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ABSTRACT  

This thesis presents a study of some geological and engineering 
characteristics of selected brickearths from Kent in the south- 
east of England. 	A morphological and stratigraphic similarity 
is pointed out between brickearth and the Pleistocene deposit 
known as loess. 	Some of the brickearths studied have been 
described previously as loess. 

Literature relating to the nature and origin of loess and brickearth 
is reviewed. 	In subsequent discussion, a significant engineering 
characteristic of loess is introduced, namely Lhat it has a meta-
stable structure which is susceptible to rapid collapse when wetted 
under load. 	The phenomenon of metastability is discussed in terms 
of soil structure and engineering concepts. 	It is shown that the 
collapse in this type of material arises from microshearing at 
intergranular contacts and that the collapse behaviour apparently 
contradicts that predicted from consideration of the 'principal of 
effective stress'. 

In the light of the above discussion, laboratory tests were carried 
out to observe the properties of the selected brickearths. 
Following a description of sampling methods and the sites in Kent 
from which samples were taken, the laboratory tests are described. 
Engineering laboratory tests were conducted on samples of brick-
earth to establish their index properties, to observe their shear 
strength characteristics and to observe their compressibility 
characteristics with particular reference to their susceptibility 
to collapse. 	In addition, a series of tests was carried out in 
which specimens of brickearth were saturated with various fluids 
while under applied loads in order to investigate the influence 
of the clay fraction in the soil on the collapse process. 
Geological studies involved mineralogical analysis and soil 
fabric observations using thin-section and Scanning Electron 
Microscope techniques. 

The test results and observations are presented and discussed. 
Conclusions are drawn relating to the determined engineering 
and geological characteristics of the materials and, where 
appropriate, comparisons are made with published results for 
loess. 
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The Loess  

There is a deposit, yclept the Loess, 
That's puzzled the brains of the savants I guess, 
It's found in the vale, and a-top of the hill, 
'Tis scarcely a clay, and it is not a Till; 
No gravelly bed do its sections unfold, 
Nor boulder subangular, flattened or rolled; 
Strange and unstratified, made to distress, 
Is this great deposit we call the Loess. 

Would you make its acquaintance, unwilling to lag 
Behindhand in knowledge? consult Geo. Mag., 
Where Howorth has marshalled his facts in a train, 
This 'rummy' deposit for once to explain, 
By one great debacle tremenjus of floods. 
That tore up the soils, and stirred up the muds, 
Making and mixing a liquefied mess, 
Which settled and dried, and became the Loess. 

Bold Baron Richthofen now stalks on the scene, 
To polish off Howorth, so fresh and so green; 
The steppes of Mongolia resound to his wain, 
And he kicks up a whorlwind of dust in his train, 
Which settles on all things, to prove, if you please, 
The agent of change is the air and the breeze; 
'Tis a dusty deposit, no more and no less, 
A windy formation this funny Loess. 

Should it prove due to the flood or the gale, 
Or the Champions dusty or muddy prevail, 
To either result we may well be resigned, 
When with instruction amusements combined, 
So ye keep well your temper and never grow cross, 
Though hit with the bones of the Mammoth or Bos, 
We'll fail not to cheer and cease not to bless 
That pregnant deposit yclept the Loess. 

A. CONIFER. 

Hardwicke's Science-Gossip. 

1882 	Vol. 18. p.199-200. 
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CHAPTER ONE  

INTRODUCTION  

In northern Europe the concept of multiple glaciation during 
the Pleistocene became accepted by most geologists in the latter 
half of the nineteenth century to explain the intercalation of 
the various deposits associated with this period. 	Since then, 
a great deal of research has been carried out into the effects 
of glaciation, much of which has been devoted to studies of the 
chronology of the Pleistocene as revealed in the stratigraphy 
of glacial deposits on land and in the sedimentary record in 
oceanic areas as well as the effects of glacial action on the 
morphology of the landscape. 	Discussions of these studies 
can be found in Charlesworth (1957), Embleton and King (1968) 
and, with particular reference to the British Isles, West (1968). 

There are areas of the world which were never covered by ice 
during the Pleistocene but, nevertheless, were affected by the 
climatic conditions and processes induced by the presence of 
near-by ice-sheets. 	These "extra-glacial" areas are referred 
to as "periglacial" areas. 	The term periglacial, first proposed 
by Lozinski (1912), refers in the strictest sense to the zone 
peripheral to an ice-sheet or glacier but it is more usual to 
apply the term to the processes and, more generally, to the 
environment associated with the climatic conditions of such a 
zone. 	It is, perhaps, less acceptable to use the term (as 
some authors have done) to describe climatic conditions in 
the peripheral zone unless they are arbitrarily defined since 
they could vary significantly from place to place. 	For instance, 
the severely dry, cold climate of the periglacial zone during 
the Weichsel maximum (the last glacial stage of the Pleistocene) 
in European Russia must have been very different from the more 
maritime climate in southern Britain at the edge of the continental 
ice mass (Embleton and King, 1968). 

The essential requirement of a periglacial zone is the presence 
of frozen ground, either as permafrost or as a seasonally occurring 
phenomenon, so that the extent of the zone can be considered 
as being between an inner boundary defined by the current margin 
of the ice and outer edge which is gradational but mainly 
influenced by the extent of the frozen ground. 

It should be made clear that periglacial conditions were not 
restricted to the area whose inner boundary was defined by the 
limit of maximum glaciation but extended to the whole of the 
glaciated region as the ice retreated. 	This is illustrated 
in Figure l.l.which shows the distribution of fossil periglacial 



features in Britain associated with the last glaciation; although 
there is a preponderance of features in the South of England beyond 
the line of maximum glaciation, features are common north of this 
line. 

It is not proposed to discuss the various periglacial processes 
in this thesis. 	Detailed accounts can be found in Charlesworth (1957), 
Embleton and King (1968), West (1968), P6we (1969) and Washburn (1972). 
Reviews of the engineering significance of these processes and 
the resulting structures and deposits can be found in Mellors (1969a) 
and Higginbottom and Fookes (1970). 

Suffice it to say, for the purpose of this thesis, that the 
changes in climate from cold glacial to temperate throughout the 
Pleistocene and the presence of frozen ground as indicated by fossil 
structures, had a significant influence on the geomorphology of 
the periglacial zones and resulted in the formation of superficial 
deposits which vary in their distribution and lithology. 	As an 
example, Figure 1.2 shows some of the deposits and resulting 
structures associated with periglacial processes. 

A deposit associated with the Pleistocene glaciations and in 
particular, the periglacial environment, is loess. 	Loess is 
a fine-grained, well-sorted, usually unstratified and calcareous 
sediment with a worldwide distribution and marked physical 
uniformity and now regarded as being formed from the aeolian 
transportation and subsequent deposition of predominantly silt- 
sized quartz particles. 	It has received a great deal of attention 
in the past from geologists, no doubt prompted by its global 
distribution and uniformity and there exists a substantial volume 
of literature relating to its nature and mode of formation. 	In 
recent years, loess has also attracted the attention of engineers 
since it has been found to belong to that group of engineering 
soils known as "metastable soils". 	These soils have the unusual 
and distinctive property of undergoing large reductions in their 
bulk volume if they become saturated when under load. 	This 
collapse of the soil structure, leading to large settlements, 
can have serious repercussions in terms of damage to buildings 
or other structures constructed on such soils. 

In southern England, there are deposits which strongly resemble 
loess, both stratigraphically and lithologically. 	They form 
part of a group of deposits collectively known as "brickearth" 
which is a general term with no specific generic connotation 
used to describe those Drift deposits "which are readily suitable 
for making bricks" (Smart, Bissom and Worssam; 1966, p.210). 
Unlike loess, brickearths have received relatively little 
attention from geologists, even though they are quite widespread -
probably this results from their usual occurrence as a thin cover. 
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During the period October 1968 to June 1969, the author had the 
opportunity to investigate the engineering characteristics of a 
deposit of brickearth which occurred as an infilling to a channel 
cut in frost-shattered Chalk at Pegwell Bay in Kent. 	Laboratory 
testing revealed that the brickearth was a fairly dense material 
of low to medium plasticity consisting, in the main, of silt-sized 
particles with some clay. 	Oedometer testing further revealed 
that the material was metastable - it underwent collapse when 
saturated with water whilst under an applied load (Mellors 1969b). 
At about the same time, Fookes and Best (1969) showed that nearby 
loess at Pegwell Bay, which had been identified as loess in 1954 
but previously had been referred to as brickearth, had a lower 
dry density than the brickearth infilling the channel and was 
also metastable. 

Because brickearths are quite widespread and occur as superficial 
deposits in southern England, they can be regarded as deposits 
of some significance from the point of view of their engineering 
behaviour. 	Despite this, they have received little attention;the studies 
of the author, Fookes and Best and:Goldberger (1968) being the only 
known previous investigations. 	So, because of their possible 
engineering significance from a regional viewpoint and the added 
factor that the materials examined had been shown to be metastable, 
it was considered that the brickearths warranted further investigation. 

A programme of research was designed, therefore, to investigate the 
nature and occurrence of the phenomenon of metastability in some 
of the brickearths and to observe their compressibility characteristics 
generally. 	Their behaviour when subjected to shearing stresses 
was also to be observed. 	The programme would include a broad 
mineralogical analysis of the soils and a study of their fabric 
using Scanning Electron Microscopy to aid in the interpretation of 
the observed behaviour of the soils. 

A preliminary examination of the literature revealed that there 
existed a diversity in reported physical characteristics of 
brickearths as well as opinions as to their mode of formation. 
It was proposed to select for the study brickearths which resembled 
loess in appearance but which were considered not necessarily of 
aeolian origin to compare their behaviour with loess. 

Kent was chosen as a field area because of the reported occurrence 
of such deposits there and its relative proximity to Imperial College 
for trips into the field for sample collection etc. 

This thesis embodies the findings of the research study. 	Because 
of the broad similarity between loess and the brickearths selected, 
both materials are reviewed in terms of their nature and origin. 
The phenomenon of metastability is discussed in terms of its 
engineering significance and the concept of engineering soil 
structure. 	The laboratory investigations and results obtained 
are presented and examined. 
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CHAPTER TWO  

LOESS  

2.1 	The Nature and Origin of Loess  

The term loess was first used in a lithological sense to 
describe material used in the brickmaking industry in 
Germany in the Rhine Valley. 	Since Lyell (1838) first 
described these deposits, there have been innumerable 
arguments relating to the mode of formation and constitution 
of loess.t Most of these arguments have arisen either 
because of the disputed origin of the material or as a 
result of the use by some authors of a generic term in the 
definition for loess, thereby excluding all other deposits 
which may resemble true loess morphologically but which 
could be shown to have been formed in a different manner. 

Of the many definitions put forward, perhaps the only common 
factor among them has been the agreement on the degree of 
sorting of the material and its grain size distribution. 
Loess is a well-sorted deposit consisting primarily of 
silt-sized grains. 	These two factors have an important 
bearing in the discussion relating to the mode of 
formation of loess and will be dealt with more fully later. 
Richthofen (1877), working on Chinese loess, applied the 
size limits of 0.01mm.-0.05mm. stating that the bulk of 
material lies within this range. 	Russell (1944) used 
the same limits but qualified the quantity by stating 
that "at least 50% by weight of the material must fall 
within the range". 	Udden (1914) suggested the limits 
of 0.03mm.-0.06mm. for North American loess and Zeuner (1949), 
using the British Standard size limits, suggested the 
range 0.02mm.-0.06mm. with 70%-95% of the material falling 
within it. 	Smalley and Vita-Finzi (1968) have described 
loess as consisting "predominantly of quartz particles 
20-50 microns in diameter". 

It is now generally accepted that true loess has formed 
from the aeolian transportation and subsequent deposition of 
fine material (even though the term "aeolian" may not appear 
in the definition). 	Because of this, the writer feels 
that it is better not to be too restrictive in a 
definition by using fixed percentages or specific grain-
sizes since local and even regional variations could occur 
in the grading due to local changes in topography, climate 
or even fluctuations in the energy of the transporting 
medium. 
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One further point that has caused controversy in defining 
loess has been the inclusion of the term "calcareous" 
in the definition. 	Although the majority of the loess 
deposits of the world are calcareous, deposits which have 
little or no carbonates present are known e.g. Nebraska 
(Lugn, 1962), New Zealand (Raeside, 1964) so that workers 
in these areas have not included such a term in their 
definitions. 	Similarly, Lozek (1965) and Hansen (1970) 
describe "dust loams" granulometrically concordant with 
deposits accepted as loess from Europe, but because they 
are deficient in carbonates, refrain from calling them 
loess. 

Loess is usually regarded as being unstratified because 
deposition is thought to have been slow and each addition 
was an extremely thin layer (Embleton and King, 1968) but 
laminations may occur resulting from sedimentation in 
temporary ponds or under varying wind velocities (Flint, 1957). 
Typically, loess cliffs have vertical faces and a vertical 
sub-columnar jointing. 	Scheidig (1934) and Smalley (1966) 
attribute this jointing to contraction cracking and 
Flint (1957) stated that the degree of vertical fracturing 
increases where the dominant grain-size lies nearer the fine 
end of the 0.01 mm.-0.05 mm. particle size range. 	Biogenic 
structures, representing the casts of former plant roots, 
are frequent and in calcareous deposits are invariably 
lined with calcite in a tubular form. 

In addition to lining tubes, calcium carbonate can occur 
as discrete grains, coatings to quartz grains and also as 
nodular concretions. 	These concretions, known as 
"loesskindeln", "loess-puppchen" or "loess-dolls", 
are usually hollow inside and fissured and are generally 
small (up to 6 cm. diameter) although larger examples have 
been found. 	They are thought to have been formed by 
percolating groundwater charged with calcium carbonate 
precipitating the calcite around a nucleus (Charlesworth, 1957). 
Sections of calcareous loess frequently have an upper 
decalcified layer of brownish-loam - this material is usually 
termed leached loess (in France, it is known as 'terre a brique' 
and in Germany as iloesslehmi); the junction between the 
leached and unleached materials is commonly very sharp. 

Petrographically, the dominant mineral in loess is quartz 
(50%-80% by weight), the silt-sized grains of which are 
angular or subangular and occasionally rounded (Richthofen, 1877; 
Merril, 1897; Embleton and King, 1968). 	The other major 
constituents are felspars (up to 25% by weight), clay 
minerals and carbonates. 	The amount of heavy minerals is 
somewhat variable, but does not exceed a few per cent 
(Kukal, 1971) and include rutile, apatite, tourmaline 
and zircon. 	Other minerals that may be present are micas, 
pyroxenes and hornblende. 
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Because loess is a transported deposit, it is to be expected 
that there will be some diversity in the mineralogy of 
deposits from different parts of the world. 	Such differences 
have been described from North America, by Diller (1898) 
and Frye et al, (1962), from China by Barbour (1927) and 
from Europe by Cailleux (1953), Schroeder (1955) and 
Millot, Camez and Wernert (1957). 	To illustrate this, the 
mineralogy of loess samples from Western Europe was compared 
by Swineford and Frye (1955) with that of Kansas loess. 
They found that although the materials were widely separated, 
they possessed a marked similarity in topographic relation-
ships, soil profile development, texture and stratigraphy, 
but there were very strong differences in mineralogy. 	The 
main differences were the abundance of volcanic glass 
shards in the Kansas loess which were absent in the European 
material and the predominance of montmorillonite in the <2p 
fraction of the Kansas loess as opposed to a chlorite-vermiculite 
mineral in the European loess. 	The montmorillonite in the 
clay fraction of Kansas loess was attributed to the abundant 
glass shards in the loess which may have weathered to clay 
in situ and in the source rocks to the northwest which 
contain both volcanic glass and bentonites. 	The vermiculite- 
chlorite mineral in the European loess was thought to be 
derived from altered basic igneous rocks. 	Millot (1970) 
concludes "that the clay fraction of modern and fossil 
aeolian deposits has a purely detrital origin being 
inherited from the landscapes that gave rise to these 
deposits". 

The content of organic matter is generally low, consisting 
typically of 0.2%-0.3% organic carbon although larger amounts 
are sometimes accumulated in darker layers which are inter- 
preted as buried soil horizons (paleosols). 	These 
paleosols have proved invaluable in providing radiocarbon 
dates to clarify the stratigraphic record. 	So that, for 
instance, the stratigraphy of the Wisconsonian loesses of 
Illinois as far back as about 40,000 years is now controlled 
by more than twenty radiocarbon dates (Embleton and King 1968). 

Another general characteristic of loess is the fossil faunal 
content which usually consists of an abundance of terrestrial 
fauna. 	A maximum frequency of 175,000 fossil shells per 
cubic metre of material was quoted by Leonard and Frye (1954) 
for loess from the Great Plains of North America. 	The 
mollusca represent comparatively few species, the only 
aquatic varieties being those associated with streams that dry 
up periodically, but they have yielded valuable information 
about the climatic and environmental conditions at the time of 
deposition of the dust. 



-10 - 

The lack of bedding, the abundance of terrestrial fauna, 
the loose, porous fabric and the manner in which the loess 
blankets the landscape, occurring on interfluves as well 
as in the valleys themselves, have been among the major 
arguments used by geologists in support of the now generally 
accepted theory of the aeolian mode of formation of loess. 
Much of the controversy regarding its origin (as evidenced 
by the amount of literature on this subject) has resulted 
from the similarity between loess and some alluvial deposits. 
In many cases, the alluvial deposits are merely reworked 
and redeposited loess and the failure to interpret them 
as such has led many workers to invoke such processes as 
fluvial and lacustrine sedimentation as being responsible 
for the formation of loess. 

Detailed descriptions of the many and varied previous theories 
for the origin and mode of deposition of loess, together with 
bibliographies can be found in Druif (1927), Scheidig (1934), 
Russell (1944) and Charlesworth (1957). 	It is not proposed 
to discuss systematically all the hypotheses in this thesis 
but only to consider chronologically the more important 
propositions in order to exemplify the diversities of opinion 
that have existed. 

The earliest work on loess was carried out on those deposits 
in the large river valleys of Europe (Lyell, 1838; Dumont, 1852). 
Because of the association of these deposits with major river 
systems, fluvial sorting and transportation were thought 
responsible for their formation. 	Lyell (1838) compared the 
faunal content of the Rhine Valley loess with the fauna being 
carried down by the river. 	Because both contained a large 
number of terrestrial fauna, he concluded that the river 
must be the 'source' of the material and he envisaged 
deposition taking place very gradually as the loess appeared 
unstratified. 	To circumvent the problem of fluvial action 
with gradual deposition, he states "as the waters must have 
been at rest when the loamy sediment was thrown down, 
we must suppose one or many temporary lakes and ancient 
barriers which have since been removed". 

This concept of deposition in a quiescent environment, to 
explain the observed lack of stratification, led some 
workers to favour lacustrine sedimentation as the origin 
of loess (Pumpelly, 1866; Call, 1882; Warren, 1878) whilst 
some considered both fluvial and lacustrine origins 
equally plausible e.g. Chamberlin and Salisbury, 1885..  



Although Richthofen (1877, 1882) is credited with the aeolian 
hypothesis for loess, it should be noted that Virlet d'Aoust 
(1857) had earlier regarded wind action as being responsible 
for the formation of loess deposits in Mexico. 	Pumpelly (1879) 
changed his views about lacustrine origin and accepted the 
aeolian hypothesis for central North American loess, 
extending the idea further by adding that the material was 
probably originally derived from glacial outwash areas. 	The 
transportation of glacial debris by rivers, the deposition 
of sorted material on flood plains and then aeolian 
transportation and subsequent deposition to form loess 
(the concept now generally held for loess formation) was 
accepted by several of the early workers e.g. Chamberlain, 1897; 
Keyes, 1898 and Fairchild, 1898. 

In order to explain the vast areal distribution of loess in 
China, Kingsmill (1871) suggested a marine origin despite 
the fact that previous descriptions of the material emphasised 
the terrestrial faunal content and lack of marine organisms 
and the lack of structure. 	He postulated the previous 
existence of an extensive sea covering China following a 
depression of the land in which deposition took place. 	Evans 
and Etheridge (1871) in a reply to Kingsmill's paper refuted 
his marine theory and themselves considered "the probability of 
much of the so-called loess having been brought down from 
higher loamy beds, possibly derived from the decomposition of 
limestone rocks containing sand and clay and redeposited 
by the action of rain". 

To account for the vast quantities of silt-sized material 
comprising the loess deposits of Europe and China, Howorth (1882) 
suggested that the only way in which such a volume could be 
produced was by volcanic activity and that its distribution 
in the form of loess was aided by wind action and also by a 
"post-glacial flood". 

The diversity of opinions regarding the origin of loess 
continued and in consequence progressively more impossible 
explanations were considered. 	Keilhack (1920), in attempt- 
ing to explain the association of quartz and calcium carbonate 
in loess ("the most resistant, least dissoluble mineral 
on one side; on the other, the most easily destructable 
mineral, they form an exceptionally unnatural mixture, whose 
genesis is all the more difficult to explain in that it is 
limited to a minute grain size and a very small size 
range"), the limitation of loess to the Pleistocene and 
its distribution, put forward a cosmic source for the material. 

Around 1915, Berg in Russia began to develop his argument 
relating to the in situ formation of loess by pedological 
processes acting on material in situ with no transportation 
process involved (a translation of Berg's works has 
recently been published, Berg, 1964). 	The basic premise 
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of his theory is that loess and loess-like rocks form in situ 
"out of various fine-earth rocks which are necessarily 
carbonatic, such formation resulting from weathering and 
soil-forming processes in a dry climate" (Berg, 1964). 
Where Berg's theory is weakest, perhaps, is in that he 
attempts to show that quartz grains could grow in situ so 
that loess can be formed from a parent material not originally 
rich in quartz. 	Petrographic descriptions of the quartz 
morphology in loesses suggest that chemical transformations 
of a silica gel to crystalline quartz is a very dubious 
origin for the quartz in loess (Obruchev, 1945). 

This in situ formation theory had been considered earlier 
by I.C. Russell (1897) who regarded loess in eastern 
Washington, North America as having formed from the 
weathering of basalt. 	Similarly, van Rummeln (1942) 
postulated that the Dutch loess resulted from the in situ 
weathering of Cretaceous limestone over which part of it 
lies. 	However, the aeolian origin of the loess was later 
proved by Van Doormaal (in Doeglas, 1949) who investigated 
the mineralogy and grading of the deposits. 	He found that 
the heavy mineral composition was entirely different from 
that of the underlying formations but that there was a 
striking similarity between the loess and the glacial 
deposits to the north thus concluding that the loess was 
derived from the glacial formations and transported by 
wind. 

Russell (1944) revised a theory for loess formation in the 
Lower Mississippi Valley originally put forward by Hilgard 
(1860) in America which was supported by Lapparent (1883) 
for the French and Belgian loesses and Armashevsky (1883) 
from Russia. 	Russell stated that the field relationship 
of the Lower Mississippi Valley loess precluded the 
possibility of aeolian, lacustrine, fluvial or other direct 
sedimentary origin and suggested that the loess originated 
from river alluvium (the parent material). 	The alluvium 
weathered to a brown loam which crept downslope and 
accumulated in valleys and as mantles on bluffs. 	The 
colluvially derived material then underwent a process of 
"loessification" - this involved the accumulation of 
carbonates, the size of particles became restricted mainly 
to 0.01mm-0.05mm, terrestrial fauna was incorporated and 
"other loessial characteristics" appeared. 	This theory was 
put forward for the Lower Mississippi Valley - that of the 
Upper Mississippi Valley was accepted as having an aeolian 
origin (Smith, 1942). 	Russell's hypothesis was attacked 
by Holmes (1944) and Doeglas (1949) who considered the 
material to have an aeolian origin (Doeglas carried out 
mineralogical studies and found that the mineralogy of the 
loess was quite different from that of the underlying river 
terrace deposits - Russell's "parent material"). 	Russell's 
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theory found little favour (see Fisk, 1951, for example) 
and the theory of an aeolian origin for this deposit was 
accepted in preference (e.g. Leighton and Willman, 1950). 
Recently Krinitzsky and Turnbull (1967) described the 
Lower Mississippi Valley loess exclusively in terms of an 
aeolian origin. 

Further confusion in the literature has resulted from a 
classification of loess into two distinct types associated 
with two distinct environments. 	These are a) "cold loess" 
which occurs in Northern Europe, North and South America 
and in New Zealand which is associated with Pleistocene 
glaciations in these respective areas and b) "warm loess" 
which occurs in areas encircling the wodern hot deserts 
of Asia and the Middle East. 

That wind played a major role in the formation of these 
deposits in the two distinct environments has been accepted 
but where controversy has arisen is in the question of the 
initial formation of the material in the source areas. 
The supply of material for the cold loess is considered as 
resulting from glacial action and also from periglacial 
processes acting in the vicinity of the glaciers (this is 
dealt with more fully later) as postulated by Chamberlin (1897) 
and others. 	To comply with the fact that loess is found 
associated with modern hot deserts, shattering of rock by 
insolation was thought to be the mechanism responsible for 
the production of material suitable for transportation 
by the wind. 	Recent work by Chinese geologists (Sun and 
Yang, 1961; Ching Tsai-jiu, 1965) has shown that there 
was a widespread glacial cover in Asia during the Pleistocene 
and that the loess formations can be identified with those 
glaciations (Lin and Chang, 1962) thus inferring that the 
loess deposits associated with the present-day hot deserts 
of Asia (the Gobi and Ordos deserts) are really "cold" 
loesses (Smalley, 1966). 	Obruchev in 1945 remarked that 
the origin of the Asian loess was probably from exogenic 
material carried in from far away together with local 
material derived from mountain ridges, fluvial and lacustrine 
deposits. 

Perhaps the only true "warm" loesses are those found along 
the Mediterranean coast of North Africa and in the Middle East 
(Iran, Israel). 	The loess of North Africa has probably 
been formed from silt-sized material being blown northward 
and westward from the Sahara Desert. 	The loess deposits 
of Israel (found in the Be'er Sheva Basin) are thought to be 
derived from the weathering residues of calcareous rocks 
in the Sinai Desert because of mineralogical and faunal 
evidence (Ginzbourg and Yaalon, 1963). 	Fookes and Knill 
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(1969) have described loess in Iran stating that its origin 
is uncertain. 	However from their schematic cross-section 
(op cit p.96) of a typical inter-montane basin (Figure 2.1) 
it is possible to infer that weathering products formed in 
the mountains and distributed by stream action and sheet 
flooding could include some material of suitable grain 
size to be later transported by the wind and deposited 
elsewhere. 

2.2 Mechanism of Loess Formation  

Bryan (1945) stated that the formation of loess is a 
complex process involving 1) a source of material, 
2) adequate winds blowing predominantly from one direction 
and 3) an adequate place for deposition. 	A similar systematic 
approach to the formation of loess has been described by 
Smalley (1966). 	The writer proposes to restrict the discussion 
on the mechanism of loess formation to the "cold" loesses 
since they are more relevant to the ensuing discussions on 
the brickearths of south-east England. 

The first problem to be considered is that of how suitable 
material is produced and distributed such that it can then 
be picked up by the wind and transported. 	It should be 
appreciated that no single process can be regarded as being 
responsible for the production of suitable material but that 
a combination of activities peculiar to the periglacial 
zone must be considered. 

It is generally considered that the primary source of the 
bulk of the material resulted from the glacial grinding of 
bedrock which was deposited on extensive outwash plains 
by glacial meltwaters and also carried further afield 
by proglacial rivers. 	It was, no doubt, sorted to a certain 
degree by this glacio-fluvial transportation. 	The morphological 
characteristics of the quartz particles comprising loess (angular 
to sub-angular) strongly suggest some mechanical process 
involved in the production as could be supplied by glacial 
grinding. 	Keunen (1960) considered glacial grinding as the 
chief mechanism responsible for the quartz silt in loess. 
Smalley (1966) affirmed this idea after grinding quartz 
sand in a ball mill and found that the resulting product 
had a bi-modal distribution with concentrations of material 
in the ranges "greater than 500p" and "less than 2004" 

It has been mentioned previously in the discussion on the 
periglacial environment that one of the major activities 
associated with such an environment is that of freezing 
and thawing. 	Alternating cycles of freezing and thawing 
can result in the mechanical disintegration of rock thus 
producing material fine enough to be handled by the wind. 



Because most rocks are composed of a suite of minerals with 
the different minerals having different rates of thermal • 
expansion and contraction, alternate freezing and thawing 
will induce internal strains within the rock. 	These 
strains will separate the different mineral grains from 
each other, thus causing the rock to disintegrate (Bryan, 
1922). 	At the same time, water within the rock will 
freeze thus exerting a wedging action aiding the disinte-
gration - this process is a complex one because factors 
such as void size and salinity of the water affect the 
temperature/pressure relationships involved (Grawe, 1936; 
Tricart, 1956; Wiman, 1963). 	A further wedging action 
by the formation of salts in discontinuities (similar to the 
formation of evaporites) can also be included in the 
processes responsible for the breakdown of the rock. 	The 
particle size distribution of the resulting material will 
obviously depend on many factors, such as the size of the 
mineral grains comprising the rock, the size of the voids, 
the moisture content and the number of fluctuations of 
temperature above and below the freezing point. 

Other ways in which suitable material could be supplied 
for transportation by wind are from exposed deposits in 
temporary glacial lakes, ablation till and freshly exposed 
till plains left after the retreat of glaciers. 	This 
last aspect has been considered as a likely contributory 
source for much of the loess in North America (Bryan, 1945; 
Wascher et al, 1948), for the European loess (Rutten, 1954) and 
as a general source for all "cold loess" (Charlesworth) 1957). 

The mechanics of wind-blown soils have been investigated by 
Bagnold (1941). 	The part wind plays in the formation of 
loess is two-fold; it must first raise the particles 
and then carry them. 	Bagnold showed that particles of 
about 80p in diameter are most easily lifted by the 
wind (Figure 2.2a) and that higher wind velocities are 
required to lift particles with smaller and larger diameters. 
Furthermore, his experiments showed that particles with 
diameters less than approximately 2004 will tend to be 
carried in suspension by the wind whereas particles larger 
than 200p will be moved by saltation (Figure 2.2b). 	It 
can be concluded from his experiments that sediments formed 
from the aeolian transportation of detrital material over 
large distances will consist of particles less than 200u 
in diameter with an expected mode diameter of 80p or less. 
However, because 80p particles are lifted most efficiently 
but particles smaller than this are carried more efficiently, 
the mode diameter may be expected to be less than 80p. 
In addition, the impact on landing of those particles which 
are being moved by saltation will cause more material to be 
thrown into the air. 	The finer fraction of this material, 
having been raised off the ground, can then be carried by the 
wind in suspension. 
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In 1884, Jentzsh (in Charlesworth, 1957) first suggested 
that "ice winds" would blow outwards from areas of ice 
accumulation, a fact which has now been observed many times 
in areas such as Greenland and Antartica. 	Hobbs (1943), 
amongst others, has studied the theoretical development 
of glacial anticyclones in North America and Poser (1950) 
has reconstructed the distribution of winds in Europe 
during the last glaciation (Figure 2.3) based on the generally 
accepted theory that high pressure cells existed over the 
Alps and the Scandinavian ice-cap. 	Poser shows anti- 
cyclones over Spain, Western Germany and Scandinavia and 
cyclones over the British Isles and Eastern Europe thus 
giving rise to easterly and north-easterly winds blowing 
over the Low Countries and north-west Germany, south-east 
winds over Poland and south winds over Hungary. 

As support for an aeolian theory, it is to be expected 
that the thickness of loess should decrease in the direction 
of the wind as a result of the decrease in velocity of the 
wind and also that the material will become finer since the 
decrease in velocity will reduce its carrying capacity. 
Studies in North America have demonstrated such a distribution. 
The work has been carried out mainly on the Mississippi 
Valley loess, in part to elucidate its mode of formation. 
Wascher, Humbert and Cady (1948) produced a map showing the 
decrease in thickness of the loess in the Lower Mississippi Valley 
in an easterly direction (Figure 2.4). 	Earlier, Krumbein, 
(1937) had found that the thickness of loess decreased 
exponentially with distance from the river and he also 
speculated that the particle size would decrease exponent- 
ially in the same direction. 	Krinitzky and Turnbull (1967) 
presented particle size curves for samples along a traverse 
eastwards from the Mississippi River at Vicksburg, 
Mississippi, showing a decrease in grains size along the 
traverse (Figure 2.5). 	Similarly the Wisconsin loess of 
Iowa has been shown to have an increasing clay content as 
well as decreasing thickness eastward from the Missouri 
River (Davidson et al, 1960). 

Recently, Matalucci et al (1969) carried out grain orientation 
studies (using thin sections and also dielectric anisotropy 
determinations) on the Lower Mississippi Valley loess 
and found a preferred orientation of the quartz grains which 
corresponds with the direction of thinning of the loess. 
This enabled them to ascribe figures for the direction of 
the palaeo-winds carrying the silt. 

Deposition of the wind-borne silt occurred because of 
a decrease in the wind velocity away from the source area 
and possibly vegetative cover of short grasses trapping the 
material. 	Cegla (1969) has pointed out that surface 
moisture - a film of moisture on the ground surface - also 
play an important part in the retention of the deposited 
material, probably more so than vegetation. 	Bagnold (1941) 
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stated that once the silt had settled it sinks into a viscid 
layer of air and so is out of reach of the disturbing 
influence of the eddies of turbulence and also, as 
the loess contains very little or no sand which would be moved 
by saltation, it would not be readily disturbed again. 

