o f Quartz •»• Carbonate + Feldspar ; Expandable Clay : 

B r i t i s h M a t e r i a l s 
London Clay 14m 
London Clay 37* 
Gault Clay 
F u l l e r ' s E a r t h ( R e d h i l l ) 
Weald Clay 
Kimmeridge Clay 
Oxford Clay lOm 
Oxford Clay 44ni 
F u l l e r ' s E a r t h (Bath) 
L i a s Clay lOm 
L i a s Clay 36m 
Keuper Marl 
Swallow Wood r o o f 
F l o c k t o n Thin r o o f 
F l o c k t o n Thin s e a t e a r t h 
Widdringham r o o f 

North American M a t e r i a l s 
Yazoo Clay 
K i n c a i d Shale 6m 
K i n c a i d Shale 8m 
Nacimiento Shale 
Nacimiento Shale 
Nacimiento Shale 
Fox H i l l s Shale 
Dawson Shale 
P i e r r e Shale (Dakota) 
P i e r r e Shale (Colorado) 

Sample Quartz + Expandable Non-
Ref. Carbonate + Clay Expandable 

Feldspar Clay. 

LCI4 23.0 23.0 54.0 
LC37 52.5 14.5 33.0 
QC 49.5 8.5 42.0 
FE23 1.0 99.0 0.0 
WC 55.0 1.0 44.0 
KG 34.0 26.5 39.5 OCIO 30.0, 26.5 43.5 
OC44 40.0 15.5 44.5 
FE19 18.0 82.0 0.0 
LIO 21.5 17.0 61.5 
L36 21.0 17.5 61.5 
KM 55.0 8.0 37.0 
SWR 12.0 15.5 72.5 
FTR 30.0 13.G 57.0 
FTS 3.0 45.5 51.5 
WR 17.5 9.5 73.0 

YG 20.0 49.0 31.0 
K6 59.0 13.5 27.5 
K8 59.5 14.5 26.0 
Nl 35.5 18.5 46.0 
N2 46 .5 17.0 36.5 
N3 22.5 49.5 28.0 
FOX 31.0 55.5 13.5 
DS 53.0 40.0 7.0 
PSD 25.5 55.5 19.0 
PSC 41.0 22.0 37.0 
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Table A 1.9. 

Clay Mineral Normalisation. 

Sample 
Ref. 

K a o l i n i t e 
+ C h l o r i t e 

Mica 

B r i t i s h M a t e r i a l s 

Expandable 
Clay 

London Clay lifm LCI4 25.5 44.5 30.0 
London Clay 37m LC37 22.5 47.5 30.0 
Gault Clay GC 38.0 45.5 16.5 
F u l l e r ' s Earth ( R e d h i l l ) Fi23 0.0 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 OCIO 30.5 32.0 37.5 
Oxford Clay ififm OC44 35.5 38.5 26.0 
F u l l e r ' s Earth (Bath) FEI9 0.0 0.0 100.0 
L i a s Clay lOm LIO 46 .0 32.0 22.0 
L i a s Clay 36m L36 46 .0 32.0 22.0 
Keuper Marl KM 9.0 73.0 18.0 
Swallow Wood r o o f SWR 20.5 62 .0 17.5 
F l o c k t o n Thin r o o f FTR 28.5 53.0 18 .5 
F l o c k t o n Thin s e a t e a r t h FTS 37.0 16 .0 47.0 
Widdringham r o o f WR 69 .0 19.0 12.0 

North American M a t e r i a l s 
Yazoo Clay YC 39.0 0.0 61 .0 
K i n c a i d Shale 6m k6 67 .5 0.0 32.5 
K i n c a i d Shale 8m K8 64.0 0.0 36.0 
Nacimiento Shale Nl 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 H i l l s Shale FOX 9 .0 11.0 80.0 
Dawson Shale DS 14.5 0.0 85.5 
P i e r r e Shale (Dakota) PSD 7.0 19.0 74.0 
P i e r r e Shale (Colorado) PSC 20.0 42.0 38.0 
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Table A 1.10. 

Ratio o f Non-Expandable Glav t o Expandable Clav and Ratio of Quartz 

to Clay. 

B r i t i s h Samples 
London Clay 14ni 
London Clay 37m 
Gault Clay 
F u l l e r s Earth ( R e d h i l l ) 
Weald Clay 
Kimmeridge Clay 
Oxford Clay lOm 
Oxford Clay 44m 
F u l l e r s E a r t h (Bath) 
L i a s Clay lOm 
L i a s Clay 36m 
Keuper Marl 
Swallow Wood ro o f 
F l o c k t o n Thin r o o f 
F l o c k t o n Thin seatearth 
Widdringham r o o f 

Sample Ratio: 
Ref. Non-Expandable Clay 

to Expandable Clay 

L C I 4 2 . 3 2 
LC37 2 . 3 2 
GC 5 . 1 0 
FE23 0 . 0 0 
WC 3 2 . 3 3 
KC 1 .48 . 
OCIO 1.67 
0C44 2 . 8 8 
F E I 9 0.00 
LIO 3.60 
L36 3 . 5 0 
KM 4 . 7 1 
SWR 4 . 7 1 
FTR 4 . 3 8 
FTS 1 .14 
WR 7 . 6 5 

Ratio: 
Quartz t o Clay 

0.29 
1.10 
0 .98 
0 . 0 1 

- - - 1 . 2 2 
0 . 5 1 
0 . 4 3 
0 .66 
0 . 2 2 

. 0 .27 
0 . 2 7 
1.23 
0 . 1 4 
0 . 4 3 
0 .03 
0 . 2 1 

North American Samples 
Yazoo Clay YC 
K i n c a i d Shale 6m K6 
K i n c a i d Shale 8m K8 
Nacimiento Shale N l 
Nacimiento Shale N2 
Nacimiento Shale N3 
Fox H i l l s Shale FOX 
Dawson Shale DS 
P i e r r e Shale (Dakota) PSD 
P i e r r e Shale (Colorado) PSC 

0 . 6 3 
2 . 0 8 
1.79 
2 . 4 4 
2 . 1 8 
0 . 5 7 
0 . 2 4 
0 . 1 7 
0 . 3 5 
1 .63 

0 . 2 5 
1.45 
1.46 
0.55 
0 . 8 8 
0 .29 
0.45 
1.13 
0 . 3 4 
0.69 
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Appendix A, 2 

Clay MicrostriK:ture and Preferred Orientation 

A,2,1, Optical Microscopy 

A , 2 , l , l , Sample Preparation 

The preparation of t h i n sections u t i l i s e d a surface impregnation 

technique of the clay i n i t s natural condition. I n i t i a l l y a piece of 
3 

clay approximately 1,5 cms was immersed i n a 1:1 mixture of acetone 

and p l a s t i c r a f t and subjected t o a vacuum of 760mm pressure f o r 

several minutes. I t was then immersed i n a mixture of p l a s t i c r a f t and 

hardener (2 drops per m i l l i l i t r e ) and placed i n an oven at approximately 

40°C u n t i l hardening had occurred. At t h i s point the clay was i n a 

condition which prevented disintegration during the preparation stage. 

An orientated s l i c e of clay was then cut and polished f l a t , 

f i r s t l y w i t h a medium abrasive and then a very f i n e abrasive using 

p a r a f f i n as the l u b r i c a t i n g f l u i d , A 1:1 mixttire of araldite Ayi05 

and Versamid 1401AD was then applied t o the polished surface and a 

glass s l i d e placed on top. After the adhesive had hardened, the 

specimen was ground down t o a thickness of 25 microns, after which a 

glass cover s l i p was applied. 

A,2,1,2, Method of Analysis 

Estimations of the degree of preferred orientation were made by 

reference t o the r a t i o of maximum t o minimum birefringence, -using 

the technique adopted by Morgenstern and Tchalenko (l967a);(see Fig,A,2,l) 

The method depends upon the fact that between crossed nicols , a 

clay p a r t i c l e w i l l transmit zero l i g h t i n t e n s i t y when the direction of 

the optic axis coincides w i t h the polarising d i r e c t i o n and maximum intensityl 
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240V 
Diagrammatic'sketch of microscope arrangement. A, analyser DC, display gal

vanometer; E, eyepiece; F, seleniam photocell; GA, gfilvanometer amplifier; J", in? 
diaphragm; L, light'source unit; 6. objective; P. polarizer; MS. mains stabilizer; 5. 
thin section; T, transformer; Y, voltmeter. 

F i g u r e A 2.1, Apparatus used to determine o r i e n t a t i o n 
K a t i e s by an O p t i c a l riethod ( A f t e r 
norgenstern and xchalenko, 1967a;. 
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at 45° t o these directions, Vhen an aggregate i s considered, the 

birefi?ingence behaves i n a similar manner, but w i l l depend on the 

o p t i c a l d i s t r i b u t i o n of p a r t i c l e s , although i t w i l l seldom be zero , 

unless the p a r t i c l e s are i n perfect alignment. 

The birefringence r a t i o has been calculated from slide areas 

of 0.33mm ( i . e . x 40 magnifications) and the r e s i j l t i n g numerical 

value f o r the degree o f preferred orie n t a t i o n was obtained by 

reference t o the two dimensional model of Morgenstem and Tchalenko 

(1967a) see Fig. 4.1, 

A.2.2 X-ray D i f f r a c t i o n 

A.2.2.1. Sample Preparation 

A i r - d r i e d , orientated samples were prepared by cu t t i n g s t r i p s 

o f dry clay approximately lOmm wide by 20mm long i n directions p a r a l l e l 

t o , and at r i g h t angles t o the v e r t i c a l direction. The large surfaces 

of the s t r i p s were ground f l a t w i t h a medium abrasive (3CF) and f i n a l l y 

polished f l a t w i t h a very f i n e abrasive (fIOOOCF), using p a r a f f i n as 

the l u b r i c a t i n g medium becavise water caused slaking of the material. 

A. 2. 2. 2. X-ray Analysis 

The polished sl i c e s were placed i n a P h i l l i p s PW 1130 X-ray 

Diffractometer and a trace was produced using the same conditions as 

those used f o r analysis of the mineralogy (see Appendix A . l ) . 

A f t e r a suitable baseline had been inserted, also i n the same 

manner as that used f o r the mineralogical analysis (see Appendix A.I.), 

estimations of the peak i n t e n s i t i e s of the k a o l i n i t e 001 and 020 

r e f l e c t i o n s , the i l l i t e 002 and 110 r e f l e c t i o n s and the montmorillonite 

001 and 020 r e f l e c t i o n s were made by the following nffithods:-
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(a) Measvirement o f the peak height above the baseline 

(b) Measurement of the peak area with a polar planimeter 

A,2,3» Sample Preparation f o r Electron Microscopy 

The method of sample preparation giving the least structural 

disturbance o f the p a r t i c l e s present was adopted irom Harden and 

Sides (1971b), This involved air-drying the clays, followed by 

f r a c t i i r i n g a t h i n s l i c e (5mm t h i c k ) i n the particular direction 

t o be studied, ( i n t h i s case p a r a l l e l t o give a v e r t i c a l sectiorit ; 

The side opposite the fracture was then sandpapered down t o prodxice 

a f l a t surface and the r e s u l t i n g block (5mm high by 10mm wide) was 

glued t o an al^uminium backing stub. Cleaning of the fractured 

surface vas accomplished by peeling w i t h adhesive tape between 50 -

100 times. Harden and Sides (1971b) found t h i s t o be very effective 

f o r removing a l l loose debris, leaving a surface which presented a 

clear picture of the structure. The stub was then coated, f i r s t l y 

w i t h a t h i n layer of carbon and then with a t h i n layer of gold 

palladium t o prevent charging of the particles by the scanning 

electron beam; both processes being performed i n a vacuum. 
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Appendix A»3 

Consolidation 

A.3.1 General Procedxires 

A l l tests performed on undisturbed and remoulded material were 

carried out using a load increment ratio ( A P / P ) of approximately 

tinityt which was considered adequate to allow the consolidation 

process to proceed according to the Terzaghi theory. 

The progress and amount of compression during each period of 

loading was recorded graphically against the square root of time from 

the beginning of the stage and consequently the valiie for T^^, used to 

calculate various consolidation parameters, was obtained in the usual 

manner described in most standard soils- texts, 

A.3,2 Tests on Undisturbed Material 

Undisturbed material, orientated such that the bedding was 

perpendicular to the applied stress, was carefully cut to f i t the 

oedometer c e l l , which had been previously lined with silicone grease; 

the resulting specimen being . .approximately 16mm high by 37nim in 

diameter. After being weighed and measured, the sample was placed in 

the oedometer and allowed to sati^rate for 24 hours. I n i t i a l l y a 

pressure of 20kN/m was applied to ensure that the lever arm was 

resting on the plunger. 

Swelling was prevented during the saturation period by gradually 

applying loads to maintain a zero reading on the strain dial recording 

the specimen height. The resulting pressiire at the end of the saturation 

period was known as the »swell pressure'. 

The specimen was then consolidated to the maximum pressure by 

approximately dovibling the load every 24 hours and the subsequent 

unloading was performed in 4 or '5 stages, again over periods of 24 hours, 
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At the end of the unloading stages the sample was measured for 

thickness between two glass cover sl ides, reweighed wet, oven dried 

and then reweighed dry. 

I n addition to the above test , a specimen was placed in a 

conventional oedometer c e l l 20mm high by 50ram in diameter and an . . 

independent measurement wais made of the swell pressure, free swell, 

wet and dry density and stress relieved voids rat io . This data, 

(Table A. 3.64) was also used to confirm the i n i t i a l voids ratio used 

in the consolidation test . 

A.3.3 Tests on Remoxjlded Material 

( i ) Remoulding 

To ensure that each sample retained the same mineralogical 

composition for th is set of tests, the oven-dried materials from the 

tests on the undisttirbed material were used. 

F i r s t l y each clay was slaked in d i s t i l l ed water for 2 - 3 days 

and then completely disintegrated in a mechanical s t i rrer until a 

smooth gel was obtained. After being oven-dried, this material was 

powdered to pass a B.S.200 mesh and made up to a moisture content 

equivalent to the l iquid l imit , which was assumed to approximate to 

the condition of the original sediment just below the sediment-water 

interface (Skempton, 1944). 

( i i ) Consolidation Tests from the Liquid Limit 

The remoulded material was made up to an i n i t i a l volume of 13mm 

in height by 37mm in diameter in a modified oedometer c e l l (see F i g . A . 3 . l ) , 

after which i t 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. 

I t was found necessary to use a smailler 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 

2 
2426kN/m , after which the load was removed in three stages to allow 
rebound to occur. Subsequently the load was reapplied in three stages 

2 

back up to 2426kN/m , and from this point normal incremental loading 

was resumed unt i l a maximum presswe of 34967kN/m was reached. 

The sample was f i n a l l y unloaded in four stages, after which i t was 

measured and reweighed in the same manner as described for the 

undisturbed tests , 

( i i i ) Low Pressure Tests on Remoulded Material 

Four clays covering a wide range of Atterberg l imits , were 

consolidated in a conventional oedometer, with a 50mm diameter c e l l , 

to a maximum pressure o f •8400kN/m • I n i t i a l l y a l l of the clays were 

remoulded as described above and were subsequently consolidated from 

i n i t i a l moisture contents equal to their l iquid l imits and a l iquidity 

index of 0.5. I n addition, the Ful ler ' s Earth was consolidated from 

i n i t i a l moisture contents equal to l iquidity indices of 0.75 and 0.25. 
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s t r a i n g u a g e 
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2>2" box g i r d e r 
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T E S T I N G R E M O U L D E D S A M P L E S 

s i n te red 
b r o n i e ' ^ 

d i s c s l u r r y 

Figure A 3 .1 . High Pressure Oedometer with Modification for 
Remoulded Mater ia l . 
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Table A 3 .1 . 

