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ABSTRACT 

This thesis forms part of an overall investigation of natural soil 
fabric being undertaken at Strathclyde University, and is directed 

towards those fabric features which can only be observed with the 

aid of a microscope, the soil microfabric. The investigation is 

split into two main parts. 

The first is directed towards reviewing previous concepts of the 

nature of soil microfabric, appraising the available techniques for 

microfabric study and cataloguing the microfabric observations made 

on a wide variety of naturally occurring engineering soils. The 

mode of viewing used is the Scanning Electron Microscope, chosen 
because of its versatility in terms of its magnification range and 

ability to accept a wide range of soil textures. The sample 

preparation method used is the air-drying, fracture, peel and vacuum 

coat technique but a small comparitive study of the critical point 
drying technique is also undertaken to investigate the validity of 
the methods used. The soils investigated represent particular 

examples of geological groupings and engineering behaviours. In 

fact, thirty four naturally occurring engineering soils with a wide 

geographical distribution are studied and a scheme of microfabric 

characterisation is developed which it is suggested, can suitably 

describe all the aspects of fabric observed, both solid and pore 

space, and allow come semi-quantitative assessment to be made. 

The second part deals with the geological and geotechnical significance 

of the microfabric observations. By relating these to the known 

geological histories the genesis of microfabric is investigated and 

compared to the findings of previous studies. Similarly, by re- 

lating the microscopic observations to the known geotechnical 

properties of the soils, the mechanisms of structural instability 

in sensitive, collapsing and expansive soils are considered. 

The investigations, (1) show that many of the previous concepts of 

the nature of soil microfabric are unrealistic, (2) identify 

certain factors which play a significant role in microfabric genesis, 

and (3) place the role played by microfabric in the mechanisms of 

structural instability into a clearer perspective. 
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CHAPTER 1. 

INTRODUCTION. 

Soil is a multiphase material, however, two main phases of its 

structure can be identified, namely, the skeleton and the pore 

phases. The skeleton phase comprises' particles with a variety 

of sizes, shapes, densities, mineralogies and physical arrange- 

mentsl and amorphous carbonates and iron oxides may also exist 

as coatings to the particles or at particle contact points. A 

variety of organic forms may also be present. The pore phase 

comprises pores with a variety of sizes and shapes which may con- 
tain air and water (with dissolved ions) in varying proportions. 

Yong and Sheeran (1973) have defined the property of soil struc- 
ture to include the various skeleton and pore phase characteristics 
described above, as well as the inter-particle forces, resulting 
from interaction between the skeleton and fluid phases. The im- 

portant structural component, the 'Soil Fabric', may be defined 

as the physical arrangement of soil particles along with the pore 

shape and size distribution characteristics. Two main levels of 
fabric are identified, namely, macrofabric and microfabric. 
Macrofabric is that level of fabric which can 'be observed with 
the naked eye or hand lens, whereas microfabric requires the aid 

of at least the light microscope for study. 

The need to study the fabric of natural engineering soils is well 

established. In terms of macrofabric, the influence of structur- 

al discontinuities such as joints and fissures on the undrained 

shear strength of soils has been well demonstrated by the studies 

of Marsland and Butler 1967), Skempton and Petley (1968), Mars- 

land (1971), McGown and Radwan (1975) and many others. Rowe 

(1968,1972), and Gabr (1975) and others, have demonstrated the 

influence which macrofabric features such as silt layers, dustings 

on laminations and open or silt filled fissures can have on the 

mass drainage properties of soil deposits. The nature and 

engineering significance of natural soil microfabric has also been 
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extensively investigated, e. g. Mitchell (1956,1976), Lambe (1958), 

Pusch (1966), Barden (1972a, 1973), Smart (1975a) and many others. 

These studies have indicated that microfabric study is essential to 

the understanding of the general fundamental principles of soil be- 

haviour. 

The short term objective of any microfabric investigation should be 

to characterise and if possible quantify the nature of natural soil 

microfabric. While several microfabric classification or character- 
isation schemes are available for use in the field of soil pedology, 

e. g. Kubiena (1938) and Brewer (1964)ß no suitable microfabric 

characterisation scheme is available for use in the discipline of 

geotechnical engineering. Furthermore, no comprehensive account 
is available of the microfabric character of a wide range of natural 

engineering soils. The long term objectives of microfabric study 

are first to relate microfabric to the geological processes of soil 
formation and, second to relate microfabric to the mechanisms of 

engineering behaviour. This ultimately, would allow the process 

of soil formation to be linked with the mechanical behaviour of soils, 
Barden (1973). 

The process of microfabric study will tend to be a dynamic one in the 

sense that characterisation schemes will be added to, as more aspects 

of microfabric are identified and relationships between microfabric 

and geology or mechanical behaviour will also be developed ccntin- 

ually as studies proceed. This study attempts to tackle the short 

term objectives, and also to some extent the long term objectives. 

The scanning electron microscope has been selected as the observa- 

tion tool for a number of reasons. " This type of microscope can 

operate over a wide range of magnifications from x 20 -x 50Y000i 

and can be used to examine a wide range of soil textures. Moreover, 

a scanning electron microscope was readily available, and expertise 

was also at hand, since microfabric studies using the scanning elec- 

tron microscope*had already been initiated at the University of 

Strathclyde, e. g. Barden (1972b)ß Barden and IfcGotim (1973) and 

McCown (1973). 
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Therefore, this project involves the study of the microfabric of 

natural engineering soils using a scanning electron microscope. 
The thesis is divided into two main parts. Part ]., Chapters 2, 

3,4 and 5, deal with the nature of natural soil nicrotabric and 
Part Ti, Chapters 6 and 7' discuss as far as possible, the geo- 
logical and geotechnical significance of the microfabric observa- 
tions made in this study. 

Thus in Part 1, Chapter 2 gives a brief review of the principal 
techniques available for the observation and study of microfabric 

as well as their associated sample preparation procedures. The 

main microfabric models which have been presented as a result of 
these studies, are also reviewed. Chapter 3 gives details of a 

semi-quantitative scheme for the characterisation of natural soil 

microfabric which it is suggested, is suitable for use in the 

discipline of geotechnical engineering. Details of the various 

scanning electron microscopy techniques employed, including those 

of sample preparation, are presented in Chapter 4. Chapter 5 

sets out to initiate the compilation of a 'catalogue of natural 

soil microfabric'. An attempt is also made to give an idea of 
the likely global character of natural soil, in microfabric terms. 

The validity of previous concepts is examined where possible. 

In Part 11, Chapter 6 first reviews the existing concepts of micro- 

fabric genesis. It then goes on to identify rough trends and. thus 

examine where possible, the validity or otherwise of these concepts 

and to introduce some new ones, in the light of the observations 

made in this study and detailed in Chapter 5. Lack of sufficient 
data does not allow consideration to be given to the role played 

by microfabric in the general mechanisms of engineering behaviour, 

e. g. consolidation, shear and water conductivity. The data which 

is available, however, has afforded the opportunity to examine, 

primarily from the microfabric viewpoint, certain characteristic 

mechanisms of soil behaviour, namely, sensitivity, collapse and 

expansion. This is given in Chapter 7. 

chapter 8 synthesizes the findings of and the conclusions drawn from 



this study. 

Finally, recommendations for future research are given. 
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5. 

CHAPTER 2 

THE STUDY AND Ti ATURE OF NATURAL SOIL MICROFABRIC: A GENERAL REVTEtd 

This very brief literature review will be presented in two parts. 

The first deals with the principal techniques for the study of 

natural soil microfabric and the second with the microfabric 

Models, both descriptive and schematic, which have been developed 

from such studies. 

2.1. TF, CR NIQU S FOR STUDYING NATURAL SOIL MICROFABRIC. 

A large number and wide variety of techniques are available for 

the study of soil microfabric. In general these techniques can 

be placed into one of two main groups: 

(a) Those involving the examination of small (usually disturbed) 

samples. Such techniques axe either, visual involving 

optical and electron microscopy, or non-visual involving 

x-ray diffraction and porosimetry. Useful reviews of these 

techniques have been presented by Tovey (1973 a), Stoops 

, 
(1973) and Mitchell (1976). 

(b) Those involving the measurement of certain bulk (undisturbed) 

sample properties, including acoustical, electrical, thermal 

and mechanical techniques. Reviews have been presented by 

Tovey (1973a) and Mitchell (1976). 

A brief discussion of the merits and demerits of the various tech- 

niques is given below under two broad headings, namely sample 

preparation and microfabric assessment. 

(i) Semple Preparation. 

J 
No matter how muck care is exercised sample preparation will induce 

microfabric disturbance. The collective disadvantage therefore of 

/ 
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the 'small sample' techniques, which usually require either the 

removal or replacement of the pore fluid, is that they are not 

being applied to the 'natural' fabric. In contrast, however, the 

'bulk sample' techniques offer the great advantage that they do not 

require samples to be pretreated and -therefore the natural fabric 

is essentially being measured. 

Procedures for the removal and replacement of pore fluid are 

varied and numerous and it is not the intention of this investigation 

to consider the details of such procedures. Many excellent reviews 

have recently been presented which deal specifically with the 

various aspects and stages of these sample preparation procedures 

as well as their respective advantages and disadvantages. Notable 

among these are Barden and Sides (1971) Greene-kelly (1973), Tovey and 

Wong (1973a), Smart (1973a), Gillot (1973) and Mitchell (1976). 

The appropriate impregnation procedures for optical and electron 

microscopy and x-ray diffraction, while reducing shrinkage consider 

ably are lengthy and laborious and those involving a substitution 

stage cannot be applied successfully to moisture deficient soils 

containing swelling clay minerals. The dehydration techniques 

required for scanning electron microscopy and pore size distribution 

studies offer the advantage of being relatively quick on the one 

hand while being either rather complex (freeze and critical point 

drying) or rather crude, (e. g. air-drying for very wet clays) on 

the other. 

In fact the relatively rapid and simple air and oven drying tech- 

niques usually induce the greatest shrinkage, and it is recommended 

that for soils wetter than their shrinkage limit, only qualitative 

assessment should be made on specimens prepared by these techniques. 

Air-drying then is most suitable for stiff soils, partly saturated 

soils and other soils which do not undergo significant shrinkage on 

drying. Tovey und Wong (1973a) have reported that in the case of 

a soft sample with high water content, air-drying may in fact cause 

greater shrinkage than oven-drying because of the greater time (24 

hours or more) available for particle rearrangement in the case of 
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the former. However, undesirable stresses are induced during 

oven-drying which may result in particle breakage. 

Substitution-drying, involving the replacement of the pore fluid 

by one of less surface tension (methanol, dioxan), and subsequent 

air-drying in many cases reduces the shrinkage somewhat Greene-kelly 
(1973). Substitution itself, however, may cause particle re- 

arrangement, Tovey and Wong (1973a) or sample swelling and dis- 

integration, particularly where desiccated expansive soils are 
involved. Recommendations for prevention of specimen dis- 

integration have been given by, e. g. Tovey and Wong (1973a). 

A new promising technique has recently been developed by Jalili 

(1976) for preparation of samples for pore size distribution 

analysis. This involves impregnation with carbowa. -c 6000 which is 

subsequently dissolved and replaced by chloroform which is then 

dried off in the air. Although both freeze-drying and critical 

point drying induce much less shrinkage than do the other less 

elaborate drying techniques, their procedures are far more involved 

and time consuming. They also have their inherent limitations and 

these have been discussed by Tovey et al (1973), Greene-kelly 

(1973) and Gillot (1973). 

(ii) IIicrofabric Assessment. 

A limitation common to all the small sample techniques is that they 

only examine a relatively small portion of a fabric in any one 

region and therefore a large number of regions require to be con- 

sidered before a meaningful assessment, either qualitative or 

quantitative can be made. This problem is most severe in electron 

microscopy and with the aim of safeguarding against misinterpretation 

McConnachie (1971), Smart (1973b)and Foster (1973) have discussed 

statistical data trends. 

The optical and electron microscopy techniques however, offer a 

great advantage over the other techniques in that they allow a 

direct visual appreciation of fabric to be obtained. 

Of these methods optical microscopy is limited to low magnification 
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fabric study facilitating visual assessment of only sand and silt 

particles and large solid (shear zones; layers, etc. ) and pore 
features. On the other hand electron microscopy allows fabric 

and particles to be investigated over a range of magnifications 
from x 20 to x 50,000 (scanning) and x 1000 to x 1,000,000 (trans- 

mission). A further advantage of scanning electron microscopy is 

that the image produced is analagous to normal vision and stereo- 

micrographs are easily obtained allowing for a three-dimensional 

appreciation of fabric features. The microscopy techniques other 
than the stereomicroscopy, only provide two-dimensional images 

within which it is often very difficult to discern clearly inter- 

action between the granular and clay particle phases. On the 

other hand, quantitative evaluation of microfabric in two dimensions 

is readily facilitated by transmission electron micrographs taken 

of ultra-thin sections, e. g. Pusch (1970), Poster and Evans (1971), 

Foster (1973), Smart (1973b), Tovey (1973a) and McConnachie (1974). 

The use of birefringence measurements in polarising microscopy 

also yields quantitative data, e. g. Mitchell (1956), Smart (1966a) 

Morgernstern and Tchalenko (1967 a, b) and Krishnamurthy (1974). 

However, as emphasised by Lafeber (1968) such approaches are only 

really applicable to monomineralic soils with the simplest of 

orientation patterns. In contrast, the scanning electron micro- 

scope image is not readily quantified and'this perhaps is the 

principal disadvantage of the technique. Quantification of 

particle'orientation in scanning electron micrographs has been 

investigated by e. g. Tovey (1973b), Tovey and Tong (1973b), Koff 

et al (1973) and Matsuo and Kation (1973). None of the methods 

however, have as yet been thoroughly evaluated with natural soil 

fabrics. 

The x-ray diffraction, pore size distribution, and bulk property 

techniques all offer the advantage of providing a quantitative 

measure of soil microfabric. Collectively, however, their main 

limitation is the fact that they rely heavily on simplifying 

assumptions and on the interpretation of test data. The danger 
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of ambiguity is therefore ever present. Also in the case of the 

bulk sample methods, while the very size of sample is a meritous 
aspect in terms of representation, it also means that macrofabric 

features, if present, may mask the microfabric. 

From the foregoing discussion of the merits and demerits of the 

principal techniques available for soil microfabric evaluation, 

several general points emerge: 

a) No single observation technique can provide qualitative and 

quantitative information relating to all the characteristics 

of microfabric at all levels of microfabric. 

Several complimentary observation techniques therefore may be 

required before a complete appraisal of soil microfabric is' 

achieved. 

c) The observation and specimen preparation techniques selected 
for a particular investigation will depend on the nature and 

state of the material(s) being studied; on the character- 

istics and levels of microfabric which are to be examined, 

and on the type of assessment required, i. e. qualitative 

or quantitative or both. 

d) To serve as a safeguard against misinterpretation where 

possible a particular characteristic should be assessed using 

more than one observation technique, i. e. several techniques 

should be employed in parallel, Tovey (1973a) and others. 

2.2. THE NATURE OF SOIL NICROFABRIC: REVIEW OF PREVIOUS FII"IDINGS. 

It requires to be made clear from the outset that the following 

review concerns itself, essentially with the nature of 'microfabric 

forms' and not with the genesis, occurrence in nature, or engineer- 

ing significance of microfabric forms. Furthermore, consideration 

is given mainly to the findings of studies with a strong engineer- 

ing bias. The reasons for this are two fold (1) many of the 

morphological investigations in the fields of pedology and-soil 

science are almost by definition much involved in the examination 

of essentially non-engineering soils and therefore their findings 

are not strictly relevant here, and (2) the fabric terminology 

used in such studies, e. g. Kubiena (1938), and Brewer (1964), 
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is highly complex and detailed and is of-little value, 

and it may be argued actually serves to only confuse in engineer- 

ing discussions. Reference to such works therefore, will be 

limited and as broad as possible. 

2.2.1. The Skeleton Phase. 

2.2.1.1. The Constituent Particles. 

The basic elements of the skeleton phase are the soil particles. 

These may be classified as either inorganic (i. e. crystalline 

clay and non-clay minerals, non crystalline clay materials and 

precipitated solids) or organic. The inorganic particles com- 

prise by far the greatest proportion of the skeleton phase in most 

engineering soils and are classified on the basis of 'equivalent 

diameter' as being either 'clay size (---, 2 Ju ) or non clay size/ 

granular'. It requires to be made clear from the outset, that 

the clay size fraction of natural soils does not usually consist 

wholly of the so called clay mineral particles but also of non clay 

minerals such as quartz and feldspar in different proportions. 

(a) The Clay Mineral Particles. 

These are primarily hydrous aluminium - silicates and belong to 

the larger phyllosilicate mineral family. They occur mainly in 

the 'clay size fraction' and are generally formed from the weather- 

ing of pre-existing minerals, e. g. quartz, feldspars and are the 

source of soil cohesion plasticity and shrinkage and swell. For 

detailed information on the structural and other characteristics 

of the clay minerals reference should be made to one of the 

detailed works, e. g. the treatise of Grim (1968) and the general 

review of litchell (1976). 

Smart (1975, )highlighted the rather diffuse situation concerning 

the meaning of the term 'particle' when applied to clay minerals. 

This point then requires some consideration here. In the case 

of the kaolinite and illite minerals the unit layers are bound 
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strongly together to form crystals or plates. These crystals may 

form 'stacks' , 'packets'+' 'discrete domains'0 or 'micro- 

aggregates'x. Depending on the type of adsorbed cation, illite 

packets can exhibit limited inter-crystalline swelling-calcium, or 

extensive inter-crystalline swelling - sodium, Quirk (1968). In 

the case of montmorillonite the unit layers are weakly bound to- 

gether in a face-face association to form what may be termed a 

'quasi-crystal' . Quasi-crystals are relatively stable where the 

adsorbed cation is calcium (only limited intra-crystalline swell- 

ing occurs) whereas extensive intra-crystalline swelling leading to 

complete dissociation of unit layers can occur in sodium montmorillonite, 

Quirk (1968). 

It would appear therefore, that a clay particle has generally a 
'maximum diameter' of several microns or less and can take the 

form of: a single kaolinite or illite crystal; a stack, packet, 

etc. of kaolinite or illite crystals; a single unit layer of Na 

montmorillonite; or a quasi-crystal of mortmorillonite. The 

opinion expressed by Smart (1975 
.) that ...... "It seems preferable 

to avoid defining a particle"p has undoubted foundation therefore, 

in the case of clay minerals. 

(b) Non Clay Mineral Particles. 

The gravel (coarse fraction 76-19 mm); (fine fraction 19-5 mm) 

and sand (coarse fraction 5-2 mm); (medium fraction 2-0.4 mm); 

* 'stacks': are groups of plates tightly cemented to- 
gether, often by a true mineral-to-mineral 
bond. (Smart 1975 ). 

+ 'packets': are small groups of plates arranged face-face 
with water between them. (Smart 1975 ). 

o 'discrete domains': small volumes filled with approximately 
parallel clay plates, well defined domain 
boundaries, definite inter-domain voids. 
(smart 1975. ). 

x 'micro-aggregates': small fabric unit within which there is hap- 
hazard interaction between clay particles of 
various sizes (Pusch 1970). 

# the term tactoid has also been applied here - Blechflore and 
Hill= (1961) and others. 

_ according to the Unified Soil Classification System - 1953 
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(fine fraction 0.4 mm - ? 41u. ) as well as the bulk of the silt 
(74-2,, ) and some proportion of the clay (< 2A) fractions are 

composed of non clay minerals. Generally these fractions are 

composed mainly of quartz with smaller amounts of feldspar and 

mica and also carbonate minerals, mainly calcite-and dolomite. 

Also iron and aluminium oxides are abundant in residual soils of 

tropical regions. In geotechnical engineering particles have 

been classified according to either their degree. of angularity or 

form, or both. For example BS. 812 (1975) provides six class- 

ifications of particle shape, Table 2.1. E namely rounded, irregular. 

angular, flakyj elongated and flaky-elongated. Other shape 

classification systems have been suggested as for example Müller 

(1967). The characteristics of surface texture and roughness 

have also been employed in particle description and terms such as 

dull, polished, smooth, rough, streated, frosted and pitted have 

been introduced. 

2.2.1.2. Models of Individual Clay Arrangements. 

Individual clay arrengements*are those arrangements which compri:.. e 

clay size particles. Early concepts were primarily concerned 

with the interaction of individual clay plates or groups of clay 

plates. Terzaghi's model (1925) assumes that the individual clay 

plates stick to each other at the points of contact with forces 

sufficiently strong to form the 'cell' of a honeycomb, Fig. 2.1. 

Goldschmidt (1926) presented the now well known and widely cited 

'cardhouset model and later casagrande (1932) postulated a 'honey- 

comb' arrangement very similar in concept to Torzaghi's model. 

Much later Lathe (1953,1958) presented three different clay plate- 

let models; firstly, the 'non-salt flocculated' model involving an 

open arrangement of clay plates with essentially edge-face contacts, 

Fig. 2.2. which earlier was called 'cardhouse' by Goldschmidt; 

secondly, the model involving an open stepped arrangement of clay 

plates with edge-edge, face-face and edge-face contacts, Fig. 2.3. 

which earlier was called 'salt flocculated' by Schofield and 

Saison (1954); thirdly, the 'dispersion' model involving ewsentiatl. r 
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face-face associations of clay plates, Fig. 2.4. Tan (1957) how- 
ever presented a schematic picture which reflected a three-dimensional 

arrangement involving contacts between the comer of one plate and 
the face of another. Some years later further models were 
suggested, e. g,, the 'cluster model' of Olsen (1962), Pig. 2.5. 

and the range of models of Van Olphen (1963), Pig. 2.6. 

In more recent years electron microscopy techniques have been intro- 
duced to observe, directly, the microfabric of both laboratory 

prepared pure clay and natural soil samples. A variety of other 
models have been put forward on the basis of these observations. 

O'Brien (1971) presented a 'stair-stepped cardhouse' model involv- 
ing a three dimensional network of twisted chains of face-face 

orientated platelets, Fig. 2.7. (a). He likened this arrangement 
to the model of Van Olphen (1963), Fig. 2.6. (g). His description 

also compares favourably with Lambe's salt-flocculated model, Fig. 
2.3. O'Brien (1971) also postulated a 'pinwheel' arrangement, 
Fig. 2.7. (b) involving curved and face-face orientated flakes. 

Other workers arrived at the general conclusion that clay arrange- 
ments involve small regions of face-face orientated flakes. 

The concept of 'stepped clusters' of face-face orientated flakes 
has been introduced by O'Brien (1971) and Smalley and Cabrera (1969). 

Aylmore and Quirk (1959,1960) put forward a dense 'turbostratic 
domain system', Fig. 2.8. while Sloane and gell (1966) suggested 
the use of the term 'bookhouse' to describe a random clay packet 

arrangement and 'parallel packet' to describe an arrangement of 

orientated clay packets. 

Pusch (1966,1970) reported the occurrence of arrangements con- 

sisting of extremely small aggregations (<C 2)a. diameter) com- 

prised of individual clay plates in random associations, and linked 

by a small number of very fine clay plates, Figs. 2.10. (a) and (b). 

Doi-ties (1968) talked of small random closely arranged particle 
clusters. 
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Another, rather different concept was introduced by Emmerson (1962) 

who put forward a 'tactoidal' model involving stable quasi-crystals 

linked edge-edge into undulating sheets and joined at intervals to 

adjacent sheets by face-face attraction, i. e. crystal sharing Fig. 2.11. 

Stocker (1969) expressed the opinion that an extremely perturbed 

version of this tactoidal model was more realistic. He inferred 

both an irregular and closer association of undulating sheets and 

made comparisons with the turbostratic model cited previously. 

Smart (1969) has suggested use of the term 'complete preferred 

orientation or'c. p. o. -structure' for the case where all particles 

are approximately parallel to the same direction. 

The question of edge-edge particle interaction or intergrowing has 

also been considered 'by Smart (1969), who presented the model shown 

Fig. 2.12. It should perhaps be pointed out here, that although 

there is some evidence supporting the occurrence in nature of 

individual clay mineral platelet configurations, i. e. the card- 

house model, e. g. Rosenqvist (1959), Smart (1975 the bulk of 

observational evidence throws doubt on the validity of such arrange- 

ments. In fact some tendancy toward grouping, clustering or edge- 

edge intergrotrth of clay mineral particles seems generally to exist, 

e. g. Smart (1971; 1975 ), Barden (19726). 

2.2.1.3. Models of Individual Granular Arrangements. 

Granular arrangements in engineering soils usually involve silt 

and sand size particles. Likely modes of granular particle 

association have been considered on the basis of possible arrange- 

ments resulting from the packing of equal sized spheres. For 

example, Deresieivicz (1958) suggested five possible packings, 

these being (a) simple cubic, (b) cubic tetrahedral, (c) 

tetragonal spheroidal, (d) pyradidal, and (e) tetrahedral. 

These models of course are idealisations of the actual situation, 

since in natural soils granular particles display a variety of 

sizes and shapes. A wide variety of combinations of packing must 

therefore be possible. In most cases arrangements are shown coin-- 

prising 'clean' grains. Granular arrangements however, consirc: t- 
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ing of particles, clothed in fine matter have been identified end 
termed ' chl, -,. ny do: morphic' by Kubiena (1938) and 'aggregated grain' 

arrangements by Dudley (1970), Fig. 2.13. 

2.2.1.4. Models of Overall Skeleton Organisation. 

The overall skeleton organisation depends on the spatial distribu- 

tion, interaction and orientation of the various constituent 

particles and individual particle arrangements, throughout the 

soil skeleton. It is perhaps a fair generalisation to state that, 

compared to the numerous individual particle arrangement models, 

examplesof which were described previously, relatively few 

'organization' models, either descriptive or schematic have been 

put forward. In many cases it appears to have been simply assumes. 

or implied that like individual particle arrangements extend in 

three dimensions to form a continuous uniform configuration. Non- 

theless, a number of 'organisation' models have been presented and 

these may be grouped as follows. 

(i) Models representing extensive and essentially uniform Con- 

figurations of like individual clay arrangements but with interfer- 

ence from granular particles. 

Casagrande (1932) put forward the model shown in Fig. 2.14. and 

suggested that although the clay arrangements are all of the honey- 

comb variety those located in the smallest gaps between adjacent 

silt particles are more highly compressed than those contained'in 

the larger spaces. He called these arrangements 'bond clay' and 

'matrix clay' respectively. Kubiena (1938) described a 'porphy- 

ropectie fabric' in which grains are isolated and embedded in a 

dense 'ground mass', being either non-coated and easily removed, or 

coated and cemented. This notion that silt particles do not touch 

but in some fashion float in a clay background has also been put 

forward by Mitchell (1956), Lafeber (. 1963) and Fookes and Best 

(1969). Moreover Smart W69) put forward a' brotmian structure' 

involving the separation, by random clay configurations, of 

horizontally orientated grains, Fig. 2.15. Considerably more 

.ý 
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granular particle interference was represented in the 'quicksand 

clay nodel' of Terzaghi and Peck (1948), Fig. 2.16. Here grains 

are shown touching but uncemented, against a background of highly 

orientated clay arrangements. 

(ii) Models in this group are those representing extensive but 

more complex individual particle arrangement configarations. 

For example, Mitchell (1956) based on observations, put forward 

the concept of akrupt discontinuities, irregular silt distribution 

and local zones of orientated clay within a random clay mass. 
Ostrey and Deane (1963) described a 'cross-fabric' involving the 

orientation of elongated grains in a cross-wise pattern so that 

two directions of preferred orientation are exhibited, usually 

mutually perpendicular. Similar concepts have been introduced by 

other workers, for example Korina and Faustova (1964) described a 

clay microfabric wherein 'perpendicular fibrous', Fig. 2.17. and 
'criss-cross fibrous' patterns are in evidence, Fig. 2.18. As 

shown, the former involves extensive well defined regions, consi. st- 

ing of highly orientated clay, which are located at right angles to 

each other. The latter involves a haphazard interaction of less 

well defined and generally more extensive regions of orientated 

clay and would appear to be similar in character to the 'turbo- 

stratic structure' as defined by Smart (1975 ). 

Korina and Faustova (1964) also observed that,, in moraines contain- 

ing much sand and silt, the spaces between the sand grains are 

filled with haphazardly arranged 'elongated scales' of orientated 

clay and silt. They called this 'scaly texture'. The idea that 

degree of anisotropy varies with the level of fabric considered 

has been presented by Smart (19664 =nd Mitchell (1956) and supported 
by the 'block structure' model put forward by Yoshinaka and Kazama 
(1973). 

Korina and Faustova (1964), Burnham (1970) and others have reported 

a concentric orientation of clay particles around and in the 

immediate vicinity of sand grains. Such features are referred to 
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as 'cutans', and these can also be found around pores. Lafeber 

(1964) described a 'partial stripping' of clay cutans in a black- 

earth soil, Fig. 2.19. 

(iii) Models in this group are those representing the organisation 

of constituent particles and individual clay arrangements into 

higher order or multi-level fabric features. 

Several models have been presented in which 'granular particles' 

are separated and bridged by clay arrangements, e. g. 'intertextic 

fabric's Kubiena (1938), 'intergranular braces', Be Bruyn et al 
(1957), and 'ring buttresses', Dudley (1970), Fig. 2.20. A num- 

ber of levels of fabric have been defined by Brewer (1964). The 

term 'ped' as used by Brewer is taken to mean an individual soil 

aggregate consisting of a cluster of primary particles and 

separated from adjoining peds by surface of weakness. Smart (1973c) 

reported an 'isotropic' multi-level 'crumb structure'. The ten- 

dancy for clay arrangements consisting of domains, to form into 

larger discrete fabric units (peds) has been reported by Yong and 

Warkentin (1975). They presented four basic models, Fig. 2.21. to 

illustrate the cases of 'total fabric isotropy', 'fabric unit iso- 

tropy', 'fabric unit anisotropy' and 'total fabric anisotropy'. 

Barden and McGown (1973) talked of 'higher order' features such as 

'peds' and 'interweaving bunches of clay'. 

Several workers have described the occurrence of narrow, fairly 

extensive microfabric features comprising parallel clay arrange- 

ments orientated in a different direction from that of the re- 

mainder of the material. For example, 'veins', Mitchell (1956); 

'plasma separators', Brewer (1964); and the pattern described by 

Lafeber (1964). 

2.2.2. The Pore Phase. 

Characteristics of the pore phase component of soil microfabric 

such as size, shape and orientation, have been investigated by 

many workers and some have classified and described pores accord- 
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ing to certain of these characteristics: 

Larionov (1965) put forward the concept of three levels of porosity, 

ultra microscopic (0.0003 
-2 p)q inter particle (2. O u-0.5 mm) 

and macroporosity. A more detailed pore size classification has 

recently been tentatively suggested by Smart (1975 ). In this 

system three main pore groups are identified, mini pores (6 mm - 
0.2 mm), macropores (0.2 mm - 611) and micropores (6, u - 0,2, u), 
Each of these groups, Smart suggests, can be subdivided into coarse, 

medium and fine sizes according to the 2-6 system used for the 

M. I. T. particle size classification. 

Consideration has also been given to pore shape particularly by 

Brewer (1964) and Bochko (1973). These and many other workers 
have also characterised pores or. the basis of the fabric features 

which form their boundaries or within which they occur-For example, 
Olsen (1962) discussed 'intra-cluster' and 'inter-cluster' pores 

whilst Brewer (1964) considered pore spaces associated with the 

presence of soil 'peds' and described three main groups, 'intra- 

pedal's 'interpedal', and 'transpedal'*. Adopting a similar 

approach, Yong and Ylarkentin (1975) defined inter-fabric unit or 

interpedal pores as macropores (visual) and intra-fabric unit or 

intrapedal as micropores. Bochko (1973) discussed microporosity 

in terms of 'intra' and 'inter' - microblock and microaggregate pores. 

2.2.3. General Points. 

From the foregoing sections several general points emerge: 

(a) The great majority of microfabric investigations have been 

directed towards study of the skeleton phase. 

(b) It is perhaps fair to say that the bulk of the skeleton 

* 'transpedal' pores refer to those pores traversing the soil 

material without any specific relationships to the occurrence of 

peds; they usually extend beyond the limits of a single ped. 
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studies to date have been concerned with the nature of the 

individual clay and granular arrangements. 

(c) In many cases uniformity of configuration has been either 

assumed or inferred. 

(d) The many investigations, of all aspects of microfabric, have 

yielded a multiplicity of descriptive terminology which now 

presents an added difficulty to the understanding of an al- 

ready complex subject. 

(e) It becomes clear that a unified system to describe the 

various types of rnd levels of microfabric requires to be 

devised. Such a system should allow for variation within 

its overall structure since the various disciplines of e. g. 

soil sciencesengineering geology and soil mechanics impose 

varying demands on any fabric characterisation scheme. 

(f) No comprehensive account of the microfabric of a wide range 

of engineering soils is available. There is, therefore a 

need to initiate compilation of such information, i. e., a 

'catalogue of natural soil microfabrict is required. 
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MY ADfflL'D 2 

THE DEVELOPMENT OF A SCHEME FOR MICROFABRIC CHARACTERISATION 

3.1. MRODUCTION. 

-A semi-quantitative scheme for the characterisation of natural soil 

microfabric was developed specifically for use in the disciplines 

of engineering geology and soil mechanics. It is believed however, 

to be sufficiently flexible to be used in other disciplines provid- 

ing certain appropriate additions and extensions were to be made. 

Development of the characterisation scheme was made mainly on the 

basis of observations of the microfabric of a large number and 

variety of natural as well as some laboratory prepared soils using 

a Manning electron microscope. Account was taken at all stages, 

however, of the previous fabric models and general points discussed 

in section 2.2. Most of the natural soils investigated are in- 

cluded in the 'Catalogue of Natural Soil Microfabric' presented in 

Chapter 5. A list of those soils not specifically included is 

given in Appendix (A). 

It was recognised from the outset that the 'geotechnical system' 

to be devised must be at the very least: 

(a) Comprehensive without being too specific. 
(b) flexible enough to account for any previous models or any 

features as yet unobserved. 

(c) rational and consistent throughout all fabric levels up to 

and including the macrolevel. 
(d) memorable and simple to use. 

To ensure that these requirements would be satisfied it was 

necessary to first, establish as far as possible the full range of 

microfabric features likely to be encountered in natural soils. 

For this purpose, therefore, a scanning electron microscope was 

used to study the microfabric of a large number of natural soils 

possessing a wide variety of geological origins and physical and 

geotechnical properties. Details of the microscopy techniques 
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employed and. the soils studied, are given, in later chapters. 
The various microiabric aspects so observed, %,: ere noted. 

The characterisation syster developed basically involves considera- 
tion of the following aspects: 
(i) The nature of microfabric forms. Three main types of form 

are identified, as indicated by Table 3.1. E these are 1 the 

Elementary Particle Arrangements; 11 the Particle Assem- 

blages, and 111 the Pore Spaces. Each of these main form 

groups is sub-divided into a number of sub-forms and in 

certain cases sub-divisions of sub-forms are also introduced, 

Table 3.1. 4 

(ii) The spatial organisation and interaction of the various 
microfabric forms to form the so called Composite Microfabric. 

(iii) The apparent relative abundance of the sub-forms and sub- 
divisions. 

(iv) Anisotropy within the composite microfabric. 

Each of these aspects will now be dealt with separately and in 

detail. 

3.2. THE NATURE OF MICROr ABRIC 
. 
FORMS. 

Nicrofabric features which make up the composite microfabric are 
divided into three main forms: 

1 Elementary Particle Arrangements which involve essentially 

interaction between a small number of like constituent 

particles. Sub-forms and sub-divisions of sub-forms were 

identified on the basis of the size, nature and mutual 

organisation of the constituent particles, Table 3.1. 

11 Particle Assemblages which are units of particle organisa- 

tion which have definable physical boundaries and consist 

of arrays of one or more forms of elementary particle arrange- 

ment or smaller particle assemblages. Sub-forms and sub- 

divisions of sub-forms are identified on the basis of their 
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origin, Mechanical function or general character, Table 3.1. 

111 Pore Spaces which are formed by and which occur within and 
between the microfabric forms types 1 and 11. Again 

several sub-forms are identified in this case on the basis 

of the relationship or the absence of a relationship of pore 

space to the occurrence of specific microfabric form types 

1 and IT, Table 3.1. ' 

Before dealing with each of these main forms consideration will 

first be given to the nature of the so called constituent particles. 

3.2.1. Constituent Particles. 

Constituent particles have been taken to be the basic or unit in- 

organic elements and organic constituents of the skeleton phase. 

Inorganic Particles - Two basic types of inorganic particles 

were considered, the 'clay particles' and the 'granular particles'. 

Clay particles are those which have a maximum effective dip-meter 

of (^- 2or less, and are therefore usually clay minerals but 

not always. Three approximate size. ranges are defined, 'coarse clay' 

sizes' (" 1-2ýu 'fine clay sizes' (^-0.25-1and 'very 

fine, clay sizes' (. -- 0.25 » ). On the basis of the forms and 

shapes encountered in the soils studied, clay particles can be 

classified as follows: 

(a) plate shaped individuals. 
(b) rod shaped individuals. 

(c) bulky shaped individuals. This is meant to be a broad term 

covering all shapes other than plate and rod. 
(d) plate or crinkle shaped groups* wherein a small number of 

'individuals or unit layers in the case of say montmorillonite 

have either face-face or edge-edge association, or both. 

The tern 'group' as used here, is a broad term meant to be 
equivalent to the terms packet, stack, discrete domain, book 
or quasi-crystal as in the case of say montmorillonite. 
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(e) cluster; - these are more or less equidimensional and are 

composed of haphazar 1y arranged platey or bulky shaped 
individuals. 

Identification of these particle categories in the scanning elec- 

tron microscope was achieved with reference mainly to the observed 

external particle forms and on some occasions to their internal 

organisation. Hot: everi mineralogical and size distribution data, 

where knot:, was also used- as an aid in identification. 

Granular particles are those which have a maximum e_ f ective dia- 

meter greater than 2 ja . The silt, sand and gravel size range 

classifications as given by the A. S. T. M. scale, (Section 2.2.1.1. ) 

has been adopted herein. It was deemed necessary however, for 

descriptive purposes, to subdivide the silt size fraction into fine 

( 
.- 2-6 u ), medium (6-20, n ) and coarse (20-74 ý, z ) size ranges. 

Regarding particle shape, five categories have been considered in 

accordance with the B. S. 812 (i975) Table 2.1. These are rounder?, 
irregular, angular, elongated and flaky. The elongated--flaky 

category was considered to be unnecessary for the purposes of the 

present study. 

Ord is Constituents - As well as the above inorganic particles; 

other organic constituents have been observed and described, e. g. 

micro-fossils, root remains, etc. 

3.2.2. Elementary Particle Arrangements. 

Elementary particle arrangements are defined as those arrangements 

which involve, essentially, interaction between a small number of 

like constituent particles. Two inorganic sub-forms and one 

organic sub-form are identified in Table 3.1. and these are de- 

scribed below. 

3.2.2.1. Clay Particle Arrangements. 

li1C. ^, C are (ýCS171Ciý ;ýý 11"C 1 ; CI: icntS : i'IS1C: 1 COY:. ýi rt Of ä Small nom' Cr 
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of clay particles. Three sub-divisions have been introduced as 

detailed in Table 3.1. namely random or parallel or partly discern- 

ible. 

(a) Random Particle Arrangements. 

These are defined as isotropic arrangements wherein clay 

particles are randomly orientated with respect to each other, 

are of such a shape or form, or they interact in such a 

manner so as to give an isotropic configuration, e. g. Fig. 3.1. 

This broad term, if supplemented with information relating 

to the size and shape of constituent particles (Section 

3.2.1. ) accounts for many of the arrangements described in 

Section 2.2.1.2., e. g. honeycomb, non-salt and salt 

flocculation, cluster, stairstepped cardhouse, pinwheel, 

bookhouse and micro-aggregation. Usage of such a broad 

term as opposed to the more specific terms mentioned was con- 

sidered to be sufficient and more appropriate for this or any 

other microscopy investigation since, to give a comprehensive 

account of the occurrence, relative proportions and degree of 

openness of these detailed arrangements would seem to be 

virtually impossible. In fact it could be argued that such 

an account would also be of little value, particularly so in 

this study where air-drying was used which undoubtedly 

induced changes in the openness of the clay particle arrange- 

ments viewed. 

(b) Parallel Particle Arrangements. 

These are defined as anisotropic arrangements wherein platey 

or wavy shaped particles are preferentially orientated with 

respect to each other, e. g. Fig. 3.2. This term accounts 

adequately for the 'dispersed' and 'parallel packet' arrange- 

ments described in Section 2.2.1.2. There may be a strong 

tendancy, especially where the more active clay minerals are 

involved, for edge-edge intergrowth (Fig. 2.12. ) to occur in 

the plane of preferred orientation. In this event individual 
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particle interaction will not be clearly discernible in the 

direction perpendicular to the plane of preferred orientation. 

That is to say, using the language of the next section, the 

configuration will be partly discernible when viewed in the 

direction perpendicular to the plane of preferred orientation. 

(c) Partly Discernible Arrangements. 

These arrangements are defined as configurations wherein the 

interaction of individual constituent particles are not 

clearly discernible no matter the direction of viewing in 

the scanning electron microscope. In certain cases some 

edges or boundaries were detected while in others few edges 

or boundaries were observable. Furthermore, those edges 

seen, displayed both crinkled and non-crinkled forms and are 

similar to the features described by Borst and Keller (1969). 

Their terminology however, is considered to be too specific 

for the purpose of the present study. Idealisations of 

these rather ill-defined systems are given in Fig. 3.3. 

These idealisation models are similar in concept to the in- 

distinguishable clay-cement phase model presented by 

Mitchell and Jack (1966). Speculation as to the exact 

nature and origin of these observed forms will be made later 

in Part 11 of this Thesis. 

3.2.2.2. Granular Particle Arrangements. 

These are defined as arrangements which involve the interaction 

of a small number of granular particles of approximately the same 

order of size. Two sub-divisions have been identified, Table 

3.1., the 'clean grain-grain contacts' which involve direct grain- 

grain contact and 'clothed grain-grain contacts' consisting of 

grains which are clothed in clay particles or some other material, 

Fig. 3.4. The 'clothed'. model is similar to Dudley's model, 

previously cited, Fig. 2.13. 

In order to complete the description of such arrangements 
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information relating to the size, shape (Section 3.2.1. ) amid mode 

of packing of the grains has also been detailed in the description 

of particular microfabrics. Arrangements have been described, 

simply as being either relatively loosely or closely packed. 

3.2.2.3. Organic Arrangements. 

Wo specific organic arrangements are identified. 

3.2.3. Particle Assemblages. 

In an attempt to simplify and rationalise fabric description 

seven sub-forms have been introduced under two broad headings, the 

'basic order particle assemblages' and the 'higher order particle 

assemblages?, as detailed in Table 3.1. 

3.2.3.1. Basic Order Particle Assemblages. 

Such particle assemblages are considered to be associated with an 

essentially uninterrupted and uniform process of coil development. 

They have been recognised on the basis of their 'function', i. e, 

whether they form backgrounds ör binders, linkages, independant units 

or interweaving units within the composite microfabric. 

(a) Connectors. 

These are assemblages which act as linkages between silt or 

sand grains, between aggregation assemblages, or between 

aggregations and the surrounding matrix, Fig. 3.5" They 

were seen to be variable in both extent and external physical 

form. Two sub-divisions are identified, namely 'bridges' 

and lbuttressest* It seems appropriate to refer to a net- 

work of connected grains as a 'connector system', Fig. 3.5" 

and to a network of connected or linked aggregations as a 

'connector-aggregate system', Fig. 3.5. 

At this'point, it is perhaps relevant to note that from the 

* The ratio (c) of span length to some equivalent diameter of 
connector is referred to here. For bridge(c) 1. For 
buttress (c) s! G 1. 
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mechanistic viewpoint, connector systems must be thought of 

as 'multi-level' forms in so far as compression, deformation, 

etc, may occur at the assemblage level as well as the 

elementary particle arrangement level. These connector 

models account more than adequately for the previous models 
described in Section 2.2.1.4. (iii), and Fig. 2.20. 

(b) Aggregations. 

These are assemblages which act effectively as independant 

units within the composite microfabric. They are multi- 
level in the mechanistic sense. Aggregations may display a 

variety of sizes, up to silt and fine sand grades, a variety 

of shapes, internal organisations and modes of interaction. 

They have been sub-divided into 'irregular' or 'regular' 

forms, Table 3.1. Irregular aggregations were observed 

consisting generally of elementary particle arrangement arrays. 
They can display several modes of interaction including inter- 

action between aggregates indirectly through connectors, and 

interaction via connectors of aggregates with the surround- 

ing matrix, as shown in Fig. 3.5" Regular aggregations 

generally consist entirely of elementary particle arrange- 

ment arrays. In some cases they can be formed by connector 

systems. The modes of interaction of the regular aggrega- 

tions with the other microfabric forms are of essentially 

two types: aggregates interacting directly with other 

aggregates or grains within essentially granular looking. 

arrangements, Fig. 3.6.; aggregations interacting directly 

with the nearby clay matrix, Fig. 3.6.; aggregates inter- 

acting indirectly through connectors with other aggregates 

or the nearby matrix Fig. 3.5. These aggregate models 

account for the arrangements described in Section 2.2.1.4. (iii) 

and Fig. 2.21. 

(c) Interweaving Bunches. 

These assemblages are bunches or strands of elementary 
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particle arrangement arrays, which act as interweaving units 

within the composite microfabric. The term 'interweaving 

bunches' was suggested previously by Barden and McGown (1973). 

They interact to fore an interwoven systen rig. 3.7. (a). In 

certain cases the bunches also interwove between and around 

silt particles, as illustrated in Fig. 3.7. (b). These 

assemblages, like the connectors and aggregations, can be 

considered, mechanistically speaking, as multi-level in 

character. 

ýdý Particle Matrices. 

These assemblages are three-dimensionally extensive, and con- 

sist of elementary particle arrangement arrays. Matrices 

will generally occupy the regions between and around large 

embedded grains or the other assemblage systems present, 

acting effectively as background or binding features, Fig. 

3.8. (a). Where no large grains or other assemblage forms 

exist the matrices themselves are the entire fabric. In 

the mechanistic sense, a matrix is a 'single level' assemblage, 
i. e. compression, deformation, etc., can be thought of as 

occurring at essentially one level - the elementary particle 

arrangement level. 