There has been almost as much controversy in the literature 
regarding the environment in which the loess was deposited 
(after accepting that it is an aeolian deposit) as there has 
in the past in connection with its mode of formation. 
Loess deposition took place in loess-steppe areas 
(Zeuner, 1945, 1959) and loess-tundra areas (Budel, 1949). 
Budel compiled a map (Figure 2.6) showing the climatic zones 
during the last glaciation. 	He reconstructed the 10.5°C 
isotherm for July of the Wurm Stage to outline the southern 
limit of the tundra regions and then further subdivided 
Europe into smaller regions based on the distribution of 
loess palaeobotanical data. 	He argued that the silt could 
not form a continuous ground cover except in areas of dense 
grassy and herbaceous vegetation. 	Such areas existed 
in two regions - a) the tundra region of western Europe, 
poleward from the 10.5°C July isotherm and b) the steppe 
areas of eastern Europe south of the 10.5°C isotherm where 
the border of the continuous forest was far south of the 
tree line because of insufficient moisture. 	Earlier, Penck (1936) 
had described some European loess and Kay and Graham (1943) 
and Wascher et al (1948) some North American loess as having 
been deposited in a true forest zone. 	According to Budel 
(1949) these areas were not temperate forests but formed 
part of a loess-forest steppe. 	Because the climate in the 
areas of deposition must have been dry enough to prevent 
decalcification and weathering of the loess (weathering 
horizons forming palaeosols in the loess e.g. Paudorf soil, 
Kesselt soil have been found and are taken to represent 
interglacials or interstadials), some workers in the field, 
notably Zeuner (1945) have postulated a particular climate - 
a loess climate. 	Others, e.g. Flint (1957) are opposed 
to such an idea stressing the importance of continuous 
production in source areas of material capable of being 
picked up by the wind rather than the characteristics of the 
areas of deposition. 

Lozek (1965) has "re-created" the loess environment of 
Central Europe by correlating the sedimentological and 
palaeontological data available. 	He concludes that 
Central European loesses originated under glacial conditions 
with long severe winters and relatively warm, dry summers -
this climatic pattern is suggested by the combination of 
cold-loving and steppe elements in the faunal assemblages. 
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He states that the terrain could not have been a barren, 
arid steppe but must have been overgrown with vegetation 
which enabled the existence of assemblages with a strong 
component of relatively moisture-loving species (et Cegla's 
views on surface moisture "trapping" the settling dust, 1969). 
Lozek also points out fauna of periodic marsh type have been 
found in loess. 	This, he adds, gives clear evidence that 
the loess-steppe was not a scorched desert but an area with at 
least temporarily wet ground-retention of water was probably 
due to the frozen ground conditions. 

Summarising then, the formation of loess probably took place 
as follows: "Ice-winds" possibly laden with snow (melting 
snow may have produced the infrequent bedded loess 
(Charlesworth, 1957), blew off the continental ice-masses 
and over outwash plains, till deposits, exposed lake 
deposits and frost-shattered rocks. 	These winds, aided 
by saltating sand grains, picked up fine material 
(predominantly silt but also possibly clays in the form of 
aggregations) and carried it in suspension away from the 
ice masses. 	As a result of decreasing wind velocity, 
the silt dust was deposited in areas covered with vegetation 
(grasses mostly) where the dust was trapped, this latter 
feature being aided by the presence of surface moisture. 
The rate of accretion of the dust was probably quite slow 
since many of the shells of the molluscs inhabiting the 
area of deposition are perfectly preserved today. 	The 
climate of the area of deposition was such that little 
or no weathering took place. 

It is as well to mention at this stage that loess is not the 
only aeolian deposit associated with the Pleistocene 
glaciations. 	In northern Europe, there occurs a belt 
of aeolian sands, the coversands, which is to the north 
of the loess belt and borders on the latter. 	As an 
example, Figure 2.7 shows the relative positions of the 
coversands and loess in Belgium. 	The coversands are the 
deposits resulting from the inability of the wind to 
transport the sand by saltation any further. 	It can be 
seen from Figure 2.7 that between the coversands proper and 
the loess, there is a deposit called sandloess - a transitional 
deposit with a slightly coarser grading than loess but finer 
grading than coversands. 	The coversands have a steep 
grading curve (Figure 2.8) indicating aeolian transportation 
and also tend to be stratified (Plate 2/1). 	Ventifacts 
have been found in the coversands and in the Dutch coversands 
there is a desert pavement (the Beuningen gravel layer). 
Because of local changes in wind direction and fluctuations 
in the wind strength, there is much interdigitation between 
the coversands, sandloesses and loess. 
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Bedded Coversand (Belgium) 

Plate 2/1 
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Pressure distribution and direction of winds  (given 
by arrows) in Europe during  the last  glaciation..  

(After Poser 1950) 



0 	100 
miles 

Gulf of MexiCo 

Missouri 

e_:._ 

R. Mississippi 

Louisi• na 

FIG. 2.4 
- 23 - 

Thickness of loess in the Lower Mississippi 
Valley, showing  an eastward thinning away 
from the Mississippi River. 

(After Matalucci et al, 1969) 
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Frost-debris tundra: Zone of intense frost action and solifluction 
bordering the ice sheet. Deflation prevents eolian deposition. 

Loess tundra: Loess-covered region on the poleward side of the tree line 
(10.50C July isotherm). Loess deposition exceeds frost action and deflation. 
Dense, grassy, and herbaceous vegetation. No analogous regions in the present 
arctic. 

Forest tundra: The tundra region nearest the tree line. Primarily in 
moist areas. Dense tundra vegetation with numerous groves of trees. Strong 
frost action and solifluction and no eolian deposition. 

Loess steppe: Region of complete loess cover south of the tree line. 
Because of dryness, trees are scant. Dense herbaveous and grassy vegetation 
with vertical stems. Tree pollen makes up 15 per cent of total pollen present. 

Loess-forest steppe: Region of incomplete loess cover south of the tree 
line. Trees more abundant than in the loess steppe; they make up 50 per cent 
of the pollen present. This is a moist marginal area of the loess steppe, 
occurring especially in areas bordering the mountains or the poleward limit 
of trees. 

Temperate forest: Principally pine, birch, and willow, with larch and 
mountain pine in cooler areas, and "delicate" broad-leaved trees in warmer areas. 

Mediterranean vegetation: The area of mediterranean vegetation is not 
closely defined. 

Redrawn with some information omitted from Die Naturmissonschaften 35, 
109 (1949). 

MAP OF CLIMATIC ZONES IN EUROPE DURING THE ORM 
AFTER J. Bl1DEL 
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CHAPTER THREE  

THE NATURE AND ORIGIN OF BRICKEARTH  

The term brickearth has been used to describe deposits in England - 
mainly the south - of a superficial nature overlying Mesozoic and 
Tertiary strata and even other drift deposits (Loveday, 1962). 
They occur in valley bottoms, mantle valley sides and also on 
higher ground on interfluves and spurs. 

An examination of the literature has revealed that the term is 
non-specific in so much as it includes materials of various 
lithologies and probable modes of origin but which are suitable 
for brickmaking. 	Cornwall (1958) describes brickearth as "any 
sediment which lends itself to the making of bricks, tiles etc., 
regardless of its nature. 	Somewhat sandy or silty clays, river 
flood loams and loesses are embraced in this term". 	Smart, 
Bissom and Worssam (1966) state that brickearths are "friable 
and sandy, but every gradation exists to a clayey loam". 

In this thesis, brickearth is defined as a superficial deposit, 
of buff to brownish-red, calcareous or non-calcareous, fine sand 
and silt with clay. 	This very general description has been 
given purposely. 	To define brickearth morespecifically' would 
necessitate the application of physical constraints which could 
exclude material already described as brickearth. 	One or more 
new terms would then be required for the excluded materials. 
Such an undertaking is considered to be beyond the scope of this 
thesis. 	(It is worthy of note that the word brickearth is 
etymologically comparable with the French terre a brique and the 
German brickerde - both these terms usually refer to the post-
glacial weathered horizon in a loess section). 

The brickearths have received relatively little attention from 
geologists and when they have, more often than not it has been 
of a secondary nature so that most descriptions rarely state 
more than the thickness and, in general terms, its colour and 
texture. 	The greater part of the more detailed descriptions 
relate to the brickearths in Kent. 

Petrographically, the dominant minerals in the brickearths are 
quartz, feldspars and clays. 	Pitcher, Shearman and Pugh (1954) 
describing brickearth at Pegwell Bay, Kent, (which they identified 
as loess) stated that the heavy minerals bore a strong resemblance 
to those of the Thanet Beds at Pegwell Bay. 	Dalrymple (1960) 
found that the heavy mineral assemblage of brickearths from Kent 
comprised zircon, garnet, tourmaline, kyanite, sillimanite, 
staurolite and rutile. 	Smart, Bissom and Worssam (1966) describe 
a thin section of a calcareous brickearth as consisting of angular 
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grains of quartz of silt size in a matrix of finer quartz, 
calcite and glauconite with plentiful small fossils (derived 
Chalk types). 	Other light minerals reported were micas 
(muscovite and biotite) and a small amount of feldspars. Heavy 
minerals present were zircon, rutile, staurolite, hornblende, 
epidote, tourmaline and garnet. 

Sabine, Young and Dangerfield (1963) investigated the mineralogy of 
the <2pm fraction of brickearths from Kent using X-Ray Diffraction 
techniques and found the samples to contain quartz, illite and 
kaolinite and also chlorite. 	Fookes and Best (1969) reported that 
the <2pm 	fraction of the Pegwell Bay loess to consist of 
illite, kaolinite, quartz and montmorillonite. 

Figure 3.1 shows the particle distribution curves of some of the 
deposits mapped by the Geological Survey of Great Britain as 
brickearths. 	The variation in the mechanical composition of the 
deposits is clearly illustrated. 

A broad similarity between the brickearths of southern England 
and the loesses of the Continent was probably first noticed 
by d"Archaic (1839). 	It is hardly surprising that a fluvial 
origin for the brickearths was suggested by the earliest workers 
in this area (e.g. Lyell, 1852; Prestwich, 1864) since many 
of them working in the Thames Valley had previously studied the 
loesses of the Continent, which, as previously stated,were considered 
to be fluvial deposits because of their association with the 
major river systems. 

Because of the distribution of these deposits, their faunal 
content and in some cases, direct sedimentological evidence (current-
bedding, lenticular lithological units), a fluvial origin must 
be ascribed to them. 	Thus, of the more recent workers, Dewey 
and Broomhead (1921). Evans (1929) and Sherlock (1947) regarded 
brickearths on river terraces in the London Basin as having a 
fluvial origin - Brade-Birks and Furneaux (1930) described terrace 
brickearths of the River Stour likewise. 	Zeuner (1949), 
describing the brickearths on the Thames near Iver, considered 
them as river deposited aeolian material. 

Other than fluvial action, the earliest, most popular theory for 
the formation of the brickearths was probably that of solifluction 
and colluvial action under periglacial conditions (Wood, 1882; 
Reid, 1887, 1892), (at about this time, the aeolian hypothesis 
for the formation of the loess on the Continent was gaining support). 
Later, colluviation under essentially temperate conditions was 
thought responsible for the brickearths.- "brickearth is the 
name given in south-eastern England to thick masses of loam 
which accumulates on the lower parts of slopes or at their base, 
resultant on the gradual descent of the finer particles of 
disintegrated rocks by the transporting action of rain" 
(Geike, 1905, p.57). 
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White (1928), Edmunds (1948), Dines et al. (1954), Worssam (1963) 
and Smart et al. (1966) in their publications for the Geological 
Survey of the Geology of the Dover, Wealden, Chatham and Maidstone 
areas and the areas around Canterbury and Folkestone respectively, 
ascribe sheet-flooding under wet climatic conditions of pre-existing 
"loamy" deposits as the mechanism of formation. 	Kerney (1971) 
describes a deposit of brickearth at Halling, Kent as "not a pure 
loess, but represents wind-blown dust more or less intermixed 
with chalky detritus washed in from the valley sides" (p.2). 
Dines et al. (1954) noted that the brickearths in the Chatham area 
show a lithological resemblance to the solid formations which 
they overlie or which they are close to, inferring that material 
from the solid formations was incorporated in the brickearth. 	Thus, 
brickearths close to London Clay contain a higher percentage of clay, 
those near the Thanet Beds contain a greater proportion of fine 
sand whilst those near the Woolwich Beds usually have more coarse 
sand. 	It should be added that all the authors include the 
possibility that transportation of material by wind may have 
played a part in their formation. 

Some brickearths have been identified as loess, i.e. in situ 
aeolian silts, in England. 	Burchell (1935) first described a 
sequence of loams in the Lower Thames Valley at Ebbsfleet and 
later, Zeuner (1945) showed by a field and laboratory study that 
part of the sequence consisted of loess. 	Dines et al. (1954) 
have described loess from Newington in the Medway Valley and 
Pitcher et al. (1954) have described loess at Pegwell Bay near 
Ramsgate in East Kent. 	Earlier, Trechmann (1919) described a 
loess deposit on the Durham coast. 	However, it is now thought 
that the deposit was water-lain (G.A.L. Johnson, University of Durham, 
- personal communication). 	Coombe and Frost (1956) ascribe an 
aeolian origin to soils found on serpentine on the Lizard in 
Cornwall and describe them as loess. 	Galloway (1961), reviewing 
periglacial phenomena in Scotland, remarked on the paucity of 
aeolian material in Scotland. 	He suggested that perhaps the ground 
surface remained damp throughout the summer, inhibiting wind action. 
However, he does describe as loess a layer of silt about 1 metre 
thick resting on glaciofluvial materail and derived from it near 
Kinross in the eastern part of the Central Lowland. 	In describing 
periglacial features at Walton-on-Naze, Essex, Hails and White 
(1970) regard the brickearth there as loess. 	Dalrymple (1960) 
in a comprehensive study of the brickearths of Kent concluded 
that many of them were loess. 	Thin, silty deposits covering large 
areas of north-east Norfolk are described by Catt et al. (1971) who 
consider that most of the deposit was derived as loess from outwash 
material of a glacier, based on mineralogical evidence. 	Tilley 
(1961) suggests that much of the brickearth in the southeast 
of England that has been mapped under "the expressive but indeter-
minate heading" is "true and typical loess" and he regards that 
much of the deposit formed by downwash or sludge processes is 
reworked loess. 	Weir et al. (1971) agreed with Pitcher et al. (1954) 
and Tilley (1961) that the brickearth deposits in north-east Kent 
are part of the European Pleistocene loess cover. 
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The mapping of soils over the last 20-25 years has shown that there is 
a widespread distribution of silty superficial deposits covering 
the southern and eastern parts of England. 	They are considered 
as a thin loess layer i.e. aeolian silt, which has been weathered 
and to some extent mixed with underlying deposits (Coombe and 
Frost, 1956; Avery et al.,1959; Piggott, 1962; Findlay, 1965; 
Hodgson et al., 1967; Catt et al. 1971; Robson and George, 1971). 

In summary it would seem that two processes can be considered 
responsible for the formation of the brickearths:- 

a) wind action and subsequent deposition of 
silt sized material, which, providing it remains 
in situ, is loess 

b) solifluction, sheet-flooding and colluvial 
processes generally acting on pre-existing 
'loamy' deposits. 	The reworking of the 
'parent material', which could be loess, 
might have incorporated local underlying 
deposits. 

The similarity between loess and other silt deposits which has 
led to much of the confusion regarding the origin and formation 
of loess has been pointed out in Chapter 2. 	The difficulties in 
interpreting the origin of a silty material on textural grounds 
alone is illustrated in Figure 3.2. 	The grading curves are of 
loess and 'loess-like' deposits of the Lower Mississippi Valley 
with water-laid silts including a deposit from a flood plain and 
an estuarine silt. 	Thus, deposits having a similar appearance 
to loess can be formed by sorting by suitable fluvial action. 
Furthermore loess is easily eroded, so that under favourable 
conditions, it could be reworked and redeposited by river action 
to form a material not too dissimilar in its composition from 
the original wind-sorted material. 

The abundance of brickearth of fluvial origin and/or associated with 
river systems and having similar physical characteristics to loess, 
the presence of a possible aeolian component in silty soils of a 
wide distribution in the south, the presence of isolated deposits 
of loess strongly suggest the possibility that there has existed 
a more extensive cover of loess in the past (bearing in mind also 
the proximity of the South of England to the Continent where 
loess is abundantly in evidence and the fact that there existed 
land connection with the Continent during the Pleistocene) much 
of which has been removed or redeposited by various processes. 

The climatic conditions in England during the later stages of 
the Pleistocene were different from those in central and eastern 
Europe. 	Britain was at the edge of the continental glaciers so 
that the climate was probably more oceanic than further east 
where drier continental conditions prevailed. 	This resulted 
in the formation of soil structures and much solifluction. 
Evidence of solifluction during Late Glacial times in the Weald 
Clay in West Kent is described by Bird (1963) and on the Chalk 
of south-east England by Kerney (1963). 	Kerney does point out that 
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the Chalk muds that were formed are not solifluction deposits in 
the generally accepted sense but are deposits which were built 
up by periodic increments probably in the form of sheets of Chalk 
slurry carried by water released by melting snow or by the thawing 
of frozen ground (cf. White, 1928 - "sheet-flooding"). 
Te Punga (1957) concluded that the landforms of southern England 
owed their smooth, subdued outlines to widespread solifluction 
and that the present landscape is a "typical relict periglacial 
landscape" produced by "rapid wasting away of the land surface 
during periglaciation, due to the transportation of enormous 
quantities of material to lower levels". 

Thus, future work might show that there once existed a fairly 
extensive cover of loess in southern England and that today, 
all that remains of it are a few sporadic sections and some of the 
deposits falling under the indiscriminate heading of brickearth 
which represent its reworking and redistribution by various 
processes. 

The age and correlation of the brickearths are as yet unresolved, 
although some deposits, especially those now regarded as loess, 
have been ascribed a general age. 	Thus, the loess at Ebbsfleet 
in the Thames Valley is regarded as Saalian (Zeuner, 1945). 
Dalrymple (1960) described loesses in Kent as being of Saalian 
and Weichselian age and Tilley (1961) considered that much of 
the brickearth in south-east England was formed from loess of 
Saalian age which was reworked and redeposited during the 
Weichselian glacial stage. 	The loess at Pegwell Bay is considered 
to date from the last glaciation (Kerney, 1965) as does the 
brickearth infilling gulls in cambered Hythe Beds near Maidstone 
(Worssam, 1967). 	Because the mineralogical composition of the 
silt fraction of silty soils in Norfolk is similar to that of 
the silt content in nearby Weichselian till, Catt et al. (1971) 
consider that most of the deposit was derived from the outwash 
of the Weichselian glacier and therefore, the soils are of 
Weichselian age. 
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Grain size in millimetres 

Mechanical analyses of some brickearths from  

Kent 
Locations  

1. Brickearth on Woolwich Beds. 275m (300 yd.) N of WhiteWall, 
Dunkirk. TR 089575. 

2. Brickearth on Thanet Beds (near Chalk boundary). 415m (450yd.) 
N 74°W of Staple Church. TR 265568. 

3. Calcareous brickearth on Thanet Beds (near Chalk boundary). 
460m (500yd.) E 65°S of Wingham Church. TR 245570. 

4. Brickearth on Thanet Beds. 370m (400yd.) W 40° S of 
Denstead Farm. TR 099574. 

5. Brickearth on Chalk and Clay-with-flints. Hawkinge Brickworks, 
Folkestone. TR 223409. 
(After Sabine, Young and Dangerfield, 1963). 
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FIG. 3.2 

Mechanical analyses of various sediments with  
high silt content. 

I. Flood deposit of Potomac River. 
2. Estuarine silt from Boston, Mass. 

Loess from Sicily Island, Louisiana. 
4. Loesslike material from terrace, Louisiana. 
5. Peorian loess believed aeolian from Illinois. 

(After Hack 1953) 
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CHAPTER FOUR  

METASTABLE SOILS - THEIR STRUCTURAL CONCEPT 
AND ENGINEERING BEHAVIOUR 

4.1 	Metastable Soils  

There exists a group of soils, known as metastable soils, 
which have distinctive engineering properties. 	They 
have aroused the interest of engineers because on wetting 
under load they undergo a decrease in bulk volume. 

Loess is perhaps the most widespread metastable soil. 
Aeolian sands in South Africa have also been found to be 
metastable (Knight, 1962) as well as aeolian volcanic 
ashes near Washington, N. America (Moore, 1967). 	It 
should be appreciated, however, that the phenomenon of 
metastability is not restricted to aeolian deposits, but 
has been found in soils having a variety of origins 
and geological histories. 	Residual soils formed from 
the weathering of granites in South Africa have been 
found to collapse when wetted (Brink and Kantey, 1961) 
and soils formed from the weathering of sandstone have 
been reported as being metastable in California 
(in Dudley, 1970). 	Alluvium, colluvium, mudflows 
(Dudley, 1970) and compacted fill (Barden and Sides, 1970) 
have been found to be metastable and Feda (1966) and 
Fookes and Best (1969) have described similar behaviour in 
periglacial solifluction soils. 	Although the physical 
characteristics and apparent origins of metastable soils 
vary, a feature common to them all is their state of 
partial saturation and hence occurrence usually in areas 
of desiccation. 	It is only in recent years since 
development and construction have spread to such areas 
that the soils have become of increasing importance from 
an engineering point of view. 

The collapse is promoted by the addition of water and the 
amount of settlement is considered a function of the type 
of material, its initial moisture content, initial 
porosity, stress history, the thickness of the layer 
considered and the magnitude of the applied load. 	Some 
soils will support a large load with only a small amount 
of settlement when at their natural moisture content 
but when water is added will then undergo a large reduction 
in volume. 	Others will similarly collapse simply under 
their overburden load when wetted. 	The two prime 
requirements for collapse to be feasible appear to be a 
loose soil structure and a moisture content less than 
saturation. 
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Apart from the obvious consequences arising from the 
wetting of metastable soils, the other feature which 
has promoted interest in them is that their behaviour 
contravenes that predicted by the 'Concept of Effective 
Stress', a fundamental concept in Soil Mechanics. 	As 
will be shown, wetting of the materials when they are 
in a state of partial saturation reduces the effective 
stress level within them. 	According to the 'Concept of 
Effective Stress', this should cause an increase in 
their void ratio (i.e. porosity) so they should swell. 
However, they collapse. 	This complicates the prediction 
of their engineering behaviour for design purposes. 

Before discussing their engineering characteristics in 
detail, the concept of soil structure will be introduced 
and its relevance to metastable soils (with particular 
reference to loess) will be discussed. 

4.2 	Soil Structure  

The concept of soil structure in engineering geological 
terms and its relevance in explaining the engineering 
behaviour of soils involves a morphological and 
quantitative evaluation of the interrelation of the main 
components of the soil viz. solid, liquid and gas together 
with an assessment of the nature and characteristics of 
possible bonds between the solid particles. 

The manner in which a soil will behave when subjected 
to an applied stress will not be given by simply summing 
the reactions of the individual components of the soil. 
Account must also be taken of the inter-action between 
the components which will be influenced by their spatial 
arrangement, nature etc. 

From an engineering point of view, the particles of the 
solid phase can be divided into two groups:- 

(i) those particles whose engineering characteristics 
are governed by bulk or gravitational forces, 
and 

(ii) those in which surface interparticle forces 
predominate in their engineering behaviour 

In more physical terms, the two types embrace particles 
of different grain sizes, the boundary between them generally 
being considered as the upper range of sizes of colloidal 
particles, usually considered as being 0.001 to 0.002 mm. 
(Iter, 1955, defined a colloidal silicate as "any water-
insoluble silicate, either amorphous or crystalline, 
having a specific surface area greater than about 25 m2/g). 
Thus particles larger than 0.002 mm. are considered as 
type (i) in this thesis and those smaller than 0.002 mm. 
as type (ii). 
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Type (i) solid particles are so large that forces 
between grains, other than those due to externally 
applied stresses or gravity, are negligibly small - silts, 
sands and larger-sized materials fall in this group; 
type (ii) particles have unusual physico-chemical 
properties because of the combined influence of their 
high specific areas and electric charges on their 
surfaces due to their crystal structure and which 
result in these materials exhibiting plasticity and 
'cohesive' behaviour - clay minerals predominate in 
this category. 

The nature of the liquid phase is important especially 
in the presence of type (ii) particles. 	In soils, the 
liquid phase is usually water and the type and concentration 
of ions in the water significantly affects the behaviour 
of the clay minerals, influencing the magnitude and 
nature of the forces between the particles thus 
affecting the type and magnitude of the binding forces 
between the particles which contribute to the 'rigidity' 
of the soil structure. 	In the presence of type (i) 
particles, the liquid phase must be considered in those 
circumstances when chemical processes can take place 
(precipitation or solution). 	Thus a breakdown in the 
equilibrium between the soil components could take place 
necessitating their rearrangement in order to achieve 
equilibrium again. 

The major reason for considering the gaseous phase is 
that if a gas is present within the soil, additional 
forces may be introduced into the system by the presence 
of meniscii. 	These could then act as additional bonds 
in the system, again affecting the rigidity of the structure. 

The development of the structure is likely to be complex 
and influenced not only by such factors as mode of 
deposition of the material and the environment of 
deposition but also by the post-depositional history 
of the soil. Processes involving physical and chemical 
changes in the sediment after deposition, such as those 
arising from stress release due to removal of overburden, 
cementation, leaching and cation exchange could radically 
affect the structure by upsetting the equilibrium between 
the components. 	In order to achieve equilibrium 
again, the structure may be modified. 

Soil structure studies have been carried out in the field 
of pedology as an aid in determining the genesis of 
pedological soils (e.g. Kubiena, 1938; Altemuller, 1962; 
Brewer, 1965). 	The concept of soil structure has also 
been applied to 'engineering soils'. 	Terzaghi (1925) 
in his 'Erdbaumechanik' discussed some structures and 
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possible influence on the engineering behaviour of soils. 
Other workers in this field include Casagrande (1932), 
Bussem and Nagy, (1954), Rosenqvist (1955) and Mitchell (1956). 
Most of the studies have been carried out on sediments 
comprising clay minerals only and little attention has 
been paid to those deposits containing a mixture of clay 
minerals and clastic material, undoubtedly because of the 
large number of variables involved in dealing with mixed 
sediments. 

One of the problems encountered in soil structure studies 
is that it has been almost impossible to observe the true 
three-dimensional structural arrangement of the material, 
since most methods involve the use of two-dimensional 
planar representations of the structure, such as thin- 
sections. 	A further problem embodied in soil-structure 
analysis is that only one of the components, that of the 
solid phase, can be observed. 	There is no process 
available whereby specimens can be prepared which retains 
the liquid and gaseous phases (if present) within the 
pore spaces so that their morphological characteristics 
can be ascertained; their quantitative characteristics 
can be determined relatively easily. 	This means, then, 
that the engineering behaviour of soils can only be 
described by hypothetical arguments based on observed 
'soil skeletons'. 

4.3 	The Structure of Metastable Soils, with 
Particular Reference to Loess 

Because of the nature of the collapse process, the soils 
must possess a relatively open fabric. 	They must also 
have some special characteristic which imparts rigidity 
to the structure so that the open fabric is retained, at 
least partially, under loading until flooding. 	However, 
this characteristic must be susceptible to removal on the 
addition of water which allows the collapse to take place. 

The major constituents of loess are silt-sized particles 
(predominantly quartz, but also other minerals) with clay 
minerals and possibly minor amounts of sand-sized particles. 
That is, it contains both types of soil particles as 
defined earlier. 	The open structure arises from the 
relatively loose packing of the nearly equi-dimensional, 
siltsized, granular particles. 	The clay component has 
been considered to occur in three ways (Dudley, 1970):- 

(a) as coatings to the larger grains 

(b) as clusters at the points of contact of 
the larger grains 

(c) as a combination of (a) and (b). 
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These arrangements are shown diagrammatically in 
Figure 4.1. 

The structure usually ascribed to loess, and the one 
favoured by the author, is (c) described earlier. 
Gibbs and Holland (1960) describe silt grains in loess 
from Kansas, Nebraska and Iowa as having very thin 
'films' of clay on them. 	In addition, they found 
aggregations of clays as buttresses between the granular 
components. 	Knight (1962) found clay aggregations 
clustered around the points of contact between the sand 
grains in a metastable sand from South Africa; he 
reported the clays as being flocculated. 

Metastable soils are found as partially saturated soils 
in the field and it should be noted that a reduction in 
moisture content in the soils could tend to promote 
aggregation of the clays at intergranular contacts. 
On drying, meniscii at air-water interfaces within the 
pores will retreat towards the points of contact of the 
grains and draw clays with them. 	The possible increase 
in cation concentration will tend to cause the clays 
to aggregate (flocculate) - the increased cation concen-
tration will cause a decrease in the thickness of the double 
layers which results in lower repulsive forces between the 
clay particles and the attraction forces (Van der Waal's 
forces) predominate causing the particles to be attracted 
to each other (see Grim (1953) and Van Olphen (1963) for 
detailed descriptions of clays and clay-water systems). 
In this process, some clays could be left on the surfaces 
of the larger grains, but perhaps only the smallest of the 
clays since these will have the highest surface activity. 

If a period of moisture content increases i.e. wetting 
occurs at any stage, it could be argued that the clays 
will rarely, if ever, return to their original positions 
since the chemistry of groundwater is such that the 
dissolved salts within it tend to promote flocculation 
rather than dispersion. 

The presence of the meniscii in the partially saturated 
soils will impart some rigidity to the soil structure and 
then give greater resistance to the soil to withstand 
deformation from superimposed loads. 

The engineering implications of the collapse of metastable 
soils will now be examined. 
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4.4 	The Engineering Implications of the Collapse Process  

The phenomenon of the collapse process in metastable 
soils can be illustrated with reference to Figure 4.2. 

If a specimen of soil at a moisture content less than 
that required to saturate the material is loaded to 
some value pi, then a relationship between the void 
ratio, or porosity, and the applied pressure will be 
obtained corresponding to the line AB. 	Whilst under 
the load of pl, if the soil is then saturated by flooding 
with water, a rapid settlement will occur which will 
reduce the porosity of the soil. 	This produces a 
relationship between the applied pressure and void ratio 
represented by the line BC. 	Further loading will cause 
the soil to consolidate along the line CD. 

Figure 4.3 shows the theoretical curves of void ratio 
versus applied pressure for three specimens, each at a 
different degree of saturation and illustrates the 
influence of the initial moisture content (degree of 
saturation) on the collapse phenomenon. 	Point A 
represents the in situ conditions in the field, that 
is the void ratio e corresponding to an applied total 
stress of p . 	(It

o
should be made clear that this is 

an idealise8 situation since it is possible that drying 
of the material could result in differences in void 
ratio caused by shrinkage.) 	The paths AB, AC and AD 
represent the void ratio vs. applied pressure relationships 
that would be obtained for specimens air-dried (very 
low degree of saturation), partially saturated and 
saturated respectively. 	The main feature to note is 
that for any given applied pressure, the corresponding 
void ratio of an air-dried specimen is greater than that 
for a specimen partially saturated which is in turn greater 
than that for a saturated specimen. 	This illustrates 
the point that the rigidity of the soil structure 
increases (thus resisting deformation under load) with 
decreasing moisture content. 	If the air-dried specimen 
is wetted and so saturated under some value of applied 
load corresponding to the point 'E' on the curve AB, 
collapse occurs which results in a decrease in volume 
along the path EF. 	Further loading of the specimen 
will result in consolidation along FD. 	If the maximum 
possible collapse takes place, then the point 'F' may be 
expected to lie on the curve for the saturated specimen 
assuming that the curve for the saturated specimen 
results from the maximum possible settlements under the 
applied loads. 	Further, it may be anticipated that 
the curve for the wetted and collapsed specimen for 
further loading after flooding is concurrent with the 
curve for the saturated specimen over the same load 
range (FD). 	The behaviour of a partially saturated 
specimen is similar: prior to flooding at point 'J', 
the void ratio vs. applied pressure relationship is 
given by AJ; flooding causes collapse along JF and 
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further loading is represented by FD. 	One other feature 
illustrated by the curves is that the initial parts of 
the curves i.e. prior to flooding are flat-lying 
relative to after flooding indicating little compression 
under the applied loads. 	This results from the fairly 
rigid structure imposed by the state of partial saturation. 
Post-flooding, the curve is more steep because of the 
normal process of consolidation of the soil. 

To appreciate the full implications of the collapse 
phenomenon in engineering terms, however, it is necessary 
to analyse the process in terms of effective stresses. 

Effective stress can be considered as the excess of the 
total applied stress over the pressure developed in the 
pore fluid as a result of the applied pressure. 	This 
can be expressed as:- 

a' = a - u 	 Eq. 4.1 

a' 	denotes the effective stress 

a 	denotes the total applied stress 

u 	denotes the pore pressure 

In physical terms, effective stress is that proportion of 
the total applied stress that is transmitted between the 
grains comprising the soil. 	From a practical point of 
view, two consequences of the above principle are:- 

(i) volume changes and deformation in soils 
do not depend on the total applied 
stress, but on the effective stress 
since the intergranular stresses are 
responsible for the movements of the 
particles, the summation of which 
results in the overall deformation of 
the soil. 

(ii) the shear strength of soils depends not 
on the total applied stress normal to 
the plane considered but on the effective 
stress since the frictional resistance 
between two bodies is dependent on the 
normal stress between them, in this case 
the intergranular (or effective) stress. 

From (i) above, it can be said that for a soil with a 
given structure there will exist a unique relationship 
between the void ratio and the effective stress acting 
on the soil. 	An increase in effective stress will 
cause a reduction in void ratio; a decrease in effective 
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stress will cause an increase in void ratio. 	The void 
ratios resulting from decreasing the effective stress 
are usually slightly lower than those obtained by 
increasing the effective stress for the same stress 
range because soils are not perfectly elastic materials. 

Figure 4.4 illustrates the loading of a partially saturated 
specimen prior to flooding in terms of effective stresses. 
The in situ condition in the field is represented by 
the point A - the soil has a void ratio of eo  under the 
applied load, in total stress terms, of po. 	In an 
unsaturated soil, the water is restricted to some of the 
interstices between the soil particles and the remainder 
of the voids is filled with gas (air). 	The pore pressure 
is therefore made up of a porewater pressure and a pore-air 
pressure. 	To avoid complication, it is assumed that 
since the pore spaces can drain, the pressure in the 
air in the pores is atmospheric and so is not considered 
further. 	So, because of surface tension (capillary) 
forces, the porewater pressure is negative and the 
total pore pressure is therefore also negative. 	(Detailed 
discussions of pore pressures in partially saturated 
soils can be found in Croney et al. (1958), Bishop et al. 
(1960).) 

