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ABSTRACT

This thesis forms part of an overall investigation of natural soil
fabric being undertazken at Strathclyde University, and is directed
towards those fabric features which can only be observed with the
aid of a microscope, the soil microfazbric. The investigation is

split into two main parts.

The first is directpd towards reviewing previous concepts of the
nature of soil microfabric, appraising the available technigques for
microfabric study and cataloguing the microfabric observations made
on a wide variety of naturzlly 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 undertazken to investigate the validity of
the methods used, The soils investigated represent particular
examples of geological groupings and engineering'behavﬁpurs. 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 obéervations. 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 microfebric in the mechanisms of

structural instability into a clearer perspective.
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CHAPTER 1.

INTRODUCTION .

S0il 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 variecty
of sizes, shapes, densities, mineralogies and physical arrange-
ments, and amorphous carbonates and iron oxides mesy also exist

as coatings to the particles or at particle contact points. A
variely of organic forms may also be present. “he pore phase
comprises pores with a variety of sizes and shapes which may con-

tain air and water (with dissolved ions) in varying proportions.

Ydﬁg*and Sheeran (1973) have defined the property of soil siruc-
ture to include the various skeleton and pore phase characteristics
described akove, as well as the inter—particlé forces, resulting
from interaction between the skeleton and fluid phases. The inm-
portant structural component, the 'Soil Fabric', maoy be defined

as the physical arrangement of so0il pariticles a2long with the pore
shape and size distribution characteristics. Two main levels of
fabric are identified, namely, macrofzbric 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 nced to study the fabric of natural engineering soils is well
established. In terms of macrofabricy; the influence of siructur-
al discontinuities such as joints and fissures on the undrained
shear strength of soils has been well demonstirated by the studies
of Marsland and Butler (1967), Skempton and Petley (1968), Mars-
land (1971), McGowm and Radwan (1975) and many others. Rowe
(1968, 1972), and Gabr (1975) and cthers, have demonsirated the

influence which macrofabric features such as silt layers, dustings
on laminations and open or silt filled fissures can have on the
masgs drainage properties of soil deposits. The nature and

engineering significance of natural soil microfabric has also been



extensively investigated, e.g. Mitchell (1956, 1976), Lambe (1958),
Pusch (1966), Barden (1972a, 1973), Smart (1975a) and many others.
These ;tudies 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
1o 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), no suitable microfabric
cnaracterisalion scheme is available for use in the discipline of
geotechnical engineering. Furihermore, 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

enginecring behaviour, This ultimately, would allow the process

of soil formation to be linked with the mechanical behaviour ¢f 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 aspecis

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 shori

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 50,C00,

and can be used to examine a wide range of soil textures. lloreover,
a scanning eleciron 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), Barden and lMcGown (1973) and
McCGown (1973).



Therefofe, this project involves the study of the microfabric of
natural engineering soils using a scanning electron microsccpe.
The thesis is divided into two main parts. Part:i, Chapters 2,
3y 4 and 5, deal with the naturz of natural soil microfabric and
Part:ii, Chapters 6 and 1y discuss as far as possible, the geo-
logical and geotechnical significance of the microfabric observa-
tions made in this study.

Thus in Part:ig Chapter 2 gives a brief review of the principal
techniques available for the observation and study of microfabric
as well as their associated szmple 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~gquantitative scheme for the characterisation of natural soil
microizabric which it is suggested, is suitable for use in the
discipline of geotechnical engineering., Details of the various
scanning electiron microscopy techniques employed, including those
of sample preﬁaraiion, are presented in Chapter 4.' Chapter 5
sets oul to initiate the compilation of a 'catalogue of natural
801l micréfabric'. in 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 conceptis
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 behavicur,
e.g. consolidation, shear and water conductivity. The data which
is avallable, however, has afforded the opportunity to examine,
primarily from the microfabric viewpoint, certain characteristic
mechanisms of soil behaviour, namely, sensitivity, collapse ana

expansion. This is given in Chapter 7.

Chapter 8 synthesizes the findings of and the conclusions drawn from

3.



this Stu.dy ¢

Finally, recommendations for future research are given,



I

PART 1

il

THE NATURE OF

NATURAL SOYL MICROFABRIC



CHAPTER 2

THE STUDY AND NATUR® OF NATURAL SOIL MICROFABRIC: A GENERAL REVIAZW

This very brief literature review will bdbe presentedrin two parts.
The first deals with the principal techniques for the study of
natural soil microfabric and the second with the micrcfabric
models, both descriptive and schematic, which have been developed

from such studies.
2.1 TECHNIQUES FOR STUDYING NATURAI, SOII. MICROFABRIC.

A large number and wvide variety of techniques are available for
the study of soil microfabric, In general these technigues can

be placed into one of two main groups:

(2) Those involving the examination of small (usually disturbed)
samples. Such techniques are either, visual involving
optical and electron microscopy, oOr non-visual involving
x-ray diffraction and porosimetry. Useful reviews of these
techniques have been presented by Tovey (19732), Stoops
(1973) and Mitchell (1976).

(b) Those involving the measurement of certain bulk (undisturbed)
sample properties, including acoustical, electrical, thernmal
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-
nigques is given below under two broad headings, namely sanmple

preparation and microfabric assessment.

(i) Szmple Preparation._

e
No matter hOW'mycﬁ care is exercised sample preparation will induce

microfabric disturbance. The collective disadvantage thercfore of

-
r
-



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
'hulk sample! ftechniques offer the grea:t 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) Gfeené-kelly (1973), Tovey and
Wong (19732), Smart (1973a),Gillot (1973) and Mitchell (1976).

The appropriate impregnation procedures for optical and cleciron
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
contazining swelling clay minerals. The dehydration techniques
required for scanning electron microsccpy and pore size distribution
studies offer the advantage of beiné'relativeij—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

+he 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
acsescment 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
dryinge Tovey and Hong*(1973aj have reported that 1in the case of
o soft sample with high water content, air-drying may in fact cause
greater shrinkage than oven-drying because of the greater time (24

o LY
hours O more) available for particle rearrangement 1n the case Oi




the former. However, undesirable siresses are induced during

oven-—-drying which may result in particle oreakage.

Substitution-drying, involving the replacement of the pore fluic

by one of less surface tension (methanol, dioxan), and subsequen%
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 Vong (19733).'

‘A new promising technique has recently been developed by Jalili
(1976) for preparation of samples for pore size distribution
analysis. This involves impregnation with carbowax 6000 which is
subsequently di;solved 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 bty Tovey et al (1973), Greene-kelly
(1973) and Gillot (1973).

(ii) Microfabric 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 a2 meaningful assessment, either qualitative or
quantitative can be made. This problem is most severe in eleciron
microscopy and with the aim of safeguarding against misinterpretation
McConnachie (1971), Smart (1973v)and Foster (1973) have discussed

statistical data trends.

The optical and electron microscopy technigques however, offer a
great advantage over the other techniques in that they allow a

direct visual appreciation of fabric to be obtainecd.

Of these methods optical microscopy is limited to low magnification



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 eleciron microscopy is
that the image produced is analagous to normal vision znd stereo-
micrographs are easily obtained allowing for a three-dimensional
appreciation of fabric features, The microscepy techniques other
than the stereomicroscopy, only provide two-dimensionzl 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 dimensicns
is readily facilitated by transmission electron micrographs taken
of ultra-thin sections, e.g. Pusch (1970), Foster and Evans (1971),
Foster (1973), Smart (1973b), Tovey (1973a) and McComnachie (1974).

The use of bpirefringence 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 monominerzlic soils with the simplest of
orientation patterns. 1In contrast, the scenning 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 Wong (1973v), Koff g
et a1 (1973) and Matsuo and Kamon (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



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 representaiion, it also means that macrofabric

features, 1f 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 technigque can provide gqualitative end
quantitative information relating to a2ll the characteristics
of microfabric at all levels of microfabric.