Between particle matrices and throughout any one matrix, a 

considerable variation in the type and complexity of 

elementary particle arrangement array may be found to exist. 

In order to achieve consistency in description therefore, 

matrices have been considered as being composed of 'regions' 

of various forms classified according to the relative 

proportions by volume, of their constituent arrays, Table 

3.1. For each region type a number of array patterns have 

been identified. In any one matrix therefore, one or all 

types of region may exist and within regions of the same 

type a variety of patterns may exist. There is essentially 

no limit to the extensiveness of a matrix region and in fact 

where only one type of region occurs the thole matrix is one 

large single region. 
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I. tatrix Regions: 

(1) Clay regions Pig. 3.8. (b) are defined as three-dimensional 

configurations within which there is a continuous array of 
clay particle arrangements, and where the interference from 

silt or sand size particles is either minimal or non-existent. 
The following terms and models have been used to account for 
the variety of 'clay particle array' patterns observed i-. ith- 

in such configurations. 

(i) 'Parallel clay array' Fig. 3.8. (c), i. e. where clay 

arrangements are all of the parallel variety. 
(ii) ! Predominently parallel clay array' Fig. 3.8. (d)ß i. e. 

where the majority of the clay arrangements are of the 

parallel variety. 
(iii) 'Predominently random clay " arr ; y' Pig. 3.8. (e), i. e. 

where most of the clay arrangements are of the random 

variety - (partly parallel clay array is an equivalent 

statement). 
(iv) 'Random clay array' Fig. 3.8. (02 i. e. where all the 

clay arrangements are of the ruidom variety. 
(v) 'Partly discernible clay array' Fig. 3.8. (g), i. e. 

where all the clay arrangements are of the 'partly 

discernible variety'. 

Furthermore, in each of the patterns (i) and (ii)i the degree 

of preferred orientation of the parallel clay arrangements 

within any clay region, has been described as illustrated 

by Figs. 3.8. (c) and (d) respectively. The direction of 

preferred orientation has also been. indicated, i. e. horizontal, 

inclined and vertical. 

(2) Clay-granular regions Fib. 3.8. (h) axe defined as three- 

dimensional configurations within which there is a more or 

less continuous array of clay particle arrangements but where 

there is significant interference either from embedded silt 

and sand size grains or the occasional isolated grain-grain 
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contact. In future developments a criterion may be intro- 

duced to enable a fairly consistent assessment of 'significant 

interferences to be made. 

The clay arrangement arrays within these configurations are 
described using the same terminology as used for the clay 

regions, as given in (1) above and models as shown by Pigs. 

3.8. (c)ß (d), (e), (f) and (g). 

Consideration is also given to the orientation of those em- 

bedded matrix grains with easily discernible directional 

characteristics, i. e. mainly the flaky and elongated grains. 

In this context, the degree of preferred orientation of the 

matrix grains within the clay-granular region, has been 

described as shown by Fig. 3.8. (i). 

Regarding interaction between the matrix grains and the 

surrounding clay arrays, three models are put forward. Fig. 

8(j) represents a situation where only those clay particles 

in the immediate vicinity of a grain are orientated in 

sympathy with the grain surface. Fig. 8(k) on the other 

hand illustrates a situation where parallel clay arrangements 

in the near vicinity of a grain are orientated in sympathy 

with the grain surface. Finally the model shown in Fig. 

3.8. (l) is associated with partly discernible clay arrays 

and involves a sharp well defined array boundary which is 

sympathetically orientated to the grain surface. Unless 

otherwise stated, it should be assumed that these models 

apply for the respective clay array type (i. e. Fig. 8(j) - 

random; Fig. 8(k) - parallel; Fig. 8(1) - partly discernible). 

(3) Granular regions Fig. 8(m) are defined simply as three- 

dimensional configurations wherein there is a continuous 

array of grain-grain contacts, either clothed or clean, or 

both. The degree of preferred orientation of directional 

grains within any granular region is described simply as 

'completer, etc., as shown in Fig. 3.8(n). In certain cases 
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a more complex pattern may occur wherein two directions of 

preferred orientation in a cross-wise pattern, can be 

identified, Fig. 3.8(p). 

Regardless of the pattern within the granular array itself, 

the flaky and elongated grains in the immediate vicinity of any 

larger grains are generally orientated in sympathy with the 

larger grain boundary, Fig. 3.8(q). 

The various matrix models defined above and illustrated by 

Fig. 3.8. adequately account for the previous models described 

in Section 2.2.1.4. ( parts (i) and (ii) )' and Figs. 2.14. - 

2.19. 

3.2.3.2. Higher Order Particle Assemblages. 

Such particle assemblages are considered to be associated with, 

either a non-uniform process of soil formation, e. g. micro-lenses, 

or disruptions (tectonic activity) or interruptions (e. g. litho- 

logical changes overall during deposition, and cessation of de- 

position) during the process, of soil formation, e. g. 'micro-veins, 

and 'micro-layers' respectively. 

(a) Micro-lenses. 

These are particle assemblages which occur in the form of 

lenses within the composite microfabric as illustrated in 

Fig. 3.9. They may be of various thicknesses usually from 

around 200/1 to around 10, u , and are surrounded by. or em- 

bedded in a basic order assemblage network. Regarding 

internal organisation, they may consist entirely of clay or 

granular elementary particle arrangement arrays or mixtures 

of these. Nechanistically speaking, micro-lenses are de- 

scribed as single level assemblages. 

(b) Micro-veins. 

These are single level particle assemblages which occur in 

I 
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the form of planar veins within the composite microfabric. 
They may be composed either entirely of preferentially 
orientated silt particles or consist almost entirely of 

preferentially orientated parallel clay arrangements and em- 
bedded silt particles. Vein thickness may vary widely both 

along and between veins but generally may be around 50, u or 
less in the case of granular veins; and 3otz in the case 

of clayey veins. Several types of vein organisation may 
exist. Sometimes veins will occur as individuals, Fig. 3.10(a) 

while in the case of clayey veins more complex patterns may be 

evidenced. These involve either 'forked systems' or 'cross- 

wise systems' as illustrated in Fig. 3.10(b). In all cases 
veins will be surrounded by or embedded in a basic order 
assemblage network. These vein models account fairly well 
for certain of the previous models described in Section 2.2.1.4. 

part (iii). 

(c) Micro-layers. 

These are assemblages which occur in the form of layers of 

such a thickness that they are not clearly visible with the 

naked eye (i. e. ^- 200-300p or less). 

They may consist entirely of elementary particle arrangement 

arrays, either clay or grain or both, in which case they are 
described as single level assemblages, Fig. 3.11. (a). These 

arrays have been defined as 'layer regions, which interact 

to form a 'region system' and are identical in character to 

matrix regions. They are in fact described using the same 
terminology as was given for matrix regions in section 3.2.3.1. (d). 

Moreover, although not included in Section 3.2.3.1., a region 

system qualifies as a basic order assemblage. In other 

cases, usually within thicker layers, layer regions interact 

with connector, aggregation or interweaving bunch systems to 

form the layers, in which case compression, deformation, etc., 

occurs not only at the elementary particle arrangement level, 

but also at the level of the connectors, etc., within the 
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layers. Thus the layers often are in the mechanistic sense 

essentially multi-level in character, Fig. 3.11. (b). 

3.2.4. Pore Spaces. 

Four sub-forms of pore space have been introduced under two broad 

headings, 'basic pore space' and 'higher order pore space', 

Table 3.1. 

This pore space classification is purely qualitative and does not 

specifically account for the size and shape of the pores, however, 

the nature of the classifications adopted implies to some extent 

both change in shape and increase in absolute size from intra- 

elemental to trans-assemblage pore spaces. 

3.2.4.1. Basic Pore Space. 
"ý. 

These'are pores which have a specific relationship to the occurrence 

of the elementary particle arrangement arrays and particle assembl- 

ages. A schematic representation of the occurrence of these pore 

space types is given in Fig. 3.12. (a). 

(a) Intra elemental Pores. 

These are pores occurring within the various elementary 

particle arrangements and include inter individual or inter-gran- 

ular pores, i. e. those occurring between clay individuals or 

granular particles and inter-group or inter-cluster pores, 

i. e. those occurring between clay groups or clay clusters. 

(b) Intra assemblage Pores. 

These are pores within particle assemblages occurring between 

sets of elementary particle arrangements. They are often 

responsible for particularly open honeycombed particle arrays. 

(c) Inter-assemblage Pores. 
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These are pores occurring between individual basic order 

assemblages of any degree of complexity, i. e. connectors, 

aggregations and interweaving 'bunches. 

3.2.4.2. Higher Order Pore Space. 

These are essentially pores occurring without any specific relation- 

ship to the occurrence of particular microfabric forms, i. e. trans- 

assemblage pores. They were observed possessing both wavy or curvi- 

planar and irregular shapes, Fig. 3.12. (b). 

3.3. COMPOSITE MICROFABRIC. 

The term 'composite microfabric+ has been introduced to describe 

and account for the spatial organisation and interaction of the 

various microfabric forms occurring within a soil. It is necessary 
to discuss the meaning of this term in the context, firstly of non- 
layered soils, and secondly of layered soils. The notion or con- 

cept of 'total composite microfabric+ is also presented. 

3.3.1. Zion-layered Soils. 

Composite microfabric in this case refers to the organisation and 

interaction of the following assemblages; connector, aggregation 

and interweaving bunch systems; particle matrices with their 

various regions; and micro vein systems, along with the occurrence 

of trans-assemblage pores and large embedded grains which are not 

involved in any of the particle assemblages, to form the complete 

microfabric within the limits of the soil deposit boundaries. A 

schematic representation of a rather complex composite microfabric 

involving all these features is given in Fig. 3.13. (a). Of course 

not all composite models are as complex as the one illustrated. 

3.3.2. Layered Soils. 

In this case the-term composite microfabric is applied in two senses, 

either the 'composite microfabric of individual layers', whether 
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they be macro or micro layers, or the 'composite microfabric of the 

layered soil deposit'. 

The composite microfabric of an individual layer may involve the 

organisation and interaction of the various basic order assemblages: 
trans-assemblage pores, plus the micro-vein and micro-lense assembla- 

gesy within the limits of the layer boundaries. 

The composite microfabric of a layered soil deposit simply involves 

the summation of the composite microfabrics of the individual 

layers (both macro- and micro-) within the limits of the soil de- 

posit boundaries, as shown schematically in Fig. 3.13. (b). The 

various types of layer interface, as observed at the micro-level, 

namely, 'sharp-straight', 'sharp-irregulars and 'ill-defined' are 

also illustrated. 

3.3.3. The Total Composite Microfabric. 

The concept of 'total composite microfabric' is a simplifying but 

convenient one introduced specifically for the purposes of the 

present investigation. The total composite microfabric is com- 

prised of all the 'individual' composite microfabrics' of the 

individual soil masses or soil layers which make up the engineering 

soil regime of the earth. A sub-division, namely the 'Total 

Composite Microfabric of the Transported Inorganic Soil Group', is 

identified, again for the purposes of the present investigation. 

3.4. RELATIVE ABUND ICE OF MICROFABRIC FORMS. 

The relative abundance of certain of the microfabric forms within 

the individual composite microfabric, i. e. composite microfabric 

of non-layered soils and of individual layers within layered soils, 

is considered as part of the microfabric characterisation using a 

'two-stage' approach. Firstly, the relative abundance of the 

various sub-forms of elementary particle arrangement, basic order 

particle assemblage and basic pore space *are assessed to give the 

so called 'primary relative abundances'. Secondly, the relative 
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abundance of the various elementary arrangement and basic order 

assemblage sub-divisions, is assessed to, give the so called 
'secondary relative abundances'. This two-stage approach is 

detailed and explained more fully below. 

3.4.1. Primary Relative Abundance. 

This term refers to the relative extent to which, in a volumetric 

sense, the sub-forms of elementary particle arrangement; basic 

order particle assemblage; and basic pore space are involved in 

the composite microfabric of non-layered soils and individual 

macro- or micro- layers. 

Primary relative abundance, therefore, is taken to mean the relative 

extent to which, volumetrically speaking, 
(i)_ clay and granular arrangements occupy the total elementary 

particle arrangement array within the composite microfabric. 
(ii) matrix, connector, aggregation and bunch assemblages, occupy 

the total basic particle assemblage network within the com- 

posite microfabric. 
(iii)intra-elemental, inter-assemblage and intra-assemblage pores 

occupy the total basic pore space within the composite micro- 

fabric. 

A relative abundance scale has been introduced for the purposes of 

description and graphical illustration and analysis of microfabric 

character. This scale identifies five levels of abundance, as 

detailed in Table 3.2. As a way of illustrating the application 

of the primary relative abundance scale, Fig. 13(a) has been drawn 

with the basic order assemblages having the following abundances, 

matrix (4), aggregations(3), connectors (2) ane bunches (1). 

3.4.2" Secondary Relative Abundance. 

This term has been introduced to account for the relative abundance 

of: 

parallel, random and partly discernible clay arrangements 

within the total clay arrangement array, 
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(ii) clean and clothed grain-grain contacts within the total 

granular arrangement array, 
(iii) clay, granular and clay-granular regions within a matrix or 

a region system, 
(iv) bridge and buttress connectors within the connector systems, 

etc., 
(v) irregular and regular aggregations within the aggregation 

systems, etc. 

The relative abundance scale as described in Table 3.2., for prim r,; 

relative abundance, has also been adopted for secondary relative 

abundance. For cases (i) and (iii) relative abundance refers to 

the relative extent to which, volumetrically speaking, the sub- 
division forms are involved within the corresponding sub-forms, an 

example being the relative abundances of the matrix regions in Fig. 

3.13(a). For the other cases however, relative abundances refers 
to the relative numbers of each sub-division form. 

3.5. ANISOTROPY WITHIN THE COMPOSITE MICROFABRIC. 

Anisotropy within the composite microfabric of both non-layered 

soils and individual macro- and micro- layers within layered soils, 

is also considered. The aspects of degree of anisotropy and the 

feature or features inducing it along with the direction of pre- 

ferred orientation are all included in the scheme. 

The degree of fabric anisotropy is knosm to depend on the fabric 

level or size of field of view considered, e. g. Mitchell (1956), 
" 

Smart (1966a). In an attempt to account for this fact three levels 

ju., ' 50 p. and 500/u. sided cubes, of fabric, namely the volumes of 5)L'., ' 

have been considered in the present system. Choice of these three 

levels was governed by the granulometry and complexity of the ob- 

served microfabrics. The '5, u level' was introduced to account 
for the clay arrangements and is not appropriate to granular arrange- 

ments. Introduction of a factor of ten to produce the '50, u and 

500, u levels' seemed both logical and appropriate. The upper level 

of any such system should preferably be sufficiently large --o as to 

include within it, a representative portion of the composite micro- 
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fabric. The '500)u level' appeared to satisfy this requirement, 

at least for the soils studied. 

The basic approach adopted, involves firstly, reference to the 

individual composite microfabric model within ti. hich, the occurrence 

and where appropriate the relative abundance of the various micro- 
fabric forms is represented. The microfabric at each of the levels 

defined above is then considered in terms of degree of anisotropy, 

along with causal features plus direction of preferred orientation. 

The degree of anisotropy is described using the anisotropy scale 

given in Table 3.3. which ranges from very high to nil degrees of 

anisotropy. Indication is made if, at the same level, certain 
'volumes' displayed higher degrees of anisotropy than others and 

any predominance is also noted. 

The features or'feature inducing anisotropy are identified and noted. 
Degree of anisotropy within any particular 'volume, is observed to 

depend essentially on the occurrence and relative abundance, within 
that volume, of preferentially orientated parallel clay arrange- 

ments within the various clay arrays, preferentially orientated 

silt and sand grains and interweaving bunch assemblages. The 

occurrence of micro-lense and micro-vein assemblages may also induce 

anisotropy at the higher levels. 

The direction of preferred orientation is described approximately 

using the terms 'horizontal', 'inclined' or 'vertical'. If at the 

same level a number of 'volumes' displayed a range of (directions', 

the term 'full range' is applied. 

The above aspects of anisotropy have been assessed on a qualitative 

basis only in this scanning electron microscopy study. 

3.6. CONCLUDING SECTION. 

The microfabric characterisation scheme developed in the present 

study and detailed in the foregoing sections is summarised 
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schematically in Fig. 3.14. 

The system devised satisfies fairly well, those basic requirements 

outlined in Section 3.1. It is comprehensive without being too 

specific, and the various elementary particle arrangements, particle 

assemblages and pore arrangements, account for most of the features 

both observed in the present study and described from previous 

studies. Also, it is consistent throughout all fabric levels end 
if necessary and where appropriate, its terminology could be easily 

applied to macrofabric features. Furthermore, it is both memorable 

and simple to use. 

Apart from these basic qualities, the present system also embodies 
both geological and mechanistic classifications and is therefore 
truly 'geotechnical' in character. 

A number of points require to be made as follows: 

(a) It requires to be strongly emphasised and made clear that the 

characterisation scheme devised herein is intended to be in- 

dependant of the technique of examination used. 

1b) The present scanning electron microscope study has assessed 

the various aspects of the characterisation scheme qualitative- 
ly only. 

(c) As was pointed out in Chapter 2 no thoroughly tested technique 

is available for quantitative work using the scanning electron 

microscope. Where available techniques have been applied 

mainly to artificially derived clay systems. Furthermore 

such techniques can only furnish information relating to the 

degree and direction of preferred orientation. No informa- 

tion is provided relating to (1) the nature and variety of 

microfabric forms present, (2) the relative abundance of 

microfabric forms or (3) the feature(s) responsible for any 

degree of anisotropy (at least in any detail). 



(d) It is doubtful whether this or any other acceptable scheme 
for. microfabric characterisation will ever be fully quanti- 
fied due to -the complex nature of natural microfabric and its 

extreme variability at all levels. 

(e) It is not envisaged therefore that the scheme suggested here- 

in need ever be wholly superseded but it may perhaps be 

supplemented by quantitative schemes, e. g. porosimetry data, 

x-ray diffraction or magnetic anisotropy data. 

40. 
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CHAPTER 4 

TECHUIQUES A? "OPTED, FOR THIS SCAI\T21I2: G ELECTRON MICROSCOPY STUDY 

4.1. INTRODUCTION. 

As discussed in Chapter 2, Section 2.1. selection of the observation 

and specimen preparation techniques for a particular microfabric 

study will depend on a number of factors including the number, the 

nature and state of bulk materials, the characteristics and levels 

of microfabric to be examined and the type of assessment required. 
The present project required principally a qualitative examination, 

over a wide range of magnification from unity up to 20,000 x, for some 
34 soils possessing a wide range of granulometries. In their 

natural states the bulk samples of the cohesive soils to be in- 

vestigated ranged from very wet and soft to very dry and hard. 

The granular soil samples were either partly saturated or dry. 

Considering then, these basic requirements and the time available, 
the scanning electron microscope was chosen as the observation tool 

for the present investigation. This technique enables a direct, 

high contrast stereoscopic image of the fracture surface of small 

block specimens to be obtained over a wide range of magnifications. 
Where required dehydration of samples for microscopy was 
facilitated using the process of air-drying which was selected 
because of its simplicity and because it could be applied to all 

soil types, providing that only a qualitative assessment of micro- 
fabric was needed. Air-drying can induce considerable shrinkage 

if the moisture content of a soil is high compared to its shrinkage 

limit and in an effort to evaluate the problems of air drying an 

alternative but more elaborate technique, Critical Point Drying 

was used in a limited series of tests. 

As pointed out in Section 2.1., one of the greatest difficulties 

to be encountered in scanning electron microscopy is met when an 

attempt is made to obtain a realistic and representative assessment 

of the microfabric of even a small specimen. This vitally im- 
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portant aspect, perhaps the most important one, was therefore given 

a great deal of consideration and a routine procedure for micro- 
fabric assessment in the scanning electron microscope was developed. 

This Chapter then, is divided into three main sections as follows: 
(1) a short section on the scanning.., electron microscopy techniques 

employed, (2) a detailed account of the specimen preparation 

procedures adopted and, (3) a detailed account of the microscopy 
procedure developed for microfabric assessment. 

4.2. SCINNIZIG ELECTRON MICROSCOPY. 

4.2.1. Scanning E16ctron Microscope. 

Detailed accounts of the historical background, fundamental tech- 

niques of operation and scope of application of the scanning elec- 

tron microscope has been given by Oatley et al (1965), Roscoe (1967), 

Tovey (1970 and 1973c)ß and many others. 

The fundamental principle behind the operation of the scanning 

electron microscope is the use of a primary electron beam which 

passes trough a high vacuum (1 x 10 -5 Torr) and strikes the 

surface of a block specimen.. At this point, some electrons are 

reflected and others cause the emission of secondary electrons, 

and in the reflective / emissive mode a proportion of these reflect- 

ed and secondary electrons are collected in the collector. From 

this collector the signal is amplified, and fed to modulate the 

intensity of the spot-on a cathode ray tube display screen. 

Beams in the microscope and cathode ray tube are scanned in 

synchronism so that each point on the latter corresponds to the 

equivalent point on the specimen. The contrast of the picture. so 

obtained on the display screen is a function of the relative pro- 

portions of the reflective and emissive electrons which leave 

different regions of the specimen, which in turn depends on the 

topography of the surface and the atomic number (9) of the ccm- 

ponents, Stoops (1973). Generally, resolution is about 100-200 1, 
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(50 P_ for the new microscopes) ana the magnifications range from 

x 20 to x 50,000. Although the reflective and emissive modes are 
the norm, the scanning electron microscope can also be operated in 

the cathodluminescent, absorbtive, transmissive and x-ray modes. 
Stereopair photographs are readily taken by tilting the specimen 
through several degrees. The particular instrument model used in 

the present study was the Cambridge Instruments Co. STERE0SC111T MK 

11 A and this was operated in the normal reflective / emissive 

mode. The routine operational procedures adopted to obtain optimum 
instrument performance were those laid down in the manufacturer's 
handbook. Recommendations given by Tovey (1970; 1973c) which re- 
late specifically to the application of the S. E. M. to the study of 

soils were also closely adhered to. 

4.2.2. Microphotography Techniques. 

4.2.2.1. General. 

In the early part of the project polaroid micrographs were taken 

but while these proved to be extremely useful from the point of 

view of interpretation their cost proved prohibitive for routine 

use. Again the reco. -mendations given by Tovey (1970,1973c) 

relating to the procedures for obtaining optimum photographic 

results were closely followed. 

4.2.2.2. Stereo Microphotography. 

Stereopair micrographs were taken using an angle of tilt of around 
7 to 100. In order to maintain constant magnification focussing 

was carried out using the specimen height control. An attempt 

was also made to maintain constant contrast and brightness con- 
Bitions. 

4.2.2.3. Overlapping Photography. 

Overlaps were taken involving array s of 2x 2, up to 6, x4 micro- 

graphs. A minimum overlap of---10 percent at each boundary was 
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adopted although for particularly difficult cases 20 percent or 

more overlap was used. Alignment, both horizontal and vertical r 

was checked using a1 cm. square grid on a transparent sheet mouri, e, L 

on the microscope viewing screen. Again constant magnification 

was achieved by focussing with the specimen height control, although 

in cases where a particularly rough surface was being photographer, 

both the height control and the electronic focussing controls were 

used in an attempt to obtain a good match between the successive 

micrographs. 

4.2.2.4. Mounting Micrographs for Analysis. 

Following the recommendations of the Third Annual Symposium on 

Scanning Electron Microscopy (1970), scale was indicated by specify -- 

ing the width of the micrographs. The units used were mm or ja 

for low magnification and va for high magnification. Kagnification 

was given as the real magnification, i. e. as the electronic plus any 

photographic enlargement or reduction. 
0 

4.3. SPECIl. ; PREPARATION 

The sample preparation routine adopted for the present study is 

detailed in the following sections. 

4.3.1. Air Drying of Bulk Samples. 

Bulk_ soil samples were dried slowly in a constant ambient temperature 

of approximately 20°C over 'a period of one to six weeks. The time 

required for the drying procedure being dependant on the nature and 

water content of the sample under consideration. Bulk samples 

varied in character and size approximately 25 mm - 100 mm diameter 

with some being very soft or friable and others being fairly stiff 

or even hard. The problem of shrinkage therefore was met in only 

certain cases, i. e. essentially only where very soft or soft bulk 

samples %--, ere being air dried. To aid the drying process in these 

cases bulk samples were carefully trimmed down using cheese wire 

into smaller samples. 
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4.3.2. Specimen Selection for Microscopy. 

Careful consideration was given to the selection of small specimens 

from the dried bulk samples with the chief aims being to achieve 

minimum sample disturbance and representativeness. Prismatic 

specimens approximately 1 cm. cross section and 3 cm. in length 

were carefully sculptured out of the bulk specimen using a sharp 

modelling knife. and in the case of the very hard s, =ples a fine 

hacksaw proved useful for coarse trimming. In the case of the 

friable samples prismatic samples could not be obtained and finger 

pressure was sufficient to obtain small or bulk specimens for 

fracture. Regarding the number of specimens taker, six was 

deemed to be an optimum number. Usually two of these would be 

selected such that the long axis was orientated in a vertical direc- 

tion while the remaining four specimens were selected such that 

their long axis was orientated in a horizontal direction. Upon 

fracturing therefore two horizontal surfaces and four vertical 

surfaces were obtained. 

4.3.3. Fracturing of Specimens. 

Fracturing of specimens was carried out by cutting aV- shaped 

groove around the middle of the specimen and applying a combined 

bending and pulling action after Smart (1967)" in the case of 

friable specimens a surface for viewing was obtained by applying 

a similar action to the small bulk specimens. As pointed out by 

Barden and Sides (1971) a fracture surface may prefer to follow a 

plane of weakness or preferred orientation and this has to be kept 

in mind when fracturing is carried out. 

4.3.4. Mounting of Specimens. 

Once the specimens were fractured they were carefully trimmed to 

approximately 1 cm. cube and care was taken not to disturb the 

fresh fracture surface during this operation. Small forceps 

proved invaluable here. The back of the specimens so obtained 

were trimmed flat and then fixed firmly to clean microscope stubs 
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using Durofix glue, Barden and Sides (1971). 

4.3.5. Preparation of Specimen Surfaces for Viewing. 

After mounting, the fracture surfaces were peeled using up to 100 

applications of cellotape in order to produce a cleaned and rep- 

resentative surface, Barden and Sides (1971). For the extremely 

clayey soils included in the study a very large number of cello- 
tape applications was required. Hotw: everq in the case of the 

coarse granular and friable soils included, peeling often appeared 
to induce disturbance due to the plucking out of a large number of 

soil grains and was therefore omitted. In such cases a low 

powered air-blast gras adopted as a method for removing surface 
debris, McGown (1975). For those soils with a granulometry be- 

tween extremely clayey and extremely granular an intermediate 

number of peels was applied. 

To provide a check on the success or otherwise of the peeling or 

air-blasting techniques the texture of the prepared surface was 

examined. In the earlier stages of the project this was facilitated 

using simply a hand lens but in the latter stages a simple optical 

stereomicroscope did indeed prove useful, Stoops (1973). 

4.3.6. Rendering Specimens Conductive. 

The prepared surface of each specimen was vacuum coated with-a 

layer of gold palladium (200 
- 300 5) thick to prevent charge 

build up on the specimen. Surfaces not requiring examination 

were painted with colloidal silver in order to improve'the electri- 

cal contact between the specimen and stub. 

4.3.7. Handling and Storage of Specimens. 

In order to avoid contamination direct handling of specimens was 

kept to a minimum by the use of several'types of forcep. ContaM- 

ination of the specimens from the surrounding environment was re- 

duced to. a minimum by storing the specimens in sealable plastic 

containers or bottles. 
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4.3.8. Preliminary Investigation of the Critical Point Drying 
Technique. 

4.3.8.1. Introduction. 

A preliminary investigation using the technique of critical point 
drying was undertaken as part of the overall project in order to 

gain some idea of the effects that air-drying may, have had on soil 
fabrics viewed in the present microfabric study. 

The critical point drying method relies on the fact that at a 
temperature and pressure above a certain critical point, the 

physical properties of a liquid and its vapour become the same. 
As the interface no longer exists surface tension damage is there- 

fore eliminated. The critical values of temperature and pressure 
for water are 374°C and 217.7 atm, respectively. Such high 

critical values however, may have an adverse affect on the structure 

of the clay particles. To avoid this a two stage procedure in- 

volving first the replacement of pore water with methanol, followed 

by the replacement of methanol with liquid carbon dioxide which is 

then taken to its critical point (critical T= 31.1°C and P= 71 atm) 

has been recommended Greene-kelly (1973). Such a two stage approach 

was adopted in the present preliminary investigation. The test 

apparatus and procedures are described in detail in Appendix B, 

Sections B. 1. and B. 2. respectively. 

Unfortunately it was not possible to use soils from the main part 

of the microfabric investigation since the soil samples to which 

critical point drying would have been particularly appropriate, i. e. 

the soft marine, estuarine, and lacustrine deposits were already in 

the air-dried state by the time the critical point drying apparatus 

became available. 

Five samples of suitable material were however available these 

being four natural water laid and saturated clays and a laboratory 

consolidated illite. Their general background properties are 

given in Table B. l. The natural soils were chosen because their 
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general character resembled that of the soft water laid clays in- 

cluded in the main investigation. The illite clay seemed appro- 

priate due to the fact that the four natural deposits were strwnr,., ly 

illitic in character. 

Lake Portchsrtrain clay was looked at early in the investigation 

and specimens were prepared by critical point drying (replacement 

of pore water directly with concentrated methanol) air-drying and 

oven drying methods. Later for the remaining four s nples it was 
decided to consider only air drying and critical point drying, 
(with both concentrated wnd graded methmo1 impregnation). 

It has been inferred by Greene-kelly(1973) that direct impregnation: 

with concentrated methanol while being far simpler can induce dam- 

age due to high concentration gradients. On the other hand graded 

substitution involves introduction of water to the specimen and 

this also may have adverse effects. 

liacroscopic observations of the degree of overall shrinkage or 

swelling and the more general characteristics such as shape and 

texture were made on all specimens dried by the various methods, 

and these are presented in Appendix B, Section B"3. for the Lake 

Portchartrain, microscopic examinations were also undertaken and 

these are given in Section B. 4. Lack of time however made it 

impossible to extend the microscopic investigation to the other 
four soils. 

It required to be emphasised that it was intended here to identify 

only general trends, i. e. to obtain a global view and therefore 

highly detailed macroscopic and microscopic examinations and assess- 

ment were not carried out. 

4.3.8.2. Discussion of Results. 

1. The limited macroscopic observations seem to indicate that: 

(a) Slow air-drying, as might be expected, induces considerable 
linear and volumetric shrinkage in wet clay üoils. 
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(b) Critical point drying reduces the degree of linear and volu- 
metric shrinkage to a very low value. The magnitude of the 

reduction measured in the present study appears to be of the 

same order as that obtained by Greene-kelly (1973). The 

magnitude of the linear shrinkage (0 
- 2.8) however is 

slightly higher than reported by Tovey and Wong (1973A), 

(< 0.5%). Differences in specimen volumes may be one of 
the factors responsible for this discrepancy. 

(c) Preferred orientation of particles at the micro level due to 

drying is negligible since differential linear, shrinkage 
(i. e. horizontal versus vertical) for both the critical 

point and air dried specimens seems on balance to be minireal. 

(d) No statement can be made as to the relative merits of the 

graded or concentrated methanol impregnation methods for 

critical point drying since shrinkage after drying was great- 

er for the former in two of the soils while being greater for 

the latter for the other two soils. 

(e) There is a strong tendancy for methanol impregnation, 

whether it be by the graded or concentrated method, to induce 

cracking of specimens. This of course makes specimen prep- 

aration for microscopy more difficult. 

(f) For soft uncemented clays, e. g. the laboratory prepared 

illite, San Francisco Bay Mud and Lake Portchartrain clays, 

the process of critical point drying may itself be responsible 

for producing a relatively weak and rather delicate skeleton 

as evidenced by, e. g. tendency for surface flaking. This 

again presented problems in preparation for microscopy com- 

pared. with that provided by say air-drying. 

(g) The perforated specimen containers were useful for discourag- 

ing specimen distortion and to a large extent swelling during 

methanol impregnation. Significant swelling through the 

perforations was prevalent in the specimens of illite w16 
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this may be associated with the artificial nature of the 

soil structure. 

2. The biggest problem in assessing the effects of specimen de- 

hydration by the various methods at the microscopic level is 

that the 'natural' fabric is an unknown quantity and there- 

fore damage, or the absence of damage, cannot be inferred 

from microscopic examination of dried specimens, Greene-kelly 
(1973). For example the most open and particulate and 

random fabric may not necessarily be the natural fabric, 

e. g. freeze drying has induced overall swelling at the 

macroscopic (and presumably the microlevel) Tovey (1970) and 
it has been suggested that critical point drying could 

possibly induce particle break-up. - 

Bearing this in mind, and on the basis of macroscopic ob- 

servations, and the limited microscopic observations made on 
the Lake Portchartrain specimens, the following tentative 

conclusions are submitted relating to illitic or kaolinitic clays. 

(a) Critical point drying produces a more realistic view of 

the character of natural microfabric of a wet soil than 

does either air or oven-drying. Certain artefacts hot: - 

ever may be introduced, namely, a slightly more particulate 

and open clay array due to some packet breakdohn, and a 

more porous looking fabric due to the presence of planar 

trans-assemblage pores (introduced probably during meth- 

anol impregnation) and an extremely large number of grain 

cavities. Moreover, if as suggested in l. (f), above 

critical point drying does, due to the fact that plucking 

appears to be highly prevalent, tend to produce a 

relatively weak skeleton then it would seem that the post 

drying procedures of fracturing, mounting, peeling, etc. 

must induce some sort and degree of internal disturbance. 

(b) Air drying produces a denser but not necessarily a More 

anisotropic clay array than the 'natural' one. Some 
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clay group formation or extension is also probable. 

Artefacts such as trans-assemblage cracks seem unlikely 

and grain cavities, because of the shrinkage of clay 

arrangements around grains, are liable to be less abundant 
than in the case of critical point drying. There is no 

evidence to suggest that air drying produces, e. g. 

ag regationsp connectors or bunches or alternatively 
breaks down such assemblages. 

(c) Oven drying also produces a denser but again not necessarily 
a more anisotropic clay array overall although local 

collapse and preferred orientation of clay particles may 

occur. Again, clay group formation and extension, 

possibly more profound than in the case of air drying, 

may be induced and artefacts in the form of cracks, grain 

cavities and assemblage formation or destruction will be 

minimal. 

3. The recommendation of the present preliminary investigation 

therefore, is that for routine drying of specimens of wet 
illitic or kaolinitic clays, critical point drying and air 
drying should be used, and a judgement made of the character 

of the natural microfabric on the basis of the information 

provided by each of these methods. 

4.4- MICROSCOPY PROCEDURE ADOPTED FOR MICROr ABRIC INVESTIGATION. 

4.4.1. Introduction. 

Natural soil fabric may be expected to be highly variable in 

character in many cases and it is necessary therefore, to employ a 

rational and consistent approach when using scanning electron micro- 

scopy for the investigation of soil microfabric, otherwise realistic 

and reproducable results may not be obtained. 

For the present investigation a basically two stage approach was 

developed involving a preliminary microfabric assessment followed 
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by a detailed microfabric assessment. In both stages the specimens 

were vie-vied and examined carefully in the S. E. M. and a large number 

of carefully selected micrographs taken. At the very least, 50 

micrographs and generally more than 200 micrographs were taker. for 

each specimen, the actual number being a function of the fabric 

complexity and specimen granulometry. Monomicrographs were usually 
taken only at low magnification ( i5 x 250) while stereopair and 

overlapping micrographs were usually only taken at higher magnifica- 
tions. 

Stereopair microphotography was employed whenever possible in order 
that anomalies could be easily identified and an appropriate 

allowance made, Tovey (1970,1973q). Tovey has highlighted the 

errors in interpretation of particle alignment which can occur if 

fabric is viewed monoscopically. Stereoscopic viewing proved in- 

valuable in this project as a means of guarding against misinter- 

pretation of particle configuration. For example, cavities left 

by grains plucked out during preparation can be mistaken for pores 
if viewed monoscopically. Also, matrix 'projections' can be mis- 
taken for aggregations, connectors or interweaving bunches. The 

internal organisation and the character of constituent grains can 

also be better assessed stereoscopically. 

Overlapping photography was employed to assist in the detailed 

assessment of ricrofabric. Such a technique allows for better 

recognition of individual and multi-level microfabric forms and 

for a better appreciation of the degree of variability of micro- 

fabric form which exists. 

Overlaps proved particularly useful for tracing clearly the pattern 

displayed', by higher order vein assemblages across a specimen and 

for showing clearly the interaction and interface between the 

layers of a layered system. 

Assessment of microfabric character was carried out on a purely 

qualitative basis since few quantitative techniques are available 

for scanning microscopy and as mentioned in Section 2.1. those 

that have been developed give limited information and as yet have 

w 
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not been thoroughly tested on natural soil fabrics. 

Early in this project, an exploratory investigation was undertaken 

of the applicability of the Quantimet 720 image analysis computer 
to quantification of scanning electron micrographs. However, it 

was concluded that such an instrument cannot be applied successfully 
to scanning electron micrographs since unlike transmission electron 

micrographs of thin sections, they contain a multi-phase system 

wherein particles generally have a wide range of tone densities. 

These findings are in agreement with Tovey (19,73a)ß who also stated 
that 'on line' proces. sing, which eliminates the_ photographic'step 

may partly assist in reducing this problem. -" 

4.4.2. Preliminary Assessment. 

Five steps are identified as follows: - 

1) The specimens are placed in the specimen chamber of the S. E. R1. 

such that the surface to be viewed is laid as close to the- 

horizontal plane as possible and therefore approximately 

normal to the electron beam. This results in a better per- 

spective monoscopic image than that obtained by oblique view- 

ing although high quality micrographs are more difficult to 

obtain, Tovey (1973 c). 

2) The surfaces are then scanned at low magnification (x 25 - 

coarse grained soils; up to x 250 - fine grained soils) and 

their texture examined. Areas where surface preparation 

appears to have been ineffective are identified i. e. areas 

where either charging or a fluffy appearance is evident. 

Reference should be made at this point to the information 

gained at the surface preparation stage. 

3) A rough assessment is made of the degree of uniformity and 

coarseness of texture for each surface and this is noted. 

Representative areas are then identified on the basis of tex- 
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ture. I-Ioromicrograuhs are taken of these areas at low mag- 

nification for the purposes of surface mapping and assessment. 
Stereopair micrographs may also be taken in the case of a 

coarse grained soil. Polaroid prints are extremely useful 

at this stage. 

Each of these representative areas is then carefully examined 
in turn by carrying out a 'zooming action' from low to high 

magnification at many points within the area. A number of 

sets of stereopair micrographs are taken at various selected 

magnifications at selected points. 

At this stage 'first impressions' of the microfabric character 

of each specimen should be formulated and recorded. The 

types of Elementary Particle Arrangements, and Basic and 
Higher order Particle Assemblages present and Pore Spaces and 
the organisation of the Composite 2; icrofabric should be 

assessed a: - with some comment on the degree of anisotrop-, z 

displayed. 

4.4.3. Detailed Microfabric Äs escment. 

Two main steps are identified. 

1) The sets of sequential stereopair micrographs taken at stage 

4) above are mounted for viewing and carefully examined. 

Representative features are identified and more detailed 

notes made confirming or altering the 'first impressions'. 

Higher magnification stereopair sequences and overlaps are 

taken where necessary at appropriate levels of magnification. 

2) In this, the final stage, a detailed account of the following 

aspects are made first for each specimen, and then for the 

bulk sample: 
1) the nature of microfabric forms present, (ii) their 

spatial organisation and interaction to form the composite 

microfabric, (iii) the relative abundance of the various 

ap 

0 
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microfabric forms within the composite microfabric and (iv) 

the nature of any anisotropy within the composite microfabric. 
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CHAPTER 5 

A CATALOGUE OF I3ATIJRAT", SOIL MICROFAERIC 

5.1. INTRODUCTION. 

The soils investigated display a wide range of geological origins 
but on the whole belong to the Transported Inorganic Soil Group. 

The individual soils are in fact, in most cases, highly represent- 

ative of either a particular geological or geotechnical soil 

group. This chapter reports on the geological and geotechnical 

background of the soils studied and on the findings of the present 

scanning electron microscopy investigation of their microfabrics. 

A 'catalogue of natural soil nicrofabric' is presented and five 

main sections have been identified. Section 1 deals with the 

data for water laid deposits and is sub-divided into three parts 
dealing with marine, brackish water and fresh water deposits. 

Sections 11,111 and 1V deal with the data for wind borne, ice 

laid and residual deposits. A summary is presented in Section 

V. Table 5.1. gives details of some of the basic geotechnical 

properties and also the source or authoritative reference for the 

particular soils included. 

The soil samples were all examined in the air-dried state using 

the microscopy techniques described in Chapter 4, and the micro- 

fabrics so observed were characterised according to the system 

developed for the present study Ld detailed in Chapter 3. The 

various aspects of the characterisation system however, could 

only be assessed on a qualitative basis in this investigation. 

Several brays of presenting the microfabric characterisation data 

were considered. The approach adopted in the present study 

includes for each soil, a well detailed descriptive text together 

with a number of selected micrographs illustrating the principal 

features in vertical section, and certain summary figures. 
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SECTION 1- WATER LAID DEPOSITS 

Part (a) Marine Deposits 

5.2. G1WI GEMOUTH, U. K. 

5.2.1. General Background. 

A bulk sample of soil from the site of a new lock construction, 
located on the flat alluvial plain of the River Forth, has been 

included. Evidence, both geological and structural suggests that 

this deposit is glacio-marine in origin and was formed during 

late-glacial times in arctic seas, Sissons (1970). Such marine 
deposits in the Grangemouth region are variable in thickness ex- 

ceeding 30 m in places and display a range of macrofabrics 
including laminated, possibly even varved in cases, pedal or non- 

stratified with sand lenses. The bull: sample selected for the 

present study was found to have a non-stratified macrofabric where- 
in irregular shaped any or silty lenses were visible. It was 
found to be a soft-very soft, saturated clayey silt with a measured 

salinity of 27 g/1y Gabr (1975). Geotechnically speaking, it is 

classified as a normally consolidated (pt plow 110 kNJ/m2) in- 
0o 

organic medium sensitive (St = 2.5) clay of high plasticity. 

5.2.2. Microfabric Characterisation. 

(a) Elementarg particle arrangements - Fir. clay 

arrangements appeared to be the only arrangements present 

and these were predominantly random in character. Parallel 

configurations were also occasionally in evidence with 

partly discernible particle arrangements displaying some 

crinkled edges only rarely observable. The discernible 

clay arrangements consisted both of plate shaped individuals 

of mainly coarse clay size, and plate shaped. groups with 
fine-coarse clay sizes as indicated by fic. 5.1. (a) which 

shores a random configuration at high magnification. 
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(b) Particle assemblages. - Fig. 5.1. (b): a rather complex 

assemblage network was apparent within which a cloy-granular 

matrix predominated and aggregations and interweaving bunches 

were each occasionally in evidence. The embedded matrix 

grains overall were haphazardly orientated with medium-fine 

silt sizes and flaky, elongated, angular and irregular 

shapes, otherwise the matrix consisted of an essentially 

random clay array. A typical clay-granular matrix region 

is shown in Mic. 5.1. (b). The aggregations present were 

more or less regular in shape; of medium silt size; con- 

sisted of clay arrays and were observed interacting directly 

with each other or the surrounding matrix. The typical 

nature of these assemblages is illustrated by Mic. 5.1. (c). 

The bunches interwove haphazardly between and around silt 

grains and were seen consisting mainly of parallel clay 

arrays. A horizontal bunch is shown in Mic. 5.1. (d). A 

significant : number of fossil particles were also to be found 

interacting with and incorporated within the various assem- 

blages. This is particularly well shovm by LIic. 5.1. (e). 

(c) Basic pore spaces - Fig. 5.1. (c): the intra-elemental pores 

associated with the clay arrangements, Mic. 5.1. (a), appear- 

ed to dominate the pore space although a considerable con- 

tribution from the various inter-assemblage pores, e. g. 

. 
Mic. 5.1. (c)ß was also in evidence. Only a small propor- 
tion of the pore space seemed to be accounted for by intra- 

assemblage pores. 

(d) Composite microfabric: the general nature and fairly uniform 

texture of the composite microfabric are clearly shown by 

riic. 5.1-M. 

(e) Anisotropy within composite microfabric - Fig. 5-1-(d): the 

microfabric appeared to be isotropic at the 500)u and 50)a 

levels. This was also the case for the major portion of the 

microfabric at the 5, p level. 
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5.; 3. OSLO FJORD, NORWAY. 

5.3.1. General Background. 

Four bulk samples of the well known sensitive Norwegian marine 

clays from the Drammen Valley and Oslo regions, Norway, have been 

included. The geological history and geotechnical properties of 
these deposits have been discussed in detail by Bjerrum (1967, 

197 3), Kazi and Mourn (1973) and others, and summarised below. 

Three of the deposits from Solbergelva and Sundlend in the Drammen 

region and. Ellingsgrud, Oslo, are glacio-marine in origin deposited 

during late-glacial times. The Dra'nmen Town deposit however was 
laid down in early post glacial times. From the geological point 

of view, all these Norwegian sediments are normally consolidated. 
(pV po. r, 

84 kJI/m2 for the Solbergelva and Sundland deposits). 

The Drammen Town and Ellingsgrud deposits however, have developed 

reserve resistance to compression as a result of the large delayed 

compression to which it has been subjected, and therefore displays 

some apparent pre-consolidation, (e. g. for Drammen Town pc 1.6 pot 

107 d1/m2). Post-depositional leaching by freshwater occurred 

in varying degrees within the four deposits following isostatic 

uplift as indicated by the measured soluble salt contents of the 

samples (Drammen Town - 27 9/1; Solbergelva - 15 g/l; Sundlefd - 
2 g11 and Ellingsgrud -1 g/l. ) All four samples were found to 

have water contents approaching or above their liquid limits and 

were grey in colour, homogeneous, intact and saturated in the un- 

disturbed state. The Drammen Town soil has been described as an 

inorganic highly plastic clay while the late-glacial Drammen de- 

posits have been described as inorganic clays of low plasticity, 

i. e. 'lean clays'. The Ellingsgrud deposit has been described 

as an inorganic silt of low plasticity despite its significant clay 

content of 38. Typically the clay fraction of Norwegian marine 

clays has been reported as consisting mainly of illite, chlorite 

along with significant amounts of quartz and feldspar. The iior- 

wegian marine deposits are renowned for their unusual and often 

extreme mechanical properties, particularly their sensitivity which 
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is defined as the ratio of undisturbed to remoulded strength and 

which has been well correlated with the degree of salt leaching. 