ConBolldatlbn Data - London Clay 14ni (Undisturbed) 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swel l Percentage 

= 28.2I7B F i n a l m/c 
= 2.07g/cm-^ Natural Dry Density 
= 2.01g/cm-^ F i n a l Dry Density 
= 5.22% Swel l Pressure 

H 31.20% , 
= 1.6lg/cm-? 
= 1.53g/cm^ 
=l30.63kN/m'^ 

Pressure 
(kN/m^) 

Voids R S t r a i n 

(%) 

c 

(mVy) 

m 
2 ^ (mVMN) 10 •^^) 

^c/^s 

130 0.718 
lif9 0.717 0.08 26.98 G.030 2.56227 -0.023 
167 O.7I6 0.13 10.53 0.032 1.05620 -0.018 
200 0.711 0.39 1.96 0.088 0.53648 -U.054 
276 0.704 0.82 0.91 0.053 0.15185 -0.054 
422 0.690 1.62 0.55 0.056 0.09594 -0.074 
71k 0.664 3.13 0.74 0.052 0.12089 -0.114 

1297 0.625^ 5.41 0.60 0.040 0.07477 -0.150 
2283 0.580 8.03 0.51 0.028 0.04441 -0.183 
4799 0.515 11.79 0.48 G.016 0.02433 -0.200 
9342 0.438 16.28 0.33 0.011 0.01144 -0.266 

18663 0.349 21.45 0.23 0.006 0.00479 -0.306 
9120 0.368 20.38 0.059 
4560 0.398 18.58 0.102 

912 0.499 12.72 0.144 
3 0.808 -5 .22 0.123 

Table A 3.2 

Consol idation Data - London Clay 14m (Remoulded).. 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 84.00?^ F i n a l m/c 
s 1.44g/cmri I n i t i a l Dry Density 
= 2.06g/cm-^ F i n a l Dry Density 

= 23.06% , 
= 0.78g/cm^l 
= 1.67g/cm^l 

Pressure 
(kN/m^) 

Voids H S t r a i n 

(%) (mVy) (m^/HN) 
20 2.530 
54 2.373 4.43 G.05 1.308 0.20276 
89 2.071 12.99 0.06 2.558 0.47581 

158 1.771 21.50 0.06 1.415 0.26333 
297 1.348 33.49 0.08 1.098 0.27236 
574 1.111 40.19 0.08 0.365 0.09036 

1128 0.917 45.68 0.12 0.126 0.04695 
2426 0.738 50.76 0.12 0.072 0.02676 

867 0.756 50.25 
175 O.8I5 48.58 

37 0.926 45.43 
0.01654 605 0.853 47.48 0.08 0.067 0.01654 

1214 0.783 49.48 0.16 0.062 0.03076 
2426 0.697 51.91 0.13 0.040 O.OI603 
4675 0.593 54.87 0.14 0.027 0.01182 
9349 0.494 57.67 0.12 0.013 ' 0.00494 

1869? 0.392 60.55 0.12 0.007 0.00275 
34967 0.309 62.91 0.72 0.003 O.00817 

9347 0.367 61.27 
1560 0.i|86 57.89 

175 0.582 55.19 
20 0.656 53.09 

Cc/^s 

-6.364 
-1.402 
-1.202 
-1.553 
-0.826 
-0.661 
-0.539 

0.040 
0.084 
0.166 

-0.060 
-0.233 
-0.285 
-0.366 
-0.327 
-0.338 
-0.306 

0.101 
0.153 
0.100 
0.079 
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Table A 3,3 

Consol idat ion Data - London Clay 37m (Undisturbed), 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

19.71% , , F i n a l m/c 
2.06g/cm-? Natural Dry Density 
2.05g/cm-^ F i n a l Dry Density 
2 .0% Swell Pressure 

= 21.ifl7b , 
= 1.72g/cm^ 
= 1.69g/cm^ 
=25if.98kH/m'^ 

Pressure Voids H S t r a i n c m (m>sj 
10 •^") 

c / c 
(kN/m^) C%) ( m V y ) 

2 V 
Cm / M H ; 

(m>sj 
10 •^") 

c s 

• 255 0.578 
294 0.578 o.ou O.bo O.UOO O.UOOOO 0.000 
331 0.578 O.UO 0.00 0.000 0.00000 0.000 
^Oif 0.575 0.18 15.2if 0.026 1.23030 -0,029 
550 0.570 G.52 11.61 0,021 0.78259 -0,OkO 
Bk^ 0.555 l . ' f2 8.13 0,032 0,82if63 -0,076 

0.536 2.65 1.55 0,021 0.09967 -o,o8if 
2590 0.507 1.01 0,016 0.05100 -0,112 
4925 o . w 6.60 0.72 0.009 0,02093 -0,120 
9597 o.Zf30 9.39 0.56 0.006 G.01108 -0.152 

I82if4 0.372 13.05 0.35 O.OOif 0.00525 -0.207 
35025 0.308 17.11 0.27 0.002 0.002/fl -G.225 
9120 0.3^+2 l i f .98 0,057 

0./f07 10.82 .0,094 
367 0./f72 6.71 0.093 

3 • • 0.610 -2 .05 0.061 

Table A 3.k. 

Consolidation Data - London Clay 37m (Remoulded). 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 63.00% F i n a l m/c 
= 1.6ifg/cm^ I n i t i a l Dry Density 
= 2.11g/cm F i n a l Dry Density 

= l.Olg/cm-
= 1.76g/cm' 

Pressure Voids R S t r a i n c m 

10 
^c/^s 

(kN/m^) {%) (m^/y) (m^/HN) 10 w 0 

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 
435 0.629 39.64 0.20 0.059 0.03696 -0.036 

1214 0.569 41.89 0.36 0.047 0.05277 -0.136 
2426 0.518 43.76 0.57 0.027 0,04738 -0.168 

. 4675 0.433 46.91 0.26 0.025 0,02007 -0.298 
9349 0.351 49.96 0.30 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 

9347 0.257 53.42 0.072 
1560 0.338 50.43 0.103 

175 0.436 46.80 0.103 
20 0.530 43.32 0.160 
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Table A 3 « 5 . 

Consol idat ion Data - Gault Clay (Undisturbed), 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

= 26.29% 
= 2.06g/cm; 

F i n a l m/c 
Natural Dry Density 

2.12g/cm-^ F i n a l Dry Density 
0.70% Swell Pressure 

= 31.08% , 
= 1.63g/cm^ 
= 1.62g/cm^ 
=l66.72kN/m'^ 

Pressure Voids R s t r a i n c 

10 •^°) 
c « / c „ 

(kN/m^) 
0.662 

(%) (mVy) 
2 ^ (m'^/MN) 10 •^°) 

C 8 

166" 0.662 
240 0.661 0.04 27.36 0.008 0.68693 -0.004 

- .313 0.660 0.14 11.37 0.008 0.29068 -0.014 
458 0.654 0.50 9.41 0.025 0.72715 -0.035 
750 0.642 1.19 6.10 0.024 0.46984 -0.053 

1371 0.623 2.34 4.78 0.018 0.27613 -0.073 
2556 0.598 3.83 3.66 0.012 0.14747 -0.092 
4928 0.569 5.61 2.50 0.007 0.06I39 -0.104 
9853 0.505 9.47 1.86 0.008 0.04871 -0.213 

19703 0.385 16.65 0.54 0.008 0.01400 -0.397 
35025 0.296 22.04 0.33 0.004 0.00451 -0.358 
18241 0.311 21.13 0.053 

9120 0.347 18.95 0.120 
1824 0.414 14.93 0.095 

366 0.498 9.89 0.120 
2 0.674 -0 .70 0;084 

Table A 3 .6 . 

Consol idat ion Data - Gault Clay (Remoulded). 

= 76.00% F i n a l m/c = 20.17% I n i t i a l m/c 
I n i t i a l Wet Density = 1.58g/cm^ I n i t i a l Dry Density = 0.89g/cm:i 
F i n a l Bulk Density = 2.12g/cm^ F i n a l Dry Density = 1.76g/cm^ 

Pressure Voids R S t r a i n c m 

(kN/m^) (%) (ni^/y) (m'̂ /MN) 
20 2.013 
54 1.798 7.14 0.30 2.098 
89 1.542 15.61 0.47 2.614 

158 1.279 24.35 0.43 1.499 
297 1.G95 30.46 0.39 0.598 
574 0.953 35.18 0.44 0.244 

1128 0.806 40.03 0.69 0.136 
2426 0.680 44.24 0.67 0.054 

867 0.696 43.69 
175 . 0.753 41.80 

37 0.812 39.84 
435 0.786 40.72 0.31 0.036 

1214 0.720 42 .-90 0.73 0.048 
2426 0.663 44.78 1.08 0.027 
4675 0.579 47.58 0.77 0.023 
9349 0.474 51.06 0.80 0.014 

18697 0.366 54.64 0.59 0.008 
34967 0.288 57.22 0.39 0.003 
9347 0.329 55.89 
1560 0.407 53.29 

175 0.489 50.57 
20 0.536 49.00 

(m^ 
10"^°) 

I.95183 
3.80875 
1.99876 
0.72304 
0.33376 
O.2906I 
0.11163 

0.03401 
0.10735 
0.09154 
O.0536I 
0.03528 
0.01433 
0.00437 

^^c/^s 

-0.500 
-1.184 
-1.055 
-0.674 
-0.497 
-0.498 
-O.38I 

0.037 
0 .08I 
0.088 

-0.025 
-0.147 
-0.188 
-0.295 
-0.348 
-0.358 
-0.287 
0.070 
0.101 
0.086 
0.050 
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Table A 3 .7 . 

Consolidation Data - F u l l e r s E a r t h . Redhi l l (Undisturbed), 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l bulk Density 
Swell Percentage 

= 48.85% - F i n a l m/c 
1.8lg/cm^ Natural Dry Density 
1.88g/cm-^ F i n a l Dry Density 

= 2.74% Swell Pressure 

= 58.91% , 
= 1.22g/cm^ 
= l . l8g /cm^ 
= 69.63kN/m'^ 

Pressure 

(kN/m^) 

Voids R S t r a i n 

{%) 

c 

( a V y ) 

m 
2 ^ (mVMN) 10 •^") 

^ c / ° 8 

69 1.302 
-0.017 134 1.297 0.21 25.20_ 0,032 2.61043 -0.017 

200 1.290 0.49 39.19 0,046 5.60957 -U.O37 
331 1.283 0.82 8.62 0,023 0.62353 -0.035 
594 1.259 1.83 24.59 0.039 "3.04697 -0.091 

1152 1.223 3.44 66.51 0.029 5.88842 -0.128 
2302 1.171 5.69 15.97 0.020 1.00700 -0.172 
4437 1.110 8.34 0.63 0.013 0.02570 -0.214 
8873 1.014 12.49 0.33 0.010 0.01077 -0.317 

17744 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 0.151 

331 1.100 8.75 0.223 
2 1.365 -2 .74 0.128 

Table A 3 .8 . 

Consol idation Data - F u l l e r s E a r t h . Redhi l l (Remoulded), 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

=117.00% F i n a l m/c 45.78% ,3 = 1.40g/cm^ I n i t i a l Dry Density = 0,66g/cm, 
= 1.8lg/cm-^ F i n a l Dry Density = 1.24g/cm^ 

Pressure Voids R S t r a i n m (m?5* 
(kN/m^) (%) (mVy) (m'̂ /MN) 10^°) 

20 3.335 
54 3.083 5.82 0.83 1.709 4.39919 
89 2.753 13.42 0.83 2.309 5.94164 

158 2.409 21.36 1.04 1.328 4.28278 
297 2.181 26.61 0.75 0.495 1.15185 
574 1.969 31.51 0.39 0.240 0.29088 

1128 1.170 37.48 0.10 0.157 O.0488I 
2426 1.400 44.62 0.02 0.088 0.00546 

867 1.430 43.93 
175 1.506 42.19 

37 1.578 40.54 
435 1.566 40.81 0.06 0.011 0.00215 

1214 1.469 43.04 0.01 0.049 0.00150 
2426 1.367 45.40 0.01 0.034 0.00087 
4675 1.195 49.36 0.01 0.033 0.00056 
9349 1.025 53.29 0.01 0.017 0.00028 

18697 0.845 57.44 0.01 0.009 0.00023 
34967 0.707 60.62 0.01 0.004 0.00011 

9349 0.811 58.23 
156O 1.065 52.37 

175 1.176 49.79 
20 1.259 47.89 

Cc/^s 

-0.587 
-1.529 
-1.378 
-0.834 
-0.743 
-0.882 
-0.931 
0.067 
0.109 
0.106 
-0.011 
-0.216 
-0.340 
-0.603 
-0.566 
-0.597 
-0.506 
0.180 
0,329 
0.117 
0.087 
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Table A 3 .9 . 

Consolidation Data - Weald Clay (Undisturbed). 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

= 7.24% , F i n a l m/c 
2.42g/cm^ Natural Dry Density 
2.57g/cm-^ F i n a l Dry Density 
0.00% Swell Pressure 

= 11.97% V 
= 2.26g/cm^ 
= 2.30g/cm^ 
=148.09kN/m'^ 

Pressure 

(kN/m^) 

Voids R S t r a i n 

(%) (mVy) 

m 
2 ^ (m^/MN) 10 •^'') 

C 8 

148 0.189 
281 0.188 0.03 25.92 0.006 0.50812 -0.001 
412 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 
4437 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 0.022 

8213 0.099 7.47 0.031 
1481 0.117 6.00 0.023 

331 0.134 4.59 0.026 
2 0.170 1.57 0.017 

Table 3.10. 

Consol idation Data - Weald Clay (Remoulded), 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 35.00% ^ F i n a l m/c = 35.pO% , 
= 2.12g/cm:^ I n i t i a l Dry Density = 1.57g/cm^ 
= 2.6lg/cm-^ F i n a l Dry Density = 2.29g/cm-' 

Pressure 

(kN/m^) 

Voids R S t r a i n 

(%) (mVy) 

m 
p V 

(mVMN) 
(m^s?Q 
10 -^") 

C / C c s 

20 0.706 
54 0.618 5.19 0.14 1.517 0.65843 -0.206 
89 0.532 10.19 0.39 1.518 1.83602 -0.396 

158 0.475 13.56 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 0.284 24.72 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 
4675 0.240 27.35 10.22 0.013 O.40817 -0.129 
9349 0.192 30.13 10.52 0.007 0.23627 -0.158 

18697 0.138 33.21 11.94 G.OO4 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 
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Table A 3.11. 

Consol idat ion Data - Kimmeridge Clay (Undisturbed). 

I n i t i a l m/c 
Natural Bulk Density. 
F i n a l Bulk Density 
Swel l Percentage 

= 21.99% , F i n a l m/c 
2.lbg/cm:^ Natural Dry Density 
2.11g/cm-^ F i n a l Dry Density 
5.43% Swell Pressure 

= 29.28% , 
= 1.72g/cm^ 
= 1.63g/cm^ 
=ll8.66kN/m'^ 

Pressure Voids R S t r a i n c m (m^s* 
10 •^°) 

o^ /c„ 
(kN/m^) \%) 

2^ 
(mVy) 

2 ^ (mVMN) 
(m^s* 
10 •^°) 

C 8 

118 0.555 
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 -0.139 
4437 0.403 9.78 0.15 0.012 O.OO6I5 -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 
3318I 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 .43 0.109 

Table A 3.12. 

Consol idat ion Data - Kimmeridge Clay (Remoulded). 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 70.00% , F i n a l m/c 
1.63g/cm^ I n i t i a l Dry Density 
2.09g/cm-^ F i n a l Dry Density 

= 19.85?b , 
= 0.96g/cm^ 
= 1.75g/cm^ 

Pressure Voids fi S t r a i n c m 
(kN/m^) (%) 

2^ (m^/y) 
p V 

iia/m) 
20 1.796 
54 1.688 3.86 0.38 1.136 
89 1.382 14.81 0.27 3.252 

158 1.093 25.14 0.33 1.758 
297 0.936 30.75 0.47 0.555 
574 0.795 35.81 0.44 0.262 

1128 0.681 39.87 0.48 0.114 
2426 0 .56I 44.16 0.49 0.055 

867 0.576 43.61 
175 0.640 41.32 

37 0.713 38.74 
0.064 435 0.669 40.30 0.30 0.064 

1214 0.601 42.73 0.45 0.053 
2426 0.542 44.84 0.59 0.030 
4675 0.465 47.58 0.54 0.022 
9349 0.378 50.71 0.42 0.013 

18697 0.298 53.58 0.40 0.006 
34967 0.221 56.32 0.35 0.003 

9347 0.270 54.56 
156O 0.360 51.36 

175 0.464 47.63 
20 0.532 45.18 

10 •^°) 

1.33829 
2.72238 
1.79879 
0.80957 
0.35863 
0.17058 
0.08354 

0.05942 
0.07296 
0.05561 
O.03716 
0.01744 
0.00798 
0.00413 

^c/^s 

-0.251 
-1.420 
-1.156 
-0.575 
-0.494 
-0.387 
-0.360 

0.034 
0.092 
0.108 

-0.040 
-0.152 
-0.196 
-0.269 
-0.291 
-0.266 
-0.282 

0.086 
0.115 
0.110 
0.072 

412 



Table A 3.13. 

Consolidation Data - Oxford Clay 10m (Undisturbed). 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

27.64% , F i n a l m/c 
1.88g/cm^ Natural Dry Density 
l.y5g/cm-^ F i n a l Dry Density 
0.81% Swell Pressure 

= 33.47% , 
= l.if7g/cm^. 
= 1.46g/cm^ 
=117.68kN/m'^ 

Pressure Voids R s t r a i n c m (in%?Q 
10 -^°) (kN/m^) • 

Voids R 

(%) 
2^ 

(mVy) 
2 ^ (mVMN) 

(in%?Q 
10 -^°) 

c s 

117 0.690 
3.16488 184 0.686 0.25 28.90 0.038 3.16488 -0.021 

250 0.676 0.81 26.00 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 O.603 5.15 1.94 0.035 0.21024 -0.121 
2309 0.571 7.06 1.77 0.018 0.10227 -0.119 
4451 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 
34931 0.279 24-30 0.41 0.004 0.00605 -0.368 
16475 0.304 22.82 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 . 6 8 ' 0.104 

Table A 3 .14 . 