'n) Several complimentary observation techniques therefore mgy 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 assessmernt 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.c. several techniques

should be employed in parallel, Tovey (1973z2) and others.
2.2, THE NATURE OF SOIL MICROFABRIC: REVIEW OF PREVIOUS FINDINGS.

It requires to bz made c}ear 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),

Yo



is highly complex and detailed and is of little value,

and it may be argued actually serves 1o 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¢e2¢lele Thne 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 inorgaenic parvicles com-
prise by far the greatest proportion of the skeleton phase in most
engineering soils and are classified on the basis of 'cquivalent
diameter! as being either 'clay size (~<2/.1 ) or non clay size/
granular!e It requires to be made clear from the outset, that

the clay size fraction of natural soils does not usually consist
wholly of the =o called clay mineral particles but also of non clay

minerals such as quartz and feldspar in diffe;ent proporvions,
(a) The Clay lMineral 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 structurzl and other characteristiics

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

detziled works, e.g. the treatise of Grim (1968) and the genreral
review of Mitchell (1976).

smart (1975  )highlighted the rather diffuse situation concerning
the meaning of the term ‘tparticle' when applied to clay minerals,

This point then requires some consideration here. In the case

of the kzolinite and illite minerals the unit layers are bound
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strongly together to form crystals or plates. These crystals may
form 'stacksf*, 'packets‘+, tdiscrete domains'® or ‘micro-
aggregates'x. Depending on the type of azdsorbed cation, 1llite
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 appecar therefore, that a clay particle has generally a
'*maximum dizmeter' of several microns or less snd can take <he

form of: a single kaolinite or illite crystal; a stack, packet,
etc. of kaolinite or illite crystals; a single unit layer of la
montmorillonitey or a quasi-crystal of montmorillonite. The
opinion expressed by Smart (1975 ) that seeses "It seems preferable

to avoid defining a particle", has undoubted foundaticn therefore,

in the case of clay minerals,
(b) DNon Clay Mineral Particles,

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

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

% tstackst: are groups of plates tightly cemenied to-
gether, often by a true mineral—-to-mineral
bond., (Smart 1975 ).

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

o t‘discrete domains': esmall volumes filled with approximately .
parallel clay plates, well defined domain
boundaries, definite inter-domain voids,

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

%% the term tactoid has also been applied here - Blackmore and
Millar (1961) and others.

-~ according to the Unified Soil Classification System - 1953



(fine fraction 0.4 mm - 74,u.) as vell as tne bulk of the gilt
(74-—2/4 ) and some proportion of the clay ( < 2 m ) fractions are
composed of non clay mincrals. Genecrally these fractions are
composed nainly of auartz with smaller amounts of feldspar and
mica and also carbonate minerals, mainly calcite.and cdolomite.
Also iron and aluminium oxides are z2bundant in residual coils 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 schape, Table 2.l1l., nomely rounced, irrecgular.
angular, flaky. elongated and flaky-eclongated, Other shape
classification systems have been suggested as for example lMuller
(1967). The characteristics of surface texture and rougﬁneﬂs
have a2lso been employed in particle description and terms such as

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

been introduced.
2e2¢1e2e liodels of Individual Clzy Arrangements.

Individual clay arrangements are those arrangements which comprice
clay size particles. Early concepts were primarily concerned
with the interaction of individual clay plates or groups oI clay
plates. Terzaghi's model (1925) assumes that the individual clay
plates stick to each other 2t the points of contact with forces
sufficiently strong to form the tcell' of a honcycomb, Fig. 2.l.
Goldschmidt (1926) presented the now well known and widely citec
tcardhouse! model and later casagrande (1922) postulated a 'honey-

comb! arrangement very similar in concept to Terzaghi's model.

Kuch laier Lambe (1953, 1958) presented threc differcnt clay plate-
let modelsy; firstly, the 'non-salt flocculated! model inveolving an
open arrangement of clay plates with essentially edge-face contacts,
Figes 2.2. which earlier was called 'cardhouse! by Goldschmidts
secondly, the model involving an open stepped arrangement of cleay
plates with cdge-cdge, face-face and edge-face contacis, Fige 2436
which earlier was called 'salt flocculated! by Schofield end

samson (1954); +{hirdly, the 'dispersion! modcel involving escsentially
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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-dimensionazal
arrangement involving contacts beﬁween the corner of one plate and

the face of another. oome vears later further models were

suggested, e.g., the 'cluster model' of Olsen (1962), Fige 2.5.

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

In more recent years electron microsooﬁy techniques have been intro-
duced 1o observe, directly, the microfabric of btoth laktoratory
preparced pure clay and natural soil samples. A variety of other

models have been put forward on the basis of these observatione.

O!'Brien (1971) presented 2 'stair-siepped cardhouse! model involv-
ing a threé dimensional network of iwisied chaing 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 mocel, Fig.
2.3. O'Brien (1971) also postulated a '*pinvwheel! arrangement,

Fige 2.7.(b) involving curved and face~face orientated flakes.

Other workers arrived at the general conclusion that clay arrange-

menss involve small regions of face-face orientated flakes,

The concept of 'stepped clusters! of face-face orientated flakes

has been introduced by 0O'Brien (1971) and Smalley and Cabrera (1969).
Aylmore and Quirk (1959, 1960) put forward a dense 'turbostratic
demain system'y, Fig. 2,8. while Sloane and Kell (1966) suggested

the use of the term 'bookhouse! to describe a random clay packes
arrangement and *parallel packet! to describe an arrangement of

oricntated clay packets.

Pusch (1966, 1970) reported the occurrence of arrangements con-
sisting of exiremely small aggregations ( < 2 N . diameter) com-
prised of individual clay plates in randon associgztions, and linked
by a small number of very fine clay plates, Figs. 2.10.(a) and (b).
Bowles (1968) talked of small random closely arranged particle

clusters.
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Another, rather di%ferent concept was introduced by Emmerson (1962)

tho put forward a 'ftactoidal! model involving stable quasi-crystals
linked edge-edge i1nto undulating sheets and joined at intervals to

ad jacent sheets by face-face attraction, i.c. crystal sharing PFig.2.11.
Stocker (1969) expressed the opinion thzat an extremely perturbed

version cf this tactoidal model was more realistic. He inferred

both an irregular and closer association of undulating sheets and

_made comparisongs 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 vhere 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
Fige 2.12, It should perhaps be pointed out here, that although
there is some evidence supporting the occurrence in nature of
individual cleay mineral plafelet configurations, i.e. the card-
house model, e.g. ROsengvist (1959), omart (19755) the bulk of
observational evidence throws doubt on the validity of such arrange-
ments. In fact scme tendancy toward grouping, clustering or edge-—

edge intergrowth of clay minerzl particles seems generally to exist,
e.g. Smart (1971, 1975 ), Barden (1972b).

2.2.1.3. Mocdels of Individual Granular Arrangementis.

Granular arrangements in engineering soils usually involve silt
and sznd size particles. Likely modes of granular particleh
association have been considered on the basis of possible arrange-
ments resulting from the packing of equal sized spheres, For
exanple, Dereéieivicz (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 actuzl situation,
since in natural soils granular particles éisplay a variety of
cizes and shapes. A vwide variety of combinations of packing rust
therefore be possible. In most cases arrengements are shovn com-

¢ _ 2 . o} et
prising 'clecan' grains, Granular arrangemecntis howvever, conslow



ing of particles, clothed in fine matter have been identified znd
termed 'chlamy cdomorphic! by Kubiena (1938) and 'eggregated grain!
arrangements by Dudley (1970), Fig. 2.13,

2e2eleds llodels cf Overall Skeleton Organisation.

The overall skeleton organisation depends on the spatial distribu-
tion, interaction and orientation of the various constituent
particles and indivicdual particle arrangements, throughout the

soil skeleton., It is perheps a fair generalisation to state that,
compared to the numerous individual particle arrangement mocels,
examples of which were described previously, relatively few
‘orgenisation! models, either descriptive or schematic have been
put forward. In nany cases it appears to have been simply assumed
or implied that like individual particle arrangements exiend in
three dimensions to form a continuous uniform configuration. HNon-
theless, a number of 'organisation'! models have been presented and

these may be grouped as follows.