The samples selected for this study display a range of sensitivities, 
the Ellingsgrud is classed as extra quick, (St = 70) the Sundland 

as medium quick, (St - 17) and those from Dranmen Tom and Solber- 

gelva are very sensitive, (St = 8). 

5.3.2. Microfabric Characterisation. 

5.3.2.1. Drammen Tom. 

aý Elementary particle pxran ements - pip. 5-2. (a): clay arrange- 

ments were observed predominating over clean grain-grain con- 
tact arrangements which were also frequently in evidence. 
The former arrangements were predominantly random in character 

and the clay particles comprising these arrangements appeared 
to be both plate shaped indidivuals of mainly coarse clay 

size and plate shaped groups of mainly fine clay size. Mic. 

5.2. (a) shows a random configuration wherein clay individuals 

are prominent. Rarely the cloy, arrangements were partly 

discernible in character. The grains involved in the grain- 

grain contacts were mainly finer silt sizes, flag and 

elongated shapes, and were generally loosely packed. 

(b) Particle assemblages - Fir. 5.2. (b): A matrix appeared to 

be the dominant assemblage present, and aggregations and 

connectors were only rarely abundant. Within the matrix 

which was very open in places, clay-granular regions were 

observed dominating over clay regions which were occasionally 

present. Embedded matrix grains were haphazardly orientated 

medium-fine silt sizes with mainly flair and elongated shapes, 

otherwise the matrix consisted of a random clay array with 

isolated grain-grain contacts. 2dic. 5.2. (b) illustrates 

the typical internal organisation of the various matrix 

regions. Two clay-granular regions are shown with one 

being more-open and less clayey than the other. In contrast 

to these clay-granular regions, a clay region is also shotim. 
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The aggregations were irregular in shape, silt sized and 

associated with the surrounding matrix via bridge connectors. 
The latter assemblages consisted of mixtures of random clay 

and grain-grain arrangements. The nature of the irreg-alar 

aggregations and their linkages with the surrounding matrix 

may be taken as being similar to that shoim in I. Iic. 5.3. (b) 

for the Sundland soil. 

(c) Basic pore spaces - Fig. 5.2. (c): the intra-elemental pores 

associated with both the clay arrangements, e. g. 1, Iic. 5.2. (a) 

and grain arrangements appeared to dominate the pore space 

although an appreciable contribution was also in evidence 
from the intra-assemblage pores associated with the open 

matrix regions, e. g. Mic. 5.2. (b). Overall, only a small 

contribution was apparent from inter-assemblage pores. 

(d) Composite microfabric: the general nature and fine texture 

of the composite microfabric are clearly shown by I: ic. 5.2. (c). 

(e) Anisotropy within composite microfabric - Fig. 5.2. (d): the 

microfabric appeared to be isotropic at the three levels 

considered. 

5.3.2.2. Sundl2nd. 

(a) Elementary particle arrangements - Fig. 5.3. (a): both clay 

and clean grain-grain contact arrangements were observed to 

be frequently abundant. The former arrangements were pre- 

dominantly random in character and appeared to consist of 

both bulky shaped individuals of mainly coarse clay size, 

and plate shaped groups of mainly fine clay size, as indicat- 

ed in Mic. 5.3. (a). Rarely, the clay arrangements were 

partly discernible in character. The grains involved in 

the grain-grain contacts were mainly finer silt sizes with 

flaky, elongated and angular shapes, Mic. 5.3. (b). Both 

loosely and closely packed arrangements were apparent. 
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(b) Particle assemblages - Pic. 5.3. (b): a rather complex assem- 
blage network was apparent within which connectors appeared 
to be predominant and aggregations were frequently observable. 
The connectors bridged and buttressed medium-fine silt grains 

and were observed to generally consist of both random clay 

arrangements and grain-grain contacts, with the proportions 

of each arrangement present varying between connectors. A 

connector system is shown in The. 5.3. (a). In some cases, 

grain connectors were actually present within larger connect- 

ors. Connectors also served to link aggregations, both with 

each other, in connected aggregate systems, and with the. 

surrounding grain connector system. The aggregations were 

silt sized and irregularly shaped and consisted of mixtures 

of clay arrangements and grain-grain contacts. Hic. 5.3. (b) 

serves to illustrate the nature and organisation of an 
irregular aggregation and its linkages. No preferred 

orientation of the assemblage grains was apparent. 

(c) Basic pore spaces - Fig. 5.3. (c): the inter-assemblage pores 

formed by the connector systems, e. g. relic. 5.3. (a) and (b) 

appeared to dominate the pore space with an appreciable con- 

tribution coming also from the intra-elemental pores 

associated with both the clay and grain arrangements. Only 

a small contribution was in evidence from intra-assemblage 

pores. 

(d) Composite microfabric: the rather open and grain like appear- 

ance of the composite microfabric is quite apparent from Iic. 

5.3. (c). 

(e) Anisotropy within composite microfabric - Fig. 5.3. (d): the 

microfabric appeared to be isotropic at the three levels 

considered. 

5.3.2.3. Solbergelva. 

(a) Elenenta y particle arrangements - Fig. 5.4. (1= claf 
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arrangements were observed to be the dominant arrangement 

present and clean grain-grain contacts were only rarely ob- 

servable. The former arrangements were random in character 

and appeared to consist of both plate shaped individuals of 

mainly coarse clay size, and plate shaped groups with fine- 

coarse clay sizes as shown by Mic. 5.4. (a). Fine silt size 

particles with mainly flaky and angular shapes were involved 

in the grain-grain arrangements which were relatively loosely 

packed. 

(b) Particle a. ssemblapes - Fig. 5. d. (b): a clay-granular matrix 

appeared to be the dominant assemblage present whilst 

connector systems were also occasionally in evidence. The 

embedded matrix and connected grains were mainly medium silt 

size with irregular, elongated and angular shapes displaying 

no preferred orientation. Within the matrix, the silt grains 

were set against a random clay array as shown by Nic. 5.4. (b) 

and a few isolated grain-grain contacts were in evidence. 

The connectors were of the bridge type and were observed con- 

sisting of random clay arrays as indicated in Mice 5.4. (c). 

Some fossil particles were also to be found interacting with 

and incorporated within the various assemblages. 

(c) Basic pore spaces - Fig. 5.4. (c): the intra-elemental pores 

particularly those associated with the clay arrangements, 

Hic. 5.4. (a) appeared to dominate the pore space, although 

an appreciable contribution was also in evidence from the 

inter-assemblage pores of the connector systems, Mic. 5.4. (c). 

Only a small contribution was apparent from intra-assemblage 

pores. 

(d) Composite nicrofabric: the general nature and texture of, 

the composite rnicrofabric can be appreciated from Mic. 5.4. (d). 

(e) Anisotropy within composite microfabric - Fie. 5.4. (d): the 

microfabric appeared to be isotropic at the three levels con- 

sidered. 
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5.3.2.4. Ellingsgrud. 

(a) Elementary particle arrvng ents - Fig. 5.5. (a): clay arrange- 

ments appeared to be the only arrangements present. These 

were random in character and seemed to consist of both plate 

shaped individuals of mainly coarse clay size and plate 

shaped groups, with fine-coarse clay sizes, as indicated in 

Hic. 5.5. (a). 

(b) Particle assemblages - Fig. 5.5. (b): a clay-granular matrix 

was observed to be the dominant assemblage present with con- 

nector and aggregations being respectively, occasionally or 

only rarely in evidence. The embedded matrix grains were 

medium-fine silt sized and angular, flaky and elongated in 

shape, and otherwise the matrix consisted of a random clay 

array as shown by Mic. 5.5. (a).. A medium degree of prefer- 

red orientation of matrix grains towards the horizontal can 

also be seen. The connector assemblages were found either 

bridging and buttressing silt grains, or linking the irregular 

shaped aggregations with the surrounding matrix. The 

aggregations were of finer silt size and like she conrectoxs 

were composed of the clay arrays and sometimes incorporated 

very fine silt grains. 

(c) Basic pore spaces - Fig. 5.5. (c): the intra-elemental pores 

associated with the random clay arrangements, Mic. 5.5. (a), 

appeared to dominate the pore space. An appreciable con- 

tribution was however, also in evidence from the inter-assem- 

blage pores of the connector and aggregation systems whereas 

only a small proportion of the pore space appeared to be 

accounted for by intra-assemblage pores. 

(d) Composite microfabric: the general nature and texture of the 

composite microfabric can be appreciated from Mic. 5.5"(b). 

(e) Anisotropy-of composite microfabric - Fig. 5.5"(d): the 

microfabric appeared to be isotropic throughout at the 5i 
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level but displayed a low degree of anisotropy at both the 

50 and 500 ju levels. 

5.4. JACKSON, U. S. A. 

5.4.1. General Background. 

A bulk sample of Yazoo Marine clay from Jackson, Mississippi, a 

member of the Jackson Group of the Tertiary (Eocene) system has 

been included. The Yazoo clay was formed late in Eocene period 
by large amounts of clay material deposited in the sea by a river 

or several rivers, Monroe (1954). Overlying deposits some 100 

metres thick were eroded in the Pleistocene period leaving a flat 

surface of the Yazoo clay which is therefore highly over consolidated. 
The upper 6 metres of the deposit were subsequently weathered and the 

sample selected for the present study was taken from within the 

weathered zone. In appearance it has been described as a stiff, 
tan and grey clay, containing some slickensides with reddish stain- 
ing from hematite in certain cases. In places black specks were 

observable and these it seems are possibly concentrations of organic 

matter. It is classified as an inorganic highly plastic clay with 

a high degree of saturation. The clay fraction contains mainly 

kaolinite groups and montmorillonite minerals, Buck (1956). A 

number of field and laboratory studies have shown the Yazoo clay 

to be potentially a high expansive coil, Gromko (1969) and Johnson 

et al (1973). 

5.4.2. Microfabrio Characterisation. 

(a) Elementary particle arrangements - Fie. 5.6. (a): clay 

arrangements appeared to be the only arrangements present and 

these were found to be predominantly of the parallel type, 

tiic. 5.6. (a), with more random arrangements, Mic. 5.6. (b) also 

occasionally in evidence. The clay particles comprising 
the-so arrangements, were apparently coarse cloy groups, wavy 

and occasionally almost transparent in appearance. 
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(b) Particle assemblages - Fig. 5.6. (b): 'a matrix consisting 

essentially of clay regions appeared to be the only assemblage 

present. Overall, aped . ineptly parallel clay array dis- 

playing strong preferred orien ation Was in evidence. Mic. 

5.6. (c) shows a parLilel clay array within a clay region 

while in contrast, Mic. 5.6. (d) sh\o' is a clay region Wherein 

a prodominently random clay array exits. Those embedded 

matrix grains observable Were of manly medium-fine silt 

size with angular and flaky shapes. The flaky grains were 

generally horizontally orientated and occasionally almost 

transparent. A variety of fossil particles Were also in 

evidence and these tended to occur as co ntrations within 

the matrix. In some cases they appeared to be in a state 

of decomposition. 

(c) Basic pore spaces - Fig. 5.6. (c): the pore space appeared 

to be dominated by the intra-elemental pores, P-Zic. 5.6. (a) 

and (b), although it seemed that a small contribution from 

intra-assemblage pores was also in evidence. 

(d) Composite microfabric: the general nature und texture of the 

composite microfabric are illustrated by LIic. 5.6. (e). A 

horizontally orientated gravel particle and a fossil particle 

are shown embedded in this composite microfabric. 

(e) Anisotropy mithin composite microfabric - Fig. 5.6. (L): the 

microfabric at the 500» level appeared to possess a high 

degree of anisotropy while at the lower levels, degrees of 

anisotropy ranging from nil to very high wore in evidence, 

with the latter being predominant. Preferred orientation 

was towards the horizontal in all cases. 

5.5. LUAtmA, ANGOLA. 

5.5.1. General Background. 

A bulk svmple of a Tertiary (Miocene) marine clay from the River 
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Cuanza sedimentary basin in the Luanda region of Angola has been 

included. According to Novias-Ferreira and Horta da Silva (1973), 

the clay was deposited in the hypersaline waters of an enclosed sea, 

following which it densified by overlying sediments and diagenisis 

phenomenon. Subsequently the miocene clay and the overlying 

sediments were subjected to intense desiccation and locally were 

partly eroded. The deposit is some 30 m thick, partly saturated, 

heavily overconsolidatcd and fissured. The sample selected for 

the present study was light grey in colour and is classified as 

inorganic clay of high plasticity. The clay fraction is reported 

as consisting mainly of montmorillonite with significant amounts of 

kaolinite and micaceous minerals. Laboratory studies PTovias- 

Ferreira and Horta da Silva (1973) have confirmed that the Luanda 

clay is potentially a high expansive deposit. 

5.5.2. Ilicrofabric characterisation. 

(a) Elementary particle arrangements - Fig. 5.7. (a): clay arrange- 

ments appeared to be the only arrangements present and these 

were found to be predominantly of the parallel type, Nic. 

5.7. (a), with random arrangements rarely in evidence. she 

clay particles comprising these arrangements were considered 

to be wavy shaped fine coarse clay size groups. 

(b) Particle assemblages - Fig. 5.7. (b): a matrix, wherein clay- 

granular regions predominated over clay regions which were 

occasionally in evidence, was found to be the only assemblage 

present. Overall, a predominently parallel clay array dis- 

playing medium degree of preferred orientation towards the 

horizontal, was in evidence. The embedded matrix grains 

were haphazardly orientated silt sizes with mainly irre ular 

but also elongated shapes. Mics. 5.7. (b)ß (c) and (d) serve 

to illustrate the internal nature and organisation of the 

particle matrix. The first shows a predominantly parallel 

array displaying weak preferred orientation and the second 

illustrates the clay-granular region in which this array is 

located. The nature and spatial orientation of the matrix 



68. 

grains can be easily appreciated. The third shows a clay 

region wherein a parallel clay array displaying strong pre- 
ferred orientation is in evidence. 

(c) Basic pore spaces - Pig. 5.7. (c): the pore space appeared 

to be dominated by the intra-elemental pores of the clay 

arrangements, Mic. 5.7. (a), and only a relatively small con- 

tribution from intra-assemblage pores was apparent. 

(d) Composite microfabric: the general nature and texture of 

the composite microfabric are illustrated by Mic. 5.7. (e). 

(e) Anisotropy within composite microfabric - Fig. 5.7. (d): the 

microfabric at the 500/i level appeared to possess a slightly 

less than medium degree of anisotropy. At the 50)u level 

the major portion of the microfabric displayed a low degree 

of anisotropy with the remainder showing a high degree of 

anisotropy. The vast majority of the fabric at the 5/a 

level possessed very high degrees of anisotropy. 
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Part (b) Brackish Water Deposits 

5.6. UPPER CLYDE ESTUARY, U. K. 

5.6.1. General Background. 

Bulk samples from three sites along the Upper Clyde Estuary at 
Renfrew, Laurieston and Gallowgate have been included. A detail- 

ed account of the geological history and profiles, and the geo- 
technical properties of the coils at these sites has been given by 

Gabr (1975). These are estuarine deposits which were formed up-der 

sub-arctic conditions in late-glacial times and which constitute 
the belt of drumlin free ground bordering the River Clyde. Geo- 

logical evidence suggests that the Renfrew soil was deposited in 

a brackish-marine environment and the Laurieston and Gallowgate 

were formed in a brackish-freshwater environment. The measured 

soluble salt contents of all three soils however, is very low 

2 g/l). The Renfrew and Gallotwrgate deposits are normally con- 

solidated (PC pö x 110 IN/m2) and (pt pö r-w 120 kN1/m2) respectively, 

and the Laurieston is slightly over consolidated (p. = 2p ä== 110 kN/m`- j. 

The bulk samples selected were all brown in colour, fully saturated 

and displayed a range of consistencies; soft-very soft for Renfrew; 

soft-firm for Laurieston; and firm for Gallowgate. The Renfrew 

and Laurieston samples are classified as inorganic silty clays of 

low plasticity whereas the Gallowgate is classified as an organic 

clay of high plasticity. They are all classified as medium sen- 

sitive (St =2- 4). With regard to the macrofabrics of the sam- 

ples, Renfrew and Laurieston were very finely and finely laminated 

respectively, and were found therefore, to be representative of the 

respective deposits. Although the Gallowgate deposit has been 

found to be finely laminated in places, no layering effects were 

visible in the present bulk sample. 

5.6.2.1-2icrofabric Characterisation. 

5.6.2.1. Gallowgate. 

(a) Elementary particle arrangements - Fib clay arrange- 
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ments were observed to be the dominant arrangements present 
although clean grain-grain contacts were also occasionally 
in evidence. The vast majority of clay arrangements were of 
the parallel type and random configurations were only rarely 

observable. The clay particles involved in these arrange- 

ments seemed to be mainly fine-coarse clay size plate shaped 

groups although plate shaped individuals of mainly coarse 

clay size were also present. Mic. 5.8. (a) serves to 

illustrate the nature of these clay particles. The grain- 

grain arrangements were observed to involve medium-fine silt 

sized flaky and elongated shaped grains which were generally 
relatively closely packed with a parallel association of grains 

observable in many cases, Mic. 5.8. (d). 

(b) Particle assemblages - Fig. 5.8. b: a particle matrix 

appeared to be the only basic assemblage present. Within 

this matrix, clay-granular regions were found predominating 

over purely clay or granular regions which were both 

occasionally observed. Within the clayey part of the matrix 

a parallel clay array, displaying haphazard orientation was 
in evidence. Parallel clay arrangements were orientated in 

sympathy with the matrix grain surfaces. Overall the 

matrix grains were haphazardly orientated silt sizes with 

mainly elongated and flaky shapes. The internal nature and 

organisation of the various matrix regions are clearly illus- 

trated by Mics. 5.8. (b), (c) and (d), which show clay-granular, 

clay and granular regions respectively and the haphazard 

organisation of the constituent arrays. The particle 

matrix was disrupted in places by higher order vein assem- 
blages consisting, as indicated in Mic. 5.8. (g) of parallel 

clay arrays and silt grains. Forked systems were generally 

observed. Individual veins within the system were obliquely 

orientated and limited in extent relative to the specimen 
boundary. Mics. 5.8. (e) and (f) show the general nature 

and internal organisation of the veins. The well defined 

vein boundaries are also clearly illustrated by the latter. 

(c) Basic pore spaces - Fir. 5.8. (c): the intra-elemental pores 
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particularly those associated with the parallel clay arrange- 

ments, IIic. 5.8. (b), appeared to dominate the pore space and 

only a relatively small contribution was apparent from intra- 

assemblage pores. No inter-assemblage pores were in 

evidence. 

(d) Composite microfabric: the fine and somewhat patchy texture 

of the composite microfabric is clearly illustrated by Mic. 

5.8. (g). The prominence of the vein assemblages is also 

well demonstrated. 

(e) Anisotropy within composite microfabric - Fier. 5.8. (d): the 

vast majority of the microfabric at the 500J, level appeared 

to be isotropic in character with a small proportion display- 

ing a low degree of anisotropy. The microfabric was almost 

isotropic throughout at the 50fa level, while in contrast 

very high degrees of anisotropy were displayed by the vast 

majority of the fabric at the 5, p level. 

5.6.2.2. Lauriestor_ 

Three types of layer were identified from within the finely laminated 

system, and both macro and microlayers were in evidence. 

(a) Elementary particle 
_arrangements - Fia. 5.9"(a): in layer 

type 11 parallel clay arrangements appeared to be the only 

arrangements present while in layer type Ti, these dominated 

over random clay configurations which were occasionally in 

evidence. The clpy particles comprising these arrangements 

were considered to be mainly coarse clay size plate shaped 

groups. The nature of the parallel clay arrangements and 
their constituent particles can be appreciated from ! Iic. 5.9"(a)" 

In layer type 111, clean grain-grain contacts were observable 

dominating with the grains involved being medium-fine silt 

sized and elongated flaky and angular in shape. They Were 

generally relatively closely packed. 
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(b) Particle assemblages - Fi,. 5.9. (b): a region system appeared 
to be the only assemblage present in each of the three layer 
types although the internal organisation in each was observed 
to be different. 

In layer type 1, clay regions were to be found, within which 
a parallel clay array, displaying complete preferred orien- 
tation towards the horizontal, was in evidence as illustrated 
by Mic. 5.9. (b). 

Layer type 71" 
was observed consisting entirely of clay-granular 

regions and overall, a predominantly parallel clay array dis- 

playing strong preferred orientation towards the horizontal, 

was in evidence as illustrated by Nic. 5.9. (c). As shown, 
the grains within the region were medium-fine silt sizes 
with elongated, flaky and angular shapes and were also pre- 
ferentially orientated towards the horizontal. 

In contrast to these types, layer type 111 was observed con- 

sisting entirely of granular regions, with once again a 

marked tendancy for horizontal orientation of the elongated 

and flaky grains involved in the clean grain-grain contacts, 
Mic. 5.9. (d). 

(c) Basic pore spaces - Fi¬. 5.9. (c): in all three latiyer types, 

the intra-elemental pores appeared to dominate the pore space 

and these were associated with the clay arrangements in 

layer types 1 and 11, Nic. 5.9. (a), and with grain arrange- 

ments in layer type 111, LIic. 5.9'(d). Only a small con- 
tribution was evident from intra-assemblage pores in each 

case. 

(d) Composite microfabric: the general nature and differing 

textures of the composite microfabrics of layer types 1,11 

and 111 are illustrated by Mic ,. 5-9-(0)1 (f) and (g) re- 

spectively. A portion of the composite microfabric of the 

layered system, consisting of microlayers, is given in Mic. 
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5.9"(h). Layer interfaces were essentially sharp and 

straight in character. 

(e) Anisotropy within composite microfabric of layers - Fig-5-9-101): 

within layer type 1s the microfabric appeared to be very highly 

anisotropic at all levels. Within layer type 71, the micro- 
fabric displayed high degrees of anisotropy at both the 500/1 

and 50/u levels. At the 5/a level the major portion of the 

microfabric was very highly anisotropic with the remainder 
displaying isotropy. Within layer type 111, a medium degree 

of anisotropy was apparent at the 500/3 and 50, u levels. 

Clay arrangements were absent and the 5,, u level therefore was 

not appropriate. Preferred orientation was towards the 

horizontal in all cases. 

5.6.2.3. Renfrew. 

Three types of layer were identified from within the very finely 

laminated system, and both macro and microlayers were in evidence. 

(a) Elementary particle arrangements - Fig. 5.10. (a): within 

layer type 1, clay arrangements appeared to be the only 

arrangements present while in layer type 11, these dominated 

over clean grain-grain contacts which were however, only 

rarely discernible. The clay arrangements in both layers 

were predominantly random in character although parallel 

configurations were frequently and occasionally in evidence 

in layer types 1, and 11 respectively. The arrangements 

appeared to be composed generally of coarse clay size plate 

shaped. groups and often incorporated fine silt particles, 

as indicated by Init. 5.10. (a) which shows a random clay 

arrangement. 

Within layer type 111, grain-grain contacts predominated 

over clay arrangements which were occasionally in evidence. 

The former arrangements involved medium-fine silt sizes and 

flaky, elongated and angular shapes; were both clothed and 
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clean and generally relatively closely packed. Random and 

parallel clay arrangements were both frequently observable. 

(b) Particle assemblP. ges - Fir. 5.10. (b): within layer type 1, 

a region system appeared to be the only assemblage present, 

within which clay-granular regions were observed predominat- 
ing over clay regions which were also frequently in evidence. 

The embedded region grains were mainly medium-fine silt sizes 

with fla17 and elongated shapes. A strong tendency for 

preferential orientation of the embedded grains towards the 

horizontal was apparent, as demonstrated by ilic. 5.10. (b). 

"A detailed view of the region system is presented in Mic. 

5.10. (c). 

Within layer type IT, a more complex assemblage network was 

observed wherein a region system, consisting entirely of 

clay-granular regions. predominated over connectors, 

aggregations and interweaving bunches which each appeared to 

be rarely abundant. The region system, overall, involved a 

predominantly random clay array and the region grains were 

haphazardly arranged silt sizes with mainly flaky and 

angular shapes, as illustrated by Mic. 5.10. (d) which shows 

a typical view of a clay-granular region. The aggregations 

were irregular in shape and coarse silt sized and were ob- 

served generally interacting with each other and the nearby 

regions via bridge connectors as shown by Nic. 5.10. (e)" 

Both these assemblages consisted of confused mixtures of 

random and parallel clay arrangements. The interweaving 

bunches were preferentially orientated towards the horizontal 

and composed of parallel clay arrays and occurred in inter- 

woven systems. 

Within layer type 111, a connector system was observed pre- 

dominating over granular regions which were at the occasional 

level of abundance. Both bridge connectors, consisting of 

parallel clay, and buttress connectors composed either of 

random or parallel clay appeared to be equally abundant, flit. 
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5.10(f)'. The connector and region grains were mainly medium-- 
fine silt sizes with flaky and angular shapes and overall a 
tendency for preferential orientation towards the horizontal 

was apparent, as demonstrated by Mic. 5.10. (g). 

(c) Basic pore spaces - IvIic. 5.10. (c) : within layer types 1 and 
Tf, intra-elemental pores associated with the various clay 
arrangements appeared to dominate the Dore space while an 
appreciable contribution from intra-assemblage pores was 
also in evidence. * An appreciable proportion of the pore 
space in layer 11 was also accounted for by the various inter- 

assemblage pores present. 

Within layer type 111, the majority of the pore space appear- 
ed to be accounted for by the inter-assemblage pores associated 
with the connector systems. An appreciable proportion was 
also provided by the intra-elemental pores of the grain-grain 

arrangements. 

(d) Composite rnicrofabric: ' the general nature and differing 

textures of the composite microfabrics of the individual 

layer types are illustrated by Mic. 5.10. (h). Two general 

views of the composite microfabric of the layered system are 

presented in Mic. 5.10-0). As indicated, layer interfaces 

were found to be sharp and straight, sharp and wavy and in 

other cases ill-defined in character. 

eý Anisotropy within composite microfabric of layers - Fig. 

5.10. (d): the microfabrics within layer types 1y 11 and 111 

appeared to possess medium, nil and less than medium degrees 

of anisotropy respectively at the 500/a level. At the 50, 

level the major portion of the microfabric within layer 1 

cdisplayed a low degree of anisotropy with the remainder 
displaying high anisotropy. At the 50'4 level within layer 

11, isotropy was in evidence. The microfabric of layer 
TIT at the 50, u level-possessed both nil and medium degrees 

of anisotropy. At the 5, u level the major proportion of 
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microfabrics displayed nil anisotropy with the remainder dis- 

playing very high anisotropy. 

5.7. SHAITON ESTUARY, EIRE. 

5.7.1. General Background. 

Two bulk samples of recent estuarine deposits from a site on the 

southern bank of the Shannon Estuary near the town of Foynes are 
included. The estuarine deposits are predominantly very loose 

homogeneous clayey silts often sandy and in some cases slightly 

organic, and shelly. In general there is a thickening of deposits 

towards the north west up to about 28" metres. They have proved to 

be extremely troublesome foundation deposits, the samples selected 
for this study will be referred to hereafter as Shannon A and B. 

Sample A was a very loose, grey sandy clayey silt and is classified 

as inorganic soil of low plasticity. S . iple B however, was less 

typical of the deposits and was a soft silty clay, being classified 

as inorganic clay of high plasticity. Both simples were fully 

saturated. The clay fractions consist mainly of illite and 

kaolinite. 

5.7.2. Hicrofabric Characterisation. 

5.7.2.1. Shannon A. 

(a) Elementary particle arrmgements - Fig. 5.11. (W): grain-grain 

contacts were observed to be the dominant arrangements present 

and both clothed and clean arrangements appeared to occur 

equally as frequently. The grains involved were fine sand 

and silt sizes with elongated, flaky, irregular and angular 

shapes. The arrangements appeared to be both closely and 

loosely packed. A nunber of grain-grain contacts are in- 

dicated on iiic. 5-11. (e). Clay arrangements were also 

occasionally observable and both partly discernible particle 

arrangements and random arrangements appeared to be equally 

abundant. The former were observed di: pl2ying zone non-- 
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crinkled edges, hic. 5.11. (a) while the latter arrangements 

were considered to be composed of fine-coarse clay sized 

plate shaped individuals and groups, Ilic. 5.11. (b). 

(b) Particle assemblages - Fig. 5.11. (b): a rather complex 

assemblage system was apparent within which granular matrix 

and aggregation assemblages were frequently observable and 

connectors were occasionally in evidence. The aggregations 

were fine sand and silt sized and were generally more or less 

regular in shape, Mc. 5. ll. (c). They appeared to consist 

mainly of clay arrays and sometimes silt grains and were 

observed having several modes of interaction, including inter- 

action with each other and with the matrix grains either 

directly, or indirectly via connectors, Mc. 5.11. (0). The 

connector assemblages, which also spanned sand and silt grains, 

were in the form of bridges and buttresses and consisted of 

cloy arrays. Mc. 5.11. (d) illustrates the nature and 

occurrence of a buttress connector. As indicated in Mic. 

5.11. (e), a large number and variety of fossil particles 

were also to be found interacting with and incorporated with- 

in the various assemblages, and overall, no preferred orien- 

tation of the various assemblage grains was apparent. 

(c) Basic pore spaces - Fig. 5.11. (c): the intra-elemental 

pores, particularly those associated with the grain-grain 

contacts, Mic. 5.11. (e)ß and the inter-asseriblage pores, e. g. 

Mic. 5.11. (c) and (d), were each considered to account for a 

considerable proportion of the pore space. A relatively 

small contribution from intra-assemblage pores was also in 

evidence. 

(d) Composite microfabric: the nature of the composite micro-. 

fabric is clearly illustrated by Nics. 5.11. (e) and (f). 

The former gives a detailed view of the composite microfabric 

and shows the nature, occurrence and interaction of the 

various mibrofabric forms. The latter gives a more general 

view of the composite microfabric at low magnification. 
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(e) Anisotropy within the microfabric - Fig. 5.11. (d): the 

nicroAfabric appeared to be isotropic at all the levels con- 

sidered. Due to the grain sizes involved mithin the micro- 
fabric the 50 u level was inappropriate in many cases. 

5.7.2.2. Shannon B. 

(a) Elementary particle arrangements -Fig. 5.12. (--): clay 

arrangements appeared to be the only arrangements present 

and these were found to be predominantly random in character 

with parallel arrangements also occasionally in evidence. 
The clay particles comprising these arrangements were mainly 
fine clay sized and were considered to be both plate shaped 
individuals and groups. In some cases bulky individuals 

were in evidence. The typical nature of the clay arrange- 

ments and their constituent particles is illustrated by 

Mics. 5.12. (a) and (b)q which show random and parallel con- 
figurations respectively. 

(b) Particle assemble-ges - Fib. 5. l2. (b): a complex- assemblage 

system was apparent within which a particle matrix predom- 

inated and connectors and aggregations were rarely and 

occasionally observable, respectively. A large number and 

variety of fossils were also to be found interacting with 

and incorporated within the various assemblages. Mithin 

the matrix, clay-granular regions predominated over clay 

regions which were frequently observed and overall, a pre- 

dominantly random clay array was in evidence. The matrix 

grains were haphazardly orientated and were mainly silt sized 

with elongated flaky, angular and irregular shapes, Nic. 

5.12. (c) serves to illustrate the typical nature and internal 

organisation of the matrix. The aggregations were of silt 

size 'and regular in shape, and were composed mainly of clay 

arrays. They interacted indirectly with each other and the 

matrix via bridge connectors as indicated by T-Tic. 5.12. (d). 

(e) Basic ore spaces - Pi,. 5-12. (c): the intra-elemental 
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pores associated with the various c1ey arrangements, e. g. 
Nics. 5.12. (a) and (b), appeared to dominate the pore space. 
Small and appreciable contributions were in evidence from 

the intra asserblage pores and inter-assemblage pores, i. lic. 

5.12. (d)ß respectively. 

(d) Composite microfabric: a general view of the composite micro- 
fabric is given in Mic. 5.12. (e). 

(e) Anisotropy within composite microfabric - Fig- 5.12. (d): the 

microfabric appeared to be isotropic in character at both 

the 500/u and 50, u levels. This was also the case for the 

major portion of the microfabric at the 5, u level with the 

remainder displaying very high anisotropy. 

5.8. CILSIIPLATTI SEA, CANADA. 

5.8.1. General Background. 

Two bulk samples of the troll documented and highly sensitive 

Champlain Sea deposits from sites at Saint Alban and Saint Jean 

Vianney in Eastern Canada have been included. The deposit from 

Saint Alban in the Saint-Laurent Lowlands in the fringe of the 

Champlain Sea deposits, is thought to have been laid dot-rn in a 

brackish water envirorment, and possibly leached subsequently by 

the upward flow of freshwater La Rochelle et al (1974). The Saint 

Jean Vianney site, the scene of a disastrous landslide in 1971, as 

described by Tavenas et al (1971), is situated in a region which 

was flooded by brackish-fresh-Crater some 9,000 years ago by an 

extension of the Champlain See., the so called Laflamme Sea. Deep 

layers of clay were subsequently formed in this environment, La- 

rochelle (1974). The samples selected for the present study were 

found to be quite fine, homogeneous, apparently intact and fully 

saturated with measured salt contents of less than 1 a/1. They 

are classified as inorganic silty clays of low plasticity. The 

very low plastic clay from Saint Jean Vianney is knol-m to be very 

strongly. cemented, Bierrum (1973). The clay fraction of the 
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Champlain Sea deposits is reported consisting mainly of illite 

and chlorite with significant amounts of quartz and feldspar. 

These Canadian deposits, like the 11ort-regian marine clef. *s, are well 

knoten for their extreme sensitivity. Unlike the Tlorwegisn deposits 

however, this has been strongly associated with the presence of 

cementing bonds. Saint Alban is classified as medium quick (Sx 
V 

22) and Saint Jean Vianney is classified as extra quick (St = 500 

to infinity). The Saint Alban and Saint Jean Vianney clays are 

apparently lightly over-consolidated (pc ý2 pö ~ 77 MT/m2) and 
fairly heavily over-consolidated. (pi 1000 Id,! /m) respectively. ` 

The influence however, of cementing agents is knoim to have been 

considerable, particularly in the case of the latter. Hence 

despite the significsnt overburden pressures which have existed, 

particularly in the case of Saint Jean Visnney, an open structure 

with an exceptionally high water content, appears to have been pre- 

served due to the action of the cementing agents. 

5.8.2. Ilicrofabric Characterization. 

5.8.2.1. Saint Alban. 

(a) Elementaxy particle arran ; emente - Fig. 5.13. : clay 

arrangements appeared to be the only arrengernents present and 

were found to be entirely random in character. Their con- 

stituent particles were plate shaped and mainly fine cla, 

size ans in certain cases were extremely thin and -appeared 

almost transparent. Clay groups and clusters were seemingly 

infrequently present. In certain cases amorphous material 

was possibly present at the points of contact between cl V 

particles. Mics. 5.13. (a) and (b) serve to illustrate the 

typical character and constituent particles of these random 

clay arrangements. 

(b) Particle assenbla; Tes - Fig. 5.13.. (. b): a Matrix appeased to 

be the only assemblage present. Within this matrix clay- 

granular regions were observed predominating over clay regions 



81. 

v, hich tigere occasionally in evidence. Random cle�y arrays 
were in evidence within these regions as shown by Ific. 5.13. (b). 

The matrix grains overall were haphazardly arranged with 

mainly silt but also some fine sand sizes and elongated, 
irregular, flaky and angular shapes. Also, the grain sizes 
were not evenly distributed and some clay-granular regions 

contained coarser grains than others, as shot. -. 1 by Mic. 5.13. (c). 

(c) Basic pore spaces 5.13. (c): the intra-elemental 

" pores associated with the clay arrangements, e. g. Mic. 5.13. (b), 

were observed dominating the pore space and only a small con- 
tribution from intra-assemblage pores was apparent. No 
inter-assemblage pores were in evidence. 

(d) Composite microfabric: Tic. 5.13. (d) serves to illustrate 
the typical nature and rather patchy texture of the composite 

microfabric. 

(e) Anisotropy I"rithin composite nicrof? inric - Fig. 5.1?. (: the 

x: icrofabric appeared to be isotropic at each of the levels 

considered. 

5.8.2.2. Saint Jean Vianney. 

a) i lementa, ry n2. rticle arranrenents - Pik-. 5.14. (,,, )_ : clay. arr, --nge- 

ments appeared to be the only arrangements present and were 
found to be entirely random in character. The clay particles 

comprising these arrangements were bullcy shaped and of fine 

clay size. Coarse clay size particles appeared to be 

individuals which generally had some form of material uni- 
formly-coated on their surfaces. Mithin the fine clay size 

range the particles appeared to be in the form of both 

individuals and'clusters. The latter seemed to be composed 

of bulky shaped individuals as shown by Mic. 5.14. (a). 

Mic. 5.14. (b) serves to illustrate the typical character and 

constituent particles of the random clay arrangements. 
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(b) P rtici e assembl es - Pik. 5.1& :a particle matrix 

appeared to be the only assemblage present. Within this 

matrix cl^ regions were observed predominating over c3 ýwý- 

granular regions ihich were frequently in evidence. Ran dom 

clay arrays were in evidence within these regions and the 

matrix, grains were mainly finer silt sizes with angular and 

elongated shapes. Overall, a slight tendency for 

horizontal orientation of the elongated silt grains was 
just detectable. Mies. 5.14. (c) and (d) present detailed 

views of the matrix and both clay and clay-granular regions 

can be clearly identified. 

(c) Basic pore s aces- Fir- 5.14. (c): the intra-elemental pores 

associated with the olsy arrangements, e. g. Vlies. 5.14. (a) 

and (b), were observed dominating the pore space and only a 

small contribution from intra-assemblage pores was appwr. ent. 

(d) Composite microfabric: Mic. 5.14. (e) serves to illustrate 

the uniform and fine texture of the composite microfabric. 

ýe) Anisotropy within composite rnicrofvbric -- Fig. 5.14. ri): tho 

nicrofabric appeared to be isotropic at each of the levels 

considered. 

5.9. BOSTON, U. S. A. 

5.9.1. General Background. 

A bulk sample of-the Boston Blue Clay deposits from Cambridge, 

I. Iassachussctts has been included. These deposits were formed in 

late-glacial times when material was transported by streams of melt- 

ing Pleistocene glaciers and deposited in the quite marine-brackish 

waters of the Poston Basin, in post-depositional times the clay 
deposits were elevated-by isostptic uplift, subjected to weathering 

and erosion and subsequently resubmerged, Crosby (1934), Sicempton 
(1948). The Boston Blue deposit is typically 25 m thick and 

varies fror, tieing stiff and often t? eatherec: yellow at the top to 
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being soft homogeneous and blue in 'colour at depth. The sample 

selected is a typical example of the soft blue clay and is classified as 

a, lightly over consolidated, inorganic clay of high plasticity. 

The clay fraction of the blue clay is reported to consist of mainly 
illite, with significant amounts of chlorite and -uartz, Mitchell 
(1956). 

5.9.2. iiicrofabric Characterisaticn. 

(a) Elementary particle arrangements -Fir. - 5-15. (, 1): clay arrange- 

nerts were observed to be the dominant arrangements present 

and both the random and parallel types appeared to be equally 

abundant. The clay particles comprising these arrangements 

were both plate shaped groups and individuals with fine and 

coarse clay sizes. Detailed views, illustrating the typical 

nature and constituent particles of the clay arrangements are 

given in Mics. 5.15. (a), and (b). The former shows a pre- 

dominantly parallel array whereas the latter shows a pre- 

dominantly random array. Clean grain-grain arrangements 

were occasionally in evidence, e. g. Hic. 5.15. (b) with the 

grains involved being the finer silt sizes with flaky, 

elongated and angular shapes. 

(b) Particle assemblages - Fig. 5.15. (b): a matrix appeared to 

be the only assemblage present and within this assemblage, 

clay-granular' regions predominated over clay regions which 

were frequently observable. Within the regions, no pre- 

dominance of either random or parallel clay arrays was in 

evidence, and isolated grain-grain contacts were occasionally 

observable. There present the parallel arrays displayed 

strong preferred orientation towards the horizontal. The 

matrix grains were medium and fine silt sizes with flaly, 

elongated and angular shapes, and were strongly orientated 

towards the horizontal. Llic. 5.15. (c) presents a detailed 

view of the matrix to illustrate these various features. 

(c) Basic pore --paces - Pig. 
_5.15. 

(c): tl, c intr. -elenentül pores 
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particularly those associated with the clay arrangements, e. g. 

Mies. 5.15. (a) and (b), appeared to dominate the pore space. 

A relatively small contribution from intra-assembla. te pores 

Grus also in evidence. 

(d) Composite microfabric: the typical character and texture of 

the composite microfabric at two levels of magnification are 

clearly illustrated by TMiics. 5-15-(d) and (e). 

(e) Anisotropy within composite microfabric - Pip-. 5.15. (d): the 

microfabric at the 500p level and 50)a level appeared to 

possess a medium degree of anisotropy. M. the 5/a level 

more or less half the microfabric appeared to possess nil 

anisotropy, while the rest appeared to possess very high 

anisotropy. The direction of preferred orientation was 

horizontal in all cases. 
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Part (c) Freshwater Deposits 

5.10. TUCSON, U. S. A. 

5.10.1. General Background. 

A bulk sample of a recent alluvial floodplain deposit from Tucson, 

Arizona, has been included. This deposit was formed as an outwash 
floodplain between the Santa Cruz River and the Tucson Mountain 

foothills, and in the present arid to semi-arid climate the 

water table is at a considerable depth below ground level, Sultan 
(1969). The shallow deposits are therefore desiccated end over 

consolidated and contain small desiccation cracks or fissures at the 

surface. The sample' selected was a stiff, bromn, calcareous silty 

clay and is classified as an organic clay of high plasticity. The 

clay fraction consists mainly of montmorillonite. Laboratory 

studies have shoim that the Tucson silty clay has low compressibility 
in the -undisturbed state, and is potentially capable of exhibiting 
the dual behaviour of expansion and collapse, Sultan (1969). 

5.10.2. Hicrofabric Characterisation. 

(a) Elementary particle arrangements - Pi 
,. 

5.16. (a); clothed 

grain-grain contacts were observed to be the predominant 
arrangements present although clay arrangements were also 

more than occasionally in evidence. The grains involved in 

the former arrangements were fine sand and silt sizes with 

mainly irregular and- elongated shapes. Both closely and 

relatively loosely packed arrangements were apparent. The 

clay arrangements present were predominantly of the partly 
discernible type generally displaying some crinkled edges. 

Random clay arrangements composed of bulky shaped coarse clay 

size individuals were occasionally observable. 

(b) Particle assemblages - Pip. 5.16. (b): a complex assemblage 

network was apparent with matrix, connector and' aggregation 

systems all frequently observable. The matrix was found to 
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be predominantly granular, although clay regions consisting 

of random clay arrays were rarely observable. No preferred 

orientation of the matrix grains was apparent.. The connector 

assemblages were found bridging and buttressing sand and silt 

particles and consisting mainly of partly discernible particle 

arrays. Regular silt and fine sand size aggregations were 

observed consisting generally either of a confused mixture of 

grain and clay arrangements or of partly discernible particle 

arrangements alone. Sometimes aggregations were present 

within larger aggregations. Aggregations were found inter- 

acting directly with each other and with both matrix and 

connected grains. 

(c) Basic pore spaces- Fig. 5.16. (c): the inter-assemblage pores 

associated with the occurrence of the aggregation and connector 

assemblages were found dominating the pore space. The intra- 

elemental pores, however, and in particular those associated 

with the granular arrangements appeared to account for a 

considerable proportion of-. the pore space. 

(d) Composite microfabric: Detailed and general views of the 

composite microfabric are given in Mics. 5.16. (a) and (b) 

respectively. A wide variety of microfabric forms including 

two irregular shaped trans-assemblage pores are present, and 

these are clearly indicated. 

(e) Anisotropy within composite microfabric - Fig. 2.16. (d j: the 

microfabric was apparently isotropic at each of the levels 

considered. The 50, u level was inappropriate to the grain 

arrangements in many cases due to the grain sizes involved. 

5.11. MARICOPA, U. S. A. 

5.11.1. General Background. 

A bulk sample of a mudflow deposit from a site at Maricopa in the 

San Joaquin Valley, California, has been included. This deposit 
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is typical of the mudflow deposits found in the general area of the 

western and southern parts of the San Joaquin Valley and described 

by Bull (1964) and Dudley (1970). It was deposited in recent 

times by a viscous mudflow derived from a small water shed, subject 

to cloud bursts at infrequent intervals. The slurry so formed 

subsequently dried out and the deposit is therefore highly over 

consolidated and desiccated. The sample selected was a yellow 

homogeneous poorly sorted clayey, silty, sandy material containing 

roots and some preferentially orientated flaky or elongated gravel 

particles. The clay fraction is reported to consist predominently 

of montmorillonite. The deposit is classified as an inorganic 

soil of low plasticity. The Maricopa deposit is also a typical 

example of the collapsing soils which are frequently encountered in 

the San Joaquin Valley, Dudley (1970). 

5.11.2. Microfabric Characterisation. 

(a) Elementary particle arrangements - Fig- 5.17. (a): grain- 

grain contacts were observed to be the dominant arrangements 

present and both the clothed and clean types appeared to be 

equally abundant. The grains involved were mainly silt 

sized with flaky, elongated and irregular shapes and both 

closely and relatively loosely packed arrangements were 

apparent, as illustrated by Nics. 5.17. (a) and (b). Clay 

arrangements were also occasionally observable and both partly 

discernible particle arrangements and random particle arrange- 

ments composed of coarse clay size individuals appeared to be 

equally as prominent. Within the former arrangements 

generally, relatively few edges were apparent but where 

present, these appeared to be non crinkled in nature. The 

general nature of the various clay arrangements can be 

appreciated from Mic. 5.17. (c). 

(b) 
. 