So, for a partially saturated soil, from Eq. 4.1 

a' = a - (-u) 

or 	a' = a + u   Eq. 4.2 

i.e. the effective stress is in excess of the total applied 
stress. 

Referring to Figure 4.4, point A' represents the in situ 
conditions in the field in terms of effective stresses - eo  
is the void ratio corresponding to an-effective stress of 
p; where 

PO ' Po 	uo   Eq. 4.3 

uo  being the magnitude of the pore pressure 
resulting from partial saturation. 

If the soil is now loaded by an amount op such that 

Pi = Po + AP   Eq. 4.4 

then there will be a reduction in void ratio from eo  to el  
(e > e1 ), the relationship in terms of total stresses 
being given by curve AB. 
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The effective stress level after the application of the 
load Ap is given by 

pi = P1 - (-u1) 

PI = pi 	ul 

 

Eq. 4.5 

 

where u
1 
 (T" uo) is the pore pressure under this applied load. 

Generally ul  will be less than 110  since the reduction in 
porosity will effectively increase the degree of saturation 
of the soil and thus capillary pressures will be reduced. 

From Eq. 4.4 and Eq. 4.5 

PI = Po 	AP 	1-11 	 Eq. 4.6 

In terms of effective stresses then, the addition of a 
load Ap results in an increase of effective stress 
from p; to pi (given by Eq. 4.5 and Eq. 4.6 above) with 
a consequent reduction in void ratio from eo  to el  (e0  > el) - 
this is represented by A'B' in Figure 4.4. 

If the soil was to be saturated at this stage (Figure 4.5), 
collapse would take place along the path BC in terms of 
total stresses, the point C being given by a void ratio 
of e under the load of pl  = pc, + Ap. 	The effect of 2 
saturating a specimen would be to reduce the capillary 
pressures to zero i.e. ul  ÷ 0 so that from Eq. 4.5, 
p; = po  + Ap. 	Collapse would take place therefore 
along B'C to arrive at the same point C as before. 	If 
the soil was to behave in accordance with the effective 
stress principle, it would be expected to rebound along 
the path B'R since the effect of saturating the material 
is to reduce the level of effective stress. 

In Figure 4.5 is shown the curve for a saturated specimen, AC. 
This void ratio-stress relationship can be considered as 
being in terms of effective stresses, since the void 
ratio would be measured at the end of the consolidation 
stage when the excess pore pressure produced by the 
application of the load had dissipated and the total 
stress thus equals the effective stress (see Eq. 4.1). 

Summarising, compression of a specimen at a moisture 
content insufficient to saturate it will proceed along 
AB in Figure 4.5 if total stresses are considered and 
along A'B' if effective stresses are considered. 	There 
is no difference in void ratio between A and A' or B and B'. 
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Saturation reduces the capillary forces, u1, to zero 
and the soil collapses along WC or BC depending whether 
effective stresses or total stresses respectively are 
considered. 	The point C lies at the end of a pathway 
which can be regarded either in terms of total or effective 
stresses since it represents the relationship when there 
is no excess pore pressure within the soil. 

It was stated in the previous section that the character-
istic which gives the rigidity to the soil structure to 
resist deformation when under load is the presence of 
surface tension forces between the grains resulting from 
partial saturation and it has been shown that the effect 
of these forces is to increase the effective stress i.e., 
the intergranular stress. 	It should be seen therefore, 
that the reduction of the intergranular stress by flooding 
whilst under load leads to instability by reducing the 
shear strength at the contact points such that the 
shear stress at the contact points arising from the applied 
external load exceeds the shear strength and grain slippage 
occurs. 	If the soil has an open structure, the shear 
failure at the contact points enables the soil to take 
up a denser configuration under the applied load i.e. 
soil-structure collapse occurs. 	Thus, the lower the 
degree of saturation, the higher the surface tension forces 
and the soil will retain its open structure more readily 
before wetting. 

No account has been taken, in the above discussion, of 
the effects of possible cementation by secondary minerals 
e.g. calcite. 	Under such conditions, collapse will not 
take place until the shear stresses at the contact points 
generated by the applied load are greater than the shear 
strength of the cementing material. 	So the presence of 
a cementing agent merely modifies the strength of the 
contacts. 

Thus, it can be seen that the additional settlement and 
its magnitude due to collapse of the soil structure is 
not a simple phenomenon but involves a large number of 
complex factors such as clay mineral content and types, 
moisture content, chemistry of the pore water and initial 
porosity. 	It is associated with an increase in the shear 
component at the contact points and consequently it can 
possibly be regarded better as a shear strength problem 
rather than a consolidation process. 	The decrease in void 
ratio produced by decreasing the effective stress apparently 
contradicts the behaviour that would be expected from a 
consideration of the effective stress principle. 	However, 
the application of the principle for anticipating the behaviour 
is only valid when considering a soil with a given structure 
(which may be progressively modified with changing stress). 
If the structure is radically altered, then the initial void 
ratio-effective stress relationship will no longer apply 
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and a new one corresponding to the new structure will be 
relevant. 	In passing from B' to C (Figure 4.5), one is 
passing from one effective stress-void ratio relationship 
to another. 	This change results from collapse and the 
concomitant formation of a new structure. 

4.4.1 The Prediction of Soil-Structure Collapse  

The basic feature of collapsing soils i.e. that collapse 
manifests itself as a reduction in void ratio produced 
by a reduction in effective stress on saturation which 
apparently contradicts one of the fundamental concepts 
of soil mechanics, is one of the reasons why so much 
interest has been generated in this type of soil since 
the prediction of their load/settlement characteristics 
is made extremely difficult. 	Lehr (1967) stated that 
"in view of the evergrowing construction activities 
in loess regions, the search for easy and inexpensive 
foundation techniques has acquired considerable economic 
importance". 

The collapse of a metastable soil signifies a transition 
from an underconsolidated state to one of normal 
consolidation corresponding to the given natural pressure. 
This can be attributed to the formation of "structural 
bonds" which preceed the onset of the expected correlation 
between porosity and pressure which are disrupted on 
wetting and the particles then assume a more compact 
array. 	However, in their natural state, metastable 
soils can be compressed to a certain extent. 	This has 
been shown by Varga (1965) for loess. 	He has shown 
the relationship between porosity and depth, Figure 4.6, 
and states that the soil is in a compressed condition 
since a weighted average line drawn by estimation through 
the points of porosity vs. depth was practically 
identical with the usual compression curves. 

Two types of loess soil have been distinguished according 
to their reaction to wetting (Drannikov, 1967); those 
subsiding under natural overburden pressure when 
saturated (subsidence in the proper sense) - and 
those subsiding only under additional pressures as 
applied by the weight of a structure (additional 
settlement). 	In addition, Larionov (1965) has defined 
two time-dependent types of settlement, illustrated 
in Figure 4.7. 	They can be summarised as a collapse  
deformation which occurs at the time of wetting and a 
slow deformation which develops over a prolonged period 
of time. 	Curve 2 in Figure 4.7 illustrates the collapse 
deformation - the settlement takes place very rapidly 
after which little or no further settlement takes place. 
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Curve 1 illustrates slow deformation when the settlement 
occurs over an extended period. 

Fookes and Best (1969) extended this idea by using the 
terms 'collapse' settlement and 'subsidence' settlement. 
Collapse settlement occurs very rapidly on flooding with 
95% of the total settlement occurring within 10 minutes 
of flooding; subsidence settlement takes place more 
gradually, the settlement being over a period in 
excess of 10 minutes. 

Dudley (1970) uses the term 'collapse' to describe the 
additional settlement that occurs within a few minutes 
of flooding the material and the term 'compaction' to 
describe the additional settlement that occurs over an 
extended period of time. 

The author proposes to use the term 'collapse' to describe 
any settlement that occurs as a result of flooding 
material under any load regardless of the rate at which the 
settlement occurs. 

To be able to predict whether a soil is potentially metastable 
or not would obviously be of some value. 	Various criteria 
have been formulated for use in this context. 	In order 
to be of most use, the criteria should employ parameters 
which can be measured easily and relatively quickly so 
that if the soil is found to be potentially metastable, 
it can be investigated further with direct testing such 
as in the oedometer. 	The most commonly used criteria 
are listed in Sultan (1969). 	They can be considered 
under three headings:- 

(a) 	expressions based on voids ratio relationships 

e.g. Denisov (1951) 

coefficient of subsidence 	K = el 

e0  

where el  = voids ratio at liquid limit 

and 	e0  = natural voids ratio 

K = 0.5 - 0.75 ; highly collapsible soil 

K = 1.0 ; non-collapsible loams 

K = 1.5 - 2.0 ; non-collapsible soils 
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(b) expressions based on moisture content and 
Atterberg Limits relationships 

e.g. Feda (1966) 

wo  - wp 
So  

KL  - 
Ip 

 

where So  = natural degree of saturation 

wo  = natural moisture content 

wp  = moisture content at plastic limit 

Ip  = plasticity index 

Partially saturated soils (S0  < 1) with KL values greater 
than 0.85 are termed 'subsident soils'. 	For these soils, 
collapse should be expected upon saturation when So  = 0.6 
or less. 

(c) expressions based on density and Atterberg Limits 
relationships 

e.g. Gibbs (1961) 	Yw - 1  

Collapse ratio R = Ws = Yd 	Gs  
wi 	wi 

where ws  = moisture content at 100% saturation 

wl = moisture content at liquid limit 

yw  = density of water 

Yd = dry density of soil 

Gs  = specific gravity of solids 

On the basis of this expression, a graphical criterion was 
established, Figure 4.8. 	The curves on the graph represent 
the condition at which the porosity for a particular dry 
density equals the porosity at the liquid limit. 	For 
practical purposes, the curves are considered as a single 
line, because the position of this line varies only slightly 
according to the specific gravity of the soil. 	Points 
above this line represent conditions easily susceptible 
to collapse upon wetting, and the further the points are 
above the line, the more susceptible the soil is to collapse. 

It should be made clear, however, that the criteria are based 
on observations of the various authors and that the values 
of the parameters indicating susceptibility to collapse are 
based on these observations. 	Furthermore, the authors very 
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often impose limitations to their criteria. 	So that, for 
the criteria defined above, Pedals is only applicable when 
the natural degree of saturation is much less than unity 
and the porosity must be at least 40%. 	Denisov's criteria 
is only strictly applicable to cases where wetting of 
the soil occurs at low loads. 

Perhaps the only infallible method of determining whether a 
soil is likely to collapse or not is to carry out tests in 
a laboratory in which a specimen of soil is loaded and 
flooded, in an oedometer (consolidometer). 	This method is 
widely used with suspected collapsing soils and sophisticated 
laboratory testing along these lines can be carried out to 
determine the amount of expected collapse for design purposes. 
Such an approach has been described by Knight (1962). 
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(a) 
	

(b) 

(c) 

Idealised soil structures for silty metastable 
soils 	 (After Dudley, 1970) 
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Influence of degree of saturation on collapse 
of soil structure  
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Soil structure collapse in terms of 
effective stresses 
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CHAPTER FIVE  

SAMPLING PROCEDURE AND SITES  

In this Chapter, the techniques used to obtain samples for 
laboratory testing are described as well as the sites used. 

5.1 	Sampling Procedures  

Essentially two types of samples were taken from sites 
for laboratory testing. 	In both cases, the samples were 
taken from at least 12 inches into the faces of the 
exposures. 

The first type of sampling was disturbed to provide 
material for index testing (see Chapter 6). 	Approximately 
750 grams of material were dug out of the face using 
spatulas and retained in polythene bags. 	The bags 
were sealed with "Vicotape" in such a manner to prevent 
moisture loss from the samples. 	The locations of the 
disturbed samples from any one site were generally 
"random" to assess the variability of the materials at 
the sites. 	At two sites, Pine Farm Quarry and Ford, 
selected disturbed samples were taken for index testing to 
observe specifically lateral and vertical variations at 
the sites respectively. 	Disturbed samples were collected 
on every visit into the field. 

The second type of sampling was to obtain undisturbed samples 
for the determination of compressibility and strength 
characteristics. 	For these tests it was essential that 
the material tested was in a state identical to that in situ 
and that in obtaining and transporting the material, it 
underwent the minimum amount of disturbance as practically 
possible. 	Initial visits into the field indicated that 
the brickearths were susceptible to substantial fluctuations 
in their moisture content. 	Problems were envisaged when 
attempting to take relatively large blocks of the material 
when it was relatively wet (i.e. at a moisture content of 
15% or greater) since under such conditions the materials 
were found to be susceptible to distortion whilst unsupported. 
Thus, in an attempt to overcome these problems, the author 
had fabricated three sampling trays. 	These comprised 
metal boxes, approximately 10 inches long, 5 inches wide 
and 5 inches deep. 	A sheet of metal 91 inches long and 
111 inches wide was cut for each box. 	A row of holes was 
drilled in the bottom of the box such that metal rods 
could be inserted through the holes to bear on the plate 
which thus acted as a piston to extrude the material out 
of the trays. 	The undisturbed samples were obtained by 
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placing the open side of a tray against a prepared flat 
face and cutting material from around the edge of the tray 
and, at the same time, applying a gentle pressure on the 
tray to push it into the face. 	The tray was placed 
against the face with its long axis horizontal. 	When 
the box was full (this could be determined by checking 
that the base plate was tight against the base of the tray), 
it was dug out. 	The exposed "face" of material in the 
tray thus formed a vertical section of the in situ material. 
The material was trimmed to form a block of soil and then 
wrapped in paraffin wax-coated paper to retain moisture. 
The trimming was carried out with a 12 inch kitchen knife -
the author found this tool ideal for trimming the brickearths. 

5.2 	The Sites  

Sites for sampling were sought for in Kent because of its 
proximity to the laboratory and the reported occurrence 
of brickearths there. 	A list of exposures was compiled 
from the literature, mainly the publications of the 
Institute of Geological Sciences and the sites visited in 
turn. 

At many sites, the exposures of brickearth were very thin 
and pedological soil development had affected almost the 
entire section. 	At others, the brickearth was intercalated 
with gravels or underlying deposits which would have made 
sampling and proposed testing difficult (Plate 5/1). 
Thus, to facilitate the laboratory testing of relatively 
small specimens only sections of brickearth greater than 
4 feet in thickness and not containing gravels or other 
intercalated deposits, were considered. 	This restriction 
severely limited the number of sites suitable for sampling. 
Whenever the brickearths were calcareous, samples were taken 
from at least 2 feet below the leached/unleached boundary 
which was invariably well defined. 

The locations of the sites are shown on Figure 5.1. 

5.2.1 Pegwell Bay (TR 353642) 

The brickearth in the cliff sections on the northern part of 
Pegwell Bay in East Kent has been described amongst others 
by White (1928), Pitcher et al (1954), Dalrymple (1960) 
and Fookes and Best (1969). 	Pitcher et al (1954) were the 
first to recognise this brickearth as loess i.e. in situ 
aeolian transported material; Dalrymple (1960) described 
the loess as Weichselian in age. 

At Cliffsend, the loess overlies frost-shattered Thanet Sands 
and is at its maximum thickness of about 14 feet. 	Vertical 
jointing is evident as well as a clear demarcation between 
a lower lighter-coloured calcareous zone and a darker 
upper leached zone (Plate 5/2). 	Fookes and Best (1969) 



Brickearth intercalated with chalky debris, 
Dumpton Gap, Kent 

Plate 5/1 
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Brickearth (loess), Pegwell Bay, Kent 

Plate 5/2 
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showed that the calcium carbonate content in the leached 
horizon was less than 0.5% whilst in the lower calcareous 
section, the calcium carbonate content was up to 20%. 

Throughout the section, numerous rootlet holes were evident 
which are infilled with tubular calcite linings in the 
calcareous section. 	In addition, irregular calcareous 
concretious were common, especially in the unleached 
horizon. 	The concretions tend to be hollow and fissured 
inside. 

Eastwards, towards Pegwell, the loess covers the Tertiary/ 
Cretaceous nonconformity and crosses onto the outcrop of 
Upper Chalk. 

Disturbed samples of calcareous loess were taken from 
various locations at readily accessible parts of the cliff 
section east of the steps below the "Viking Ship". 
Undisturbed block samples of calcareous loess were taken, 
using the sampling trays described previously, from a 
locality approximately 30 yards east of the steps. 

5.2.2 Pegwell Bay - Buried Channel (TR 356643) 

To the east of the hoverport, towards Pegwell, is a 
solifluction channel some 35 feet deep which cuts into the 
underlying frost-shattered and disturbed chalk. 	The sides 
and base of the channel are strongly contorted and 
festoons of flint gravels are prominent. 

The infilling materials are solifluction deposits 
(Pitcher, Shearman and Pugh; 1954), and consist of 
brickearth (containing scattered flints) with an upper 
horizon of soliflucted subangular flints and gravels. 
Evidence of periglacial activity is present in the section 
with the occurrence of upturned stones, festoon-like 
structures and involutions of the boundary with the 
frost-shattered chalk. 	The channel section is shown in 
Plate 5/3 and Figure 5.2 (in pocket). 

The brickearth is seen as a redistributed loess (Pitcher, 
Shearman and Pugh; 1954). 	Similarly, Kerney (1965) 
described the brickearth as having resulted from wind- 
sorted material redeposited by snow meltwaters. 	It is 
essentially non-calcareous, oxidised and generally devoid 
of rootlet holes as compared to the nearby in situ loess. 
It is also more dense than the loess, mottled and stained 
and fissured with iron-staining on the fissures. 	The 
latter feature made undisturbed sampling and subsequent 
trimming of specimens for testing extremely difficult. 
The locations from which the samples were taken are shown 
on Figure 5.2. 



Brickearth infilling Buried Channel, Pegwell Bay, Kent 

Plate 5/3 
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5.2.3 Ford (TR 204659) 

Approximately 9 miles east of Pegwell Bay on the Sturry-
Hoath Road is the site of Ford, described by Dalrymple (1960). 
According to Dalrymple, as well as numerous dry valleys 
cut into the Thanet Beds in East Kent, there are also 
numerous channels and hollows cut into the 100 - 125 feet 
aggredation terrace which are either of fluvial or 
solifluction origin and some of these are infilled with 
brickearth. 	This is the case at Ford where a solifluction 
hollow cuts through the terrace gravels into the under- 
lying Thanet Sands and is infilled with brickearth. 	The 
brickearth is considered aeolian in origin i.e. loess and 
compatible in age to that at Pegwell Bay. 	A thin deposit 
(6 inches to 2 feet) of flint gravel mixed with sand and 
silt occurs along the line of junction between the 
brickearth and Thanet Sands in a similar manner to the 
Buried Channel at Pegwell Bay. 	The loess attains a 
thickness of 20 feet (Plate 5/4) and displays the 
characteristic leached/unleached section with vertical 
jointing. 	It contains hollow concretions of calcium 
carbonate as at Pegwell Bay and also numerous calcareous 
tubular linings to rootlet holes. 	The loess has a 
noticeable banded appearance comprising not only banded 
silts but also thin seams of clay. 	The latter are brown 
to dark brown in colour, calcareous with each band rarely 
more than 2 inches thick. 	The clay horizons have not 
formed from weathering or soil forming processes - treatment 
with sodium hydroxide solution showed they were not enriched 
with humus - 	Also their junctions with the loess above and 
below are sharp and distinct. 	Plate 5/5 shows a typical 
banded specimen including a clay seam. 	The banded 
appearance in the silts arises from alternating horizons 
of buff and very pale buff silts: the lighter bands are 
thinner-up to A inch. 

Undisturbed samples were taken from the calcareous section 
such that clay bands were excluded from the samples. 

5.2.4 Sturry (TR 188625) 

Approximately 22 miles south of the site at Ford, towards 
Sturry on the Sturry-Hoath road, the road crosses the 
river Sarre Penn. 	The river valley is infilled with 
brickearth of fluvial origin which overlies London Clay. 
The valley is extensively cultivated for arable farming. 
On the west side of the road, the river has cut a vertical-
sided channel approximately 5 feet deep which afforded 
a section of the brickearth for sampling. 	The upper 
3 feet is given over to pedological soil horizons, but at 
the base of the section, unaffected brickearth is evident. 
Samples (undisturbed and disturbed) were taken from this 
horizon. 
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Brickearth (loess) at Ford, Kent (Note banded appearance 
with darker clayey horizons) 

Plate 5/4 
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The brickearth was non-calcareous, compact, fissured and 
iron stained. 	In section it appeared very similar to the 
material infilling the Buried Channel at Pegwell Bay except 
rootlet holes, predominantly vertical, were very evident -
towards the top of the section, rootlets were to be seen 
still in the brickearth. 	The material was very uniform 
in texture in the various exposures - there was no evidence 
of gravels. 	Disturbed samples were obtained further up 
the valley (about 1 mile from the road) from the bottom of 
a pit dug into the valley brickearth. 

5.2.5 Pine Farm Quarry (TQ 785543) 

Pine Farm Quarry is one of a group of quarries in the 
Hythe Beds just south of Bearsted which is approximately 
3 miles east of Maidstone on the A20 (Figure 5.3). 	The 
area has been subject to cambering (the Hythe Beds 
overlying Atherfield Clay) and Pine Farm Quarry offers 
fine examples of cambered Hythe Beds. 	The quarry is on the 
cambered dip-slope forming the south side of the valley 
of the river Len and shows northerly dipping dip-and-fault 
structures with opened discontinuities in the Hythe Beds. 
In addition, east-west trending gulls i.e. paralleling the 
river have been formed which are infilled with brickearth of 
Weichselian age. 	Plate 5/6 shows cambered Hythe Beds 
and the brickearth - infilled gulls left standing after 
quarrying the Hythe Beds. 

Brickearth is common in the area as a superficial deposit. 
Worssam (1963) considers that whilst some may have been 
wind deposited, the distribution of the brickearth of the 
Maidstone area suggests it was derived locally from 
pre-existing silty or clayey deposits and that solifluction or 
sheet-flooding predominated over wind-action in its 
transport. 	Bones and shells found in the brickearth are 
mostly of cold-climate specimens. 

Pine Farm Quarry afforded good exposure of brickearth for 
sampling as quarrying operations had removed the Hythe Beds 
thus leaving the brickearth gulls standing as east-west 
trending ridges, generally up to 10 feet wide - sections 
exposed were up to 14 feet high. 	A typical section would 
comprise up to 2 feet of postglacial hillwash containing 
scattered gravel fragments overlying non-calcareous 
brickearth generally 4 feet thick overlying calcareous 
brickearth. 	Calcite linings to rootlet holes were common 
as were calcareous modules. 	Undisturbed samples were taken 
from the calcareous brickearth. 	Disturbed samples 
were taken laterally from the non-calcareous and -calcareous 
brickearths. 
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5.2.6 Reculver (TR 218691) 

Approximately i mile west of the church at Reculver on the 
North Kent coast is a broad depression trending north-south 
(Plate 5/7). 	The depression marks the line of an infilled 
valley. 	The valley was cut into calcareous Thanet Sands 
and is now infilled with calcareous oxidised brickearth of 
Weichselian age (Dalrymple 1960). 	The sea-cliff at this 
point exposes the valley and infilling material. 	The 
base of the section consists of Thanet Sands with a readily 
discernible high sand content. 	Overlying this is 
calcareous oxidised brickearth with many patches of 
brownish yellow decalcified and oxidised material. 	The 
junction of the brickearth with the underlying Thanet Sands 
is undulating. 	Overlying the calcareous brickearth is 
non-calcareous brickearth (Plate 5/8). 	Dalrymple (1960) 
considers that the brickearth is of aeolian origin i.e. loess. 
The calcareous brickearth appeared fairly dense but was 
not fissured like the material infilling the Buried Channel 
at Pegwell Bay. 	Calcareous nodules were noticeably absent 
in the section and rootlet holes were infrequent. 	Some of 
the rootlet holes contained calcareous tubular linings. 

Disturbed and undisturbed samples were taken from the calcareous 
section. 

5.2.7 Northfleet (TQ 611744) 

The author is indebted to Dr. M. Kerney of Imperial College 
for accompanying him into the field to point out the site 
at Northfleet. 	The site is that described by Burchell (1933) 
and Zeuner (1959) as "Ebbsfleet Valley" (Figure 5.4). 
The site is situated in the chalk quarries near Swanscombe. 
Very little of Burchell's section remains since most of the 
area has been quarried. 	"Islands" of chalk have been left 
on which electricity transmission line towers had been sited 
and it was on such a remnant that the brickearth was exposed. 

Approximately 8 feet of pale buff, mottled, calcareous 
brickearth overlay approximately 1 foot of flint gravels 
which in turn overlay frost-shattered chalk. 	The brickearth 
corresponds probably to the Lowermost loam of Burchell and 
is loess of Saalian age. 	The brickearth has at some time 
been covered by further deposits (see Figure 5.4) and most 
probably saturated since an Eemian water-lain deposit was 
originally recorded which has subsequently been removed. 
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Brickearth infilled gulls left free-standing after quarrying 
of cambered Hythe Beds at Pine Farm Quarry, near Maidstone, Kent 

Plate 5/6 



Broad depression infilled with brickearth (loess) at 
Reculver, Kent 

(looking westwards towards Bishopstone Point) 

Plate 5/7 



Cliff-section at Reculver, Kent showing brickearth (loess) 

Plate 5/8 
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Figure 5.2 in pocket on back cover 
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(11) Solifluction. 
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CHAPTER SIX  

LABORATORY EXPERIMENTS AND PROCEDURES  

In this Chapter, the laboratory tests and the procedures adopted 
are described. 	The tests performed fall into two groups - those 
related to engineering characteristics and those related to the 
geological characteristics of the soils. 

6.1 	Purposes of the Laboratory Work  

It was stated in Chapter 1 that the brickearths have 
received virtually no attention with regard to their 
engineering behaviour. 	A programme of laboratory 
testing was devised therefore to investigate the 
engineering characteristics of some brickearths 
to attempt to relate their behaviour to the geological 
characteristics of fabric and mineralogy. 

Classification tests were carried out to determine 
parameters necessary to describe the soils and to enable them 
to be compared with similar soils. 

Previous work by the author (Mellors, 1969b) had shown 
that material described as brickearth by the I.G.S. (formerly 
Geological Survey of Great Britain) was metastable. 	One 
of the major aims of the laboratory work was to attempt 
to discover whether other brickearths showed this same 
phenomenon of metastability, and to what degree, and also 
to observe their compressibility characteristics generally. 

In an attempt to understand the collapse process more fully, 
a special series of tests was devised in which specimens 
were flooded, when under load, with different fluids. 
The fluids used were selected to illustrate the significance, 
if any, of the clay component in the collapse process. 

The characteristics during shearing of the brickearths 
were observed using triaxial shear apparatus and also 
direct shear testing equipment. 

The fabric of the soils was studied using a Scanning 
Electron Microscope as well as by thin-sections. 
Mineralogical investigations were conducted using X-ray 
diffraction techniques. 

A schematic summary of the laboratory testing programme is 
shown in Figure 6.1. 
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6.2 	Engineering Tests and Procedures  

The engineering tests have been sub-divided into (i) tests 
on disturbed samples and (ii) tests on undisturbed samples. 
The former types of tests were mainly to determine the 
classification parameters of the soils for 'labelling' 
purposes; the latter types of tests were to obtain the 
major engineering characteristics of the soils viz. 
compressibility and strength. 

The term 'sample' is used to describe the fraction of the 
soil brought from the field into the laboratory; 
'specimen' is used to describe that part of the sample 
used in the laboratory tests. 

6.2.1 	Tests on Disturbed Samples  

Other than moisture content determinations, tests on 
disturbed samples were carried out on air-dried material. 
After the material had achieved an equilibrium air-dry 
moisture content by leaving it exposed on the laboratory 
bench for at least 5 days, it was broken up and lightly 
ground using a rubber pestle and mortar. 

(i) 	Moisture content determination  

All moisture contents of specimens were 
determined by weighing approximately 40 grams 
of material and drying it in a thermostatically 
controlled oven at 1050C for 24 hours. 	The 
specimens on removal from the oven were allowed 
to cool in a desiccator and then weighed again, 
to determine the moisture loss. 

ii) 	Specific Gravity  

The specific gravities of specimens considered 
representative were determined according to 
B.S. 1377, using the method for fine-grained 
soils. 	It was not considered necessary to 
use kerosene or avoid oven-drying even though 
the specimens may have contained matter 
soluble in water since the procedure for 
the sedimentation tests (for which the 
specific gravity values were required) 
involved subjecting the specimens to similar 
procedures. 

(iii) Particle Size Analyses  

The determinations of the grain size distributions 
were carried out as per B.S. 1377, using the pipette 
method for the sedimentation section of the test. 
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For each test, approximately 400 grams of 
air-dry, lightly ground material was continuously 
quartered until a specimen of about 20-25 grams 
was obtained - this was used in the test. 

Full pretreatment i.e. with hydrogen peroxide 
and 0.IN hydrochloric acid was carried out on 
all specimens. 	In addition, duplicate tests 
were performed on some specimens which contained 
calcium carbonate but which had not been pretreated 
as described above in order to investigate the 
effect of calcareous material on the grading 
distributions. 	The dispersing agent used in all 
tests was sodium hexametaphosphate. 

The times for sampling during the sedimentation 
section of the test were obtained from B.S. 1377 
using the values for the specific gravity for 
pretreated specimens as described previously. 

Additional samples were taken at the end of the 
sedimentation section of the test and were used 
in the determination of the mineralogy •of the clay 
fraction of the soils by X-ray diffraction techniques. 

(iv) 	Liquid and Plastic Limits  

The consistency limits (liquid and plastic limits) 
of the soil were determined by the method given 
in B.S. 1377 on fractions of the soil passing 
a No.36 B.S. sieve after grinding with a rubber 
pestle and mortar. 	The material used for the 
tests was usually obtained from the same sample 
as that used for the particle size analyses although 
some additional tests were carried out on material 
obtained as parings during the preparation of 
specimens from the undisturbed samples for oedometer 
and strength testing. 

6.2.2 Tests on Undisturbed Samples  

In the field, the soils are invariably partially saturated 
to different degrees. 	To be able to make comparisons 
between the engineering characteristics of the brickearths, 
it was considered necessary that they should be in the 
same state for testing. 	An attempt was made to bring 
all the samples to a moisture content of 12% either by 
controlled drying over a period of time or by wetting 
using a fine spray. 	Either exercise proved extremely 
difficult. 	Moisture content determinations were carried out 
across and through random blocks and it was found that 
there was a variation of up to 7% in moisture content 
between the centres and edges of the blocks. 	Furthermore, 
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it was difficult to judge when a particular block had 
dried out sufficiently for its moisture content to be 
12%. 

Because of the envisaged time required and also the probable 
excessive wastage of material in attempting to achieve 
a pre-determined moisture content, all the samples were 
allowed to achieve an equilibrium moisture content by 
air-drying. 	Blocks, approximately 5 in. cube were left 
open on the laboratory bench for 3 days. 	Laboratory 
temperatures were in the range 180C - 230C. 	They were 
then cut by a saw into smaller blocks, approximately 
4 in. x 4 in. x 12 in., which were then left for a 
further 4 days. 	It was thus found that the blocks dried 
out to a moisture content of 2.0% ± 0.3% throughout. 
Specimens were then trimmed from these blocks. 

Some tests were performed on undisturbed specimens prepared 
from material at natural field moisture content. 	In such 
instances, great care was exercised to maintain the 
material at the original moisture content for the duration 
of the tests. 

(i) 	Oedometer Tests  

The compressibility characteristics, and in 
particular the collapse behaviour, of the brick-
earths were investigated using dead-load, mechanical 
lever-arm oedometers. 	All specimens tested were 
3 in. diameter and i in. thick. 

The specimens were trimmed from the block 
samples directly into the oedometer rings by 
pressing the rings into the material and 
paring away material with spatulas and a sharp 
blade. 	The ends were 'squared' and checked 
with a straight edge. 	It was imperative that 
any vertical deformation induced by flooding 
whilst under load resulted from a rearrangement 
of the fabric and that there was no component 
from lateral deformation arising from bad trimming. 
Specimens that had irregular edges were rejected 
and fresh specimens prepared. 	Difficulty in 
trimming specimens from some sites was encountered 
because of the presence of small calcite 
concretions. 	Where possible, these concretions 
were left and carefully 'shaved' away with the 
sharp blade. 	If, as sometimes occurred, the 
concretions broke away from the specimens whilst 
they were being trimmed and left a cavity which 
was felt would result in excessive lateral deformation, 
the specimen was rejected. 
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(ii 

Apart from the specimens from the site at Ford, 
all air-dry specimens were loaded incrementally 
from an initial vertical load of 0.1 tons/ft2  
up to their respective flood loads using a 
load increment ratio of 1 - specimens from Ford 
were loaded incrementally from an initial load 
of 0.05 tons/ft2. 	Prior to flooding, loads were 
added every 2 hours as the settlements observed 
were very small. 	After flooding, further loads 
were added at 24 hourly intervals. 	The load on 
the specimen at the time of flooding was left 
for 48 hours before the addition of the next 
load. 	Flooding was achieved by pouring distilled 
water into the space between the clamping flanges 
and the wall of the oedometer cell. 	The level 
was maintained at the top of the cell throughout 
the test - it was necessary to add water to the 
cell to achieve this because of (a) imbibition 
of water by the specimens and the porous stones 
in the cell which were also air-dry and 
b) natural losses due to evaporation. 

Some specimens were flooded at the beginning of 
the test under zero load or a very low load. 
Loads were then added incrementally every 
24 hours. 

The dial gauge readings indicating settlement were 
noted with respect to time during the period of each 
load increment. 

The maximum load applied to each specimen was 
usually 16 tons/ft2. 	Unloading was usually in 
one stage although some specimens were unloaded 
incrementally to observe the rebound characteristics. 
After standing for 48 hours under the reduced 
load, the specimens were removed from the cell 
and their moisture contents determined. 