Consolidation Data - Oxford Clay 10m (Remoulded). 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 76.00% , F i n a l m/c = 
= 1.48g/cm:^ I n i t i a l Dry Density = 0 . 8 4 4 g / c r 
= 2.02g/cm-^ F i n a l Dry Density = 1.69g/cm^ 

= 20.23% 
.844g 
.69g/< 

Pressure Voids R S t r a i n c 
V 

(kN/m^) (%) ( m V y ) 
20 1.949 
54 1.828 4.08 0.32 
89 1.528 14.25 0.11 

158 1.323 21.20 0.05 
297 1.135 27.57 0.08 
574 0.969 33.20 0.12 

1128 0.834 37.80 0.17 
2426 0.679 43.06 0.18 
4675 0.567 46.84 0.13 

867 O.605 45.57 
175 0.656 43.82 

37 0.715 41.85 
867 0.674 43.23 0.07 

2426 0.598 45.81 0.10 
4675 0.530 48.10 0.10 
9349 0.440 51.14 0.12 

18697 0.336 54.67 0.08 
34967 0.262 57.17 0.04 
9349 0.303 55.81 
1560 0.381 53.14 

175 0.427 51.59 
20 0.476 , 49.93 

m 

1.206 
3.031 
1.176 
0.582 
0.280 
0.123 
0.065 
0.030 

0.028 
0.029 
0.019 
0.012 
0.008 
0.003 

10 •̂ " ) 

1.19713 
1.03354 
0.18216 
0.14439 
0.10441 
0.06522 
0.03633 
0.01195 

0.00625 
0.00909 
0.00586 
0.00468 
0.00194 
0.00054 

^c/^s 

-0.280 
-1.391 
-0.820 
-0.689 
-0.580 
-0.462 
-0.466 
-0.391 

0.051 
0.074 
0.087 

-0.029 
-0.170 
-0.238 
-0.298 
-0.345 
-0.271 

0.070 
0.101 
0.048 
0.052 
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Table A 3.15. 

Consol idat ion Data - Oxford Clay 44P ( l e s s than preconsolidation load) 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swel l Percentage 

15.90% , F i n a l m/c 
1.99g/cm^ watural Dry Density 
2.06g/cm-^ F i n a l Dry Density 
4.63% Swell Pressure 

= 15.90% , 
= 1.72g/cm^ 
= 1.64g/cm^ 
=528.60kN/m'̂  

Pressure Voids R Strain c m (m^s?Q 
10 -^") 

C /C 
(kN/m^) (%) 

2^ 
(mVy) 

2 ^ (m /MN) 
(m^s?Q 
10 -^") 

c' s 
528 0.470 
660 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 
4437 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 O.416 3.73 0.038 

331 0.449 1.44 0.051 
2 0.538 -4 .63 0.043 
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I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

Table A 3.16. 

Consol idation Data - Oxford Clay 44gi (Undisturbed). 

= 22.00% 18.20% , F i n a l m/c 
2.04g/cm:;^ Natural Dry Density 
2.04g/cm-^ 
3.05% 

F i n a l Dry Density 
Swell Pressure 

= 1.73g/cm:^ 
= 1.68g/cm^ 
=203.59kN/m*^ 

Pressure Voids R S t r a i n c m (m^s* 
10 •^°) 

C / C 
(kN/m^) (%) 

2^ 
(mVy) 

2 ^ (m /MN) 
(m^s* 
10 •^°) 

c s 

203 0.463 
276 0.462 0.02 28.68 0.009 0.83247 -0.002 
349 0.461 0.15 12.72 0.029 1.16918 -0.018 
495 0.456 0.45 1.82 0.023 0.13225 -0.029 
787 0.4^7 1.10 1.85 0.021 0.12149 -0.047 

1188 0.435 1.92 1.57 0.020 0.10065 -0.067 
2556 0.410 3.60 1.31 0.012 0.05138 -0.074 
P4928 0.387 5.15 1.24 0.006 O.O26I9 -0,079 
9853 0.360 7.03 1.01 0.004 0.01277 -0,091 

19703 0.307 10.62 0.68 0.003 0.00849 -0,174 
35025 0.235 15.56 0.49 0.003 0.00538 -0.289 
18241 0.248 14.65 0.047 

8208 0.275 12.84 0.076 
1642 0.339 8.44 0.092 

366 .0.398 4.43 0.090 
2 0.507 -3 .05 0.052 

Table A 3.17. 

Consol idat ion.Data - Oxford Clay 44m (Remoulded). 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 57.00% F i n a l m/c = 57.00% 
= 1.54g/cm:? I n i t i a l Dry Density = 0.98g/cm-
= 2.05g/cm-^ F i n a l Dry Density = 1.70g/cm-

Pressure Voids R S t r a i n c^ m 

(kN/m^) (%) (m^/y) 2 ^ (m /MN) 
20 I .58O 
54 1.504 2.96 3.63 0^866 
89 1.210 14.34 0.29 3.354 

158 1.041 20.96 0.60 1.108 
297 0.813 29.74 1.03 0.803 
574 0.747 32.29 1.00 0.131 

1128 0.633 36.72 1.20 0.117 
2426 0.517 41.21 1.13 0.056 

867 0.529 40.72 
175 0.583 38.62 

37 0.662 35.56 
261 0.637 35.56 0.59 0.067 
867 0.574 38.98 0.81 0.064 

2426 0.502 41.78 2.08 0.029 
4675 0.422 44.86 1.26 0.024 
9349 0.345 47.85 0.94 0.011 

18697 0.262 51.09 0.77 0.006 
34967 0.186 54.03 0.63 0.003 

8657 0.223 52.57 
1560 0.292 . 49.92 

175 0.384 46.36 
, 37 0.482 42.54 

10 -^"O 

9.74953 
3.01586 
2.O6I35 
2.566I4 
0.40745 
O.438I7 
0.19170 

O.I228I 
0.15949 
0.18692 
0.09377 
0.03501 
0.01644 
0.00746 

° c / ^ s 

-0.177 
-1.362 
-0.677 
-0.836 
-0.229 
-0.390 
-0.348 

0.028 
0.078 
0.117 

-0.030 
-0.120 
-0.161 
-0.279 
-0.256 
-0.277 
-0.279 

0.062 
0.092 
0.096 
0.147 
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Table A 3.18. 

Consol idat ion Data - F u l l e r s E a r t h . Bath (Undisturbed). 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

= 32.98% - F i n a l m/c 
1.99g/cm:^ Natural Dry Density 
2.l0g/cm'^ F i n a l Dry Density 
3.36% Swell Pressure 

.= 44.55% : 
= 1.50g/cm: 
= 1.45g/cm: 
=l85.35kN/m^ 

Pressure 

(kN/m^; 

Voids R S t r a i n 

(%) (mVy) 

m 
2 ^ (m / MN). 

(m!̂ s?Q 
10 ̂ " ) . 

^c/^s 

185 0.804 
331 G.803 0.07 24.70 0.004 0.29071 -0.004 
477 0.795 6.47 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 O.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 0.01 0.006 0.00035 -0.327 
35022 0.404 22.16 0.01 0.003 0.00010 -0.319 
I8241 0.437 20.32 0.117 

9120 0.478 18.06 0.135 
1641 0.602 11.21 0.166 

366 0.672 7.32 0.108 
2 0.864 -3 .36 0.093 

Table A 3.19-

I n i t i a l m/c =105.00% 
I n i t i a l Wet Density = 1.43g/cm 
F i n a l Bulk Density = 1.83g/cm 

Pressure Voids R S t r a i n c 

(kN/m^) (%) (m^/y) 
20 2.895 
54 2.635 6.68 0.79 
89 2.251 16.53 0.84 

158 1.912 25.22 0.40 
297 I .56O 34.26 0.14 
574 1.338 39.97 0.12 

1128 1.145 44.92 0.05 
2426 0.948 49.99 0.03 

867 0.992 48.86 
175 1.109 45.84 

37 1.211 43.22 
435 1.159 44.55 0.04 

1214 1.039 47.63 0.04 
2426 0.940 50.18 0.02 
4675 0.809 53.56 0.02 
9349 0.668 57.17 0.01 

18697 0.528 60.76 0.01 
34967 0.419 63.57 0.01 

8657 0.532 60.65 
1560 0.722 55.79 

175 0.945 50.06 
17 1.068 46.91 

F i n a l m/c 
I n i t i a l Dry Density 

= 39.70% 
= 0.69g/cm 
= 1.31g/cm-

3 

m 

1.964 
3.018 
1.511 
0.919 
0.313 
0.149 
0.071 

0.059 
0.071 
0.041 
0.031 
0.017 
0.009 
0.004 

(m^ 
1 0 - 1 ° ) 

4.80817 
8.17851 
1.87390 
0.39887 
0.11644 
0.02309 
0.00653 

0.00720 
0.00887 
0.00244 
0.00199 
0.00078 
0.00038 
0.00015 

^c/^s 

-O.605 
-1.780 
-1.354 
-1.292 
-0.778 
-0.656 
-0.594 
0.099 
0.169 
0.152 

-0.049 
-0.269 
-0.329 
-0.461 
-0.468 
-0.463 
-0.403 

0.188 
0.254 
0.235 
0.121 
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Table A 3.20. 

Consolidation Data - L i a s Clay 10m (Undisturbed) 

I n i t i a l m/c = 21.14% 
Natural Bulk Density 
F i n a l . B u l k Density 
Swel l Percentage = 2.35% 

- F i n a l m/c 
2.07g/cm-^ Natural Dry Density 
2.11g/cm-^ F i n a l Dry Density 

Swell Pressure 

r 26.78% , 
= 1.71g/cm:^ 
= 1.67g/cm^ 
=l67.21kN/m'^ 

Pressure 

(kN/m^) 

Voids R S t r a i n 

(%) 

c 
2^ (m^/y) 

m 
2 V 

(mVMN) 

(m%fQ 
10 

Cc /^s 

167 0.562 
0.87201 -0.020 232 0.559 0.19 9.52 0.029 0.87201 -0.020 

300 0.553 0.58 1.05 0.057 O.I8553 -0.056 
429 0.534 1.79 0.25 0.094 0.07350 -0.121 
692 0.507 3.84 0.14 0.066 0.02903 -0.127 

1231 0.468 6.03 0.13 0.049 0.02045 -0.159 
2299 0.429 8.52 0.17 0.025 0.01329 -0.143 

^4437 0.394 10.74 0.22 0.011 0.00769 -0.114 
8873 0.353 13.35 0.23 0.006 0.00479 -0.135 

17743 0.304 16.52 0.43 0.004 0.00544 -0.165 
33184 0.247 20.15 0.42 0.002 0.00368 -0.208 

8875 0.283 17.86 0.062 
1480 0.354 13.32 0.091 

331 0.411 9.66 0.088 
2 0.598 -2 .35 0.091 

Table A 3.21. 

Consolidation Data - L i a s Clay lOm (Remoulded). 

I n i t i a l m/c = 68.00% 
I n i t i a l Wet Density = 1. 52g/cm 
F i n a l Bulk Density = 2.12g/cm 

Pressure Voids R S t r a i n c 
V 

(kN/m^) (%) (mVy) 
20 1.937 
54 1.835 3.48 0.13 
89 1.562 12.76 0.12 

158 1.383 18.87 0.16 
297 1.196 25.21 0.06 
574 0.993 32.15 0.10 

1128 0.822 37.96 0.17 
2426 0.690 42.45 0.18 

867 0.693 42.33 
175 0.743 40.63 

37 0.799 38.75 
605 0.756 40.20 0.13 

1214 0.710 41.78 0.18 
2426 0.648 43.88 0.30 
4675 0.545 47.39 0.27 
9349 0.456 50.43 0.19 

18697 0.357 53.86 0.30 
34967 0.277 56.52 0.30 

9347 0.315 55.21 
156O 0;374 53.21 

175 o ; 4 i i 51.95 
20 0.479 49.63 

^ F i n a l m/c 
I n i t i a l Dry Density 
F i n a l Dry Density 

= 17.79% , 
= 0.90g/cm:^ 
= 1.80g/cm-' 

m 

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 

10 •^°) 

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 

^c/^s 

-0.237 
-1.264 
-0.718 
-0.582 
-0.713 
-6.582 
-0.396 
0.007 
0.072 
0.082 

-0.035 
-0.154 
-0.205 
-O.36I 
-0.296 
-0.329 
-0.294 

0.067 
0.075 
0.039 
0.072 
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Table A 3.22. 

Consol idation Data - L i a s Clay 36m (Undisturbed), 

I n i t i a l m/c 
Natural -Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

17.01% , F i n a l m/c 
2.12g/cm^ Natural Dry Density 
2.14g/cm-^ F i n a l Dry Density 
8.70% Swell Pressure 

Pressure Voids R s t r a i n c„ m 

(kN/m^) (%) 
?^ (mVy) 2 ^ (m /MN) 

332 0.459 
464 0.458 0.05 27.43 0.005 
596 0.454 0.32 7.57 0.020 
859 0.447 0.79 2.49 0.018 

1485 0.432 1.80 1.16 0.016 
2427 0.413 3.10 1.35 0.013 
4451 0.389 4.78 1.50 0.008 
8896 0.358 6.88 1.28 0.005 

17796 0.316 9.79 1.11 0.003 
33283 0.249 14.36 0.67 0.003 
16475 0.271 12.85 

8237 0.293 11.32 
1482 0.355 7.07 

329 0.413 3.12 
2 0.586 -8.77 . 

(m^ 
10^1°) 

= 28.25% , 
= 1.8lg/cm^ 
= 1.67g/cm^ 
=332.46kw/m'^ 

Cc/^s 

0.44152 -0.005 
0.48776 -0.036 
0.14128 -0.043 
0.05954 -0.062 
0.056I4 -0.085 
0.03994 -0.096 
0.01993 -0.102 
0.01195 -0.141 
0.00682 -0.245 

0.072 
0.074 
0.083 
0.088 
0.084 

Table A 3.23. 

Consolidation Data - L i a s Clay 36m (Remoulded).^ 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

65.00% , F i n a l m/c 
1.6lg/cm^ I n i t i a l Dry Density 
2.03g/cm-^ F i n a l Dry Density . 

= 22.50% 
= 0.97g/cm: 
= 1.66g/cm-

Pressure Voids R S t r a i n ^v 
(kN/m^) (%) (mVy) 

20 1.719 
54 1.542 6.51 0.27 
89 1.334 14.18 0.41 

158 1.154 20.76 0.78 
297 1.021 25.67 0.83 
574 0.896 30.27 1.04 

1128 0.777 34.63 1.40 
2426 0.643 39.58 1.32 

867 0.658 39.03 
175 0.728 36.43 

37 0.811 33.39 
261 0.781 34.50 0.75 
867 0.707 37.22 1.08 

2426 0.625 40.21 1.49 
4675 0.539 43.41 1.13 
9349 0.443 46.92 1.05 

18697 0.346 50.50 0.81 
34967 6.264 53.49 0.43 

8657 . 0.316 51.59 
1560 0.401 48.46 

175 0.512 44.38 
37 0.596 41.28 

m 

1.914 
2.338 
1.117 
0.457 
0.223 
0.113 
0.058 

0.074 
0.069 
0.031 
0.024 
0.013 
0.007 
0.003 

10 •^°) 

1.60250 
2.97147 
2.70252 
1.17686 
0.71988 
0.49164 
0.23773 

0.17195 
0.22957 
0.14231 
0.08246 
0.04458 
0.01874 
O.OO5I6 

Cc/^s 

-G.412 
-0.967 
-0.716 
-0.490 
-0.437 
-0.405 
-0.404 
0.033 
0.103 
0.123 

-0.036 
-0.142 
-0.182 
-0.305 
-0.317 
-0.323 
-0.299 

0.085 
0.114 
0.117 
0.126 
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Table A 3 . 2 4 . 