Particle assemblages - rig. 5.17. (b): a matrix, wherein 

granular regions predominated over clay regions which were 

rarely observable, was observed to be the dominant assemblage 

present. The grain regions were variable in texture and 
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sometimes consisted of closely packed clothed grain-grain 

contacts, Mic. 5.17. (a)ß and in other cases of loosely arranged 

clean grain-grain contacts, Mic. 5.17. (b). No preferred 

orientation of the grains was apparent. The clay regions 

were comprised of random and partly discernible clay arrays 

and their typical character may be appreciated from DZic. 

5.17. (c). A rather open clay region is also shown in Nic. 

5.17. (d). Aggregations, more or less regular in shape, were 

also frequently in evidence and these were found interacting 

directly with each other and also the matrix grains and con- 

sisting of a confused mixture of clay arrangements as in- 
dicated by Mic. 5.17. (e). 

(c) Basic pore spaces -_Fig. 5.17. (c): the intra-elemental pores, 

and in particular those associated with the grain-grain arrange- 

ments, e. g. Ric. 5.17. (a) and (b), appeared to dominate the 

pore space. The inter-assemblage pores formed by aggregate 
interaction, Mic. 5.17. (e) also accounted for a considerable 

proportion of the pore space. Intra-assemblage pores 

associated mainly with the rather open clay regions, Ric. 

5.17. (d), were considered to account for a small' proportion 

of the pore space. 

(d) Composite microfabric: the general nature and texture of the 

composite microfabric are illustrated by Mice 5.17. (f). 

(e) Anisotropy within composite microfabric - Fig. 5.17. (d): the 

microfabric was apparently isotropic at each of the levels 

considered. The 50, a level was sometimes inappropriate to 

the grain arrangements due to the grain sizes involved. 

5.12. LYDDA, HOLON, AFULAH, ISRAEL. 

5.12.1. General Background. 

Bulk samples of three recent alluvial floodplain deposits from 

Lydda and Holon in the west of Israel, and Afulah in the north, are 
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included. They were derived from the weathering of limestone or 

basaltic rocks on the adjacent hills and under the present humid 

to sub-humid mediterranean climate a deep groundwater level 

ordinarily exists and the deposits have been over consolidated and 

desiccated, Kassiff et al (1965). The Lydda, Holon and Afulah 

samples were found to have degrees of saturation of around 75%., 93%'. 

and 97% respectively, and were fairly stiff calcareous (12,17 and 

16j CaCoz), light to dark brown in colour, slickensided and con- 

tained some small limestone nodules. Their clay fractions are 

known to consist predominently of montmorillonite. From the geo- 

technical point of view, the Lydda sample is classified as an 

inorganic silty clay of low plasticity and the Holon and Afulah 

samples are classified as inorganic clays of high plasticity. A 

number of field and laboratory studies, Komornick et al (1969), 

Frydman (1972) have shown that the three deposits are representative 

of the well known Israeli expansive soils. 

5.12.2. Microfabric Characterisation. 

5.12.2.1. Lydda. 

(a) Elementary particle arrangements - Fig. 5.18. (a): clay arrange- 

ments were observed to be the dominant arrangements present, 

with clothed grain-grain contacts also occasionally observable. 

The clay arrangements were partly discernible in character 

with some arrangements displaying relatively few edges and 

others showing numerous edges. These edges where present, 

possessed crinkled forms generally. The general nature of 

these arrangements may be taken to be similar to that 

illustrated by Mic. 5.19. of the Holon deposit. The grain- 

grain contacts appeared to involve mainly fine sand and coarse 

silt size particles which were mainly irregular but also 

rounded and elongated in shape as indicated by Mic. 5.18. (b). 

Both relatively loosely and closely packed arrangements were 

apparent. 

(b) Particle assemblages - Pip. 5.18. (b): a complex assemblage 



9o. 

system was apparent which was dominated by a matrix and with- 

in which connectors were occasionally and aggregations were 

rarely to be found. Within the matrix clay-granular regions, 

very open in placest were found predominating over grain 

regions which were occasionally in evidence. Typical exam- 

ples of these regions are given in Mic. 5.18. (a) and (b) re- 

spectively. The clayey parts of the matrix consisted of the 

partly discernible clay arrays and the embedded matrix grains 

were medium-fine sand sizes with mainly irregular but also 

rounded and elongated shapes. The connector assemblages were 

found bridging and buttressing fine sand and silt particles 

and composed generally of partly discernible particle arrays 

as indicated by Mic. 5.18. (c). The regular fine sand size 

aggregations were found generally interacting directly with 

the nearby matrix and consisting of connector systems, as 

shown by D1ic. 5.18. (d). 

(c) Basic pore spaces - Fig. 5.18. (c): the pore space appeared to 

be dominated by the intra-elemental pore arrangements associat- 

ed with the clay arrangements and the grain arrangements. The 

intra-assemblage pores present in the open clayey regions were 

considered to account for an appreciable proportion of the 

pore space. Only a relatively small contribution was 

apparent from inter-assemblage pores, Mic. 5.18. (c). 

(d) Composite microfabric: detailed views of two portions of the 

composite microfabric, which display contrasting coarse and 

relatively fine textures, are presented in Mic.. 5-18-(e). 

The occurrence of irregular trans-assemblage pores is apparent 
in the fine textured region. 

(e) Anisotropy within composite microfabric - Fig. 5.18. (d): the 

microfabric appeared to be isotropic in character at each of 

the levels considered. 

5.12.2.2. Holon. 

(a) Elementary particle arrangements - Fib. 5.19" a= clay arrange- 
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ments appeared to be the only arrangements present and these 

were found to be predominantly partly discernible in character 

with some arrangements displaying relatively few edges, bIic. 

5.19. (a) and others displaying numerous edges, Mic. 5.19. (b). 

These edges were crinkled in form generally. Random clay 

arrangements were observable, although relatively rarely, and 

where present appeared to be composed of fine-coarse clay 

sized bulky shaped individuals. 

(b) Particle assemblages - Fig. 5.19. (b): a matrix appeared to 

be the dominant assemblage present with aggregations also 

occasionally observable. Within the matrix, clay regions, 

often very open, as indicated by RZic. 5.19. (c), were found to 

be predominant' although clay-granular regions were also fre- 

quently present. The various regions consisted essentially 

of partly discernible clay arrays and the embedded matrix 

grains were silt and fine sand sizes with mainly irregular 

and almost rounded shapes. . 
The rather homogeneous nature 

of the matrix is demonstrated by Mics. 5.19. (d) and (e) which 

show at the same level of magnification, an open clay region 

and a dense clay-granular region respectively. The regular 

silt and fine size aggregations consisted mainly of partly 

discernible particle arrays and were found interacting direct- 

ly with each other and also the surrounding clayey matrix, as 

shown by Mic. 5.19. (f). 

(c) Basic pore spaces - Pi . 5.19. (c): the intra-elemental pores 

and intra-assemblage pores, e. g. Hic. 5.19. (b) and (c), 

associated with the very open matrix regions each appeared to 

form a considerable proportion of the pore space. Inter- 

assemblage pores, Hic. 5.19. (f), were observed forming a 

small proportion of the pore space. 

(d) Composite microfabric: a typical view of the composite micro- 

fabric is presented in Mic. 5.19. (g)ß and the occurrence of a 

wavy trans-assemblage pore is clearly indicated. 

(o) Anisotropy within composite microfabric - Fi_. 5.9(: the 
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microfabric appeared to be isotropic at each of the levels 

considered. 

5.12.2.3. Afulah. 

(a) Elementary particle arrangements - Fig. 5.20. (, -)-. clay arrange- 
ments were observed to be the dominant arrangements present, 
with clothed grain-grain contacts also rarely observable. The 
former arrangements were partly discernible in character with 
some arrangements displaying relatively few edges and others 
displaying numerous edges. These edges were present, 
possessed crinkled forms generally. The detailed nature of 
the clay arrangements were found to be similar to those of 
the Holon deposit, Mics. 5.19. (a) and (b). The grain-grain 
contacts involved medium-fine silt size grains which were 

elongated and angular in shape. These arrangements appeared 
relatively loosely packed as indicated by Mic. 5.20. (a). 

(b) Particle assemblarres -- Fig. 5.20. (b): ' a matrix appeared to 

be the only assemblage type present. Within this matrix, 

clay regions, very open in places, were found predominating 

over clay granular and granular regions which were occasionally 

and rarely present respectively. The clayey part of the 

matrix consisted of a partly discernible clay array and the 

embedded matrix grains were mainly coarse silt and fine sand 

sized with rounded shapes. Mic. 5.20. (b) serves to 

illustrate the typical character of the matrix and the varia- 
tion in texture associated with the occurrence of the various 
differing matrix regions can be easily appreciated. 

ýc) Basic pore spaces - Fig. 5.2Q. (c): the pore space appeared to 

be dominated by the intra-elemental pores, and in particular 
those associated with the clay arrangements. The intra- 

assemblage pores, associated with the open clay regions 

appeared to account for an appreciable proportion of the pore 

space. 

(d) Com»osite microfabric: Mic. 5.20. (c) serves to illustrate the 
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typical character and texture of the composite microfabric, 

and once again a wavy trans-assemblage pore is in evidence. 

(e) Anisotropy mithin composite rnicrofabric - Fig. 5.2O. (äth e 

rnicrofabric appeared to be isotropic in character at each of 

the levels considered. 

5.13. HURLFORD, U. K. 

5.13.1. General Background. 

A bulk sample of lacustrine soil from a site south west of Huriford, 
Scotland is included. A detailed account of the geological history 

and geotechnical properties of this soil has been given by Gabr 
(1975). It is a typical example of the post-glacial freshwater 

lake deposits which occur in the Ayrshire region as patches amongst 

mainly lodgement till deposits and which were formed in the numer- 

ous post-glacial lakes which exist between existing glacial drumlins. 

The upper zone of the deposit from which the bulk sample for this 

study was taken is reported to be slightly over consolidated (pc 

1.4 pö -°ý 54 k, /m2), and finely laminated in places. No layering 

effects were visible in the present bulk sample. It was a soft to 

very soft grey brown silty clay being classified as an inorganic 

medium sensitive (St = 3) soil of low plasticity. 

5.13.2. Idicrofabric Characterisation. 

(a) Elementary particle arrangements - Fir. 5.21. (x): clay arrange- 

ments appeared to be the only arrangements present and both 

parallel and random configurations were frequently observable. 

Their constituent particles appeared to be mainly coarse clay 

size and plate-shaped clay groups as demonstrated by Hic. 

5.21. (a) which shows a haphazard arrangement of parallel clay 

arrangements around silt grains at high magnification. 

(b) Particle assemblages - Pia. 5.21. (b): a clay-granular matrix 

appeared to be the only basic assemblage present. Within 
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this matrix, no predominance of either random or parallel 

arrays was in evidence. Where present the parallel arrays 
displayed haphazard orientation as shown in Plies. 5.21. (a) 

and (b). The embedded matrix grains were haphazardly 

orientated silt sizes with flaky and elongated, but also 

irregular shapes. The distribution of grain sizes however, 

was found to be somewhat erratic with some regions contain- 

ing only the medium and fine silt sizes, e. g. Mic. 5.21. (c) 

and others containing mainly coarse silt sizes, e. g. riic. 

5.21. (d). The clay-granular matrix was often disrupted by 

vein assemblages which consisted of parallel clay arrays and 

orientated silt as shown by Ific. 5.21. (e). Both branching 

and crossover systems were as illustrated by Mic. 5.21(f). 

Overall, the individual veins were fairly. extensive relative 
to the specimen boundary and displayed either inclined or 
horizontal attitudes. 

(c) Basic Dore spaces - FL-5.21. (c): the intra-elemental pores, 

particularly those associated with the random clay arrangements, 

were found dominating the pore space and only a small contribu- 

tion from intra-assemblage pores was in evidence. 

(d) Composite microfabric: the typical character of the composite 

microfabric is illustrated by Mic. 5.21. (g) and the rather 

patchy texture of the clay-granular matrix and the occurrence 

of the vein systems can be easily appreciated. 

ýe) Anisotropy within composite microfabric - Pig. 5,21. (d): the 

microfabric at the 500)a level appeared to exhibit a low degree 

of anisotropy, the direction of preferred orientation being in 

the main towards the horizontal. At the 50)u level the micro- 

fabric seemed to be predominantly isotropic. Approximately 

half of the microfabric at the 5)a level displayed very high 

anisotropy with a range of directions of preferred orientation 

while the other half exhibited isotropy. 

5.14. NEW Lzs}ARD, CPJ ADA. 
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5.14.1. General Background. 

A bulk sample of the well documented lacustrine varved clay deposits 

which occur in the vicinity of the town of New Liskeard in Northern 

Ontario, Canada has been included.. Such deposits are believed to 

have been formed in late-glacial times from sediments transported 

from melting pleistocene glaciers by streams and deposited in cold 

fresh melt water, glacial lakes, Milligan et al (1962) and Eden and 

Bozozuk (1962). Typically, the varved deposit occurs as a thick 

stratum (33-49 metres) and the individual clay (dark) layers and 

silty (light) layers of the varves vary in thickness from about 1 mm 

to 3.8 cm. In bulk, the varved swmple was soft in the undisturbed 

state and is classified as an inorganic soil of high plasticity. 
Both the dark and the light layers had water contents more or less 

equal to their liquid limits, and are classified as inorganic soils, 
but as might be expected the dark (clay) layer is highly plastic, 

whereas the light (silty) layer exhibits low plasticity. The 

mechanical properties of compressibility, shear strength and per- 

meability of the varved clay deposits have been investigated by Lo 

and Stermac (1965), Quigley and Ogunbadijo (1972), Chan and Kenney 

(1973) and others. They are, geologically speaking normally con- 

solidated but cementing has induced apparent preconsolidation 

pressures of (p= 2.5 p' 300 kid/m2) and (pt - 2.3 P' n 280 
o2co 

kV/m) for the dark clayey layer and light silty layers respectively. 

Cementation has also been held primarily responsible for the medium 

quickness (St--. 1,. 20) displayed by this varved clay. 

5.14.2" Microfabric Characterisation. 

The dark clay layers within the bulk sample all appeared to have the 

same internal or composite fabric whereas in the case of light silty 

layers two types of internal organisation were identified, i. e., 

light type (i) and light type (2). Only macrolayers were iden- 

tified. 

(a) Elementary particle arrangements - Fig. 5.22. : within the 

dark layer random clay arrangements were the only arrcngements 
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observable while in both the light layers these predominated 

over clean grain-grain contacts which were occasionally present. 
The constituent clay particles of the various clay arrange- 

ments appeared to be platey and bulky shaped individuals with 

very fine-coarse clay sizes and clusters of very fine clay 

size, 2Iic. 5.22. (a). Within the dark layer a tendancy for 

the coarser clay individuals which were found separated by 

finer clay particle arrangements, to align themselves towards 

the horizontal, was detectable. The grain-grain contacts in- 

volved mainly angular and elongated shaped grains which in 

light layer (1) were the finer silt sizes, Mic. 5.22. (b), 

and in light layer (2) were fine-medium silt sizes, Mic. 

5.22. (f). 

(b) Particle assemblages - Fig. 5.22. (b): within the dark layer 

a region system was the only assemblage present. This system 

consisted of clay-regions comprising a random clay array, Mic. 

5.22. (c). 

Within light layer (1) a more complex basic assemblage net- 

work was observed wherein a region system and a connector 

system were both frequently abundant, Mic. 5.22. (d). The 

region system comprised mainly clay-granular regions and 

granular regions often honeycombed were frequently observed. 

Micro lenses of clay were to be found non-uniformly embedded 

in this basic assemblage network and these varied in extent 

with the maximum and minimum thickness being of the order of 

200,, u and. 10)a respectively, Mic. 5.22. (e). As shown the 

long axis of the lenses were orientated towards the horizontal. 

Light layer (2) comprised entirely of a region system wherein 

clay-granular regions predominated over granular and clay 

regions which were both occasionally abundant, Mic. 5.22. (f). 

(c) Basic pore spaces - Fig. 5.22. (c): within the dark layer the 

intra-elemental pores of the random clay arrangements dominat- 

ed the pore space and a very small contribution from intra- 

I 
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assemblage pores was in evidence. Within light layer (1) 

the inter-assemblage pores of the connector systems predom- 

inated over the intra-elemental pores of the clay and granular 

arrays within the matrix. A small contribution was noted 

from the infra-assemblage pores associated with the honey- 

combed granular regions. Within light layer (2) the pore 

space was accounted for entirely by the intra-elemental pores 

of the clay and granular arrays within the matrix. 

(d) Composite microfabric: appreciation of the nature and tex- 

ture of the composite microfabrics of the individual layers 

can be gained from the following: Mic. 5.22. (c) - dark layer.; 

Mic. 5.22. (d) and (e) - light layer (1); and slic. 5.22. (f) - 
light layer (2). The principal features of the composite 

layered system can be gained from Mic. 5.22. (g) which shows 

a thin light layer (2) sandwiched between two clay layers. 

It is clear that the interface between the clay layer and the 

overlying silty layer is sharp and irregular in character. 

In contrast it is difficult to identify an interface between 

the silty layer and the overlying clay layer, i. e. a diffuse 

interface is in evidence. 

ýo) Anisotropy within the nicrofabric of individual layers, Fig. 

5.22. (d): the microfabric within the dark layer displayed a 

low degree of anisotropy at each of the 5, u, 50)1 and 500/a 

levels. Nil degrees of anisotropy were displayed by the 

microfabrics of the light layers at the 5p and 50A levels 

and by the light layer (2) at the 500, u level. The micro- 

fabric of light layer (1) however, displayed a medium degree 

of anisotropy at the 500 )u level, in some areas. 
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SECTION T- WIP+D BORTE DEPOSITS. 

5.15. FORD, U. K. 

. 
5.15.1. General Background. 

A bulk sample of brick earth from a site at Ford in East Kent, 

England, is included. The Ford brickearth is dated Weichselian 

and is thought to be a true loess deposited under fairly cold arid 

conditions, Fookes and Best (1969). The deposit is calcarious at 
depth and shows in places a tendzncy to maintain vertical faces on 

exposure and prismatic jointing is well seen. The sample select- 

ed for the present study was selected from this calcarious zone 

and possessed certain typical loessial properties. It was buff 

brown in colour; partly saturated ( -4 40i'. ̂) and hard in the un- 
disturbed state; calcareous (2W CaCo3), with no visible fabric 

apart from some rootlet holes; and had 5055o of particles between 

10, P and 5011- It also exhibited typical index properties and is 

classified as an inorganic clayey silt of low plasticity. The 

sample however, also displayed the non-typical loessial properties 

of relatively low void ratio (approx. 0.75) and moderately high 

density, and this suggests possibly some previous collapse of the 

deposit. Despite this possibility, laboratory studies have shown 

that the Ford loess is still a potentially collapsible deposit, 

Fookes and Best (1969). 

5.15.2. Microfabric Characterisattion. 

(a) Elementary particle arrangements - Fie,. 5.23"(a): grain-grain 

contacts were observed to be the dominant arrangements present 

and clay arrangements were occasionally in evidence. The 

grain arrangements were mainly of the clothed type although 

clean arrangements were also frequently observable. As can 

be appreciated from Mics. 5.23. (a) and (b), the grains in- 

volved were silt-sizes with mainly elongated and irregular 

shapes, and both closely and relatively loosely packed 

arrangements were apparent. The clay arrangements were pre- 



99. 

dominantly partly discernible in character displaying few 

non-crinkled edges, and random clay arrangements were occasion- 

ally observable. The latter arrangements were apparently com. - 

posed of coarse clay size individuals. The general nature of 

the clay arrangements can be appreciated from Mics. 5.23. (c) 

and (d). 

(b) Particle assemblages - Fig. 5.23. (b): a granular matrix where- 

in haphazard orientation of the grains was in evidence, appear- 

ed to be the dominant assemblage present, although connectors 

were also frequently observable. The matrix was not entirely 

uniform and some areas were much finer than others as demon- 

strated by the contrasting textures of the granular regions 

shown in Mice. 5.23. (a) and (b). The connectors were pre- 

dominantly of the buttress type although bridges were also 

frequently in evidence. The former were observed consisting 

usually of partly discernible clay arrangements, but also 

random clay arrangements, whereas the latter consisted usually 

of random clay arrangements. The occurrence and internal 

organisation of the various connector types can be appreciatea 

from Mics. 5.23. (c) and (d). Regular silt size aggregations 

were rarely apparent, but where present were found to be com- 

posed generally of partly discernible particle arrays and 

observed interacting directly with both the matrix end. the 

connected grains, as shown in Mic. 5.23. (d). 

(c) Basic pore spaces - Fig. 5.23. (c): the intra-elemental pores 

particularly those associated with the grain-grain arrange- 

ments, laic. 5.23. (a)2 appeared to dominate the pore space 

although the inter-assemblage pores present, e. g. Mic. 5.23. (cß) 

were considered to account for a considerable proportion of the 

pore space. Overall, only a small contribution from intra- 

assemblage pores was apparent. 

(d) Composite microfabric: the general nature and rather patchy 

texture of the composite miorofabric are clearly illustrated 

by Idic. 5.23. (e). The occurrence of a very large irregular 
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trans-assemblage pore is also illustrated. 

(e) Anisotropy mithin composite nicrofabric - Pig. 5.23. (d): the 

nicrofebric appeared to be isotropic in character at each of 

the levels considered. The 50? level was inappropriate in 

many cases because of the particle sizes involved. 

5. i 6. iONGRfl' E, BELGIUM. 

5.16.1. General Background. 

A bulk sample of loess from a site at Tongrinne, is included. 

This soil is a typical example of the well knovn European loessial 

deposits and was formed during the maximum stage of Weichsel 

Glaciation in cold and dry conditions. The sample selected was 

yellow brown in colour, slightly carbonations partly saturated and 

slightly mottled as a result of post-depositional weathering, 

Mellors (1971). Geotechni_cally, it is described as an inorganic 

clayey silt of low plasticity, and may be considered as potentially 

collapsible. 

5.16.2. Microfabric Characterisation. 

(a) Elementary particle arrangements - Fig. 5.24. (a): grain- 

grain contacts appeared to be the dominant arrangements 

present with clay arraigements also occasionally in evidence. 

The former were of both the clothed and the clean variety and 

the grains involved were silt sizes with mainly irregular aid 

elongated, but also flaky shapes. Mic. 5.24. (d) serves to 

illustrate the general nature of these arrangements. Both. 

closely and relatively loosely packed arrangements were 

apparent. The clay arrangements were parallel in character, 

and involved *avy groups of coarse clay size. 

(b) Particle ascemblages - Fir-- 5.24. (b): a granular Matrix where- 

in a haphazard orientation of grains was in evidence, and a 

connector system, were both frequently abundant and interacted 
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to form a uniformly textured microfabric. The connectors 

were observed to be mainly of the bridge type, often extremely 

thin and tenuous and composed of parallel clay arrangements, 

as illustrated by Mic. 5.24. (a). Fine silt particles also 

. interacted to form such assemblages in some cases as shown 

in Mic. 5.24. (b). A general view, illustrating the general 

nature of the connector system, is presented in Mic. 5.24. (c). 

In contrast to this Mic. 5.24. (d) shows a granular matrix 

region wherein relatively clean grain-grain contacts are in 

evidence. 

(c) Basic pore spaces - FIE. 5.24. (c): the intra-elemental pores 

particularly those associated with the grain-grain arrange- 

ments, 1-Tic. 5.24. (d)ß and the inter-assemblage pores within 

the connector systems, Mic. 5.24. (a)ß each appeared to form 

a considerable proportion of the pore space. Only a small 

contribution was evident from intra-assemblage pores. 

(d) Composite microfabric: the highly uniform and fine texture 

of the composite microfabric can be easily appreciated from 

Mic. 5.24. (e). 

(e) Anisotropy within composite microfabric - Fig. 5.24.: the 

microfabric appeared to be isotropic at both the 500/)- and 

the 50/1 levels although because of the grain sizes involved 

the 50/1 level was inappropriate in many cases. At the 5., u 

level, high degrees of anisotropy were displayed. 

5.17. TRAPI SVAAL , S. A. 

5]7.1. General Background. 

A bulk sample of the well known and extensive red aeolian collapsing 

sand deposits of the Transvaal has been included. These deposits 

were formed in pleistocene times in arid environments, and have a 

maximum depth of-about 6 m, Jennings and Knight (1957). Insitu 

weathering under more humid conditions has resulted in the authigenic 



102. 

production of kaolinite and iron oxides. The latter are responsible 
for the red colouration of the sand.. The selected sample was partly 

saturated (< 40jä) , friable, had no visible fabric, a void ratio of 

about 0.85. and is classified as a clayey sand. with slightly plastic 
fines. 

5.17.2. ISicrofabric Characterisation. 

(a) Elementary particle arrangements - FIE. 5.25. (a): thickly 

clothed grain-grain contacts were observed to be the dominant 

arrangements present, and these were to be found both closely 

and loosely packed. The grains involved were mainly med. ium- 

fine sand and coarse silt sizes. The coarsest grains were 

generally rounded in shape whereas the finer grains were 

rounded, irregular and elongated in shape. A very small 

amount of root material was often in evidence at grain-grain 
contact points. A detailed view of a grain-grain contact is 

given in Hic. 5.25"(a). Clay arrangements were occasionally 

observed being partly discernible in character, generally dis- 

playing a few non crinkled edges. 

(b) Particle assemblages - Fig. 5.25. (b): a granular matrix 

appeared to be the dominant assemblage present. The degree 

of openness and the distribution of grain sizes within this 

matrix, were found to be non-uniform in character, and ? Iic. 

5.25"(b) shows a coarse and rather open granular region. 

Regular fine sand and silt size aggregations were to be found 

interacting directly with each other and the matrix grains. 

The aggregations appeared generally to consist entirely of 

partly discernible clay arrays, although as suggested by Mic. 

5.25"(c), some of the aggregations appeared to be composed of 

a mixture of finer aggregations and connected grains. 

Connectors were also occasionally found spanning sand and 

silt particles with the bridge and buttress types being 

equally abundant, and composed of partly discernible particle 

arrays. A typical buttress connector is illustrated by Hic. 

5.25. (d). 
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(c) Basic pore spaces - Fig. 5.25. (c): the intr. a-elemental pores 

of the grain-grain arrangements, i. 1ic. 5.25. (b)ß appeared to 

dominate the pore space while the various inter-assemblage 

pores, e. g. I'lic. 5.25. (c) and (d) appeared to account for an 

appreciable proportion of the pore space. Overall, only a 

small contribution was apparent i`rom 'tn-tra- ade pores. 

(d) Composite microfabric: the coarse an&\rather patchy texture 

of the composite microfabric is clearly`\illustr"ated by T, Mic. 

5.25. (e). Although not shoim in this view, irregular trans- 

assemblage pores were in evidence in places. 

(e) Anisotropytrithin composite microfabric - Fig. 5.25. (d : the 

microfabric eras apparently isotropic at each of the levels 

considered. Because of the grain sizes involved the 50. P 

and 5)a levels were generally inappropriate. 

I 
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SECTION 111 - GLACIAL DEPOSITS. 

5.18. HUIZLFOfD, U. i. 

5.18.1. General Background. 

Samples of glacial till are included from the Barleith drumlin 

which is situated in the Hurlford region, Ayrshire, some 30 Km. 

south west of Glasgow, Scotland. The Barleith drumlin is composed 

of unstratified Glacial basal lodgement till Nahich was deposited 

as a result of successive glaciations during the last (or Weichselian) 

glaciation of Northern Europe, George (1958). The drumlin axis is 

aligned in a W. 15. S. direction-and was probably shaped by easterly 
flowing ice, NcGown et al (1974). 

The drumlin till is known to have been derived from nearby Barren 

Red Measure Sandstone, bedrock, Mitchell and Jarvis (1956). The 

soil character and profile at the Barleith drumlin site have been 

discussed and described by McGow at al (1974). They reported the 

profile as consisting of a weathered till zone scme 3 m. thick 

which had overlays a deep unweathered deposit of red-brown lodge- 

ment till. The till was shown to be fissured throughout this 

profile and a very definite fissure pattern was identified. 

Two samples were selected for the present study, the first from 

within the weathered zone at a depth of 2 in. and the second from 

within the unweathered zone at a depth of 12 in. Both samples were 

very stiff and fissured in the undisturbed state and had low water 

contents. They were essentially fully saturated with the weathered 

sample being the wetter of the two. As might be expected, the 

deeper unweathered sample was the denser of the two. As regards 

grading characteristics, both samples were found containing a range 

of particle sizes from boulder down to clay, thus the commonly used 

term 'boulder crlay' with the weathered sample being the finer of 

the two. According to ; "IcGowwn et al (1975), the tills of West Cen- 

tral Scotland display multi-modal grading characteristics with the 

dominant mode occurring in the fine or medium sand class and cub- 
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sidiary ones occurring in the gravel and medium silt fractiono. 

According to the U. S,. C. S. both the weathered and unweathered till 

sa mpies are poor]_y 47raded gravel, sz? r_d cl;. 4y mixtures having low 

plasticity fines with the weathered- senple being the more plast;. c 

of the -two. 

5.18.2. Microfaaric CI aracterisal; ion. 

5.18.2.1. Weathered Zone. 

(a) IE, lementary Particle arrrmgements 26. (a): clay arrEnce- 

merts c. ere observeO_ predominating over train-;, rain contacts- 

which were occasionally in evidence. The former ezrangeaaeits 

were predorinýnty parallel in character end random oxrRtnge- 
rnents were only rarely observable. Their constituent par- 
ticles appeared. to be mainly plate sh. a. -Ded clay groups but also 
bulky and platey shaped individuals with fine and coarse clcy 

sizes, as ircicated in Pyiic. 5.26. (r) which shows parallel 

clay n-rrcngoiilcrts at high ma6mific,, t7on, The grains i_r_vo]vec: 

in the g^r? in-grain coI? tacto were Cllt sized. and ; P. 71era l`T eiern 

gad =F-vii rin chaps, as shorn by i', '-'LC. 5. 26. (e) 
. 

(b) Poxticle issembl Zoo -Fig� 5.26. (b): a matrix, wherein 

granul ax regions nreclominated over granular regions ; aili_ch were 

occa; iora, -11y in evidence, was fount'. to be the only wsseýnlý7. eý; c 

present. The clay-grarular portion o: r the matrix consistec' 

overall, of a predoninar. t1,; parallel clay array displaying 

haphazard orientation end the e^: bed.: ted matrix grains, which 

were also haphazardly arrcu-gcd, were silt and fine sand sizes 

with irregular elongated ý"n$. f7_^ýcy ch es. Fine sand particles 

in certain cases appeared to be in a . state of decomposition, 

e. g. n: ic. 5.26. (f) Psis:;, ;. 26. (b) axed (c) serve 

to demonstrate the extremes of orC, -ý: nis^ ii. on to be found with- 

in the clay-granular pcrtion of the matrix. Furthermore, 

Igies. 5.26. (c7, ) and (e) serve to ii lustrote the widely differ- 

ir_g textures of the clay-F. r anular n granular portions of 

reg: pet c:. ý: e1t. matrix 
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(c) Basic Hore spaces - 5.26. (c): the pore space appeared 

to be wholly accounted for by the intra. -elemental pores 

associated with both the clay and grain arrangements. 

(d) Composite microfabric: the typical nature and texture of the 

composite microfabric are illustrates? by 1-lic. 5.26. (f). 

(e) A. _iisotropýr within composite microfabric - rig. 5.26. (d_): the 

rnicrofabric appeared to be isotropic at the 5001u level. At 

the 50, i level roughly half the microfabric displayed high 

anisotropy while the remainder displayed nil mssisotropy. ire 

vast proportion of the microfebric at the 5, a level displv., re- 

a very high degree of anisotropy. 

5.18.2.2. Unweathered Zone. 

(a) yler! entary particle arrangements -rid. 5.27. (a): parallel 

clay arrangements appeared to be the only arrangements pres- 

ent and teere observed consisting mainly of plate shaped clay 

groups but also bulky and platey shaped individuals with fine 

and coarse clay sizes, Mic. 5.27. (a). 

(b) particle assemblages - Fib'. 5.27. (b): a clay-granular mat- 

rix appeared to be the only assemblage present. Overall, 

a parallel clay array displaying moderate preferred orienta- 

tion towards the horizontal, was in evidence, and the em- 

bedded matrix grains were silt and fine sand sizes with mainly 

elongated and irregular shapes. The elongated grains dis- 

played moderate preferred orientation overall, Mic. 5.27. (a) 

and (b) show a portion of the matrix wherein a parallel clay 

, array and silt grains display strong preferred orientation 

towards the horizontal. In other regions the direction of 

preferred orientation was away from the horizontal, similar 

to that shoim by Mic. 5.26. (c) and in other cases haphazard 

parallel arrays similar to that shown in Mic. 5.26. (b) ti-, ere 

in evidence. 

(c) Basic tore cDacec - Fie. 5.27-(O: the pore space appeared 
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to be wholly accounted for by the intra-elemental pores of 
the parallel clay arrangements. 

(d) Composite microfabric: the typical nature and texture of the 

composite microfabric are illustrated by Mic. 5.27. (c). 

(e) Anisotrory within composite microfabric - Fib. 5.27. (d): at 
the 500, &i level roughly half the microfabric displayed high 

anisotropy while the remainder displayed nil anisotropy. 
Similarly, the major portion of the microfabric at the 50,, u 
level possessed high anisotropy with the remainder displaying 

nil anisotropy. The microfabric at the 5/1 level displayed 

very high anisotropy throughout. 

5.19. GLiI ORCHY AIM LAGLIPIGARTT, U. K. 

5.19.1. General Background. 

Bulk samples of two basal melt out tills from sites at Glen Orchy 

and Laglingarten within the Cowal district of Argyll, have been 

included. These deposits were laid down by one of the readvenc- 

ing pleistocene glaciers in late-glacial times and are the direct 

product of ice comminution, McGown (1975). They are known to be 

normally consolidated and to display a tendency towards collapse 

or flow under certain conditions of topography, applied stress or 

wetting. Both samples selected were very loose and had no visible 

fabric and low water contents. The Glen Orchy sample is classified 

as a poorly graded gravel-sand-silt mixture and the Laglingarten 

sample classified as a poorly graded sand-silt mixture. In fact, 

they were both found to have multi-modal grading characteristics 

with the split occurring in the sand size fraction, McGotm (1975). 

5.19.2. TUIicrofabric Characterisation. 
0 

5.19.2.1. Glen Orchy. 

(e) Elementaxy particle arran enenty - Pic. 5.23. (c): grain-grain 
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contacts were the only arrangements observed and these were 

predominantly clean in character with clothed arrangements 

also occasionally in evidence. The grains involved were 

mainly medium-fine sand with some silt sizes, and generally 

were irregular, angular and elongated in shape. Some very 
thin and apparently transparent flaky particles were observed 

in the finer silt size range. Both closely and relatively 

loosely packed arrangements were apparent. t; ic. 5.28. (a) 

serves to illustrate the general nature and constituent grains 

of the grain-grain arrangements. 

(b) Particle assemblages - Pig. 5.28. (b): 

A granular matrix very open in places, appeared to be the 

dominant assemblage present. As demonstrated by relic. 5.28. (a), 

the distribution of grain sizes within this matrix was found 

to be non-uniform in character and no preferred orientation of 
the grains was apparent. Both connector and aggregation 

assemblages were also occasionally in evidence. The connect- 

ors were found bridging and buttressing sand particles and 

consisting of haphazardly orientated silt particles, with 

some composed of coarser silt sizes and others composed of 

finer silt sizes, Mic. 5.28. (b) shows a buttress type connect- 

or consisting of coarse silt size grains. The aggregations, 

which were of both the regular and irregular type, were of 

silt and very fine sand size and were found interacting dir- 

ectly with the matrix grains, as indicated by Mic. 5.28. (c). 

Mic. 5.28. (d) serves to illustrate more clearly the occurrence 

of the connector and aggregation assemblages within the com- 

posite microfabric. 

(c) Basic pore spaces - Fig. 5.28. (c): the intra-elemental pores 

of the grain-grain arrangements, e. g. I-lice 5.28. (a)ß were 

found to dominate the pore space with appreciable contribu- 

tions coming from both the intra-assemblage, Mice 5.28(a) and 

inter-assemblage pores, e. g. Mice 5.28. (b). 

(d) Composite microfabric: a typical view of the composite micro- 
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fabric is presented in Liic. 5.28. (e) and an extremely patchy 
texture is quite apparent. 

(e) Anisotropy within composite rnicrofabric - Fig. 5.28. (d): the 

microfabric appeared to be isotropic at the 500, level. 

Because of the grain sizes involved the 50 eta, level was general- 
ly inappropriate and since no clay arrangements were in 

evidence, the 5, & level was also inappropriate. 

5.19.2.2. Laglingarten. 

(a) Elementary particle arrangements - FIE. 5.29. (a): grain-grain 

contacts were the only arrangements observed and. these were 

predominantly relatively clean in character with clothed 

arrangements also occasionally in evidence. The grains in- 

volved were mainly silt sizes with mainly flaky and elongated, 
but also irregular shapes. The flaky micaceous particles 
in the finer size range were very thin and appeared to be al- 

most transparent, as demonstrated by Nie. 5.29. (a). Mainly 

closely packed, but also some relatively loosely packed arran, e- 

ments were apparent and in some cases face-face association of 

the grains was in evidence, e. g. Laic. 5.29. (b). Nie. 5.29. (c) 

serves to illustrate better the range of grain sizes, shapes 

and textures involved in the grain-grain arrangements. 

(b) Particle assemblages - Fig. 5.29. (b): a granular matrix 

appeared to be the only basic assemblage present. A detail- 

ed view of this matrix is presented in Mic. 5.29. (c), which 

shows fine sand size matrix grains generally clothed and 

irregular in shape floating in a finer grain array which 

appears to be fairly uniform in texture, and rather open in 

places. A more general view of this matrix region is given 

in Mic. 5.29. (d). Overall, there appeared to be a tendency 

for the flaky and elongated matrix silt grains to be pre- 

ferentially orientated in a crosswise pattern, and this is 

also detectable in Mic. 5.29. (c). The matrix was disrupted 

in places by individual vein assemblages, rather short in 
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lengh, which displeyed overall, a similar crosswise orienta- 
tion pattern, end were observed consisting of parallel orien- 
tated grains. A typical portion of such a vein is shown in 
Mic. 5.29. (b). 

(c) Basic pore spaces - Fir. 5.29. (o): the intra-elemental pores 
of the grain-grain arrangements were observecw dominating the 

pore space and only a small proportion of the pore space 

appeared to be accounted for by intra-asseriblage pores, e, [,,, 
2'Iic. 5.29. (c). 

(d) Composite microfabric: a general view of the composite micro- 
fabric is presented in I; ic. 5.29. (e) and relatively uniform 
texture is apparent. The presence of an individual vein 
feature on the diagonal of the micrograph can just be detecteü. 

(e) Anisotropy within con^osite rlicrofabric -- Fib. 5.29. (d): the 

microfabric at the 500, u level appeared to display a low 

degree of anisotropy. The 50 u and 5u levels were 

essentially inappropriate. 

5.20. BREIDAMERKURJOKL'LL, ICELJTD. 

5.20.1. General Background. 

A bulk sample of glacial till from the pro-glacial area of the 

Breidanerkmrjekull glacier alt; central Breides is included. The 

geology and glaciology of the glacier and its associated till de- 

posits have been discussed in detail by Price (1969). The pro- 

glacial till surface is in fact, characterised by widespread flutings 

rarely standing more than 0.5. r. above general ground level. 

finalysis of grading curves has confirmed that these deposits are 

admixtures of glacio-fluvial gravels, melt out tills and lodgement 
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tills and that they are not the direct products of ice comminution, 

P, icGown (1975)" The sample selected had a low water content and 

displayed an orthogonal system of joints in the undisturbed dry 

state. It is classified as a poorly graded sand silt mixture, a. ( 

is known to exhibit collapsing behaviour. 

5.20.2. Microfabric Characterisation. 

(a) Elementary particle arrangements - Fig. 5.30. (a): grain-grain 

contacts were observed to be the dominant arrangements present 

although clay arrangements were also occasionally observable. 

The former arrangements were of the clothed type and the 

grains involved were mainly medium-fine silt sizes with 

irregular and angular shapes as indicated on Mic. 5.30. (b). 

Both relatively loosely and closely packed arrangements were 

observable. The clay arrangements were random in character 

and appeared to involve bulky shaped individuals of coarse 

clay size as illustrated by Nic. 5.30. (a). 

(b) Particle assemblages - Fig. 5.30. (b): matrix and aggregation 

assemblages were both frequently observable and interacted to 

form a fairly uniform and fine textured microfabric. Ir- 

regularly shaped medium sized sand grains were observed float- 

ing in this assemblage network. Within the matrix, granular 

regions predominated with some being finer than others and 

clay-granular regions were occasionally in evidence. The 

rather heterogeneous texture of the matrix, arising from the 

interaction of the various regions, can be appreciated from 

the view presented in M c. 5.30. (b). The aggregations were 

more or less regular in shape end silt sized. They appeared 

to consist generally of a mixture of random clay arrangements, 

and grain-grain contacts, and were observed interacting direct- 

ly with each other and the matrix grains. Mio. 5.30. (c) 

serves to illustrate their general nature and occurrence. 

(c) Basic yore- sva. ces - Fig. 5.30?: the intra-elemental pores, 

particularly those associated. with the grain arrangements, 
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hic. 5.30. (b), and the inter-assemblage pores of the 

aggregation system, Nic. 5.30. (c), each appeared to form a 

considerable proportion of the pore space. Only a small 

contribution from intra-assemblage pores was apparent. 

(d) Composite nicrofabric: Mic. 5.30. (d) serves to illustrate 

the fairly uniform and fine textured assemblage network and 

the occurrence of several irregular trans-assemblage pores 

within the composite microfabric. 

(e) Anisotropy within composite microfabric - Fig. 5-30-(d): 

the. microfabric appeared to be isotropic at each of the 

levels considered. 

5.21. STOCKHOLM, SI EDUT. 

5.21.2. General Background. 

A bulk sample of a basal melt out till from a site at Karrdal, Stoclc; - 

holm is included. This deposit was formed in the pleistocene age 

and is typical of the tills on the Archean bedrock in Sweden. 

I. lollar and Stulhos (1965). Analysis of grading curves has confirm- 

ed that this till is the direct product of ice comminution, 11cGown 

(1973). It has also been known to exhibit collapsing behaviour. 

The selected sample had a very low water content, and possessed 

multi modal grading characteristics with the split occurring in the 

fine gravel fraction, McGotn (1973). It is classified as a poorly 

graded sand-silt mixture. 

5.21.3. tdicrofabric Characterisation. 

ýa) Elementary particle arrin , eraents - Fib. 5.31. a): grain-grain 

contacts were the only arrangements observed and these were 

predominantly clean in character with clothed arrangements 

rarely in evidence. The grains involved ranged from fine 

silt size, -e. g. Mic. 5.31. (a), up to very fine sand size, 

e. g. Mic. 5.31. (b), and were irregular, elongated, flaky an! 
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angular in shape. Both closely and relatively loosely 

packed arrangements were apparent. 

(b) Particle assemblages - Fi . 5.31. (b): a granular matrix, very 

open in places, appeared to be the only assemblage present. 
As clearly illustrated by Mic. 5.31(b), the distribution of 

grain sizes within the matrix was found to be non-uniform in 

character. Overall, the coarse matrix silt grains appear- 

ed to be preferentially orientated in a crosswise pattern 

with a dominant mode being apparent, as indicated by Mic. 

5.31. (b). The finer silt grains however, were haphazardly 

orientated as indicated in Nic. 5.31. (a). 

(o) Basic pore spaces - Fig. 5.31. (o): the intra-elemental pores 

of the grain-grain arrangements were observed dominating the 

pore space with an appreciable contribution corning from intra- 

assemblage pores associated with the open areas within the 

matrix, e. g. Ihic. 5.31. (b). 

(d) Composite microfabric: a typical viers of the rather coarse 

textured microfabric is presented in Mic. 5.31. (c). As 

shos. *n numerous sand grains are embedded in the finer textured 

grain matrix and these display preferred orientation in a 

crosswise direction. A dominant mode is apparent and coin- 

cides in direction with that of the course matrix silt pattern. 

(e) Anisotropy within composite microfabric - Fig. 5.31. (d): the 

microfabric appeared to possess a jot.., a: d nil degrees of 

anisotropy at the 500)u and 50. /-' levels respectively. 

Because of the grain sizes involved, both the 500, ii and 50)z 

levels were found to be inappropriate to many parts of the 

microfabric. The 5p level was inappropriate throughout. 

5.22. TAYLOR VALLEY, ANTARCTICA. 

5.22.1. General Background. 

bulk sample of glacial melt out till from the pro-glacial area of 
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the Lacroix Glacier in the Taylor Valley is included. With the 

pro-glacial area basal melt out tills occur in the form of non- 
fluted hummocky tills. Despite their proximity to the glacier, 
these tills are thought to be thousands of years old. They have 

bi-nodal grading characteristics and therefore the direct products 

of comminution, McGot-m (1975). They have also been knovm to ex- 

hibit collapsing behaviour. The sample selected show*ed a well de- 

veloped Macro-fissility which dropped down slope at 13° approximately, 

in accordance with the dip of the basal surface of the glacier. It 

is classified as a clayey sand and contains low plasticity fines. 

The very fine fraction is thought to be composed of rock flour. 

5.22.2. I"Iicrofabric Characterisation. 

ýa) Elementary particle arrangements - Fig. 5.32. (a): grain-grain 

contacts were observed to be the dominant arrangements present 

and clay arrangements were also occasionally observable. The 

former arrangements were mainly of the clothed type although 

clean arrangements were occasionally in evidence. The grains 

involved were mainly of silt size with irregular, elongated 

and flaky shapes and generally relatively closely packed.. The 

clay arrangements were predominantly partly discernible in 

character although random arrangements were also frequently 

observable. The former arrangements generally displayed 

relatively few non-crinkled edges as illustrated by Hic. 

5.32. (a), while the latter appeared to be composed of bulky 

coarse clay size individuals, Hic. 5.32. (b). 

(b) particle assemblages - Fig- 5.32. (b): matrix and aggregation 

assemblages were both frequently observable while connector 

assemblages were only rarely present. Within the matrix, 

granular regions, wherein haphazard orientation of grains was 

in evidence, were found predominating over clay-granular 

regions which were occasionally observable. Iiic. 5.32. (c) 

serves to illustrate the nature and occurrence of matrix 

regions. The aggregations were regular in shape and silt 

size, appeared to consist of a mixture of the various clay 
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arrangements, and were observed interacting dire-otly pith 

each other and the matrix grains, as clearly illustrated by 

Mic. 5.32. (d). Connectors were of the bridge variety and 

had a similar internal org nisation. 