Special Test in Oedometers  

In order to investigate the collapse phenomenon 
further, a series of tests was carried out using 
the dead-load oedometers in which specimens 
(air-dry) were flooded under an applied load of 
2 tons/ft2  with different fluids. 	The fluids 
chosen were: 

- sodium hexametaphosphate solution 
(dispersing agent) 

- calcium chloride solution 

- acetone 

- carbon tetrachloride 
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The specimens tested were prepared from air-dry 
blocks of material from Pegwell Bay, in the same 
manner as described in (i) above. 	After flooding, 
the specimens were left for 24 hours and then 
further loads were added at intervals of 24 hours 
to a maximum load of 16 tons/ft2. 	All tests 
were duplicated to check on the reproducibility 
of the results. 

An additional series of tests was carried out in which 
specimens were flooded with calcium chloride solution 
and left for 24 hours. 	Under the applied load 
of 2 tons/ft2, the calcium chloride solution was 
siphoned off and replaced with sodium hexameta-
phosphate solution by means of a pipette through 
the top loading cap. 	The deflections of the 
dial gauges were monitored throughout this 
replacement process. 	The newly added sodium 
hexametaphosphate was again siphoned off in order 
to 'wash' the specimen with sodium hexametaphosphate. 
More dispersant was added and again siphoned. 
This process was repeated 5 times to attempt to 
ensure complete saturation of the specimen with 
sodium hexametaphosphate. 	The specimens were 
then left for 24 hours after which they were 
incrementally loaded to a maximum load of 
16 tons/ft2. 

In addition, two specimens were flooded with distilled 
water. 	This was done to a) compare the effects 
of flooding with different fluids and solutions 
to that of flooding with water and b) use the 
initial void ratio from the calculations for 
flooding with water as the starting point for the 
determination of the void ratio/applied load 
characteristics when flooded with the other fluids. 
It was considered that the use of fluids with 
differing densities and other physical properties 
would preclude the determination of the character- 
istics in the usual manner. 	Furthermore, the 
determination of the final moisture content for 
those specimens flooded with calcium chloride 
solution and sodium hexametaphosphate solution would 
be in error because of the likely precipitation of 
the respective salts on drying. 

(iii) Triaxial Shear Tests  

Drained triaxial shear tests were carried out on 
air-dry specimens and also on specimens at field 
moisture content. 
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Pore pressures were not measured during the tests. 
The volume changes of the specimens were measured 
both during the consolidation stage and the shear 
stage by measuring the volume of water flowing 
in or out of the cell. 	The measured volume 
changes were corrected for - (i) the volume change 
of the cell itself induced by the cell pressure 
and (ii) the movement of the ram into the cell 
during the shearing stage. 

The specimens tested were approximately 3 in. long 
and li in. diameter and were prepared on a soil 
lathe. 	The testing procedure adopted was as 
follows. 

The cell was thoroughly cleaned with warm water and 
detergent before each test, rinsed with cold water 
and dried. 	A specimen was mounted on a dry 
porous disc on the pedestal. 	A perspex loading 
cap was placed on the top of the specimen and a 
rubber membrane was then stretched around the specimen, 
as described in Bishop and Henkel (1962). 	The 
membrane was secured with rubber 0-rings. 	Thick- 
walled membranes were used for all tests to ensure 
that no seepage of water through the membrane 
occurred during the test. 	Small ball-bearings 
were placed on the loading cap and then water was 
sprayed onto the membrane, 0-rings and ball-bearings 
to ensure 'wetting' of these and so reduce the 
likelihood of air bubbles being trapped when the 
cell was filled with water thus affecting the volume 
change measurements. 

De-aired water was introduced into the cell slowly 
making sure that no bubbles were left on the inner 
surface of the cell. 	When the cell was almost 
full, castor oil was introduced through the 'bleed' 
hole. 	The cell was tilted and rocked to coerce 
any bubbles which were then expelled through the 
'bleed' valve as the water level rose again. 	If 
there were many bubbles adhering to the walls of 
the cell or the rubber membrane, the cell was 
emptied, washed and the procedure repeated. 

The cell pressure was applied and the ram brought 
into contact with the specimen. 	Consolidation 
of the air-dry specimens occurred very rapidly 
and generally the shearing stage was started 30 minutes 
after the cell pressure was applied. 	Specimens at 
field moisture content were allowed to consolidate 
for 5 hours approximately. 
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Specimens were tested from each site at various 
cell pressures to enable the failure criterion 
to be drawn for the material from each site. 

Strain rates of 4.0 x l0-' in/min. were used 
for the air-dry specimens and specimens at field 
moisture content respectively. 

A computer programme was written by the author 
for evaluating the shear stress/axial strain and 
volumetric strain/axial strain characteristics. 
The programme was written in Fortran IV and a 
listing is given in Appendix I together with a 
specimen print-out of results. 

An attempt was made to flood an air-dry specimen 
in the triaxial apparatus whilst under a cell 
pressure to induce collapse and then shear it. 
However, when the water was introduced into the 
specimen through the upper loading cap, localised 
collapse occurred around the loading cap which 
caused the specimen to become so distorted that it 
could not be sheared. 	This technique was 
subsequently abandoned. 

(iv) 	Direct Shear Tests  

The shear strength characteristics of material 
from Pine Farm Quarry were observed using direct 
shear testing equipment. 	Four series of tests 
were conducted with specimens: 

- air dry 

- at a field moisture content 

- saturated and loaded before shearing 

- loaded and then saturated (i.e. 
collapsed) before shearing. 

The specimens tested were 6 cm square and 2.5 cm. 
thick. 	They were prepared by trimming them from 
blocks into a 6 cm. square cutter in a similar 
manner to that described for the oedometer specimens. 
They were then transferred to the upper half of the 
shear box and finally trimmed to the required 
thickness (the upper half of the shear box was 
2.5 cm. deep). 	The two halves of the shear box 
were then bolted together with a porous stone and 
grooved drainage plate in the lower half of the 
box, the specimen pushed to the bottom of the 
assembled box and another grooved plate and porous 
stone added on top. 	A loading cap was then placed on 
top of the upper porous stone and the assembled box 
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fitted into the trolley on the guides of the 
direct shear apparatus. 	Four specimens were run 
concurrently under normal loads of 1, 2, 3 and 
4 tons/ft' approximately. 

All specimens were sheared at a constant rate of 
strain of 3.8 x 10-2  in/min. 

The residual strength of the air-dry material was 
determined by bringing the two halves of the shear 
boxes back to their original positions, once the 
specimens had passed their peak strength, and 
reshearing them. 	The boxes were reversed 3-4 
times before a constant reading on the proving 
ring dial was obtained. 

In an attempt to prevent moisture loss during the 
testing of the material at a field moisture content 
the inner walls of the trolleys were moistened 
and damp Kimwipes draped over the boxes - these 
were kept moist for the duration of the tests. 
The residual strength of the material at a field 
moisture content was not determined. 	It was 
anticipated that during the period of time involved 
in reversing the boxes and reshearing, the material 
would dry out to a certain extent, despite the 
precautions that had been taken. 

Four air-dry specimens were set-up in the machines 
as described previously. 	They were then saturated 
by pouring distilled water into the carriage and 
left for 24 hours. 	The only load on them at this 
time was from the loading cap. 	After standing 
for 24 hours, the specimens were loaded and left 
for a further 24 hours, to allow consolidation to 
take place. 	Settlement/time readings were not 
taken during the consolidation stage. 	The hanger 
system for the dead weights alone weighed approximately 
0.6 ton/ft2  so that by the time sufficient weights 
had been added to the hangers to bring the load up 
to that desired, some consolidation had taken place 
under the weight of the hangers along. 	Further- 
more, the dial gauges for measuring vertical 
deflections were seated on the hangers and were 
adjusted after the addition of the hanger systems 
so that the settlement resulting from the addition 
of the hangers could not be measured. 

A further four specimens (air-dry) were trimmed and 
set-up in the boxes. 	They were loaded and left 
under their respective loads for 4 hours. 	The 
specimens were then flooded by pouring distilled 
water into the carriages. 	Collapse occurred and 
after 24 hours the specimens were sheared. 
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6.3 	Geological Studies  

(i) 	X-Ray Diffraction Studies  

The mineralogical composition of the materials was 
estimated using X-ray diffraction techniques as 
recommended in Brown (1961). 

The X-ray machine used was a 'Philips X-Ray 
Diffractometer P.W. 1050' and CuK radiation 
generated at 40 kV and 20 mA. 	Nickel filtration 
was used to remove K radiation. 	Trial runs were 
made to find the optimum machine settings. 
The settings adopted were:- 

- scatter and divergent slit sizes of 1° 
with a receiving slit 0.1 mm. wide 

- a scanning speed of 1°/minute 

- a time constant of 2 and a scale factor 
of 8 

Analyses were carried out on two fractions of the 
materials - 'whole rock' and clay fraction. 

The whole rock specimen was prepared by thoroughly 
grinding air-dried material in an agate pestle 
and mortar for 15 minutes and sieving it through 
a 300 mesh nylon screen. 	The grinding was carried 
out in a vigorous manner to ensure that the grains 
of the more resistant minerals were crushed. 
The sieved material was then poured into an 
aluminium holder 2 cm. x 1 cm. x 0.15 cm. which 
held approximately 0.5 grams of material and 
lightly tamped. 	The upper surface was smoothed 
with a glass cover slide and the mount inserted 
in the goniometer and analysed. 

The second fraction analysed was an oriented mount 
of the clay fraction i.e. the 21.1 fraction. 	This 
fraction was obtained in suspension during the 
sedimentation tests for the determination of the 
particle size distributions of the soils. 

An even coating of oriented clay minerals on the 
surface of a ceramic tile was obtained by drawing 
the clay suspension through the tile by applying 
a suction through a vacuum line leaving the clay 
fraction on the tile, as described by Shaw (1971). 
However, this proved to be extremely difficult. 
Even after 2 hours only a very thin and usually 
uneven coating had been achieved. 	The procedure 
was thus modified to ensure an even coating. 	The 
specimens were being prepared from clay suspensions 
in which the clays were dispersed because of the 
presence of sodium hexametaphosphate used in the 
sedimentation test. 	The suspension was flocculated 
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by adding a 0.IN solution of magnesium chloride. 
The flocculant was added to the suspension by means 
of a pipette, a few drops being added at a time. 
The suspension was shaken thoroughly after each 
addition and allowed to stand for a few minutes. 
A drop of the suspension was taken on a glass rod 
and tested with silver nitrate solution. 	As 
soon as the white precipitate of silver chloride 
was seen, indicating the presence of excess magnesium 
chloride, no more of the flocculant was added. 

The suspension was then shaken vigorously, poured 
into the chamber above the tile and drawn through 
the tile. 	By adopting this procedure, it was 
found that an evenly coated tile could be produced 
in 2-3 minutes. 

The air-dried, oriented mount was then placed in the 
goniometer and run. 	After analysis, it was 
removed and a drop of glycerol was spread over the 
surface of the clay. 	The tile was allowed to dry 
and then a further run carried out. 	To ensure 
that the same area of the tile was analysed, a 
pencil mark was made on the edge of the disc. 
The disc was always put in the holder in the 
goniometer with the pencil mark facing outwards. 

Further analyses were then carried out on the tile 
after it had been heated to 3500C, 4500C and 5500C 
respectively in a muffle furnace. 

The machine settings adopted for the analysis of 
the 'whole rock' fractions were used in the analyses 
of the clay fractions also. 

Fabric Studies using the Scanning Electron Microscope  

In the Scanning Electron Microscope (SEM), a finely 
focused (approximately 10 mm. diameter spot size) 
electron beam is scanned across the surface of a 
specimen in a raster pattern. 	Radiation from 
the specimen produced by the beam is monitored by 
a detector which modulates the intensity of a 
cathode-ray tube. 	The latter is scanned in 
synchronisation with the electron beam so that 
every point on the screen corresponds to a particular 
point on the specimen. 	The magnification is 
determined by the ratio of the distance scanned on 
the display cathode-ray tube to that scanned on the 
specimen. 

The SEM used in the study was the Mark IIA model 
manufactured by Cambridge Instruments. 
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Specimens were prepared from air-dry blocks by 
breaking off a small piece of material and glueing 
it to a stud with the surface exposed by fracturing 
upwards. 	The sides of the specimen were painted 
with household aluminium paint to ensure continuity 
between the specimens and the stud. 	The surface 
to be examined was then subjected to the 'peeling' 
technique as described by Barden and Sides (1971). 
This method of preparation was abandoned at an 
early date, however, because examination of the 
peeled surface revealed cavities which were assumed 
to have been formed by the plucking out of larger 
grains. 	The technique was developed of subjecting 
the surface to be examined to a jet of compressed 
air - this was to remove any fine debris adhering 
to the surface possibly produced by fracturing. 
The final stage of the preparation process was to 
coat the surface to be examined with gold by the 
evaporation of gold under vacuum in a chamber. 

Operating conditions for the SEM were 20-30 KV 
gun potential with a 150 microampere beam current, 
but it was found necessary to adjust these on 
occasions to give the best results. 

Elemental analysis was made possible by the use of 
an X-ray Energy Dispersive Analyser attached to the 
SEM. 	The attachment could be used to give a 
qualitative analysis of a number of elements 
(mainly, magnesium, aluminium, silicon, phosphorous, 
chlorine, potassium, calcium and iron) either over 
the whole of the area under examination or in any 
chosen spot. 	In addition, the distribution of 
specific elements, chosen by the operator, could 
be obtained by limiting the received wavelengths 
to those of the selected elements. 

(iii) Thin Sections  

Thin sections for analysis with a petrological 
microscope were produced from representative 
samples from each site. 

The impregnating agent used was an araldite resin 
and the method adopted for the impregnation was 
as that after Catt and Robinson (1961). 

Essentially, small blocks approximately li in. x i in. 
x 4  in. were cut from large air-dried samples. 
These were then immersed in toluene and saturated 
by subjecting them to a vacuum. 	When no more air 
was seen to come from the blocks, they were 
transferred from the toluene into 6 in. x 1 in. 
diameter glass tubes and covered with a mixture of 
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araldite resin, hardener and acetone. 	The tubes 
were corked and the blocks then left immersed in 
the resin solution. 	After 7 days, the stoppers 
were removed and the acetone allowed to evaporate 
off over a period of 7 days. 	The tubes were then 
warmed in an oven at 700C for 2 hours, allowed to 
cool and then broken to remove the impregnated 
blocks. 	The excess resin around the blocks was 
removed with a sharp blade. 	Thin sections were 
then produced in the normal manner. 

Before the cover slip was affixed, the thin sections 
were stained with 'Alizarin Red' to show up the 
distribution of calcium carbonate. 
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CHAPTER SEVEN  

RESULTS OF THE LABORATORY TESTING  

In this Chapter, representative results obtained in the laboratory 
testing are presented. 	Their significance is discussed in 
Chapter 8. 

7.1 	Natural Moisture Content  

The natural moisture contents of the materials from 
the various sites were determined during the initial 
stages of the work. 

It was found that not only did the moisture contents vary 
within any one site (see Figure 7.2, for example) but 
that there was a great variation in the moisture contents 
from site to site. 	Care was taken prior to sampling to 
dig into the face approximately 12 in. so that there was 
little possibility of sampling material at the surface; 
this was likely to be at a lower moisture content because 
of surface evaporation. 	Moisture contents were found 
to vary between 4% and 24%. 

Fluctuations were also observed with the seasons - the 
soils were noticeably drier during the summer months than 
at other times of the year. 	On one occasion, the author 
took samples from Reculver site about 2 hours after a very 
heavy rainstorm which had lasted approximately 30 minutes. 
The specimens had an average moisture content of 19% 
approximately. 	As a result of later laboratory work, it 
was determined that this moisture content corresponded to 
a degree of saturation of 78% approximately. 	Similar 
results were obtained from Pine Farm Quarry after a period 
of heavy rain, a moisture content of 24% approximately 
was determined corresponding to 79% saturation. 

7.2 	Specific Gravities  

The specific gravities of the soils were determined as per 
B.S. 1377. 	The results are given in Table 7.1, and are 
the averages of three tests per site. 

It can be seen that the specific gravities of all specimens 
fall within a narrow range; the small variations that 
exist between values are considered by the author too 
small to be of any significance. 
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7.3 	Dry Densities  

Bulk densities and moisture contents of all specimens 
used in the shear box and consolidation tests were 
determined. 	The dry densities of the specimens were 
then calculated using the expression: 

Yb  

Yd - 1 + w 

where Yd = dry density 

Yb = bulk density 

w = moisture content 

The average dry density of the material from each site was 
then determined from the dry densities of all specimens 
from that site. 

The results are given in Table 7.11. 

In addition, the void ratios and porosities of the materials 
corresponding to the dry densities are given, having been 
determined from the expressions 

(Gs  x ylel) 
e = 	 - 1 

Yd 

where e = void ratio 

Gs  = specific gravity 

Yd = dry density of the material 

Yw  = density of water 

and 	
n 	

1 +e 

where n = porosity 

e = void ratio 

The results are also given in Table 7.11. 

With the exception of the material from Ford, it was found 
that the variation in dry density of material from any one 
site was small - less than 3% - dry densities of the material 
from Ford varied by 5%. 

	

7.4 	Liquid and Plastic Limits  

Typical representative results from the determination of the 
Atterberg Limits on random samples are given in Table 7.111. 
The results presented cover the range of values measured. 

They have been given in graphical form in Figure 7.1 on 
a plasticity chart after Casagrande(1948). 
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The results can be seen to fall into two groups, the 
one with the higher plasticity comprising material from 
Sturry and one sample from Ford, (F5), which was taken from 
one of the darker, more clayey bands, described in 
Chapter Five. 

All values plot above the 'A' line and the soils would be 
classified as CL-type i.e. inorganic silts or clays of 
low to medium plasticity. 	Typically, they would be 
expected to have low compressibility characteristics and 
medium to high dry strengths. 

In addition to the random samples taken specifically for 
index testing, selected samples were collected from 
Pine Farm Quarry in an attempt to observe any variations 
in the index limits. 	The results are given in Figure 7.2, 
together with field moisture contents of the samples and 
descriptions of the horizons from which they were taken. 

Within each of the horizons sampled there is very little 
variation in the index parameters. 	The samples from the 
calcareous layer vary in their liquid limits by only 2%, in 
their plastic limits by 1% and in their plasticity 
indices by 2%. 	Similar variations occur in the decalcified 
horizon. 	The most noticeable difference is between the 
horizons in so much as the decalcified material has higher 
liquid limits than the calcareous material. 	The plastic 
limits of the non-calcareous material are not too dissimilar 
from those of the calcareous horizon which results in the 
former having higher plasticity indices than the latter. 

7.5 	Mechanical Composition  

Typical results from tests on samples collected from various 
sites are shown on Figures 7.3 - 7.11 and are summarised 
in Table 7.IV. 

The method adopted for the determination of the particle 
size characteristics of the materials is that given in 
B.S. 1377 and is standard engineering practice for fine- 
grained soils. 	The method involves the wet-sieving of 
material through a 200 mesh sieve, sedimentation of that 
fraction passing through the sieve and dry-sieving that 
fraction retained on the sieve. 	The procedure is 
susceptible to a series of errors which cannot be readily 
compensated for. 

It can be seen from the graphs that the predominant size 
fraction of the soils is coarse silt i.e. from 20p to 60u. 
Unfortunately, this fraction is determined by differences 
i.e. coarse silt content equals total weight of material 
after pretreatment minus all other fractions determined 
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quantitatively. 	Because of this, the coarse silt fraction 
is susceptible to a cumulative error which may cancel out 
but may, on the other hand, be compounded. 

Other possible sources of error inherent in the standard 
testing procedure adopted which cannot be corrected for 
include: turbulence caused by the coarser fraction during 
sedimentation, the effect of the shape of the particles 
themselves (the sedimentation section of the test is 
based on Stoke's Law which applies to spherical bodies -
soil particles are invariably non-spherical) and complete 
dispersion and removal of cementing agents. 	All specimens 
were pretreated with acid to remove cementing material and 
dispersed with sodium hexametaphosphate - ultra-sonic 
dispersion was not used. 

In an attempt to minimise these errors, a very rigorous 
approach was adopted during the testing. 	Tests were 
performed on similar sub-samples to check the reproducibility 
of the method; variations of up to ± 2% were found between 
the various fractions, a figure considered acceptable by 
the author in view of the inherent errors in the procedure, 
e.g. applicability of Stoke's Law to natural particles. 

All specimens from Pine Farm Quarry had at least 65% by 
weight of material in the silt fraction (Figure 7.3) 
and less than 5% by weight of fine sand. 	Clay contents 
varied between 20% and 26%. 	Figure 7.4 shows the particle 
size distribution curves for two specimens from Pine Farm 
Quarry, one from the upper decalcified layer, the other 
from the lower calcareous horizon (see Figure 7.2). 	These 
specimens were tested to check on the clay contents - the 
material from the upper decalcified layer was found to be 
slightly more plastic than that material from the calcareous 
horizon (see Section 7.1.4). 	It can be seen that both 
specimens contained at least 70% by weight of silt sized 
material; the decalcified material had a slightly higher 
clay content. 

Results from tests on material from Ford are given in 
Figures 7.5 and 7.6. 	Curves Fl, F2, F3 and F4 are typical 
for the Ford material. 	Specimens had at least 70% by 
weight of silt-sized material and clay contents varying 
between 17% and 24% by weight. 	Sand contents were less 
than 5%. 	F5 is the particle size distribution curve for 
a specimen taken from one of the more clayey, darker bands 
as described in Chapter 5. 	It can be seen to contain 
approximately 40% clay sized material and to be generally 
more well-graded than the surrounding material. 	It also 
contains approximately 30% of sand sized particles. 	F6 
is the distribution curve for a sample taken from one of 
the thin, pale buff horizons. 	The specimen was obtained 
by breaking a block of the 'laminated' material along one 
of the paler bands to expose the material on the face, 
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brushing the surface lightly and collecting the material. 
The bands were very thin (less than 1 mm.) and only 
sufficient material for a particle size analysis could 
be obtained. 	The material can be seen to have a lower 
clay content than the other materials but to have a 
higher medium silt content i.e. material in the range 
6p to 204. 	Its coarse silt fraction is of the same 
order as the other specimens. 	Figure 7.6 shows the 
effect of pretreatment on the distribution character- 
istics of one specimen from Ford. 	The specimen tested 
without pretreatment (F3N) can be seen to parallel the 
curve for the specimen tested with full pretreatment 
(F3) and to lie slightly below it, with a slightly 
higher content of material in the sand fraction. 

The parallel nature of the curves would suggest that the 
calcite is distributed evenly throughout the various 
fractions. 	However it must be borne in mind that the 
initial light grinding with a rubber pestle to disaggregate 
the material may have broken some of the weaker calcite 
particles thus directly influencing the grading curve. 

Figure 7.7 shows typical particle size distribution curves 
for the material from the Northfleet site. 	The material 
again contains at least 65% silt sized material with clay 
contents of about 21%. 	However, the material can be 
seen to contain a higher proportion of sand, between 
10% and 15%, with up to 3% in the medium sand size range. 
The predominant size range is the coarse silt fraction. 

Particle size distribution curves for typical specimens 
from Reculver are shown on Figure 7.8. 	The material has 
at least 65% silt with up to 10% sand and clay contents 
in the region of 21%. 

Results from tests on material from Pegwell Bay are given 
on Figure 7.9 and on the material infilling the Buried 
Channel at Pegwell Bay on Figure 7.10. 	The material from 
the Buried Channel is slightly better graded with higher 
percentages of medium silt and clay but smaller amounts 
of sand sized particles. 

The material from Sturry (Figure 7.11) is better graded 
than the materials from the other sites. 	It has a 
higher clay content (between 24% and 33% by weight). 
The specimens tested have a greater variation in their 
distribution than specimens from other sites. 	All 
specimens again have at least 65% silt content. 

Figure 7.12 shows the particle size distribution curves 
for specimens of loess collected by the author from 
Western Europe. 	(The sample descriptions in the diagram 
refer to their locations). 	The possible variation in the 
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grading characteristics of loess are clearly demonstrated. 
Clay contents vary between 12% and 28% but all specimens 
contain at least 65% of silt sized material. 	The results 
are summarised in Table 7.V. 

Figure 7.13 shows the envelope of grading curves for all 
specimens of brickearth tested superimposed on loess-types 
defined by Holtz and Gibbs (1952). 	It can be seen that 
the majority of the brickearths fall into the group of 
'clayey loess'. 	The picture is somewhat distorted, 
however, by the presence of the curves for the material 
from Sturry; without the Sturry specimens, the boundary 
delineating the finer side of the envelope would be shifted 
to the coarser boundary resulting in a much 'thinner' 
envelope. 

The relatively broadly spaced size 	intervals 	as 
determined in the standard engineering test preclude 
the use of many of the parameters normally used to 
describe the grading characteristics of sediments, as 
given in Inman (1952) for instance. 	This results from 
the 'cut-off' at 2p, below which no size determinations 
are conducted. 	When possible, values for sorting and 
skewness are given in Tables 7.IV and 7.V based on the 
quartile measurements. 

Table 7.VI gives the results for the pretreatment loss 
determined during the particle size analyses and the CaCO3  
content for the specimens. 	The CaCO3  content was 
determined by the method proposed by Bush (1970). 	The 
pretreatment losses are seen to be generally higher than 
the CaCO3  content for the same specimens. 

7.6 	Oedometer Test Results  

The purposes of the oedometer testing of specimens of 
brickearth were to observe their compressibility 
characteristics and to determine the extent to which 
they were metastable. 	The results are presented in 
graphical form on Figures 7.14 - 7.48. 	The settlement/ 
/time curves presented are for the flooding stage and 
subsequent loading only. 

The testing was carried out using mechanical level arm 
oedometers in the method as described in Chapter 6. 
As described, great care was taken in the preparation 
of the specimens and invariably some specimens had to be 
rejected for testing because of marked imperfections in 
their shape which could have resulted in lateral deformation 
thus contributing to larger apparent measured vertical 
deformations. 
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All specimens tested were originally in an air-dried 
state. 	This condition was chosen because it was decided 
to test the material under similar conditions and it was 
found very difficult to bring the material to a fixed 
reproducible moisture content; it was found, however, 
that by allowing the material to air-dry, a moisture 
content within narrow limits of measurable variation 
resulted which was felt to be better than could be 
achieved by some form of controlled wetting-up of specimens 
or allowing them to dry to a fixed moisture content. 
There was the added probability that even if all the 
specimens could have been brought to a fixed moisture 
content, by the time they were tested they could have 
lost an unknown amount of moisture; at least, by testing 
them at their air-dry moisture content, they had achieved 
a certain degree of equilibrium and relative uniformity. 

The results from the different sites are presented below. 

7.6.1 	Pine Farm Quarry  

The results from the tests on material from Pine Farm 
Quarry are shown on Figures 7.14 - 7.18. 

Four specimens with an average initial moisture content 
of 2.2% were tested. 	They were flooded under applied 
loads of 0.5, 1.0, 2.0 and 4.0 tons/ft' and further 
loading took place to 8.0 tons/ft2  on all specimens. 
Because the unloading was in one stage viz. from 8.0 tons/ft2  
to 0.5 tons/ft', the curves for the operation are shown 
dotted. 	Initial void ratios varied from 0.875 to 0.818 
with an average value of 0.840. 

It can be seen from Figure 7.14 that all four specimens 
collapsed when flooded under load. 	The curves all show 
a very small amount of compression under load prior to 
flooding, with a certain degree of parallelism after 
flooding and also on unloading. 	Whilst the post-flooding 
curves for the specimens flooded at 1.0, 2.0 and 4.0 tons/ft' 
are almost linear, the curve for the specimen flooded at 
0.5 tons/ft' has an increasing gradient prior to becoming 
almost linear. 	It will be noticed that the spread of 
the void ratios of the four specimens at 8.0 tons/ft' 
(and after unloading at 0.5 tons/ft2  applied load because 
of the parallelism) is very much smaller than the spread 
of the void ratios at 0.1 tons/ft2  at the beginning of 
the test. 

Figures 7.15 - 7.18 show the settlement/time relationships 
for the four specimens during flooding and also for 
subsequent loading. 
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It can be seen that post-flooding, the consolidation 
process is very rapid and that for the specimens from 
Pine Farm Quarry, over 50% of the total settlement had 
taken place after only 4 minutes from application of the 
load. 

Another feature evident from Figures 7.15 - 7.18 is the 
shallower slope of the settlement/ /time curves for the 
specimens during flooding relative to the curves for 
further loading after flooding and a tendency for a 
slightly longer time required to achieve 90% of the total 
settlement as the load under which they were flooded 
increased; for the specimen inundated under a load 
of 0.5 tons/ft2, maximum settlement was achieved after 
only 4 minutes. 	It can be seen however, that the collapse 
process is extremely rapid nevertheless. 

The specimen flooded at 1.0 tons/ft2  (Figure 7.16) does 
not show such a marked shallowness of slope as the other 
specimens, during flooding. 	Reference to Figure 7.14 
shows that this specimen had a slightly higher void ratio 
than the others. 	Thus the higher initial porosity and 
hence potential for collapse (and higher initial permeability) 
probably compensated for the reduction in permeability 
arising after the initiation of collapse. 

The settlement/ /time curve for the specimen flooded at 
4.0 tons/ft2  (Figure 7.18) can be seen to undulate during 
the initial stage of collapse indicating that the process 
is not uniform. 

7.6.2 Ford  

The results for the specimens from Ford are given on 
Figures 7.19 - 7.23. 

Four specimens were tested. 	The initial void ratios 
varied from 0.784 to 0.827 - the average being 0.808. 
One specimen was inundated at the beginning of the test 
under zero applied load and the remainder were flooded 
under applied loads of 0.25, 1.0 and 2.0 tons/ft2. 
Whereas the specimen flooded under zero load swelled, the 
others collapsed when flooded. 	The swelling resulted in 
an increase in void ratio of 0.031 i.e. from 0.800 to 
0.831. 	This corresponds to a one-dimensional volume 
change of 4% (assuming an initial void ratio of 0.800). 
The void ratio-log applied load curve for this specimen 
in subsequent loading is similar, and indeed is almost 
parallel to those curves for the other specimens (Figure 7.19). 
All specimens were loaded to a maximum of 16 tons/ft2. 
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The initial void ratios of the specimens from Ford are 
similar to those from Pine Farm Quarry. 	However, the 
total measured settlements under the same applied loads 
for corresponding specimens from Ford and Pine Farm Quarry 
were somewhat larger for specimens from Ford than from 
Pine Farm Quarry. 	Thus, the void ratio under a load 
of 8.0 tons/ft' (the maximum applied to specimens from 
Pine Farm Quarry) is lower for the Ford specimens 
(approximately 0.53) than for the specimens from 
Pine Farm Quarry (approximately 0.60). 

The variation in the final void ratios of the specimens 
is much smaller than in the initial void ratios indicating 
a general convergence of the curves with increasing load, 
with a high degree of parallelism of the rebound curves. 

It can be seen from Figures 7.20 - 7.23 that the rates of 
consolidation for subsequent loading after flooding are 
high. 	For the specimen saturated before loading 
(Figure 7.20), very little compression occurred under the 
lower loads and was achieved very quickly. 	For the specimen 
flooded under a load of 0.25 tons/ft', there is an 
inflexion on the settlement/ /time curve during flooding 
and the final settlement was reached after only 9 minutes, 
whereas for the other specimens, settlements took place 
over a longer period of time during the flooding stage. 
With the exception of the specimen flooded at 0.25 tons/ft', 
maximum compression occurred under a load of 4.0 tons/ft' 
■ with further loading producing smaller settlements for 
each stage. 

7.6.3 Northfleet  

The results for the oedometer tests on specimens from 
Northfleet are shown on Figures 7.24 - 7.28. 

Four specimens were tested. 	They were flooded under 
applied loads of 0.5, 1.0, 2.0 and 4.0 tons/ft' and 
further loading took place on all specimens to 16.0 tons/ft'. 
Unloading was incremental to 0.5 tons/ft' to demonstrate 
the linearity of the e/log p curves on unloading. 	The 
initial void ratios of the specimens varied from 0.665 
to 0.700, the average value being 0.680. 	In general terms, 
the results correspond to the findings from tests on 
materials from the other sites. 

Prior to flooding, there was very little change in void 
ratio under applied load indicating a rigid structure capable 
of withstanding the imposed loads with little deformation. 
It is noticeable that those specimens with the higher 
initial void ratios show slightly more deformation prior 
to flooding than those with lower void ratios for 
corresponding loads. 
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After flooding, the curves show a downward trend with 
increasing applied load before becoming approximately 
linear. 	The curves tend to converge after flooding so that 
the variation in the void ratio between specimens is much 
less at 16.0 tons/ft' but the relative difference at the 
higher load was much less than at the lower loads. 

The curves for the unloading of the specimens were obtained 
by unloading them in stages. 	They are linear and 
sensibly parallel over the range measured (Figure 7.24). 

The settlement/Vtime curves are shown on Figures 7.25 - 7.28. 
It can be seen by general inspection that, as with material 
from other sites, consolidation after flooding was a very 
rapid process. 

The specimen flooded under 0.5 tons/ft' first settled 
then swelled to a lesser amount which resulted in a small 
total settlement. 	The process was fairly rapid, only 
3 minutes approximately being taken to achieve the final 
condition. 

For the three specimens flooded at 0.5, 1.0, and 2.0 tons/ft', 
the maximum absolute settlement took place under a subsequent 
load of 8.0 tons/ft' and further loading to 16.0 tons/ft' 
produced a smaller settlement. 	Furthermore, the maximum 
absolute settlement was approximately equal for the three 
specimens. 	For the specimen flooded at 4.0 tons/ft2, 
however, maximum settlement took place during the flooding 
process and can be seen to be much greater than the maximum 
settlement of the other specimens - subsequent loading 
produced smaller settlements. 

The specimen flooded at 4.0 tons/ft' had a higher initial 
void ratio than the other specimens and yet after flooding 
and loading to 16.0 tons/ft', its void ratio was not too 
dissimilar from the other specimens. 