Consolidation Data - Keuper Marl (Remoulded), 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 33.00?^ F i n a l m/c 
= 1.79g/cm^ I n i t i a l Dry Density 
= 2.32g/cm'^ F i n a l Dry Density 

= l l . ' f 5 % , 
= 1.35g/cm; 
= 2.08g/cm-

Pressure 
(kN/m^) 

Voids R St r a i n 
{%) 

I-
(mVy) 

m 
2 ^ (mVMN) 10 

20 1.042 
54 0 .947 4.64 0 .24 1.368 1.01800 
89 0 . 8 2 4 1 0 . 6 7 0 .49 1.804 2 .74173 

158 0 .745 1 4 . 5 4 0 .89 0 .627 I . 7 3 I 8 6 
297 0 .677 1 7 . 8 6 1 .20 0 .288 1.07371 
574 0 .623 20 .49 1 .55 0.116 0.55854 

1128 0 .563 2 3 . 4 3 5 .04 0 .067 1.04251 
2426 0 . 4 9 5 2 6 . 7 7 1 0 . 4 5 0 .034 1.08582 
. 867 0 .497 26.65 

175 0 .508 26 .11 
37 0 .522 2 5 . 4 6 

435 0 .513 2 5 . 8 7 7 . 1 5 0 .014 0.31037 
1214 0 .502 26 . 4 5 10.16 0.009 0.29396 
2426 0 .485 2 7 . 2 3 9 . 9 7 0.009 0.28860 
4675 0 .430 2 9 . 9 3 9 . 5 0 0.016 0.48490 
9349 G .364 33 .19 3 .41 0 .010 0.10433 

18697 0 .304 36 .14 9.82 0.004 0.14325 
34967 0 ,242 39 .17 5 .98 0 .002 0.05545 

9347 0 .262 3 8 . 1 5 
1560 0 .284 37 .09 

175 0 .309 3 5 . 8 8 
20 0 . 3 2 3 35 .18 

^c/^s 

- 0 . 2 2 0 
- 0 . 5 7 1 
-O .3I6 
- 0 . 2 4 9 
- 0 . 1 8 9 
- 0 . 2 0 4 
- 0 . 2 0 5 

0 .005 
0.016 
0.020 

- 0 . 0 0 8 
- 0 . 0 2 6 
- 0 . 0 5 3 
- 0 . 1 9 3 
- 0 . 2 2 1 
- 0 . 2 0 0 
-0.227 

0.036 
0 .028 
0 .026 
0 .015 
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Table A 3 . 2 3 . 

Consolidation Data - Swallow Wood Roof (Remoulded). 

i n i t i a l m/c = 57.00%. , F i n a l m/c =20 .52% , 
I n i t i a l wet Density = 1.65g/cm^ I n i t i a l Dry Density = 1.05g/cm:^ 
F i n a l Bulk Density = 2.1ifg/cni F i n a l Dry Density = 1.77g/cm-' 

Pressure Voids R s t r a i n m (ml̂ s* 
10 

C /C 
(kN/m^) .(%) (m^/y) (mVMN) 

(ml̂ s* 
10 

c' s 

20 1.609 
54 1 .538 2 .71 0 . 1 8 0 .800 0./f/f663 - 0 . 1 6 4 
89 1.251 13 .71 0.06 3 .230 0.60090 - 1 . 3 3 1 

158 1 .085 2 0 . 0 7 0 .12 1.068 6.39754 - 0 . 6 6 4 
297 0 .994 25 .48 0 . 2 4 0.501 0.37263 - 0 . 5 1 7 
57if 0 . 810 3 0 . 6 0 0 . 4 0 0 .248 0.30852 -0.k77 

1128 0 .710 3 4 . 8 0 0.60 0 .108 0.20210 - 0 . 3 7 3 
2426 0 .576 39 .58 0 . 8 0 0 .057 0.14041 - 0 . 3 7 5 
' 867 0.596 38 .82 0.0if4 

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 .0 i f7 
1214 0 .606 38 .42 0 .91 0 .055 0.15531 - 0 . 1 6 1 
2426 0.545 40 .78 1 .13 0 .026 0.09175 - 0 . 2 0 5 
4675 43.96 0 . 8 2 0 .024 0.06079 - 0 . 2 9 1 
9349 0 .365 47.67 . -1.18 0 .014 0 .05193 - 0 . 3 2 1 

18697 0 .281 50 .90 1 . 1 3 0.006 0.02300 - 0 . 2 8 9 
34967 0.205 53.81 0 .91 0 .003 0.01020 - 0 . 2 8 9 

9347 0.247 52 .20 0 .073 
1560 0 .328 49.06 , 0 .105 

175 0.453 44 .31 0 .130 
20 0 .545 4 0 . 7 5 0 .108 
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Table A 3 . 2 6 . 

Consolidation Data - Flockton Thin Roof (Undisturbed), 

I n i t i a l m/c 
Natural. Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

= 2.80% 7.07% , F i n a l m/c 
2.48g/cm^ Natural Dry Density = 2.41g/cm^ 
2.63g/cm-^ F i n a l Dry Density = 2.46g/cm^ 
0.00% Swell Pressure =567.83kN/m'^ 

Pressure Voids R s t r a i n c m 
10 •^°) 

C /C 
(kN/m^) (%) 

p V 
(mVy) 

p V 
(mVMN) 10 •^°) 

c s 

567 0 .137 
1279 0.126 1.01 4 9 . 3 0 0 .014 2 .07661 - 0 . 0 3 2 
2556 0 .115 1 .92 9 . 2 5 0 .007 0.21956 - 0 . 0 3 4 
4929 0.109 2 . 4 7 7 .20 0 .002 O .O506I - 0 . 0 2 2 
9855 0 .099 3 .34 4 . 3 5 0 .001 0.02468 - 0 . 0 3 3 

19708 0 .089 4 . 2 3 2 . 3 5 0.001 0.00672 - 0 . 0 3 4 
35033 0 .073 5.61 18 . 23 0 .001 0.05417 - 0 . 0 6 3 

9855 0 .083 4 . 7 3 0 .018 
1644 0.096 3 . 6 5 0.016 

367 0 .105 2.81 O.Olif 
2 0.116 1.84 0.005 

I n i t i a l m/c 
I n i t i a l Wet De 
F i n a l Bulk Density 

Table A 3.27. 

Consolidation Data - Flockton Thin Roof (Remoulded). 

=46 .00% , F i n a l m/c = 15.08% 
n s i t y = 1.67g/cm:: I n i t i a l Dry Density = l.lkg/cm^ 
s i t y = 2.21g/cm-^ F i n a l Dry Density = 1.92g/cm-' 

Pressure Voids R Stra i n c„ m 
10 •^°) (kN/m^) (%) 2^ 

(mVy) (m'̂ /MN) 10 •^°) 
c s 

20 1 .404 
54 1.338 2 . 7 4 0 .15 0 .807 0.37544 - 0 . 1 5 3 
89 1.119 1 1 . 8 3 0 . 1 3 2 .676 1.07852 - 1 . 0 1 4 

158 0 .982 1 7 . 5 4 0 .20 0.937 0.58094 -0.548 
297 0 .868 22 .28 0 .44 0 .413 0 .56441 - 0 . 4 1 8 
574 0 .766 2 6 . 5 4 0.65 0.197 0.39721 - 0 . 3 5 8 

1128 0 .671 30 .48 0.96 0.097 0.28897 - 0 . 3 2 3 
2it26 0 .562 35 .01 0 .97 0 .050 0 .15113 - 0 . 3 2 7 
867 0.572 34.60 0.022 
175 0 .617 3 2 . 7 3 0 .064 

37 0 .653 31 .21 
0.08798 

0 .054 
435 0 .624 3 2 . 4 3 0 . 6 5 0 .044 0.08798 - 0 . 0 2 7 

1214 0 .577 34 .40 1.48 0.037 0.17043 - 0 . 1 0 7 
2426 0 .530 36 .32 1 .52 0 .024 0.11589 - 0 . 1 5 3 
4675 0 .445 39 .88 1.39 0 .025 0 .10647 - 0 . 3 0 0 
9349 0 .356 43 .59 2 .26 0 .013 0.09231 -0 .296 

18697 0 .268 47 .22 1 .43 0 .007 0.03070 - 0 . 2 9 0 
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 43 .04 0 .087 
20 0 .425 40 .70 0 .060 
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Table A 3 . 2 8 . 

Consolidation Data - Flockton Thin Seatearth (Undisturbed). 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

6.80% , F i n a l m/c 
2.27g/cm^ Natural Dry Density. 
2.39g/cm-^ F i n a l Dry Density 
0,00% Swell Pressure 

= 10,76% , 
= 2.l2g/cm^ 
= 2.l6g/cm^ 
= 94.15kN/m*^ 

Pressure Voids R S t r a i n c^ m (m/s?Q 
10 •̂  ° ) 

o./c« 
(kJ«/m^) . (%) (m^/y) 2 ^ (mVMfi) 

(m/s?Q 
10 •̂  ° ) 

c s 

94 0 .250 
239 ' 0 .244 0 .51 46.69 0 .033 4 .79135 - 0 . 0 1 5 
385 0 .237 1 .05 1 0 . 2 3 0 .038 1.22225 - 0 . 0 3 2 
677 0 .226 1 .89 1 7 . 2 5 0 .030 1.62851 - 0 . 0 4 2 

1279 0 .217 2 . 6 3 14.64 0 .012 ' 0 .55342 - 0 , 0 3 3 
2556 0.207 3 .47 2 3 . 3 3 0 .006 0.46536 - 0 . 0 3 5 
4929 0 .198 4.18 19 .29 0 .003 0.18790 - 0 . 0 3 1 
9855 0 .184 5 .29 1 8 . 9 3 0 .002 0.13921 - 0 . 0 4 6 

19708 0 . 1 6 5 6 .82 18.41 0.001 0 .09294 - 0 . 0 6 3 
35033 0 .147 8 .26 13 .10 0 .001 0 .04093 - 0 . 0 7 1 
18247 0 .152 7 .81 0 .020 

9125 0 . 1 6 0 7 .17 0.026 
1644 0 .179 5 .68 0 .025 

367 0 . 1 9 4 4 .45 0 .023 
2 O..228 1 .77 0.016 

Table A 3 . 2 9 . 

Consolidation Data - Flockton Thin Seatearth (Remoulded). 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

=67.00% , F i n a l m/c = 17.94% , 
= 1.72g/cm:^ I n i t i a l Dry Density = 1.02g/cm^ 
= 2.13g/cm-^ F i n a l Dry Density = 1.8lg/cm-' 

Pressure Voids R St r a i n m 
(kN/m^) (%) (m^/y) (m̂ /MN) 

20 I . 6 0 9 
54 1 .522 3 .34 0 .13 0 .980 
89 1 .213 15 .16 0 .08 3 .500 

158 1 .038 21 .87 0 .11 1.146 
297 0 .887 27 .68 0 .28 0 .533 
574 0 .739 33 .34 0 .40 0 .283 

1128 0 .632 37 .45 0 .56 0 .111 
2426 0 .509 42 .14 1 .44 0.057 
" 867 0 .529 41 .38 

175 0 .592 38 .98 
37 0 .641 37 .11 

435 O.608 38 .36 0 .44 0 .050 
1214 0 . 5 4 8 40.65 0.69 0.048 
2426 0 . 4 9 5 42 .70 0 .97 0 .028 
4675 0 .411 45 .91 0 .62 0 .025 
9349 0 .329 49 .07 0.68 0 .012 

18697 - 0.247 52 .20 0 .52 0 .006 
34967 0 . 1 8 5 5 4 . 5 5 0.43 0 .003 

9347 0 .230 5 2 . 8 3 
156O 0 .311 4 9 . 7 3 

175 0 .403 46.21 
20 0.469 43.67 

(m^s^ 
1 0 - ^ ° ) 

0.42117 
0.86811 
0.39080 
0.46262 
0.35117 
0.19287 
0.25491 

0.06823 
0.10240 
0.08490 
0.04944 
0.02711 
0.01100 
0.00420 

^c/^s 

- 0 . 2 0 3 
- 1 . 4 3 0 
-0 .701 
- 0 . 5 5 5 
-O .5I6 
- 0 . 3 6 5 
- 0 . 3 6 8 

0 .044 
0 .090 
0 .072 

- 0 . 0 3 0 
- 0 . 1 3 4 
- 0 . 1 7 7 
-0 .293 
-0 .273 
- 0 . 2 7 1 
- 0 . 2 2 6 

0 .078 
0 .104 
0 .097 
0 .070 
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Table A 3 . 3 0 . 

Consolidation Data - Widdringham Roof (Undisturbed), 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

3.94% , Fi n a l m/c 
2.32g/cm^ Natural Dry Density 
2.49g/cm-^ F i n a l Dry Density 
0,00% Swell Pressure 

= 8,24% , 
= 2 .24g/cm^ 
= 2 .31g/cm^ 
= 57.67kN/m'^ 

Pressure Voids R s t r a i n c m (m^s* 
10 

c /c„ 
(kN/m^) 

Voids R 
(%) (mVy) 

p ^ (m /MN) . 
(m^s* 
10 

C 8 

57 0 .117 
- 0 . 0 0 8 203 0 .112 0 .42 2 2 . 3 7 0.029 2,02982 - 0 . 0 0 8 

349 0.108 0 .76 7 4 . 6 3 0 .024 5 ,70000 - 0 . 0 1 5 
641 0 .102 1 . 3 3 5 4 . 3 3 0.019 3.12340 - 0 . 0 2 4 

1279 0 .097 1 .74 1 3 . 4 5 0 .007 0.29653 - 0 . 0 1 5 
2556 0 .090 2 . 3 7 5 .91 0 .005 0.09154 - 0 . 0 2 3 
4929 0 .083 3 . 0 3 1 7 . 8 7 0 .002 0.14992 - 0 . 0 2 6 
9855 0 .073 3 .89 70 .38 0 .001 0,40895 - 0 . 0 3 2 

19708 0 .057 5 .31 1 4 . 6 4 0,001 0,06862 - 0 . 0 5 2 
35033 0 .041 6 .76 2 4 . 0 0 0,001 0,07348 - 0 . 0 6 4 
18247 0 .047 6 .27 0 .019 

9125 0 .054 5 . 6 5 0 .023 
1644 0 .068 4 . 3 3 0.019 

367 " 0 .078 3 . 4 7 0 .015 
2 0 .082 3 .09 0 .002 

Table A3 .31 . 

Conseiidatlon Data - Widdringham Roof (Remoulded). 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 43.00% F i n a l m/c = 13.75% 
= 1.8lg/cm^ I n i t i a l Dry Density = 1.26g/cm^ 
= 2.20g/cm-^ F i n a l Dry Density = 1.94g/cm-^ 

Pressure 
(kN/m^) 

Voids R St r a i n 
(%) 

c 
(m^/y) 

m 
p V 

(m /MN) 10 •^") 
^c/^s 

20 0 .974 
54 0 . 8 7 5 5 .00 2 . 4 3 1 .475 11.11603 - 0 . 2 3 0 
89 0 .778 9 . 9 0 2 . 8 0 1.478 12.82988 -G.448 

158 0 .699 1 3 . 9 2 7 . 9 5 0 .643 15.86904 - 0 . 3 1 8 
297 0.611 1 8 . 3 7 10 .06 0 .372 11.62071. - 0 , 3 2 1 
574 0 .546 2 1 . 6 6 1 0 . 0 5 0.145 4.53809 - 0 . 2 2 7 

1128 0 .480 2 5 . 0 2 8 .41 0 .077 2.00908 - 0 . 2 2 6 
2426 0 .395 2 9 . 3 1 10 .18 0 .044 1.3963:^ - 0 . 2 5 4 

867 0 .405 2 8 . 8 3 0 .021 
175 0 .435 2 7 . 2 7 0 .044 

37 0 .465 2 5 . 7 8 
1.24998 

0 .043 
261 0 .451 2 6 . 4 7 9 . 4 5 0.042 1.24998 - 0 . 0 1 6 
867 0 .423 27 .91 1 2 . 7 0 0 .032 1.25369 - 0 . 0 5 4 

2426 0 .383 2 9 . 9 0 13 .68 0.018 0.76466 - 0 . 0 8 8 
4675 0 .320 33 .09 1 1 . 2 5 0 .020 O .706I9 - 0 . 2 2 1 
9349 0 .252 36 .57 6 .08 0 .011 0.20777 - 0 . 2 2 8 

18697 0 .183 4 0 . 0 5 5 . 4 4 0 .006 0.09944 - 0 . 2 2 8 
34967 0 . 1 3 0 4 2 . 7 5 4 . 1 3 0 .002 0,03529 - 0 , 1 9 5 

9347 0 .154 4 1 . 5 1 0 ,042 
1560 0 . 1 9 5 3 9 . 4 5 0 .052 

175 0 .248 3 6 . 7 5 0 ,056 
20 0 .286 34 .81 0.041 
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Table A 3 . 3 2 . 