(c) Basic pore spaces - Fig. 5.32. (c): the intra-e). emental pores 

particularly those associated with the grain arrangements and 

the inter-assemblage pores, e. g. IMIic. 5.32. (d) of the 

aggregation system each appeared to form a considerable pro- 

portion of the pore space. Only a small contribution was 

in evidence from intra-assemblage pores. 

(d) Composite microfabric: a general view of the composite micro- 

fabric is presented in Mic. 5.32. (e). Fine sand size 

particles, irreCal ar and elongated in shape, can be clearly 

seen embedded in the fine and uniformly textured assemblage 

network. 

(eý Anisotropy within composite microfabric - Figs. 5.32.0: the 

microfabric appeared to be isotropic in character at each of 

the levels considered. 
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SECTION IV - GENERAL BACEGROUND MID MICROFABRIC OF RESIDUAL DEPOSITS 

STUDIED 

5.23. CAS GA, ANGOLA. 

5.23.1. General Background. 

A bulk sample of a black or dark grey residual soils from a site at 

Casenga within the Casenga region is included. Such deposits have 

been referred to as Vertisols, Black Cotton and Black Tropical 

soils. They were derived during the Holocene period from the 

weathering of underlying calcareous Miocenic sedimentary rocks and 

extend over a relatively small flat and slightly depressed area and 

have a thickness varying between 0.5. m. and 4. m., Horta da Silva 

(1971a). In the present arid climate, a deep water table exists 

and the deposits are hard and fissured (at both macro and micro 

levels), with slickensides and desiccated. The Casenga deposit is 

classified as an inorganic clay of high plasticity and is known to 

exhibit both expansive and collapsing behaviour. In terms of com- 

position, the clay fraction, which is dominated by its 1 0.2, u 

fraction, is known to contain mainly montmorillonite. The sample 

selected contains equal amounts of both clay and sand sizes with 

only a very small amount of silt. 

5.23.2. Microfabric Characterisation. 

(a) Elementary particle arrangements -Fig. 5.33. (a): clay 

arrangements were observed to be she dominant arrangements 

present with clothed grain-grain contacts rarely observable. 

The clay arrangements were partly discernible in character, 

with some arrangements displaying relatively few crinkled 

edges, e. g. Hic- 5.33. (a) and others displaying numerous 

edges, e. g. Mic. 5.33. (b). The grains involved in the gran- 

ular arrangements were of mainly fine sand size, with irregular 

shapes, as shown by Mic. 5.33. (e). The arrangements appeared 

generally to be fairly loosely packed. 
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(b) Particle assemblages-- Fig. 5.33. (b): a complex assemblage 

network was apparent which was dominated by a matrix and with- 
in which both connectors and aggregations were also occasionally 

observable. Within the matrix, clay-granular regions pre- 
dominated over grain regions which were occasionally present. 

The former consisted of partly discernible clay arrays with 

the embedded ma. tri: x grains being of fine sand size, with 

rounded and irregular shapes, as shown by Mic. 5.33. (c). The 

connectors were found bridging and buttressing sand grains and 

consisting mainly of partly discernible particle arrays. The 

aggregations were mainly regular in shape and ranged in size 

from coarse silt to medium sand. They appeared to be com- 

posed mainly of partly discernible particle arrays and were 

found interacting directly with each other and also the surround- 

ing matrix. The. 5.33. (d) serves to demonstrate the occur- 

rence and interaction of clay-granular matrix regions and also 

connectors and aggregations. 

(c) Basic pore spaces - Fig. 5.33. (c): the intra-elemental and 

inter-assemblage pores present were each considered to account 

for a considerable proportion of the pore space. The intra- 

assemblage pores appeared to form an appreciable proportion of 
the pore space. 

(d) Composite microfabric: Mic. 5.33. (e) serves to illustrate the 

typical character of the composite microfabric. The extreme- 

ly coarse and heterogeneous texture and the prominence of 

wavy shaped trans-assemblage pores can be clearly appreciated. 

(e) Anisotropy z"*ithin composite microfabric - Fig. 5.33. (d): the 

nicrofabric appeared to be isotropic in character at each of 

the levels considered. 

5.24. ONDERSTEP00RT, S. A. 

5.24.1. General-Background. 

bulk sample of residual soil from a site at Onderstepoort, north 
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west of Pretoria in the Transvaal, is included. The soil is a 

stiff black clay which extends from a depth of 0.6. rn. to about 
3.4. m. 1 and is a typical example of the 'Black Turf' soils of the 

Central Transvaal and has been developed from the insitu weather- 
ing of morite (gabbro) a very basic igneous rock of the Bushveld 

Igneous Complex. Although the deposits are referred to as being 

residual, they should perhaps be regarded as completely reworked 
in nature because of their very active characteristics, de Bruyn 
(1963). No permanent water table exists above about the 3.4. m. 
depth and in the present sub-humid climate the deposit is partly 

saturated and slickensided and contains the occasional lime nodule. 

Onderstepoort is classified as an inorganic silt of high plasticity 
despite its very high clay content. The clay fraction consists 

mainly of material which has been found to be unidentifiable by x- 

ray diffraction and so referred to as being amorphous in character. 

A significant amount of montmorillonite has also been recorded. 

The black clay from Onderstepoort has been found to show both a 

very large moisture affinity and potential expansiveness de Druyn 
(1963). 

5.24.2. Microfabric Characterisation. 

(a) Elementary particle arrangements Fir,. 5-34-(a): clay 

arrangements appeared to be the only arrangements present 

and these were found to be partly discernible in character. 

Crinkled edges were generally prominent, as shown by Nics. 

5.34. (a) and (b). 

(b) Particle assemblaEes - Pig. 5.34. (b): a particle matrix 

appeared to be the only assemblage type present. Within 

this matrix clay regions were to be found predominating over 

clay-granular regions which were rarely abundant. The 

clayey parts of the matrix were composed of partly discern- 

ible particle arrays which were often very open in charac- 

ter. Mics. 5.34. (a) and (b) show dense and very open clay 

arrays respectively. The occurrence and interaction of 

such arrays within the clayey matrix: can be appreciated from 
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the detailed view of the clayey matrix presented in Mic. 

5.34. (c). The few matrix grains present were of mainly 

fine sand size and were irregular in shape. 

(c) Basic pore spaces - Fig. 5.34. (c): the pore space appeared 

to be dominated by the intra-assemblage pores associated with 

the very open clay arrays within the matrix, e. g. 1Y2ic. 5.34. (b)- 

The intra-elemental pores were considered to account for a 

considerable proportion of it also. 

(d) Composite microfabric: Hic. 5.34. (d) serves to illustrate 

the fine and uniform texture of the composite microfabric. 

The occurrence in places of wavy planar trans-assemblage pores 

is also apparent. 

(e) Anisotropy within composite microfabric - Fi;. 5.34. (dl: the 

microfabric appeared to be isotropic in character at each of 

the levels considered. 
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SECTION V- SUI4iMAflY 

5.25. GENERAL REMARKS. 

The foregoing sections have presented the results of the scanning 

electron microscopy investigation of the microfabric of a Vide 

range of natural soil types. The observed microfabric of each 

soil was characterised using the system developed for this study 

and a high degree of success appeared to 'be achieved in every case, 

at least from an engineering standpoint. It must Ice emphasised 

and recognised. however, that because of the very nature of the tech- 

niques of microfabric assessment adopted, nm- ely the application of 

the scanning electron microscope to air-dried samples, microfabric 

observations or interpretations must be considered with a certain 

degree of caution. That is to say, the characterisation scheme 

is independant of the method of investigation, but the observations 

and interpretations are not. Ilonetheless, considering the wide 

range of soil types and textures included in the study, the scanning 

electron microscope proved to be a very useful and merit able tool 

and as stated in Chapter 4, the major problem of sample shrinkage 

during preparation, was only really encountered in a relatively 

small number of cases. Furthermore, the preliminary critical point 

drying investigation also outlined in Chapter 4, suggests that air- 

drying of even wet soils does not alter significantly the general 

character of the composite microfabric. 

The other major problem encountered was the fact that the various 

aspects of the characterisation scheme, and in particular those of 

relative abundance and anisotropy, could only be assessed on a 

purely qualitative basis in the scanning electron microscope. H1011- 

ever, even with this approach, a reasonably realistic and acceptable 

representation of the actual situation is considered to have been 

attained in each case. 

Regarding precentation of the microfabric cheracterisatiön data, 

the approach adopted herein has proved to be fairly satisfactory 

from the point of view of degree of detail and conciseness. Certain 
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improvements however, could undoubtedly be made in this area, 

5.26. SUMMITTARY OF MICROFABRIC OBSERVATIONS. 

1. (a) Nature of constituent particles of random or parallel clay 

arran¬, ements occurring within 'total clay array', Figs. 5.35. 

and 5.36.: in 30 per cent of those cases wherein random or 

parallel clay arrangements occurred, it was observed . 
that 

these arrangements comprised entirely of single type arrange- 

ments, i. e. either groups only and clusters only (^- 1011,. ', of 

total) or individuals only ('- 20j, of total). In the vast 

majority of cases however, (ý- 70% of total) both groups (or 

clusters) and individuals were to be found interacting to form 

these clay arrangements with the former on the whole either 

predominant over, or equally as abundant as the latter, -Fig. 
5.35" In the vast majority of cases the clay individuals 

were mainly or only of coarse clay size and only a minority 

of cases ( ^- 32% of total) had fine-coarse clay sizes. In 

the few remaining cases individuals were of fine clay size, 

Fig. 5.36. 

(b) Composition of 'total clay arra t- Fig. 5.37.: in the 

majority of the cases, the total clay array was heterogeneous, 

i. e. it was composed of more than one type of clay arrange- 

ment. In a very substantial proportion of cases however, 

(- 44 of total) homogeneity was in evidence. Homogeneous 

arrays of random clay were more frequently observed than 

homogeneous arrays of partly discernible clay which in turn 

were more often encountered than homogeneous arrays of 

parallel clay. In the heterogeneous arrays combinations 

involving random and parallel clay were more frequent than 

those involving random and partly discernible clay. None 

were recognised involving parallel and partly discernible. 

All three types of clay arrangement were observed only in 

approximately 3 per cent of the cases. 
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(c) Composition of 'total granular arrays - Fir. 5.38.: in the 

great majority of cases the 'total granular array' was homo- 

geneous although in approximately 40 per cent of cases, 

heterogeneity was in evidence, i. e. both clean and clothed. 

grain-grain contacts were present. Homogeneous arrays of 

clean grain-grain contacts were more abundant than homogeneous 

arrays of clothed grain-grain contacts. Within the hetero- 

geneous arrays clean grain-grain contacts generally either 

shared dominance with, or predominated over clothed grain- 

grain contacts. 

(d) Composition of 'total elementary particle arrays' -- Figs. 

5.39. and 5.40.: the total elementary particle array was in 

many cases heterogeneous, i. e. it comprised both clay and 

granular arrays (the former predominated in 28% of cases and 

the latter predominated in 231a of cases), Fig. 5.39. How- 

ever, in almost the same number of cases homogeneity was in 

evidence with the total elementary particle array being com- 

prised entirely either of clay arrays (- 38 of total) or 

granular arrays (^- 10% of total). Moreover of those cases 

where both clay and granular were observed, approximately 62 

per cent were heterogeneous due to the fact that one or other 

or both of the constituent array types were themselves 

heterogeneous, Fig. 5.40. 

2. (a) Dominant particle assemblage(s) - Fig. 5.41. 
_: 

in the vast 

majority of cases (^- 8V of total) the basic order assem- 

blage network was either composed entirely of or was dominated 

by a particle matrix. In the remainder of cases, except for 

two cases where a connector system dominated, a particle 

matrix (or region system) shared dominance with either con- 

nector or aggregations or both. 

(b) Relative abundance of individual basic order particle e. ssen- 

blages, Fig. 5.42. - 5.45.: a particle matrix (or layer 

region system) was observed in all but one case, Fig. 5.42. 

These assemblages generally dominated the basic order assem- 



123. 

blage network and in the other cases were at least occasionally 

or frequently to be seen and often shared dominance with 

connectors or aggregations or both. Aggregations were ob- 

served in a minority of cases (^- 42/ of total). They 

never dominated the basic order assemblage network and their 

occurrence appeared to be evenly spread over the middle band, 

i. e. the 'rarely' to 'frequently' band, Fig. 5.43. 

Connectors were also only observed in a minority of cases, 
(- 42% of total). When present they were mainly occasional- 

ly but also rarely and frequently abundant, Fig. 5.44. They 

dominated the basic order assemblage network in two cases 

only. Interweaving bunches proved to be extremely uncommon 

features and in fact were only rarely observed in one case, 

and occasionally abundant in another, Fig. 5.45" 

(c) Composition of individual basic order assemblage systems 

Figs. 5.46. - 5.48.: 
i) Homogeneous matrix or layer region systems were observed 

in just under half of the cases, i. e. they singly com- 

prised a region. In just over half the cases however, 

some degree of heterogeneity was in evidence due usually 

to the presence of two types of region, Fig. 5.46. 

Matrix or layer region systems comprised entirely of 

clay regions were infrequently seen (' 8j of total) 

whilst in contrast the solitary presence of either gran- 

ular or clay-granular regions was in evidence in a 

significant number of cases ( ^- 23% and ^- 1V o of total 

respectively). -Overall, clay-granular regions were 

perhaps the most widespread system acting either singly 

or in connection with clay or granular regions and in a 

small number of cases, with both. Combinations involv- 

ing clay and granular regions were infrequently observed. 

ii) The majority of connector systems ( ^- 5% of total) 

were heterogeneous in character being comprised of both, 

bridge and buttress type connectors with the same order 

of abundance, Fig. 5.47. The remainder were mainly 

homogeneous and comprised entirely of bridges. Buttresses 
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were never seen either totally comprising or dominating 

a connector system. 

iii)The vast majority of aggregation systems (ý- 88 of total) 

were found to be homogeneous, comprising either regular 

aggregations only or irregular aggregations only. In 

fact regular aggregations were by far the most abundant 

of the two overall, Fig. 5.48. 

(d) Hi 
, 
her order particle assembla. es: 

i) Vein assemblages proved to be unusual features and in fact 

were observed in three individual composite microfabrics 

only. In two of these cases veins were of the clay 

variety and were found cdisp ieyingr rather complex patterns 

which were more extensive (relative to the specimen 
boundary), in one of the cases than in the other. In- 

clinations of individual c1cv veins were, in the : gain, 
towards the horizontal and otherwise were approximately 
45°" Individual sit veins of rather short length were 

observed forming in a crosswise pattern in one case. 

ii) 1.1icrolenses of c1-. y proved to be extremely unusual features 

being observed in one individual composite microfabric only. 

They were non-uniformly distributed, variable in thickness 

and extent and orientated towards the horizontal. 

iii)I, iicrolayers both granular and clayey in texture were 

identified in two of the three layered samples investigated. 

iv) Layer interfaces were observed being sharp and straight, 

sharp and wavy and ill-defined in character. 

3. (a) Basic Pore spaces - Fig. 5.49.: in the vast majority of 
individual composite microfabrics intra-elemental pores donin at- 

ed the basic pore space. In most of the remaining cases these 

intra-elemental pores shared dominance with inter-assemblage 

pores. 

(b) Trans-assemblage pore spaces: the occurrence of trar_s- 

assemblage. pores was identified in a significant number of 

cases (N 2) and the irregular and tlavy shaped varieties 



125. 

seemed overall to be more or less as common. 

4. Connosite rnicrofabric enisotrony - Fig. 5.50: in just over 
half the cases the individual composite microfabric appeared 
to be essentially isotropic no matter the level considered, 
i. e. 500 /z, 50/1 or 5 /u. Moreover, overall, very high or 
high degrees of anisotropy were rarely seen at the 500 p 
level. In the vast majority of the cases where some an- 
isotropy was identified the degree of anisotropy was seen to 

vary with the level of fabric considered. This variation 

seemed to be associated, essentially with the presence of 

parallel clay arrays within which there was less than com- 

plete preferred orientation and the presence at the 500)a 

and 50/1 levels of veins and clay microlenses and also the 

overall preferred orientation of silt or send. grains. Complex 

situations were encountered in several cases where two 

directions of preferred orientation were exhibited essentially 

at the 500 p level, e. g. the crosswise pattern of individual 

silt veins and the crossover system of clüy veins. 

5.27. THE CHARACTER OF NATURAL SOIL MICROFABRIC -A GLOBAL VIEW. 

An attempt is made at this stage to present a 'global vievw' of the 

likely character of the individual composite microfabrics which 

make up the total composite microfabric of the transported in- 

organic soil group. This view is based on the comprehensive and 

detailed microfabric observations just given in the 'catalogue of 

natural soil microfabric', section 5.2. - 5.26. Confirmation or 

otherwise of the previous concepts of microfabric as reviewed in 

. 
Chapter 21 will be made where possible. 

(a) Elementary particle arrangements: the total elementary 

particle array within the individual composite microfabric 
is probably as likely to be homogeneous as it is to be 

heterogeneous. 

The total clay array in most of the individual composite 
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microfabrics in which it occurs might be expected to display 

some degree of heterogeneity whereas the total granular array 

would tend to be fairly homogeneous in character probably 
being comprised in the main of clean grain-grain contacts. 
Nevertheless, clothed grain-grain contacts like those re- 

ported on in Chapter 2, Section 2.2.1.3., will be found. 

No one type of clay arrangement would have either a universal 

occurrence, or a clear dominance over the other types through- 

out the total composite microfabrics. On the contrary, the 

emphasis, or the dominance, is likely to shift from one 

arrangement type or combination of types to another as 

passage is made from one individual composite microfabric to 

another within the total composite microfabric. 

Random or parallel clay arrangements would in most of the 

individual composite microfabrics within which they occur be 

comprised of both clay groups (or clusters) and clay individuals. 

Individuals would in fact be seen to some extent in the vast 

majority of cases and would be mainly of coarse clay size. 
Thus it would seem that the various clay arrangements report- 

ed in Chapter 2, Section 2.2.1.29 including those involving 

individual clay particles, are realistic, in general concept 

at least. As stated in Chapter 31 Section 3.2.2.1. (a) no 

account was made in this study of the occurrence of specific 

types of random clay group arrangements, e. g. salt-flocculat- 

ed, bookhouse or the models of Van Olphen (1963), and there- 

fore no statement as to their likely occurrence or otherwise 

can be made here. 

It should be pointed out that the so called partly discerniblo 

clay arrangements have been highlighted for the first time by 

this study. Discussion of their likely make-up and internal 

organisation will be made in Chapter 6. 

(b) particle assemblages: 

Composition of the basic order assemblage network: it is 
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likely that in the main the basic order assemblage net- 

work will either be composed entirely of a particle 

matrix (or layer region system as the case may be) or will 

be dominated by such an assemblage. Moreover, it seers 

equally as likely that the network will be composed entire- 

ly of a particle matrix, i. e. homogeneous, as it is that 

it will be composed of more than one type of basic order 

particle assemblage, i. e. heterogeneous. Matrices or 

layer region systems will be homogeneous in some cases 

and in others, heterogeneous. Not all the homogeneous 

matrices will be either clay or granular and in fact a 

significant proportion will be of the intermediate type, 

i. e. clay-granular. Within the heterogeneous matrices, 

in the main, extreme combinations of clay and granular 
types or combinations of all three types will not be in 

evidence. Combinations either of clay and clay-granular 

regions or clay-granular and granular regions are by far 

the most likely. On balance then, it would seem that 

there is some level of support for the notion outlined in 

Chapter 2, that granular particles do not touch within a 

clay-silt sand mixture but rather float in a clay back- 

ground. The likely prominence of the so called clay- 

granular regions is evidence of this. Nevertheless, it 

must be recognised that (i) clay-granular regions may by 

definition, and will in many cases, still contain isolated 

grain-grain contacts and (2) granular regions will be 

observed in a significant number of cases involving clay- 

silt sand mixtures. Therefore, grain-grain contact with- 

in clay-silt sand mixtures is by no means as unlikely as 

the previous notion suggests. 

Aggregations will be encountered in many but not the 
, 

majority of the basic order assemblage networks, probably 

occurring in the rarely to frequently observed range of 

abundances. Aggregation systems in the vast majority of 

basic order assemblage networks are likely to be homo- 

geneous and composed of regular type aggregations. 
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Connectors will be encountered in many but not the mv-jor. - 
ity of basic order assemblage networks occurring mainly 

in the rarely to frequently observed range of abundance. 

On the whole, connector systems will be heterogeneous and 

comprised more or less of equal numbers of bridges and 

buttresses. Homogeneous (bridge) connector systems may 

be present to some extent in a significant number of net- 

works. 

Interweaving bunches are likely to be present in an ex- 
tremely small number of basic assemblage networks only. 

It could appear therefore, that the occurrence of multi- 

level forms (Chapter 2, Section 2.2.1.4.111), like the 

so called aggregations, connectors and interweaving 

bunches has been confirmed. Their relative abundance 

however, has been put perhaps into clearer perspective, 

i. e. they often will not be present at all (this will 

be particularly true in the case of the bunches) and 

where they do occur, they "will not in the majority of 

cases dominate or even share domination of 'the network 

with the matrix or region systems. 

ii) Occurrence of higher order particle assemblages: clay or 

granular microvein systems, and even less so clay micro- 

lenses, are likely to be infrequently seen disrupting the 

basic order assemblage network. Occurrence of clay 

veins (Chapter 21 Section 2.2.1., 4. (iii)) has thus been 

confirmed but rather like the bunches their occurrence 

will be by no means widespread. It is likely in the 

main, that microlayers will be present to some degree 

where layered systems are encountered. 

(c) Pore spaces: the basic pore spaces in the vast majority of 

individual composite microfabrics are likely to be either 

,., holly or predominantly of the intra-elemental variety. 

Trans-assemblage pores, of either irregular or wavy p1aarar 
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form, are likely to be encountered in a significant nunber 

of gases. 

(dý Anisotropy and heterogeneity within the individual composite 

microfabric: in most cases the individual composite micro- 

fabric will be essentially isotropic at the 500, & i 501a and 
5, n levels. Nevertheless, in many cases the microfabric 

will exhibit a degree of anisotropy, although very rarely 

will this be very high at the 500)a level. Moreover, 

anisotropy where exhibited will tend to vary in degree as 
the level of fabric considered changes from 5001u to 5pß due 

largely to the presence of parallel clay arrays with less 

than complete preferred orientation. This view is in agree- 

ment with those presented earlier in Chapter 21 Section 

2.2.1.4. (ii). In a number of cases it is possible that a 

complex situation will occur wherein more than one direction 

of preferred orientation is observed, and associated with 

crosswise patterns displayed by for example, vein features 

or preferentially orientated grains within a granular matrix. 

On balance it would appear that the individual composite micro- 

fabric will be heterogeneous to at least some degree in 

the vast majority of cases. This will be due to one or a 

number of aspects of fabric such as the following: 

i) A heterogeneous total clay array, i. e. the presence 

of more than one type of clay arrangement. 

ii) A heterogeneous total granular array, i. e. the 

presence of more than one type of granular arrange- 

ment. 

iii A heterogeneous total elementary particle array, i. e. 

the presence of both clay and granular arrangements. 

0 
iv) A heterögeneous matrix or layer region system, i. e. 

the presence of more-than one type of region or a 

variation in pattern displayed. by, e. g. parallel 
c1 q arrays within clayey regions. 
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v) A heterogeneous connector system, i. e. the presence 
of both bridges and buttresses. 

vi) A heterogeneous basic order assemblage network, i. e. 
the presence of more than one type of basic order 

assemblage. 

vii) A non-uniform distribution of higher order pores, 
i. e. trans-assemblage pores. 

viii) A non-uniform distribution of higher order clay 

microlenses or groups of clay microlenses. 

ix) A variation in the pattern displayed within, and 

non-uniform distribution of the higher order vein 

systems. 

Therefore probably the most important aspect of the natural individual 

composite microfabric to have been highlighted by the present 

investigation is that generally speaking, this will be comprised 

at either the elementary particle or particle assemblage level, or 

both, of more than one type of feature or form. The relative 

abundance of the various forms will vary from one individual composite 

microfabric to another. This 'multiple forms situation of course, 

will be much more pronounced in some 'individual composite micro- 

fabrics' than in others. Furthermore, the idea has been introduced 

that layered soils whether they be laminated or varved, are not 

simply comprised of silty or sandy layers of one type which are 

combined with clayey layers of another type. On the contrary, it 

would appear that a number of different types of silty or sandy 

layer are likely to combine with a number of different types of 

clayey layer to form the composite microfabric of the layered system. 

It is suggested that layered soils should be considered as being 

1multi-fabric' soils. 

These important findings also tend to highlight perhaps the major 

deficiency of the majority of previous concepts of the character of 

soil microfabric. That is to say, the previous concepts, while 

being perhaps realistic in the sense of the specific forms or con- 

figurations they portray, do in most cases largely imply uniformity 
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or homogeneity of configuration whether at elementary particle or 

particle assemblage level. 

In this context, it is worth drawing attention to the fact that 

laboratory prepared pure clay materials tend to be fairly homo- 

geneous in configuration, and it is therefore suggested that their 

microfabrics will, on the whole, be unrepresentative of even the 

simplest of natural soil microfabrics. The question of whether 

or not such unrepresentative systems when compressed and deformed 

can yield useful results, relating to the genesis or mechanical 

behaviour of soils, requires serious consideration. Perhaps more 

emphasis should be placed on testing neural systems or alternatively 

on attempts to derive more realistic artificial systems. 

The opinions or views expressed above, and the 'catalogue of natural 

soil microfabric', upon which they are based, it is believed, allow 

for a detailed and realistic appreciation of the 'global' character 

of the fabric of natural transported engineering soils, at the micro- 

level. They have also allowed an appraisal to be made of the 

validity of many of the previous rnicrc: abric concepts. 



PART 11 

THE, GEOLOGICAL AND GEOTECHNIC. AL SIGN IFICASNCE 

OF THE ASICRQFABRIC OBSERVATIONS. 
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CHAPTER 6 

THE GENESIS OF NATURAL SOIL MICROFABRIC 

6.1. INTRODUCTION. 

The factors influencing the development of soil microfabric in the 

natural environment are varied and numerous, In the case of sed- 

imentary soils, they are known to operate both during and after de- 

position, and in the case of residual soils, throughout the weather- 

ing process. This chapter, first reviews briefly the previous 

concepts of microfabric genesis and then goes on where possible, to 

examine the validity or otherwise of these concepts and to introduce 

some new ones in the light of the observations made in the present 

study and detailed previously in Chapter 5. Many of the micro- 

fabric models described in Chapter 2, will again be referred to. 

6.2. PREVIOUS CONCEPTS. 

The factors which are thought to influence microfabric development 

are considered under two headings (l) Depositional Factors, and 
(2) Post-depositional Factors. 

6.2.1. Depositional Factors. 

The factors which are considered to influence particle arrangement 

at deposition include grain size, shape and gradation; the clay 

fraction and its mineralogy; electrolyte concentration; exchange 

cations, particularly their valency; acidity; organic constituents; 

depositional agent and environment; concentration of sediment; 

state of agitation of water; direction of water, ice or air flow; 

temperature and pressure. In the case of residual soils, the 

'early stage' of weathering is perhaps a more appropriate term than 

idepositional factors' but again chemistry of the environment, 

presence of water, temperature, pressure, as well as parent material, 

leaching, drying, wetting, are all important. 
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Electrolyte Concentration Mineralogy and Cation Type. 

Most attention has however, been given to the influence of the 

electrolyte concentration during deposition on the microfabric of 

sedimentary clays. For example, Casagrande (1932) postulated that 

'honeycomb' clay arrangements, Fig. 2.14. are associated with de- 

position in a salt water environment. Schofield and Samson (1954) 

and Lambe (1958) by considering the double layer theory and be- 

haviour of clay platelets in dilute colloidal suspensions suggested 

that sedimentation in a very low electrolyte concentration leads to 

*edge-face' flocculation or 'non-salt' flocculation, i. e. the card- 

house arrangement, Fig. 2.2. As mentioned previously in Chapter 2, 

Section 2.2.1.2. apart frora evidence presented by a few workers, 

e, g. Rosengvist (1959): there appears little to suggest that such 

individual clay mineral platelet interaction of the card. house and 

non-salt flocculated types, is common in nature, Smart (1971,1975 ) 

Barden (1972b). 

Schofield and Samson (1954) and Lambs (1958) also argued that 

sedimentation in a high electrolyte concentration leads to a 

suggestion of parallelism of the clay platelets in the form of a 

stepped arrangement'of edge-edge, face-face and edge-face contacts, 

the so called 'salt-flocculated' model, Fig. 2.3. Schofield and 

Samson further suggested that edge-face flocculation is exhibited 

most readily when monovalent counterions are involved and salt- 

flocculation most readily obtained when di- or trivalent ions exist. 

Moreover, Lambe postulated that the relation between electrolyte 

concentration and degree of randomness is not a simple one and in 

fact at electrolyte concentrations between that of Low and High, 

'dispersion' is induced, involving essentially face-face association 

of Platelets, Fig. 2.4. Meade (1964), after an extensive reviews 

concluded that a direct relationship does exist between electrolyte 

concentration and degree of randomness for kaolinitic and illitic 

clays with higher concentrations of electrolyte, tending to produce 

a configuration of the salt-flocculated variety. He concluded how- 

everl that for montmorillonitic clays such a relationship cannot be 

clearly identified and the cation type involved has a marked influence. 
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A rather different view of the influence on fabric of electrolyte 

concentration has been presented by Pusch (1973), who based on 

electron (transmission) microscope investigations, suggested that 

clay arrangements in very fine grained natural freshwater illitic 

clays consist of small relatively porous clay size aggregates and 

small voids, Fig. 2.10. (a), whereas clay arrangements in salt water 

illitic clays are comprised of larger but denser clay size 

aggregations separated by larger voids, Fig. 2.10. (b). Sides and 

Barden (1971), studying the microfabric of laboratory dispersed and 

flocculated samples of kaolinite, illite and montmorillonite, in- 

dicated that surface activity had an important influence on the 

resulting fabric, and attention has been drawn by Smalley et a]. (1973) 

and Hammond et al (1973) to the role which clay size and mainly plate 

shaped quartz particles ('rock flour') play in forming open card- 

house particle arrangements. 

Concentration of Sediment, Organic Matter and Gradation. 

Concentration of clay in the sediment also appears to be a vitally 

important factor where kaolinitic and illitic clays are concerned. 

Generally speaking, assiLmming all other factors to be equal, the 

higher the clay concentration the more likely it would seem that a 

random particle configuration will be attained for any specific 

electrolyte concentration, Meade (1964), O'Brien (1970). The find- 

ings of O'Brien (1971) are also of wider interest. He in fact, 

found little difference between the arrangement of kaolinite 

flocculated in distilled water with a high clay concentration and 

the arrangement in salt water with a lower clay concentration. In 

both cases a 'stair-stepped cardhouse' configuration, Fig. 2.7. (a) 

was in evidence. 

Although the presence at deposition. of organic matter is thought to 

have some pliysico-chemical influence on clay particle arrangement, 

few direct indications have been made. Exceptions, are Ingram 

(1953), Odom (1967) and O'Brien (1970) each of whom identified a 

direct correlation between degree of preferred orientation of clay 

minerals and the co-existence of organic matter. 
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It would also appear from the evidence provided by Mitchell (1956), 

Lafeber (1963) and Fookes and Best (1969), that a small to moderate 

=ount by weight of clay size material in the sediment is sufficient 
to allow there to be a uniform distribution of grains within the 

skeleton and thus few grain-grain contacts. * Mitchell (1956), also 

suggests that high percentages of silt and sand particles tend to 

prevent the development of preferred orientation of clay over large 

areas. Additionally, the degree of openness of flocculated micro- 
fabrics has been reported as being influenced directly by the 

degree of angularity of silt grains, Barden (1972)b 

Gravity, Direction of Water, Wind, or Ice Flor, and Glacial Environ- 

ment. 

The preferred orientation of the long axes of skeleton grains has 

been ehosn to be influenced at the time of deposition by gravity 
(the 'Brownian Structure, of Smart (1969), Fig. 2.15) and by the 

pattern of water flow: Lafeber and Willoughby (1971) and Feda (1975)" 

In other depositional environments the orientation of the grains 

has been shown to be influenced by the direction of prevailing wind, 

1datalucci at al (1969); and. by the direction of ice flow, Korina 

and Faustova (1964). Korina and Faustova also offer a rather 

interesting concept of the origin of the 'perpendicular fibrous' 

pattern, Fig. 2.18., found in glacigenic clays. They suggest that 

such patterns, like the skeleton grain configurations, are inhereted 

from the ice fabric and more specifically are formed as a result of 

the melting of ice crystals, on whose basal surfaces are distributed 

aggregates of clay particles. It is assumed that the melt water 

was removed without causing significant particle reorientation. 

Some later work by Derbyshire et al (1976), and NcGohn and. 

Derbyshire (1977), confirms and extends this general concept but 

with greater emphasis placed on the variation of glacigenic environ- 

ments. 

Variation in Depositional Factors. 

Layering has been associated with changes in depositional conditions 
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by Odom (1967). Moreover, the nature of the textural change which 

occurs between the fine and coarse-grained layers in a varved glacio 

lacustrine clay, has been shown to be related to the nature of the 

changes in deposition conditions, Kenney and Chan (1972) and 

Harrison (1975). In the light of this and the above discussion, 

it is perhaps obvious but necessary to state that it is now known 

that variation in one or more of the depositional factors from point 

to point in a depositional medium, or overall changes with time of 

one or more factors, will tend to result in fabric heterogeneity or 

layering unless of course changes in certain factors counter balance 

or nullify changes in other factors so as to produce a uniform con- 

figuration. It was Odom (1967) who said "I feel that fabric and 

structure variations in sediments subjected to essentially equal 

overburden load., which have not been significantly disturbed by 

organisms, fluid or plastic flow or deformation, reflect physico- 

chemical conditions in depositional environments". 

6.2.2. Post Depositional Factors. 

The factors which are operative and which influence particle arrange- 

ment after deposition include (1) burial and subsequent consolida- 

tion, (primary and secondary), (2) shear deformation, (3) drying 

and wetting, (4) swelling and shrinking, (5) freezing and thaw- 

ing, (6) stress relief, (7) chemical weathering, (8) seepage, 

(9) precipitation and cementation, and (10) organic activity. 

Although the term 'post-depositional' is inappropriate with regard 

to residual soils, all the above factors with the exception of 

possibly consolidation can be considered relevant to their case. 

One Dimensional Consolidation. 

perhaps greatest attention has been paid to the influence of burial 

or overburden pressure on fabric development and more specifically 

on the extent to which one dimensional consolidation or compression 

induces preferred orientation of clay particles or aggregates nor- 

ma]. to pressure. 

Certain workers have postulated what may occur when pressure is 
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applied to 'depositional arrangements'. Transmission of stress 

through silt grains embedded in honeycombed clay resulting in local 

densification of clay honeycombs, was postulated by Casagrande (1932), 

Fig. 2.14. whilst the breakdown of random arrangements into more 

parallel ones was suggested by Quigley and Thomson (1966), Moon 

(1972) and Yong and Warkentin (1975). Breakdown and preferred re- 

orientation of clay aggregates was also put forward by Engelhardt 

and Gaida (1963) and Yong and Warkentin (1975), respectively. 

A number of investigations involving laboratory consolidated kaolin, 

have suggested that one-dimensional consolidation does indeed produce 

increased parallelism. For example, increased parallelism was re- 

ported due to a consolidation pressure of 400 kN/rn2 by Smart (1966b), 

and due to an increase in consolidation pressure from 200 to 2000 

kNjm2 by Tovey (1970) In contrast, Morgernstern and Tchalenko 

(1967b) and McConnachie (1974) both found that considerable 

parallelism was induced by consolidation pressures of around 10- 

15 kN/m2 and that at higher pressures, up to 100000 1, N/m2 , no 

significant increase in parallelism was induced. In this context 

Meade (1966) reviewed certain. experiments on kaolinitio and illitic 

slurries and pastes and concluded that given enough water most of 

the preferred orientation might be expected to develop at pressures 

of around 100 kN/m2. 

Mitchell (1956) measured increased parallelism in a laboratory pre- 

pared illitic clay consolidated.. to 400 kN/rn2. Bowles et al (1969) 

tentatively suggested that for undisturbed clay sediments with high 

void ratios (3 - 4) normal compressive stresses in excess of 

400 k1'T/m2 are required before any increase in parallelism can develop. 

Engelhardt and Gaida (1963) found preferred orientation in a 

montmorillonitic clay after it had been laboratory consolidated to 

pressures in the range 8000 - 80000 kM/m2. 

Meade (1964,1966), and Odom (1967) carried out exhaustive reviews 

of a number of other studies, in particular those involving the study 

of fabric variations displayed with depth of burial within natural 

soils which have been heavily compressed. They concluded that the 
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relation between pressure and parallelism is by no means as clear as 

the results of laboratory studies, such as those mentioned previously, 

might indicate. It would seem in fact, that compression for a 

variety of reasons does not always induce preferred orientation in 

the natural environment. Odom (1967) said, "variations in the 

degree of preferred clay mineral orientation from good to very poor 

may occur within several inches stratigraphically in mineralogically 

similar sediments. Such variations indicate that clay fabric can- 

not be entirely due to the effects of overburden load". The up- 

ward passage of pore water as it was squeezed out from a sea bottom 

sediment during diagenesis has been held responsible for the re- 

orientation of particles and aggregates into inclinations of 450 "- 

90° to the horizontal, Koff et al (1973). Furthermore it is known 

that fine-grained (colloidal) clays, e. g. very fine-grained illite 

and montmorillonite are not as readily affected by physical com- 

pression forces as are the coarser less active clays, e. g. kaolinite. 

1eade (1966) postulated that natural compression in calcium 

montmorillorites may result in a random domain type arrangement. 

" This opinion was later reinforced by the observations of Pusch 1971). 

He also observed however, a highly orientated arrangement in a 

heavily compressed sodium montmorillonite. It would seem, Pssch 

suggests that cation valency is important in determining whether 

preferred orientation develops in montmorillonitic clays. Also, 

a significant bulky granular fraction tends to encourage disorder, 

Burnham (1970). moreover, certain of the other factors important 

at deposition, namely electrolyte concentration, acidity, organic 

content and particularly water content plus natural cementation and 

rate of loading also appear to play a significant role in determin- 

ing t: hether or not post-depositional compression results in parallel- 

i= perpendicular to the axis of loading. 

Delayed compression subsequent to intense salt leaching has been 

held responsible for the degree of preferred orientation displayed 

by the microfabric of two Norwegian quick clays, Kazi and Moum (1973). 

Shear Deformation. 

post-depositional shear strains may be induced in soil masses as a 
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result cf for example, tectonic activity, freezing and thawing, 

swelling and shrinking, stress relief, solifluction and chemical 

activity. A number of stress or shear induced microfabric features 
have been specifically identified. For example, optical microscope 

studies of 'undisturbed' natural soils have reported the occurrence 

of narrow features comprising parallel clay arrangements orientated 

in a different direction from that of the remainder of the material, 

Mitchell (1956), Brewer (1964) and Lafeber (1966), and Greene-kelly 

and Mackney (1970). Lafeber (1964) also put forward the notion 

of cutan tails resulting from stress-induced rotational movement 

of skeleton grains, Fig. 2.20. Examination of laboratory prepared 

and sheared kaolinite has yielded evidence of the occurrence of 

highly complex shear induced features such as major or primary shear 

discontinuities, branch or secondary shear discontinuity and kink 

bands, Smart (1966b), Morgernstern and Tchalenko (1967c), Foster 

and De (1971). A feature common to all these fabrics is the high 

degree of preferred orientation of clay particles within their 

boundaries. Burnham (1970) inferred that features such as the 

perpendicular fibrous features found in glacial tills and described 

by Korina and Faustova (1964) may be associated with moderate but 

not severe shearing. Deformation mechanisms have been discussed 

in terms of detailed changes in microfabric by a number of workers, 

e. g. Pusch (1970) Barden (1972a), Feda (1975), Smart (1975) 

Andrawes et al (1975a). 

In general terms, cyclic processes of wetting and drying, swelling 

and shrinking and freezing and thawing are disruptive and can in- 

duce a variety of effects including collapse of both open clay and 

granular fabrics, the formation of grain contact features, e. g. 

clay bridges and the formation of cracks or fissures, Fookes and 

Biest (1969) and Mitchell (1976). The notion of essentially ir- 

reversible edge-edge intergrowth, due to drying, in divalent 

montmorillonites has been discussed by Stocker (1969). The intense 

microfissuring which has been observed by Iiorta da Silva (1971a) in 

the highly desiccated montmorillonitic clay from Casenga included 

in the present study, is a particularly good example of the dis- 

ruptive effects of desiccation. Greene-kelly and Mackney (1970) 
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demonstrated that a remoulded clay soil, while drying produced 
considerable shrinkage it did not significantly increase visible clay 
orientation (at x 100 magnification). 

Chandler (1972) demonstrated that the process of solifluction can 

be responsible for disturbing and remoulding a preferentially 

orientated fabric to produce overall randomness. 

Chemical Weathering. 

Chemical weathering processes, including leaching, are time de- 

pendant and responsible for a complex variety and chain of events 
leading to a breakdown of some minerals, and the arrangements which 
they comprise, with the growth of others, possibly with some pre- 
ferred orientation. Indeed the removal of soluble and colloidal 

natter by leaching has been reported to have completely changed 
the character of some microfabrics, e. g. Brink and Kantey (1971). 

Changes in the electrochemical environment may also be induced 

which may then leave the fabric susceptible to collapse. Kazi 

and Mourn (1973) have indicated, on the basis of an experimental 

study of non quick and quick Norwegian clays, that salt leaching 

may induce densification but not necessarily preferred orientation. 

The 'in place' decomposition of large particles can result in the 

formation of orientated clay textures, e. g. Korina and Faustova 
(1964)" 

Precipitation and Cementation. 

precipitation of materials such as iron oxide and calcium carbonate 

onto particle surfaces and at particle contacts can produce diffuse 

particle arrangements, Mitchell (1976), and grain contact features 

or bridges, e. g. Horta da Silva (1971b). By virtue of a cement- 

ing action, open clay or granular fabrics will tend to be maintain- 

ed against the forces of compression and deformation. The re- 

sistance to compression offered by natural cementation has been well 

demonstrated by the investigations of Quigley and Thomson (1966), 

Darret (1972) and Quigley and Ogunbadejo (1972). Their results 

indicated that measurable densification and parallelism occurred 
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only when the cementation bonds had been ruptured. Pressures in 

excess of the apparent preconpression pressure were required, i. e. 

200,500 and 300 kN/aa2 respectively. it would seem to followthere- 

forei that had the fabrics not been= cemented, then reorientation 

would have occurred at pressures below those required for rupture. 

6.2.3. Discussion. 

The above discussion has given of necessity a brief account of the 

main concepts of microfabric genesis. 

One cautionary point arises, and that is that many of the contribu- 

tions cited in the above discussion have been derived from (i) 

pure hypothesis or (ii) from the study of laboratory prepared 

and tested clayey materials. Moreover the prepared materials in 

many cases were monomineralic clays, fractionated so as to remove 

colloidal and coarse clay fractions, and prepared and tested under 

controlled conditions of, e. g. electrochemical environment, 

pressure application, etc. In other words, because of the com- 

plexity of the real problem, recourse to an idealised situation 

has been made where the 'depositional' and tpost-depositional' 

factors involved have been reduced to a small number either in the 

mind or in the laboratory. 

The comments of Meade (1964) are still valid: 'In most experiments, 

furthermore, a single factor has been so isolated for study that one 

cannot tell whether the factor might be sigmificant or inconsequen- 

tial when it operates in concert with other factors in nature. The 

experiments however, to indicate what the effects of some of the 

factors might be ........ ', so while such contributions are of 

value they must be looked at within the overall scheme of things. 

6.3. FINDINGS OF THE PRESENT INVESTIGATION. 

6.3. x" Preamble. 

It has been demonstrated in the previous section that the number and 

the complexity of factors influencing microfabric development are 
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great and the results from studies of idealised situations may 

therefore : be misleading. A better approach would be one involving 

the study of natur4l situations, however, in order to assess the 

influence of one factor or a combination of factors it would in 

most cases be necessary to study and compare the microfabrics of a 
large number of carefully selected natural undisturbed soils so 

that the critical variables or combinations of variables could be 

isolated. The number of soils required so that the role played 

by each of the genetic factors may be examined in so enormous that 

in practical terms it is not only difficult but perhaps impossible 

to undertake such a task, indeed this is why in past studies, re- 

course has been made to idealised models. Therefore, this study 

does not attempt to carry out such a detailed analysis due to the 

time involved and the fact that few soils are available which have 

an extensively documented geological history, mineralogy and 

chemical composition. 

it is only the intention of this section then, to attempt to iden- 

tify. where possible trends on the basis of the broad microfabric 

observations made of the various geological soil types presented 

in Chapter 5. To facilitate this the occurrence and distribution 

of certain of the observed microfabric features within certain 

genetic soil groups will be examined. Two main groups are in fact 

identified; namely the lightly compressed and heavily compressed 

deposits, Table 6.1. Compression is taken to be associated either 

with pressure from overburden or from desiccation. Each of the 

in groups therefore, is further sub-divided into essentially one- 

dimensionally compressed, i. e. as a result of consolidation and 

essentially three-dimensionally compressed, i. e. as a result of 

desiccation. 

6.3.2. S ary of Microfabric Observations. 

The following sections represent a sunmary of the main microfabric 

characteristics of the soils studied. Soils are grouped for the 

purposes of analysis according to precomprescion history and de- 

positional or formational environment. Certain summary diagrams 
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are also presented and referred to, but reference should also be 

made to the microfäbric characterisation data given in the micro- 
fabric catalogue presented in Chapter 5. 

6.3.2.1. Lightly Compressed Deposits. 

A. Essentially One-dimensionally Compressed Deposits. 

(i) Marine Deposits. 

The total clay array in all but the Grangemouth clayey silt was 

essentially random throughout, Fig. 6.1. Bithin Grangemouth ran- 
domness predominated but parallel clay did form in interweaving 

bunches. The constituent clay particles were apparently both, 

groups and individuals in each case, Fig. 6.2. Of the five de- 

posits, three, namely Drammen Town, Sundland and Solbergelva, con- 

tained a total granular array which was essentially clean in 

character, Fig. 6.3. In all but one soil, the flaky and elongated 

grains present exhibited haphazard orientation. The exception, 

Ellingsgrud displayed a moderate preferred orientation of silt 

grains, Fig. 6.5. 