(1) Models representing extensive and essentially uniform con-
figurations of like individual clay arrangemenis 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-
conb 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 clzy! and
tmatrix clay' respectively. Kubiena (1938) described a 'porphy-
ropectic 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). Horeover Smart Q%P69) put forward =z 'browniaﬁ structure!
involving the separation, by random clay configurations, of

horizontally orientated grzins, Fig. 2.15. Considerably more

15.



granular particle interference was represented in the 'quicksand
clay model! 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 reprcsenting extensive but

more complex individual particle arrangement configurations.

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

the concept of abrupt discontinuities, irregular silt distribution
end local zones of orientated clay within 2 random clzy mass.
Ostrey and Deane (1963) described a 'cross-fabric! involving the
orientation of elongated grains in a cross-wise pattern so tha*

two directions of preferred orientation are exhibited, usually
mutually perpendicular, Similar concepts have been introduced by
other workers, for example Korina and Faustova (1964) cescrited a
clay ﬁicrofabric wherein 'perpendicular fibrous!, Fig. 2.17. and
‘criss—-cross fibrous! patterns are in evidencé} Fig. 2.18, As
shovm, the former involves extensive well defined regions, consist-
ing of highly orientated clay, which are located at right angles fic
cach 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 ).

Kbrina.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 sczles' of orientated
clay and silt. They called this 'scaly texture'. The idea that
degrce of anisotropy varies with the level of fabric considered

has been presented by Smart (1966¢g) and Mitchell (1956) and supported
by the 'block structure' model put forward by Yoshinaka and Kazame

(1973).

¢392

.

Korina and Faustova (1964), Burnham (1970) and others have reported
a conceniric orientation of clay particles around and in the

immediate vicinity of sand grains, Such features are referrcd to



as Ycutans'!y 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', Kubiena (1938), ‘'intergranular braces', Ie Bruyn et al
(1957), and 'ring buitresses', Dudley (1970), Fig. 2.20. A num-
ber of levels of fabric have been defined by Brewer (1964). The
term 'pedt! as used by Brewer ig 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 'isdtroPic' multi-~level 'crumb structure!. The ten-
dancy for clay arrangements consicsting 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
jllustrate the cases of 'total fabric isotropy', 'fabric unit iso-
tropy', 'fabric unit anisotropy' and ttotal fabric aenisotropy’'.
Barden and McGown (1973) talked of *higher order! features such as

'peds! and 'interweaving bunches of élayu_

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);

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

Lafeber (1964).
Celele 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-



ing tc certain of these characteristics.

Larionov (1965) put forward the concept of three levels of porosity,
ultra microscopic (0.0003 - 2 u), inter pai'ticle (2.0)1 - 0.5 mm)
and macroporosity. A nore 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 - 6 m) and micropores (6 mu - 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

MeI.Te 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 on 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 =oil 'peds' and described three main groups, 'intra-
pedalt?y, 'interpedal!, and 't:anspedal'*. Adopting a similar
approach,'deg'and Warkentin (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.
2e 213: General Points.

From the foregoing sections several general points emerge:

(a) The great majority of microfabric investigations have been

d.iI‘EC'ted tovards s‘l:udy of the ckeleton 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.



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-
recady complex subject.

(e) It becomes clear that a unified system to describe the
various types of and 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.

s0il scienceyengineering geology and soil mechanics impose

varying demands on any fabric characterisation schemne.

(f) llo 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

tcatalogue of natural soil microfabrict! is required.

{l"



CHAPTER 23

THE DEVELOPMENT OF A SCHEME FOR MICROFABRIC CHARACTERISATION

3.1 TNTRODUCTION,

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 hovever,
to be sufficiently flexible to be used in other disoiplineé provid-
ing certain appropriate additions and extensions were to be madc.
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 preparec soils using
a Sanning 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 Microfzkric! presented in

Chapter 5. A list of those soils not specifically included 1is

given in Appendix (A4).

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 nztural soils.
For this purpose, therefore, a scanning electron microscope WwWasS
used to study the microfabric of a large number of natural solls
possessing a wide variety of geological origins and physical and

geotechnical properiies. Details of the microscopy techniques
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employed ana the soils studied, are given, in later chapters.

The various microfahric aspects so observed, were noted.

The characterisation system developed‘basiﬂaliy involves considerc-

tion of the follouwing aspects:

(i) The nature of microfabric forms. Three main types of form
are identified, as indicated by Table 3.l., thése are 1 the
Elementary Particle Arrangements; :ii the Particle Assem-
blages, and _1______1'_1- the Pore Spaces. Each of these main form
groups is sub-divided into a number of sub-forms znd in

certain cases sub-divisions of sub-forms are also introduced,
Table 2.1,

(ii) The spatial organisztion 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) Anisotrcopy within the composite microfabric.

Each of ‘these aspecits will now be dealt with separately and in

detaile.
3.2, THE NATURE CF MICROFAERIC.TIORNMS.

Microfabric feaiures which make up the composite microfsbric are

divicded into three main forms:

:i. 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

orgenisaiion of the constituent particlies, Table 3.1l.

=}

Particle Assemblages which are units of particle organisa-
tion which have definable physical boundaries and consisi

of arrgys of one or more forms of elementary pariicle arrange-
ment or smaller particle assemblages. Sub-forms and sub-

divisions of sub-forms arc identified on the basis of their



origin, ncchanical function or generzl character, Table 3,1,

111  Pore Spaces which are formed by and which occur within and

between the microfabric forms types 1 and E. 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

1l and E, Table 3.1.

Wiy

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,

Constitucnt particles have been tzken to be the basic or unit in-~

orgenic elements and organic constituents of the skeleton phase.

Inorganié Partiicles - Two basic types of inorganic particles

were considered, the 'clay particles! and the 'granular particles!,
Clay particles are those which have a maximum effective diameter
'of'(f-2,u.) or less, and are thercfore usually clay minerals but

not alweys. Three approximate size ranges are defined, 'coarse clay!
sizes! (~ 1-2 ;x ), 'fine clay sizes' (~ 0.25-1 u ) and ‘'very
f{he_clay'sizes' (~—0.25 1 ). On the basis of the forms and

shapes encountered in the soils studied, clay particles can be

clasgsified as follows:

(a) plate shaped individuals.

(b) rod shaped individuals,

(c) Tbulky chaped individuals. This is meant to be a broad term
covering all shepes other than plate and rod.

(d) plate or crinkle shaped groups¥* wherein a small number of
'inéividuals or unit layers in the case of say montmoriiloﬁ&te

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

* The tern 'group' as used here, is a broad term meant to ve 1
~ equivalent to the terms packet, stack, discrete domain, DOOX
or Quasi-crystal as in the case of szy montmorillonite.



(e) clusters -~ +tThese are more or less ecuidinensionz2l z2nd are

composed of haphazarcly arranged platey or bulky shaped
individuals,

Identification of these particle categories in the scanning elec-
tron microscope vias achieved with reference mainly to the observed
external particle forms and on some occasions to their internal
organisation, However, mineralogical and size distribution datza,

where knovn, was also used ag an 2id in identification,

Granular pariicles are those which have a maximum effective diz-
meter greater then 2 p . The silt, sand and gravel size rangec
classifications as given by the A.S.T.l. scale, (Section 2.2,1.1.)
has been z2dopted herein, It was deemed necessary however, for
descriptive purposes, to subdivide the silt size fraction into fine

(~ 2-6 1 ), medium (6-20 1 ) 2nd coarse (20-74 » ) size ranges.

Regarding particle shapey five categories have been considered in
accordance with the B.S.,812 (1975) Table 2.1. These zre rounded,
irreguler, angulary elongated and flaky. The elongatec-~-Ila’y

category was considered 1o be unnecesszary for the purposes oI ihe
present stuay.