Consolidation Data - Yazoo Clay (Undisturbed), 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

46.24% T F i n a l m/c 
1.80g/cm:^ Natural Dry Density 
1.88g/cm-^ F i n a l Dry Density 
2.28% Swell Pressure 

= 56.1576 , 
= 1.23g/cm^ 
= 1.20g/cm^ 
= 85.91ki<7m 

Pressure 
(kN/m^) 

Voids R Strain 
(%) (mVy) 

m 
p V 

(m^/MN) 
(ml̂ slfQ 

10 •^") 
^c/^s 

85 1.217 
150 1.209 0 . 3 3 4 .94 0 .055 0 .85015 -0 .029 
215 1 .195 0 .96 8 .95 0 .097 2 .70553 - 0 . 0 9 0 
347 1 .174 1 .93 2 .49 0.072 0.55946 - 0 . 1 0 3 
610 1 .125 4.11 D.14 0 .085 O.O37I6 - 0 . 1 9 7 

1152 1.058 7 .13 0 .09 0 .058 0.01623 - 0 . 2 4 2 
2302 0 .966 11 .30 0 .10 0 .039 0.01205 - 0 . 3 0 7 
4437 0 .803 18 .64 0 .06 0 .039 0.00722 -0 .571 
8873 0.616 27 .06 0 . 0 3 0 .023 O.OO2I7 - 0 . 6 2 0 

17743 0 .462 34.01 0 .02 0 .010 0.00066 - 0 . 5 1 2 
3318I 0.342 39 .44 0 .01 0 .005 0.00016 - 0 . 4 4 2 

8873 0.440 35 .00 0.171 
1480 O.605 27 .57 0 .212 

331 " 0 . 7 6 6 20 .34 0.246 
2 1 .267 - 2 . 2 8 0 .244 

Table A 3.33. 

Consolidation Data - Yazoo Clay (Remoulded). 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

=117.00% 
= 1.40g/cm; 
= 1.91g/cm-

Fi n a l m/c 
I n i t i a l Dry Density 
F i n a l Dry Density 

= 31.76% ; 
= 0.65g/cm; 
= 1.44g/cm-

Pressure 
(kN/m^) 

Voids R Stra i n 
(%) 

c , 
p V 

(mVy) 

m 
p V 

(mVMN) 10 ^ ° ) 
20 3 .215 

0.78914 54 2 .969 5 .84 0 . 1 5 1 .716 0.78914 
• 89 2 .461 17 .90 0 .10 3 .656 1.13366 
158 2 .069 27 .20 0 .09 1.641 0.45796 
297 1.606 38 .18 0 .10 1 .085 0.33640 
574 1 .342 44 .45 0 .11 0 .365 0.12473 

1128 1 .072 50 .83 0 .07 0 .208 0.04517 
2426 0 .853 56 .04 0 . 0 5 0 .081 0.01262 

867 0 .905 54 .81 
175 1.041 51 .57 

37 1 .147 49 .06 
0.00868 435 1.087 50 .49 0 . 0 4 0 .069 0.00868 

1214 0 .947 53 .81 0 .04 0 .086 0.01061 
2426 0 .832 56 .54 0 . 0 4 0 .049 0.00606 
4675 0 .694 59 .80 0 .04 0 .034 0.00419 
9349 0 .549 63 .25 0 . 0 4 0 .018 0.00224 

18697 0 .422 66 .27 0 . 0 3 0 .009 0.00100 
34967 0 .330 68 .44 0 . 0 3 0 .004 0.00035 

9347 0 .420 66 .31 
1560 0 .589 62 .29 

175 0 .743 58 .65 
20 0 .886 55.26 

^c/^s 

- 0 . 5 7 8 
- 2 . 3 5 8 
- 1 . 5 6 9 
-1*699 
- 0 . 9 2 3 
- 0 . 9 1 7 
- 0 . 6 5 9 

0 .115 
0.197 
0.157 

- 0 . 0 5 6 
- 0 . 3 1 4 
- 0 . 3 8 2 
- 0 . 4 8 2 
- 0 . 4 8 3 
- 0 . 4 2 3 
- 0 . 3 3 6 

0.156 
0 .218 
0 .162 
0 .152 
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Table A 3 . 3 4 . 

Consolidation Data - Kincaid Shale 6m (Undisturbed). 

I n i t i a l m/c 
N a t u r a l B u l k D e n s i t y 
F i n a l B u l k D e n s i t y 
S w e l l P e r c e n t a g e 

21.00% , F i n a l m/c 
1.98g/cm:^ N a t u r a l Dry D e n s i t y 
2.02g/cm-^ F i n a l Dry D e n s i t y 
4.27% S w e l l P r e s s u r e 

= 28.62% , 
= 1.63g/cm^ 
= 1.57g/cm^ 
=131.41kN/m'^ 

P r e s s u r e 

(kN/m^) 

V o i d s R s t r a i n 

(%) .(mVy) 

m 
2 ^ 

(mVMN) 
(m^sjQ 
10 •^°) 

C /C 

131 0 .654 
200 0 .650 0 .21 27 .87 0 .036 3 . I I 8 5 I - 0 . 0 1 9 
265 0 . 6 4 5 0 .54 9 .59 0 .046 1.38596 - 0 . 0 4 4 
412 0 .634 1 .17 5 .67 0 .043 . 0 . 7 9 9 5 6 - 0 . 0 5 4 
660 0 .620 2 . 0 5 5 .59 0 .043 - 0 . 5 9 8 6 8 - 0 . 0 7 0 

1152 0 .598 3 . 3 5 26 .44 0 .027 2 .26237 - 0 . 0 8 9 
2302 0 .557 5 .82 12 .97 0 .022 0 .89703 - 0 . 1 3 6 
4437 O.516 8 .30 2 .51 0 .012 0.09596 - 0 . 1 4 4 
8873 0 .461 1 1 . 6 2 2 .21 0 .008 0 .05603 - 0 . 1 8 2 

17743 0 .387 1 6 . 1 0 0 .63 0 .005 0 .01115 -0 .246 
33184 O.316 2 0 . 4 0 0 . 4 7 0 .003 0.00482 - 0 . 2 6 1 

8873 0 .343 1 8 . 8 0 0.046 
1480 0 .412 14 .58 0.089 

331 ^ 0 .481 1 0 . 4 5 0 .105 
2 0 .724 - 4 . 2 7 0 .118 

Table A 3 . 3 5 . 

Consolidation Data - Kincaid Shale 6m (Remoulded). 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

=72.00% , F i n a l m/c = 17.04% , 
= 1.53g/cm^ I n i t i a l Dry Density = 0.89g/cm:? 
= 2.15g/cm-^ F i n a l Dry Density = 1.83g/cm-' 

P r e s s u r e V o i d s R S t r a i n c 

(kN/m^) (%) (m^/y) 
20 2 . 0 3 7 
54 2 .008 0 .96 2 . 4 5 
89 1 .811 7 . 4 3 0 .31 

158 1 .543 16 .27 0 .26 
297 1 .123 3 0 . 1 0 0 .17 
574 0 . 9 1 5 36 .92 0 .19 

1128 0 .731 42 .99 0 .19 
2426 0 .576 48 .11 0 .17 

867 0 .582 47 .88 
175 0 .609 47 .02 

37 0 .639 46 .02 
435 0 .630 46 .31 0 . 4 3 

1214 0 . 5 9 3 47 .54 0 . 2 2 
2426 0 .547 4 9 . 0 5 0 .31 
4675 0 .469 51 .61 0 .17 
9349 0 . 3 9 4 54 .10 0 .14 

18697 0 .321 56 .48 0 . 1 2 
34967 0 ,261 58 .45 0 .09 

9347 0 .302 5 7 . 1 3 
1560 0 . 3 7 4 54 .74 

175 0 .436 52 .69 
20 0 . 4 7 3 51 .48 

m 

O . 2 8 I 
1 .877 
1 .384 
1 .188 
0 .353 
0 .173 
0 .069 

0 .013 
0 .029 
0 .024 
0 .022 
0 .011 
0 .006 
0 .002 

1 0 " ^ ° ) 

2;13419 
1.79821 
1.11367 
0.62610 
0.20800 
0.10219 
0.03636 

0.01808 
0 .01985 
0.02282 
0.01187 
0.00498 
0 .00211 
0.00078 

- 0 . 0 6 7 
- 0 . 9 1 2 
- 1 . 0 7 4 
- 1 . 5 4 1 
- 0 . 7 2 4 
- 0 . 6 2 8 
- 0 . 4 6 8 

0 .015 
0.037 
0 .045 

- 0 . 0 0 8 
- 0 . 0 8 4 
- 0 . 1 5 3 
- 0 . 2 7 3 
-0 .251 
- 0 . 2 4 0 
- 0 . 2 2 0 

0 .070 
0 .093 
0 .065 
0 .039 
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Table A 3 . 3 6 . 

Consolidation Data - Kincaid Shale 8m (Undisturbed). 

I n i t i a l m/c = 18.94% 
Natural Bulk Density • 
F i n a l Bulk Density 
Swell Percentage = 0.00% 

- F i n a l m/c 
1.96g/cm^ Matural Dry Density 
2.12g/cm-^ F i n a l Dry Density 

Swell Pressure 

= 23.00% , 
= 1.65g/cm^ 
= 1.72g/cm^ 
= 51.98kN/m'^ 

Pressure Voids R Str a i n c„ m 
10 •^°) (kN/m^) (%) 

p ^ (m^/y) p ^ (mVMN) 10 •^°) 
C 8 

52 O . 6 I 3 
117 0 .606 0 .47 73 .35 0 .065 14.95138 - 0 . 0 2 1 
183 0 .601 0 . 7 5 72 .80 0 .047 10.64566 - 0 . 0 2 4 
314 0 .591 1 .35 25 .98 0 .047 -3.84005 -^0.041 
577 0 .576 2 . 3 3 71 .01 0 .036 '"7 .89125 -6.060 

1152 0 .552 3 . 7 7 17 .31 0.026 1.42116 - 0 . 0 7 7 
2302 0 .531 5 .08 67 .32 0.011 2 .43547 - 0 . 0 7 0 
4437 0 . 5 0 5 6 .69 29 .01 0 .007 0.71532 - 0 . 0 9 1 
8873 0 .455 9 .79 89 .36 0 .007 2 .07465 - 0 . 1 6 6 

17743 0 .388 1 3 . 9 3 57 .25 0 .005 0.92134 - 0 . 2 2 2 
33184 0 .304 1 9 . 1 8 37 .70 0 .004 O.45814 - 0 . 3 1 1 

8873 0 .321 18 .11 0 .030 
1480 „ 0 .347 1 6 . 5 3 0 .033 

331 0 .373 1 4 . 8 8 0 .041 
2 0 .541 4 . 4 5 0 ,082 

Table A 3 . 3 7 . 

Consolidation Data - Kincaid Shale 8m (Remoulded). 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 59.00% , F i n a l m/c = 14.01% , 
= 1.65g/cmi I n i t i a l Dry Density = 1.04g/cm^ 
= 2.21g/cm^ F i n a l Dry Density = 1.94g/cm-' 

Pressure Voids R Str a i n c„ m 
(kN/m^) (%) 

p V 
(m^/y) 

p V 
(mVMN) 

20 1 .554 
54 1 .531 0 .88 3 .07 0.264 
89 1 .445 4 . 2 5 1.09 0 .970 

158 1 .180 14.64 0 .52 1.572 
297 0 .867 2 6 . 8 9 0 .36 1.032 
574 0 .688 33 .90 0 . 4 4 0.346 

1128 0 . 5 8 5 3 7 . 9 2 0.61 0.110 
2426 0 .490 4 1 . 6 5 0 .69 0.046 

867 0 .492 41 .59 
175 0 .498 41 .34 

37 0 .511 40.84 
435 0 .509 40 .90 6 .77 0 .002 

1214 0 . 4 9 4 41 .50 1 .07 0.011 
2426 0 .472 42 .36 2 .26 0 .012 
4675 0 .407 4 4 . 8 9 0 .53 0 .019 
9349 , 0 .338 47.61 0.89 0.010 

18697 0 .272 50 .17 0.81 0 .005 
34967 0 . 2 1 4 5 2 . 4 5 0 .26 0 .002 

9347 0 .235 5 1 . 6 3 
1560 0 . 2 7 4 50 .09 

175 0 .309 4 8 . 7 5 
20 0 .367 4 6 . 4 5 

(ml̂ s* 
1 0 ^ ° ) 

2 .52070 
3.28037 
2.53214 
1.25271 
0.47212 
0.20825 
0.09872 

0.06915 
0.03683 
0.08518 
0.03228 
0.03000 
0.01347 
0.00232 

^c/^s 

- 0 . 0 5 2 
- 0 . 3 9 9 
- I . 0 6 I 
- 1 . 1 4 8 
- 0 . 6 2 5 
- 0 . 3 5 0 
- 0 . 2 8 6 

0 .003 
0 .009 
0.019 

- 0 . 0 0 1 
- 0 . 0 3 3 
- 0 . 0 7 3 
- 0 . 2 2 7 
- 0 . 2 3 0 
- 0 . 2 1 7 
- 0 . 2 1 4 

0 .036 
0 .050 
0 .036 
0 .062 
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Table A.3.38. 

Consolidation Data - Nacimiento Shale. Nl (Undisturbed). 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

= 7.19% , F i n a l m/c =11.2556 , 
= 2.28g/cm^ Natural Dry Density = 2.13g/cm^ 
= 2.32g/cm-^ F i n a l Dry Density = 2.09g/cm^ 
= 1.75% Swell Pressure =j398.48kN/m'^ 

Pressure Voids R St r a i n c m (m^s* 
10 •^") 

C/C 

(kN/m^) . i%) 
pV 

(mVy) 
pV 

(mVMN) 
(m^s* 

10 •^") 
C B 

1398 0 . 2 6 3 
2959 0 .253 0 .74 2 8 . 8 5 0 .005 0.45362 - 0 . 0 2 9 
4437 0 . 2 4 5 1 .37 3 5 . 1 2 0 .004 0.47023 - 0 . 0 4 5 
8873 0 .230 2 .59 2 7 . 9 2 0 .002 0.23507 - 0 . 0 5 1 

17740 0 .212 3 . 9 8 18 . 88 0 .001 0.09659 - 0 . 0 5 8 
33184 0 .194 5 .42 9 . 1 3 0 .001 0.02721 - 0 . 0 6 7 

8873 0 .212 4 .02 0 .030 
1480 0 .234 2 .29 0 .028 

331 0 .257 0 . 4 7 0 .035 
2 0 .285 - 1 . 7 5 0 .013 

Table A 3.39. 

Consolidation Data - Macimlento Shale, Nl (Remoulded). 

I n i t i a l n/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 37.00% , 
= 1.71g/cm; 
= 2.24g/cm-

F i n a l m/c = 14.13% 
I n i t i a l Dry Density = 
Fi n a l Dry Density 

= 1.24 g/cm-
= 1.96g/cm^ 

Pressure Voids R Str a i n c „ ^„ 

1 0 ^ ° ) (kN/m^) (%) 
p^ (m^/y) p V 

(mVMN) 1 0 ^ ° ) 
c s 

20 1 .157 
54 1 .113 2 . 0 5 1 .19 0 .599 2.21322 - 0 . 1 0 2 
89 0 .977 8 . 3 3 1 .28 1.838 7.29691 - 0 . 6 2 9 

158 0 .88G 1 2 . 8 5 2 . 3 6 0 .711 5.20224 - 0 . 3 8 9 
297 0 .782 1 7 . 3 5 3 . 3 3 0 .375 3.87730 -0 .356 
574 0 .696 2 1 . 3 4 3 . 7 1 0 .174 2.00380 - 0 . 3 0 0 

1128 0 .609 2 5 . 3 7 5 . 5 4 0 .092 1.59021 - 0 . 2 9 7 
2426 0 .509 3 0 . 0 3 4 . 9 3 0 .048 0.73114 - 0 . 3 0 2 

867 0 .519 29 .61 0 .020 
175 0 .544 28 .38 0 .038 
37;: 0 .573 27 .08 0 .042 

435 0 . 5 5 5 27.87 4 .32 0 .028 0.37497 -0.016 
1214 0 .527 2 9 . 1 7 9 . 4 5 0 .023 0.67712 - 0 . 0 6 3 
2426 0 . 495 30 .66 11 .22 0 .017 0.60139 - 0 . 1 0 7 
4675 0 .426 33 .88 3 . 7 7 0 .021 0.23980 - 0 . 2 4 3 
9349 0 .340 3 7 . 8 5 3 .38 0 .013 0.13511 - 0 . 2 8 4 

18697 0 .263 4 1 . 4 3 1 .17 0 .006 0.02226 - 0 . 2 5 7 
34967 0 . 2 0 3 44.20 0 .26 0 .002 0.00242 - 0 . 2 1 9 

9347 0 . 2 3 3 4 2 . 8 3 U.051 
1560 0.282 4 0 . 5 5 0 .063 

175 0 .337 38 .02 0.057 
20 0 .368 3 6 . 5 5 0 .034 
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Table A 3 . 4 0 . 