I11atrices dominated in all but the Sundlsnd clayey silt wherein 

connectors dominated. Connectors were apparently absent in the 

Grangemouth soil while being evident in the remaining three coils 

up to the occasional level of abundance, Pig. 6.6. Aggregations., 

while never dominating and being rather less abundant overall 9*did 
display a similar trend. Bunches were seen only in the Grange- 

mouth deposit at the occasional level of abundance and haphazardly 

orientated. It follows that the basic order assemblage network 

was heterogeneous to some degree in each of the marine soils, Fig. 

6.6. 

It also follows to an extent that inter-assemblage pores played a 

significant role generally, although apart from the Sundland de- 

posit they were dominated over by intra-elemental pores, Fig. 6.9. 

Intra-assemblage pores were essentially insignificant in all but 
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the Drammen plastic clay and no trans-assemblage pores were in 

evidence. Overall, the composite microfabric displayed isotropy 

in all but the Ellingsgrud deposit wherein, by virtue of the pre- 

ferred orientation of silt grains, a low degree of anisotropy was 

in evidence, Fig. 6.10. 

(ii) Estuarine Deposits. 

A total clay array was observed in all but the Laurieston, Layer 

Ill. A wide variety and fairly even distribution of array com- 

positions were identified ranging from essentially random to 

essentially parallel, Fig. 6.1. As indicated partly discernible 

forms combined with random clay in the Shannon A soil. The con- 

stituent clay particles appeared tobe mainly groups (or clusters) 

in most cases, although individuals were apparently as prevalent 

in the Shannon, Saint Jean Vianney and Boston deposits. In the 

Saint Alban deposits individuals were more prevalent, Fig. 6.2. 

Regarding the internal organisation of the parallel clay arrays, 

Fig. 6.4. shows that haphazard orientation was in evidence in the 

Gallowgate and Shannon B deposits and the Renfrew Layer Ti:, while 

in stark contrast, strong preferred orientation was displayed in 

the Laurieston Layers 1 and 11, Renfrew Lager 1 and Boston deposits. 

Indeed Laurieston Layer 1 exhibited an essentially complete pre- 

ferred orientation. A total granular array was apparently absent 

in six of the soils, but where present it was in the mains 

essentially clean in character, Fig. 6.3., the exceptions being 

Renfrew Layer 3.11 and Shannon A, wherein clothed contacts were also 

prevalent. The flaky and elongated grains were haphazardly orien- 

tated in Gallowgate, Renfrew Layer Ti:, Shannon A and B and Saint 

Alban; weakly orientated and moderately orientated in the Saint 

Jean Vianney and Laurieston Layer 111 respectively and strongly 

orientated in the Laurieston Layer 11, Renfrew Layers 1 and 111. and 

Boston, Fig. 6.5" 

LSatrices or layer region systems dominated in all but the Renfrew 

Layer ill wherein connectors dominated. On the whole, connectors 

, Md aggregations were absent and where occurring were generally 

0 
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rarely to occasionally abundant. Interweaving bunches were iden- 

tified in only one soil, Renfrew Layer 11' being strongly orientated 

towards the horizontal. In the majority of cases therefore, 

homogeneity was in evidence, within the basic assemblage network, 

Fig. 6.6. 

Layer interfaces varied in nature in the Renfrew and Laurieston 

soils being sharp in some cases and ill-defined in others. A 

rough trend was identified generally, with the sharp interfaces 

occurring between the fine-grained and the overlying coarse-grained 

layers and the ill-defined interfaces occurring between the coarse- 

grained and the overlying fine-grained layers. Higher order vein 

systems were observed in the Gallowgate soil. 

Intra-elemental pores dominated the basic pore space in all but 

the Renfrew Layer 111 and Shannon A microfabrics wherein these pores 

were dominated over by, and shared dominance with inter-assemblage 

pores respectively, Fig. 6.9. Inter-assemblage pores were absent 

and intra-assemblage pores played-'an insignificant role in most cases. 

Trans-assemblage pores were totally absent. 

Overall, as shown by Fig. 6.10. the composite microfabric displayed 

nil degrees of anisotropy in the Gallowgate, Shannon A and B, 

Renfrew Layer 11, Saint Alban and Saint Jean Vianney materials. 

Renfrew Layer 111 showed a less than medium degree of anisotropy 

while Laurieston Layer 111, Renfrew Layer Y and Boston displayed 

moderate anisotropy. High and very high degrees of anisotropy were 

exhibited by Laurieston Layers 11 and 1 respectively. 

(iii) Lacustrine Deposits. 

The total clay array in all but the Hurlford deposit was essentially 

random throughout. Within Hurlford, random arrangements combined 

with parallel arrangements to make up the array and overall the 

parallel clay array displayed haphazard orientation, Figs. 6.1., 

and 6.4. respectively. Constituent clay particles appeared to be 

both clusters and individuals in the New Liskeard Layers. Within 
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the Hurlford deposit however, groups seemed to dominate, Fig. 6.2. 

A total granular array comprised essentially of clean contacts was 
in evidence in New Liskeard light layers 1 and 11, Fig. 6.3. 

Flaky and elongated grains within the Hurlford and. New Liskeard 

light layers 1 and 11 showed haphazard orientation, Fig. 6.5. 

A matrix comprised the entire basic assemblage network in the Hurl- 

ford deposit and in the New Liskeard dark layer and light layer Ti:. 

Within the New Liskeard light layer the matrix shared dominance 

with a connector system. It follows that homogeneity of the 

basic assemblage network was prevalent, Fig. 6.6. Higher order 

vein systems were observed in the Hurlford deposit. Layer inter- 

faces in the New Liskeard varved clay were sharp in come cases and 
ill-defined in others. A definite trend was identified with the 

sharp interfaces occurring between the dark (fine-g-rained)and the 

overlying light (coarse-grained) layers and the ill-defined inter- 

faces occurring between the light (coarse-grained) and the over- 

lying dark (fine-grained) layers. Preferentially orientated clay 

" micro-lenses were observed in the New Liskeard light layer Y. 

Irtra, -elemental pores dominated the basic pore space, except in the 

case of New Liskeard light layer wherein inter-assemblage pores 

dominated, Fig. 6.9. Intra-assemblage pores were essentially 

absent in the New Liskeard microfabrics, but were seen providing 

an appreciable contribution in the Hurlford microfabric. No 

trans-assemblage pores were in-evidence. Overall, the composite 

tnicrofabric was essentially isotropic in the New Liskeard light 

layers 1 and Ti and exhibited low degrees of anisotropy in the 

Hurlford deposit and New Liskeard dark la,, yer, Fig. 6.10. 

B. Essentially Three-dimensionally Compressed Soils. 

A total clay array was present in the melt-out till from Breida- 

mer, curjokull and Taylor Valley and the three wind-blotm soils, 

rig. 6.1. This array was essentially random and essentially 

parallel in the Breidamcrkurjokull till and the Tongrinne loess 

respectively, while in the remaining soils, it was essentially or 
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predominantly partly discernible with a few edges of non crinkled 

forms. A total granular array was in evidence in each of the soils 

and a wide variety and fairly even distribution of array compositions 

were identified, Fig. 6.3. E varying from essentially clean in the 

Stockholm till to essentially clothed in the Transvaal sand and 

Breidamerkurjokull till. Predominantly clean arrays were ob- 

served in the Scottish tills, while predominantly clothed arrays 

were in evidence in the Ford loess and Taylor Valley tills. A 

balanced composition was apparent in the Tongrinne loess. Flaky 

and elongated grains were in evidence in all but the Breidamerkurjokull 

till and as indicated by Fig. 6.5., were haphazardly arranged, ex- 

ceptions were the Laglingarten and Stockholm tills wherein such 

grains were strongly orientated in a cross-wise pattern. 

The basic assemblage network was dominated by a matrix in all but 

the Tongrinne loess and the Breidaznerkurjokull and Taylor Valley 

tills. In the loessial soil a matrix shared dominance with a 

connector system while in the two tills a matrix shared dominance 

" with aggregations. In actual fact connectors werey overall, more 

prevalent in the wind-blown soils while aggregations were more 

prevalent in the melt-out tills. The basic assemblage network 

was heterogeneous in the wind-blotm and most of the melt-out de- 

posits, Fig. 6.6. Higher order granular veins were observed in 

the Laglingarten till and these displayed a cross-wise pattern. 

Intra-elemental pores dominated the basic pore space totally in 

the Ford and Transvaal sand deposits as well as the Scottish and 

Stockholm tills, and shared dominance with inter-assemblage pores 

in the remaining cases. Intra-assemblage pores were rarely seen 

except in the Glen Orchy and Stockholm tills where they provided 

an appreciable contribution, Fig. 6.9. Irregular trans-assemblage 

pores were identified in the Ford, loess and Transvaal sand and the 

Breidamerkurjokull till. 

The composite microfabric displayed anisotropy in only two of the 

soils, namely the Laglingarten and Stockholm tills. In their 

cases a low degree of anisotropy was in evidence overall duo to 
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oross-wise grain patterns, Fig. 6.10. 

6.3.2.2. Heavily Compressed Deposits. 

A. Essentially One-dimensionally Compressed Deposits. 

Parallelism was seen to be highly prevalent, indeed essentially 

the only configuration within the total clay array in three out 

of the four soils. In the fourth soil, namely the Jackson clay, 

parallelism predominated over randomness, Fig. 6.1. Regarding the 

internal organisation of the parallel clay array, strong preferred 

and haphazard orientation patterns were evident in the Jackson 

marine clay and. Hurlford (weathered) till respectively, Fig. 6.4. 

As indicated in Fig. 6.4. moderato preferred orientation was 

evident in the Luanda marine clay, and the Hurlford (fresh) till. 

A granular array was observed in only the Hurlford (weathered) till 

and this comprised essentially clean grain-grain contacts, Fig. 6.3. 

Flaky and elongated matrix grains were haphazardly orientated in 

both the Luanda marine clay and the Hurlford (weathered) till, while 

in contrast medium and strong preferred orientation of such grains 

was evident in the Hurlford (fresh) till and the Jackson marine 

clay respectively, Fig. 6.5. 

A matrix comprised the entire microfabric in each case, Fig. 6.6. 

Intra-elemental pores accounted almost entirely for the basic pore 

space, Fig. 6.9. and no trans-assemblage pores were in evidence. 

The composite microfabric displayed significant anisotropy in every 

case except the Hurlford (weathered) till wherein a nil degree of 

anisotropy was exhibited, Fig. 6.10. Overall, the composite micro- 

fabric displayed a moderate degree of anisotropy in the case of the 

iiuriford (fresh) till and Luanda marine clay, and a high degree of 

anisotropy in the case of the Jackson marine cla, y. 

BO Essentially Three-dimensionally Compressed Deposits. 

The total c1ey array was essentially or predominantly partly dis- 
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cernible in character in every case. In the main a prominence of 
crinkled forms was in evidence. Random individual arrangements 
were also in evidence in the floodplain deposits from Tucson, 

Maricopa and Holon. A total granular array in the Tucson, Mari-" 

copa, Lydda, Afulah and Casenga deposits, being essentially clothed 
in character in every case except for biaricopa, wherein a balanced 

array was apparent, Fig. 6.3. Where present, flaky and elongated 

grains were haphazardly arranged, Fig. 6.5. 

In all but one case, the basic assemblage network was dominated by 

a matrix, Fig. 6.6. The exception, namely the Tucson deposit com- 

prised approximately equal proportions of matrix, connector and 
aggregation systems. Overall, connectors were less prevalent 
than aggregations. The basic assemblage network was heterogeneous 

in five of the seven soils, the two exceptions being the Afulah and 
Onderstepoort clays, Fig. 6.6. 

Intra-elemental pores feature prominently in all cases and in fact, 
dominated totally in the Mvricopa, Lydda and Afulah deposits, Fig. 
6.9. They also dominated in concert with intra-assemblage pores in 
the Holon clay, and with inter-assemblage pores in the residual clay 
from Casenga. The basic pore space was dominated by intra- 

assemblage pores in the case of the residual clay from Onderstepoort 

and inter-assemblage pores in the case of the floodplain deposit 

from Tucson, Fig. 6.9. Overall however, intra-assemblage pores 

were more prevalent than inter-assemblage pores. Irregular trans- 

assemblage pores were evident in the Tucson and Lydda deposits and 

wavy planar trans-assemblage pores were apparent in the Holon, 

Aful ah, Casenga and Onderstepoort deposits. 

The composite microfabric appeared to be totally isotropic in each 

case, Fig. 6.10. 

6.3.3. Discussion. 

The finding that overall, randomness prevailed. in the lightly one- 

dimensionally compressed soils studied, appears to provide little 
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support for the suggestions of ISorgernstern and Tchalenko (1967 b), 

and McConnachie (1974) that intense preferred orientation occurs 

at pressures of around 10 - 15 kN/m 
2. 

As far as is known the lightly 

one-dimensionally compressed soils have suffered compression under 

pressures of between 50 - 120 k1N/m2 and (perhaps larger in the case 

of Boston and Saint Jean Vianney clays), Table 6.1. Also, it would 

seem that the opinion of Meade (1966), that given sufficient water 

preferred orientation is induced by pressures of around 100 kN/m2 

requires to be challenged. Using Meade's own reasoning (p1094), 

sufficient water is likely to have been available at the time of de- 

position of the marine, estuarine and lacustrine soils presently 

studied. It seems probable that cementing agents have assisted in 

preserving an open random arrangement in the case of the Now Liskeard 

layers, and the Champlain Sea deposits. The works of Mitchell (1956), 

Smart (1966b), Bowles et al (1969) and Tovey (1970), and others 

which tend to indicate that pressures of the order of 200 -- 400 kN/m` 

are required to initiate or induce significant preferred orientation 

in kaolinitic and illitic materials, remain unchallenged. The 

delayed compression subsequent to intense salt leaching which is 

known to have operated in the Ellingsgrud clay, has not apparently 

induced any preferred orientation. This appears to be in direct 

conflict with the findings of Kazi and Mourn (1973). 

Nevertheless, parallel clay arrays were to be found in the light 

one-dimensionally compressed soils and while this observation at 

first glance gives a measure of support for the findings of t ieade 

(1966), Morgernstern and Tchalenko (1967b), ; dcConnachie (1974), a 

closer examination reveals that parallel clay arrays occur almost 

totally in the estuarine soil group wherein they vary from promin- 

ent in some cases to highly prevalent in others and wherein they 

formed in matrices or region systems displaying in all but two cases, 

strong preferred orientation. This lends strong support to the 

postulation of Lambe (1958) that at intermediate electrolyte con- 

centrations between that of low and high, dispersion at-deposition 

is likely. It would appear therefore, that the parallel clay 

arrays displaying strong preferred orientation observed in the lightly 

compressed soils are not pressure induced features, but arc associated 
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with certain depositional conditions principal among which is a 
brackish water environment. This is not to say however, that 

a brackish water environment will tend to produce within clay and 

clay-brain regions, an essentially parallel clay array with a strong 

preferred orientation. In fact as the present observations show, 

randomness is still likely to be prevalent, perhaps even the domin- 

ant feature for many lightly, one-dimensionally compressed, 

estuarine or brackish water deposits. 

It would seem to be the case however, that an estuarine flow regime 

strongly encourages the preferred orientation of flaky and elongated 

grains towards the horizontal. The observations also suggest that 

the presence of irregular and angular shaped silt prevents complete pre- 
ferred orientation and tends to discourage overall preferred orien- 

tation of parallel clay arrays and elongated and flaky silt at de- 

positions albeit that all other factors may be conducive to the de- 

velopment of such configurations. This confirms the findings and 

opinions of Mitchell (1956) and Burnham (1970) and is well demonstrated 

by the fact that the only parallel clay array to display complete 

preferred orientation occurred. in the case of Laurieston Layer if 

which was comprised entirely of clay regions. Also it would seem 

no mere coincidence that two of the lightly compressed brackish 

water materials which contained haphazard parällel clay arrays, and 
displayed haphazard orientation of flaky and elongated matrix grains, 

namely the Renfrew Layer 11' and the Shannon B deposit, also con- 

tained a significant proportion of bulky grains. Of course where 

flaky and elongated grains are preferentially orientated, the de- 

gree of disorder imparted to a surrounding parallel clay array is 

considerably reduced as demonstrated by the microfabrics of the 

Laurieston Layer 11' Renfrew Layer 1 and Boston depcsits. 

There is also a possible explanation for the presence of the hap- 

hazard grain and essentially parallel clay arrays in the Gallowgate 

deposit. This is based on the observation that clay microvein 

systems were observed throughout the microfabric of these samples. 

Since the overwhelming weight of evidence suggests that such features 

are shear or stress induced, it follows that perhaps the deposit at 
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Gallowgate has suffered post-depositional deformation and shearing 

which have resulted in a disordered matrix, disrupted by clay veins. 
The microfabric of the lightly compressed Lacustrine clay from 

Huriford also seems to bear witness to such events. Its fabric is 

also intensely veined and its matrix contains haphazard grain and 

parallel clay arrays. This of course is a matter of some conjecture. 

It would seem, from the rough estimates made of the nature of the 

constituent clay particles comprising the various randora and 

parallel clay arrangements present within the microfabrics of the 

lightly one-dimensionally compressed soils, that there is a tendency 

for arrangements to comprise both clay groups* or clusters and clay 
individuals. This tendancy was more pronounced in the lightly com- 

pressed marine and lacustrine soil groups than in the estuarine 

soil group. It is suggested however, that the clay individuals 

are not in the main clay minerals, but in fact are particles of in- 

active non-clay mineral material, e. g. quartz feldspars. This 

notion is based partly on the observation that the clay individuals 

" were of mostly coarse clay size, Section 5.26. (a) and on the knowledge 

of the mineralogical data which is available, Table 5.1. as well as 
on the observed overall morphology of these units. This view re- 

inforces the findings of Hammond et al (1973) and Smalley at al 
(1973). The findings, therefore, of Smart (1971,1975 ), Barden 

(1972b)and others would also seem to have been confirmed in that 

it appears that despite perhaps favourable electrolyte conditions, 

the complex interaction of all the factors at deposition is more 

likely to result in some sort of clay mineral group or cluster 

configuration, than (single clay) mineral platelet interaction. 

It is tentatively suggested that for the case of lightly one- 

dimensionally compressed soils which are strongly illitic in 

character, a marine environment is more conducive to the formation 

of a heterogeneous basic order assemblage network, than is either a 

it must not be overlooked that results of the preliminary critical 
point drying investigation (Section 4.3.6. ) indicate that air- 
drying may have induced some clay group formation and extension. 
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brackish or freshwater environment. It follows that inter-assem- 

blage pores are more likely to feature in marine deposits. Further- 

morel it appears that irregular aggregations as opposed to regular 

ones, prefer to form under marine conditions, and that interweaving 

bunches might possibly be expected to display haphazard orientation 

when forming in marine soils and to exhibit preferential orientation 

under brackish water conditions. 

It largely follows from what has been said, that significant 

anisotropy of the composite microfabric of soils or layers, is more 
likely to be associated with lightly one-dimensionally compressed 

estuarine and brackish water deposits, than with lightly compressed 

marine or freshwater deposits. 

Observations made of the nature of the layer interfaces in the 

New Liskeard varved clay suggest that a definite pattern does tend 

to exist in glacial lacustrine deposits due to the detailed nature 

of the sedimentation process as explained by Kenney and Chan (1972) 

" and Harrison (1975). Furthermore the present microfabric observa- 

tions of the layered estuarine deposits from Laurieston and Renfrew 

indicate that similar mechanisms of deposition may also in certain 

cases operate in estuarine environments. 

The three individual layer types within the Laurieston and Renfrew 

deposits displayed dissimilar composite microfabrics, and this tends 

to reflect differing sets of factors at deposition, Odom (1967). 

The finding, that parallelism was highly prevalent at the elementary 

particle arrangement level in the heavily one-dimensionally com- 

pressed marine and lodgement till deposits suggests that very high 

pressures do tend to induce parallelism. It is possible of course 

that parallelism was induced at deposition in the two marine clays, 

but while direct comparisons are not strictly valid because of 

differing structural and environmental characteristics, it would 

seem reasonable to suggest that since the lightly one-dimensionally 

compressed marine soils displayed no such tendancies, parallelism 

in the Jackson and Luanda clays is probably a pressure induced feature. 
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It is rather interesting to note that parallelism prevails in those 

marine clays which are known to be strongly montmorillonitic in 

character. Their 
-parallel clay arrangements are in fact very 

similar to those reported by Pusch (1971), in the heavily one- 
dimensionally compressed Na montmorillonitic London clay. 

While parallel clays displayed significant preferred orientation 

overall in most cases, the influence of factors other than pressure, 

namely bulky grain content and weathering also appear to have exert- 

ed their influence. For example, the high proportion of irregular 

shaped silt grains in the clay-granular matrix of the Luanda marine 

clay, would seem to be responsible for the lack of strong preferred 

orientation of parallel clay arrays and elongated grains*. Indeed 

regions which were essentially of the clay variety did display 

strong preferred orientation, but these were predominated over by 

clay-granular regions wherein, by virtue of the bulky grain content, 

a tendancy towards haphazardness was in evidence. In the Hurlford 

(fresh) till irregular shaped silt and sand grains although sub- 

ordinate to elongated grains, would still seem to have had a dis- 

rupting influence on the preferred orientation under pressure, of 

the parallel clay arrays and elongated silt and sand grains within 

the clay-granular matrix. 

In contrast, the predominantly parallel clay array within the 

essentially grain free matrix of the Jackson clay, displayed 

strong preferred orientation. 

The haphazard parallel clay array and the haphazardly arranged 

elongated and flaky silt and sand grains within the clay-granular 

regions which form the bulk of the matrix of the Huriford (weather- 

ed) till would seem to be the result of disrupting influences from 

both a bulky granular content and possibly the effects of some type 

of weathering. 

Weathering as a disruptive element, has already been identified by 

the Luanda clay has also suffered intense desiccation and this 
may also have induced some disorder, see later. 
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Chandler (1972) and it would appear that similar mechanisms to the 

ones described by Chandler may have been operative in the case of 
the Hurlford lodgement till. Moreover, evidence of the 'in place' 
decomposition of fine sand grains appears to have been found and 
this in fact may explain for example, some of the orientated clay 
textures as suggested by Korina and Faustova (1964), as well as the 

occasional occurrence of the clean granular regions within the 

matrix of the Hurlford (weathered) till. The notion that these 

may be the fragmented remains of large sand grains is consistent 

with the fact that the grading of the weathered till is finer than 

that of the fresh till at Huriford as explained in Chapter 5, 

Section 5.18.1. 

It would seem reasonable to state, on the basis of the microfabric 

observations of the heavily one-dimensionally compressed marine and 
till deposits that extreme compression promotes homogeneity within 
the basic assemblage network, i. e. assemblages such as connectors, 

aggregations and bunches do not survive high degrees of one-dimen- 

sional compression. This statement in general terms reinforces 

the postulations of Engelhardt and Gaida (1963) and Yong and 

Warkentin (1975)" It follows of course, from this statement that 

inter-assemblage pores will tend to be absent in heavily one- 

dimensionally compressed soils. It also follows from what has 

been said, that it is likely that a significant degree of anisotropy 

will be displayed by a heavily one-dimensionally compressed material 

providing disruptive elements have not been at work. Moreover, 

high degrees of anisotropy are more likely to be associated with 

heavily one-dimensionally compressed deposits with a low bulky grain 

content. 

Clay arrays wherein interaction of constituent clay particles was 

not clearly discernible no matter the direction of viewing in the 
i. e. the partly discernible clay arrays, were highly pre- 

valent and dominant in the highly three-dimensionally compressed 

deposits and were prominent in certain of the lightly three-dimen- 

sionally compressed deposits. These are undoubtedly highly com- 

plex features. A simple arguement is offered to explain their 
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possible origin and overall character and this will now be discussed. 

It is suggested that a partly discernible clay array is either a 

confused mixture of clay mineral particles and amorphous material, 

or a haphazard parallel clay array, or a combination of both. 

The first of these requires little or no explanation and is based 

on the knowledge that many of the soils in question, namely the 

Tucson deposit, the three Israeli floodplain deposits and the Ford 

loess, contain free calcium carbonates. Free iron oxides are known 
to be present in significant quantities in the Transvaal sand and 
'amorphous' materials have been reported as being abundant in the 

Onderstepoort clay. The indistinguishable clay-cement phase model 

already cited in Chapter 3., Fig. 3.3. E seems particularly appropriate 

to this type of situation. 

The second of these however, requires some explanation and the follow- 

ing discussion is centred around the conceptual model presented in 

" Fig. 6.11. Fig. 6.11. (a) shows a portion of a clayey matrix which 

is partly discernible in character when viewed in the S. E. IM, and 

which is honeycombed in places and disrupted by two wavy, planar 

trans-assemblage pores. Fig. 6.11. (b) represents the internal 

organisation of an aggregation. and a connector which, externally, 

display a partly discernible character in the S. E. M. 

According to these simple models, these so called partly discernible 

configurations are in fact extremely perturbed three-dimensional 

parallel clay arrays wherein crinkled forms prevail and very strong 

edge-edge intergrowth is intense. 

Several embedded grains are shown in Fig. 6.11. (a) and as indicated 

the parallel arrangements in the immediate vicinity of the grain, 

surfaces are sympathetically orientated with the surfaces. Elongat- 

ed and flaky grains are shown displaying haphazard orientation. 

The trans-assemblage pores, which may tend to follow grain surfaces, 

are also shown having parallel clay arrangements aligned along 

their boundaries. 
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The configuration in rig. 6.11. (a) is appropriate to the case of 

the three Israeli deposits -nd the two residual clays2 and to a 

lesser extent the Maricopa deposit. Fig. 6.11. (b) is appropriate 

to the Tucson, Lydda, Holon and Casenga deposits. It is considered 

that the various clay arrangements and pore features represented in 

Fig. 6.11. have formed as a result of the desiccation of the highly 

active clay mineral phase. 

Although the above concept is a matter of some conjecture, a number" 

of points do seem to support it: 

1. All the materials in question are strongly montmorillonitic 
in character and have suffered large essentially 

three-dimensional compression due to desiccation. Edge- 

edge intergroirth, crinkled edges, the randomly arranged wavy- 

planar trans-assemblage pores, the sympathetic orientation 

of arrangements with grain and pore boundaries, and an 

essentially isotropic pattern can each be taken to be con- 

sistent with the above aspects. 

2. Such a configuration offers a possible explanation as to why 

no matter the direction of the fracture plane, the same type 

of pattern was observed in the microscope. 

By way of demonstration, several modes of fracture are 

suggested in Fig. 6.11. (a). In each case the fracture plane 

will tend to follow the route offering the least resistance, 

e.: - 

(a) Fracture mode (1) and (2): here the fracture plane 

will tend to travel along, rather than out across 
the planes of preferred orientation the result being 

a surface of very rough topography at the microlevel 

which displays a partly discernible character due to 

the fact that the plane of edge-edge intergrosrth is 

being viewed*. The prominence of crinkled edges 

x This aspect was discussed in Chapter 31 Section 3.2.2.1. and the 

model of Smart (1969), Fig. 2.12. is particularly appropriate. 
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which was observed is probably due to the disruption 

of some of the weaker edge-edge bonds during fracture. 

(b) Fracture mode (3): here the fracture plane will tend 

to travel along the existing trans-assemblage pore. 
The result is a topography which is probably not as 

rough as those in (a) above and which displays fabric 

which is partly discernible in character and which 

displays a lack of edges. 

3. Similar clay configurations have previously been associated 

with montmorillonitic clays and more specifically with calcium 

montmorillonites , e. g. Meade (1966), Pusch (1971). Meade 

pointed out that such arrangements are not detectable by con- 

ventional optical or x-ray methods. These would simply in- 

dicate that randomness was prevalent overall. 

This may explain optical and scanning electron microscope 

observations made by Horta da Silva(1974a) on the Casenga 

" clay which indicated randomness of the microfissures und the 

clay aggregate as a whole. 

14uch work remains to be done in order to confirm or otherwise the 

above concepts and to reveal the true nature of these complex 

features. Improved techniques for the preparation of a surface 

for viewing plus particle orientation and scanning electron micro- 

probe studies may assist in this matter. 

it would seem to follow from the above, that the clothing on the 

grains involved in the grain-grain contacts, which has the came 

partly discernible appearance as the arrays described above, is 

also associated either with the presence of amorphous material or 

the edge-edge intergrowth of clay particles which are associated 

with grain surfaces. It would appear to be no mere coincidence 

that the prominence or prevalence of partly discernible clay arrays 

almost coincides with that of the clothed grain-grain contacts. 

The three Israeli floodplain deposits are known to contain 
calcium as the predominant adsorbed cation. 
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The above discussion has considered the occurrence and distribution 

of certain of the observed microfabric features within various 

geological soil groups. This has allowed the influence of some 
of the genetic factors to be examined in broad terms and thus the 

possible origin of these microfabric features to be assessed. it 
has been demonstrated that electrolyte concentration, clay fraction 

mineralogy and chemistry, depositional environment, deformation, 

high pressures - both one and three dimensional, and weathering - 
both mechanical and chemical, all appear to play a highly significant 

role in the genesis of soil microfabric. 

it requires to be emphasised and must not be overlooked, however, 
that there are a large number of factors which were not, and could 
not be investigated specifically, due to lack of data and the 
difficulties involved in assessing the extent to which they had 

been operative. These include concentration and gradation of 

sediment, acidity, organic constituents and activity, temperature, 

state of agitation of water, cementation, leaching, seepage, stress 

relief, rate of loading, etc. 

Finally, it is worth while to reflect at this stage on the global 

view expressed in Chapter 5, and to examine broadly its validity 

with respect to the transported soil sub-groups identified in the 

general plots shown in Figs. 6.1. - 6.10. These are, the lightly 

compressed marine, estuarine and lacustrine groups, the wind-blown 

and melt-out till groups, the heavily compressed marine and lodge- 

ment till groups and the over consolidated and desiccated floodplain 

group. The global view gave an idea of the likely character of 

the individual composite microfabrics which make up the total com- 

posite microfabric of the transported soil group. It would appear 

from the relevant microfabric plots given in Figs. 6.1. - 6.10. 

that this view is in essence, applicable to each of the geological 

sub-groups mentioned. Exceptions are by no means clear or firm, 

but it is tentatively suggested, in the light of the previous dis- 

cussion that: 

(a) Heterogeneity within the total clay array is more likely to 
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be pronounced in the estuarine soil group. 
(b) Random arrangements will tend to dominate the total clay 

array in the lightly compressed marine and lacustrine groups. 
Parallel clay arrangements are likely to be distributed 

mainly in the lightly compressed estuarine group, and the 

heavily one-dimensionally compressed marine and lodgement 

-till groups. Partly discernible clay arrangements are 
likely to be distributed within the wind-blown and heavily 

over consolidated and desiccated floodplain groups. 
(c) Clothed grain-grain contacts are more likely to prevail in 

the wind-blown and heavily over consolidated and desiccated 

floodplain groups. 
(d) The lightly compressed marine, wind-blown, and heavily over 

consolidated and desiccated floodplain groups are likely to 
display heterogeneous basic assemblage networks whereas the 
heavily compressed marine and lodgement till groups are 
likely to display homogeneity within the basic assemblage 

network. This implies in fact, that connectors and 

aggregations and therefore inter-assemblage pores are more 
likely to be found in the former and that these assemblages 

and pores are less likely to be encountered in the latter. 

yoreover, while connectors and aggregations are likely to be 

more or less equally as prominent in the lightly compressed 

marine group, connectors are likely to be more prevalent 
than aggregates in the wind-blown group, and aggregations 

are likely to be more prevalent than connectors in the 

heavily over consolidated desiccated floodplain groups. 

Interweaving bunches seem likely to be confined to the lightly 

compressed water laid groups. 

(e) The individual composite microfabric is more likely to dis- 

play some degree of anisotropy overall, within the lightly 

compressed estuarine and heavily compressed marine and lodge- 

ment till groups. 
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CITAPTER ? 

MECHANISMS OF STRUCTURAL INSTABILITY FROM THE MICROFAIIRIC VIEWPODNT 

7.1. INTRODUCTION. 

It is the aim of this chapter to examine certain of the mechanisms 
of structural instability from the microfabric point of view, in the 
light of the observations made in this study. 

Attention will be focussed on the mechanisms of sensitivity, collapse 

and expansion which, are examples of structural instability as dis- 

cussed for example, by Sultan (1969) and Aitchison (1973). 

Sensitivity will be considered first and collapse and expansion will 
then be considered together, since (i) they occur in essentially 
the same geographical areas and in the same climates, (ii) they are 
in the main both triggered by the imbibation or ingress of water, 

and (iii) certain soils can display both mechanisms, i. e. dual 

" behaviour. 

7.2. SENSITIVITY. 

7.2.1. The Mechanism. 

Sensitivity (St) is defined as the ratio of undisturbed to remoulded 

undrained shear strength. Soils may be classified according to 

their measured (St) values and the scheme suggested by Rosenqvist 

(1953), Table 7.1. is used here. As shoimv the broad categories 

are insensitive (St s%r 1.0. )p sensitive (St '-s 1-8)., and quick 
(gt > 8). A quick clay is one which turns to a viscous liquid on 

remoulding, i. e. its remoulded strength is extremely low. Such 

deposits occur in many parts of Scandinavia and Eastern Canada. 

The causes of sensitivity are by no means clear but as discussed by 

Skempton and Northey (1952), Mitchell and Houston (1969), Smalley 

et al (1973) and Mitchell (1976), a metastable fabric, inactive non 

clay mineral clay size particles, cementation, delayed compression, 
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weathering, thixotropy, salt leaching, ion exchange and selective 

leaching (change in the nonovalent, divalent cation ratio) and the 

formation or addition of dispersion agents all may contribute to the 

development of sensitivity. 

To elaborate a little on the fabric contribution, this has been 

associated with the breakdown on remoulding of open random (flocculat- 

ed) clay particle networks of various types, e. g. Casagrande (1932), 

Fig. 2.14., Rosengvist (1959), Fig. 2.2., Pusch (1966,1970), Fig. 

2.10., Mitchell and Houston (1969), Fig. 2.6., Hammond et al (1973), 

Moon (1975) and Mitchell (1976). It requires to be emphasised that 

while some sort of open fabric is necessary for the development of 

sensitivity it alone is not sufficient to cause quickness and indeed 

the microfabric of a quick clay and adjacent zones of much less 

sensitive clay may be the sames Mitchell (1976). 

7.2.2. The F4icrofabric of the Sensitive Soils Studied. 

Twelve of the soils investigated in this study are known to display 

sensitivity to some degree. These include, five medium sensitive 

crater laid deposits from Scotland, U. K., four very sensitive and 

quick marine clays from Norway and three quick water laid deposits 

from Eastern Canada. The geological and geotechnical background as 

well as the microfabric character of these soils have previously 

been given in Chapter 5. The more general engineering properties 

are summarised in Table 7.1. This Table in addition, gives the un- 

drained shear strength values for the soils. A broad summary of 

their microfabric character will now be given. 

7.2.2.1. Elementary Particle Arrangements. 

The total elementary particle array was dominated by a totalclaay 

array in all but one case, namely the medium quick Sundland clayey 

silt, Fig. 7.1. wherein a clay array shared dominance with a granu- 

jar array. 

Clay arrays were essentially random in the Norwegian and Canadian 



163. 

clays, but in the Scottish medium sensitive soils the clay array 
ranged from being predominantly random to essentially parallel in 

character, Fig. 7.2. Although by no means prominant features, 

partly discernible configurations were observable in the medium 

sensitive Grangemouth deposit, and the very sensitive and medium 

quick deposits from Drammen Town and Sundland, respectively. 

The constituent clay particles were in the medium sensitive Scottish 

soils, mainly clay groups, while in the very sensitive and quick 

Norwegian deposits$ clay groups and plate or bulky ky shaped individuals* 

of coarse clay size appeared to be equally prominent, Fig. 7.3. 

Clay clusters and clay individuals appeared to be equally abundant 

in the Canadian clays, although in the case of the Saint Alban de- 

posit, platey individuals of mainly fine clay size and often very 

thin, predominated over clay groups and clusters, Fig. 7.3. It also 

seemed in the case of the Saint Alban deposit, that amorphous 

material was present at the contact points, and also in the case of 

the Saint Jean Vianney clay it appeared that coarse clay size in- 

dividuals were coated with some type of amorphous material. 

The granular arrays which were perhaps most prevalent in the group 

of Norwegian soils generally involved clean grain-grain contacts, 

Figs. 7.1. and 7.4. In the case of the Scottish medium sensitive 

soils, the grains were generally medium-fine silt sized with flaky 

and elongated or flaky and angular shapes, and were generally 

closely packed. In contrast grains involved in the grain-grain 

contacts within the Drammen Town, Solbergelva., Sundland and New 

Li. skeard deposits were mainly fine silt sized with flaky and elongat- 

ed or flaky and angular shapes and were loosely packed, Fig. 7.4. 

7.2.2.2. Particle Assemblages. 

Regarding the make-up of the basic order assemblage network, Fig. 

7.5., matrices (or layer region systems where appropriate) totally 

1', s discussed in Chapter 69 it is believed that these clay in- 
dividuals are in fact particles of inactive quartz and feldspar 
derived from the process of glacial grinding. 
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dominated in all but the medium quick Sundland clayey silt. These 

assemblages were comprised in most cases either entirely or pre- 
dominantly of clay-granular regions while in all but one of the remain- 
ing cases they comprised entirely of either granular or clay regions, 
Fig. 7.6. In the case of Sundland, connectors bridged and buttressed 

silt grains and also served to link silt sized and irregular shaped 

aggregations. Similar connector aggregate systems, although not 

as abundant, were observed in the extra quick Ellingsgrud deposit. 

Also silt sized and irregular shaped aggregations were linked to 

the surrounding matrix via bridge connectors in -the very sensitive 

Drammen Torm deposit while connectors were occasionally seen bridg- 

ing and buttressing silt grains in the very sensitive Solbergelva 

deposit. 

As may be appreciated from Fig. 7.5., connectors, aggregations and 

bunches were not on the whole, readily observed in the Scottish 

medium sensitive deposits, and the Canadian quick clays. Possible 

exceptions were, the Grangemouth clayey silt wherein aggregations 

and haphazardly arranged bunches were occasionally abundant; the 

Renfrew clay, wherein connectors, aggregations and bunches were ob- 

servabley and the New Liskeard varved clay wherein connectors were 

in evidence. 

7.2.2.3. Pore Spaces. 

It largely follows from what has been said above, that intra-elemental 

pores associated with the clay particle arrangements, dominated the 

basic pore space in all but one case, i. e. the Sundland clayey silt 

wherein these pores were predominated over by inter-assemblage pores 

of the connector aggregate system. Moreover, it seemed that inter- 

assemblage pores were more prevalent in the very sensitive and quick 

Norwegian clays, than in either the medium sensitive Scottish clays 

or the quick Canadian clays, Fig. 7.7. No trans-assemblage pores 

were observed. 

7.2.3. Discussion. 

The following sections deal with the mechanism of sensitivity, as 
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displayed by the Scottish, Norwegian and Canadian deposits, primarily 
from the microfabric viewpoint. 

(i) Scottish Medium Sensitive Deposits. 

Sensitivity to disturbance as displayed by these soils would 

seem from the microfabric standpoint to be associated 

principally with the breakdo; rn of-random clay group networks 

which predominated over, or shared dominance with parallel 

group arrangements in the case of the Grangemouth, Renfrew 

and Hurlford deposits. 

This view is consistent with the general concepts presented 

previously by e. g., Mitchell and Houston (1969). Also, in 

the case of the Grangemouth and Renfrew deposits the break- 

down of aggregations and interweaving bunch networks may 
have contributed to the mechanism. 

It seems unlikely however, that the parallel clay arrays and 
the Granular arrays (comprising closely packed medium-silt 

grains) could have contributed significantly to sensitivity 
in the various clays2 particularly in the case of the 

Laurieston and Gallowgate deposits wherein they were most 

prevalent. 

. Considering this last point and that the microfabrics of the 

five deposits differed significantly at the elementary par- 

ticle array level, to some extent at the assemblage level 

and their measured sensitivities were essentially the same, 

Table 7.1. E it becomes evident that other factors must also 
have been at work. For example, thixotropy or possibly a 

small degree of salt leaching in the case of the marine and 

estuarine deposits. 

(ii) Norwegian Very Sensitive and Quick Deposits. 

Sensitivity to disturbance displayed by these deposits would 
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seem from the microfabric point of view, to be associated 

principally with the breakdown of the following: 

(a) Open random clayey group arrangements. This again 
is consistent with the view of Mitchell and Houston 
(1969). 

(b) Open random clay individual (quartz and feldspar) 

arrangements. This reinforces the opinions of 
Smalley et al (1973) and Hammond et al (1973). 

(c) Loosely packed fine silt (quartz and feldspar) grain- 

grain contacts. This again confirms the findings of 
Hammond et al (1973). 

(d) Bridge and buttress connectors which span silt grains. 
(e) Open linked aggregate systems. 

It has to be remembered that breakdown of these configurations 

takes place against a backgrcund of salt leaching Bjerrum 
(1967). Moderate leaching has occurred in the Drammen Town 

and Solbergelva deposits whereas strong leaching has occurred 
in the Sundland and Ellingsgrud deposits, Table 7.1. Leach- 

ing has the effect of reducing the plasticity of clay deposits. 

In the leached environment however, the water content remains 

close to the value which existed prior to leaching and hence 

it now tends to approach or exceed the liquid limit depending 

on the degree of leaching involved, Table 7.1. 

This means that when the breakdown of the arrangements (a) to 

(e) occurs, the now less active clay minerals and the fine 

grained quartz and feldspars which form in the clay and 

granular arrangements, are pitched into a fluid phase, which 

is in excess of that with which they can become electrochemically 

balanced. Contact between particles is limited, and therefore 

the effective stresses and hence the remoulded strength is 

very low. This would seem to be the principal reason for 

the high sensitivity measured in the moderately leached clays 

and the quickness displayed by the intensely leached deposits. 

Hence the breakdown of the rnicrofabric feature; (a) - (e), 

mentioned previously, contributes to the sensitivity but it 
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alone does not cause high sensitivity or quickness. This 

view serves to reinforce the statement made by Mitchell (1976). 

The notion is better demonstrated by the observation that 

while the microfabrics at the elementary particle array level, 

and to a large extent the assemblage level, are somewhat 

similar, the measured sensitivities cover a wide range. 

(iii) Canadian Quick Clays. 

Sensitivity to disturbance displayed by the two Champlain Sea 

deposits would seem from the microfabric point of view to be 

associated principally with the breakdown of open random clay 

cluster arrangements, and open clay individual (quartz and 
feldspar) arrangements. Again this is in general agreement 

with the findings of Smalley et al (1973), and Hammond et al 
(1973). This would also appear to be the case for the New 

Liskeard varved clay wherein it seems that the breakdown of 
fine silt size quartz and feldspar grain-grain contacts and 

connectors spanning silt grains, also contributes to the 

mechanism. 

It has to be remembered that this fabric breakdown occurs 

against a background of leaching and cementation in the case 

of the Champlain Sea deposits, la Rochelle (1974), and cemen- 
tation in the case of the New Liskeard varved clay, Quigley 

and Ogunbadejo (1972). The broad concept of the effect of 
leaching was discussed above. Cementation has the effect 

of preserving, against the forces of compression, a very open 
fabric and a correspondingly very high water content in 

relation to the liquid limit as indicated in Table 7.1. It 

also has the effect of imparting a higher shear strength to 

the soil structure than would normally be associated with 

such very wet clays. Compare for example, the strengths of 
the cemented Canadian and the non-cemented Norwegian deposits, 

Table 7.1. 

This means that a dramatic decrease in strength occurs on 
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rupture of the cementation bonds and moreover on the subse- 
quent breakdown of the configurations mentioned above, the 

constituent clay clusters and the inactive clay individuals 

and fine silt grains are pitched into an excessive arount of 
pore fluid. The remoulded strength therefore, is very low. 
Hence the breakdown of the various inicrofabric features 

mentioned above contributes to the sensitivity, but it alone 
does not cause the quickness which is displayed by these 

Canadian deposits. Again, this reinforces the general state- 

ment of Mitchell (1976). 

Finally, two points of general interest emerge from the ob- 
servations made on the cemented Canadian quick clays. 
(a) The observation that clay individuals in the Saint 

Jean Vianney clay were coated with some kind of 

material (probably carbonates), is in agreement with 

previous observations, Bjerrum (1973) and Hammond et 

al (1973). Bjerrum in fact, used his 'uniform smear 

model' to explain the fact that the strength of the 

cementation bonds in the Saint Jean Vianney clay 

appear to be dependant on the maximum past overburden 

pressure. presumably, if cementation agents simply 

exist at the contact points, as for example would 

= seem to be the case in the Saint Alban clay, no such 
relationship would tend to exist, i. e. the strength 
of the bonds is independent of overburden pressure. 

(b) It is suggested that this uniform coating or smear of 

" cementatious material may have been responsible for 

tho'formation of the clay clusters at deposition. 

To the author's knowledge, no previous investigations 

have reported the presence of clusters in the Cham- 

plain Sea (Leda) clay deposits. In contrast the ob- 

served morphology of the clay particles in the Saint 

Alban clay is more like previous reports, e. g. 

Gillot (1970), and Barden (1972b). 

(iy) Summary. 
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On balance the mechanism of sensitivity appears, from the 

microfabric point of view, to be associated principally with 
the breakdown of one or a combination of the following: 
(a) open random clay group arrangements, 
(b) open random clay individual (quartz and feldspar) 

arrangements, 
(c) open random clay cluster arrangements, 

(d) loosely packed fine silt grain-grain contacts, 
(e) open silt grain connector (bridges and buttresses) 

systems, 
(f) open linked aggregate systems. 
These opinions serve to both confirm and extend previous con- 

cepts of the part played by microfabric in the mechanism of 

sensitivity. For example, those regarding the random group 

arrangements confirm the views of Kitchell and Houston (1969) 

while those relating to the involvement of inactive quartz 

and feldspars in the clay and fine silt fractions, reinforce 
the concepts put forward by Smalley et al (1973), and Hammond 

et al (1973). 

On the other hand, the present study has suggested for the 

first time, that clay cluster arrangements may be involved 

in the mechanism, specifically in the Canadian quick clays. 