There are inflexions in the settlement/Vtime curves during 
collapse for all the specimens indicating a non-linearity 
in the settlement process. 	This is especially marked in 
the case of the specimen flooded under an applied load of 
4.0 tons/ft' (Figure 7.28). 	It can be seen that there 
was a reduction in the rate of settlement after approximately 
one minute. 

7.6.4 	Pegwell Bay  

Four specimens were tested from Pegwell Bay. 	The results 
are shown graphically on Figures 7.29 - 7.33. 	One 
specimen was inundated when under the very low load 
of 0.01 tons/ft' - the others were flooded under loads 
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of 0.5, 1.0 and 4.0 tons/ft2. 	All specimens were unloaded 
incrementally from a maximum load of 16.0 tons/ft2  to 
0.5 tons/ft2. 	The initial void ratios of the specimens 
varied from 0.617 to 0.683, the average value being 
0.642. 	The specimens flooded at the three higher loads 
collapsed whilst the specimen inundated under the very low 
load swelled. 

It can be seen (Figure 7.29) that the rebound curves for 
the unloading of the specimens are all linear and in two 
instances parallel; the rebound curve for the specimen 
flooded under the load of 4.0 tons/ft2  is steeper than the 
others. 

For the specimen flooded under the load of 0.5 tons/ft2  
(Figure 7.31), during the flooding stage collapse first 
occurred which was then followed by a slight swelling of 
the specimen with a final settlement being recorded. 

Figure 7.30 shows the settlement//time curves for the 
specimen flooded under a load of 0.01 tons/ft2. 	As 
can be seen from Figure 7.29, this specimen swelled when 
flooded, undergoing an increase in void ratio from 0.68 
to 0.79 approximately. 	It can also be seen that its 
initial equilibrium void ratio was much higher than those 
of the other specimens. 	However, at 16.0 tons/ft2  
applied pressure, its void ratio was very similar to those 
of the other specimens. 

Whereas for specimens from other locations whose e/log p 
curves tend to converge after flooding, the curves for 
specimens from Pegwell Bay are sensibly parallel after 
flooding. 

7.6.5 Reculver  

Four specimens were tested from Reculver - the results are 
given in Figures 7.34 - 7.38. 	They were flooded under 
loads of 0.25, 0.5, 1.0 and 2.0 tons/ft2. 	Further 
loading on all specimens took place to 8.0 tons/ft2. 
The initial void ratios of the specimens varied from 
0.633 to 0.675 - the average value being 0.652. 

It can be seen from Figure 7.34 that the specimens showed a 
slightly different behaviour pattern to that observed from 
the other sites so far examined. 	The spread of the 
initial equilibrium void ratios is somewhat larger than 
for the materials from the other sites. 	Furthermore, 
the curves post-flooding, do not tend to converge so 
that at the maximum applied load of 8.0 tons/ft 2  the 
variation of the void ratios of the specimens is relatively 
large compared to the other sites. 	Post-flooding, the 
curves are not as linear as has been seen from other sites, 
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although at the higher loads, the curves do become linear 
to a certain extent. 	Only three of the specimens flooded 
collapsed - the specimen flooded under the lowest load 
of 0.25 tons/ft' swelled on inundation. 

Figure 7.35 shows the settlement/Vtime curves for the specimen 
flooded at 0.25 tons/ft'. 	It can be seen that immediately 
on flooding, collapse took place but this was then over-
taken by swelling which resulted in a final swelling of 
the specimen being recorded. 	The amount of collapse that 
first occurred was smaller than the subsequent swelling. 
Further loading caused the specimen to consolidate, 
consolidation being very rapid for each subsequent loading 
stage. 

Figure 7.36 shows the settlement/ itime curves for the 
specimen flooded at 0.5 tons/ft' applied load. 	It can be 
seen that this specimen also swelled, but by a very small 
amount, after initially collapsing on inundation. 	The 
next load application caused settlement which was very 
abruptly curtailed after only 1/4 minute approximately. 

The settlement curve for the specimen flooded under an 
applied load of 1.0 tons/ft' has a very pronounced double 
inflexion in it indicating a non-uniform process of collapse 
(Figure 7.37). 

It is evident from Figures 7.37 and 7.38 that the loading 
stage immediately after flooding resulted in slower rates 
of settlement. 

7.6.6 Sturry  

The results from tests on specimens from Sturry are shown 
on Figures 7.39 - 7.44. 

Four specimens were tested, one of which was flooded at the 
beginning of the test under zero load. 	The others were 
flooded under loads of 1.0, 2.0 and 4.0 tons/ft' and 
subsequently loaded to 16.0 tons/ft'. 	The specimen 
flooded at the beginning of the test was unloaded incrementally 
from 16.0 tons/ft' to 0.5 tons/ft', the remaining three 
specimens being unloaded in one stage. 	The average initial 
void ratios of the specimens varied from 0.576 to 0.606 - the 
average value being 0.587. 

It will be seen from Figure 7.39 that the specimen flooded at 
the beginning of the test had a much higher equilibrium 
void ratio under an applied load of 0.1 tons/ft' than the 
other specimens. 	This resulted from the swelling that took 
place when flooded under zero load. 	In fact, in its 
air-dry state, the specimen had an initial void ratio of 
0.589. 	The four specimens thus had initial void ratios 
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lower than the other sites. 	It can also be seen from 
Figure 7.39 that the two specimens flooded at 1.0 and 
2.0 tons/ft' swelled whilst under those loads when flooded 
whereas only the fourth specimen collapsed when flooded 
under the applied load of 4.0 tons/ft2. 

Despite the variation in their initial void ratios, the 
e/log p curves converge on loading to result in a very 
much smaller variation at 16.0 tons/ft2  applied load. 

The incremental unloading of one specimen resulted in a 
linear e/log p relationship, and indeed, the rebound 
curves proved to be parallel for the specimens and in 
some instances coincidental despite their variation during 
the loading stage. 

Figure 7.40 shows the settlement//time curve for the 
specimen flooded at the beginning of the test under the 
subsequently applied load of 0.1 tons/ft2. 	It can be 
seen that there was an immediate response and only a very 
small settlement took place after one minute from the 
application of the load. 

Figure 7.41 shows the settlement/ /time curves for further 
loading stages for the specimen flooded at the beginning 
of the test. 	The immediate noticeable feature about 
these curves is their rounder shape when compared to the 
curves for specimens from other sites, which indicates 
slower rates of consolidation for the applied loads. 	This 
feature is also evident in the curves for the other specimens 
from Sturry after loading. 

It can be seen from Figures 7.42 and 7.43 for the specimens 
flooded under loads of 1.0 and 2.0 tons/ft2  respectively 
that during flooding, the specimens initially collapsed 
but then swelled to a greater amount. 	For both specimens, 
settlement occurred for only one minute approximately 
before swelling. 	In the case of the specimen flooded 
under 1.0 tons/ft2, the subsequent loading to 2.0 tons/ft2  
was not sufficient to recover the swelling (Figure 7.42) 
whereas for the other specimen, loading to 4.0 tons/ft2  
after flooding under 2.0 tons/ft2  was sufficient to recover 
the swelling and produce ultimately a settlement (Figure 7.44). 

Figure 7.44 for the specimen flooded at 4.0 tons/ft2, shows 
that during flooding, the specimen collapsed, initially 
quite quickly, and the rate of collapse subsided but 
continued for a long period of time before ceasing. 
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7.6.7 	Pegwell Bay - Buried Channel  

Previous to this research project, the author carried out 
a series of oedometer tests on solifluxed material described 
as brickearth. 	The results, shown on Figures 7.45 - 7.47, 
have been included in this thesis. 

Four specimens were tested. 	Three specimens were flooded 
in oedometers under loads of 0.6, 6.0 and 24.0 tons/fe, 
their initial moisture contents were approximately 8.6%. 
A fourth specimen was also tested in the oedometer - this 
was a remoulded specimen at a moisture content equivalent 
to its liquid limit. 	The initial void ratios of the 
undisturbed specimens varied from 0.513 to 0.542 - the 
average value being 0.525. 

It can be seen from Figure 7.45 that the three specimens 
flooded under load collapsed. 	Prior to flooding, the 
e/log p curves for the three undisturbed specimens fall 
below the curve for the remoulded specimen and that 
after flooding, they tend towards it. 	The initial void 
ratios of the undisturbed specimens are lower than for 
any of the sites investigated. 

Figure 7.46 shows the complete e/log p curve for the 
remoulded specimen. 	It will be noticed that there is 
a slight curvature of the rebound curve. 

Figure 7.47 shows the settlement/time relationship for 
the three specimens flooded, during the collapse process 
only. 	(Note that the 'time' axis is to a log scale). 
It can be seen that the specimen flooded under the load 
of 0.6 tons/ft' collapsed at first but later swelled to 
a small degree, the final result being a settlement. 
The two specimens flooded at the higher loads appear to 
have collapsed at a slower rate than specimens from 
other sites - the specimen took almost 60 minutes before 
an apparent reduction in the rate of settlement was evident. 

7.7 	Special Tests in Oedometers  

The results of the series of tests in which specimens 
from Pegwell Bay were flooded with different fluids under 
a load of 2 tons/ft' are given on Figures 7.48 - 7.49. 	All 
tests were duplicated to check on the reproducibility of 
the results. 	The results from each set of tests were 
found to agree very closely and the results presented are 
those obtained from one set of tests. 
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The initial void of the specimens flooded with 
distilled water were calculated and averaged. 	This 
value was assumed for the other specimens and the 
compressibility relationships determined from this value as 
a starting point. 	It is appreciated that there were 
probably differences in the initial void ratios between 
the specimens so that the void ratio/pressure relationships 
shown may not be absolutely correct. 	However, as the 
purpose of the tests was to observe the behaviour of the 
material when flooded with different fluids and not to 
obtain absolute values for their compressibility relation-
ships, the method adopted is considered justifiable. 

The fluids were selected with the intention of observing 
the part played in the collapse process by the clay content. 
Sodium hexametaphosphate solution is a recognised dispersant 
and is used in the particle size analysis test to disperse 
the clays. 	Calcium chloride solution is a flocculant and 
would therefore flocculate the clays - a salt of calcium 
was used because it was considered that calcium would be 
the likely exhangeable cation in the material. 	Acetone 
and carbon tetrachloride were used because they have low 
dielectric constants (that of carbon tetrachloride being 
lower than acetone) - inorganic fluids with low 
dielectric constants are known to alter the behaviour of 
clays (Feda, 1966). 

The specimen flooded with carbon tetrachloride (Figure 7.48) 
collapsed by an extremely small amount under the load of 
2 tons/ft2. 	Post-flooding, the compressibility 
characteristics of this specimen appear to be a continuation 
of its pre-flooding characteristics, despite the small 
discontinuity at flooding. 

The specimen flooded with acetone collapsed by a small 
amount (but greater than that of the specimen flooded 
with carbon tetrachloride). 	Immediately after flooding, 
the slope of the void ratio/pressure line is shallow 
indicating low compressibility but at higher loads, it 
steepens and appears to equal that for the specimen 
flooded with water. 

The specimen flooded with sodium hexametaphosphate 
collapsed by exactly the same amount as the specimen flooded 
with water. 	However, post-flooding the curves for these 
two specimens are not concurrent since the specimen flooded 
with the dispersant compressed by a smaller amount than 
that specimen flooded with water for the same loads. 
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The specimen flooded with calcium chloride solution 
collapsed by a smaller amount than those flooded with 
water or dispersant but by a greater amount than those 
specimens flooded with the inorganic fluids. 	The 
specimen flooded with the dispersant has a void ratio/pressure 
relationship post-flooding which steepens with increasing 
load; the relationship for the specimen flooded with 
calcium chloride solution is such that it is almost 
linear with increasing load and at higher loads, the two 
curves tend to converge. 

Figure 7.49 shows the settlement observed with respect 
to time during the collapse process. 	Comparisons between 
the different curves are considered misleading since the 
differing viscosities of the fluids and hence permeabilities 
of the material to the fluids preclude any comparisons 
being made. 	Nevertheless, it can be seen that flooding 
of the specimens produced a rapid settlement when collapse 
occurred. 

As described earlier, a series of tests was attempted in 
which specimens from Pegwell Bay were firstly flooded with 
calcium chloride solution under an applied load of 
2 tons/ft' which was later siphoned off and replace 
with sodium hexametaphosphate. 	A thick white precipitate 
(calcium phosphate) formed when the dispersant was added. 
The complex chemical regime thus set up within the material 
and its influence on the behaviour of the clays was 
considered beyond the scope of this thesis and this series 
of tests was abandoned. 	It should be added, however, 
that during the replacement process a small amount of 
settlement was observed after the addition of the dispersant. 

7.8 	Triaxial Test Results 

The purposes of the triaxial testing of specimens of 
brickearth were to examine the general characteristics 
of failure as observed in the triaxial test. 	All the 
tests carried out were "drained" tests i.e. the specimens 
were first consolidated under an equal all-round pressure 
and then caused to fail by increasing the axial stress 
under conditions of full drainage, the rate of loading 
being such that negligible excess pore pressure would 
be present at any time during the application of the axial 
load. 

Triaxial tests were carried out on both air-dry specimens 
and specimens at a field moisture content. 	For the latter, 
the strain rates for the shearing stage were obtained 
using the method given in Bishop and Henkel (1962). 
The 'time to failure' was determined assuming an average 
value for the coefficient of consolidation (cv) of 
4.0 x 10-i  ie/min. obtained from the oedometer testing. 
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Assuming a failure strain of 15%, the theoretical 
strain rate for the shearing stage was 3 x 10-3  in/min. 
The rate of strain of 2.5 x 10-3  in/min. was actually used 
during the testing of the specimens at a field moisture 
content as the final rate was determined by the available 
speeds on the machine. 	Bearing in mind the assumptions 
used in obtaining the theoretical strain rate, the 
author considers that the lower strain rate used was 
better as this would ensure that no pore pressure build-up 
would occur. 

Because of the relatively incompressible nature of the 
air-dry material (as observed in the oedometer testing) 
and a low anticipated failure strain, the theoretical 
rate of strain for such material was expected to be much 
higher. 	However, to be able to read the various dial 
gauges comfortably, a rate of strain of 4.0 x 10-3  in/min. 
was used. 	(Matalucci et al, 1970 used the same strain 
rate for their testing of air-dry loess). 

Specimens from Reculver, Ford, Northfleet and Pine Farm 
Quarry were tested air-dry and from Reculver and Ford at 
field moisture contents for comparison. 	The average 
air-dry moisture content was 2.73% ± 0.25% for all 
specimens. 	Fortuitously, in the light of the previous 
discussions on the testing of specimens at field moisture 
contents, the average field moisture content of those 
specimens from Ford was 19.3% (+0.6%-0.3%) and from 
Reculver was 19.2% (+0.8%-0.9%). 	For those specimens 
at field moisture content, the utmost care was taken 
to ensure that they were exposed for a minimum amount 
of time between preparation and testing. 	The procedure 
adopted during testing has been described previously. 
The material from Sturry and the Buried Channel at 
Pegwell Bay could not be trimmed to form specimens 
because they repeatedly broke apart on fissures. 

It was originally intended to test the air-dry specimens 
at cell pressures of 0 (unconfined), 15, 30, 45, 60 and 
120 lb/in'. 	Despite the precautions that were taken 
to ensure proper seating of the cell on the base plate 
and correct assemblage, the cell was found to leak so 
much at the highest pressure that testing at this pressure 
had to be abandoned as the leakage would seriously affect 
the volume determinations and hence stress determinations. 
Occasionally, the cell leaked at lower pressures. 	If the 
leakage was considered excessive, the results from such 
tests were then discarded and more tests were carried out, 
either at the same pressure or at a slightly different 
cell pressure. 
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The stress/strain relationships for the specimens tested 
air-dry are shown on Figures 7.50 - 7.53 and for the 
specimens at field moisture contents on Figures 7.57 - 7.58. 
The results have been presented in the form of applied 
stresses. 

In general terms, testing under the two conditions gave 
distinct types of failure - in the case of the air-dry 
specimens, a brittle type of failure was observed whilst 
for those specimens at field moisture contents, a 
plastic type of failure was observed. 	Brittle failure 
was characterised by high shearing loads at failure with 
low axial strains whereas plastic failure was evidenced 
by relatively low shearing loads with high axial strains 
at failure. 

7.8.1 	Results from tests on air-dry specimens  

Five specimens were tested from Pine Farm Quarry (Figure 7.50), 
at cell pressures of 0 (unconfined), 15, 30, 45 and 
60 lb/in2. 	The curves are characterised by relatively 
sharp peaks with quite marked reductions in strength 
post-failure with increasing axial strain. 	The axial 
strains at which failure occurred can be seen to increase 
with increasing cell pressures with a maximum of 1.8% 
strain approximately at a cell pressure of 60 psi. 
In the unconfined state, failure occurred at an axial 
strain of 0.8% approximately. 	On application of the 
deviator stress, the specimens contracted (negative 
volumetric strain). 	Immediately before failure occurred, 
all specimens began to dilate and continued to do so 
through failure and after. 	Maximum negative volumetric 
strains can be seen to increase with increasing cell 
pressures (generally). 

The results from the tests on specimens from Northfleet 
are shown on Figure 7.51. Four specimens were tested at 
cell pressures of 10, 15, 30 and 45 lb/in2. 	Axial 
strains at failure increased with increasing cell pressure, 
but at low axial strains. 	Prior to failure, each sample 
contracted and then dilated immediately before failing. 
Compared to the results for the specimens from Pine Farm 
Quarry, the specimens from Northfleet failed at slightly 
higher axial strains. 	The specimen under a cell pressure 
of 30 lb/in2  failed at a lower deviator stress than that 
specimen under an all-round stress of 15 lb/in2. 	It will 
be seen from Figure 7.51 that the specimen under 30 lb/in2  
cell pressure underwent a greater axial deformation prior 
to failing relative to the specimen under 15 lb/in2. 	Whilst 
there were no external signs of inhomogeneity or weakness 
in this specimen, the author considers that this specimen 
was imperfect and the results are not representative. 
Shortage of material prevented further tests being carried 
out. 
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Four specimens from Reculver were tested - one in an 
unconfined condition, the others at cell pressures of 
15, 45 and 60 lb/in2  (Figure 7.52). 	Unfortunately, 
during the testing of the specimen at 60 lb/in2  cell 
pressure, leakage occurred around the base of the cell and 
hence only two curves are shown on the volumetric 
strain/axial strain graph. 	Nevertheless, the same kinds 
of relationships as obtained from Pine Farm Quarry and 
Northfleet emerge. 	Failures take place at low axial 
strains (greater than two previous sites) the failure 
strain increasing with increasing cell pressure. 
Pre-failure, the specimens undergo a reduction in volume 
and then dilate - the onset of dilatancy occurring just 
before failure. 

Four specimens were tested from Ford. 	The results indicate 
a slightly different behaviour. 	It can be seen from 
Figure 7.53 that the deviator stress/axial strain curves 
for the specimens do not show such a marked reduction 
post-failure as the curves for the air-dry specimens 
from the other sites and that the peaks marking failure 
are not so pronounced. 	Similarly, the curves of 
volumetric strain/axial strain, whilst they indicate an 
initial reduction in volume followed by dilatancy 
immediately before failure, the increase in volume 
after failure is not as marked as that for specimens 
from the other sites. 	Whilst not much emphasis should be 
put on the volumetric strain readings because of the method 
of measuring volume changes, it is apparent that the 
specimens underwent a slightly greater volume change 
before failing than specimens from other sites. 	The 
axial strains at failure for specimens from Ford are similar 
to those from the other sites. 

The failure envelopes are given on Figures 7.54 - 7.56. 
They are drawn as plots of (a, - (13)/2 against (o + a2)/2 
i.e. maximum applied shear stress vs. maximum normal stress. 

7.8.2 	Results from tests on specimens at field moisture contents  

Specimens from two sites were tested in the triaxial 
apparatus at field moisture contents, - the sites used 
were Ford and Reculver. 	These two sites were chosen for 
the tests because the materials were known to have fairly 
different initial void ratios, that of Reculver being 
lower than Ford. 

The results from the tests are shown on Figures 7.57 
and 7.58. 
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A marked difference can be seen immediately between the 
shear characteristics of the materials when in an air-dry 
condition and at a field moisture content corresponding 
to 65% approximately degree of saturation for the material 
from Ford and 85% approximately for the material from 
Reculver. 

One of the problems encountered in the testing of specimens 
at the higher moisture content was that of buckling of 
the specimens during shearing. 	During the testing of 
specimens from both sites, several specimens buckled so 
badly that the tests were stopped, fresh specimens trimmed 
and the test performed again. 

Five specimens were tested from Reculver - the results 
are shown on Figure 7.57. 	Cell pressures of 10, 15, 30, 
45 and 60 lb/in2  were used. 	Only three volumetric 
strain/axial strain curves are shown because leakage 
occurred during the testing of the other two specimens. 

Four specimens were tested from Ford at cell pressures 
of 20, 30, 45 and 60 lb/in2. 	The results are shown 
on Figure 7.58. 

It can be seen from the results that the axial strains 
at which failure occurred are much higher than for the 
air-dry specimens by an order of magnitude of 10 approximately. 
The axial strain/deviator stress curves are much rounder 
and the actual point of failure is not so pronounced as 
with the air-dry specimens. 	It will also be noted that the 
specimen from Reculver tested under a cell pressure of 
45 lb/in2  did not fail even after axially deforming the 
specimen by 17% - the test was curtailed at this point 
because of buckling of the specimen. 	The specimen from 
Ford tested under a cell pressure of 45 lb/in2  only just 
failed after axial deformation of approximately 20%. 
Generally, the specimens from Ford failed at slightly 
higher axial strains than those specimens from Reculver. 

Whereas failure of air-dry specimens was immediately 
preceded by dilatancy (after contracting initially), it can 
be seen from the volumetric strain/axial strain curves 
for the specimens at field moisture contents that they 
contracted throughout the shearing although the rate of 
contractancy (with respect to axial strain) was very much 
reduced close to the point of failure. 

One feature noticed during the testing of specimens at 
field moisture contents was the emergence of water during 
the later stages of shearing from the drainage hole 
in the base of traixial cell - no water was observed 
during the initial consolidation prior to shearing. 
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The failure envelopes for the specimens at field moisture 
contents are given on Figures 7.54 and 7.55 and again 
are plotted as (al  - a3)/2 against (a1 	a3)/2. 

7.9 	Direct Shear Test Results  

Direct shear tests were carried out on specimens from 
Pine Farm Quarry. 	Four sets of tests were run; a) on 
material air-dried (2.5% moisture content approximately), 
b) on material at a field moisture content of 20% 
approximately, c) on material that was loaded dry, then 
flooded i.e. after the material had collapsed and 
d) on material that was saturated before loading. 
The results are shown on Figures 7.59 - 7.63. 

During shearing, the area of the shear surface decreases 
as a result of relative displacement of the two halves of 
the shear box. 	Therefore, the normal stress acting on 
the shear plane increases during the shearing process. 
Furthermore, the shear stress also increases proportionally 
more than the applied shearing load. 	All stress relation- 
ships shown in the results have been corrected for the 
change in area of the shear surface. 

When a specimen dilates (expands) during shear, part of 
the work done by the shearing load is used to 'lift' 
the dead load applied to the specimen. 	This effectively 
means that not all of the shearing load is used to shear 
the specimen and a correction can be carried out to 
compensate for this. 	Since dilatancy is a function of 
the structure of the soil and the influence of the 
structure of the brickearths on their direct shear 
characteristics was being investigated, the correction 
has not been carried out in evaluating the results. 

The stress/strain characteristics of the specimens tested 
air-dry are shown on Figure 7.59. 	It can be seen that 
for all specimens the point of failure is quite marked. 
All specimens settled initially at the onset of shearing 
but prior to failure dilated - the specimen under the lowest 
normal load dilated most. 	Relatively small shear 
displacements were required to cause the specimens to 
fail. 

Figure 7.60 shows the stress/strain relationships for the 
specimens sheared at a field moisture content of 20% 
approximately. 	All specimens contracted during the 
shearing process, the rate of settlement (with respect to 
displacement) decreasing as the point of failure was 
approached. 	Compared to the air-dry specimens, those at 
a field moisture content failed at higher displacements 
and also settled more. 
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Figures 7.61 and 7.62 show the shear characteristics 
for the specimens which were loaded and then flooded 
(i.e. collapsed) prior to shearing and saturated then 
loaded prior to shearing respectively. 	It can be seen 
in both cases that failure was marked by a 'levelling-off' 
of the stress/strain curves and was only achieved after 
very large displacements which necessitated several 
'reversals' of the shear boxes. 

Approximately 5 times the shear displacement for failure 
for the specimens at a field moisture content was required 
for the saturated specimens. 	All specimens settled 
during the shearing process - only the settlements for 
the first shearing stage are presented. 

The shear strength characteristics obtained from the 
direct shear tests are shown on Figure 7.63. 

7.10 	X-Ray Diffraction Studies  

Mineralogical investigations of specimens of brickearth 
were conducted using X-ray diffraction techniques. 	The 
examinations were carried out on two fractions of the 
soils, viz. whole rock analyses on air-dried material 
that had been ground and sieved through a 300 nylon 
mesh screen and clay fraction analyses on specimens 
collected during the sedimentation test. 

7.10.1 Whole Rock  

The identification of a mineral in a multi-mineral 
mixture depends on the strength of the characteristic 
peak intensities. 	The magnitude of the peak intensities 
is governed not only by the quanitity of the mineral 
present, but also on other factors such as the degree of 
crystallinity of the mineral and various machine 
characteristics. 	If the proportion of the mineral under 
analysis is relatively high - say 20% or more - and the 
mineral is well crystallised, identification is easy 
because the peaks will be well defined. 	If the proportion 
is low, 5% or less, then the peak reflections are likely 
to be poor and could easily be masked by reflections from 
other minerals or even by the general background. 

Minerals in the whole rock fraction were identified from 
tables of the characteristic d-spacings, as given in 
Brown (1961). 	The minerals that could be identified 
were monotonously consistent. 	All specimens contained 
clays, quartz and feldspars, both potassium feldspar and 
plagioclase. 	In some specimens, calcite and dolomite 



were in evidence - the dolomite was usually present 
in a very small quantity. 	The results are summarised 
in Table 7.VII and typical X-ray diffraction traces are 
shown on Figures 7.64 and 7.65. 

No attempt has been made to analyse the results quantita- 
tively. 	Most methods rely on measuring the peak intensities 
or the areas under the peaks for the minerals. 	The 
dominant mineral in the brickearths examined is quartz 
and the intensity of the characteristic peak was so strong 
that the tip of the peak was not recorded (see Figure 7.64). 
If the machine settings were adjusted so that the peak 
showed on the trace, it was found that the peaks for the 
other minerals were so subdued that no meaningful 
measurements could be taken from them. 	Methods of 
quantitative analysis usually involve the application 
of 'weighting factors' to overcome such problems as 
differing mass absorption characteristics, degree of 
crystallinity, degree of orientation of platy and angular 
particles. 	Burnett (1972) used factors given by 
Schultz (1964) with some modification, primarily because 
the mineral suites of the materials examined were compatible. 
Because the range of minerals in the brickearths identifiable 
by X-ray methods was much more restricted than found in 
the materials of the above authors, it was considered 
that the use of such factors would lead to unreliable 
quantitative estimates. 

Figure 7.64 shows part of the trace for the whole rock 
analysis for a specimen from Pine Farm Quarry - calcite 
and dolomite are clearly in evidence. 	Analysis of 
specimens prepared from material from the decalcified 
horizon showed that the material may locally contain very 
small quantities of calcite. 

Figure 7.65 shows part of a typical trace for the whole 
rock analysis of material from Reculver. 	The only 
minerals that could be identified were quartz, clays 
and feldspars and a small amount of calcite. 	Dolomite 
was absent. 	The small amount of calcite interpreted from 
the diffraction traces is consistent with the low calcium 
carbonate content determined and the relatively small 
loss after pretreatment in the grading analyses (Table 7.VI). 

7.10.2 Clay Fraction  

The clay fractions examined were obtained at the end of the 
sedimentation tests on specimens of brickearth as 
described in Chapter 6.2.1 (iii). The X-ray diffraction 
analyses were carried out on oriented mounts of the clay 
fractions produced by suction after saturation with 
0.1N magnesium chloride solution. 
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The scheme used for identifying the clay minerals 
was that given in Gillot (1968). 

The minerals identified and the relevant d-spacing for 
their identification were:- 

quartz 	- 4.26 A 

feldspar 	- 4.03 R 
kaolinite 	- 7.1 A 
mica/illite 	- 10.0 A 
vermiculite 	- 14.0 A 
montmorillonite - 14.0 A 
mixed layer 
	

reflections at 10 A - 17 A 
minerals 
	- on glycolation 

Quartz, feldspar (no distinction is made between 
plagioclase and the alkali feldspars since both have 
strong 4.03 A reflections), kaolinite and mica/illite 
were identified from the traces for the air-dried 
oriented mounts. 

Montmorillonite was identified as a sharp, well-defined 
peak at 17 A - 18 A after glycolation with a consequent 
reduction in the size of the 14 A peak relative to the 
peak on the trace for the air-dry specimens. 

Vermiculite was identified as a 14 A peak which remained 
after glycolation. 	The effect of flocculation initially 
with magnesium chloride solution was felt would result 
in magnesium saturation of the clay minerals - magnesium 
vermiculite is characterised by a peak at 14 	approximately 
(Brown, 1961). 	That the 14 A peak remaining after 
glycolation was not chlorite was proved by heating the 
specimen to 5500C. 	If chlorite was present (either 
the swelling or the non-swelling variety), then an 
enhanced peak would occur at 14 A after heating. 	No 
such peak was identified in any of the materials. 

Mixed-layer minerals were identified by changes in the 
traces of the air-dried specimens after glycolation. 
When present, a smoothing on the low angle side of th 
10 R peak occurred, accompanied by a shift in the 14 A 
peak to a broad ill-defined peak between 14 A and 18 A -
this was interpreted as a mixed-layer illite/montmorillonite 
mineral. 	The specimens were heated to 3500C, 4500C and 5500C 
after glycolation and examined after each heating stage. 	The 
effect of the heating was toprogressively collapse the 
trace on the low angle of 14 A and to ultimately leave a 
single peak at 10 R. 	This progressive collapse was 
considered further evidence for the presence of illite/ 
montmorillonite mixed-layering (H. Shaw, Imperial College, 
pers. comm.). 
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Mixed-layer illite/vermiculite could not be positively 
identified with the scheme adopted. 	Vermiculite was 
considered present in some materials in small quantities 
and so the possibility that mixed-layer illite/vermiculite 
was also present cannot be ruled out. 

Calcite was not identified in any of the traces for the 
clay minerals. 	This is considered to reflect the success 
of the pretreatment process. 	Similarly, no minerals of 
ferric iron were identified, either in the clay fractions 
or in the whole rock analyses, despite the red/buff 
colour of the materials. 	It is considered that in the 
former case, the effect of pretreatment with hydrochloric 
acid would dissolve the ferric minerals. 	In the whole 
rock analyses, it is considered that the amount of ferric 
iron minerals was so small in the specimens that it was 
not detectable by X-ray methods. 	Furthermore, ferric 
iron compounds have high absorption capacities for CuKa 
radiation. 

The results are tabulated in Table 7.VIII. 	No attempt at 
rigorous quantification of the analyses has been made. 
For reasons similar to those given earlier in relation 
to the whole rock analyses, estimated quantities of 
clay minerals in a mixture are at best semi-quantitative. 
Several methods have been proposed, usually involving the 
application of weighting factors to the peak heights or 
the areas under the characteristic peaks for the clay 
minerals (e.g. Schultz, 1964; Biscaye, 1965; Meade, 1967). 
Pierce and Siegel (1969) have reported on a series of 
tests they performed to check on the reliability of various 
methods available using standard mixtures. 	They found 
very wide variations in clay mineral contents between 
different methods and concluded that until standard methods 
of preparation, analysis and calculation were adopted, 
accurate quantitative determinations for comparison 
purposes are not possible. 

Further factors which preclude rigorous quantification of 
the clay mineral analyses are a) montmorillonite is 
slightly soluble in dilute hydrochloric acid (P.R. Bush, 
Imperial College, pers. comm.) - the presence of 
montmorillonite has been established in some of the 
brickearths analysed and b) the characteristic fall in 
the base line at very low angles with increasing 29 angle 
was not obtained on the traces probably due to misalign-
ment of the goniometer. 

All materials were found to contain illite and kaolinite 
and quartz and feldspars in their <211 fraction. 	Also, 
all materials were seen to have an "expanding" clay 
component in the form of a mixed-layer illite-montmorillonite 
mineral. 	Vermiculite was considered to be present in all 
materials but only in very small amounts in the materials 
from Ford and Reculver. 	Montmorillonite 'per se' was 
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identified in the materials from Ford, Pegwell Bay and 
Reculver. 	A mixed-layer illite-vermiculite mineral was 
considered present in all materials also. 

Figures 7.66 - 7.69 are included to illustrate the 
interpretation of the traces for the clay fractions. 

Figures 7.66 and 7.67 are the traces obtained from the 
analysis of material from Reculver. 	The effect of 
glycolation (Figure 7.66) can be seen to produce a 
peak at 18A which is interpreted as montmorillonite. 
A peak at 14A remains after glycolation but subsequently 
disappears on heating (Figure 7.67) - this is interpreted 
as vermiculite. 	The 104 peak on the air-dry trace 
is mica/illite and the 7A peak (together with its higher 
order reflections) is kaolinite. 	On the trace for air- 
dry specimen, there is a slight 'shoulder' to the 14A peak 
on the high angle side. 	The effect of glycolation is a 
more symmetrical 10A peak with the 'shoulder' on the 
high angle side of the 14A peak remaining. 	The increased 
symmetry of the 10A peak after glycolation is considered 
to result from swelling of mixed-layer illite/montmorillonite 
and the 'shoulder' on the 14A peak from mixed-layer 
illite/vermiculite. 