Consolidation Data - Nacimiento Shale. N2 (Undisturbed). 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

5.85% , F i n a l m/c 
2.22g/cm:^ Natural Dry Density 
2.34g/cm-^ F i n a l Dry Density 

Swell Pressure = 0.91% 

= 12.81% , 
= 2.10g/cm^ 
= 2.08g/cm^ 
=983.64kN/m'^ 

Pressure Voids H Stra i n c . m (ml̂ s* 
10 •^") 

C„/C„ 
(kN/m^) 

Voids H 
(%) 

2^ 
(mVy) 

2 ^ (m^/MN) 
(ml̂ s* 
10 •^") 

c s 

983 0 .270 
1234 0 .267 0 . 2 4 35 .62 0 .009 1.03919 - 0 . 0 3 0 
2302 0 .256 1 .14 2 8 . 5 2 0 .008 0.71870 - 0 . 0 4 2 
4437 0 .241 2 .32 56 .99 0 .005 0 .98823 - 0 . 0 5 2 
8873 0 .229 3 . 2 3 5.64 0 .002 0.03811 - 0 . 0 3 8 

17740 0.218: 4 .10 18.64 0 .001 0.05832 - 0 . 0 3 7 
33184 0 .202 5 .40 32 .39 0 .001 0.08538 - 0 . 0 6 0 

8873 0 .214 4 .44 0.021 
1480 0 .234 2 . 8 9 0.025 

331 0 .256 1 . 1 3 0 .034 
2 0 .282 - 0 . 9 1 0 .012 

Table A 3 . 4 1 . 

Consolidation Data - Nacimiento Shale, N2 (Remoulded). 

I n i t i a l m/c =39 .00% , F i n a l m/c = 13.53% , 
I n i t i a l Wet Density = 1.75g/cm^ I n i t i a l Dry Density = 1.26g/cm^ 
F i n a l Bulk Density = 2.24g/cm-^ F i n a l Dry Density = 1.97g/cm'' 

Pressure 
(kN/m^) 

Voids R Stra i n 
(%) (mVy) 

m 
2 ^ (mVMN) 

(m^s*Q 
10 •^") 

^c/^s 

20 1 .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 . 3 7 7 

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 . 4 5 4 
574 0.636 22.56 1 .30 0.186 0.75067 - 0 . 3 1 3 

1128 0 . 5 5 5 26 .38 1.34 0 .089 0.37128 - 0 . 2 7 5 
2426 0 .465 3 0 . 6 5 1.51 0 .045 0.20874 - 0 . 2 7 1 

867 0 .469 30 .44 0.019 
175 0 .486 29 .62 0 .025 

37 0 .510 2 8 . 5 2 0 .034 
435 0 .496 29 .19 1.28 0 .023 0.09152 - 0 . 0 1 3 

1214 0 .476 30 .10 2 . 8 3 0 .017 0 .15050 - 0 . 0 4 3 
2426 0 .455 31 .11 3 .08 0.011 0.11205 - 0 . 0 7 1 
^675 0 .396 33.91 0 . 9 3 0.018 0.05193 - 0 . 2 0 7 
9349 0 .320 37 .47 0 . 5 3 0 .011 0.01911 - 0 . 2 5 0 

18697 0 .255 40 .59 0.39 0 .005 0.00662 - 0 . 2 1 9 
34967 0 .195 43 .42 0 .28 0 .002 0.00261 -0 .219 

9347 0 .219 42 .28 0.041 
156O 0 .253 40.67 0 .044 

175 0 .296 38.64 0 .045 
20 0 .348 36.16 0 .056 
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I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

Table A 3 . 4 2 . 

Consolidation Data - Kacimiento Shale. N3 (Undisturbed). 
= 16.63% , F i n a l m/c 

2.09g/cm^ Natural Dry Density 
2.10g/cm-^ F i n a l Dry Density 
7.24% Swell Pressure 

= 25.74% , 
= 1.79g/cm^ 
= 1.67g/cm^ 
=677.66kN/m'=̂  

Pressure Voids R s t r a i n c m 
10 -^°) 

C /C 
(kN/m^) (%) 2^ 

(mVy) 
p V 

(mVMN) 10 -^°) 
c' s 

677 0 .538 

2^ 
(mVy) 10 -^°) 

750 0 .538 
820 0 .537 0 . 0 4 31 .49 0 .009 O.9O673 - 0 . 0 0 9 
969 0 . 5 3 4 0 . 2 4 38 .79 0 .013 1.57521 - 0 . 0 4 3 

1279 0 .531 0 .49 38 .62 0 .006 0.75527 - 0 . 0 3 2 
2556 0 .512 1 .67 6.99 0.009 0.21050 - 0 . 0 6 0 
4927 0 .490 3 .09 1 .97 0.006 0.03746 - 0 . 0 7 7 
9853 0.459 5 . 1 5 0 .83 0 .004 0.01086 - 0 . 1 0 5 

19703 0 .412 8 .21 0 .04 0 .003 0.00031 - 0 . 1 5 6 
35025 0 .372 10 .79 0 .04 0 .001 0 .00023 - 0 . 1 5 9 
18241 0 .384 9 .99 0 .043 

9120 0 .404 8 .68 0 .067 
1641 0.464 4 . 8 2 0.079 

366 0 .506 2 . 0 8 0 .065 
2 a. 649 - 7 . 2 4 0 .068 

Table A 3 . 4 3 . 

Consolidation Data - Nacimiento Shale, N3 (Remoulded). 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

F i n a l m/c = 22.85% - 93.00% -z - — / » - — w . v ^ / w 2 

= 1.50g/cm:; I n i t i a l Dry Density = 0.77g/cm^ 
= 2.06g/cm-^ F i n a l Dry Density = 1.67g/cm-^ 

Pressure Voids R St r a i n m (m^s» 
10 •^") 

C /C 
(ev'm̂ ) (%) 

c^ 
(m^/y) 

2 ^ (m /MN) 
(m^s» 
10 •^") 

c' B 

20 2 . 5 4 8 
54 2 . 4 4 3 2 . 9 7 1.62 0.870 4.37219 - 0 . 2 4 5 
89 1.890 1 8 . 5 5 0 .68 4 .589 9.67368 - 2 . 5 6 4 

158 1 .550 2 8 . 1 3 0 .60 1 .705 3.17135 - 1 . 3 6 0 
297 1 .302 35 .11 0 .44 0.699 0.95438 - 0 . 9 0 9 
574 1 .108 40 .60 0 .68 0 .304 0.64139 - 0 . 6 8 1 

1128 0 .920 45 .89 0 .48 0 .161 0.23957 - 0 . 6 4 0 
2426 0 .764 50 .28 0 .28 0 .062 0 .05433 -0.467 

8fi7 0 .789 49 .57 0 .056 
175 0 .857 47 .66 0 .097 

37 O.916 45 .99 0 .088 
435 0.881 46 .99 0 .16 0 .045 0 .02253 - 0 . 0 3 3 

1214 0.811 48 .96 0.19 0 .048 O . 028I3 - 0 . 1 5 7 
2426 0.746 50 .79 0 .24 0 .030 0.02200 -0.216 
4675 0 .639 5 3 . 8 0 0 .16 0 .027 0.01358 - 0 . 3 7 4 
9349 0 . 5 1 4 57 .32 0 .19 0.016 0.00961 - 0 . 4 1 5 

18697 0 .407 60 .34 0 .07 0 .007 0 .00162 - 0 . 3 5 6 
34967 0 .321 62 .76 0 .06 0 .003 0.00072 - 0 . 3 I 6 
9347 0 .390 60.81 0 .121 
1560 0.496 5 7 . 8 3 0 .135 

175 0 .588 55 .25 0 .096 

37 0.643 53.69 0 .083 
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I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

Table A 3 . 4 4 . 

Consolidation Data - Fox H i l l s Shale (Undisturbed), 

= 34.06% 30.78% J F i n a l m/c 
1.77g/cm^ Natural Dry Density = 1.36g/cm-C 
1.78g/cm-^ F i n a l Dry Density = 1.32g/cm^ 
2.31% Swell Pressure =641.38kN/m' 

Pressure Voids R St r a i n c „ m (m^s?Q • 
10 ^ ° ) 

C /C 
(kN /m^) ( % ) 

pV 
(mVy) 

2 ^ (m^s?Q • 
10 ^ ° ) 

c ' s 

641 0 .885 

pV 
(mVy) 

(m^s?Q • 
10 ^ ° ) 

713 0 .884 0 . 0 5 
787 0 .884 0 . 0 5 
933 0 .879 0 . 3 0 2 8 . 9 9 0.018 1.63359 - 0 . 0 6 0 

1224 0 .867 0 . 9 3 2 8 . 7 4 0.021 1.95528 - 0 . 1 0 0 
1809 0 .848 1 .96 2 5 . 6 4 0 .017 1.38508 - 0 . 1 1 4 
2611 0 .816 3 . 6 4 8 .47 0 .021 0.56620 - 0 . 1 9 8 
4928 0 .748 7 .28 0 . 8 0 0 .016 0.04007 - 0 . 2 4 9 
9853 0 .649 1 2 . 5 1 0 . 1 3 0.011 0.00463 - 0 . 3 2 8 

19703 0 .530 1 8 . 8 2 0 .06 0 .007 0.00136 - 0 . 3 9 5 
35025 0 .430 2 4 . 1 2 0 .11 0 .004 0.00148 - 0 . 3 9 9 
I 8 0 2 5 0 .448 2 3 . 1 9 0 .061 

8208 0 .492 2 0 . 8 5 0 .128 
1641 ^ 0 . 5 9 7 1 5 . 2 8 0 .151 

366 0 .682 1 0 . 7 5 0.131 
2 0 .929 - 2 . 3 1 0 .117 

Table A 3 . 4 5 . 

Consolidation Data - Fox H i l l s Shale (Remoulded). 

I n i t i a l m/c = 62.00% ^ F i n a l m/c =62 .00% , 
I n i t i a l Wet Density = 1.56g/cm-^ I n i t i a l Dry Density = 0.96g/cm^ 
F i n a l Bulk Density = 1.96g/cm-^ F i n a l Dry Density = 1.55g/cm-^ 

Pressure Voids R St r a i n . m . ^ • C /C 
(kN/m^) (%) 

c^ 
(m^/y) 

2 ^ (m /MN) 10 •^°) 
c' s 

20 1.659 
54 1 .563 3 . 6 3 0 .42 1.061 1.38253 - 0 . 2 2 4 
89 1 .418 9 .06 0 .69 1.616 3.45746 - 0 . 6 7 1 

158 1.308 13 .21 1 .03 0.659 2.10519 - 0 . 4 4 1 
297 1 .181 1 7 . 9 7 1 .23 0 .895 1.50948 - 0 . 4 6 5 
574 1.071 2 2 . 1 2 1 .25 0 .182 0.70557 - 0 . 3 8 5 

1128 . 0 .940 2 7 . 0 4 0 .98 0 .114 0.34690 - 0 . 4 4 5 
2426 0 . 8 0 3 32 .21 0 .80 0 .054 0.13495 - 0 . 4 1 3 

667 0 . 8 2 4 31 .41 0 .047 
175 0.879" 2 9 . 3 4 0 .079 

37 0 .930 2 7 . 4 2 0 .076 
435 0 .899 2 8 . 6 0 0 . 9 5 0 .039 0.11768 - 0 . 0 2 9 

1214 0 .843 30 .68 0 .91 0.037 0.10675 - 0 . 1 2 4 
2426 0 .779 3 3 . 1 0 0 .80 0.029 0.07103 - 0 . 2 1 4 
4675 0 .671 37 .17 0 .36 0 .027 .0.03011 - 0 . 3 8 0 
9349 0 .554 4 1 . 5 7 0 .22 0 .015 0.01024 - 0 . 3 8 8 

18697 0 .444 4 5 . 7 0 0 .09 0.007 0.00228 - 0 . 3 6 5 
34967 0 .346 49 .39 0 . 0 5 0 .004 0.00071 - 0 . 3 6 0 

9347 0 .403 4 7 . 2 4 0 .100 
1560 0 .496 4 3 . 7 5 0 .119 

175 0 .570 4 0 . 9 4 0 .078 
20 0 .655 3 7 . 7 7 0 .090 
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Table A 3 . 4 6 . 

Consolidation Data - Dawson Shale (Undisturbed), 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

14.02% , F i n a l m/c 
2.17g/cmc Natural Dry Density 
2.12g/cm-^ F i n a l Dry Density 

12.89% Swell Pressure 

= 25.32% , 
= 1.91g/cm^ 
= 1.69g/cm^ 
=623.l4kN/m^ 

Pressure Voids R Strain c m (m^s*,Q 
10 - •^°) 

c /c 
(kN/m^) (%) 2^ 

(mVy) 
2 ^ (mVMN) 

(m^s*,Q 
10 - •^°) 

C' B 

623 0 .370 
732 0 .369 0 .10 8 .86 0 .007 O.I8392 - 0 , 0 1 9 
914 0 .365 0 .35 35 .34 0 .016 1.75877 - 0 . 0 3 5 

1206 0 .362 0 .61 4 . 9 4 0 .007 - - 0.11526 - 0 , 0 2 9 
1827 0 .352 1 .32 1 .00 0 .011 - ! 0.03666 - 0 . 0 5 4 
2556 0 .344 1.89 0 .70 0 ,008 0?01761 - 0 , 0 5 4 
4928 0 .324 3 .37 0 .40 0 .006 0.00777 - 0 , 0 7 1 
9853 0.298 5 .27 0 . 3 3 0 .004 0.00407 - 0 . 0 8 6 

19704 0 .252 8.59 0 .07 0 .003 0.00078 - 0 . 1 5 1 
35025 0 .208 11 .80 0 .04 0 .002 0.00028 - 0 . 1 7 6 
18241 0 .217 11 .14 0 .032 

9120 0 .234 9 .96 0 .054 
1644 0 .274 6 .98 0 ,055 

367 - 0 .324 3 .36 0.076 
2 0 .547 - 1 2 . 8 8 0.106 

Table A 3 . 4 7 . 

Consolidation Data - Dawson Shale (Remoulded). 

I n i t i a l ' m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

75.00% , F i n a l m/c 
1.59g/cm^ I n i t i a l Dry Density 
2.09g/cm-^ F i n a l Dry Density 

= 19.77% , 
= 0.91g/cm:: 
= 1.74g/cm^ 

Pressure Voids R Str a i n c m 
10 (kN/m^) (%) 

p V 
(mVy) 

p V 
(mVMN) 10 

c s 

20 1 .871 
54 1.809 2.16 1.25 0 .635 2.46127 - 0 . 1 4 4 
89 1.519 1 2 . 2 7 0 .56 2 .949 5.12070 - 1 . 3 4 7 

158 1.231 22 .29 0 . 3 5 1.656 1.79787 - 1 . 1 5 0 
297 0 .988 3 0 . 7 5 0 .29 0 .783 0.70446 - 0 . 8 9 2 
574 O .813 3 6 . 8 5 0 . 2 3 0 .317 0.22658 -0.612 

1128 0 .668 4 1 . 9 0 0 .22 0 .144 0.09841 - 0 . 4 9 4 
2426 0 .540 46 .36 0 .16 0 .063 0.02452 - 0 . 3 8 4 

867 0 .554 45 .86 0 ,032 
175 0.612 4 3 . 8 3 0 .084 

37 0 .667 4 1 . 9 3 0.081 
435 0 .634 43 .07 0 .12 0 .049 0.01836 - 0 . 0 3 0 

1214 0 .578 45 .02 0 .12 0 .044 0.01692 - 0 . 1 2 6 
2426 0 .530 46 .72 0.16 0 .025 0.01287 - 0 . 1 6 1 
4675 0 .453 49 .39 0 . 1 3 0 .022 0.00934 - 0 . 2 6 9 
9349 0 .365 52 .45 0 .07 0 .013 0.00295 - 0 . 2 9 2 

18697 0 .289 55 .10 0 . 0 5 0.006 0.00097 - 0 , 2 5 3 
34967 0 .219 57 .54 0 .06 0 .003 0.00063 - 0 , 2 5 7 

9347 0 .268 5 5 . 8 3 0 .085 
156O 0 .321 53 .97 0 .069 

175 0 .437 4 9 . 9 3 0 .122 
20 0 .500 4 7 . 7 4 0 .067 
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Table A 3.48. 