It has also pointed out that the mechanism of sensitivity not 

only operates at the elementary particle array level, but also 
involves the breakdown of higher level fabric features, i. e. 
the connector and aggregation assemblages. 

This study has also demonstrated that cementation agents can 

occur either as coatings to clay particles, confirming previous 

findings for example of Bjerrum (1973)t or as particle contact 

features. Moreover, it has been suggested that the former 

may be responsible for the development of the clay clusters 

which were discussed above. 

The observation that clay-granular regions play a prominent 

role in the particle matrix features also poses the question, 
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is the 'bond clay' concept of Casagrande (1932) perhaps a 
reasonable one? 

Finally, the findings of this investigation have demonstrated 

that factors such as leaching and cementation do play a more 
dramatic role than microfabric does in the development of 

very sensitive and quick deposits. 

7.3. COLLAPSE AND EXPANSION 

_ 
7.3.1. The Mechanisms 

7.3.1.1. Collapse 

Collapse is generally the term used to describe the mechanism where- 
by a desiccated* soil deposit undergoes rapid settlement under load 

when moisture becomes available. Fookes and Best (1969) define 

collapse as a settlement on flooding occurring very rapidly with 
95% of the settlement being completed within 10 minutes. 

The nature of the collapse mechanism can perhaps be more easily 

appreciated by referring to the e-log p curve given in Fig. 7.14. 

As can be seen, the soil to which these curves refer in the natural 

desiccated state has a low compressibility. At an applied vertical 

pressure of around 100,800 and 2800 kNIm29 soil samples were 

flooded and consequently suffered a dramatic settlement at these 

pressures, i. e. they collapsed. 

The fundamental causes of the collapse mechanism have been the 

subject of a large number of investigations principal among which 

are Jennings and Knight (1957), Sultan (1969), Dudley (1970), Horta 

da Silva (1971b)) Aitchison (1973) and Barden at al (1973). It 

would seem, according to these studies, that the collapse mechanism 

is associated essentially with an open desiccated structure of a 
bull-, y granular nature where the structural elements are held to- 

gether by some sort of force or material which has temporary strength 

A desiccated condition is defined as a moisture state, such that if 
free water is brought into contact with the soil, a portion of this 
water will be absorbed by the soil, Jennings (1973). 
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from electrochemical or cementatious bonding or from surface tension 

forces. Collapse involves the elimination, through the introduction 

of moisture, of these sources of strength, and the consequent break- 

down under shear stress, of an open fabric which may be comprised of 
(a) clothed grain-grain contacts, (b) grain bridges or buttresses 

comprised of either clay or silt plus possibly cementatious material 

such as iron oxides or carbonates, and (c) clay aggregates. 

It has to be emphasised that while some type of open fabric is a 

prerequisito for collapse it is not the only factor involved. The 

amount of collapso or fabric breakdown is in fact, a function of a 

large number of factors, including initial structure*, degree of 

water imbibation and stress level. This last point is well demon- 

strated by Fig. 7.14. As shown, wetting under 2800 kN/m2 caused 

more collapse settlement than did wetting under 800 kN/m22 which in 

turn caused more settlement than 100 kN/m2. It is also seen that 

the post flooding curves are above the remould curve, which Fookes 

and Best (1969) suggested indicates that wetting particularly under 

the lower stresses did not completely destroy the pre-wetted fabric. 

It was considered at first that collapse behaviour contradicted the 

principal of effective stress, since with the reduction in effective 

stress which occurs upon water imbibation the result should, 

according to this principal be one of expansion, not settlement. 

However, as pointed out by Horta da Silva (1971b), Barden et al 
(1973), and later by Mitchell (1976), collapse is a micro-shear 

problem and in fact while the effective stress principal is violated 

at the continuum level, it is not violated at the inter particle level. 

7.3.1.2. Expansion. 

Expansion is usually the term used to describe the mechanism where- 

by a desiccated soil deposit displays either an increase in volume 

or, if the deposit is partially or fully restrained, swelling 

pressures when moisture becomes available. 

* structure as defined in Chapter 1. 
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The nature of the expansion mechanism can perhaps be best appreciated 
by referring to the e-log p curves given in Fig. 7.15. As can be 

seen, the soil to which these curves refer, is practically incom- 

pressible in the natural desiccated state. When however, water is 

made available to a sample under an applied total stress of 
200 kN/m2t it undergoes an increase in volume. Expansion would be 

greater under lesser loads and smaller under higher loads. 

The fundamental causes of this type of expansion are extremely com- 

plex and can be considered as being associated with physical, mineral- 

ogical and physico-chemical effects, Mitchell (1976). 

Physical effects include microfabric and the elastic rebound of flaky 

particles and platey clay groups upon the reduction in effective or 

capillary stresses. Mineralogically speaking, expansion is normal- 

ly associated with the expanding lattice minerals such as mont- 

morillonite and vermiculite. Physico-chemical influences involve 

particle surface adsorption forces and osmotic repulsion. Unfortunate- 

ly the individual effects cannot be expressed quantitatively and in 

order to overcome this problem the expansion mechanism is considered 

from the effective stress (continuum) viewpoint, Jennings and Kerrich 
(1962) and Aitchison (1973). 

Aitchison presented the effective stress equation given below. 

Cr +X p" +X" 

where Pm matrix suction, which may be taken as being 
associated with capill aryo adsorptive and 
micro osmosis effects. 

Ps- solute suction, which has been largely ignored 
and which may be associated with concentration 
of dissolved solutes in the pore fluid, essen- 
tially at the continuum level. 

Xm and Xs - empirical factors which are normally 
within the range 0-1 and which are 
dependant upon stress paths. 

A decrease in either the matrix or solute suction thus results in a 
decrease in effective stress and thus overall expansion. 
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From the microfabric viewpoint, the expansion mechanism has been 

discussed generally in terms of the stability of random (flocculated) 

or parallel, clay particle or group configurations, e. g. Seed and 
Chan (1959), Seed et al (1962), Burland (1965), Gillot (1968), 

Quirk (1968) and Yong and Warkentin (1975) and others. 

Depending on the cation type involved, expansion will tend to occur 

between clay groups or quasi-crystals (Ca illites and montmorillonites) 

or within and between groups or quasi-crystals (Na illites and mont- 

morillonites). 

Tovey et al (1973) appear to have been the only workers to actually 

observe the changes in fabric which-occurred during the expansion 

process. They used the scanning electron microscope and the tech- 

nique of freeze-drying to facilitate this. Their observations will 

be dealt with later in Section 7.3.3. 

The emphasis has been laid, and it is easy to understand why, on 

clay particle arrangements. However, bulky granular arrangements 

have been linked with expansiveness by De Bruyn et al (1957), who 

stated that potential expansiveness may be expected if the grains 

are surrounded by a uniform colloidal coating. They also concluded 

that if the grains are bare no expansion need occur. 

7.3.1.3. Dual Behaviour. 

Certain soils exhibit the dual behaviour of expansion (under light 

loads) and collapse (under heavier loads). This rather complex 

situation is most easily demonstrated by reference to the e-log p 

curves given in Fig. 7.16. This chows, that for the particular 

soil in question, wetting at pressures less than 800 kN/rn2 results 

in expansion, whereas wetting at pressures in excess of this 

critical pressure results in collapse of the structure or fabric. 

Dudley (1970) remarks that the clay content appears to be critical 

in this regard. No direct indication however, has been made as to 

the likely character of the microfabric of soils which exhibit such 

dual behaviour. 
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7.3.2. The Microfabric of the Collapsing and Expansive Soils Studies. 

The collapsing, expansive and dual behaviour soils included in this 

study, Table 7.2. possess a wide variety of origins and properties 

and serve to exemplify the widespread occurrence of such soils. 

The broad geological and geotechnical background as well as the 

rnicrofabric character of the various soils have previously been 

given in Chapter 5. Details of their collapsing and expansive 

behaviours are given in Table 7.2. A broad summary of their micro- 

fabric character is given below. 

7.3.2.1. Elementary Particle Arrays. 

(a) Collapsing Soils. 

The total elementary particle array was either predominantly 

or entirely of a granular nature. Clay arrangements were 

occasionally abundant in the three windblown deposits and in 

the Breidamerkurjokull and Taylor Valley tills, Fig. 7.8. 

The total granular array was essentially or predominantly 

clothed in character in some cases while being essentially 

or predominantly clean in character in others, Fig. 7.10. 

Where present clay arrays were generally essentially partly 

discernible in character, Fag. 7.9. On the basis of the 

discussion in Section 6.3.3., these are likely to be confused 

mixtures of clay mineral particles and amorphous material, 

probably either carbonates or iron oxides. 

(b) Expansive Soils. 

The total elementary particle array was generally entirely of 

a clayey nature, Fig. 7.8. Essentially clothed granular 

arrays were occasionally and rarely abundant in the Lydda and 

Afulah deposits respectively. The total clay array was 

essentially and predominantly parallel in the Luanda and Jack- 

son marine clays respectively whereas it was essentially 

partly discernible in character in the other expansive soils, 
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Fig. 7.9. On the basis of the discussion in Section 6.3.3. 
it is likely that these partly discernible forms are extremely 
perturbed parallel clay arrays. Some cementatious carbonates 
may also be present. 

(c) Dual Behaviour Soils. 

The total elementary particle array was predominantly granular 
in nature in tho Tucson and Maricopa deposits, wherein clay 

arrays were also occasionally abundant, but was predominantly 

clayey in character in the case of the Casenga clay, wherein 

a granular array was also rarely abundant. Granular arrange- 
ments were essentially clothed in character in the Tucson and 
Casenga deposits whereas a balanced granular array was 
apparent in the case of the Maricopa deposit, Fig. 7.10. 
Clay arrangements were essentially or predominantly partly 
discernible in character, Pig. 7.9., possibly involving both 

confused mixtures and parallel clay arrays. 

7.3.2.2. Particle Assemblages. 

(a) Collapsing Soils. 

Broadly speaking, granular matrices dominated over or shared 
dominance with either regular aggregations or connectors, 

in the basin order assemblage network, Fig. 7.11., and 
7.12. Clay regions were occasionally abundant within the 

matrices of the Breidamerkurjokull and Taylor Valley tills. 
Connectors were more prevalent in the collapsing wind blown 

coils, while aggregations were more prevalent in the meltout 
ills. 

(b) Expansive Soils. 

A matrix formed either the entire or the major portion of 
the basic assemblage network in each case. Broadly speaking 

connectors and aggregations were generally absent, and indeed 
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were only occasionally abundant in the Lydda and Holen clayc 
respectively, Fig. 7.11. Matrices comprised essentially 

either of clay or clay-granular regions or both, in most case:, 
Fig. 7.12. Granular regions were evident at the occasional 

and rare levels of abundance in the Lydda and Afulah soils re- 
spectively. 

(c) Dual Behaviour soils. 

A matrix dominated the scene in the Maricopa and Casenga 

doposits, while this type of assemblage shared dominance with 

connectors and regular aggregations in the Tucson soil, Fig. 

7.11. As shown, aggregations were in fact frequently to 

occasionally abundant in each of the three soils. The mat- 
rix was comprised essentially of granular regions in the 

Tucson and Maricopa deposits whereas clay-granular regions 

predominated over occasionally abundant granular regions in 

the C;. scnga clay, Fig. 7.12. 

7.3.2.3. Fore Spaces. 

The follotring statements largely follow from twat has been said 

above. 

(a) Collapsing Soils. 

Intra elemental pores associated principally with the grain- 

grain contacts either dominated or shared dominance with the 

inter assemblage pores of the connector and aggregate systems, 

Fig. 7.13. The latter therefore, generally provided a 

sizable contribution to the basic pore space, while the 

antra asseablago (honeycomb) pores were not prevalent overall. 

Irregular trans-assemblage pores were in evidence in the Ford 

loess, Transvaal sand and the Breidamerkurjokull till. 

f 

(bý Expansive Soils. 
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Intra-elemental pores associated principally with the 

parallel clay arrangements dominated the pore space in each 

case. Intra-assemblage (honeycomb) pores overall contribut- 

ed a significant amount, but were most prevalent indeed 

dominant, in the Onderstepoort clay, Fig. 7.13. As shown 

inter-assemblage pores were in overall terms, essentially 

insignificant. 

Wavy planar pores were jr. evidence in the Holon, Afulah and 
Onderstepoort deposits. Irregular trans-assemblage pores 

were apparent in the Lydda clay. 

(c) Dual Behaviour Soils. 

In overall terms, intra-elemental and inter-assemblage pores 

each made significant contributions to the basic pore space, 

Fig. 7.13. The former were associated principally with the 

granular arrangements in the case of the Tucson and Maricopa 

deposits, but were associated principally with the clay 

arrangements in the Casenga clay. Intra-assemblage (honey- 

comb) pores were generally insignificant although such pores 

made an appreciable contribution in the Casenga clay. 

Irregular shaped trans-assemblage pores were in evidence in 

the Tucson deposit while wavy planar pores. were apparent in 

the Casenga clay. 

7.3.3. Discussion. 

The following sections deal with the mechanisms of collapse, expansion 

and dual behaviour, primarily from the microfabric viewpoint. 

i) Collapse. 

Collapse appears to be associated principally with the follow- 

ing microfabric features. 

a) Granular matrices comprising clothed grain-grain con- 
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tacts or clean grain-grain contacts or both. The 

clothing layers may be formed by either iron oxides 

and carbonates or low swelling minerals, e. g. 

kaolinite. 

b) Open networks formed by bridge and buttress connectors. 
The connectors may have a variety of internal organisa- 
tions, e. g. grain-grain contacts, random or parallel 
(tenuous bridge) clay (low swelling), and confused 

clay (low swelling) and iron oxide or carbonate 
(partly discernible) arrangements. 

c) Open networks formed by direct interaction of regular 
aggregations with each other or the granular matrix. 
These are likely to comprise grain-grain contacts or 
confused clay (low swelling) and iron oxide or car- 
bonate arrangements. 

Of these, the granular matrix appears overall, to play the 

major role, the connectors and aggregations however, are both 

likely to play a significant role, although connectors may be 

more 'involved than aggregations in certain cases, and vice 

versa. 

Hence introduction of water to a desiccated collapse prone 

structure (1) reduces surface tension'or meniscus forces at 

grain-grain and aggregation contact points, (2) may cause 

dispersion or softening of low swelling clay arrangements 

either on grain surfaces (critical at contact points),, or 

within connectors and aggregations and (3) causes dissolution 

of cementing agents. These events in combination with shear 

load, result in a rapid breakdown of arrangements a), b) and 

c) above, i. e. collapse. In terms of pore spaces, it was 

emphasised previously that an open fabric is an essential re- 

quirement for collapse to occur. It follows from what has 

been said above, that collapse involves the reduction in size 

of intra-elemental pores and the elimination of inter-assemblage 

pores. Moreover, the presence of irregular trans-assemblage 

pores prior to water imbibation, enhances collapse. 
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In summary, for collapse to occur two main structural character- 

istics are usually required, (1) an open fabric with partially 

saturated pores, and (2) an inactive clay fraction and possib- 

ly the presence of cementing agents. It requires to be state: 

that the above views are, broadly speaking, not new ones and 

only serve to reinforce existing concepts. 

ii) Expansion. 

Expansion appeared to be associated with matrices which are 

comprised mainly of clay and clay-granular regions which may 

be honeycombed. Connector and aggregation assemblages and 

granular matrix regions appear to play little or no role in 

the case of purely expansive behaviour. 

In the particular expansive soils studied parallel clay arrays 

with overall, either some preferred orientation or no preferred 

orientation were in evidence. They are known to involve 

mainly montmorillonitic minerals, probably in the form of 

wavy clay groups (quasi-crystals). Expansion is likely to 

be between these groups and therefore, in the case of prefer- 

entially orientated arrays is likely to be mainly in the dir- 

ection perpendicular to the direction of overall preferred 

orientation. In the case of haphazard and parallel clay arrays, 

expansion is likely therefore, to be essentially the same in 

all directions. These observations seem to be consistent 

with the results from mechanical tests. For example, a 

parallel clay array with a moderate degree of preferred orien- 

tation towards the horizontal was observed in the Luanda clay 

which under test displayed a degree of anisotropic behaviour 

with the greatest expansion occurring in the vertical direc- 

tion, Table 7.2. Also, isotropic parallel clay arrays, (i. e. 

the partly discernible configurations, Fig. 6.11. ), have been 

associated with the Israeli deposits which are known to 

exhibit essentially isotropic expansiveness, `able 7.2. 

Regarding the actual mechanism of fabric change during ex- 
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pansion, the observations of Tovey et al (1973) arc drawn on. 
They studied samples of the Lydda clay included in this study 
using scanning electron microscopy and freeze drying tech- 

niques. In broad terms, they reported for the undisturbed 
desiccated state a rather dense arrangement of particle 
domains between which large pores (i, u and greater) existed. 
This study described a comparible microfabric for the Lydda 

clay in the air dried state, i. e. a haphazard parallel clay 

array which was honeycombed in places. In stark contrast the 

free swell sample showed an extremely random and open array of 
discrete elements. 

It is postulated that from the desiccated state, wherein a 
dense packing of wavy clay groups, or quasi-crystals with 

edge-edge intergrowth is in evidence, due to the introduction 

of moisture, expansion has occurred perpendicular to the 

planes of the quasi-crystals and edge-edge bonds have been 

disrupted . This leads to an open arrangement of discrete 

clay groups. The suggested mechanism is represented by the 

schematic sketches given in Fig. 7.17. 

It is further suggested that nicrofabric studies of this 

nature may prove helpful in prediction of expansive potential. 

The analogy of the density index of sands seems to be valid, 

i. e. the densest parallel clay configuration corresponds to 
. 

the air dried state and the 'discrete' random or parallel clay 

configurations as the case may be, corresponds to the free 

swell state,, Fig. 7.17. Intermediate arrangements corres- 

pond to intermediate stages of the swelling mechanism. 

Further study is required in this regard. 

In summary expansion from the microfabric viewpoint, has been 

shozm to be associated essentially with clay and clay-granular 

This may be a time-dependant process particularly if cementation 
agents are involved. 
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matrices which may comprise of parallel clay (wavy group) 
honeycomb arrays which display a full range of degrees of 
anisotropy. Expansion has been considered as occurring in 

"the direction perpendicular to the basal plane of the clay 

groups and therefore, will tend overall, to be isotropic for 

the case of a haphazard parallel clay array and will tend to 

be anisotropic for the case of preferentially orientated 

parallel clay arrays. Expansion has also been associated 

with the breakdown of edge-edge bonds. 

iii) Dual Behaviour. 

The dual behaviour of expansion under light loads and collapse 

under heavier loads appears to be highly dependant upon micro- 
fabric. 

Ul 

Both collapse and expansion require there to be a desiccated 

structure. Moreover in the light of the above discussion, 

it appears that expansion requires that there be a significant 

proportion of swelling clay minerals forming within a clayey 

matrix. Any essentially non-swelling clay minerals or 

cementatious material will tend to reduce expansion. Collapse 

requires that there be a microfabric which is open by virtue 

of the presence of granular arrangements, connectors and 

aggregations in various proportions. It seems logical there- 

fore to suggest that a structure which exhibits both behaviours 

will require to be (1) desiccated (2) rich in swelling clay 

minerals, and (3) have a fabric which at least in part is 

comprised of open collapse prone arrangements. 

Microfabric therefore, appears to play a major role in the 

dual mechanism. If the fabric comprises (l) granular 

matrix regions which consist essentially of predominantly 

grain-grain contacts clothed with swelling minerals and. other 

materials, and (2) large numbers of either connectors, 

aggregations or both, which are each comprised of swelling 
clay mineral arrangements (this is the case in the Tucson and 



182. 

Maricopa deposits), then exp: lion will only occur over a 
limited range of applied stresses. This indeed has been 

found to be the case in the Tucson and Maricopa deposits, 

Table 7.2. 

On the other hand, if the fabric comprises (1) a matrix 

within which clayey regions predominate over clothed granular 

matrix regions, (with both the clayey regions and the clothing 
layers comprising swelling clay minerals), and (2) signif- 
icant numbers of either connectors, aggregations or both, 

which comprise swelling clay arrangements (this is the case 
for the Casenga clay), then expansion will occur over a 
larger range of applied stresses. This indeed app--ars to be 

the case in the Casenga deposit, Table 7.2. 

In summary, dual behaviour appears to be governed principally 
by microfabric which to some extent, reflects the amount, 
Dudley (1970), and distribution of clay material, and by 

composition, which serves to reflect the type of clay material.. 
Broadly speaking, for a given "cwellirg clay fraction and pro- 
viding all other factors are equal, the more open and granular 
the microfabric, the lower will be the critical pressure*. 
Conversely, the less open and granular the fabric, the higher 

is likely to be the critical pressure. Hence,, assumming 411 
other factors to be equal, the critical pressure in a dual 

behaviour soil is a function of the relative proportions, by 

volume, of (1) granular matrix regions, connectors, 

aggregations and (2) clayey matrix regions. 

Critical prdssure is the pressure below ich expansion occurs 
on wetting, and above which collapse occurs on wetting. It is 
sometimes referred to as the swelling pressure. 
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CHAPTER 8 

DISCUSSION AIM CONCLUSIONS 

1. To dato no suitable microfabric characterisation scheme has 

been available for use in the disciplines of engineering geology 

or soil mechanics. The schemes which are available have been 

devised for purposes other than engineering ones and primarily 

for use in the disciplines of soil pedology or soil science. 

They are too complex and detailed for engineering purposes and 

are therefore of little value in geotechnical engineering. 

Thus a characterisation scheme has been developed in this study 

which is suitable for engineering purposes. Its suitability 

may be substantiated from a number of general points of view. 

(i) It is relatively simple to apply. 
(ii) Its terminology is limited and easy to remember. 
(iii) It accounts for all levels of microfabric. 
(iv) It is consistent throughout all levels, up to and 

including the macrolevel, and will serve to link very 

well with macrofabric study. 
(v) It is not too specific at any one level and keeps in 

mind the global picture. 
(vi) It has been well tested on a wide and representative 

range of natural engineering soils, and is sufficiently 

comprehensive and so structured that it accounts very 

well for the previous microfabric concepts as well as 
the variety and combinations of microfabric forms likely 

to be encountered in natural engineering soils. 
(vii) It is flexible and open enough to allow for any 

additions and extensions that may have to be intro- 

duced as a result of future microfabric study. 
(viii) Apart from form or morphology, it is based on both 

genesis and mechanical function and is therefore in 

broad terms, truly geotechnical in character. 

(ix) It is independant of the technique of observation used. 
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In developing the scheme, the present study has considered four 
important aspects of soil microfabric. 

(a) The nature of individual microfabric forms. 
(b) The composite microfabric. 
(c) The relative abundance of individual microfabric forms 

within the composite microfabric. 

(d) Anisotropy within the composite microfabric. 

Considering those one by one. 

(a) The nature of individual microfabric forms. 

Three twain types of form are identified, namely, the 
Elementary Particle Arrangements, the Particle 

Asceablages, and the Pore Spaces. This approach is 

n totally new and simple one. 

Elementary Particle Arrangements involve essentially 
interaction between a small number of like constituent 

particles. Sub-forms and sub-divisions of sub-forms 

are identified on the basis of size, nature and mutual 

organisation of the constituent particles. These are 

as follows: (i) the random or parallel clay group and 

clay individual arrangements, (ii) the random clay 

cluster arrangements, (iii) the partly discernible 

clay configurations, (iv) the clean and clothed grain- 

grain contacts and (v) the organic arrangements. 

This is a rather novel, and broad approach, and while 
further sub-division is possible, particularly in the 

case of the random clay group and organic configurations, 

this would seen from the engineering viewpoint, to be 

rather pointless in the majority of cases. 

Particle aasemblagos are units of particle organisation 

which have definable physical boundaries and consist of 

arrays of one or more forms of elementary particle 

arrzungcmcntc or smallcr particle assemblages. Sub- 



U` 

forms and sub-divisions are identified on the basis of 
origin, mechanical function or morphology. The so 

called basic order particle assemblages include; the 

connectors (bridge and buttress); the aggregations 
(regular and irregular); the interweaving bunches; 

and the particle matrices or layer region systems (clay, 

granular and clay-granular). The so called higher 

order particle assemblages include; the microlenses; 

the microveins; and the microlayers. Again this is 

a novel and by design a broad view. 

Pore spaces are formed by or occur within and between 
the elementary particle arrangements, and the particle 

assemblages. The so called basic pores are those 

which have a specific relationship to the occurrence 

of the elementary particle arrangements, and particle 
assemblages and include the intra-elemental, the intra- 

assembiage (honeycomb), and the inter-assemblage pores. 
Higher order (trans-assemblage pores) are those which 

occur without any specific relationship to the occurrence 

of particular microfabric forms. This is not a 
totally new concept and is in fact in sympathy with, 

and an adaption of existing ones. 

(b) The Composite Microfabric. 

The term composite microfabric described and accounts 

for the spatial organisation and interaction of the 

various particle assemblages and any trans-assemblage 

pores or large embedded grains which are present. In 

non-layered soils it refers to the organisation and 
interaction of the various features to form the complete 

microfabric within the limits of the soil deposit 

boundaries. In the case of layered soils, the term 

composite microfabric is applied in two senses. Firstly, 

it is applied in the sense of the composite microfabric 

of individual layers, whether -they be macro or micro 
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layers and secondly, it is applied in the sense of the 

conpositc nicrofabric of the layered system. 

The tcri total corposite microfabric refers to the 

cation of all the individual composite microfabrics 

- of either individual soil masses or individual layers 

to form the composite microfabric of the total engineer- 
ing coil regime. Sub-divisions such as the total 

composite microfabric of the transported inorganic soil 

group are identified. These are of course, simplify- 

ing and novel concepts introduced specifically for the 

purposes of discussion. 

The genoral notion that soil microfabric may have a 

composite character involving the synthesis of a variety 

of different types and levels of force, is not of course 

a totally new one in as much as this is one of the 

principal features of the existing pedological fabric 

charactorication schemes. This study however, serves 
to eaphaaiso that such an approach must also be em- 

bodied in any engineering fabric characterisation scheme. 

(a) The Relative Abundance of Individual Microfabric Forms. 

Tho rolativo abundance of certain of the microfabric 

forma within the individual composite microfabric of 

non-lay ercd soils and of individual layers within 

layered coils, is considered using a two stage approach. 

Firstly, the relative abundance of the various sub- 

forms of elementary particle arrangement, basic order 

particle n: semblago and basic pore space are assessed 

to Eivo the co called primary relative abundances. 

Secondly, the relative abundance of the various 

elementary arrangements and basic order assemblage sub- 

divicione, is assessed to give the so called secondary 

relative abundances. This is a novel approach. it 

provides, for the first time, a way of expressing, 

using a concistent language, the relative extent to 
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which microfabric forms are involved within the com- 
posite microfabric. 

(d) Anisotropy Within the Composite Microfabric. 

Anisotropy within the composite microfabric of both 

non-layered soils and individual macro or micro layers 

within layered soils is assessed. The basic approach 
involves a consideration of the composite microfabric 

at three levels, namely, 5, u, 50, u and 500/1. Aspects 

of anisotropy, including degree of anisotropy, direc- 

tion of preferred orientation and principal feature or 
features inducing anisotropy are assessed at each of 
these three levels. This is not a totally new approach 

in the sense that it is generally recognised in engineer- 
ing studies that anisotropy does tend to vary with the 

level of fabric considered. However, this study 

strongly emphasises the need for such an approach, and 
the point of view that causal features are also extremely 

important. The particular levels were chosen after 

some thought and it is believed that these will be 

sufficient in the majority of cases. 

The prime deficiency of the scheme is that it does not lend 

itself to complete quantification. However, neither this nor 

any other acceptable microfabric characterisation scheme will 

ever be fully quantifiable due to the complex nature of soils. 
If any quantitative data does ever become available relating 

either to degree and direction of preferred orientation or pore 

size distribution, then this would serve as a valuable supple- 

ment. 

2. The scanning electron microscope has been applied fairly 

successfully to a large range of engineering soil types. It 

has proved to be highly versatile and, for the first time, this 

study has applied the scanning electron microscope over a full 

range of magnifications (x 20 to z 50,000) in a systematic 

manner. Previous scanning electron microscopy studies have 
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tended rather to concentrate on the higher ranges of magnifica- 
tion. By virtue of the wide application of the scanning 

electron microscope in this study, it becomes clear that the 

scanning electron microscope could be used in conjunction with, 
and to overlap with, visual and optical techniques at lower 

magnification and transmission electron microscopy study at 
higher magnifications. Thus a complete microfabric 

appreciation could be obtained. 

Difficulties were encountered in relation to assessment in the 

scanning electron microscope of the various aspects of"the 

characterization scheme devised in this study, such as the 

morphology and relative abundance of microfabric forms, along 
the degree and direction of preferred orientation. The main 

problem is that natural soil fabric tends to be highly complex 

at all levels and highly variable. Moreover, scanning electron 

microscopy is essentially a qualitative tool, and the quantitative 
techniques which are being developed have still to be evaluated 
for use with natural soil materials. Anyway, they only provide 
information relating to degree and direction of preferred 

orientation. It follows then, that scanning electron micro- 

scopy of natural soil fabric is highly subjective in nature. 
The need for a consistent and systematic approach which is 

painstakingly and meticulously applied to the study of fabric, 

was realized early in the project. This philosophy of thorough- 

ness must be applied to the selection of specimens as well as to 

fabric examination of specimens. 

The approach adopted and recommended herein involved selection 

of a minimum of six specimens, four of which provide roughly 

vertical surfaces, and two of which give roughly horizontal 

surfaces. These should be selected such that, as far as 

possible, representative portions of the overall texture are 
included. The fabric examination procedure involves essentially 

scanning each fracture surface at low magnifications, for re- 

presentative areas which are subsequently searched through at 

a full range of magnifications up to x 50,000 for representative 

I" 
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microfabric forms and features. In order to achieve as far 

as possible a realistic assessment, the techniques of over- 
lapping and stereophotography were utilised. Overlapping 

photography is particularly valuable for assessing the organisa- 
tion of the various basic and higher order assemblages etc., 

within the composite microfabric. Sequential stereopairs are 

also useful in this context, but perhaps their greatest 

attribute is in being able to assist in guarding against mis- 
interpretation of microfabric morphology. The techniques of 

overlapping and stereo-photography, used in this study, are by 

no means new, however, they have never before been applied in 

such a systematic and extensive manner to the, study of natural 

soil microfabric. 

Regarding specimen preparation and more specifically, the 

method of specimen dehydration for microscopy, the simple air 
drying technique has been employed. This method can, and has 

been easily applied to any type of soil texture. A preliminary 

critical point drying investigation to evaluate the detrimental 

effects of air drying when applied to wet kaolinite and illite 

clays was undertaken. The results of this investigation 

suggest that air drying induces densification, but does not 

alter the overall character of the microfabric of such soils. 

It has been confirmed that critical point drying does indeed 

tend to reduce the degree of overall shrinkage, and it would 

seem that a more realistic view of the character of the overall 

microfabric is obtained using this approach, than is obtained 

using air-drying. However, certain artefacts may be introduced 

by this technique, i. e. cracking, excessive grain plucking and 
some clay particle break-up. Thus, keeping in mind that it is 
the overall character of soil microfabric which is of prime 
interest in soil engineering, it is the recommendation of this 

study, that (1) air-drying be used in the case of essentially 

non-shrinkable soils, or soils where the shrinkage on drying is 

liable to be small, and (2) both air drying and critical point 
drying methods be used in the case of wet kaolinitic and illitic 

clays. 
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On balance then, the variety of microscopy procedures employed 

in this study, it is believed, have enabled a realistic 

appreciation of the character of the microfabrics of the soils 

examined, to be obtained. It cannot be over-stressed that 

above all, such procedures have been and require to be applied 

thoroughly and meticulously. 

Thus scanning electron microscopy study of natural engineering 

soil is an extremely time consuming, but highly rewarding 

operation, if it is carried out properly. 

3. This study has for the first time, provided an extensive 

catalogue of natural engineering soil microfabric, which serves 

to demonstrate the enormous microfabric spectrum which exists 

in nature. The soils included represent a diverse range of 

transported soil types, although the black soils from South 

Africa and Angola also serve to represent very well, the black 

residual clays of the world. A wide range of engineering soil 

types is also a feature of the catalogue. The mode of 

presentation of characterisation data was a subject which was 

given a great deal of attention. The method adopted for this 

study involves firstly giving a brief account of the geological 

and geotechnical background of the soil in question. This is 

followed by the microfabric characterisation data which is 

presented in written text under five headings (1) elementary 

particle arrangements, (2) particle assemblages, (3) basic 

pore spaces, (4) composite microfabric, and (5) anisotropy 

within composite microfabric. Certain summary figures are 

also provided together with a number of selected micrographs 

which illustrate the main features in vertical section. This 

approach would seem to be a reasonable and concise one. 

On the basis of the large number of 

view of the likely character of the 

fabric of either non-layered soils 

within layered soils, which mace up 

fabric of the transported inorganic 

been presented. 

observations made, a global 

individual composite micro- 

)r individual layers from 

the total composite micro- 

soil group as a whole, has 
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The principal conclusions drawn are: - 

(a) The total clay array in most of the individual composite 

microfabrics in which it occurs may be expected to die- 

play some degree of heterogeneity, albeit small in some 
cases. No single clay arrangement type is likely to dis- 

play either universal occurrence or clear dominance over 

the other types, in every individual composite microfabric. 

That is to say, the emphasis will tend to shift from random 
to parallel to partly discernible clay arrangements as 

passage is made from one individual composite microfabric 
to another. It seems probable that random and parallel 

clay arrangements will generally involve both clay groups 
(or clusters) and clay individuals. The clay individuals 

are likely to be of coarse clay size. 

(b) The total granular array, in most cases, is likely to be 

fairly homogeneous in character, probably being comprised 

in the main of clean rather than clothed grain-grain con- 
tacts. 

(c) It seems equally as likely that the basic order assemblage 

network will be either homogeneous and comprised entirely 

of a particle matrix, (or layer region systems where 

appropriate), or heterogeneous and comprised in the main 

predominantly of a particle matrix. Aggregations and 

connector systems are both likely to be encountered, often 

together, in many but not the majority of the basic 

assemblage networks, probably occurring in the 'rarely to 

frequently' range of abundance. Interweaving bunches are 

likely to be present in an extremely small number of cases 

only. - 

(d) Regarding the make up of the individual basic order 

assemblages; the matrix or layer region systems are likely 

to be homogeneous in some cases and heterogeneous in others, 

with the clay-granular regions likely to be prominent; the 



192. 

aggregation systems are in the main likely to be 
homogeneous in character, and composed of regular 

aggregations and the connector systems are likely on the 

whole, to be heterogeneous and comprised more or less of 
both bridges and buttresses in equal proportions. 

(e) Higher order clay or granular microvein assemblages, and 
even less so, clay microlenses, are likely to be infrequent- 
ly seen disrupting the basic assemblage network. It seems 

probable that in the main, microlayers will be present to 

some degree where layered systems are encountered. 

(f) The basic pore space in the vast majority of individual 

composite microfabrics is likely to be either wholly or 

predominantly of the intra-elemental variety. Trans- 

assemblage pores, of either irregular or wavy planar formtis, 

are likely to be encountered in a significant number of 

. cases. 

(g) It would seem that, in most cases, the individual com- 

posite microfabric will be essentially isotropic at the 

5001uß 50 }a and 5, u levels. Nevertheless in many cases 
the microfabric will exhibit a degree of anisotropy, which 

will vary as the level of fabric considered varies from 

500p to 5 fug but which will rarely be very high at the 

500,, u level. 

(h) On balance, it would appear that the individual composite 

microfabric will be heterogeneous to at least some degree 

in the vast majority of cases, due to heterogeneity at 

either the elementary particle arrangement, or particle 

assemblage level, or both. 

Therefore, probably the most important aspect of the natural 

individual composite microfabric to have been highlighted by 

the present micromorphology study is that generally speaking 
this will be comprised at either the elementary particle arra' ge- 
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ment, or particle assemblage level, or both, of more than one 
type of feature or form. The relative abundance of the 

various forms will vary from one individual composite micro- 
fabric to another. This multiple form situation will of course, 
be more pronounced in some cases than in others. Furthermore, 

the notion that layered soils are likely to be comprised of a 

number of different types of granular and clayey 1 avers has 

been emphasised. Also it is suggested that layered soils 

should in fact be considered as being multi-fabric in character. 

These important conclusions also serve to highlight perhaps the 

major deficiency of the majority of previous microfabric con- 

cepts. That is to say, the previous concepts while being 

perhaps realistic in the sense of the specific forms or con- 
figurations they portray, do in most cases largely imply uni- 
formity of configuration throughout all levels. 

Finally, it is strongly suggested that the question of whether 
or not the testing of laboratory prepared pure clay materials, 
which tend to have fairly homogeneous microfabrics and which 

are therefore, on the whole, unrepresentative of even the 

simplest of natural soil microfabrics, yields useful results 

should now be given serious consideration. It is the con- 
clusion of this study that the time has come for efforts to be 

directed more towards the study of natural soil systems or 

alternatively towards the derivation of more realistic 
artificial systems. 

4. The large number and range of microfabric observations made 
in this study have afforded the opportunity to examine the 

role played by some of the genetic factors in the development 

of engineering soil microfabric. 

The main findings are summarised briefly as follows: 

(a) Although it has been suggested previously by laboratory studies 
that significant preferred orientation of kaolin particles 

occurs under low pressures ("5 100 kýam2), (Section 6.2.2. ), 

there appears to be little or no support for the idea that 
this is the case for naturally compressed illitic or 
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kaolinitic clayey soils. 

(b) The long standing concept that dispersion or parallelirr 

of clay particles at deposition is associated with electro- 
lyte conditions between that of low and high would seem to 

have been reinforced to some extent. There is however, 

no evidence to suggest that a totally unique relationship 

exists between clay arrangement type and electrochemical 

environment. 

ýc) It has been confirmed and demonstrated that the presence 

of irregular and angular shaped silt grains, promotes dis- 

order at deposition, and tends to discourage overall pre- 

ferred orientation of parallel clay arrays and elongated 

and flaky silt grains. 

(d) It is possible that a haphazard grain and parallel clay 

array may in certain cases be the result of post-depositional 
deformation. 

(e) It would appear that the clay individuals, comprising clay 

arrangements, which häve been widely and frequently ob- 

served in this study, are not in the main clay minerals, 

but are in fact particles of inactive non-clay mineral 

material, e. g. quartz and feldspar. This view is not 

in conflict with, and in fact serves to support, the 

general opinion that clay mineral particles are more 

likely despite perhaps favourable electrolyte conditions, 

to form into some sort of clay mineral group or cluster 

configuration. 

ýf) It is tentatively suggested that for one-dimensionally 

compressed illitic clays a marine environment is more 

conducive to the formation of a heterogeneous basic order 

assemblage network and the associated inter-assemblage 

pores, than is either a brackish or freshwater environment. 

(g) Significant anisotropy of the composite microfabric of 
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soils or layers seems more likely to be significant in 

thecase of lightly one-dimensionally compressed estuarine 

and brackishwater deposits than in lightly compressed 

marine or freshwater deposits. 

(h) it would seem that very high one-dimensional compression 

does indeed tend to induce a parallel association of clay 

particles. This view would appear to be equally as valid 
for montmorillonitic clays as for kaolinitic clays. A 

tendancy for the overall preferred orientation of parallel 

clay arrays and flaky and elongated silt and sand is also 

probable. 

(i) The presence of irregular and angular shaped silt and sand 

grains will prevent overall preferred orientation (under 

one-dimensional compression), of parallel clay arrays and 

elongated and flaky silt and sand grains. In fact very 
high one-dimensional pressures coupled with a high bulky 

grain contact could conceivably lead to an isotropic 

configuration overall. 

(j) It would seem that weathering processes may in certain 

cases help to disrupt and transform a parallel clay array 

with a tendancy for overall preferred orientation into one 

which displays haphazard orientation. Moreover, it is 

possible that the in place disintegration of sand grains 

may result in the formation of clean grain-grain contact 

arrays. - 

(k) It would seem reasonable to suggest that heavy one- 

dimensional compression tends to break down and eliminate 

connector, aggregation and bunch assemblages, and their 

associated inter-assemblage pores, with the result being 

the growth of matrix assemblages and the increase in 

prominence of inter-elemental porosity. 

(i) A significant degree of anisotropy is likely to be dis- 

I 
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played by heavily one-dimensionally compressed coils, 

providing disruption from weathering processes has not 

operated and the bulky grain content is low. 

` (m) The involvement in clay arrangements of amorphous materials 

such as iron oxides and calcium carbonates may lead to the 

development of partly discernible configurations. 

(n) Desiccation of highly active montmorillcnitic clays may 
lead to very strong edge-edge intergrowth of wavy clay 

groups or quasi-crystals. Moreover, heavy three-dimension- 

al compression resulting from desiccation of such clays is 

likely to lead to the formation of randomly orientated 

planar trans-assemblage pores, (i. e. microfissures), which 

tend to follow grain surfaces, and to the development of 

haphazard and parallel clay arrays. The occurrence of 

edge-edge intergrowing within haphazard parallel clay 

arrays would seem to offer a reasonable explanation of the 

fact that in certain cases no matter the direction of the 

fracture plane, the same partly discernible pattern was 

observed in the scanning electron microscope. 

It must be emphasised that the views given above represent only 

rough trends which have been identified on the basis of the 

microfabric observations of the broad geological soil groups 
included. The factors which may influence microfabric de- 

velopment in the natural environment, of course, are numerous 

and interact in a complex manner and the difficulties and dar_gers 

involved in trying to isolate variables for study-has been 

recognised and highlighted. This study recommends that (1) 

results from investigations of laboratory prepared materials 

should serve merely as a guide and not as a basis for discuss- 

ion of microfabric genesis and (2) efforts should be directed. 

towards the much more valid but difficult tack of studying 

groups of selected natural soils for the purposes of isolating 

a particular factor or set of factors. 
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5. This study has examined the mechanisms of sensitivity, collapse 

and expansiveness from the microfabric viewpoint. This type 

of approach has proved to be extremely useful and has been 

shown to be essential to the understanding of these mechanisms 

of structural instability. 

The principal findings are swnraarised as follows: 

(a) Sensitivity 

It would appear that the mechanism of sensitivity involves 

the breakdown of a variety of open random clay particle 

configurations, particularly those involving clay groups 

and particles of inactive quartz and feldspar. This view 

serves to confirm and reinforce previous concepts. Clay 

clusters may also be involved in certain cases. Further- 

more it is emphasised that the mechanism may operate at the 

assemblage level as well as the elementary particle arrange- 

ment level, i. e. sensitivity may also be associated with 
the breakdown of open connector and connector-aggregate 

systems. 

It has also been well demonstrated and confirmed that 

while some type of open fabric may be considered to be 

a prerequisite for sensitive behaviour, it is only one of 
the factors involved and the processes of leaching and 
cementation, or both, must also be operative in order to 

produce high degrees of sensitivity. 

ýb) Collapse and Expansion 

It has been confirmed that from the microfabric viewpoint, 

purely collapsing behaviour appears to be associated 

principally with open granular matrices comprising clothed 

and clean grain-grain contacts. Open connector or reg- 

ular aggregation networks are also likely to play a 

significant role. in certain cases. It is necessary that 
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these arrangements be comprised of essentially non-swelling 
clay ninerals or iron oxides and carbonates, and. that the 

structure be moisture deficient. Moreover, the presence 
of irregular shaped trans-assemblage pores is likely to en- 
hance collapse. 

Expansion from the microfabric viewpoint appears to be 

associated with desiccated swelling clay and clay-granular 

matrices. In many cases the clay arrays will involve parallel 

clay group arrangements. The mechanism of expansion in 

such cases, appears to occur perpendicular to the basal 

planes of clay groups and to involve the breakdovm of edge- 

edge bonds. This tends to lead to an open arrangement of 
discrete clay groups (perhaps unit layers). In the case 

of preferentially orientated parallel clay arrays, expan- 

sion thus tends to be snisotropic, whereas in the case of 
haphazard parallel clay arrays, expansion tends to be 

essentially isotropic. 

The dual behaviour of expansion under light loads and 

collapse under heavier loads appears, from the microfabric 

point of view to be associated with the presence to some 
degree, of open clothed granular matrix regions, and 

connector or regular aggregation systems in combination 

with clay and clay-granular matrix regions. Again it is 

necessary that these arrangements be comprised of swelling 

clay minerals and that the structure be moisture deficient. 

The critical or swelling pressure for dual behaviour soils, 

appears to be inversely proportional to the degree to 

which clothed grain-grain contacts, connectors and 

aggregations are involved in the microfabric. 

Therefore, the role of microfabric in the structural instability 

mechanis. ns of sensitivity, collapse and expansiveness, has 

perhaps been placed into a clearer perspective. It has been 

emphasised that while a particular type of microfabric is a pre- 

requisite for a particular type of behaviour, it is only one of 

the factors involved. 
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6. Two features of general engineering significance emerge from 

the discussions of the previous sections, these are: 

(a) It would seem that any model of the general mechanisms of 

engineering behaviour such as compressibility, shearing or 

water conductivity must take account of the idea that 

natural soil microfabric is likely to be heterogeneous 

to some degree in the vast majority of cases and is sel- 
dom likely to display very high degrees of anisotropy. 
Any model which does not in some way incorporate the 

appropriate variety, relative abundance and levels of 

microfabric form, cannot account successfully for natural 

soil behaviour. On the same theme, when sampling in 

layered soils, consideration has to be given to the variety 

of layer types (classified according to composite micro- 

fabric) present in order to ensure that good representation 

is achieved. 

(b) Realistically speaking, it would seem to be generally 

impossible at this stage in time, to link successfully 

and directly, geology with engineering behaviour on the 

basis of microfabric study, owing to (i) the difficulties 

involved in assessing -the nature of natural microfabric, 

which is often complex, using the available study techniques 

which all have their limitations, (ii) the uncertainties 

which are associated with the geological history of partic- 

ular soil deposits and the difficulties involved in trying 

to assess the role played by the various genetic factors 

in raicrofabric development, and (iii) the difficulties 

associated with trying to establish the role played by 

microfabric in engineering behaviour. 
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RECO;. i? " MATIOI: FOP. FUTUPE' RESEARCH 

Future studies should endeavour to link microfabric with the 

other levels of fabric so that a unified appraise, is achieved, 

e. g. the 'total fabric' approach suggested by Derbyshire 

of al (1976). This means that the various techniques of 
fabric observation including the ücanning electron microscope 

will have to be employed in a co-ordinateä"manner. 