Progressive collapse of the trace on the low-angle side 
of the 10A peak on heating is clearly seen on Figure 7.67. 

Figures 7.68 and 7.69 are the traces obtained from the 
analysis of material from Pine Farm Quarry. 	On the trace 
for the air-dry oriented mount (Figure 7.68) mica/illite 
at 10A and kaolinite at 7A (together with its higher order 
reflections) can be identified readily. 	Glycolation 
results in a) a peak at 144, b) a broad ill-defined peak 
between 14Z and 18Z , c) increased symmetry of the 10A 
peak and d) a broad ill-defined peak between 10A 
and 14A. 	These are considered to indicate a) vermiculite, 
b) and c) mixed-layer illite/montmorillonite and d) mixed- 
layer illite/vermiculite respectively. 	Progressive collapse 
of the trace on the low-angle side of the 10A peak on 
heating was also observed. 	The trace is shown on 
Figure 7.69. 

Figure 7.70 illustrates the effect on the X-ray traces 
of the addition of magnesium chloride solution to the 
clay suspension taken at the end of the sedimentation 
test. 	The lower trace is for an air-dry oriented mount 
of material from Reculver produced by drawing the dispersed 
clays (i.e. in the presence of sodium hexametaphosphate 
solution) onto the ceramic disc. 	Subsequent flocculation 
of a similar suspension by the addition of magnesium 
chloride solution, as described in Chapter 6 resulted in 
the upper trace after analysis. The clearly defined peaks 
obtained for the latter aided the subsequent interpretation 
of the traces. 



- 115 - 

7.11 	Results of the Fabric Study using the Scanning Electron 
Microscope 

Before discussing the results of the fabric study using 
the Scanning Electron Microscope, certain points relevant 
to the interpretation of the micrographs must be made. 

It was stated in Chapter 4.2 that one of the problems 
encountered in soil fabric studies has been that of 
observing the true three-dimensional structural arrange-
ment of the material because of the nature of the method 
used e.g. thin-sections and that, this problem had been 
surmounted, to a certain extent, with the development of 
the ',canning Electron Microscope. 	One problem common 
to all methods for the observation of the fabric of soils 
is that of preparation of the specimen to be examined, 
and the effects of the preparation which might affect the 
structure. 	This problem is certainly associated with SEM 
studies. 	One technique which has been used to try and 
obtain a true undisturbed surface for examination is 
that of 'peeling' a fractured surface with sellotape, 
as described by Barden and Sides (1971). 	The author 
attempted this method with the brickearths but abandoned 
it when it was found that the surface after peeling 
appeared pitted as a result of grains being plucked from 
the surface. 	This gave a very unreal 'pock-marked' 
appearance. 	The method finally used was to produce 
a fractured surface and then blow it with a jet of compressed 
air. 	Without blowing the surface, the picture was 
somewhat confused by the presence of debris which had the 
tendency to mask the surface to be observed. 	Blowing 
with compressed air removed the debris and gave a 'clean' 
appearance to the surface relative to that seen without 
blowing. 	The author considers that the method of Barden 
and Sides (1971) is probably satisfactory for soils with 
very high clay contents, but if it contains a significant 
granular component, then there is always the risk that 
peeling will pluck out the coarser grains which could 
thus cause a disturbance to the surrounding fabric. 

A further problem associated with the interpretation of the 
micrographs is that of the association of the clays within 
the fabric and the effect of drying the specimens on their 
distribution. 	All specimens for observation were prepared 
from air-dry blocks of material. 	The association of the 
clays in metastable soils was discussed with reference to 
loess in Chapter 4.3, and it was pointed out that the result 
of drying specimens was probably to cause the clays to 
congregate and flocculate at the points of contact. 	As all 
the specimens for observation were prepared from air-dried 
blocks of material it is conceivable that this process 
would also induce flocculation and therefore not give the 
picture for the distribution of the clays in the soils 
when in a state other than air-dry. 	Whilst this is 
probably true, the author considers that since many of the 
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soils occur in the field at very low moisture contents, 
that it is quite probable that the clays have a similar 
distribution in the field and that the effect of drying 
them for the study was just to enhance this state and not 
to induce it. 

A further problem involved in the interpretation of the 
micrographs was that of 'charging' of the specimens which 
could mask the picture as a result of affecting the contrast 

within the photograph. 	'Charging' is caused by electrical 
discharge across the specimen which results in flaring 
and can be caused by the presence of loose particles on 
the surface of the specimen. 	It is the flaring which 
affects the picture and can mask detail. 

The major features observed during the SEM study were:- 

(a) particle size and grading 

(b) particle shape 

(c) apparent density of packing 

(d) morphology and distribution of the clay 

Stereographic pairs of photographs were taken to aid the 
interpretation and to give some idea of the three-dimensional 
structure of the soils but it should be emphasised that 
the resulting 3-D effect is possibly exaggerated - the 
specimens were moved to give a 3-D effect and no correction 
was carried out to result in the true three-dimensional 
scalar effect. 

To facilitate presentation, the results will be given and 
discussed in this section. 	Selected micrographs will be 
presented to illustrate the results. 

In general, in all specimens examined from the various 
sites, the granular component was seen to consist primarily 
of fine to coarse silt-sized particles, generally sub-
angular to angular with some subrounded and of various 
shapes from roughly equidimensional to blade-shaped. 	In 
some specimens, relatively large plate-shaped minerals were 
observed and interpreted as micas. 

At relatively low magnification, the specimens typically 
appeared as shown in Plate 7/1 (specimen from Ford). 	A 
"medium sand" sized particle in material from Ford is 
shown in Plate 7/2 - smaller particles of coarse silt 
size and finer can be seen adhered to its surface. 	Similarly 

"fine sand" sized particles can be seen in the Plate 7/3 of 
material from Pegwell Bay. 	No preferred orientation of 
grains was observed in any of the materials examined. 

It became evident early in the study however, that due to the 
distribution of the clays within the materials, certain 
features such as openness of the fabric, distribution and 



- 117 - 

shape of the grains could not be easily discerned in 
some specimens since the clays tended to 'mask' the grains. 
Furthermore it was evident that in general the clays were 
not uniformly distributed throughout the soils and also 
occurred in different forms. 	Thus, any indication of 
openness of the fabric (in relationship to the distribution 
of the granular component) and indeed the distribution 
and form of the pores could only be assessed from observ- 
ation in areas where clays were sparse. 	This is illustrated 
in Plates 7/4 to 7/7. 

Plate 7/4 is of a specimen from Northfleet and the granular 
component is barely discernible, especially in the upper 
part of the photograph. 	The materials from Sturry and 
Reculver also showed this, Plates 7/5 and 7/6 respectively. 
It should be borne in mind that materials from all sites 
examined with the exception of Sturry had similar clay 
contents viz approximately 20%. 	The material from Sturry 
that was examined had a clay content of approximately 30%. 
Plate 7/7 is a micrograph of material from Ford. 	In the 
upper part of the photograph the granular component is 
difficult to discern whereas in the lower half, the outline 
of the grains can be seen more clearly. 

The granular component in the materials from Pegwell Bay, 
the Buried Channel at Pegwell Bay and Pine Farm Quarry, 
however, could generally be observed relatively easily, 
Plates 7/8 to 7/10 respectively. 

Of the materials in which the granular component was not 
readily evident, only material from Reculver and Ford 
was seen to have areas relatively free from clays - Plates 7/11 
and 7/12 respectively. 	The material from Sturry had the 
least discernible granular component in all the materials 
studied. 	The material from the Buried Channel was seen 
to be the most dense (Plate 7/9) corresponding to its low 
porosity of 35.5%. 	In contrast, material from Ford with 
a relatively high porosity of 44.7% was observed (in 
areas with little clay) to have a much more open fabric 
(Plate 7/12). 	In general, the variation in densities 
of the materials apparent on the Scanning Electron 
Microscope conformed to the variations measured in the 
laboratory, in relative terms. 

In the micrographs presented so far, relatively large 
pores can be seen arising from "arching" between grains. 
During the study no preferred orientation of pores was 
observed. 

In nearly all cases, contacts between grains involved the 
presence of clays and only in very few instances were mineral 
grain-to-grain contacts observed. 
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A significant part of the study was involved with observing 
the morphology and distribution of the clay component 
within the soils. 	From a very early stage it was 
established (with the aid of the microprobe attachment) 
that nearly all grains were coated with clay particles. 
In some cases, the clay coatings were quite thick, in 
others, extremely thin and the thickness of the clay 
"skin" could vary around a particle. 	This is illustrated 
in Plates 7/13 to 7/21 showing examples from all sites. 
In these micrographs, the clays, are seen generally to be 
finely divided. 	The "wispy" appearance of some of the 
coatings are attributed to the clays of the smectite 
group (montmorillonite) - see Plate 7/18 of material 
from Sturry for instance, whilst those with a more platey 
appearance (e.g. on the grain in the foreground of Plate 7/13) 
are either kaolinite or illite - no distinction could be 
made. 	The three micrographs of material from Reculver 
(Plates 7/19 to 7/21) show that those clays readily 
discernible on the surface actually lie on very finely 
divided clay which coats the surface. 

Occasionally grains were observed which were incompletely 
covered. 	Plate 7/22 of a specimen from Reculver shows 
such an area on a quartz grain - note the presence of 
montmorillonite which has built up into quite large, but 
very thin sheets. 	(The material from Reculver was found 
to contain more montmorillonite than other materials.) 

In addition to coating grains, the clays within the soil 
were observed to occur in two other major forms; in 
some instances differentiation between them was not 
readily discernible, especially where the clays were not 
distributed evenly throughout the soils. 	In those instances 
where clays were relatively abundant, they were seen to 
be aggregated into quite large "flocs", predominantly face-
to-face association but with some edge-to-face contacts 
and were seen to form relatively thick "buttressed' between 
quartz grains which had the appearance of wedging the 
grains apart. 	This is shown in Plates 7/23 and 7/24 
of materials from Ford and Pine Farm Quarry respectively. 
In the centres of both photographs, relatively large 
aggregations of clay can be seen (marked 'B') which occur 
between quartz grains (marked 'Q') and have the effect 
of maintaining separation between the grains. 	Plates 7/25 
and 7/26 are higher magnification micrographs of the centres 
of the two previous plates respectively. 	Face-to-face 
association of the clays is clearly evident with some 
edge-to-face assocation especially apparent in Plate 7/26 
of material from Pine Farm Quarry. 	Also evident in these 
photographs are pore spaces within the clay aggregations -
a common feature observed in specimens with areas of 
abundant clays. 
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The "buttressing" effect was especially prevalent in the 
specimens from Ford and Pine Farm Quarry and it is 
perhaps concomitant that the materials from these two 
sites had the highest porosities of all the materials 
examined. 	"Buttresses" were observed in all materials 
except those from Sturry and the Buried Channel, Pegwell 
Bay. 

The other dominant form of the clays within the soils was 
the occurrence of "bridges" of clays between adjacent 
grains which had the appearance of binding the grains 
together. 	This form of the clays was by far the most 
common and was observed in specimens from all sites, although 
the degree of development of the clay bridges was seen to 
vary throughout all specimens. 	"Ideal bridges" were seen 
as being formed by the joining of clays on the surfaces of 
adjacent grains by a link of clays, as shown in Plate 7/27 

of a specimen from Pegwell Bay. 	Further examples are 
shown in Plates 7/28 to 7/30 of specimen from Reculver, 
Pine Farm Quarry and Sturry respectively. 	Thus in the 
"ideal bridge", the clays on the surface of the grain can be 
seen to peel away and link up with similarly disposed 
clays on the adjacent quartz grain. 	A micrograph of 
material from Pegwell Bay is shown in Plate 7/31 - small 
clay bridges are evident in the photographs marked 'X'. 
A clay buttress composed of aggregated clays is also 
evident at "B". 

Plate 7/32 is of material from Ford and shows another clay 
"bridge". 	The predominant face-to-face arrangement with 
some edge-to-face association of the clays in the "bridge" 
can be seen clearly. 	Plate 7/33 is a stereopair of micro- 
graphs of material from Reculver. 	Bridges of clay, 
apparently binding the granular particles together, can be 
observed readily. 	The bridges in these photographs are 
relatively thick and well-developed. 

In all materials contacts between grains were also observed 
where although the grains were coated with clay, bridges 
had not developed. 	Examples are shown in Plates 7/34 
and 7/35 of materials from Pine Farm Quarry and Pegwell Bay 
respectively. 

Unfortunately at the time of the study, the "microprobe" 
attachment (the X-ray dispersive energy analyser) was still 
being evaluated and calibrated and the full potential of 
such an instrument was thus not available. 	The instrument 
could give both a qualitative analysis of what chemical 
elements were present as well as produce a distribution 
pattern for any selected element. 	Such a pattern could be 
produced as a "scan" over the whole viewed area of the 
specimen or as a "spot scan" of a particular location. 	Thus 
the presence of finely divided clays on the surface of 
grains was inferred by spot-scanning at a relatively high 
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magnification a small area of the surface of a grain. 
The detection of A1 3+, Mg2+ and K+ was inferred as resulting 
from the presence of clays. 

When available, the opportunity was taken to observe the 
distribution of calcite within the soils. 	This should 
have been possible by observing the combined distributions 
of Ca2+, C4+ and 02'. 	However, the detection of C4-1-  and 02- 
was not possible with the microprobe as these elements were 
out of the measureable range of the instrument. 	Thus 
the distribution of calcium carbonate was of necessity 
inferred from the distribution of Ca2+. 	It is appreciated 
that not all of the Ca2+ would be necessarily attributable 
to calcium carbonate and thus the interpretation of such 
distribution patterns is open to criticism. 

Calcium was observed to be distributed throughout all of 
the calcareous specimens analysed with "concentrations" 
which could be related to the occurrence of grains which 
were thus interpretated as grains of calcium carbonate. 
Furthermore, the grains are considered by the author to be 
"primary" and not formed by precipitation of calcium carbonate 
post-deposition. 	The fairly uniform distribution of calcium 
however, is attributed to the precipitation of calcium 
carbonate as a result of drying. 	No evidence was found 
of excessive carbonate precipitation at points of contact 
which could give rise to direct chemical cementation between 
the grains. 

Examples are shown in Plates 7/36 to 7/38. 	Plate 7/36 
is of a specimen from Northfleet. 	Plate 7/37 is a "whole 
spectrum" distribution of the previous plate showing the 
distribution of all detectable elements in the previous 
plate. 	The pattern produced is a "ghost" image of the 
previous plate and illustrates the influence of the topo-
graphy of the specimen on the detectability of the chemical 
elements. 	Plate 7/38 shows the distribution of calcium 
only for the previous plate. 	The general distribution of 
this element with no concentration can be observed. 	Plate 7/39 
is of material from Ford and Plate 7/40 is the corresponding 
"whole spectrum" distribution which again corresponds to 
the topography of the specimen as observed in the previous 
plate. 	Plate 7/41 is the distribution of calcium alone 
from the previous two plates. 	As well as a general dist- 
ribution throughout the specimen, a concentration of calcium 
can be seen in the top centre. 	A review of Plate 7/39 shows 
that this concentration corresponds to the location of a 
grain approximately 20p diameter. 	This grain is inferred 
as being calcium carbonate. 

Specimens from samples of loess collected by the author in 
Belgium were examined on the Scanning Electron Microscope. 
In general, these materials appeared similar to the brickearths. 
Plates 7/42 and 7/43 illustrate the relative open fabric and 
the distribution of clays as coatings to grains, bridging 
between grains and as buttresses. 
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Specimens from material loaded and flooded in the oedometers 
were examined. 	Other than having a more dense fabric 
relative to their undisturbed state, the only evidence of 
loading was a bent flake shown in Plate 7/44 in material 
from Pegwell Bay, loaded to a maximum of 16 tons/ft.'. 

Specimens of material from Pegwell Bay which had been loaded 
to 2 tons/ft.' and flooded with various fluids were also 
examined on the S.E.M. 	The effect of drying after saturation 
on the distribution of the clay component is not known. 
Plate 7/45 shows the relative open fabric retained after 
loading and flooding with carbon tetrachloride concomitant 
with the small deformations measured in the oedometers. 
Plates 7/46 and 7/47 show the distribution of the clays and 
it can be seen that relatively large flocs have been formed. 
Clay bridges are also evident in Plate 7/45. 

Plates 7/48 and 7/49 show material from Pegwell Bay loaded 
and flooded with acetone. 	A relatively dense structure is 
apparent in Figure 7/48 and flocculated clays can be 
observed in Figure 7/49. 	Flocculated clays and clay 
bridges can be seen also in Plates 7/50 and 7/51 in material 
loaded and then flooded with calcium chloride solution. 

The material flooded with sodium hexametaphosphate solution 
when under load was seen generally to be the densest of 
all the materials flooded with the various fluids (Plate 7/52). 
In addition the clays were observed to be more uniformly 
distributed throughout the materials and did not usually 
occur in large aggregations (Plate 7/53). 

In summary, the study of the fabric using the S.E.M. of the 
selected brickearths was carried out on specimens which 
were originally air-dried. 	The observations are thus 
considered relevant to the fabric of the soils tested in 
the direct shear box, triaxial shear apparatus and oedometers 
as the specimens used in these tests were also air-dry. 

All specimens were seen to be comprised of essentially 
subrounded to subangular with some angular grains of pre-
dominantly silt size which were irregularly shaped and varied 
from roughly equidimensional to blade-shaped. 	No preferred 
orientation of grains was observed in any specimen, nor was 
there any preferred orientation of pore spaces between the 
grains. 

Generally, the clays were seen to be non-uniformly distributed 
throughout the soils with areas having greater concentration 
than others. 	The apparent density of packing of the grains 
was not always readily discernible due to a masking effect 
by clays. 	This was especially noticeable for specimens 
from Ford, Northfleet, Reculver and Sturry; the granular 
component could be observed more easily in specimens from 
Pine Farm Quarry and both sites at Pegwell Bay. 
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The clays were found to be distributed in three major forms 
throughout the materials a) as coatings to grains; b) as 
"bridges" between grains and apparently holding the particles 
together; and c) as "buttresses" apparently wedging particles 
apart. 

The clays were seen to be platy and predominantly associated 
usually in a face-to-face manner. 	Clays appearing as 
"wisps" curling off particle surfaces were observed and 
inferred as belonging to the smectite group. 	Such clays 
were abundant in material from Reculver which was found 
previously to have a relatively high proportion of swelling 
clays in the <2p fraction of the soil. 

The coatings were seen to comprise finely divided clays 
lying parallel to the surface of the grains. 	The coatings 
were not of uniform thicknesses around the grains nor 
continuous. 	Clay coated grains were found abundantly in 
all specimens from all sites. 

Clay "bridges" were observed in all specimens from all sites. 
The "ideal bridge" was identified and seen to comprise 
clay particles peeling away from the surface of one grain 
and by face-to-face aggregation of clays linking up with 
similarly arranged clays on the surface of an adjacent grain. 
Clay "bridges" were found to vary in development and thick-
ness and through individual specimens from all sites. 

Clay "buttresses" comprising large aggregations of clays 
generally in a face-to-face arrangement were observed between 
quartz grains. 	These had the appearance of holding the 
grains apart. 	Such clay aggregations were relatively 
common in specimens from Ford and Pine Farm Quarry, materials 
which had the highest measured porosities and were not observed 
in the "reworked" materials of Sturry and the Buried Channel, 
Pegwell Bay. 

Occasionally, contact between clay coated grains was observed 
with no "buttressing" or "bridging" effect by the clays. 
Grain mineral-to-mineral contacts were also observed but 
were very uncommon. 

Calcium carbonate (from the observation of the distribution 
of Ca2+) was seen to be distributed throughout the calcareous 
materials probably as a fine precipitate resulting from 
drying of the specimens. 	Concentrations of Ca2+ corresponded 
to observed grains which were inferred as primary grains 
of calcium carbonate. 	No significant concentrations of Ca2+  
were observed at contact points between grains indicating 
the occurrence of calcium carbonate as a cementing agent. 
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7.12 	Thin Sections  

Vertical thin sections were prepared of the materials 
from all sites as described earlier. 	A full mineralogical 
study, with a view to establishing the origin of the 
materials (as carried out, for example, by Doeglas (1949) 
on the Lower Mississippi Valley loess) was considered 
beyond the scope of this thesis. 	The thin sections were 
thus prepared mainly for fabric observations and for 
comparison with the results from the Scanning Electron 
Microscope. 	The results are summarised below. 

The general picture observed from all thin sections was 
that of an abundance of silt-sized clastic material, 
predominantly quartz, distributed throughout a brown 
matrix of clay (undifferentiated). 	Grain-grain contacts 
were rarely seen. 	Individual quartz grains were generally 
sub-angular to angular with a noticeable trend of angularity 
increasing with decreasing particle size. 	Many quartz 
grains were seen to be fractured and some showed straining 
effects. 

In addition to quartz, all materials were seen to have as 
subsidiary minerals orthoclase and plagioclase feldspars, 
muscovite and glauconite, the latter often degraded to 
varying degrees. 	Flint chips were also found in all 
materials. 	Iron staining of grains was also apparent in 
all materials and chalk foraminifera were identified in 
all the calcareous materials. 	Very minor amounts of 
chlorite were observed in specimens from Pine Farm Quarry 
and Sturry. 	Interstitial void spaces were rare and an 
"open" fabric was not readily evident as shown typically 
in Plates 7/54 and 7/55. 	Indeed, the general picture was 
of a fairly dense structure with a clay matrix occurring as 
a more or less continuous fabric between grains. 	So, 
whereas for example with the material from Pine Farm 
Quarry, the SEM showed grains coated with clays and the 
clays interconnecting between the grains with pore spaces, 
the picture from a thin section (Plate 7/55) is of a denser 
fabric with few pore spaces. 	The clay "bridges" and 
"buttresses" discussed previously were not evident 
although clays coating the grains were. 	The higher clay 
content in the Sturry specimens was apparent - Plate 7/56. 

'Alizarin Red' was used as a stain to highlight the 
distribution of calcite. 	It was apparent in all calcareous 
specimens that calcite occurred in two dominant forms:- 

a) as discrete grains and; 

b) as coatings/linings to rootlet holes. 

No evidence of calcite acting as an intergranular cement 
was found in any of the thin sections examined. 
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Discrete grains of calcite are shown in Plate 7/57 in a 
micrograph of material from Ford. 	Such occurrences are 
considered to represent the presence of calcite as a 
primary constituent. 	Calcite grains were observed in all 
specimens other than from Sturry and the Buried Channel 
at Pegwell Bay. 

Plate 7/58 shows the calcite lining to a rootlet hole 
in material from Northfleet. 	The incorporation of quartz 
grains within the calcite substantiates the view that the 
calcite is secondary. 

Plate 7/59 is a micrograph of a thin section prepared 
from one of the "clayey" horizons from Ford. 	The material 
was observed generally to be comprised of fairly rounded 
"pellets" of clays containing quartz grains. The preponderance 
of clay and the size distribution of included quartz 
grains are apparent in the photograph. 
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Pine Farm Quarry 2.70 

Ford 2.70 

Pegwell Bay 2.69 

Pegwell Bay - Buried Channel 2.69 

Reculver 2.68 

Sturry 2.69 

Northfleet 2.70 

SPECIFIC GRAVITIES  

Table 7.1 
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SITE DRY DENSITY 
lb/fe 

VOID RATIO POROSITY 

Ford 93.0 0.81 44.8 

Pine Farm Quarry 92.5 0.82 45.1 

Reculver 101.3 0.65 39.4 

Pegwell Bay 102.4 0.64 39.0 

Pegwell Bay (Buried 108.3 0.55 35.5 
Channel) 

Northfleet 100.2 0.68 40.5 

Sturry 105.6 0.59 37.1 

DRY DENSITIES, VOID RATIOS AND POROSITIES  

Table 7.11 
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SITE SAMPLE LL PL PI 

Pine Farm Quarry PFQ 1 32 10 22 
. PFQ 2 31 22 9 
PFQ 3 32 21 11 
PFQ 4 30 21 9 

Ford F 1 30 20 10 
F 2 32 20 12 
F 3 31 20 11 
F 4 32 19 13 
F 5 45 17 28 
F 6 31 20 11 

Northfleet N 	1 32 19 13 
N 2 31 19 12 
N 3 33 20 13 
N 4 31 19 12 

Pegwell Bay PB 1 28 17 11 
PB 2 30 18 12 
PB 3 29 18 11 
PB 4 30 19 11 

Reculver R 1 32 20 12 
R 2 33 21 12 
R 3 32 19 13 
R 4 33 20 13 

Sturry St 1 43 23 20 
St 2 41 21 20 
St 3 44 22 22 
St 4 46 21 25 

Pegwell Bay - PBC 1 32 21 11 
Buried Channel PBC 2 33 19 14 

PBC 3 33 20 13 

LIQUID AND PLASTIC LIMITS (TYPICAL VALUES)  

Table 7.111 



SITE SAMPLE GRAVEL COARSE 
SAND 

MED. 
SAND 

FINE 
SAND 

COARSE 
SILT 

MED. 
SILT 

FINE 
SILT 

CLAY TOTAL 
SILT 

SILT/CLAY COARSE 
SAND/TOTAL 

SILT 

MDmm MEA)  Qinnn Q3 mm Q1() Q3d SCIP9 3  Sk FP QE0 

PINE FARM QUARRY PFQ 	1 0 0 0. 6 2.2 46. 8 24. 5 4, 9 21.0 76.2 3.6 0.61 ,020 5. 6 ,035 .006 4. 8 7, 4 2.42 +0. 50 1.30 
PFQ 	2 0 0 0. 7 2. 5 39.7 30.6 5. 1 21.4 75, 4 3.5 0.53 . 016 6.0 ,032 .006 5.0 7, 4 2.31 +0.20 1.20 
PFQ 	3 0 0 0. 8 2.0 37,0 26.4 7.4 26. 4 70. 8 2.7 0.52 . 012 6.4 ,031 <. 002 5.0 >9. 0 - - - 
PFQ 	4 0 0 0. 3 1.2 43, 4 27.7 5. 5 21.9 76. 6 3. 5 0.57 . 015 6. 1 . 031 . 003 5.0 8. 4 3. 21 +O. 60 1. 70 

FORD F 	1 0 0 0, 1 0.4 60.5 18, 7 3.3 17.0 82.5 4. 8 0.73 . 024 5, 4 ,038 .008 4. 7 7.0 2.18 +O. 45 1.15 
F 	2 0 0 0. 1 0. 8 61.3 14.3 3. 7 19.8 79. 3 4. 0 0.77 . 025 5. 3 , 039 .007 4. 7 7, 2 2. 36 +0, 65 1.25 
F 	3 0 0.2 0.2 1.0 57.2 19.7 3,4 18.3 80. 3 4.4 0. 71 ,023 5,4 ,039 ,008 4.7 7. 1 2.21 +0. 50 1.2 
F 	4 0 0. 3 0.4 4.0 48. 1 19.2 4. 8 23.2 72. 1 3. 1 0, 67 . 022 5.5 .038 . 003 4.7 8.4 3.56 +1.05 1, 85 
F 	5 0 1. 5 12.5 13.4 13.5 9.7 8.6 40, 8 32. 8 0. 8 0.41 .006 7.4 .075 - 3.7 - - - - 
F 	6 0 0 0.3 0. 3 60.3 27. 7 1.7 9. 7 89, 7 9. 3 0.62 ,023 5.4 , 037 .012 4. 8 6.4 1.76 +0, 20 0. 80 

NORTHFLEET N 	1 0 0 1.9 12.9 46.5 13.7 3. 1 21.9 63. 3 2.9 0.73 .025 5.3 .047 .006 4.4 7.4 2.80 +O.60 1.50 
N 2 0 0 0. 8 9. 8 51.6 13.9 3.9 20. 0 69.4 3, 5 0. 74 .025 5.3 . 044 . 007 4, 5 7.2 2.51 +0. S5 1. 35 
N 3 0 0 0.9 11.1 46.0 17. 8 4.2 22. 6 68.0 3.0 0. 68 . 023 5, 4 . 044 .003 4.5 8.4 3. 83 +1.05 1.95 
N 4 0 0 2.7 10.0 46.7 16.5 3.0 21. 1 66, 2 3. 1 0.71 .024 5.4 .046 . 004 4.4 8.0 3. 39 +1, 00 1. 80 

PEGW ELL BAY FS 	1 0 0 0.9 7. 8 60, 2 10.7 2. 7 17. 7 73. 6 4. 2 0. 82 . 028 5. 2 .043 .010 4, 5 6. 6 2. 07 +0. 35 1. 05 
PB 	2 0 0 0 7. 8 58.2 10. 1 2. 3 21. 6 70. 6 3. 3 0. 82 ,026 5. 3 .042 .008 4, 6 7.0 2.29 +0, 50 1. 20 
113 	3 0 0 1.0 10. 3 52.5 13.0 4. 6 18. 6 70. 1 3, 8 0.75 . 026 5.3 .043 .007 4.5 7. 2 2, 48 +O.55 1. 35 
FB 	4 0 0 0.9 10, 5 53.5 12.4 2.6 20.1 68. 5 3.4 0.78 . 026 5. 3 .614 00.8 4, 5 7.0 2. 34 +0.45 1.25 

RECULVER R 	1 0 0 0. 3 2, 1 56, 2 15.5 4.0 21.9 75, 7 3. 5 0. 74 . 023 5.4 .038 . 005 4. 7 7, 7 2. 76 +O. 80 1,50 
R 	2 0 0 1.4 7.5 51.9 15.2 3.0 21.0 70, 1 3.3 0.74 .024 5.4 .042 .007 4. 6 7.2 2.45 40. 50 1.30 
R 	3 0 0 1, 3 2.7 52.7 16.4 4. 8 22. 1 75. 7 3.4 0.70 ,023 5.4 , 038 .004 4.7 8.0 3.08 +0.95 1. 15 
R 4 0 0 1.4 1.6 55. 1 16.4 3.9 21.4 75.4 3, 5 0.73 . 023 5.4 .038 .006 4.7 7.4 2, 52 +0. 65 1. 35 

S TURRY St 	1 0 0.2 1.2 6, 5 35.3 27.7 5, 1 24, 0 68, 1 2.8 0.52 . 015 6, 1 .035 .002 4. 8 9.0 4. 20 +0. 8 2. 10 
St 	2 0 0 0.3 1.2 47.6 21.3 4.5 25, 1 73, 4 2,5 0.65 . 020 5.6 . 035 - 4.8 - - + - 
St 	3 0 0 0.4 1.3 42.2 22. 5 6.0 27.6 70.7 2.6 0.60 , 015 6. 1 .032 - 5.0 - - + - 
St 	4 0 0 0, 2 1.7 37, 2 22. 3 6, 3 32, 3 65. 8 2, 0 0.56 .012 6.4 . 028 - 5.2 - - + - 

PEGW ELL BAY PBC 	1 0 0 0 4.9 53.5 16.4 7.2 18, 0 77. 1 4, 3 0. 69 . 023 5.4 .040 . 006 4.6 7.4 2, 58 +O. 60 1.40 
BURIED CHANNEL PBC 	2 0 0 1. 6 3.4 47.9 17.1 5, 0 25, 0 70.0 2.8 0, 68 . 021 5. 6 .038 . 002 4. 7 9.0 4, 36 +1,25 2, 15 

PBC 	3 0 0 3.9 1. 1 55, 9 13.0 2.7 23,4 71,6 3. 1 0. 78 . 024 5.4 . 041 . 004 4. 6 8, 0 3. 20 +O. 90 1. 70 

PARTICLE SIZE CHARACTERISTICS (TYPICAL VALUES) OF BRICKEARTHS 



LOCATION GRAVEL COARSE 
SAND 

MED. 
SAND 

FINE 
SAND 

COARSE 
SILT 

MED, 
SILT 

FINE 
SILT 

CLAY TOTAL 
SILT 

SILT/CLAY COARSE 
SILT/TOTAL 

SILT 

MDmm rn MD q5 Q1 nun C3n,n1 P1 cb Q3) serg Skq() QE1 

FREDEN 0 0 1.1 0„ 8 63.4 19.5 3. 1 12.2 86.0 7.0 0, 74 . 026 5.3 .040 .012 4.6 6.4 1. 82 +0.20 0.90 

HOUR 2. 1 1.2 I. 1 1.0 54.7 17.7 5.5 16.7 77.9 4. 7 0.70 .024 5.4 .040 . 007 4, 6 7. 1 2.32 +0.45 1.25 

TONGRINNE 	1 0 0 0 0. 3 50. 8 27.8 6.2 14.9 84. 8 5. 7 0. 60 . 021 5.6 . 034 . 007 4. 9 7. 1 2.14 +0, 40 1. 10 

'IONGRINNE 2 0 0 0 0,, 3 4 1. 1 25.5 4. 8 2 8. 3 71,4 2, 5 0.58 .014 6.2 . 032 s 002 5.0 >9.0 - - - 

POPERINGE 0 0 0 4. 1 48.4 20. 7 5. 8 21.0 74.9 3.6 0. 65 . 022 5, 5 , 037 . 005 4. 8 7.7 2. 72 -1-0„ 75 1.45 

LAMBERSAUT 0 0 0 0.6 54.6 21.2 4. 8 18. 8 80.6 4.3 0.68 .023 S. 4 ,036 ,007 4.8 7.2 2.28 +0, 60 1.20 

PARTICLE SIZE CHARACTERISTICS OF SOME LOESSES FROM W. EUROPE  
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SITE 	SAMPLE 	CaCO3 	PRET. LOSS 

Pine Farm Quarry 

Ford 

Northfleet 

Reculver 

Pegwell Bay  

PFQ 1 
PFQ 2 
PFQ 3 
PFQ 4 

F 1 
F 2 
F 4 
F 5 
F 6  

16.8 
15.2 
10.7 
13.4 

15.0 
14.8 
13.4 
7.5 

insufficient 
sample 

	

N 1 	8.3 

	

N 2 	10.4 

	

R 1 	5.2 

	

R 2 	6.8 

	

PB 1 	20.1 

	

PB 2 	12.3 

	

PB 3 	not determined 

19.7 
16.1 
13.2 
16.4 

17.9 
18.8 
16.9 
11.2 
24.0 

9.1 
10.9 

6.9 
7.8 

21.3 
13.1 
18.6 

Sturry 
	

St 1 	not determined 
	

2.5 
St 2 	not determined 

	
2.7 

St 3 	not determined 
	

3.0 

COMPARISON OF CaCO3  CONTENT AND PRETREATMENT LOSS 
FROM PARTICLE SIZE ANALYSES 

Table 7.VI 
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SITE CLAYS QUARTZ FELDSPARS CALCITE DOLOMITE 

Pine Farm Quarry + + + + + 

Ford + + + + + 

Pegwell Bay + + + + + 

Pegwell Bay -
Buried Channel + + + 

Reculver + + + +(t) 

Northfleet + + + + 

Sturry + + + 

+ present 

- absent 

t trace amount 

SUMMARY OF X-RAY DIFFRACTION WHOLE ROCK ANALYSES  

Table 7.VII 
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LL1 

	

CD 	 LJ.J 

	

J 	I- 

	

-J 	 1-1 

	

1.-1 	 4--; n 

	

CD 	 C...) 
1-4 

	

LLI Z 	 W D w 	J >- c) H >- w 	cn 
F— 	 H Q: J cs >. 	ce 
I—I 	 OC 	—1 I 	= 	—J I 	 cr 

LLI 	 LLI 	 LLJ 	NI 	CI. 
SITE 	 i— 	CI F— 	Ci F— 	I— 	V) 

J 	1-1 	 U.I 1-1 	 LU 1-4 	CX 	CM 
C3 	—I 	Z 	).< —I 	 >< —I 	c:C 	—1 

J 	O 	o•-4 _i 	W 	1--.4 _I 	= 	LL.1 
1-4 	 M 0—I 	 1-1 	CZ' 	1.1... 