Consolidation Data - Pierre Shale, Dakota (Undisturbed) 

=29 .52% I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

Pressure Voids H 
(kN/m^) 

127 
203 
276 
422 
732 

I 3 I 6 
2556 
4928 
9853 

19703 
35025 
I 8 2 4 1 

9120 
1641 

366 
2 

0 .780 
0.776 
0.769 
0.756 
0 .736 
0 .709 
0 .674 
0 .633 
0 .579 
0 .484 
0 .390 
0 .411 
0 . 4 5 4 
0 .567 
0 .658 
0 .812 

, F i n a l m/c 
1.92g/cm^ Natural Dry Density 
1.98g/cm-^ F i n a l Dry Density 
1.84% Swell Pressure 

= 36.53% , 
= 1.48g/cm^ 
= 1.45g/cm^ 
=127.69kN/m^ 

Stra i n c^ m̂  
(%) (m^/y) (m^/MN) 

0 .17 
0 .57 
1 .34 
2 . 4 2 
3 . 9 7 
5 .93 
8 .23 

11 .29 
16 .61 
21.87 
2 0 . 7 2 
18 .31 
11 .94 

6 .82 
- 1 . 8 4 

2 8 . 5 2 
2 1 . 4 4 
21 .19 

3 . 2 7 
0 .99 
0 .27 
0 . 2 3 
0 .21 
0 .21 
0 .08 

0.029 
0 .054 
0 .050 
0 .036 
0 .027 
0.016 
0.010 
0 .006 
0 .006 
0 .004 

10 •^") 

2.61419 
3 .58854 
3.30639 
0.37243 
O.08175 
0 .01382 
0.00737 
0 .00437 
0.00227 
0 .00105 

^c/^s 

- 0 . 0 1 5 
- 0 . 0 5 3 
- 0 . 0 7 3 
-O.08I 
- 0 . 1 0 8 
- 0 . 1 2 1 
- 0 . 1 4 3 
- 0 . 1 8 1 
- 0 . 3 1 5 
- 0 . 3 7 4 

0 .072 
0 .142 
0 .152 
0 .140 
0 .073 

Table A 3 .49. 

Consolidation Data - Pierre Shale, Dakota (Remoulded). 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

=135.00% F i n a l m/c 
= l,3kg/cmC I n i t i a l Dry Density 
= 1.87g/'cm-^ F i n a l Dry Density 

- 35.51% 
= 0.57g/cm^ 
= 1.38g/cm^ 

Pressure Voids R Stra i n m 
10 •^") 

^c/°s 
(kN/m^) (%) (m^/y) (m^/MN) 10 •^") 

20 3 .616 
54 3 .514 2 . 2 2 1 8 . 6 5 0 .649 37 .57473 - 0 . 2 3 8 
89 2 .842 16 .77 0 . 0 5 4 .253 0.65921 - 3 . 1 1 7 

158 2 .427 25 .76 0 .04 1 .565 0.19412 - 1 . 6 6 0 
297 1.806 39 .21 0 .03 1 .303 0.12120 - 2 . 2 7 9 
574 1 .399 4 8 . 0 3 0 .04 0 .523 0.06498 - 1 . 4 2 3 

1128 1.101 54 .48 0 .04 0 . 2 2 4 0.02782 - 1 . 0 1 5 
2426 0 .860 59 .69 0 .04 0 .088 0.01099 - 0 . 7 2 3 

867 0 .898 58 .88 0 .083 
175 1 .040 55 .79 0 .205 

37 1 .204 5 2 . 2 5 0 .244 
435 1 .102 5 4 . 4 5 0 . 0 3 0 .115 0.01079 - 0 . 0 9 5 

1214 0 . 9 3 5 58 .07 0 . 0 3 0.106 0.01117 - 0 . 3 7 5 
2426 0 .828 60 .39 0 .06 G .047 0.00844 - 0 . 3 5 6 
4675 0 .678 6 3 . 6 5 0 .04 0 .038 0.00548 - 0 . 5 2 7 
9349 0 .539 6 6 . 6 5 0 .04 0.018 0.00229 - 0 . 4 5 9 

18697 0 .414 69 .37 0 . 0 5 0 .009 0.00148 - 0 . 4 1 7 
34967 0 .315 71 .51 0 .04 0 .004 0.00060 - 0 . 3 6 3 

8657 0 .393 6 9 . 8 3 0 .128 
1560 0 .544 66 .54 0 .204 

175 0 .702 6 3 . 1 3 0 .166 
20 0 .908 58 .65 0 .220 
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Table A 3.50. 

Consolidation Data - Pierre Shale, Colorado (Undisturbed), 

I n i t i a l m/c 
Natural Bulk Density 
F i n a l Bulk Density 
Swell Percentage 

= 13.04% , F i n a l m/c 
2.39g/cm^ Natural Dry Density 
2.32g/cm-^ Fi n a l Dry Density 
0.00% Swell Pressure 

= 13.04% , 
= 2.11g/cm^ 
= 2.13g/cm^ 
= 72.96kN/m'^ 

Pressure Voids R S t r a i n c m C /C 
(kN/m^) (%) 

2^ 
(mVy) 

2 ^ 
10 

c' s 
72 0 .262 

148 0 .259 0 .21 2 9 . 2 0 0.031 2 .83134 - 0 . 0 0 8 
221 0 .253 0 . 6 7 59 .21 0 .065 11.98283 - 0 . 0 3 3 
367 0 . 2 4 5 1 .27 9 . 9 3 0 .043 - . 1 . 3 4 6 1 6 - 0 . 0 3 4 
659 0 .237 1 .97 34 .97 0.022 •^2.35558 - 0 , 0 3 5 

1279 0 .227 2 . 7 5 6 .97 0 .013 O.28172 - 0 . 0 3 4 
2556 0 .216 3 . 6 0 1 9 . 0 5 0.007 0.41458 - 0 . 0 3 5 
4929 0 .206 4 . 3 7 13 .76 0 .003 0.14782 - 0 . 0 3 4 
9855 0 .195 5 .31 3 .92 0.002 0.02250 - 0 . 0 3 9 

17518 0 .178 6 . 6 0 17 .97 0.002 0.10341 - 0 . 0 6 5 
35033 0 .151 8 .72 30 .80 0.001 0.12494 - 0 . 0 8 9 
18247 0 .158 8 .22 0 .022 

9125 0 .168 7 . 4 0 0 .034 
1644 0 .193 5 . 4 3 0 .033 

367 0 .210 4 . 0 7 0 .026 
2 0 .247 1 .11 0 .018 

Table A 3 .51. 

Consolidation Data - Pierre Shale, Colorado (Remoulded). 

i n i t i a l m/c = 62.00% , F i n a l m/c = 15.66% , 
i n i t i a l Wet Density = 1.64g/cm^ I n i t i a l Dry Density = l.Olg/cm^ 
F i n a l Bulk Density = 2.20g/cm-^ F i n a l Dry Density = 1.90g/cm-^ 

Pressure Voids R S t r a i n c„ (m^sfQ 
10 •^°) (kN/m^) (%) 

p V 
(m^/y) 

p V 
(mVMN) 

(m^sfQ 
10 •^°) 

c s 

20 1 .628 
54 1 .482 5 .56 0 .070 1.639 0.35456 - 0 . 3 4 0 
89 1.172 1 7 . 3 7 0 .098 3 .568 1.08415 - 1 . 4 4 0 

158 0 .948 2 5 . 8 6 0 .104 1 .494 0.48181 - 0 . 8 9 3 
297 0 .772 32 .56 0 .208 0 .649 0.41913 - 0 . 6 4 6 
574 0 .662 3 6 . 7 7 0 .301 0 .224 0.20915 - 0 . 3 8 6 

1128 0 .559 4 0 . 7 0 0 .340 0.111 0.11796 - 0 . 3 5 2 
2426 0 .457 44 .56 0 .387 0.051 .0.06044 - 0 . 3 0 5 

867 0 .466 4 4 . 2 0 0 .021 
175 0 .501 4 2 . 9 0 - 0.049 

37 0 .540 41 .41 0 .058 
435 0 .513 4 2 . 4 4 0 .292 0 .044 0.03947 - 0 . 0 2 5 

1214 0 .479 4 3 . 7 2 0 .580 0.029 O .0518I - 0 . 0 7 5 
2426 0 .447 4 4 . 9 2 0.841 0 .017 0.04640 - 0 . 1 0 5 
4675 0 .380 4 7 . 4 8 0.359 0.021 0.02287 - 0 . 2 3 5 
9349 0^299 50 .56 0 .416 0.012 0.01657 - 0 . 2 6 9 

18697 0 . 2 3 5 5 3 . 0 2 0.339 0 .005 0.00558 - 0 . 2 1 5 
34967 0 .171 55 .44 0 .218 0 .003 0.00209 - 0 . 2 3 3 

9347 0 .203 54 .22 0 .055 
1560 0 .258 5 2 . 1 2 0 .071 

175 0 .328 4 9 . 4 7 0 .073 
20 0 .399 4 6 . 7 7 0 .075 
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Table A 3.52. 

Consolidation Data - London Clay 37m (Liquid Limit. 50mm C e l l ) , 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 65.00% , 
= 1.56g/cm^ 
= 1.96g/cm^ 

Fi n a l m/c 
I n i t i a l Dry Density 
F i n a l Dry Density 

= 28.46% , 
= 0.94g/cm; 
= 1.53g/cm-

Pressure 
(kN/m^) 

Voids R S t r a i n 
(%) (mVy) 

m 
p V 

(mVMN) 10 •^") 
^c/^s 

2 •1.875 
-0.384 11 1.577 10.39 0.52 11,516 18.56525 -0.384 

21 1.477 13.87 1.05 3.880 12.63095 -0.380 
41 1.379 17.26 1.56 1.978 9.56657 -0.347 
80 1.268 21.13 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 0.787 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 0.089 

Table A 3.53. 

Consolidation Data - London Clay 37m (0.5 Liquidity Index. 50mm C e l l ) . 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 45.00% F i n a l m/c = 27.42% 

Pressure Voids R Str a i n m 
(kN/m^) (%) (m^/y) (m̂ /MN) 

2 1.392 
21 1.34? 1.90 1.34 0.990 
41 1.288 4.37 0.30 1.256 
80 1.204 7.87 0.35 0.941 

158 1.073 13.34 0.38 0.762 
394 0.901 20.53 0.45 0.357 
786 0.779 25.64 0 .43 O . I 63 

1571 0.675 30.00 0.35 0.074 
3502 0.548 35.29 0.31 0.039 
8404 0.427 40.35 0.20 0.016 
2801 0.460 38.96 

700 0.532 35.94 
196 O.604 32.92 

21 0.689 29.37 
2 0.766 26.17 

= 1.64g/cm^-Initial Dry Density = 1.13g/cm-
= 1.96g/cm-̂  F i n a l Dry Density = 1.53g/cm-

(m^s?Q 
10 •^°) 

^c/^s 

4.11305 
1.16893 
1.02138 
Oi89765 
0.49044 
O.2I823 
0.08080 
0.03773 
0.00988 

-0.044 
-0.210 
-0.288 
-0.443 
-0.435 
-0.408 
-0.346 
-0.364 
-0.319 

0.070 
0.120 
0.130 
0.088 
0.074 
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Table A 3*3k, 

Consol idat ion Data - Jj^illerB Eairth, Bath ( L i q u i d L i m i t , ^Oma C e l l ) , 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

=105.00% F i n a l m/c 
= l,26g/cm^ I n i t i a l Dry Density 
= 1.71g/cm-^ F i n a l Dry Density 

= 52.25% , 
= 0.6lg/cm; 
= 1.12g/cm-

Pressure Voids R S t r a i n c m 
10"-^°) 

c /c 
(kN/m^) (%) 

pV 
(mVy) 

p V 
(m^/Mir) 10"-^°) 

c' s 

2 3.400 
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 2.488 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 
8if06 0.760 59.99 0.03 0.019 G.00183 -0.489 
2802 0.841 58.16 0.169 

786 0.972 55.18 0.237 
198 1.080 52.73 0.180 

2 1.404 45.37 0.161 

Table A 3.55. 

Consol idat ion Data - F u l l e r s E a r t h . Bath (0.'^ L i q u i d i t y Index. 

50mm C e l l ) . 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

89.00% 
1.36g/cm^ 
1.77g/cm^ 

F i n a l m/c 
I I n i t i a l Dry Density 

77g/cm-^ F i n a l Dry Density 

= 47.80% 3 
= 0.72g/cm, 
= 1.19g/cm^ 

Pressure Voids R S t r a i n c^ (m^s* 
10 •̂ ") (kF/m^) (%) (m^/y) 

2 V 
(m /MN) 

(m^s* 
10 •̂ ") 

c s 

2 2.745 
21 2.460 7.62 0.87 3.805 10.26228 -0.274 
41 2.321 11.34 0.42 2.086 2.6I527 -0.496 
80 2.089 17.54 0.49 1.791 2.72089 -0.799 

158 1.850 23.92 0.33 0.991 1.01/f75 -0.808 
394 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 O.OI8I7 -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 O.08I 
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Table A 3.^6. 

Consol idat ion Data - F u l l e r s E a r t h . Bath (0.3 L i q u i d i t y Index. 

30mm C e l l ) . 

= 7't.00% I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

F i n a l m/c 
l.k7s/cm^ I n i t i a l Dry Density 
1.74g/cm-^ F i n a l Dry Density 

= if?. 33% , 
= 0.8lfg/cm^ 
= l. l8g/cm^ 

Pressure 
(kN/m^) 

. Voids R S t r a i n 

(%) 
I-

(mVy) 

m 
2 ^ (m-/MN) 

(m^s?Q 
10 •̂ ") 

^c/^s 

2 2.205 
kl 2.1Zf0 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 
39k 1.5if'f 20.64 0.13 0.474 0.19132 -0.813 
786 1.326 27.45 0.06 0.218 O.Oif065 -0.727 

1571 1.134 33.42 0.03 0.105 0.00977 -0.636 
3502 0.945 39.31 0.03 0.0if6 0.00426 -0.542 
8if08 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. 

Consol idat ion Data - F u l l e r s E a r t h . Bath (0.25 L i q u i d i t y Index. 

50mffl C e l l ) . 

= 59.00% F i n a l m/c = 45.92% I n i t i a l m/c 
I n i t i a l Wet Density = 1.58g/cm^ I n i t i a l Dry Density = 0.99g/cm-r 
F i n a l Bulk Density = 1.77g/cm^ F i n a l Dry Density = 1.21g/cm-^ 

Pressure Voids R S t r a i n (my Bin 
(kN/m^) (%) (m^/y) (m /MK) 10-^°) 

2 1.710 
21 1.697 0.51 22^57 0.251 17.66500 -0.013 
41 1.690 0.75 20.88 0.129 8.34991 -0.023 
80 1.670 1.50 67.91 0.190 /fO. 13362 -0.070 

158 1.617 3.43 16.52 0.254 13.03291 -0.177 
394 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 O.OkO 0.00251 -0.472 
8406 0.750 35.44 0.02 0.019 0.00118 -0.471 
2802 0.281 32.79 0.151 

700 0.949 28.10 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. 

Consol idation Data - Widdringham Roof (Liquid L i m i t . 50mm C e l l ) , 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 43.00% ^ F i n a l m/c 
= 1.65g/cm'^ I n i t i a l Dry Density 

= 23.00% 
= 1.15g/cm-

1.98g/cm-^ F i n a l Dry Density = 1.6lg/cm-' 

Pressure Voids R S t r a i n c . m (m^s* 
10 •^°) 

c /c 
(kN/m^) (%) (mVy) 

2 ^ (mVMN) 
(m^s* 
10 •^°) 

C' B 

2 1.150 
11 0.975 8.17 0.73 9.041 20.46640 -0.226 
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 4.44 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 2.5146I -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 0.055 
198 0.403 34.75 0.087 
21 0.481 31.12 0.081 

2 0.539 28.41 0.056 

Table A 3.59. 

Consol idat ion Data - Widdringham Roof (0 .5 L i q u i d i t y Index. 30mm C e l l ) . 

I n i t i a l m/c 
I n i t i a l Wet 
F i n a l Bulk Den 

= 33.00% F i n a l m/c = 27.18% 
Density = 1.74g/cm'^ I n i t i a l Dry Density = 1.31g/cm:: 
ens i ty = 1.98g/cm-^ F i n a l Dry Density = 1.56g/cm-' 

Pressure 
(kN/m^) 

Voids R S t r a i n 

(%) 
c^ 

(m^/y) 

m 
p V 

(m^/MN) 10 •̂ ") 
C / C c' s 

0.903 
-0.058 41 0.825 4.07 0.96 1.051 3.12769 -0.058 

80 0.774 6.76 1.15 0.693 2.4906I -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.I6090 -0.283 
2802 0.273 33.09 O.056 

786 0.322 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. 

Consol idat ion Data - P i erre Shale. Dakota (L iqu id L i m i t , 50mm C e l l ) . 