{ii) Further investigations are required to establish the value of 
the techniques of air-drying and critical point drying when 

applied to natural kaolinitic and illitic clays. Dehydration 

of vet and highly active natural clays remains a serious 

proble. T., and apart from the technique of freeze-drying, the 

carboti: ac - chloroform technique developed by Jalili (1976) 

could be useful in this regard. Developments in scanning 

electron microscopy, in the direction of 'cold stager tech- 

niques and in the application of qualitative x-ray analysis 

world seen to be desirdble. 

(iii It is important that the catalogue of natural engineering 

seil microfabric initiated? by the present study be extended 

to include not only more transported inorganic soils, but 

also soils from the residual and organic groups. It will be 

necessary to continually revise and define clearly the nature 

and range of natural soil microfabric. Presentation of 

microfabric data is another area for development, particularly 

from the point of view of routine fabric description, and 

any progress made will require to be consistent with the idea 

of total fabric description. 

(iv) Efforts should be directed towards studying groups of selected 

natural enrineerinC soils, ;., nci perhaps more realistic 

laboratory prepared materials for the purposes of isolating 

variables so that microfabric genesis and mechanisms of 
i 

en(i. nccrinc behaviour can be better understood. 



REFERENCES 

Aitchison, G. D. (1973). Problems of soil mechanics and const-n2etzor_ 
on soft clays and structurally unstable soils. Genera 
Report to Session 4., 8th Int. Conf. on S. M. F. E., Moscow. 
3., 161-190. 

lndra xes, I:. 7., Krishn2murthy, D. K., Barden, L. (1975a),. Fabric 
changes during deformation of orientated clays. Proc. Ist 
Baltic Conf. S. IS. F. E., Gdansk, Poland. 2., Sec. 1., 
13 - 23. 

Andrawes, K. L., Krishnarourthy, D. N., Barden, L. (1975b). Anisotrop;; 
of strength in clays containing plates of increasing size. 
Proc. 4th Southeast Asian Conf. on Soil Engng., Kuala- 
lunlpur. 102 6-12. 

Aylno: e, L. A. G. and Quirk, T. P. (1959). Swelling of clay water 
systems. Nature 183., 1752. 

Iylmore, L. A. G. and Quirk, J. P. (1960). Domain of turbostratic 
structure in clays. Nature 187., 1046. 

ß. S. 812. (19 75) m3thods for sampling and testing of mineral 
aggregates, sands and fillers. Part I Sampling, sizes shapo 
and classification. 

Barden, L. (1972a). The influence of structure on deformation cnc?. 
failure in clay soil. Geotechnique 22, No. 1., 159-163. 

Barden, L. (1972b). The relation of soil structure to the engineer- 
ing geology of clay soil. Q. Jnl. Engng. Geol. 5,85-102. 

Barden, L. (1973). Theme 2. Macro - and microstructure of soils. 
General Report. Appendix. Proc.. Int. Symp. on Soil 
Structure. Gothenburg. 21-26. 

Barden, L. and S: cGosm, A. (1973). Microstructural disturbance in 
soft clays resulting from site investigation sampling. Proc. 
Int. Symp. on Soil Structure, Gothenburg. 205-217. 

Barden, L., IScGozm, A., and Collins, K. (1973). The collapsing Mech- 
anism in partly saturated soils. Eng. Geol. 7., 49-60. 

Barden, L. and Sides, G. (1971). Sample disturbance in the investiga- 
tion of clay structure. Geotechnique 21, No. 3., 211-222. 

I3jerrum, L. (1967). Eng. Geol. of nor'vegian N. C. marine clays as 
related to the settle. of buildings. Geotechnique. 17., 
81-118. 

fljerrum, L. (1973). Problems of soil mechanics and construction on 
soft clajs and structurally unstable soils. General Report 
to Session 4.8th Int. Conf. on S. M. F. E., Moscow. 3. y 
111-159. 

13oclL. o, it. (1973). Types of microstructural elements and micro- 
porosity in clays. Proc. Int. Syrmp. Soil Structure, 
Gothenburg, Sweden, 97-103. 



Borst , R. L. and. Keller, W. D. (1969). Scanning electron micrographs of 
API reference clay minerals and other selected samples. Proc. 
Int. Clay Conz. Tokyo., 1., 871-901. 

Bowles, F. A. (1968). Microstructure of sediments. Investigation 

with thin sections. Science 159,1236-1237. 

Bowles, F. A., Bryant, W. R. and lrrallin, C. (1969). The microstructure 
of unconsolidated and consolidated marine sediments. . i1. 
Sed. Petrology. 39, No. 4., 1546-1551. 

Brewer, R. (1964). Fabric and mineral analysis of soils. flew 
York. John Wiley. 

Brink, A. B. A., and Kantey, B. A. (1.971). Collapsible grain structure 
in residual granite soils in southern africa. Proc. nth 
Int. Conf. 3,611-614. 

Buck, A. K. (1996). Mineral composition of the yazoo clay by x-ray 
diffraction methods. J1. Sed. Petrology., 26. No. 1.67. 

Bull, V. D. (1964). Alluvial fans and near-surface subsidence in 

western fresno country, california. Geol. Sur. Prof'. 
Paper. 437-A, Washington. 

Bur1and, J. B. (1965). Some aspects of the mechanical behaviour of 
partly saturated soils. Symp. 1ioisture Equilibria and 
Moisture Changes jr. Soils Beneath Covered Areas. 270-278. 

Burnham, C. P. (1970). The micromorpholo * of argillaceous sediments: 
particularly calcareous clays and silt stones. In. Soil 
Micromorphology (ed. Osmond D. A. and Bullock, P. ) Tech. 
Nonogr. Soil Our. Gt. Vr. No. 2., 83-96. 

Casagrsnde, A. (1932). The structure of clay and its importance in 
foundation engineering. Jnl. Boston Soc. Civ. Engng. 
19,168-208. 

Chan, IL. T. and Kenney, T. C. (1973). Laboratory investigation of 
permeability ratio of new liskeard varved soil. Canadian 
Gootechnical Jnl., 10., 453-472. 

Chandler, R. J. (1972). Lias clay: weathering processes and their 
effect on shear strength. Geotechnique 22.11o. 3., 
403-431. 

Crosby I. B. (1934). Evidence from drumlins concerning the glacial 
45ý historj of the boston basin. Bull. Geol. Soc. Am., 

135. 

De Bruyn, C. ii. A. (1963). Swelling characteristics of a decomposed 

norite soil profile at onderstepoort (transvaal). 3rd 
Reg. Conf. for Africa on Soil Mech. and Found. Enrng. I., 
27-30. 

De Bruyn, C. M. A., Collins, L. W., and Williams, A. A. B. (1957). The 

specific surface-water affinity and potential expansivenec 
of clays. Clay Minerals Bull. 3., No. 17., 124-127. 



ll-ý 

Derbyshire, B., IdcGown, A., and Radwan, A. (1976). 'Total' fabric 
of some till landforms. Earth Surface Processes., l., 
17-26. 

Derosiewicz, H. (1958). Mechanics of granular matter. Advances 
in Applied Mechanics, V., 233-306. 

Dudley, J. G. (1970). Review of collapsing soils. Proc. Am. Soo. 
Civ, Engrs. 96.925-944. 

Dudley, J. G. (1973). Private communication. 

Eden, W. J. and Bozozuk, M. (1962). Foundation failure of a silo on 
varved clay. Engng. J. of Canada 45,9.54-57. 

Emerson, W. j"I. (1962). The swelling of calcium mont. due to water 
absorption: (1) water uptake in the vapour phase. 
31-39. (11) water uptake in the liquid phase. 40-45" 
Jnl. Soil. Science. 13., No. 1. 

Engelhardt, W. V. and Gaida, K. H. (1963). Concentration changes of 
pore solutions during compression of clayey sediments. 
Jnl. Sod. Petrology,, 33., No. 4., 919-991. 

Feda, J. (1975). Changes of soil structure in deformation processes. 
Proc. of the 1st Baltic Conf. Soil Mech. and Found. Engng., 
Gdansk. 1., 61-79. 

Fookes, P. F., and Best, R. (1969). Consol. characteristics of some 
late Pleistocene periglacial metastable coils of east 
kent. Q. Jnl. En, ng. Geol., 2., No. 2., 103-21$. 

Foster, R. H. and De, P. K. (1971). Optical and electron microscopic 
investigation of shear induced structures in lightly 
consol. (soft) and heavily consol. (hard) kaolinite. 
Clays and Clay Minerals. 19., 31-47" 

Foster, F. (1973). Analysis of soil microstructure. Proc. Int. 
Symp. Soil Structure, Gothenburg, Sweden. 5-13. 

Foster, R. H. and Evans, J. S. (1971). Image analysis of clay fabric 
by Quantirnet. The Microscope. 19., 4th Qtr. 377-401. 

Frydman, S. (1972). Private communication. 

Gabr, A. W. A. (1975). Disturbance and macrofabric effects on the 
measured properties of soft alluvial deposits in Central 
Scotland. Unpublished Ph. D. Thesis, University of Strathclyde. 

George, T. N. (1958). The geology and geomorphology of the Glasgow 
district. The Glasgow Regional Br. Assoc. Handbook. 
17-61. 

Gillot, J. E. (196$). Clay in engineering geology, Elsevier Publ. 
Co. p New York. 



Gillot, J. E. (1970). Fabric of leda clay investigated by optical, 
electron optical x-ray diffraction methods. Engng. 
Geol. 4., 133-53. 

Giliot, J. E. (1973). Methods of sample preparation for micro- 
structural analysis of soils. Proc. 4th Int. Working 
Meeting on Soil Micromorphology - Soil Microscopy, 
Ontario, Canada. 143-164. 

Goldschmidt, V. H. (1926). IIndersokelser over lersedimenter; nordisk 
jordbrugsforskning. Nos. 4-7., 434-445. 

Greene-kelly, R. 9 and Mackney, D. (1970). Preferred orientation of 
cl ;y in soils: the effect of drying and wetting. Tech, 
Monograph No. 2. Agricultural Research Council, Soil 
Survey. 43-52" 

Greene-kelly, R. (1973). The preparation of clay soils, for 
determination of structure. Jnl. Soil Science, 24., 
No. 3., 277-283. 

Grim, R. E. (1968). Clay mineralogy. 2nd Edition, McGraw-hill, 
New York. 

Gromo- G. J. (1969). Planned field testing on expansive clay soil. 
Proc. 2nd Into Conf. on Expansive Clay Soils, Texas A. & 
H. Univ., College Station, Texas 

Hammond, C., Moon, C. F. and Smalley, I. J. (1973). High voltage 
electron microscopy of quartz particles from post-glacial 
clay coils. Jnl, of Materials Science. 8., 509-513. 

Harrison, S. S. (1975). Turbidite origin of glacio 1 acustrine 
sediments, woodcock lake, pennsylvania. Jnl. of Sed. 
Petrology. 45., No. 3., 738-744. 

Horta da Silva, J. A. (1971a). Geology and engineering behaviour 
of expansive clay from casenga region - luanda. 5th Reg. 
Conf. for Africa on Soil Mech. and Found. Engng. Luanda, 
Angola, 1-31 / 1-40. 

Horta da Silva, J. A. (1971b). Relationships between the collapsing 
soils of the luanda and luso regions. Fifth Reg. Conf. 
for Africa on S. M. F. E., Angola. 1-10. 

Horta da Silva, J. A. (1974a). Influence of geological - geotechnical 
factors upon foundation design, building planning and 
slope stability in luanda city. 2nd Int. Conf. of Init. 
Assoc. of Engng. Geol. S. Paula. 1.2 111-13.1., 
111-13.7. 

Horta da Silva, J. A. (1974b). Private communication. 

Ingram, R. L. (1953). Fissility of Mudrocks. Bull. of the Geol. 
Soc. of America., 64., 869-878. 



Jalili, A. K. A. (1976). Pore size 
properties of compacted 
Univo of Strathclyde. 

distribution and. engineering 
clays, Unpublished Ph. D, Thesi sy 

Jarrett, P. ti. (1972). The effec4c of soil strracturo on the engineer- 
ing behaviour of a sensitive clay. Q. Jnl. Engng. Geol. 5- 
11o. 1/2., 103-109. 

jorninga, J. E. (1973). The engineering significance of constructions 
on dry subsoils. Proc. 3rd Int. Con?. Expansive Soils. Haifa. 
2.27-32. 

Jennings, J. E. and Knight, K. (1957). The additional settlements of 
foundations due to a collapse of structures of sandy soils 
of wetting. Proc. 4th Int. Conf. on S. M. P. E. 1. ý 
316-319. 

Jennings, J. E. and Kcrrich, T. E., (1962). The heaving of buildings 
and the associated economic conseauences, with particular 
reference to the orange free state goldfields. The Civil 
Eng, in South Africa, Trans. S. A. I. C. E., 4. 

Johnson, L. D., Sherman, S"l. C., and McAnear, C. L. (1973). Field test 
sections on expansive clays. Proc. 3rd Int. Conf. Exp. 
Soils., Haifa, Israel., 1., - 239-248. 

Kaswiff, G. y Koraorrik, ;. 9 Wiseman, G. ' and Zeitlen, J. G. (1965). 
Studies and design criteria for structures on expansive 
clay.. Int. Res. and Engng. Conf, on Exp. Clogs, Texas 
A. and I'. Univ. Press. 276. 

Kazi, A., amd- Molln , J. (1973). Effect of leaching on the fabric of 
normally consolidated marine olajs. Proc. of Int. Symp, 
on Soil Structure, Gothenburg, Sweden., 137-152. 

Kenney, T. C., and Chan, H. T. (1972). Field investigation of permea- 
bility ratio of new liskeard varved soil. Canadian Geo. 
Jnt., 3-0., 473-488. 

Koff, C. L., Polyaktiv, A. S., and Sergeev, E. P"1. (1973). Changes in 
nicrotexture of marine clay sediment: during their di-, L- 
Genesis. Proc. Int. Symp. Soil Structure, Gothenburg, 
Sweden. f 227-242. 

Lornorrdk, A.. Jisen: an, G. and. Ben Yaacob, Y. (1969). Studies of in- 
situ rloisturü and swelling potential profiles. Second 
: int. Con?. on Expansive Clay Soils, Texas. 348-361. 

Koriz_;., 1. A. är, d Fnustova, tI. A. (1964). Microfebric of modern and 
old. moraines. Soil Iiicromorpholoky. Proc, 2nd Int. 

'Working Meeting on : 3oi1 INicromorpholo r, Netherlands. 
Ed. A. Jongerius, Elsevier Pu ].. Co., 333-338. 

F.; iis"1-ýncj urthy, D. H. (1974). Strength anisotropy and mechcrizm of 
c efornn tion aid failure of orientated cloys. Ph. D. 
Thesis. Univ. of StraThc7ýdeý Glasgow. 



Kubiena, W. L. (1938). Micropedology. Collegiate Press. Inc. 
Ames. Iowa. 

Lafeber, D. (1963). On the spatial distribution of fabric elements 
in rock and soil fabrics. Proc. Aust. N. Z. Conf., 
S. I"S. F. L., 4th Adelaide. 185-199. 

Lafeber, D. (1963). On the spatial distribution of fabric elements 
in rock and soil fabrics. Proc. Aust. 7 N. Z. Conf. 
5. Ii. F. E. 4th Adelaide. 185-199. 

Lafeber, D. (1964). Soil fabric and soil mechanics. Int. Soil 
INiicromorphology. Ed. A. Jongerius, Elsevier Amsterdam. 
351-360. 

" Lafeber, D. (1966). Soil structural concepts. Engng. Geol., 1. 
No. 4., 261-290. 

Lafeber, D. (1968). Discussion on Morgernstern and ichalenko, (1967) 
Geotechnique., 18. E 379. 

Lafeber, D., and Willoughby, D. R. (1971). Fabric symmetry and 
mechanical anisotropy in natural soils. Proc. 1st lust., 
N. Z. Conf. on Geomechanics, Melbourne. 1., 165-174. 

Lambe, T. 11. (1953). The structure of inorganic soils. Proc. 1, m. 
Soc. Civ. Engrs., 79. E Publ. ITo. 315. 

Laube, T. W. (1958). The structure of compacted clay. Proc. Am. 
Soc. Civ. Er_grs., 84., SM2., 1-34. 

L arionov, A. K. (1965). Structural characteristics of loess soils 
for evaluating their constructional. properties. Proc. 
6th Int. Conf. S. M. F. E. 1., 64-68. 

La Rochelle, P. 2 Trak, B., Tavenas, P., and Roy, M. (1974). Failure 
of a test embankment on a sensitive clay deposit. Can. 
Geot. Jnl,. Vol. 11., No. 1.9 142-164. 

La, Rochelle, P. (1974). Private communication. 

Lo, Y. -Y., and Sterinac, A. G. (1965). Failure of an embankment founded 
on a varved clay. Can. Geot. Jnl., Vol. 2., No. 3., 
234-253. 

NcConrachie, I. (1971). Electron microscopy of the consolidation of 
a kaolin. Ph. D. Thesis, Univ. of Glasgow. 

1"icConnachie, I. (1974). Fabric changes in consolidated kaolin. 
Ceotechnique. 24., No. 2., 207-222. 

fcGown, A. (1973). The nature of the matrix in glacial ablation tills. 
Proc. Int. Symp. Soil Structure. Gothenburg, Sweden. 87-96. 



McGowm, A., Sali, A. S., and Radwa�n, A. M. (1974). Fissure patterns 
and slope failures in till at Hurlfordp Ayrshire. Q. JYni. 
Engng. Geol., 7., 1-26. 

I"IcGoim, A. (1975). Genetic influences on the nature and properties 
of basal melt out tills. Unpublished Ph. D. Thesis. Univ. 
of Strathclyde. 

ticGoim, A., and Radwan, A. M. (1975). The presence and influence of 
fissures in the boulder clays of west central scotland. 
Can. Geot. Jnl., 12. No. 1., 84-97" 

1ScGown, A., Anderson, W. F., and Radwan, A. M. (1975). Geotechnical 
properties of the tills in west central Scotland. Symp. 
on Engng. Behaviour of Glacial Materials. The Midland 
Soil Mech. Found. Engng. Soc. 

I. IcGot, -n, A., and Derbyshire, E. (1977). Genetic influences on the 
engineering properties of tills. Q. Jnl. Engng. Geol. 
(in press). 

I"Iarsland, A. (1971). The shear strength of stiff fissures claZrs. 
Build. Res. Stn., Current Pap. 21/71., 1-8.. 

Hassland, A. and Butler, M. E. (1967). Strength measurements on stiff 
fissures bartop clay from Fawley, Hampshire. Proc. Geot. 
Conf., Oslo. 1., 139-145. 

Martin, R. T. (1971). Private communication. 

Matalucci, R. V., Shelton, J. W., and Abdel-Hady, N. (1969). Grain 
orientation in vicksburg loess. Jnl. Sed. Petrolo&y., 
39., No. 3., 969-979" 

I"iatsuo, S. I. 2 and Kamon, N. (1973). Microscopic research on the 
consolidated samples of clay soils. Proc. Int. Symp. 
Soil Structure, Gothenburg, Sweden. 194-199. 

Meade, R. H. (1964). Removal of water and rearrangement of part. 
during the compaction of clayey sediments - review. U. S. 
Geol. Sur. Prof. Paper., 497"B., B1-B23. 

INieade, R. H. (1964). Factors influencing the early stages of the 
compaction of clays and sands -- review. Jnl. of Sed. 
Petrology., 36., No. 4., 1085-1101. 

Mellors, T. (1971). Private communication. 

Milligan, V., Soderman, L., and Rutka, A. (1962). Experience with 
canadian varved clays. Proc. of A. S. C. E. Jnl. S. N. F. 
Div., 88. S. I4.4., 31-67. 

Mitchell, J. K. (1956). The fabric of natural clay and its relation 
to engineering properties. Proc. High. Res. Board. 35, 
693-713. 



Mitchell, J. K. (1976). Fundanentals of soil behaviour. John 
Wiley and Sons Inc., New York. 

Mitchell, J. K. and Jack, S. A. (1966). The fabric of soil-ce, nent 
and. its formation. Proc. 14th Nat. Conf. Clays and C7. a. % 
Minerals., 297-305. 

Mitchell, J. K. and Houston, W. N. (1969). Causes of clay sensitivity. 
Jnl. Soil P. Z. F. Div., Proc. A. S. C. E. 95., No. SM3., 
845-871. 

Mitchell, B. D. and Jarvis, R. A. (1956). The soils of the country 
round Kilmarnock. Kern. Soil Sur. Grt. Br. Scotland,, 
H. I:. S. 0. 

Holler, H., and Stalhos, G. (1965). Beskrivning till geologiska 
kartbladet. Stockholm N. V. Sverges. Geologiska. 
Undersokning. Stockholm. 

Monroe, W. H. (1954). Geology of Jackson area Mississippi. Bull. 
of the U. S. Geol. Sur. 986. 

Noon, C. P. (1972). The microstructure of clap sediments. Earth 
Science Reviews. 8., 303-321. 

noon, C. F. (1575). The failure mechanism of quick clay coils: a 
model approach. Proc. Syrup. E, gnr. Behaviour of Glacial 
Materials, Birmingham Univ., England. 36-41. 

Morgernstern, N. R. and Tchalerko, J. S. (1967a). me optical deter- 
mination of preferred orientation in clays and its applica- 
tion to the study of microstructure in consolidated raolj. n. 
1. Proc. Royal Soc. A., 300., 218-234. 

tdorgernstern, I1.. R. and Tchalenko, J. S. (1967b). The optical de, ier-- 
mination of preferred orientation in clays and its appiic. i- 
tion to the study of microstructure in consolidated kaolin. 
11. Proc. Royal Soc. A., 300., 235-250. 

I. Iorgernstern, N. R. and Tchaler-hog J. S. (1967c). Microscopic stxuic-t- 
ures in kaolin subjected to direct shear - Geotechnique 17, 
309-328. 

lýiüller, G. (1967). Methods in sedimentary petroloM, " section on degree 
of roundness according to Russell-Taylor Pettijohn (after 
Schneiderholm). 100-101, Hafner, New York. 

rlovias-Ferreira, H., and Horta da Silva, J.. A. (1973). Luanda 
expansive clays and laboratory appreciation criterial. 
Proc. 3rd Int. Conf. Exp. Clay, Haifa, Israel., 1., 
53-60. 

Oatley, C. U°T., Nixon, W. C. and Pease, R. F. W. (1965). Adv. in electro- 
nics. Electron Phys. 21., 181-247. 



O'Brien, N. R. (1970). The fabric of shale - an electron micros_pace 
study. Sedimentology, 15., 229-246. 

O'Brien, W. R. (1971). Fabric of kaolinite and illite floccules. 
Clay and Clay Minerals., 19., 353-359- 

Odom, I. E. (1967). Clay fabric and its relation to structural 
properties in mid-continent Pennsylvanian sediments. Jnl. 
Sed. Petrolop*, 37", 610-623. 

Olsen, H. W. (1962). Hydraulic flow thru' saturated clays. Proc. 
of 9th Nat. Conf. on Clay and Clay Minerals. 131-161. 

Ostrey, R. C. and Deane, R. E. (1963). Microfabric analysis of tills. 
Bull. Geol. Soc. Am. 74., 165-168. 

Price, R. J. (1969). Moraines, Sandur, names and Eskers, near Breica- 
merkurjokull, Iceland. Trans. Inst. Brit. Geogr. Publ. 
No. 46., 17-43. 

Pusch, R. (1966). Quick clay microstructure. Engng. Geol. 3., 
433-443. 

Pusch, R. (1970). Microstructural changes in soft quick clay at 
failure. Can. Geot. Jnl. 7., No. 1., 1-7. 

Pusch, R. (1971). The influence of stress on clay microstructure. 
A study of pre-quaternary and quaternary clay sediments. 
Byggforskningen Rapp. R 13., 1971. 

Pusch, R. (1973). Influence of salinity and organic matter on the 
formation of clay microstruct'ire. Proc. Int. Symp. Soil 
Structure, Gothenburg, Sweden., 161-174. 

Quigley, R. N. and Thomson, C. D. (1966). The fabric of anisotropically 
consolidated sensitive clay. Can. Geot. Jnl., 3., No. 2. 
61-73. 

Quigley, R. M. and Ogunbadejo, T. A. (1972). Clay layer fabric and 
oedometer consolidation of soft varved clays. Can. Geot. 
Jnl., 9., No. 2., 165-175. 

Quirl:, J. P. (1968). Particle interaction and soil swelling. 
Israel. Jnl. Chemistry. 6., 213-234. 

Roscoe, K. H. (1967). Contribution to discussion of session 11, 
Geotechnique Con., Oslo. 11., 167-170. 

Rosenqvist, I. T. (1959). Physico-chemical properties of soils. Proc. 
Am. Soc. Civ. Engng. 85., Si12., 31-53. 

Roue, P. 11. (1968). The influence of geological features of clay 
deposits on the design and performance of sand drains. 
Proc. Inctn. Civ. Engrs., London. Suppl. 1-72. 



Rowe, P. (1972). The relevance of soil fabric to site investigatio. ) 
practice (Twelfth Rankine Lecture). Geotochnique 22., 
Zio. 2., 195-300. 

Scanning Electron Microscopy (1970) 3rd. Ann. Symp., Chicago. 

Schofield, R. K. and Samson, II. R. (1954). Flocculation of kaolinite 
due to the attraction of oppositely charged crystal faces. 
Faraday Soc., London. Discussion 18.135-145. 

Seed, H. ß., Mitchell, J. K. and Chan, C. K. (1962). Swell and swell 
pressure characteristics of compacted clays. High. Res. 
Board. Bull. 313.12-39. 

Seed, H. B. and Chun, C. I. P. (1959). Compacted clay-stinacture and 
strength characteristics of compacted clays. Proc. 
A. S. C. E., Si-15., 85., 87-128. 

Sissons, J. B. (1970). Geomorphology and foundation conditions 
around grangemouth. Q. Jnl. of Engng. Geol., 3., No. 3. 
183-191. 

Skempton, A. U. (1948). A study of the gcotechnical properties of 
some post-glacial clears. Geotechrique. 1., 7-22. 

Skempton, A. W. and Northey, R. D. (1932-1953). The sensitivity of 
clays. Geotechnioue. 111., 30-53, 

Skerapton, A. U., and Petley, D. F. (1968). The strength along 
structural discontinuities in stiff clays. Proc. of the 
Geot. Conf., Oslo. 11., 3-20. 

Sloane, R. L. and Kell, T. F. (1966). The fabric of mechanically 
compacted kaolin. Proc. 14th Net. Conf. Clays and Clay 
Minerals. 289-296. 

Smalley, I. J. and Cabrera, J. A. (1969). Particle association in 
compacted kaolin. Nature 222.80-81. 

Smalley, I. J. and Cabrera, J. A. and H nmor. d, C. (1973). Particle 
nature in sensitive --oils and its relation to soil 
structure and geotechnicel properties. Proc. Int. Symp. 
Soil Structuro, Gothenburg, Sweden. 184-193. 

Smart! P. (1966a). Optical microscopy and soil structure. Nature 
210., 1400. 

Smart, P. (1966b). Particle arrangements in kaolin. Proc. 15th 
Nat. Conf, Clays and Clay Minerals. 241-254. 

Smart, P. (1967). Soil ci1ructure, mechanical properties and. elec- 
tron microscopy. Ph. D. Thesis, Univ. of Cambridge. 

Smart, P. (1969). Soil structure in the electron microscope. 
Proc. Int. Conf. Structure, Solid Mech. Eng. Des. Civil 
Eng. =Mater., 21/1-21/7. Univ. of Southampton, England. 



Smart, P. (1971). Discussion - stress strain behaviour of soils, 
Proc. Roscoe Memorial Symp. Cambridge Univ. 253-255- 

Smart, P. (1973a). Electron microscope methods in soil micromorphology. 
Proc. 4th Into Working Meeting on Soil 2ýZicromorpholo r- 
Soil Microscopy, Ontario, Canada. 190-206. 

Smart, P. (1973b). Statistics of soil structure in electron micro- 
scopy. Int. Symp. Soil Structure, Proc. Gothenburg, 
Sweden. 69-76. 

Smart, P. (1973c). Structure of a red clay soil from Nyeri, Kenya. 
Q. Jnl. Engng. Geol. 6., No. 2., 129-139. 

Smart, P. (1975). Soil microstructure. Soil"Science, 119., 
110.5., 385-393. 

Soil Mechanics Limited. (1973). Private communication. 

Stocker, P. T. (1969). The structure and smelling of divalent 
montmorillonites -a review. ! lust. Road. Res., 3., 
No. 9", 50-71. 

Stoops, G. (1973). Optical and electron microscopy. A comparison 
of their principles and their use in micropedology. Proc. 
4th Int. Working Meeting on Soil Micromorphologr-- Soil 
Microscopy, Ontario, Canada. 101-118. 

Sultan, H. A. (1969). Foundation failures on collapsing soils in 
the Tucson, Arizona area. 2nd Conf. Exp. anti Coll. 
Soils, Texas A. and M. Univ. 394-398. 

Tan, T. K. (1957). Report on soil properties and their measurement. 
Proc. 4th Int. Conf. S. M. F. E. 3.9 87-89. 

Tavenas, F., and Chagnon, J. Y., and La Rochelle, P. (1971). The 
saint jean Vianney landslide: observations and eye witness 
accounts. Canadian Geot. Jnl., 8., No. 3., 463-478. 

Terzaghi, K. (1925). Erdbaumechanik auf Bodenphysikalischer 
Grundlage Deuticke. Vienna. 399" 

Terzaghi, K. and. Peck, R. B. (1948). Soil mechanics in engineering 
practice. John Wiley and Son Inc., New York. 

Tovey, N. K. (1970). Electron microscopy of clays. 1., Ph. D., 
Thesis. Corpus Christi College, Cambridge. 

Tovey, N. K. (1970). Techniques in scanning electron microscopy. 
A series of lectures on techniques of scanning electron 
microscopy of soils and geological materials. Instru- 
mentation Course, Corpus Christi College, Cambridge - 
CUED/C Soils LN6. 

Tovey, N. K. (1973a). Techniques of observation and methods of 
quantification. General Report. Theme 1. Int. Symp. on 
Soil Structure, Gothcriburg, Sweden - Appendix. 1-20. 



Tovey, INK. (1973b). Quantitative analysis of electron micrographs 
of soil structure. Int. Syrup. Soil Structure. Proc., 
Gothenburg, Sweden. 50-57. 

Tovey, N. K. and Uong, K. Y. (1973a). The preparation of soils and 
other geological materials for the S. E. M. Proc. Int. 
Symp. Soil Structure, Gothenburg, Sweden. 59-67. 

Tovey, N. K. and Wong, 'K. Y. (1973b). Some aspects of quantitative 
measurement from electron micrographs of soil structures. 
Proc. 4th Int. working Meeting on Soil Micromorphology - 
Soil Microscopy, Ontario, Canada. 207-222. 

Tovey, N. K., Frydman, S., and Wong, F. Y. (1973). A study of a 
swelling clay in the scanning electron microscope. 
Proc. of Third Int. Conf. on Expansive Soils., Haifa, 
Israel., 2., 45-54. 

Unified Soil Classification System (1953). T©ch. Men, * No. 3-357. 
Waterways Experimental Station, Vicksburg, massachussetts. 
Corps of Engineers, U. S. Army. 

Van Olphen, H. (1963). An introduction to clay colloid chemistry. 
John Wiley and Sons., New York. 

Yong, R. N. and Sheeran, D. E. (1973). Fabric unit interaction and 
soil behaviour. Proc. Into S3mp. Soil Structure, Gothen- 
burg, Sweden. 176-183. 

Yong, R. N. and 1'larkentin, B. P. (1975). Soil properties and 
behaviour. Developments in Geotechnical Engineering 5. 
Elsevier Publ. Co. 

Yoshinaka, R., and Kazama, H. (1973). Microstructure of compacted 
kaolin clay. Soils and Foundations., 13., No. 2., 
Japanese Soc. of S. M. F. E., 19-34. 



APPENDIX A 

List of soil materials examined in the 

scanning electron microscope but not 

included in this thesis. 

(1) NATURAL SOILS 

(a) Marine silty clay - Erskine, Scotland. - Barden & McCown 
(1973) 

(b) Marine silty clay - Singapore. - Barden (1972) 

(c) Marine clay - Waddesdon, England. - Barden (1972) 

(d) Estuarine silty clay - Immin&ham, 
England. - Barden (1972) 

(e) Estuarine silty clay - Govan, Scotland. - Gabr (1975) 

(f) Estuarine sands and silts - Shannon, 
Eire. - (Soil Mechanics Ltd) 

(g) Loess - Maidstone, England. 

(h) Melt out tills - Blaisen, Norway; 
Reeks, Eire. 

(j) Residual soils - various grades of 
weathering - Curitaba and Itapevi, 
Brazil. 

- Mellors (1971) 

- McGown (1975 

- Clemency (1974) 

11) LABORATORY PREPARED AND RECONSTITUTED MATERIALS 

(a) One-dimensionally compressed 
(pe = 300 k1/m ) and sheared (plane 

strain) kaolinite, illite and mica- 
kaolinite mixtures. - Andrawes et al 

(1975 a, b) 
(b) Bentonite / sand mixture - slurried 

and air-dried. - Dudley (1973) 

(c) Marine clay - Luanda, Angola - re- 
constituted and compacted samples 
(wet and dry of optimum). - Horta da Silva 

(1974b) 



APFE! JDIX (B) 

CRITICAL POINT DRYING INVESTIGATION 

B. 1. APPARATUS. 

B. 1.1. Apparatus for Trimming and Containing Specimens. 

The trimming apparatus is shown clearly in Fig. B. 1. and consists 

essentially of a perspex base upon which is mounted two sets of 

perspex spacer blocks spaced 40 mm apart. The blocks are arranged 

as shown such that a gap exists between them which is just sufficient 
to allow a fine diameter cheese wire cutter and thin specimen 

support plates to be inserted. The arrangement thus facilitates 

the trimming of specimens down to approximately 10 mm square cross 

section. The specimen containers are also shown in Fig. B. 1. and 

can be seen to consist of a cage with a good fitting lid both of 

-which are made from a perforated mesh of light, but fairly rigid 

metal alloy. The inside dimensions of the assembled containers 

are just over 30 x 10 x 10 mm. 

B. 1.2. Apparatus for Methanol Substitution. 

The apparatus set up for the substitution stage of the critical 

point drying procedure is illustrated schematically in Fig. B. 2. 

and in essence is the same as that employed by Smart (1966b). As 

shown this consists basically of the following components: 

1. Crystaline container (150 mm diameter 100 mm deep). Fitted 

at its base with a drainage / filler tap. 
2. Glass cover for container. 
3. Crystaline dishes approximately 20 x 25 x 75 nm. 
4. Rubber tubing fitted to funnel and stand. 

8.1.3. Apparatus for Critical Point Drying. 

The critical point drying apparatus, shown in Figs. D. 3. and B-4., 

was supplied by Polaron Equipment Limited, Watford, Hertfordshire. 

It consists of the following component parts. 



1. Pressure vessel with integral water jacket for heating and 
cooling and pressure chamber plus supporting stand, The 

normal operating range of the pressure chamber is 0- 141,1 

and 10 - 50°C. 

2. Pour pressure control valves (i) over pressure safety valve 

set at 1.4 1, II1/m2, (ii) manual inlet valve at the top rear of 
the vessel body for admitting liquid Cot to the chamber. A 
transfer pipe with couplings connects the apparatus to the 

Co 2 high pressure cylinder, (iii) manual drain valve at 
bottom rear of the vessel body for draining methanol, (iv) 

manual vent valve situated at top front of the body for vent- 
ing gas from chamber. 

3. Pressure uage. (0-14 P'a1Jm2) at top front of veoyel body. 

4. Thermometers, at top front for measuring the temperature of 

pressure vessel body and to rear at the water inlet for 

measuring water temperature. 

5. Detachable viewing window at front end of pressure vessel. 
6. Removable access. door to pressure chamber. 

7. Boat shaped specimen holder inside di. iersiono 12 x 12 x 75 r, 1r.,. 
and integral automatic drain valve in bottom. 

B. 2. PROCEDURE. 

The steps performed in the critical point drying investigation are 
detailed as follows: 

1. Nine specimens of each soil were trimmed to 10 x 10 x 30 mm. 

approx, from wet bulk samples, using the trimmer device and 

placed in the perforated specimen containers. 
2. Three contained specimens were then taken and air-dried in the 

manner described in Section 4.3.1. In the case of the Lake 
Portchartrain clay three specimens were also oven dried at 
105°C. 

3. The remaining six specimens (three in the case of Lace Port- 

chartrain clay) were then subjected to impregnation by 

methanol using a substitution apparatus. Two methods were 

employed, one involving the direct immersion of specimens in 



a solution of 100% methanol and the other involving immersion 

of specimens in successive aqueous solutions of increasing 

concentrations. Methanol / water mixtures of 25%, 50%, 75% 

and 100 were used. In both methods, specimens were placed 
in the crystaline dishes in order to ensure that specimens 

were not exposed to the atmosphere during drainage of the 

crystaline container. Specimens were kept in the 25,50, 

and 75% solutions for a minimum of 24 hours. Drainage and 
filling were facilitated using the drainage / filler tap 

and rubber tube and funnel arrangement as indicated by Fig. 

B. 2. Specimens were kept in the 100jý'o methanol solutions for 

a minimum of 72 hours, after this time, drainage and refill- 
ing with 10 methanol carried out and a final immersion 

maintained for several hours. 
4. The impregnated specimens were then taken for critical point 

drying. The basic procedure adopted for each specimen was 

as follows: 

A quick transfer under methanol of the contained specimen 
from the impregnation container to the specimen boat, was 

first carried out. This was followed by a transfer of the 

specimen boat and submerged specimen to the pressure chamber. 

Cold water from the domestic water supply was then circulated 

through the water jacket. At this stage, with all vessel 

pressure valves closed, the valve of the Co 2 pressure cylinder 

was open to allow Co 2 liquid to travel up to the inlet 

pressure valve which was subsequently slowly opened to allow 

access of liquid Co2 to the pressure chanber. The vent 

valve was also opened to allow expulsion of the trapped air. 
Once the chamber was full, the drain valve was slowly opened 
to flush away very gently, the displaced methanol. Care 

was taken to ensure that at no point did the level of liquid 

Co 
2 fall below the top of the specimen boat. Opening the 

vent valve was sometimes necessary here. This flushing 

action was maintained for a minimum of 15 minutes. The 

chamber was then allowed to fully fill and all the pressure 

valves closed. A further 2 flushes were carried out over a 



period of 24 hours. At this stage the level of liquid Co2 

was brought clown to just above the top of the specimen boat 

by opening the drain valve. The drain valve was then 

closed and the temperature of the circulating water gradually 

increased by mixing hot water from the tap with the circulat- 

ing cold water. The rate of temperature increase was made 

such that the difference in temperature recorded by the 

chamber and water thermometers was never more than 2- 3°C. 

The temperature was brought up to between 35 - 40°C at which 
the pressure in the chamber was around 9800 I21/m2. At a 

2 temperature and pressure of 30°C and approximately 7700 KPZfm 

respectively the interface between the liquid Co 2 and the 

vapour in the chamber began to disappear. At a temperature 

and pressure of 32°C and 7900 kN/m2' respectively, the inter- 

face had completely disappeared and the chamber was full of 

vapour. While maintaining the temperature in the chamber 

at around 40°C, the vent valve was opened to release the 

carbon dioxide gas. This was done very slowly over a period 

of around 20 minutes to prevent condensation in the chamber. 
Finally, the access door to the specimen chamber was opened 

and the specimen boat removed. 

B"3. MACROSCOPIC OBSERVATIONS. 

Observations made of the degree of overall shrinkage or swelling 

and the change in general character of specimens during the dry- 

ing procedures described in the previous section are detailed in 

Tables B. 2. - B. 6. 

A quantitative measure was made of overall shrinkage or swelling 

except for the specimens from Lake Portchartrain. A simple visual 

comparison was made in their case using the inside boundaries of 

the specimen containers as reference. Due to the number of 

specimens to be measured and the lack of available time measure- 

ment using a travelling microscope while being by far the best 

method would have been impractical so careful measurement using a 
finely graduated ruler in combination with a simple hand lens was 



employed instead. 

A qualitative measure was made of the degree of distortion or dis- 

integration experienced by the specimens during drying. Also in 

the case of the critical point dried specimens a visual estimate 

was made of the amount of swelling during impregnation and again 

the specimen container boundaries were used as reference. 

The obse vations are broadly summarised as follows: 

A. Shrinkage Measurements. 

(i) The critical point drying methods induced considerably less 

shrinkage than air drying. 

(ii) The critical point (graded methanol) method induced less 

shrinkage than the critical point (10CF14o methanol) method in 

the case of the illite and varved clay specimens, whereas 
the converse was found in the case of the San Francisco Bay 

Mud and Ottawa clay specimens. 
(iii) Oven drying appeared to induce greater shrinkage to specimens 

of Lake Portchartrain clay than air-drying did. 

(iv) On the whole vertical and horizontal linear shrinkages were 

of the sane order of magnitude. 

B. General Characteristics. 

(v) Distortion of specimens was apparently uncommon and was only 

noted in one air-dried specimen of varved clay and one air 

dried specimen of Leda clay. 
(vi) Disintegration of specimens by surface flaking was observed 

after critical point drying in two specimens of Lake Port- 

chartrain clay (10 methanol); two specimens of illite 

(graded methanol); three specimens of San Francisco Bay Mud 

(10(Yl% methanol) and one specimen of San Francisco Bay Mud 

(graded methanol). No flaking was apparent in the case of 

the Leda and varved clay specimens. Flaking was not in- 

duccd by air-drying. 



(vii) Cracking of specimens during methanol impregnation was fairy- 

common. This was observed in two specimens of Lake Port- 

chartrain clay (100; methanol); two specimens of illite 

(1001 methanol); three specimens of laboratory prepared 

illite (graded methanol); one specimen of San Francisco 

Bay Mud (graded methanol); one specimen of Leda clay (1001, 

methanol); two specimens of Leda clay (graded methanol); 

three specimens of varved clay (100jo methanol). Cracking 

of specimens during air-drying appeared to be essentially 

non-existent. 
(viii)Stselling of specimens was observed during methanol impreg- 

nation in two specimens of Lake Portchartrain clay (10(Ymethanol); 

three specimens of illite (100% methanol); and 
three specimens of illite (graded methanol). Swelling how- 

ever appeared to be completely absent in the case of the 

Bay Mud, Leda and varved clay specimens. 

B. 4. MICROSCOPIC OBSERVATIONS - LAKE PORTCHARTRAITJ CLAY. 

Microscopic observations made on the sets of critical point dried, 

air dried and oven dried specimens of the Lake Portchartrain clay 

are given below. The microfabrics were assessed using the 

routine detailed in Section 4.4. The approach to microfabric 
description followed here is similar to that adopted for the main 

part of the present microfabric investigation as detailed in 

Chapter 5. Summary diagrams and illustrative micrographs are 

similarly provided. 

(a) Elementary Particle Arrangements - Fig. B. 5. (a). 

Clay arrangements were the only arrangements to be observed 

in each set of specimens. 

In both the critical point dried and air dried specimen: the 

clay arrangements were random in character throughout, Mics. 

33.1. (a), (b). As can be seen however, the random arrange- 

ments comprising the critical point dried specimens were 



much more open. The oven dried specimens appeared to con- 

sist predominently of parallel clay arrangements, the nature 

of which can be appreciated from Flics. B. 1. (c), (f). Radom 

clay arrangements were occasionally in evidence. 

The constituent clay particles comprising the various clay 

arrangements varied in character. Clay groups and clay 

individuals with mainly fine clay sizes were to be seen in 

the critical point dried specimens, while in contrast coarse 

clay size groups and some individuals were observed in the 

air dried specimens and very coarse clay size groups were 

generally in evidence in the oven dried specimens. 

(b) Particle Assemblages - Fig. B. 5. (b). 

A particle matrix was observed to be the only assemblage 

present in each of the three sets of specimens examined. 

In each case clay-granular regions predominated, over clayey 
regions which were variously abundant, from occasionally in 

the critical point dried specimens to rarely and extremely 

rarely in the air and oven dried specimens respectively. 
The regions of the critical point dried and air dried 

specimens were comprised throughout of random clay array's, 
Mics. B. 1. (d) and (e) respectively, while in contrast a pre- 
dominantly parallel clay array displaying haphazard orienta- 
tion was in evidence in the oven dried specimens, Pic. B. 1. 
(f). In the case of the critical point dried specimens an 

extremely large number of grain cavities were to be observed 

within the regions. 

(c) Basic Pore Spaces - Fig. B. 5. (c). 

The intra-elemental pores of the various clay arrangements 

appeared to account for the basic pore space in each case 

although a small contribution from intra assemblage pores 

was in evidence in the critical point dried specimens. 



(d) Composite Microfabric. 

The typical character and texture of the composite micro- 
fabrics of the critical point dried, air dried and oven dried 

specimens are illustrated by Mica. B. 1. (g), (h) and (j) re- 

spective1 . 

As sho1rrn by ,, Tic. B. 1. (g), the critical point dried ; pecimcn-- 
appeased to have a very porous looking fabric due to the 

presence of the large number of grain cavities within the 

particle matrix. As indicated, this matrix was disrupted 

in many places by what appeared to be fine curvi-planar 
trans-assemblage pores which displayed near horizontal to 

near vertical attitudes. 

The rather dense and apparently granular matrix of the 

particle matrices comprising the composite r: ticrofabrics of 
the air dried and oven dried specimens are shown clearly by 

Nics. B. 1. (h) and (j) respectively. 

(e) Composite riicrofabric Anisotropy - Fig. B. 5. (d). 

The microfabrics of the critical point dried, air dried and 
oven dried specimens appeared to be isotropic in character 

at both the 500/u and 50A levels, with the isotropy being 

associated with the random clay arrays plus in the case of 
the oven dried specimens the haphazard parallel clay array. 

The microfabric at the 5, U level in both the critical point 
and air dried specimens was also found to be isotropic due 
to the presence of the random clay arrangements. In con- 
trast however, the microfabric of the oven dried specimens 
due to the occurrence of the parallel clay arrangements, 
generally displayed high degrees of anisotropy and a full 

range of directions of preferred orientation. 