Pine Farm Quarry 	+ 	+ 	+ 	+ 	+(t) 	+ 	+ 

Ford 	 + + + + +(t) +(t) + + 

Pegwell Bay 

Pegwell Bay - 
Buried Channel 	+ 	+ 	+ 	+ 	+ 	+ 	+ 	+ 

Reculver 	+ + + + +(t) +(t) + + 

Northfleet 

Sturry 	 +(t) + 

+ present 

- absent 

t trace amount 

SUMMARY OF X-RAY DIFFRACTION <2p ANALYSES  

Table 7.VIII 
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200p 

General appearance of material from Ford at relatively 

low magnification 

Plate 7/1 
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I- 

200p 

Medium sand size grain in material from Ford 

Plate 7/2 
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100 p 

Fine sand size particles in material from 
Pegwell Bay 

Plate 7/3 



Clays "masking" grains in material from Northfleet 

Plate 7/4 
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100 p 

Clays "masking" grains in material from Sturry 

Plate 7/5 



Clays "masking" grains in material from Reculver 

Plate 7/6 
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50 u 

Clays "masking" grain in material from Ford 
(Stereopair) 

Plate 7/7 
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1 	 
100 la 

Discernible granular component in material from 
Pegwell Bay (Stereopair) 

Plate 7/8 



H 
100 p 

Discernible granular component in material from the 
Buried Channel, Pegwell Bay 

(Stereopair) 

Plate 7/9 
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100 LI 

Discernible granular component in material from Pine Farm 
Quarry 

Plate 7/10 



1 	 

 

I 

 

100 p 

Discernible granular component in material from Reculver 

Plate 7/11 



50 p 

Discernible granular component in material from Ford 
(Stereopair) 

Plate 7/12 
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1 	 
10 p 

Clays on grains in material from Pine Farm Quarry 

Plate 7/13 
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H 
10 p 

Clays coating grains in material from Ford 

Plate 7/14 



F- 

L 

Clays 	

• 

 coating grains in material from Pegwell Bay 

Plate 7/15 



20 p  

eo, 

s.# N4r 

- 148 - 

Clays coating grains in material from the Buried Channel, 
Pegwell Bay 

Plate 7/16 



	1 
20 p 

Clays on surface of grain in material from Northfleet 

Plate 7/17 
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10 Lt 
I 	 

 

I 

 

Clays coating grains in material from Sturry 

Plate 7/18 
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10 1.t 
I 	 

 

I 

 

Clays coating grain in material from Reculver 

Plate 7/19 



H 

Clays on grain in material from Reculver 
(higher magnification of central area in Plate 7/19) 

Plate 7/20 
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	I 
2 p 

Finely divided clays on surface of grain in material 
from Reculver 

(higher magnification of central area in Plate 7/20) 

Plate 7/21 



 

2 

 

   

Incomplete coating of clay on grain in material from Reculver 

Plate 7/22 



H- 
20p 

Distribution of clays in material from Ford 

Q - quartz grains 

B - clay "buttress" 

Plate 7/23 



20 p 

Distribution of clays in material from Pine Farm Quarry 

Q - quartz grains 

B - clay "buttress" 

Plate 7/24 



-157- 

Clay buttress (B) in material from Ford 

Plate 7/25 



10 p 

Clay buttress (B) in material from Pine Farm Quarry 

Plate 7/26 
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Clay "bridge" in material from Pegwell Bay 

Plate 7/27 



1 0 

Clay "bridge" in material from Reculver 

Plate 7/28 
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l op 

Clay "bridge" in material from Pine Farm Quarry 

Plate 7/29 



1 	 

Clay "bridge" in material from Sturry 

10 p 

- 162 - 

Plate 7/30 



	i 
40 1.1 

Distribution of clays in material from Pegwell Bay 

B - clay buttresses 

X - clay bridges 

Plate 7/31 
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1 	 

 

1 

 

10 p 

Clay "bridge" in material from Ford 

Plate 7/32 
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I- 
10 I.1 

Clay bridges (X) in material from Reculver 
(Stereopair) 

Plate 7/33 



2u 

Grain contacts with no clay bridges in material from 
Pine Farm Quarry 

Plate 7/34 
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4 p 

Grain contact no clay bridge in material from Pegwell Bay 

Plate 7/35 
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20 p 

Material from Northfleet 

Plate 7/36 
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1— 	 
20u 

"Whole spectrum" analysis of Plate 7/36 

i 

Plate 7/37 
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	1 
20 p 

Ca2+  distribution in Plate 7/36 

Plate 7/38 



40 p 

Material from Ford 

Plate 7/39 
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4011 

"Whole spectrum" analysis of Plate 7/39 

Plate 7/40 
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1 	 

 

1 

 

40 p 

Ca"-  distribution in Plate 7/39 - note concentration 

Plate 7/41 



50 u 

Loess from Belgium - showing openess of 
fabric and general distribution of clays 

Plate 7/42 



10 

-41  

- 17 5 - 

Loess from Belgium - higher magnification of central 
area in Plate 7/42 showing distribution of clays 

Plate 7/43 



100 p 

Bent flake in material from Pegwell Bay after loading 
to 16.0 Tons/ft' 

Plate 7/44 



40p 

Open fabric evident in material from Pegwell Bay 
after flooding with carbon tetrachloride 

Note the clay bridges and aggregation of clays 

Plate 7/45 



_ 

50 II 

Aggregation of clays in material from Pegwell Bay 
loaded and flooded with carbon tetrachloride 

Plate 7/46 
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[ 	 

 

i 

 

10 II 

Aggregated clays and flocs in material from Pegwell Bay 
loaded and flooded with carbon tetrachloride 

Plate 7/47 



40 1.1 

Material from Pegwell Bay loaded and flooded with 
acetone 

Plate 7/48 
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1 	 

 

1 

 

10 p 

Material from Pegwell Bay loaded and flooded with acetone 

Note flocculated clays 

Plate 7/49 
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40 u 

Material from Pegwell Bay loaded and flooded with 
calcium chloride solution 

Note clay bridges 

Plate 7/50 



44 	) 420 Am. 

20 

Material from Pegwell Bay loaded and flooded with calcium 
chloride solution showing flocculated clays 

Plate 7/51 



40p 

Material from Pegwell Bay loaded and flooded with sodium 

hexametaphosphate solution 

Note dense packing and relatively even distribution of clays 

Plate 7/52 
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} 	 
40 u 

Material from Pegwell Bay loaded and flooded with 
sodium hexametaphosphate solution showing finely distributed clays 

Plate 7/53 



Thin-section micrograph of material from Pegwell Bay 

Plate 7/54 
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Thin-section micrograph of material from Pine Farm Quarry 

Plate 7/55 



Thin-section micrograph of material from Sturry 

Plate 7/56 



Thin-section micrograph of material from Ford 
(calcite grains stained pink) 

Plate 7/57 



Thin-section micrograph of material from Northfleet 

showing calcite lining to rootlet hole 

Note quartz grains within the calcite 

Plate 7/58 



- 191 - 

Thin-section micrograph of material from "clayey" horizon 
at Ford 

Plate 7/59 
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Samp-le locations for index testing from Pine Farm Quarry.!-. 
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Sample No.: D1 D2 D3 D4 D5 D6 D7 08 

Moisture Content 15 20 18 23 22 21 18 21 

Liquid Limit 39 38 39 40 38 38 36 36 

Plastic Limit 21 21 21 19 19 22 20 20 

Plastic Index 18 17 18 21 19 16 16 16 

Sample No.: Cl C2 C3 C4 C5 C6 C7 C8 

Moisture Content 20 22 23 22 19 21 22 18 

Liquid Limit 32 33 31 32 31 32 31 31 

Plastic Limit 21 21 21 22 22 23 22 22 

Plastic Index 11 12 10 10 9 9 9 9 

Index parameters for samples from Pine Farm Quarry. 



50 a) 

O 
0.) 

4°1a)  40 

a) 
a- 30 

6 mm 06 0.2 0.06 0.02 0.006 0.002 

. 	.■ ....... 	_, 

, 

ii  • 4- 
/ 

/ 

- PFQ 
PFQ 

• — PFQ 

1 
2 
3 
4 

— 
• 

PFQ 

100 

90 

80 

70 

20 

10 

0 

CLAY 
Fine 1 	Medium Coarse Fine 	1 Medium Coarse Fine 

GRAVEL SILT SAND 

Particle size distributions of specimens from Pine Farm Quarry 



/ 

I 	- . 

/ 
/ 

/ 
/ 

/ 

. / 
/ 

/ 
/ / 

/ 
/ / 

/ / / / / 

, , . 
/ / . 

, , , 

PF 0 -Cal. 

 	PFQ-Dec. 

0.002 	0.006 	0.02 	0.06 	0.2 	0.6 mm 

100 

9 

80 

a) 70 
C 
til 
0 (.11  60 
a_ 
a) 50 
0) 
0 

.46 a) 40 

a) 
a-  30 

20 

10 

0 

CLAY 
Fine Medium Coarse Fine Medium Coarse Fine 

GRAVEL SILT SAND 
m 

Particle size distributions of calcareous (cal) and decalcified (dec) specimens from  
Pine Farm Quarry 



100 

90 

F1 
F2 
F4 
F 5 
F6 

a) 
)
5 

1:7 
a 
C 
a) 40 U L_ 
0) 

CL. 30 

0 

0)  70 
C 

p 60 

20 

10 

80 

X •-•X-x-X-X 

[ 	... ... ............... 

0 002 
	

0 006 
	

0 02 
	

0 06 
	

02 
	

06 
	

2 
	

6 mm 

CLAY 
Fine I 	Medium I 	Coarse Fine 	I Medium 1 	Coarse Fine 

GRAVEL SILT SAND 

Particle size distributions of specimens from Ford  



F-3 

+ F- 3 (N) 

100 

90 

80 

0.)  70 
c 

tcli 60 
0 

N 50 

a) 

• 

40 
L
a) a_ 30 

20 

10 

0.002 
	

0.006 
	

0.02 
	

0.06 
	

0.2 
	

0.6 
	

2 
	

6 mm 

CLAY 
Fine I 	Medium I 	Coarse Fine I 	Medium I Coarse Fine 

GRAVEL SILT SAND 

Particle size distributions of  pretreated and non-pretreated specimens from Ford  



0.002 0.006 0.02 0.06 0.2 0.6 2 6 mm 

CLAY Fine I 	Medium I 	Coarse Fine I 	Medium I 	Coarse Fine 
GRAVEL SILT SAND 

Particle size distributions of specimens from Northf feet  

_ 
,..- 

...0-.• 

.., 	. 

N-1 
N-2 
N-3 
N-4 

=.1•111•■••■•• OMIP •••■■• 

- 

100 

80 

2 

1 

90 

0 60 a_ 

CV 5 an ci 
C"' 
(1) 4 
(..) L 
cv 

3 
a_ 

m 
p 
.4 
.4 



CLAY 
Fine Medium Coarse Fine Medium Coarse Fine 

GRAVEL SILT SAND 

Particle size distributions of specimens from Reculver  
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Stress/strain characteristics from direct shear testing 
of brickearth from Pine Farm Quarry,  flooded then  
loaded  prior to shearing 
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X-ray diffraction traces from analysis of clay 
fraction from Pine Farm Quarry 



1 1 

FIG. 7.69 

13 12 11 10 9 8 7 6 5 4 3 2 

-*----- 2 0 ° 

Effect of heat treatment on X-ray diffraction traces for  
clay fraction from Pine Farm Quarry 



FIG. 7.70 
- 262 - 

loA 
flocculated 

14A 

13 	12 	11 	10 	9 1 	I 	1 	1 
7 6 5 4 3 2 
I 	-1 	I 	I 	I 	I 

-*--- 28°  

Effect of flocculation by magnesium chloride solution on  
X-ray diffraction traces for clay fraction from RecuIver  



- 263 - 

CHAPTER EIGHT  

DISCUSSION - PART ONE  

	

8.1 	INTRODUCTION  

In this chapter the results of the laboratory work are 
discussed and explanations proffered for observations made 
during the testing programme. 	General comparisons of the 
measured properties of the brickearths are made with 
metastable soils generally and loess in particular. 

The properties of the brickearths in terms of the known 
geology of the sites selected for sampling are discussed 
and compared in Chapter Nine. 

	

8.2 	NATURAL MOISTURE CONTENT AND SATURATION STATE  

Sampling of materials was carried out at different times 
of the year. 	The in situ moisture contents of the materials 
were found to vary considerably, not only throughout the 
year at any site but also between sites and also within any 
one site at the same time of the year (see Figure 7.2 for 
example). 

Measured moisture contents ranged from 4% to 24%. 	On all 
occasions, the moisture contents recorded from all sites 
corresponded to saturation states less than "fully saturated". 

As stated previously, partial saturation is a factor common 
to all metastable soils (their usual occurrence and distribution 
favours this - as surficial fairly porous deposits blanketing 
the landscape). 	It is generally accepted that loess, 
exclusive of the topsoil layer, never becomes saturated 
unless a water table develops within it (Krinitzsky and 
Turnbull, 1967). 	As an illustration of this, Palpant 
et al (1953) carried out soil moisture measurements daily 
over a period of a year at two sites in the Mississippi Valley. 
At one site consisting of a well drained slope with forest 
cover, results showed that the loess profile was at no 
time saturated and that at a depth of 5-6 feet, only 
minor moisture content changes occurred. 	Nearer the 
surface, greater moisture content changes were recorded. 
At the second site, consisting of a poorly drained lower 
valley slope near a pond and with a high water table, 
moisture contents were recorded which corresponded to 
complete saturation. 	Variations in moisture content 
throughout the year were related to the position of the 
fluctuating water table. 	Both sites were subjected to 
similar rainfall. 
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8.3 	DENSITY AND POROSITY  

The most convenient parameter to describe the density of 
partially saturated soils is "dry density" which is a 
measure of the amount of solids in a unit volume of the 
soil. 	The unit volume includes the solid component as 
well as the pore spaces. 	It was stated previously that 
one of the major requirements for a soil to be metastable, 
was that it should have a loose soil structure. 	Consequently, 
metastable soils are characterised by relatively low dry 
densities. 	Indeed, this parameter has been used by some 
workers in formulating criteria for predicting collapse 
of soil structure (see Section 4.4.2). 

The brickearths examined have shown a wide variation in dry 
density and hence void ratio and porosity. 	Variations have 
been found within any one site, but average values for the 
respective sites do permit a comparison between the materials 
(reference Table 7.11). 	Thus the materials from the site at 
Pine Farm Quarry and Ford have the lowest dry densities with 
average values of 92.5 lb/fe. and 93.0 lb/ft3. respectively. 
The most dense material was that from the Buried Channel 
at Pegwell Bay, with a dry density of 108.3 lb/ft? 	Correspond- 
ing porosity values for the least and most dense materials 
are 45.1% and 35.5% respectively. 

An indication of the variation in dry density for material at 
any one site can be obtained by examining the range of 
initial void ratios (or void ratios under extremely low loads) 
as shown on the various e/log p curves summarising the 
results of the oedometer testing. 	A relatively large 
range is evident in all cases. 	Some authors consider such 
variations as artificial (see Knight, 1962, for example), 
produced by sampling and trimming of specimens for testing. 
Consequently, the e/log p curves are adjusted to emanate 
from the same point for all samples. 	For the brickearths, 
the author considers the variations to be real and thus a 
characteristic of the materials. 

Dudley (1970) quotes dry densities of 65-105 lb/ft'. as the range 
for soils generally that exhibit the collapse phenomena and 
70-90 lb/ft' specifically for loesses. 	Thus the measured 
range for the brickearths falls outside that for loesses, 
according to Dudley, and is also at the "dense" end of his 
scale for metastable soils. 	Indeed, materials from two 
sites, the Buried Channel at Pegwell Bay and Sturry, would 
be considered too dense to be metastable. 	However, loesses 
with dry densities outside Dudley's quoted range have been 
reported e.g. Grabowska-Olszewska (1963) describes loess 
in Poland of dry density 90-108 lb/ft3, Krinitzsky and 
Turnbull (1967) report on Vicksburg loess (Mississippi) 
with dry densities of 79.5-105 lb/ft3  Zur (1969) describes 
Negev loess (Israel) with a dry density of 93-115 lb/ft3, 
Feda (1966) describes Czechoslovakian loesses with dry densities 
of 98-102 lb/ft'. 	Thus, it is apparent that the dry densities 
of the brickearths fall within the range of densities reported 
for loess soils from various parts of the World. 
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8.4 	PLASTICITY  

Plasticity characteristics have been determined by consistency 
tests (Atterberg limits) on many samples from each of the 
sites. 	Representative values have been presented previously 
to illustrate typical values for each site since in general 
little variation was found within a site. 

With the exceptions of the material from Sturry and one 
specimen from Ford, the materials investigated were found 
to have similar Atterberg limits, with plastic limits 
ranging from 17% to 22% and liquid limits ranging from 
28% to 33%. 	Plastic indexes ranged from 9% to 14%. 	The 

limits of the material from Sturry ranged from 
41% to 46% and plastic limits from 21% to 23%. 	Specimens 
from one of the 'clay' bands at Ford gave liquid limits of 
around 45% and plastic limits of 17%. 	In general, the soils 
would be classified in engineering terms as inorganic silty 
clays of low to medium plasticity and would be expected to 
have low compressibility characteristics and medium to high 
dry strengths (Wagner 1957). 

The plasticity characteristics of a soil are very much a 
function of the clay content and type of clay minerals present. 
Skempton (1953) gave quantitative expression to the influence 
of the clay fraction upon plasticity of soils by defining a 
parameter termed "activity". 	This is the ratio of the 
plasticity index to the clay fraction of the soil expressed 
as the per cent dry weight of the less than 2p fraction. 
Soils are thus classified into groups on the basis of their 
activity as shown in Table 8.1. 	There is a general correlation 
between activity and clay-mineral composition, but it is 
in-exact because of such factors as, influence of organic 
constituents, mineralogy of the <2p fraction and particle 
size of the clay minerals themselves. 	White (1949) has 
presented data to show the relation of the particle size 
of the clay minerals to their plastic and liquid limit 
values. 	Theliquid limit values were found ttincrease somewhat 
more than the plastic limit. 	Detailed sizing of the <21.1 
fraction is not generally carried out during particle size 
analyses in soils engineering. 	In general terms, soils 
with an abundance of montmorillonite tend to be  "active", 
those soils with an abundance of illite tend to be "normal" and 
kaolinite rich soils are classed as "inactive". 

Activity values for the brickearths are given in Table 8.11. 
It can be seen that with the exception of the material from 
Sturry, all are "inactive", with activity values ranging 
from 0.41 to 0.69. 	Following Skempton's classification, the 
Sturry material is "normal" with activities of 0.77 to 0.83. 
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All materials have been found to contain kaolinite, illite 
and mixed layer illite-montmorillonite. 	Montmorillonite 
"per se" was identified in the materials from Ford, Reculver 
and Pegwell Bay. 	Quartz was also identified in the <2p 
fractions from all sites and this must have a diluting 
effect in terms of the potential activities of the clay 
sized fractions present. 	Hence the activities of the <2p 
fractions can be expected to be less than those anticipated 
for the clay minerals identified. 	The fact that the 
activities of the materials are similar, regardless of 
whether they contain montmorillonite or not and fall within 
the inactive range generally is considered to reflect the 
relatiVely small amounts of "active" clays present within 
the <2p fractions. 	This is substantiated to a certain extent 
by the relatively high activity of Sturry material which 
was found to contain a substantial amount of mixed layer 
illite-montmorillonite and the low activity of material from 
Pine Farm Quarry which was interpreted as having the smallest 
quantity of mixed layer illite-montmorillonite. 

From the foregoing discussion in Chapter Two relating to 
the variations in composition of loess worldwide, it is to 
be expected that the plasticity characteristics should vary 
also. 	Reference to literature quoted previously relating 
to the engineering properties of loess substantiates this. 
The plasticity characteristics of the brickearths tested 
are consistent with published data for loess. 

8.5 	PARTICLE SIZE DISTRIBUTIONS  

The results of the grading analyses of the brickearths indicate 
that they are all predominantly silty deposits with the dominant 
fraction being the coarse silt size (0.02 mm - 0.06 mm). 	With 
the exception of the material constituting the "clayey" horizons 
at Ford, all materials had at least 50% of the silt fraction 
in the coarse silt range. 

Comparison of the brickearth particle size distributions with 
those of loesses shows that the grading limits for the brick- 
earths fall within the limits for loesses. 	This is illustrated 
in Figure 7.13 which shows the particle size distributions of loess- 
types as defined by Holtz and Gibbs (1952). 	Superimposed on 
their classification is the envelope of grading curves of all 
specimens of brickearths tested. 	It can be seen that the 
majority of the brickearths fall into the "clayey loess" 
group. 

Results have been presented (Figure 7.12) of grading analyses 
carried out by the author on specimens of loess collected in 
N.W. Europe. 	A similarity in these curves with those of the 
Kent brickearths is also evident. 
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The materials from Pine Farm Quarry and Sturry have their 
median diameters in the medium silt range (Table 7.IV). 
Materials from the other sites have median diameters in the 
coarse silt fraction. 	The Ford brickearth generally has 
the highest silt content and also the largest total silt 
to clay ratio. 	The Pine Farm Quarry and Sturry brickearths 
also generally have the lowest coarse silt to total silt 
ratios, ranging from 0.52 to 0.67. 	All materials are 
positively skewed and indeed, examination of their grading 
curves indicates they have a bimodal distribution with 
"peaks" occurring in the coarse silt and clay fractions. 
The material from Pegwell Bay is best sorted - the poorest 
degree of sorting is evident in the Sturry brickearth. 

The material with the highest degree of sorting is the pale 
buff coloured material from Ford. 	This was found as thin 
laminae, up to 0.1 inch thick interbedded within the more 
usual dark buff coloured brickearth. 	The pale buff brick- 
earth also had the lowest clay content of all materials tested, 
viz approximately 10% (Sample F6, Table 7.IV). It also 
had the least scatter, as measured by the parameter, QD¢ 
(quartile deviation). 

A comparison of the results for the Kent brickearths as 
summarised in Table 7.IV with those for N.W. European loesses 
(Table 7.V) shows that the various materials are not dissimilar 
in respect of their median diameters, degrees of sorting, 
skewness and quartile deviations. 

8.6 	COMPRESSIBILITY CHARACTERISTICS 

The series of oedometer tests on air dry specimens of brick-
earth has shown that some materials collapse when flooded 
under load i.e. they are metastable whereas others swell 
when flooded under low loads but collapse under higher loads 
when flooded. 	The materials have a relatively wide range of 
initial void ratios, from 0.82 to 0.55 approximately and the 
materials which showed the tendency to swell when flooded 
under load were those with the lower void ratios (0.65 or 
less). 

All materials showed similar characteristics during testing. 
Prior to flooding, the void ratio-applied pressure curves 
indicate that the materials are relatively incompressible, 
having structures which allow little deformation under the 
imposed loads. 	However, when wetted, the 	soils have 
less resistance to deformation for similar load ranges as 
evidenced by the greater curvature of the e-log p curves. 
Post-flooding, the curves for each site are characterised 
by an initial steepening followed by an approximately linear 
section. 	In most instances the curves tend to converge 
post-flooding resulting in much smaller variations in void 
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ratios under the maximum applied load than at the beginning 
of the test when the specimens were in their air-dry 
state. 	Thus it would appear that despite initial 
variations in the materials, they each tend to a unique 
geometrical configuration and hence void ratio. 	This 
aspect will be dealt with later. 

The settlement//time curves indicate that the consolidation 
process is relatively very rapid for loading stages post- 
flooding. 	Although the loads were left on the specimens 
for a period of 24 hours, it is evident that most of the 
settlement took place within 20 minutes or so of adding 
the load. 	The settlements arising from flooding, however, 
occurred over a longer period of time and seemingly took longer 
with increasing load at flooding. 	All specimens were left 
for 48 hours after flooding to allow them to achieve equilibrium. 

A noticeable feature of the settlement/ /time curves from 
the flooding stages is the tendency for many of them to have 
inflexions in them or to be "wavy". 	This would suggest 
that the collapse process may not be a uniform one, with 
respect to time, and can be explained as follows. 

Immediately after flooding, water will be imbibed by the 
specimen through the upper and lower porous stones (both 
of which were dry) and thus collapse will commence from 
the top and bottom of the specimen. 	Soil structure 
collapse will cause a reduction in the porosity of the 
material and hence its permeability. 	The higher the load 
at flooding, the more the immediate compression which 
will result in a lower permeability at the extremities 
immediately after the initiation of collapse. 	The time 
required for water to permeate through the porous stones 
and the gradual decrease in permeability resulting from 
collapse are considered the likely reasons for the overall 
slower rates of settlement observed during flooding. 	Bubbles 
of air were seen to come from the specimens immediately 
after the addition of water. 	Since water is being drawn 
in from both ends, it is conceivable that air could be 
trapped within the specimens, the sudden release of which would 
cause collapse to continue at an increased rate. 	Further- 
more, the collapse mechanism involves a rearrangement of 
the structure of the soil. 	Because of the propogation of 
collapse from the extremities of the specimen towards the 
centre, it can be argued that constant rearrangement (invol-
ing both rotational and translational movements) of the soil 
particles will take place until settlement is complete. 
Because the collapse mechanism is propogational, soil particles 
which have been rearranged may undergo further displacements 
because of movements of adjacent particles. 	The inter- 
relationship of changing permeability, permeability affected 
by entrapped air and the propogative nature of the collapse 
process is considered to lead to the non-uniform collapse 
process as observed. 
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Analysis of the settlement//time curves for all specimens 
during the flooding process shows that there are three 
distinct types of behaviour: 

immediately after flooding, collapse settlement 
occurred which continued to cessation 

immediately after flooding, the specimen collapsed 
initially and then swelled - the amount of swell-
ing was less than the amount of settlement 

immediately after flooding, the specimen 
collapsed initially and then swelled by a 
greater amount so resulting in a final 
measured swelling 

All specimens flooded under zero load or a very small load 
swelled. 	The amount of expansion increased with decreasing 
initial void ratio viz. material from Ford increased in void 
ratio from 0.800 to 0.832, material from Pegwell Bay from 
0.683 to 0.795 and material from Sturry from 0.589 to 
0.863. 	These figures represent one-dimensional volume 
increases of 2%, 6% and 17% approximately respectively. 
Kassiff and Shalom (1971) also report a similar relationship 
between swelling and density. 	The fact that the soils are 
capable of both swelling and collapsing on wetting is at first 
apparently contradictory but the observations illustrate 
certain basic requirements for a soil to be metastable and 
also the principles involved, as discussed in Chapter 4. 
However, before discussing them in detail, the nature of 
the bonds between the particles and the observed phenomenon 
of swelling need to be clarified. 	Soils which are capable 
of both swelling and collapsing have been reported by 
other workers e.g. Jennings (1967) and Komornik (1967), 
but no detailed discussion has apparently been put forward 
to date. 

Earlier it was stated that capillary forces arising from 
air/water meniscii at the points of contact were responsible 
for the strength and rigidity of the bonds. 	Whilst this 
is undoubtedly so for soils with higher moisture contents 
i.e. higher degrees of saturation, the author considers that 
this explanation is not applicable for the brickearths tested 
because of their very low initial moisture contents. From the 
engineering viewpoint the water in clay soils can be 
considered as:- 

(i) "adsorbed" water, comprising a thin film tightly held 
on the surface of clay and a thicker film, depending 
on the nature and size of the clay mineral and elect-
rolytic medium, which is less firmly held. These two 
films form the double layer and can be considered 
as intercrystalline water. 

(ii) "free" water in the pore spaces, which is beyond the 
influence of the force field of the double layer. 
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(iii) "intra-crystalline" water, which is associated 
with certain clay minerals which have the capacity 
to take up water (and later lose it) between the 
basic sheets because of their structural configuration. 
When this occurs the clay minerals swell and these 
clays are often referred to as "swelling clays". 

The oedometer tests were carried out on materials that had 
been allowed to achieve an equilibrium moisture content by 
air-drying, so that the moisture contents of the brickearths 
when tested were of the order of 2%. 	From the work of 
Grim and Cuthbert (1945,1946 ) and Hoffman (1959) in relation 
to clays in foundry moulding sands, at such low moisture 
contents it would appear that there can be very little 
"free" water which could induce interphacial tensions and that 
the majority of the water would be "electrically" held to 
the clay particles. 	The Scanning Electron Micrographs have 
shown that in all materials, clays were distributed around 
the quartz grains as well as concentrated at points of contact. 
It is thus reasonable to expect that the water within the 
soils would also be distributed around the clays as well as 
at the points of contact i.e. be associated with the clays. 
Assuming an average clay content of 20% for all materials 
and that the clays are "carrying" all the water, then 
their average moisture content would be 10%. 	At this 
moisture content, the clays would have a reduced double 
layer of adsorbed water (Lambe and Whitman, 1969) 
and swelling clays would have lost some of their intra-
crystalline water (Grim, 1962). 

The author favours the opinion that the bonding in the air-
dry materials arises, primarily from "adhesion" between 
the flocculated clay particles in the clay bridges at 
the points of contact and the clays on the surfaces of the 
quartz grains, as discussed by Michaels (1959), with 
possibly a very small contribution from interphacial 
tensions since any water within the soils may be expected 
to have a non-uniform distribution because of the non-
uniform distribution of the clays (cf. Scanning Electron 
Micrographs) and variations in the size of the pores. 
This adhesion arises from van der Waal's forces since the 
clays can approach each other more closely due to the 
reduction of their double-layers and possibly from ionic 
and covalent bonds (influenced by the nature of the adsorbed 
cation) between positively charged edges and negatively 
charged faces (Rosenqvist, 1959). 	The author's suggested 
development of "bonding" with moisture loss in the soils is 
illustrated qualitatively in Figure 8.1. 	At point A 
corresponding to saturation, there is no contribution 
from interphacial tension and the bonding between particles 
is associated with interparticle attraction between the 
clay particles. 	As the moisture content decreases below 
that required for complete saturation of th, soil, the 
contribution from surface tension forces increases. 
The contribution from the clays increases also (but by a 
relatively smaller amount) resulting possibly from increased 
cation concentration from dissolved salts. 	(Although the 
soil is partially saturated the clays at the points of 
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contact will be "saturated" because the air/water meniscii 
retreat to the points of contact. 	The clays will thus lose 
water at a very late stage of the soil "desaturation" 
process). 	At some point B, the contribution to bonding 
from surface tension forces in the macropores will be 
reduced to zero when essentially there is no longer any 
free water and the remaining water in the soils is 
associated with the clays. 	The contribution from the clay 
component will increase as further moisture loss results in 
increased attraction between the clay particles. 

The addition of water to the soils would thus cause the clays 
to "rehydrate" and so initially water would be (a) adsorbed 
by the clays to satisfy their double-layer requirements 
and replenish that loosely held water lost on drying and 
also b) be taken up by any swelling clays. 	The double 
layers would thus expand and interact and the swelling clays 
would also expand. 	Subsequently, the pores in the soils 
would be filled with "free" water. 	The interaction of 
the expanding double layers of the clays, especially at the 
points of contact between the quartz grains, would tend to 
force the particles apart i.e. swelling pressures would 
develop. 	Furthermore, the expansion of the double layers 
would tend to reduce the forces of attraction between the 
clay particles and consequently reduce the bond strength at 
the points of contact between the quartz grains. 

It was stated in Chapter 4 that the effect of surface 
tension forces resulting from partial saturation was to 
increase intergranular stresses. 	However, it has been 
argued above that at the moisture contents tested, the major 
contribution to intergranular bonding in the brickearths 
arises from the clays and not surface tension forces. 	This 
does not negate any of the principles discussed in Chapter 4 
with respect to intergranular stresses. 	Lambe (1960) 
introduced an equation relating the total external stress 
to the internal stresses in a particular soil system. 	His 
generalised equation can be stated as: 

a =a+u+R- A 

where 	a = total external stress 

a = effective intergranular contact stress 

5 = equivalent pore pressure 

R = interparticle repulsion per unit area of 
total interparticle contact 

A = interparticle attraction per unit area of 
total interparticle contact 

Thus, for the brickearths in an air dry state (5 = o) under 
an external load of a, a = a - R + A. 	After flooding, 
attractive forces will decrease and repulsive forces will 
increase as discussed previously so the intergranular 
stress will also decrease. 
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So, when materials were flooded in the oedometers under no load, 
the swelling pressures set up resulted in a volume increase 
of the materials. 	When the specimens were flooded under 
load, the reduction in the strengths of the bonds was such 
that the shear stresses at the points of contact arising 
from the external loading were sufficient to overcome the 
reduced shear strengths and thus collapse occurred. 	If the 
applied loads were high enough to overcome the swelling 
pressures arising from the rehydrating clays, then an 
overall volume decrease was measured. 	If, however, the 
applied load was less than the swelling pressures, then a 
volume increase was measured. 