Organic Constituents - As well as the above inorganic particles,
other organic constituents have been observed and described, c.g.

micro-fossils, root remains, ctc,
3.2.2, Elenmentary Particle Arrangements.

Elementary particle arrangenents are defined as those arrangenents
whick involve, essentially, interaction between a esmz2ll number of
like constituent particles, Two inorganic sub-~-forms and one
organic sub-form are identified ir Table 3,1, and these are de-
scribed below.

3e2.2.1. Clay Porticle Arrengements.

These are defined as arrangemonts vhich consist of a small number



of clay ovarticles. Three sub-divisions have been introduced as
detailed in Takle 3.l. namely random or parallel or partly discern-
ible.

(2) 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. Figelele
This brozd term, if supplemented with information relating

to the size and shape of constituent particles (Section
3.?.1.) accounts for many of the arrangements described in
Section 2.2.,1.2.y, e.g. honeycomb, non-salt and salti
flocculation, cluster, stairstepped cardhouse, pinvhecel,
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 ana degree of
opermess 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 ?f the clay particle arrange-

nments viewved,.

(b) Parallel Particle Arrangements.

These are defined as anisotropic arrangements wherein platey
or wavy shaped particles are pfeferentially orientated with
respect to each other, e.g. Fig. 3.2. This term accounis
adequately for the 'dispersed' znd 'parallel packet' arrange-
ments described in Section 2.2.1.2. There may be a sirong
tendancy, especially where the more active clzy minerals are
involved, for edge-edge intergrowth (Fig. 2.12.) to occur in

the vlane of preferred orientation. In this event indivicual



particle interaction will not be clearly discernible in the
direction perpendicular to the plane of preferred orientation.
That is to sa2y, using the larguage 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
interacticn of individual constituent particles are not
cleariy 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, displzyed 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. Jdealisations of
these rather ill-defincd systems are given in Fige. 3.3.
These idealisztion 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.

3e2¢2.2s Granular Particle Arrangements.

These are defined as arrangements which involve the interactiion

of a small number of granular particles of approximately the same
order of size, Two sub-divisions have been identified, Table
3.1.4 the 'clean grain-grain contacts' which involve direct grain-
grain contact and 'clothed grain-grain contacts'! consisiing 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 compleie the description of such arrangementis



information relating to the size, shape (Section 3.2.1.) and mocle
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,
3e202¢3¢ Organic Arrangecments,

No specific organic arrangements are identifiea.

3.2.3. Particle Ascsemblages.

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 thigher 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 soil development,

They have been recognised on the basis of their 'function', i.e.
whether they form backgrounds or 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 'buttresses'® It seems appropriate to refer to a nei-
work of connected grains as a 'connector system'y, Fig. 3.5
and 1o 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) £ 1,



mechanistic viewpoint, connector systems must be thought of
as 'multi-level! forms in so far as compression, deformation,
etcy, 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.

Aggregations.

These are assemblages which act effectively as independant
units within the composite microfabric. They are multi-
level in the mechanistic sense, Aggregations meay display a
varieiy 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 3J.l. 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 connecior
systems., The modes of interaction of the regular aggrege-
tions with the other microfabric forms are of essentially

two types: aggregates interacting'direcfly with other
aggregates or grains within essentially granular ldoking.
errangements, Fig. 3.6.3 aggregations interacting cirecily
with the nearby clay mai}ixg Fig. 3.6.3 aggregales inter-
acting:ihdirectly'through connectors with other aggregates

or the nearby maitrix Fig. 3.5. These aggregate models
account for the arrangements described in Section 2¢e2e1e4.(iii)
and Fig., 2.21.

Interwveaving Bunches,

These acsemblages are bunches or strands of elementary



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 form an interwoven systen Fig. 3.7.(&). In
certain cases the bunches also interwove between and around
silt particles, as illustrated in Fige 3.7.(b). These
asscemblages, like the connectors and aggregations, can be
considered, mechanistically speaking, as multi-level in

character.
Particle Matrices.

These assemblages are three-~dimensionally extensive, and con-
sist of elementary particle arrangement arrays. Matrices
w1ll 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.(3). 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! assenblage,
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 mairix, =
considerable variation in the type and complexity of
elementary particle arrangement arrzy may be found to exist.
In order to achieve consistency in description therefore,
matrices have been considered as teing composcd of '‘regions'
of various forms classified according ito the relative
proportions by volume, of their constituent arrays, Table
3¢l. For each region type a number of array patterns have
been identified., In any one matrix therefore, one or 2ll
itypes of region may exist and within regions of the same
type 2 varietly of patterns may exist. There is essentially
no limit to the extensiveness of 2 matrix region and in facw
wherz only one type of region occurs the whole matrix is one

large single region.,



Matrix Regionss

(1)

(2)

Cley regions Pig. 3.8.(b) are defined as three-dimensionsl
configurations within which there is a continuous arrzy of
clay particle arrangements, and where the interference from
silt or sand size particles is either minimal or norn-—existent.
The following terms and models have been used to account for
the variety of 'clay particle array' patterns observed with-

in such configurations.

(i) ‘Parallel clay arrsy! FPig. 3.8.(c), i.e. where clay
arrangements are z2ll of the parallel variety.

(i1)  'Predominently parallel clay array' Fig. 3.8.(d), i.e.
where the majority of the c¢lay arrangements are of the
‘parallel variety.

(iii) 'Predominently random clay arrsy'! Fig. 3.8.(3), leCoe
where most of the clay arrangementis are of the random
variety - (partly parallel clay array is an equivalent
statement).,

(iv) 'Rondom clay array! Fige 3.8.(f), i.e. where all the
élay arrangenents are of the random variety.

(v) '"Parily 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), the degree
of preferred orientation of the parallel clzy arrangements
within any clay region, has been described as illustrated

by Figs. 3.8.(c) and (d) respectively. The direction of
preferred orientaiion has also been indicated, i.e. horizontial,

inclined and vertical.

Clay-granular regions Fig. 3.8.(h) are defined as three-
dimeneional configurations within which %here- is a more or
less continuous array of clay particle arrangements but where
there is significant interference either from embedded sili

and sand size grains or the cccasionnl isolated grain-graln



(3)

contact. In future developments a criterion may be intro-

duced to enable a fairly consistent assessment of 'significant

interference! 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 Figs.

3*8-(0)3 (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 contexi, the degree of preferred orientation of the
matrix grains within the clgy-granular region, has been

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

Regarding interaction between the matrix grains and the
surrounding clay arrzys, 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 orientatec in sympathy |
with the grain surface, Finally the model shown in Fig.
3.8.(1) 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(3) -
random;. Fig. 8(k) - parallel; Fig. 8(1) - partly discernible).

Granular regions Fig., 8(m) are defined simply as three-
dimensional configurations vherein 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

’ o - t ; S
'complete!, etc., as showm in Fig. 3.8(n). In certain Cases



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 iuvself,
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. -
219,

3.2.3.2., Higher Order Particle Assemblages.

Such particle assemblages are considered to be associated with,
either a.ﬁbn-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.ge. 'micro-~veins!

and 'micro-layers? respactivelé.
(a) Micro-lenses.

These are particle assemblages which occur in the form qf
lenses within the composite microfabric as illustrated in
Fige 3.9. They may be of various thicknesses usually Ifrom
around 200 4 1o around 10 m , and are surrounded by .or em—
bedded in a basic order assemblage network. Regarding

" internal organisation, they may consist entirely of clay or
granular elcementary particle arrangement arrays or mixtures

of these. Mechanistically spesking, micro-lenses are de-

scribed as single level assemblages.,

(b) Micro-veins.

These are single level particle assemblages which ocour in



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 3o in the case

of clayey veins., Several types of vein organisation may
exist. Sometimes veins will occur as indivicduals, Pig.3.10(3)
while in the case of clayey veins more complex patterns mzy Ye
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).