I n i t i a l m/c =136.00% , F i n a l m/c = 58.21% ^ 
I n i t i a l Wet Density = 1.28g/cm^ I n i t i a l Dry Density = 0.5itg/cm-^ 
F i n a l Bulk Density = 1.65g/cm-^ F i n a l Dry Density =1.05g/cm-^ 

Pressure Voids R S t r a i n c m (m^8?Q 
10 •^°) 

C / C 
(kN/m^) (%). 

pV 
(mVy) 

2 ^ (mVMN) 
(m^8?Q 
10 •^°) 

c' s 

2 3.866 

pV 
(mVy) 

11 3.216 13.35 0.10 14.842 4.54832 -0.835 
21 3.0191: 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 0.1/f8 0.03222 -0.843 
3502 0.692 65.23 0.05 0.062 0.00971 -0.671 
8365 0.if90 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 0.866 61.64 0.285 

2 1.522 48.17 0.328 

Table 3.61. 

Consol idat ion Data - P i erre Shale, Dakota (0.5 L i q u i d i t y Index, 

50mm C e l l ) . 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

82.00% , F i n a l m/c = 50.98% , 
l . l f lg /cm^ I n i t i a l Dry Density = 0.77g/cm^ 
1.72g/cm-^ F i n a l Dry Density = 1.13g/cm-' 

Pressure Voids R S t r a i n c „ m (m^s* 
10 •̂ ") 

c„/c„ 
(kN/m^) (%) 

pV 
(mVy) 

2 ^ (m /MN) 
(m^s* 
10 •̂ ") 

c s 

2 2.397 
21 1.230 2.27 2.38 1.193 8.80197 -0.073 
41 2.239 4.65 0.18 1.219 0.68069 -o.2b8 
80 2.095 8.90 0.17 1.139 0.60075 -0.496 

159 1.837 16.48 0.15 1.105 0./f9066 -0.871 
394 1.447 27.96 . 0.17 0.584 0.30828 -0.988 
786 1.195 35.40 0.10 0.262 O.O8144 -0.8lf2 

1571 0.964 42.20 0.10 0.134 O.Oifl55 -0.768 
3504 0.736 48.91 0.12 0.060 0.02236 -0.654 
8365 0.533 54.86 0.15 0,02k 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 
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Table A 3.62. 

Consolidation Data - London Clay 37m (Remoulded. Teflon C e l l ) . 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 65.00% , 
= 1.64g/cm: 
= 2.17g/cm-^ F i n a l Dry Density 

F i n a l m/c 
I n i t i a l Dry Density 

Pressure Voids R Strain ^c/^e 
(kN/m^) (%) (m^/y) 

20 1.736 
54 1.713 0.81 1.88 -0.051 
89 1.456 10.22 0.61 -1.195 

158 1.208 19.29 0.65 -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 G .6I5 40.94 0.45 -0.383 
4675 0.511 44.75 0.52 -0.365 
867 0.564 42.82 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 
4675 0.474 46.12 0.35 -0.196 
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 0.527 44.19 0.071 

= 22.17% , 
= 0.99g/cm^ 
= 1.78g/cm^ 
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Consol idation Data -

Table A 3.63. 

Oxford Clay 44m (Remoulded. Teflon C e l l ) . 

I n i t i a l m/c 
I n i t i a l Wet Density 
F i n a l Bulk Density 

= 57.00% , F i n a l m/c = 22.40% , 
= 1.66g/cm:^ I n i t i a l Dry Density = 1.06g/cmf 
= 2.05g/cm-^ F i n a l Dry Density 

= i.Obg/cm' 
= 1.67g/cm^ 

Pressure Voids R S t r a i n c /c 
c s (kN/m^) (%) (mVy) 

20 1.389 
54 1.254 5.64 2.38 eO.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 
574 0.706 28.60 2.44 -0.576 

-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 34>30 0.106 
37 0.646 31.10 0.102 

258 0.616 32.34 1.60 -0.035 
867 0.548 ' 35.22 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 1.07 -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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VOVOCOCMHt>-VD'̂ ncOHCMt^VDO VDOOCOCOCOOVDVOlACO îrvr̂ VDCO • • • • • • • • • • • • • • • OWOONl-ONCOCO^VOVOHHCOOO'̂  CJ\DC0C0a3O\H CMĈ OÔ -COVOHON OJ CO CM CM H <̂  iH H ^ H in 

C O C M H C V I s t O t ^ O O C ^ O ' ^ - ^ C O ^ - ' t 
O r H H r - I O O ^ O l A O \ C O H t ^ V D C O l A 
t - i V D V D C V J C M t ^ ^ t ^ C O t < 0 0 ^ ^ H H 

H r H H H O J M H H r H H r H C M C M C V J C y 
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Appendix A.4 

So i l Siaction 

A . 4 . 1 The Suction Plate 

A . 4 . 1 . 1 Apparatus 

This apparatus, consis t ing o f a f i l t e r u n i t and a mercury manometer 

( F i g . A . 4 » l ) t enables a constant suction (ranging from a few centimeters 

o f water to one atmosphere) t o be applied to a s o i l specimen v i a a 

porous p la te . 

The f i l t e r u n i t i s composed o f demountable glassware which consists 

o f a sintered-glass porous disc fused in to the narrow end o f a B40 cone. 

This i n t w n i s fused, at i t s other end, to a B24 cone; the narrow end 

o f which being attached to a glass tube o f 5mm in te rna l diameter. The 

sintered-glass porous p la te , which must be i n good contact w i t h the 

specimen, i s chosen so that the pore size i n the external surface w i l l 

not allow a i r t o pass u n t i l a suction o f one atmosphere (pF3) has been 

appl ied. To s a t i s f y t h i s condi t ion , a maximum external pore size o f 

1,5 microns i s required. However, i n practice a No,5 plate (porosity 

o f 2 microns) w i t h an external reinforcement o f No,3 porosi ty (30 microns) 

i s used. The external reinforcement i s required because i t has been 

found tha t ai No, 5 plate alone allows a i r to pass through at suctions o f 

between 50 - 75 centimeters o f mercury (Croney, Coleman and Bridge, 1952), 

The f i l t e r u n i t i s inserted by means o f an eiir t i g h t groud glass sesil 

i n t o a standard f i l t e r f l a s l : , which also contains s u f f i c i e n t a i r - f r e e 

water t o allow immersion o f the glass tube at the end o f the f i l t e r u n i t , 

A negative pressure, measured by a mercury manometer, i s applied 

t o the s intered glass porous disc by evacuating the a i r space i n the 

f i l t e r f l a s k s . To minimise pressure f luc tua t ions i n the apparatvis 

caused by changes i n atmospheric pressure, a glass cap i s f i t t e d over 

the B40 cone by means o f a groud glass seal . This i n t u r n i s connected 
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t o the open end o f the mercury manometer by a rubber tube. 

The suction i n terms o f pF i s determined from the fo l lowing 

equation (Coleman, 1959):-

pF = log^Q(h + 13.54H) 

where h i s the height o f the suction plate above the leve l o f the water 

i n the f l a s k and H i s the negative pressure ( i n cms) recorded by the 

manometer, A maximum suction o f pF3 can be attained and the smallest 

suct ion which can be applied i s when:-

pF = lo^io^ 

A , 4 » l , 2 Test Procedure 

Before the apparatus Vas assembled (Fig ,A,4,2) the suction plates 

were cleaned w i t h acetone and boi led i n d i s t i l l e d vmter . fo r 5 minutes 

t o ensure complete satviration. Each piece o f demountable glassware 

was then completely f i l l e d w i t h de-aired water and inserted in to the 

f i l t e r f l a s k , which was also f i l l e d w i t h de-aired water t o a l eve l 

above the end o f the glass tub ing . An a i r t i g h t seal between the 

glassware was ensured by smearing, the ground glassglass contacts w i t h 

s i l i cone grease, 

A suction o f between one centimeter and one atmosphere was then 

applied t o the system by means o f pipe (a) - see Figure A , 4 , l , and 

a f t e r ecjui l ibr ium suction had been attained (usually w i t h i n a fev? seconds), 

the samples were placed on the suction plates. The open ends o f the 

manometer were then closed by placing the glass caps over the B40 cones. 

The system was then l e f t f o r up to 24 hovirs to allow the sample to 

a t t a i n equilibrioim w i t h the suction pla te . The time taken f o r t h i s 

depended upon the nature o f the mater ia l , the height o f the sample and 

the closeness o f the contact w i t h the suction plate , Croney, Coleman 

and Bridge (1952) foiond tha t only one day was required f o r samples one 

centimeter i n height t o reach equi l ib r ium f o r any mater ia l , provided 
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there i s good contact. However, i n the present study a maximum thickness 

o f 3mm vas used, thus enslaving that 24 hows vas adequate to reach 

equ i l i b r ium, 

A pos i t ion o f constant temperatiare was required f o r the duration 

o f the t e s t because changes i n temperature a f f e c t the pressure o f the 

a i r and hence the suction at the surface o f the p la te . 

I d e a l l y , one specimen should have been used f o r each series, of . tests 

on a p a r t i c u l a r matericil , thus i l l i un ina t i ng mineralogical and textxural 

v a r i a t i o n s . However, t h i s was r a r e ly possible because . certciin samples 

( p a r t i c u l a r l y those containing montmoril lonite or large quantit ies o f 

mixed-layer c lay) tended to dis integrate e i ther upon removal from the 

suct ion plate or upon saturat ion before the tes t commenced. 

A.4 .2 Pressure Membrane 

A . 4 , 2 , 1 Apparatus 

I n the pressure membrane apparatus (F ig ,A ,4 ,2 ) , the sample i s 

placed i n contact w i t h a ce l l i i lose semi-permeable membrane which i n tu rn 

i s i n contact w i t h f ree water at atmospheric pressure v i a a sintered 

bronze disc. Compressed a i r w i t h i n the chamber provides a d i f f e r e n t i a l 

pressure between moisture i n the sample and that i n the membrane. 

The pressure vessel consists o f a closed cyl inder which i s s p l i t 

i n t o tv;o po r i t i ons . The lower vmit contains the sintered bronze disc 

which i s connected by outf low pipes t o d i s t i l l e d water supplies, 

maintained at atmospheric pressure. The upper un i t comprises the •pressxire 

chamber and consequently contains an i n l e t / o u t l e t a i r value and a pressure 

guage, A rubber »0' r i n g , coated w i t h s i l i cone grease i s contained i n a 

groove at the beise o f the upper un i t and when the apparatus i s assembled 

the r i n g s i t s on the outer edge o f the semi-permeable membrane, which 

covers and overlaps the brass disc. 
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The two portions o f the pressure vessel are held together by 

means o f a s teel yoke attached t o a heavy base p la te . 

This apparatus was o r ig ine i l ly regarded as being usable over a 

pressure range o f 0 - 100 atmospheres (pFD - 5)t hut has been extended 

by the Road Research Laboratory to cover s\Jctions o f . pF6,2. 

The value o f suction produced i s determined from the equation:-

pF = 1,8477 + log^Q? 

where P i s the applied pressure i n I b / s q . i n , and 1,8477 i s the 

2 

conversion fac to r r e l a t i n g l b / i n t o centimeters of water (Coleman, 

1959). 

A»4.2«2- Test Procedure 

I n i t i a l l y the porous disc was saturated by b o i l i n g i n d i s t i l l e d water. 

The semi-permeable membrane, which consisted o f a cel lulose sheet 0,004 

inches t h i c k i n the dry condi t ion , was then cut in to a c i r c u l a r shape 

t o f i t the space provided. Upon i t s subsequent satviration the ntembrane 

expanded t o a thickness o f about 0.00? inches but also expanded 

anis t r o p i c a l l y i n the d i r ec t ion o f the sheet, hence retrimming was 

necessary. 

The apparatiAS was then assembled (according to Figure A . 4 , 2 ) , 

wi thout the sample being present, and pressurised to the required 

pj^essxare f o r several minutes; the water reservoirs being disconnected, 

Pressurisat ion o f the c e l l was accomplished by f i r s t l y releasing the 

tap on the a i r cy l inder and then c a r e f u l l y opening the value on the 

pressure vessel u n t i l the required pressvire was reached, a f t e r which 

i t was closed. This pre-test procedure removed excess water from the 

membrane thus preventing the laltimate moisture content from becoming 

too high i n the wet t ing condi t ion and also reduced the time required 

f o r the sample to reach equlibrium i n the drying condi t ion , 
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The apparatus was then dismantled, the sample placed on the 

membrane and then reassembled, t h i s time w i t h water reservoirs 

connected and bled u n t i l any entrapped a i r removed. 

The experiment was l e f t f o r about 1 2 - 2 4 hours to allow *the 

sample t o reach equ i l i b r ium moisture content w i t h the membrane. Upon 

dismantling f i r s t l y the water reservoirs-were disconnected and then 

the pressTjre was released as ( juickly as possible i n a cont ro l led manner 

by loosening the nut at the beise o f the pressure d i a l . The sample was 

removed as quickly as possible t o prevent rewett ing, 

A . 4 , 3 Sample Preparation 

(a) For the Sorption Curve 

The mater ial , was i n i t i a l l y a i r - d r i e d and cut in to pieces 

approximately lOmm by lOmm by 3mm, which were sandpapered f l a t on one 

side. The specimens were then heated i n an oven at 105°C f o r several 

hours, a f t e r which time they were ready f o r use i n ei ther o f the pieces, 

o f apparatxis previously discussed, 

(b) For the Desorption Curve 

This preparation required complete saturat ion of the material 

w i t h de-cdred water. I n i t i a l l y , a i r - d r i e d material was cut i n to tablets 

lOmra by lOmm by 3mm which were sandpapered f l a t on one side. These were 

placed i n the apparatus shown i n Figitt'e A, 4 , 3 , which was evacuated f o r 

several hoxirs v i a a pump attached top.pe ( B ) . A f t e r de-air ing (which 

was indicated by the absence o f bubbles i n the water) the specimens 

were satiirated ( s t i l l i n the evacuated condit ion) by opening tap ( A ) . 

F i n a l l y a i r wcis re-admitted v i a tap (B ) , a f t e r which the specimens were 

removed and quickly placed i n the wai t ing apparatus. 
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p o r o u s p la te 

B AO c o n e 

B 2 4 c o n e 

p y r e x g l a s s t u b i n g 

p y r e x c a p i l l a r y t u b i n g 

B AO s o c k e t 

to v a c u u m 

Hg m a n o m e t e r 

Figure A 4 . 1 . Suc t ion P la te Apparatus. 
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p r e s s u r e v e s s e l 

t ine a d j u s t m e n t v a l v e 

p r e s s u r e g u a g e 

^ to w a t e r r e s e r v o i r 

cellulose membrane 0 r i n g 

p r e s s u re v e s s e l 

p o r o u s b r o n z e d i s c 

Figure A i f . 2 . Pressure Membrane Apparatus. 
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water 

to vacuum 

glass vacuum 
chiamber 

f i l te r paper 

Figure A 4 .3» Apparatus used f o r S a t u r a t i n g Suc t ion 

Test M a t e r i a l . 
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Appendix A. 5 

SleJcing Tests 

A. 5 . 1 MeasTu?ement o f the Rate o f Dis integrat ion 

A simple piece o f apparatus (Hogentogler, 193?) was constructed 

using an obsolete beam balance (see F i g , A , 5 . 1 ) . 

I n i t i a l l y the gauze cage (B,S,NO,36) was suspended i n d i s t i l l e d 

water and covinterbalanced by the addi t ion o f weights to the pan. The 

cage was then removed from the water and a sample meeisiaring 1cm i n 

diameter by 1cm i n height Wcis placed i n i t . Re-immersion was 

accompanied by s t a r t i n g a laboratory cl(x:k and rap id rebalancing. 

A f t e r c e r t a i n lengths o f time (usually 1 min , , 5 mins,, 10 mins,, 

20 mins , , 30 mins, , 1 h r , , e t c , ) the cage was gently agitated three 

times i n a v e r t i c a l d i r ec t i on t o f l u s h away material trapped by the 

wire mesh, and then the system v̂ as rebalanced. A f t e r a maximum period 

o f about three days, material s t i l l remaining i n the cage was balanced 

f o r a f i n a l t ime. ' . . - \ 

The amount o f slciking at the given times o f mesisurement was expressed 

cis a percentage, by comparing the apparent weight at that time against 

the i n i t i a l apparent weight o f the mater ia l , 

A, 5.2 Measurement o f the Uptake o f Water during the Static Slaking Test 

The apparatus used i s presented i n Figvire A. 5,2, I n i t i a l l y 30 - 50 

grams o f air-<3ried sample were placed inside the f i l t e r paper and 

subseciuently saturated by allowing water t o f low slowly in to the funne l , 

i n between the f i l t e r paper and glass. A f t e r immersion f o r 2 - 3 days, 

excess water was drained from the funne l , the retained moistiare content 

being determined on a dry weight basis a f t e r oven cilrying at 105°C, 
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Figure A . 5 . 1 . Apparatus used t o Determine 
Rate o f D i s i n t e g r a t i o n . 
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f i l ter paper 

•funnel 

!—rubber tube 

I V lamp 
i I 

Figure A 5-2 . Apparatus used f o r S t a t i c s l a k i n g 
Tes t . 
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