Fen,
i
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(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.~200-300'}1 or less).

They may consist entirely of elementary particle arrangement
arrays, either clay or grain or both, in which case they are
described as singie level assemblages, Fig. 3.11.(2). 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 describved using the same
terminology as was given for matrix regions in section 3.2.3.1.(d).
Moreover, although not included in Section 3.2.3.1l., 2 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 tfo
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.(%).

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!l,
Table 3-1-

This pore space classification is purely aualitative and does not
specifically account for the size and shape of the pores, however,
the nature of the classificaiions adopted implies to some extent
both change in shape and increase in absolute size from intre-

elemental to trans—-assemblage pore spaces,

3.2.4.1. Basic Pore Space. |
..
These are pores which have a specific relationship to thé 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.(2).
(a) Intra-elemental Pores.

These are pores occurring within the various elementary
particle arrangements and include interindividuzl 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.ec. connectors,

aggregations and interweaving bunches.

3e2.4.2. 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 i1s necessary

to discuss the meaning of this term in the context, firstly of non-
layered soils, and secondly of layered soils, The notiogﬁor con-—

cept of 'total composite microfabric! is also presented.

3.3.1. Non-layered Soils.

Composite microfabric in this case refers to the organisation and
interaction of the following assemblages; connector, aggregation
and interweaving bunch systemss particle matrices with theilr
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 coil deposit boundaries, A
schematic representation of a2 rather complex composite microfabric
involving 21l 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', wheiher
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they be macro or micro layers, or the f'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-

ges, wWithin 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.(Db). The
various types of layer interface, as observed at the micro-level,
nemely, 'sharp-straight!, !'sharp-irregulart! and 'ill-defined! are

also illustrated.
3.3.3. The Total Composite MNicrofabric.

The concept of 'total composite microfebric! is a simplifyirng but
convenient one introduced specifically for the purposes of the
present investigatiion, The total composite microfabric is com-
prised of z2ll the 'individual‘ composite microfabrics! of ihe
individual so0il masses or so0il layers which maﬁe up the engineering
soil regime of the ezarth. A sub-division, namely the 'Total
Composite Microfakric of the Transported Inorganic Soil Group', 1is

identified, a2gain for the purposes of the present investigation.
3¢e4e RELATIVE ABUNDANCE OF MICROFABRIC FORNMS.

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



abundance of the various elementary arrangement and basic order
assemblage sub~cdivisions, is assessed to 'give the so called
'secondary relative abundances?t, This two-—-stage approach is

detailed and explained more fully below.

3e¢4ele Primary Relative Abundance.

This term refers 1o the relative extent to which, in a volumetric
sense, the sub-forms of elementary particle arrangement; Dbasic
order particle assemblages 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 elcmentary
particle arrangement array within the composite microfabric.

(ii)matrix, connecior, aggregation and bunch assemblages, occupy
the total basic particle assemblage network within the com-
posite microfabric, |

ﬁiii)intrarelemental, inter-assemblage and intra-assemblage pores
occupy the total basic po;e space within the composite micro-
fabric,

A relative abundance scale has been introduced for the purposes of

description and graphi;al 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 dramp

with the basic order assemblages having the following abundances,

matrix (4),agzregations (3), connectors (2) anc bunches (1).
3.4.2. Secondary Relative Abundance.

This term has been introduced to account for the relative abundance
of: '
(i) 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 arrzy,

(iii) clay, granular and clay-granular regions within a matrix or
a region systen,

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

etc.,

Y

(v) irregular and regular aggregations within the aggregation
systems, etc. |
The relative abundance scale as described in Tpble 3.2.,, for primary
relative abundancey has also been adopted for secondary relative
abundance. - For cases (i) and (iii) relative abundance refers to
the relative extent to which, volumetriczlly spezking, the sub-
division forms are involved within the corresponding sub-forms, an
~example being the relative abundances of the mairix regions in Fig.

3.13(a). For the other cases however, relative zbundances 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 layerec soils,
is also considered, The aspects of degree of anisotropy anc the
feature or features inducing it along with the direction of pre-

,ferred'orientation are all included in the scheme.

The degree of fabric anisoiropy is knowm 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
of fabric, namely the volumes of 5/11_,‘ 50 u and 500 a1 sided cubes,
have been considered in the present system. Choice of ihese threce
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-
mentse. Introduction of a factor of ten to produce the '50 .1 and
500 m levels'! seemed both logiczl and appropriate. The upper level
of any such system should preferably be sufficiently large =0 asS to

include within it, a representative portion of the composite micro-
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fabric, The '500 m level!' appeared to satisfy this requirement,
atl least fior the soils studied.

‘

The basic approach adopted, involves firstly, reference to the
individual composite microfabric model within which, the occurrence
and where appropriate the relative abundance of the various micro-
fabric forms is represented. The microfabric at each cf 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 anisolropy is described using the anisotropy scale
given in Table 3.3. which ranges from very high to nil degrees of
anisoiropye. Indication is made if, at the same level, certzin
'volumes! displayed higher degrees of anisotropy than others and

any predominence is also noted,

The features or feature inducing:anisotrogv are identified and noted.

Degree of anisotropy within any particular 'volume! is observed %o
depend essentially on the occurrence and relative abundancey, within
that volume, of preferentially orientated parallel clay arrange-
ments within the various clay arrays, preferentially orientated

silt and sand grains and.interﬁeaving'bunch assemblages. The
occurrence of micro-lense and micro-vein assemblages may also induce

anisotiropy at the higher levels,

The direction of vnreferred orientation is described approximately
using the terms 'horizontal'y, 'inclined' or ‘'vertical’, If at the
same level a number of 'volumes! displayed a range of tdirections?',

the term 'full range! is applied.

The above ascpects of anisoitropy 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 sysiem cdevised satisfies fairly well, those basic requirements
outlined in Section 3.1, It is comprehensive without being too
specific, and ithe 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, 1t is consistent throughout 2ll fzbric levels and
11 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 thsreforec

truly t'geotechnicalt! in character.
A number of points require to be made zs follows:

(a) It requires to be strongly emphasised and made clear that the
characterisction scheme devised herein is intended to be in-

depencant of the technique of examination used.

(b) The present scanning electron microscope study has assesgsed

the various aspects of the characterisation scheme qualitative-

ly only.

(c) As was pointed out in Chapter 2 no thoroughly tested technique
ig available for guantitative work using the scanning electron
M1Croscope. Wwhere available techniques have been applied
mainly 1o artificially derived clay systems. Furthermorc
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 varievy of

microfabric forms present, (2) +the relative abundance of
microfabric forms or (3) the feature(s) responsible for any

degrec of anisotropy (a2t least in any detail).
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It is doubtful whether this or any other acceptable scheme
for microfabric characterisation will ever be fully quanti-
fied due to J$he complex nature of natural microfabric and its

extreme variability at 211 levels.

v 1s not envisaged therefore that the scheme suggested here-

~in need ever be wholly supergeded but it may perhaps be

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

x~-ray diffraction or magnetic anisotropy data.



CHAPTER 4

TECHNIQUES AGOPTED.FOR THIS SCANNING ELECTRON MICROSCOPY STUDY

4.1. INTRODUCTION,

As discussed in Chapter 2, Section 2.l1. selection of the observation
and specimen preparation techniques for a particular microfadbric
study will depend on a number of factors includir.g 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 thg bulk samples of the cohesive soils to be in-
vestigated ranged from very wet and soft to very dry and herd.

*

The granular soll samples were either partly saturated or dry,

Considering then, these basic requirements and the time available,
the scanning eleciron microscope was chosen a2t the observation tool
for the preseni investigation. This technique enables a direct,
high contrast stereoscopic imaée of the frazcture surface of small
block specimens to be obtained over a wide range or magnifications,
Where required cdehydration of samples for microscopy was
facilitated using the process of air-drying which was selected
because of its simplicity and becausce it could be applied to all
soll types, providing that only a qualitative zssessment of micro-
fabric was necded, Air-drying can induce considerable shrinkage
if the moisture content of a soil is high compared to its shrinkaéc
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 vitelly im-
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poriant 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 followus:
(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, SCANNING ELECTRCN MICROSCOPY.

4e2s1a ?canning'Eléctron Microscope.,

.

Detailed accounis of the historical background, fundamentel tech-
niques of operation and scope of application of the sScanning €lec-

tron microscope has been given by Oatley et al (1565), Roscoe (1967),
Tovey (1970 and 1973¢c), and many others, |

The fundamental principle behind the operation of the scannring
electron microscope is the use of a primary eleciren beam which
passes through a2 high vacuum (1 x 10 =2 Torr) and strikes the
surface of a block specimen. At this point, some elccirons are
reflected and others cause the emission of secondary electrons,
and in the reflective / emissive mode a proportion of thesc reflect-
ed and secondary electrons are collected in the collector, Fron
this collector the signal is amplified, znd fed to modulate the
intensity of the spot-on a cathode ray tubs 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 ihe 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 ihe

| topography of the surface and the atomic number (2) of the com-

ponents, Stoops (1973). Generally, resclution is about 100-200 Y
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(50 2 for the new microscopes) znd 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 caihodluminescent,'absorbtive, transmiscsive and x~ray modes.
Stereopair photographs are readily taken by tilting the specimen
through several degrees. The particular instrument model used 1in
the present study was the Cambridge Instrumenits Co. STEREQOSCAl MK
:ii A and this was operated in the normal reflective / emissive
mode, The routine operational procedures adopted %o obtain optimum
instrument performance were those laid down in the manufacturer's
hendbook. Recommendations given by Tovey (1970, 1973¢c) which re-
late specifically to the application of the S.E.M. to the study of

soils were a2lso closely.adhered t0.
4.2.2, Microphotography Techniques.
4-2|2|rll General.

In the early part of the project polaroid micrographs were taken
but while these proved ic be cxtremely useful from the point of
view of interpretation their cost proved prohibitive for routine
use. Again the recommendations given by Tovey (1970, 1973c)
relating to the procedures for obtaining optimum photographic

results were closely followed,
de2s2420s Stereo Microphotography.

Stereopair micrographs were tazken using an angle of tilt of around
7 to 10°.  In order to maintain constant magnification focussing
vas carried out using the specimen height control, An attempt
was also made 1o maintain constant contrast and brightness con-

ditions P
4e2.2.3. Overlapping Photography.

Overlaps were tzken involving arrzys of 2 x 2, up to 6 x 4 micro-

graphs. A mininum overlap of~-10 percent at each boundary was



adopted 2lthough for particularly difficult cases 20 percent or

more overiap was used, Migrment, both horizontal and vertical,
was checked using a 1 cm., squarec grid on a2 transparent sheet mounier
on the microscope viewlng screen, Again constant magnificetion

was achieved by focussing with the specimen height control, although
in cases wnerc a particularly rough surface was being photographec
both the height contrcl and the electronic focussing controls werc
used in an attempt to obtzin a good match between the successive

micrographs.
Ae2¢2e4« Mounting Micrograpns 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 A
for low magnification and 22 for high magnification. Nagnification
was given as the real magnification, i.e. as the electronic plus any

photographic enlargement or reduction.

4.3, SPECIMELN 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 temperaivure
of approximately 20°¢C over a period of one to six weeks. The iine
recuired for the drying procedure being dependant on the natlure anc .
wvater content of the sample under consiaeration. Bulk samples
varied in character and size approximately 25 mm - 100 mm ciameter
with some being very soft or frizble and others being fairly stiff

or even hard. The problem of shrinkage thereiore was met in only
certain cases, i.e. essentially only where very sofit or soft bulk
samples werg being air éried. To aid the drying process in these
cases bulk samples were carefully +trimmed dovm using chcese wire

into emaller somples,
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4e3.2. Specimen Selection for Hicroscopy.

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 lenguh
were carefully sculptured out of the bulk specimen using a sharp
modelling knife. and in the case of the very hard szmples a fine
hacksaw proved useful for coarse trimming. In the case of the
friable samples prismatic samples could not be obtzined and finger
pressure was sufficient to obtain small or bulk specimens for
fracture. Regarding the number of specimens taken, 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 wviere selected such that
their long axis was orientated in a horizontzl direction. Upon
fracturing therefore two horizontal surfaces and four vertical

surfaces were obtained.
Je3e3s. Fracturing of Specimens.

Fracturing of specimens was carried out by cutting a V - 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 1o be kepi

in mind when fracturing is carried out.
4.3.4. Mounting of Specimens,

Once the specimens were fractured they were carefully irimmed 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



using Durofix glue, Barden and Sides (1971).

4e3s5s 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 clezned znd rep-
resentative surface, Barden and Sides (1971). For the extremely
clayey solls included in the study a very large numter of cello-
tape applications was required, However, in the case of the
coarse granular and friable soils included, peeling often appeared
to induce disturbance due to the plucking out of 2 large number of
s0ll grains and was therefore omitted. in such cases a low
powercd air-blast was adopted as a method for removing surface

debris, McGown (1975). For those soils with a granulometry Ye-
tveen exiremely clayey and extremely granular an intermediate

nunber of peels was applied.,

To provide a check on the success or otheruvise of the peeling or
alr-blasting techniques the texture of the prepared surface was
cxamined. In the earlier stages of the project this was facilitatel
using simply 2 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 vazcuum coated with.a
layer of gold palladium (200 - 300 %) thick to prevent charge
build up on the specimen, Surfaces not requiring examination

vere 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 1o avoid contamination direct handling of specimens was
kept 1o 2 minimum by the use of several types of forcep. Contam-
ination of the specimens from the surrounding environment was re-

duced to.2 minimum by storing the specimens in sealeble plastic

containers or bottles,



4.3.8. Preliminary Investigation of the Critical Point Drying

Technique.
4e3.8.1. Iniroduction.

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 scil

fabrics vieved in the present microfabric study.

The criticzl point drying method relies on the fact that at =z

| tenperature and pressure above a certain critical point, the
physical properiies of =z liguid znd its vapour become the same.

As the intlerface no longer exists surface tension damage is there-
fore eliminated, The critical values of temperature and pressure
for water are 37400 and 217.7 atm, respectively. Such'high
critical values however, may have an adverse affect on the structure
of the cleay 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 1is
then taken to its critical point (critical T = 31.1°C and P = 71 atm)
has been recommended Greene-kelly (1973). Such a twe stage approach
vias adopted in the present preliminary investigation. The test
apparatus aznd procedures are described in detail in Appendix B,

Sections B.l. and B.2. respectively,

Unforturately it was not possible to use soils from the main part
of the microfabric investigation since the soil samples t0 which
critical point drying would have been particﬁlarly 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 nailural water laid and saturated clays and a laboratory
consolidated illite, Their general background propertics are

given in Table B,1. The natural soils were chosen because their



general charactier resembled that of the soft water laid clays in-
cludea in the main investigation. The illite clay seemed appro-~
priate due to the fazct thal the four naturel deposits were strongly

illitic in cheracter.,

Lake Poricheartirain clay vwas 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 samples it was
decided to consider only air drying and critical point drying,

(with both concentrated and graded methanol impregnation).

It has teen inferred by Greene—kelly(ls-"?j) thot direct impregnation
with concentrated methanol while being far simpler can induce danm-
age due to high concentration gradients. On the other hand graded
substitution involves introduction of water to the specimen and

this also may have zdverse effecis,

lMacroscopic observations of the degree of overall shrinxage or
swelling and the more general characieristics such as shape and
texture were made on all specimens dried by the various methods,
end these are presented in Appendix B, Sectiion B.3. TFor ithe Lake
Portcharirain, microscopic examinations were also undertsken znd
these are given in Section B, 4. Lack of time however made it

impossible to extend the microscopic investigation to the other

four soilse.

It regquired to be emphasised that it was intended here to identify
only general trends, i.e. to obizin a2 global view and therefore

highly deiailed 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:

(2) Slow air-drying, as might be expected, induces considerable

linear and volumetric shrinkage in wet clay solls.



(b)

(c)

(f)

(g)

Critical point dryingreauces the degree of linear and volu-
metric shrinkage to a very low value, The megnitude of the
reduction measured in the present study appears to be of the
seme order as that obtained by Greene-kelly (1973). The
magnitude of the linear shrinkage (0 - 2.&.) 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.

Preferred orientation of particles at the micro level due io
drying is negligible since differential linear shrinkage
(i.e. horizontal versus vertical) for both the critical

point and air dried specimens secms on balance to be minimal,

llo 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.

There is a strong tendancy for methanol impregnation,

whether it be by the graded or concentrated method, 1o induce

cracking of specimens. This of course mckes specimen prep-

aration for microscopy more difficult.

For &oft uncemented clays, e.g. the laboratory prepared

illite, Sen Francisco Bzy Mud and Lzke Portchartrain clays,
the process of critical point drying may itself be responsible
for producing a relatively weak and rathcr delicate zkeleton
as evidenced by, e.g. tendancy for surface flaking. This

again presented problems in preparation for microscopy com-

pared with that provided by say air-drying.

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 and

49
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this may be associated with the artificial nature of the

s0i1l structure,

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 guantity 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,

Celo freeze drying has induced overzall swelling at the
macroscopic (and presumably the microlevel) Tovey (1970) and
it has been sugggsted that criticel point drying could

possibly induce particle breakup.

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 submitied 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 how-
ever may be introduced, namely, a slightly more particulate
and open clay array due to some packet breakdown, 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 1.(f), above
critical point drying does, due to the fact that plucking
appears to be highly prevalent, +tend to produce a
relatively wveak skeleton then it would scem that the post
drying procedures of fracturing, mountirng, peeling, eic.

must induce some sort and degree of internal disturbance.

(b) Alr drying produces a denser but not necessarily a more

anisoiropic clay array than the 'natural' one. Some
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clay group formation or extension is z2lso probabdble,
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, oo
aggregations, 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 preferrcd orientation of clay particles may
occur, Again, clay group formaticn 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.

3e 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 characier
of the natural microfabric on the basis of the information

provided by each of these methods.
4.4, MICROSCOPY PROCEDURE ADOPTED FOR MICROFABRIC INVESTIGATION.

40401: 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 eleciron 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 assescment followea
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by a detzailed microfabric assessment, In both stages the specimens
were viewed 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 tzken for
each specimen, the actual number being a function of the fabric
complexity and specimen granulometry. MNonomicrographs were usually
taken only at low magnification ( £ x 250) vhile stereopair and
overlapping micrographs were usually only tzken at higher magnifica-

tions.

otereopair microphotography was employed whenever possible in order
that anomalies could be easily identified and an appropriate
allowance made, Tovey (1970, 1973¢). Tovey has highlighted the
errors in interpretatibn of particle alignment which can occcur 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 lcfi
by grains plucked out during preparaticn 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 microfabric, Such a technique allows for betier
recognition of individual and multi-level microfabric forms and

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

fabric form wnich exists,
- _
Overlaps proved particularly useful for tracing clearly the pattern
f : -
displayed: by higher order vein assemblages across a specimen ana
for showing clearly the interaction zand interface between the

layers ﬂof a layered system.

Assessment of microfabric character was carried ocut on a purely
qualitative basis since few quantitative technigues are available
for scanning microscopy and as mentioned in Section 2.l. thocse

that have teen developed give limited information and as yet have

=
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not been thorcughly fested on natural =so0il fabrics.

Barly in this project, zn exploratory investigation was undertzken
of the applicability of the Quantimet 720 image analysis computer

0 quantification of sCcanning eleciron 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
wvherein particles generally have a wide range of tone densities.
These findings are in agreement with Tovey (19_733.), who also stated
that 'on line' processing, which eliminates the photographic step

may partly assist in reducing this problem, T

bdede2, Preliminary Assessment.
Five steps are identified as follows:-

1) The specimens are placed in the specimen chamber of the S.E.N.
such that the surface to be viewed is laid as close to the-
horizontal plene as pcssible and therefore approximately
normal to the electron beam. This resulis in a better per-
spective monoscopic image than that obtained by oblique view-

- ing although high quality micrographs are more difficult to
obtain, Tovey (1973c).

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 wvhere 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 arcas are then identified on the basis of tex-
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ture, lHononmicrogravhs are taken of these areazs at low mag-
nification for the purposes of surface mapping and assessment.
Stereopair micrographs may alsc be taken in the case of =
coarse grained sgoil, Polarocid prints are extremely usetul

at this stage.

Bach 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
sels of stereopair micrographs are taken at various selected

magnifications at selected points.

At this stege 'first impressions' of the microfabric charzcier
of each specimen should be formulated and recorded. The
types of Elementery Particle Arrangements, and Basic and
Higher order Particle Assemblages present and Pore Spaces and
the organicsaticn of the Composite Microfabric should be
assessed along with some comment on the cdegree of anisotropy

displayed.

Detailed Microfatric Assescsment.

Two main steps are identified.

1)

The seis of seguential stereopair micrographs taken at sitage
4) above are mounted for viecwing 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

teken where necessary at appropriate levels of magnification.

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) thelr
spatial organisation and interaction 4o form the composite

nicrofabric, (iii) the relative abundance of the various

k.
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nicrorabri
ic forms w3 )
within the composite microfab
1 abric and (3
iv)

the natur
e of any ani
isotropy within the composit
aposite microfabrs
1T,
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A CATALOGUSE OF NWATURAI SOII, MICROFABRIC

51 INTRODUCTION,

The so0ils invesiigated 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 =z particulzr geological or geotechnical soil
£r0UPe. This chapter reports on the geological and geotechnical
background of the soils studied and on the findings of the present
scanning electron picroscopy investigation of their microfabrics.
A 'catalogue of naiural soil microfabric'! is presented and five

mailn 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.

Seciions E, 111 and I_\}: deal with the data for wind borne, ice

laid and residual deposits. A summary is presented in Section
E. Teble 5.1l. gives details of some of the basic geotechnical
properties and also thae source or authoritative reference for the

particular soils included,

The soil samples were all cxamined in the air-dried state using
the microscopy techniques described in Chegpter 4, and Tthe micro-
fabrics so observed were characterised according to the system
developed for the present study'énd.detailed in Chapter 3. The
various aspects of the characterisation system however, could

only be assessed on a qualitative basis in this investigation.

Several ways of presenting the microfabric characterisation data
were considered. The approach =dopted in the present study
includes for each soil, a well detailed descriptive text togeiher
wvith a number of selected micrographs illustrating the principal

featurcs in vertical section, and ceriain summary figures.



OLCTICN 1 - VATER LAID DEPOSITS

Part (a) Marine Devosits
De2. GRANCGENOUTH, U.K.
521 General Background.

A bulk sample of soil from the site of 2 new lock construction,
located on the flat alluvial plain of the River Forth, has been
included. Evidence, both geological and structural suggesis 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 regiocn 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 bulk.samplé selccted for the
present study was found to have a non-stratified macrofabric vhere-
in irregular shaped.sandy'or‘silty lenses were visible. It was
found to be a soft-very soft, saturated clayey silt with a mecasured
salinity of 27 g/l, Gabr (1975). Geotechnically speaking, it is
classiiied as a2 normally consolidated (pés& pésa 110 kN/mz) in-

organic medium sensitive (St = 2.5) clay cof high plasticitye.

Del2e2. Microfabric Characterisation.

(2) Elenmentary particle arrangemenis - Fig. 5.1.(a): clay

arrangements appeared to be the orly arrangements present
and these vere predominantly random in character., Parallel
configurations were also occasionally in evidence with
partly discernible particle arrangements displeying some
crinkled edges only rarely observable, The discernible
clay arrangements consisted both of plate chaped individuals
of mainly coarse clay size, znd platc shaped groups with
fine-coarse clay sizes as indicated by Mic. 5.1.(a) which

shous a random configuration at high magnification.



(b) Particle assemblages - Fig. 5.1l.(b): a rather complex

assemblzge network was apparent within which a clzy-granular
matrix predominated and aggregations and interweaving bunches
were each occasionzally in evidence. The embedded matrix
gfains 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 arraye. A typical clay-granular matrix region
is shown in Mic. 5.1.(D). The aggregations present were
more or less regular in shapejy of medium sil3 sizej con-—
sisted of clay arrays and were observed interacting directily
with each other or the surrounding matrix, The typical
nature of these assemblages is illustrated by Mic., 5.1.(0).
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 assen-

~blages., This is particularly well shown by lMic. 5.1.(e).

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

associated with the clay arrangements, Mic. 5.1.(2), appear-
ed to dominate the pore space although a considerable con-
tribution from the various inter—-zssemblage POresy €.8.

. Mic,. 5.1.(0), was also in evidence. Only a2 small propor-
tion of the pore space seemed to be accounted for by intra-

assemblage pores.

(d) Composite microfabrice the general nature and fairly uniform
texture of the composite microfabric are clearly shown by
Mic. 5.1.(f).

(e) Anisotropy within composite microfabric — Fige 5Sels d): the
microfabric appeared to be izotropic at the 500/u and 50)“
levels. This was also the case for the major portion of tiae

microfabric at the 5}1 level,



5.3, OSLO FJORD, MNORWAY.
503.1. General Background.

Four bulk samples of the well known sensitive Norwegian marine
clays from the Drammen Valley and Oslo regions, Norway, have been
included. Tne geological history and geotechnical properties of
these deposits have been discussed in detail by Bjerrum (1967,
197 3)s Kaezi and Moum (1973) and others, and summarised below.

Three of the deposits from Solbergelva and Sundlend in the Drammen
region znd Ellingsgrud, Oslo, are glacio-marine in origin deposited
during late-glacial times, The Drammen Tovm deposit however weas
laid covm in early post glacial times. From the geological point
of view, all these Norwegian sediments are normally consolidated.
(pé:a péﬁﬂ 84kﬂ/m2 for the Solbergelva and Sundland deposits).

The Drammen Tovn and Ellingsgrud deposits however, have developed
reserve resistance to compression as a2 result of the large delayed
compression to which it has been subjected, znd therefore displays
sone apparent pre-consolidation, (e.g. for Drammen Tovm péﬁm 1.6 pé
= 107 }:II/mz). Post-depositionzal leaching by freshwater occurrea
in varying degrees within the four deposits following isostiatic
uplift as indicated by the measured soluble salt contents of the
samples (Drammen Towm - 27 5/1; Solbergelva - 15 g/l; Sundlend -
2 g/l and Ellingsgrud - 1 gfl.) All four semples were found %o
have water contents approaching or above their liquid limiis and
vere 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 vhile the late-glacial Drammen de-
posits have been described as inorganic clays of low plasvicity,
i.ce 'lean clays'. The Ellingsgrud deposit has been described

as an inorgenic silt of low plasticity despite its significant clay
content of 38%. Typically the clay fraction of Norwegian marine
clays has been reportéd as consistirng mainly of illite, chlorite
along with significant amounts of quartz and feldspar. The Nor-
wegian marine deposits are renovmed for their unusuzl and often

extrene 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 semples selected for this study display a range of sensitivities,
the Ellingsgrud is classed as extra cuick, (St = 70) the Sundland

as medium quick, (S_t = 17) and those from Drammen Towm and Solber-

gelva are very sensitive, (St = 8).
5.3.2. HMicrofabric Characterisation.

5¢e3e¢e2ele Drammen Tovm.

(2)

Elementarv pariticle zrrangenents - i

s clay arrange-
ments were observed predominating over clean grain-grain con-
tact arrangementé which trere also frequentily in evidence.

The former arrangements were predomninantly random in character
and the clay particles comprising these arrangements appeared
to be both plate shaped indidivuals of mainly ccarse clay

size and plate shaped groups of mainly fine clay size. MNic.
5.2.(a) shows a random configuration wherein clzy individuals
arc prominent. Rarely the clay arrangements were partly
discernible in characier., The grains involved in the grain-
grain contacts were mainly finer silt sizes, flaky anc

elongated shapes, and were generally loosely packed.

(b) Particle assemblages — Fig, 5.2.(b): A mairix appeared to

be the dominant assemblage present, and aggregations anc
connectiors were only rarely abundant. Within the mairix
wvhich was very opea in places, clay-granular regions wvere
observed dominating over clzy regions which were occasionally
present. Embedded matrix grains were haphazardly orientated
medium—~fine silt sizes with mainly flaky and elongated ghapes,
othervise the matrix consisted of a random clay array with
isolated grain-grain contacts. lMic. 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 conirast

to these clay-granular regions, = clay region is also shovm.



(d)

(e)

61.

The aggregations were irregular in shape, silt sized and
associated with the surrounding matrix via bridge connectors.
The latter assemblages consisted of nmixtures of random clay
and grain-grain arrangements, The nature of the irregular
aggregations and their linkeges with the surrounding matrix
may be taken as being similar to that shown in lic. 5.3.(b)
for the Sundland so0il.

Basic pore spaces - Fig, 5.2.!0!: the intra-elemental pores

associated with both the clay arrangements, e.g. Mic, 5.2.(2)
and grain arrangements appeared to dominate the pore space
although an appreciable contribution was 2lso in evidence
from the intra-assemblage pores associagted with the open
matrix regions, e.g. Mic. 5.2.(b). Overall, only a small

contribution was apparent from inter-assemblage pores.

Composite microfabric: the general nature and fine texture

of the composite microfabric are clearly shown by HMic. 5.2.(c).

Anisotrovy within commosite microfabric - Fig. 5.2.{d): <the
microfabric appeared to be isotropic at the three levels

considered.,

5I3l2l2l Sundl and,

(a)

Elements particle arrangements - Fig. 5.3.(2a): Dboth clay
and clean grain-grain contact arrangements were observed %o
be frequently abundant, The former arrangementis vere pre-
dominantly random in character and zppecared 1o consist of
both bulky shaped individuals of mainly coarse clay size,

and plate shaped groups of mainly fine clay size, a2s indicat-

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

partly discernible in character, The grains involved 1in
the grain-grain contacts were mainly finer sili{ sizes with
flaky, elongated and angular shapes, Mic. 5.3.(b). Both

loosely and closely packed arrangements were apparente.
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Particle zssemblarges - Pip,

(b)

¢+ a rather complex assen-
blage netvork was apparent within which connectors appeared
to be predominant and aggregations were frequently observable.
The conneciors bridged and butitressed 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 lMic. 5.3.(&). In some czases,
grain conneciors were actually present within larger connect-
0rs. Connectors also served to link aggregations, both with
each other, in connected aggregate systems, and with the
surrounding grain connector system. The aggregations vere
silt sized and irregularly shaped and consisted of mixtures
of clay arrangeﬁents and grain-grain contacts. Mic. 5.3.(b)
serves To illustrate the nature and orgenisation of an
irregular aggregation and its linkages. No preferrcd

orientation of the assemblage grazins was apparent.

(c) Basic pore svaces - Fig, 5.3.(c): the inter-assemblage porss
formed by the connector systems, e.g. MNic, 5¢3.{a) and (b)
appeared to dominate the pore space with zn appreciable con-
tribution coming 2lso from the intra~elemental pores
associated with both the clay and grain arrangemenis. Only
a2 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 Hic,

5e3e(C)o

(e) Anjsotropy within composite microfabric —~ Fig, 5¢3e
microfabric eppeared to be isotropic at the three levels

considered.

5.3.2-3: Solbergelva.

(2) Elenentar

article arrangsements - Fig.