Examination of the settlement/ ftime curves reveals that in 
those cases where swelling was recorded when specimens of 
brickearth were flooded under load, the specimens started 
to swell after an initial collapse settlement was measured. 
The swelliliT6f clays from adsorption of water is time 
dependent (see Grim, 1953) and so the observed behaviour 
is thus interpreted by the author as showing that materials 
from all sites tested were metastable i.e. they had the 
capacity to collapse on wetting whilst under an externally 
applied load, even under a relatively low load. 

It is appreciated that the arguments put forward above by the 
author to explain the observed behaviour of the materials are 
subjective and form a simplified analysis, since it has been 
shown that the engineering behaviour of clays is very much 
dependent on various factors e.g. mineral type and size 
(Mitchell, 1960), the nature of the adsorbed cations and pore 
water chemistry (Olson and Mesri, 1970). 	However, most of 
this work has been performed on mono-mineralic, artificial 
soils. 	Natural soils form a highly indeterminate, three- 
dimensional, non-linear system whose members are of random 
size and shape, often randomly distributed so that the 
interaction of the components cannot be readily quantified. 
Indeed, qualitative and quantitive discussions can only be 
readily applied to well-ordered systems such as regularly 
packed equidimensional spheres or well-oriented clay plates 
which can then be considered analogous to electrically 
charged plates. 

A certain amount of swelling must have occurred with every  
air-dried specimen tested because of the rehydration of the clays, 
even those which showed only settlement on flooding under load. 
Thus, it must be appreciated that the collapse settlements 
recorded are not necessarily the largest possible settlements 
for the materials. 	On the other hand, it should be added that 
if the materials were wetter so that the effects of rehydrating 
the clays were either non-existent or minimal, then the materials 
would compress more during the loading stages prior to flooding. 

This is illustrated in the results from the oedometer testing of the 
material infilling the Buried Channel at Pegwell Bay. 	The material 
tested had an initial moisture content of 8% approximately, which 
corresponds to a degree of saturation of 40% approximately. 
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The material had the highest density of all materials tested 
(dry density - 108 lb/ft3; void ratio - 0.55; porosity - 35.5%). 
The mineralogy of this material was similar to that of the 
neighbouring loess at Pegwell Bay. 	In particular, mont- 
morillonite was identified in the clay fraction. 	The neigh- 
bouring loess from Pegwell Bay, when air-dry, swelled by an 
appreciable amount in the oedometers when flooded under a load 
of 0.01 tons/ft2. A similar specimen flooded at 0.5 tons/ft2  
collapsed initially and then swelled by a small amount (Figure 7.31). 
In view of the higher density of the material from the Buried 
Channel, a greater amount of swelling than observed (Figure 7.47) 
may be anticipated for that specimen flooded at 0.6 tons/ft'. 
That the material collapsed and showed only a very small amount 
of subsequent swelling is considered to reflect restricted 
rehydration of the clays following flooding because of the higher 
initial moisture content of the material. 

There must, therefore, be a critical moisture content, or 
degree of saturation, at which potentially metastable soils 
will give the greatest collapse settlement for a given load 
A similar view was expressed by Moore (1967). Gibbs and 
Bara (1962), however, reported that subsidence increases 
continually as the initial degree of saturation decreases 
below 100%. 	From the limited data from flooding specimens 
under zero load or a very low load, there is an apparent trend 
that specimens showed a final collapse settlement only when 
the applied load at flooding was in excess of the swelling 
pressure resulting from rehydration of the clays. 	The 
magnitude of the swelling pressure can be considered as the 
value of the external load required to bring the specimen back to 
its initial void ratio prior to wetting under zero load. Thus, 
for the material from Ford, a load of 0.3 tons/ft' approximately 
was required to consolidate the specimen flooded at the beginning 
of the test to its initial void ratio of 0.80 (Figure 7.19). 
A specimen flooded under a load of 0.25 tons/ft' collapsed by a 
small amount. 	(This latter specimen had a higher initial 
void ratio than the rest which would increase its potential 
for collapse relative to the rest.) For the material from 
Pegwell Bay, Figure 7.29 shows that a load of 0.4 tons/ft' was 
necessary to restore the void ratio of the specimen flooded 
under a load of 0.01 tons/ft' to its initial value - a specimen 
flooded at 0.5 tons/ft' collapsed by a very small amount. 
Figure 7.39 shows that for the material from Sturry a load 
of nearly 3 tons/ft' was necessary to bring the specimen 
flooded at the beginning of the test back to its initial 
void ratio of 0.589 and that specimens flooded at the lower 
loads of 1.0 and 2.0 tons/ft' swelled, though a specimen 
flooded under a higher load collapsed. 

It was stated earlier that it would appear that despite initial 
variations in the materials, they all tend towards the same 
void ratio with increasing applied load, and hence the 
same geometrical configuration. 	This feature is 
probably best illustrated in the results from the testing 
of material from the Buried Channel at Pegwell Bay. In 
this series of tests, three specimens were flooded under 
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different loads whilst a fourth specimen which had been 
prepared by remoulding material at a moisture content equal 
to its liquid limit was tested by consolidating in the 
normal manner. 

The collapse of the structure as evidenced in metastable 
soils when flooded under load is, in effect, a remoulding 
process, since the original structure of the soil is 
destroyed and a new one created. 	The degree of remoulding 
that takes place during the collapse is a function of the 
amount of collapse. 	In these terms, the normal process 
of consolidation can be considered as one in which remoulding 
of the specimen takes place since the soil particles may 
undergo rotational and translational movements to achieve 
equilibrium under the imposed stresses. 	The compression 
of granular soils whose engineering behaviour is controlled 
by their granular components may be expected to be controlled 
by their grading, the degree of angularity of the constituent 
grains and their density - more dense materials would 
compress by a smaller amount than less dense ones for the 
same load. 	It is conceivable, therefore, that granular 
soils of the same grading and degree of angularity of 
their constituent particles but with differing densities 
may be expected to compress by differing amounts under the 
same loads but to ultimately achieve the same degree of 
packing or porosity. 	So, the consolidation characteristics 
of an initially remoulded specimen would not be too dissimilar 
from those of its original natural counterpart at higher 
loads. 	(The initial void ratio-applied pressure relationship 
of the remoulded specimen would depend on the moisture 
content at which the specimen was remoulded.) 	Extending 
this argument, it might be anticipated that the consolidation  
characteristics of a remoulded specimen of metastable material 
would be similar to those of collapsed specimens of the 
"undisturbed" material over the post-flooding loading range. 
This is clearly shown by the results from the oedometer 
tests on the material from the Buried Channel at Pegwell Bay. 
After flooding, the void ratio-applied pressure curves for 
the collapsed specimens are almost concurrent and lie very 
close to the line for the remoulded specimen. 	Fookes and 
Best (1969) showed a similar effect for loess from Iran. 

Figure 8.2 shows the void ratio-applied pressure relationship 
for specimens of brickearth from all sites flooded at their 
lowest loads. 	It can be seen that there is a general 
convergence for all the specimens. 	The slight variations 
are attributed to variations in the grading of the specimens 
and the degree of angularity of the constituent grains. 

The collapse factors (R) for all samples flooded in the 
oedometers are summarised on Table 8.111. 	In general it 
can be seen that 'R' increases continually with increasing 
load at flooding for material from any one site and 'R' 
decreases with increasing density for any given load -
anomalously high or low relative values (e.g. R = 2.8% for 
Pine Farm Quarry specimen flooded at 1.0 ton/ft2 ) can 
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be seen to correspond to specimens tested with high or 
low void ratios respectively in relation to other specimens 
from the same site. 

A comparison of the collapse factors of the brickearths with 
those of loess is inexpedient. 	Collapse is a function of 
independent parameters, for example, initial dry density 
and moisture content. 	Consequently, because of reported 
variations in these parameters, substantial variations in the 
amount of collapse of loess have also been reported. 	The 
'R' values for the brickearths fall within the range 
reported for loess soils. 

Table 8.IV summarises the subsidence criteria according to 
Denisov (1951) and Feda (1966) as applied to the brickearths 
for the conditions at which they were tested. 	Figure 8.3 
shows the Gibbs and Bara (1962) graphical plot for subsidence 
probability with the values for the brickearths. 	Other 
than the materials from Pine Farm Quarry and Ford, all 
brickearths failed the criteria. 	The materials from 
Pine Farm Quarry and Ford can be considered to be marginally 
stable according to the criteria. 	That the brickearths 
are metastable has been clearly demonstrated. 	The criteria 
for collapse are thus inapplicable to the brickearths. 
Fookes and Best (1969) found similar criteria inapplicable 
to the Pegwell Bay loess and suggested that for material which 
the geological situation indicates could be metastable, oedo-
meter tests with flooding or in situ loading tests with flooding 
are required to identify their potential for collapse. 

The observations that the soils are capable of swelling and 
also collapsing when air-dry and wetted under small loads 
raises the question of their behaviour in the field in terms 
of their compressibility characteristics under the loading 
from superincumbent material. 	As pointed out earlier, the 
phenomenon of swelling was observed because the clays are 
considered to have lost some of their adsorbed water during 
the air drying process. 	If such a situation develops in 
the field, then the soils must be considered as capable of 
swelling on subsequent wetting. 	Whether the soils swell 
will be governed by the relationship between the swelling 
pressures developed and the resisting pressure from superincum- 
bent material. 	It is possible that material close to the 
"free-surface" in exposures may dry out sufficiently so that 
swelling pressures can develop on wetting. 	The "shrinkage 
limits" of the soils were not determined but specimens at 
field moisture contents were trimmed into oedometer rings 
and allowed to air-dry. 	With the exceptions of the materials 
from the Buried Channel at Pegwell Bay and Sturry, shrinkage 
of the materials on drying could not be visibly detected. 
The Buried Channel and Sturry materials were observed in the 
field to be fissured - these fissures are undoubtedly shrinkage 
cracks. 	Although not verified in the laboratory, it is 
thought probable that those soils which swell on setting 
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are also capable of shrinking on drying back to an air-dry 
moisture content. 	Thus, in the field, materials which 
dry out sufficiently to promote "dehydration" of the clays 
are considered capable of swelling on wetting if swelling 
pressures develop which are in excess of in situ resisting 
stresses and are also capable of shrinkage on subsequent 
drying. 	In vertical exposures, material at or close to the 
free face is susceptible to large moisture variations. 	The 
absence of resisting pressures in a direction perpendicular 
to the free face could result in swelling of the material 
in this direction. 	Subsequent drying and shrinkage could 
promote the development of shrinkage cracks - the cracks would 
be oriented at right angles to the direction of the minimum 
in situ stress i.e. vertical and sub-parallel to the free face. 
Thus, the author favours the argument that the vertical 
joints evidenced in loess exposures are tension cracks 
(Scheidig 1934; Smalley 1966). 

8.7 	SPECIAL TESTS IN OEDOMETERS 

The series of tests carried out in the oedometers during 
which air-dry specimens of brickearth from Pegwell Bay were 
flooded under a load of 2 tons/ft' using various fluids was 
designed to investigate the influence (if any) of the clay 
component in the soils on the collapse process. 	Figure 7.48, 
illustrating the findings, shows that quite different 
results were obtained with the various fluids. 

The load of 2 tons/ft' was chosen for flooding of the specimens 
as it was known from previous oedometer testing that the 
flooding of material from Pegwell Bay under this load 
produced a collapse and the results were not complicated by 
swelling effects. 	As described in Chapter 6, the void 
ratio - pressure relationships for the tests using different 
fluids were obtained from the relationship for flooding with 
water - the initial void ratio was determined for the specimen 
flooded with water and this value was used to construct the 
curves for the other tests. 

As seen from the previous section, there was a variation in 
the initial void ratios of specimens from the same site. 
As the purpose of the tests with different fluids was to 
observe their effects, only relative values of collapse were 
significant and the method of construction of the curves 
was considered valid. 

It was stated in Chapter 4 that the inception of collapse is 
seen as a shearing problem viz, prior to flooding, inter-
granular bonds are sufficiently strong to resist shear failure 
at points of contact from the shear stresses induced by the 
external load. 	Flooding of material with water when under 
load causes a reduction of the strength of the bonds such 
that the shear stresses at contact points exceed the shear 
strength of the bonds and collapse can occur. 	In addition, 
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the continual rearrangement of particles during the collapse 
settlement (involving translational and rotational movements) 
also involves shearing at points of contact. 

The fluids used in the testing were selected on the basis of 
their postulated influence on clays. 	If the net effect 
of the attractive and repulsive forces between two adjacent 
clay particles is attractive, the particles will tend to 
move toward each other and become attached - flocculate. 
If the net influence is repulsive they tend to move apart - 
disperse. 	Since the repulsive and attractive force components 
are highly dependent on the characteristics of the system, 
a tendency towards flocculation or dispersion may be caused 
by an alteration in the system characteristics. 	A tendency 
towards flocculation i.e. increased interparticle attraction 
can be caused by increasing one or more of the following: 

- electrolyte concentration 

- ion valence 

- temperature 

or decreasing one or more of the following: 

- dielectric constant 

- size of hydrated ion 

- pH 

- anion adsorption 

(Lambe and Whitman 1969) 

The influence of these factors on the behaviour of clays has 
been discussed by Verwey and Overbeek (1948), Grim (1953), 
Lambe (1953, 1958), Marshall (1954), Bolt (1956), Seed et 
al (1960), Davies (1965), Barrow (1966), Sridharan (1968), 
Gillot (1968). 	Denisov and Reltov (1961) carried out some 
qualitative tests involving immersing cylinders of air-dry 
undisturbed loess in fluids with various dielectric constants 
(a characteristic of loess is its "explosive" breakdown when 
immersed in water arising from the repulsion of air from 
within the voids). 	They found that the susceptibility to 
breakdown (on a relative scale) increased as the dielectric 
constant increased. 	They also carried out a series of tests 
which involved saturating air-dry powders made from various 
clayey soils with fluids of different dielectric constants 
under a load of 2 tons/ft2. 	They observed that settlements 
occurred on saturation and that: a) increasing settlement 
occurred with increasing dielectric constant for each specimen 
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and b) for a given dielectric constant, the additional 
settlement measured increased with increasing clay 
content of the specimens. 	They offered no explanation 
for their observations. 

Previously it has been stated that air-drying of the materials 
prior to testing was seen as causing a high degree of 
flocculation of the clay particles i.e. inducing high 
attractive forces between adjacent clays. 	The Scanning 
Electron Micrographs presented substantiate this point 
since the clays were seen to be aggregated (flocculated). 
Furthermore, the bonding in the soils results from adhesion 
between the clay particles with only a limited contribution 
from interphacial tensions. 

When the air-dry soil was flooded with water under a load of 
2 tons/ft', collapse resulted. 	The addition of water is seen 
as rehydrating the clays such that the double layers expand 
and interact and reduce the forces of attraction between 
adjacent particles i.e. the clays tend to disperse. 	It can 
thus be visualised that as a result of the repulsive forces 
the strength of the bonds between the clays is reduced. 
Whereas prior to flooding the bond strength was sufficient to 
prevent shear failure at the points of contact under the 
system of shear stresses from the imposed load, the bond 
shear-strength after flooding is seen as being reduced 
sufficiently for shear failure to take place. 	Thus, 
collapse occurred. 

The addition of sodium hexametaphosphate to the soil when under 
load also resulted in collapse. 	Sodium hexametaphosphate 
is used as an agent to disperse argillaceous soils (see 
Chapter 6) and is effective because of the adsorption 
of the polyphosphate anion. 	The effect is to increase the 
thickness of the double layer and to reduce the attraction 
forces between the clay particles. 	The addition of sodium 
hexametaphosphate is thus seen as producing a reduction in 
the strength of the intergranular bonds. 	As with water, the 
shear stresses at the points of contact exceed the shear 
strength and collapse occurs. 	As described in Chapter 6, 
the series of tests using the different fluids were duplicated -
in both series, the amount of collapse with sodium hexa- 
metaphosphate was the same as with water. 	The addition of 
water is thus seen as effectively dispersing the clay particles 
within the soil. 

At the other extreme, flooding with carbon tetrachloride 
produced only an extremely small amount of collapse. 	Carbon 
tetrachloride has a very low dielectric constant relative to 
water (2.28 vs 80.40), but more importantly, it is non-polar 
and inhibits the formation of the double layer. 	Consequently, 
the addition of carbon tetrachloride to a system comprising 
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already flocculated clay particles will thus preserve the 
flocculated state. 	When the carbon tetrachloride was 
added to the air-dry specimen of brickearth under a load 
of 2 tons/ft2, it is considered by the author that the high 
degree of flocculation of the clays at the points of contact 
was maintained and consequently the bond strengths remained 
virtually unaltered. 	Thus, only minimal collapse occurred. 
That the high bond strength was maintained after the addition 
of the carbon tetrachloride is substantiated by the fact 
that the void ratio/log applied pressure relationship for 
loads post-flooding is virtually a continuation of the curve 
prior to flooding showing that the fluid had no influence. 
The extremely small amount of settlement observed at flooding 
could have arisen because the addition of the carbon tetra-
chloride could have induced a higher degree of flocculation 
which would involve some movement of particles. 	Leonards 
and Girault (1961) found that the addition of carbon tetra-
chloride to a clay soil has the effect of a small load 
increment which consequently results in a small settlement. 

Flooding the soils with calcium chloride solution and acetone 
also produced collapse but the amounts of collapse were 
less than that resulting from the addition of water. 

Acetone has a low dielectric constant relative to water, but 
not as low as that of carbon tetrachloride (20.70 for acetone 
vs 80.40 for water). 	The addition of acetone to the air-dry 
soil will thus maintain a flocculated state but to a lesser 
degree than with carbon tetrachloride. 	Some development of 
the double layer will take place such that the forces of 
attraction between the clay particles will be reduced. 	It is 
considered by the author that sufficient reduction occurred to 
reduce the bond strength at the points of contact to permit 
collapse to take place. 

The addition of calcium chloride solution to the air-dry 
soil would promote "rehydration" of the clays but limit the 
expansion of the layer of adsorbed water because of the high 
concentration of calcium cations. 	Thus, the double layer 
development would again reduce the strength of the clay bonds. 
Under the imposed load and hence shear stresses at the points 
of contact, shear failures occurred resulting in collapse 
of the soil structure. 	The brickearth from Pegwell Bay has 
been shown to contain calcium carbonate (see Chapter 7). 	If 
the calcium carbonate occurred as a cement in the soils, it 
may be expected that the addition of calcium chloride solution 
would inhibit the breakdown of any calcium carbonate cementation. 
Collapse did occur and rapidly (Figure 7.49), indicating 
that the calcium carbonate does not play a significant part 
in the strength of the intergranular bonds. 	This is consistent 
with the findings from the SEM study which indicated that 
there was no readily discernible concentrations of Ca2+  at 
points of contact which could suggest a carbonate cement. 
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It will also be noted from Figure 7.48 that the amounts of 
collapse varied with the type of flooding medium. 	Thus with 
water and sodium hexametaphosphate, maximum recorded 
collapse occurred. 	A smaller amount of collapse was observed 
with calcium chloride solution and an even smaller amount 
with acetone. 	The results of the special tests in the 
oedometers thus indicate that the collapse of the soil 
structure is very much dependent on the potential degree 
of "dispersion" of the clays in the soils by the flooding 
medium not only in relation to the inception of collapse 
but also to the amount of collapse. 

One-dimensional volume change will occur as a result of slippage 
at points of contact of the soil particles. 	Thus, shear will 
tend to orient the clay particles parallel to the plane of 
movement through the points of contact. 	The relative 
resistance to such re-orientation will vary with the fabric 
of the clay, the strength of the interparticle bonds and with 
the orientation of the shear plane. 	If the clay particles 
have a flocculated arrangement, considerable energy will be 
required to re-orient the particles regardless of the orient- 
ation of the shear plane. 	If the shear stresses are high 
enough, shear will break some of the particle-to-particle 
links and so cause a breakdown of the structural framework. 
However, a broken bond which is due to a net electrical 
attraction between particles may reform rather easily. 	Thus 
in an environment with a low dielectric constant or high 
cation concentration where forces of attraction are predominant, 
bonds may reform if broken. It can thus be surmised that the 
resistance to shear of the clays at the points of contact in a 
flocculating environment would be greater than in a dispersing 
environment where forces of repulsion would be dominant 
thus inhibiting the reformation of broken bonds. 

To test this hypothesis, the author conducted another test 
during which duplicate specimens were flooded with methyl 
alchohol of dielectric constant 32.63. 	It was predicted 
prior to the testing that: 

(a) collapse should occur 

and 	(b) that the amount of collapse should be 
greater than that obtained with acetone 
(dielectric constant 20.70) but less 
than that with water (dielectric constant 
80.40). 

The results are shown on Figure 8.4 and are as predicted 
thus verifying the preceding discussion and hypothesis. 

It has thus been established that the collapse process in 
the air-dry material is directly influenced by the behaviour 
of the clay fraction. 	Collapse occurs as a result of the 
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"dispersion" of the clays and the amount of collapse 
increases as the "degree of dispersion" increases. 	For 
materials with higher initial moisture contents at flooding, 
in which interphacial tensions predominate in imparting 
strength to the soil structure, the influence of the clay 
component on the collapse process will be less significant 
since the clays will not be in such a highly flocculated 
state as when the soils are air-dry. 	The addition of water 
will destroy the quasi-mechanical bonds arising from surface 
tension forces at the points of contact. 	However, the 
clays at the contact points will have at the time of flooding 
a lower strength than their counterparts in air-dry soil 
because of the dispersive effect of the water surrounding 
them. 

8.8 	SHEAR STRENGTH CHARACTERISTICS  

Shear testing of brickearths was carried out using both 
triaxial equipment and direct shear testing equipment to 
observe the characteristics of the materials when subjected 
to shearing loads. 	The results have been presented in terms 
of total stresses i.e. stresses applied to the soils to 
permit a comparison of the observed loads required to cause 
failure. 	The results, therefore, cannot be considered as 	• 
the intrinsic shear strengths of the materials since the 
effective stresses (i.e. intergranular stresses) within the 
soils were not determined. 	The brickearths were found to 
be partially saturated in the field, and it is more difficult 
to apply the effective stress principle to partially saturated 
soils because the relation between total stress and effective 
stress involves the pressures in both the liquid and gas 
phases plus a factor which is related to saturation. 	Special 
techniques are needed to measure the pore pressures in 
partially saturated soils (Lambe and Whitman (1969)). 	Such 
techniques were not available during the laboratory testing 
of the brickearths. 	The significance of measuring the 
pore air and pore water pressures during the shearing of 
partially saturated soils and their influence on the evaluation 
of the shear strengths of such materials has been discussed by 
Bishop and Blight (1963). 	Materials from Sturry and the 
Buried Channel at Pegwell Bay were not tested in the triaxial 
apparatus because it was found impossible to form suitable 
specimens due to the fissured nature of the materials. 

8.8.1 Triaxial Test Results  

The series of tests conducted in the triaxial testing 
apparatus showed a marked difference in behaviour of the 
brickearths when in an air-dry state (at a moisture content 
of approximately 3%) to when at a field moisture content 
of approximately 19%. 	When air-dry, the brickearths behave 
as brittle materials with high apparent strengths but with 
very little deformation required to mobilise this strength. 
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When at a field moisture content, they have a much lower 
apparent strength but require a substantial deformation to 
mobilise it. 

Whilst stringent precautions were taken during testing to 
ensure that accurate results were obtained, problems were 
encountered which undoubtedly affected the results. 	The 
major problem was that of ensuring proper sealing between 
the cell and the base plate. 	On several occasions leaks 
occurred. 	Whenever it was possible tests were repeated, 
but sometimes, due to the lack of material, results had to 
be accepted which otherwise would not have been. 	Although 
this obviously introduced errors, the author considers that 
they cid not seriously affect the observed characteristics. 

A further problem that was encountered and which was not 
envisaged at the beginning of the testing was that of the 
specimens at field moisture content buckling under the high 
strains required to fail the materials. 	Obviously the 
buckling modified the results but to an unknown extent. 	It 
is considered that this feature is the probable cause of the 
specimens failing at various axial strains which do not 
increase with cell pressure as was observed with the air-dry 
specimens. 

The extent of the buckling is evident in Plates 8/1 to 8/3. 
Plate 8/1 shows the five specimens from Reculver. 	Specimen 
numbers 1-5 refer to cell pressures of 10, 15, 30, 45 and 
60 lb/in' respectively. 	Buckling can be seen clearly in 
specimen 2 and a pronounced "lean" in the other specimens; 
this would lead to an eccentric application of load. 
Plate 8/2 shows specimen 5 from Reculver which was the 
only specimen to have a clearly visible shear plane - referr-
ing to Figure 7.57, it will be seen that this was the only 
specimen to actually reach a definite peak strength with a 
marked reduction post-failure. 

Buckling is more marked in those specimens from Ford, Plate 8/3. 

Plates 8/4 shows the air-dry specimens from Pine Farm Quarry, 
after shearing. 	As with all the air-dry materials, the 
specimens usually failed along a definite failure plane which 
was not necessarily planar. 

The shapes of the stress/strain curves and volumetric 
strain/axial strain curves for the air-dry materials and 
materials at field moisture content are similar in form to 
the corresponding curves for overconsolidated clays (and 
dense sands) and normally consolidated clays (and loose 
sands) respectively. 	The decrease in strength after failure 
as observed with the testing of air-dry specimens of brick-
earth is obtained when testing overconsolidated clays and dense 
sand as is an initial reduction in volume followed by dilatancy 
during the shearing stage prior to failure. 	Similarly, 
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normally consolidated clays and loose sands generally show 
no marked reduction in strength post-failure and contract 
throughout the shearing stage - as observed with the specimens 
of brickearth at field moisture contents. 	Furthermore, 
overconsolidated clays and dense sands usually fail at 
relatively low axial strains as did the air-dry brickearths 
whilst normally consolidated clays and loose sands usually 
require greater axial strains for failure, as observed with 
the wetter brickearths. 

The results from the triaxial testing have been summarised 
in Table 8.V. 	They are presented in terms of the intercept 
'i' and slope angle 'V of the line delineating the envelope 
of maximum applied stresses required to cause failure of the 
materials. 

For the specimens tested air-dry, the values of '6' fall 
within a small range and tend to increase with increasing 
density of the respective materials, which is to be expected. 
The variation in the "cohesion" intercept (i), however, is 
much greater. 	Reference to Figures 7.54-7.57 will show 
that the lines drawn through the points are not unique 
because of the scatter in the results - the more sensitive 
parameter is the intercept 'i'. 

The significant variation in the apparent "cohesion" intercept 
is attributed to variations in the distribution of the clays 
within the specimens (as evidenced in the Scanning Electron 
Micrographs), variations in the clay contents and mineralogy 
and small variations in the moisture content. 	(Assuming 
the water in the specimen is associated with the clays, for 
a clay content of 21% and overall moisture contents of 
1.5% and 2% respectively, the moisture contents of the clays 
would be 7.1% and 9.5% respectively. 	For a clay content 
of 19% and overall moisture contents of 1.5% and 2% 
respectively the moisture content of the clays would be 7.9% 
and 10.5% respectively. 	The effect of such small variations 
in moisture content on the strengths of various clay mineral 
types has been shown by Grim and Cuthbert (1946) to be 
highly significant). 

The results from the triaxial tests on specimens at field 
moisture contents clearly indicate the materials failed 
under much lower applied loads. 	Not only are the apparent 
"cohesion" values lower but the angles of apparent friction 
are also lower. 	The "apparent cohesion" in these materials 
is attributed mainly to the effects of surface tension 
between the water-air meniscii in the pore spaces in the 
materials since they were initially partially saturated. 
However, as noted in Section 7.8, water was seen to issue 
from the drain tap during the shearing stage of all the 
specimens at natural moisture content. 	It is clear that 
during the initial stages of shearing, because the specimens 
are partially saturated and because they undergo a volume 
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decrease, they will increase their degree of saturation. 
When full saturation is reached under constant moisture 
content conditions, water will then be extruded on further 
volume reduction. 	Thus, a rigorous interpretation of the 
results of the tests on specimens initially at a moisture 
content less than that required for saturation is inexpedient. 

The most interesting feature of these results is that the 
apparent friction angles of the wetter materials are lower 
than for the same materials air-dry - the specimens at field 
moisture contents underwent greater volume changes (contraction) 
during the consolidation stages of the tests and thus it 
may be anticipated that they would exhibit higher apparent 
angles of friction than their air-dry counterparts since 
they would be more dense. 	The author considers the reason 
for this as follows. 	In the air-dry material, shearing 
causes a permanent rupture of the interparticle bonds. 
Because of the high interparticle bond strength only limited 
rearrangement of particles will occur under the shearing 
stresses and the shear plane will develop preferentially 
through weaker areas in the material which arise from 
non-uniform distribution of theclays and/or pore spaces. 
This would give rise to a non-planar surface (Ingles and 
Lee, 1971). 	The failure surfaces of the air-dry materials 
were observed to be noticeably non-planar. 	Thus the relative 
movement along the undulating surface would produce dilation 
(as observed) across the shear plane because of the asperities. 
This would produce a higher measured angle of apparent 
friction, as discussed by Rowe (1962). 	In the wetter 
materials, because the strength of the interparticle bonds 
is lower (as evidenced by the small intercept), shearing will 
disturb particles along the shear plane as it develops. 
Following a "yielding" of the bonds (as discussed by Boswell 
(1961)) and the ensuing rearrangement of the particles, 
sliding along the shear plane occurs and is accompanied by 
further particle rearrangement to permit the shear plane 
to develop along the most suitable path for the stress 
conditions and will most likely form a narrow zone. 	Because 
of the porosity of the material, under the stress conditions 
particles can move to positions offering the least resistance 
to shearing. Such movements effect a densification of the 
material (hence the observed volume reduction of the material 
during shear). 

Attempts were made to saturate both air-dry specimens and 
specimens at field moisture contents which had been subjected 
to various cell pressures in the triaxial apparatus to induce 
collapse and observe their behaviour when subsequently sheared. 
The series of tests was abandoned because the specimens 
collapsed locally and unevenly immediately water was 
introduced at one end. 
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Attempts were also made to saturate specimens prior to 
applying a cell pressure. Whilst this was relatively 
successful the specimens buckled to such an extent during 
the shearing stage that it was considered that the results 
obtained from such testing would be of little meaning. 
This series of tests was also discontinued. 

The shear strength of loess has been found to be related to 
density, moisture content, clay content and the effectiveness 
of carbonate and ferruginous cementation - increasing strength 
is associated with increasing density and clay content and 
decreasing moisture content. Gibbs and Holland (1960) in 
a review of American loesses found that the slopes of the 
failure envelopes of material were similar indicating similar 
frictional resistance characteristics but there were significant 
differences in the position of the envelopes caused by 
variations in "cohesion" arising from variations in clay 
content and moisture content in the materials. The apparent 
strengths of the brickearths are consistent with those of 
relatively high density loesses with high clay contents 
(see, for example, Clevenger 1956; Gibbs and Holland, 1960; 
Grabowska - Olszewska, 1963; Berezantev et a1, 1969). 

Krinitzsky and Turnbull (1967), in their regional study of 
the loess deposits of Mississippi, stress the significance 
of carbonate and ferruginous cementation in imparting strength 
to Mississippi loesses. Matalucci et al (1970) carried out 
a series of triaxial tests on calcareous Vicksburg loess 
with a clay content of 9% approximately (part of the 
Mississippi loess sequence) and found that the material 
exhibited strength anisotropy which could be related to 
preferred grain orientation. They also found that the 
material exhibited a characteristic associated with cemented 
granular soils as proposed by Means and Parcher (1963). 
This comprises a break in the failure envelope into two 
straight-line segments. The initial part (for low stresses) 
is flatter than the envelope at higher stresses arising from 
the dominance of cohesive cementation bonds at low stresses 
with a subsequent dominance of internal shearing resistance 
of the granular component at stresses in excess of the 
cementation strength. Similar behaviour has been described 
by Ty1s (1968) and Feda (1971) from testing of Czechoslovakian 
loess. In all cases, the breaks were observed at normal 
loads ranging from 1-2 ton/ft2. No such breaks were evident 
in the brickearths tested, even in the materials at field 
moisture contents when the effects of cementation should be 
more apparent since the interparticle bonding arising from 
the clays is very much reduced. It is considered, therefore, 
that carbonate cementation plays no· part, in engineering terms, 
in the strengths of those calcareous brickearths tested. 
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8.8.2 Direct Shear Test Results  

Strength testing of the brickearth from Pine Farm Quarry 
using direct shear apparatus also showed that the material 
exhibits markedly differing characteristics during the 
shearing process depending on its initial moisture content. 

Figure 7.63 summarising the results of the direct shear tests, 
shows that there is more scatter in the results than from 
triaxial testing. 	Nevertheless, trends are evident and the 
'failure envelopes' are again seen as straight lines. 

The shear box arrangement did not permit the vertical settle-
ments of specimens to be measured immediately after application 
of the vertical load. 	Consequently, the shearing process 
was started when either settlements had ceased or were deemed 
to be nearing completion. 

As stated previously, a correction for the change in area 
of the specimens during the shearing stage was made but no 
correction for dilatancy was carried out. 

A marked difference between the shear characteristics of the 
materials at different moisture contents is again evident. 
Failure of the air-dry material was delineated by a peak in 
the "stress strain" curve and the specimens were seen to dilate 
prior to failure. 	Specimens at higher moisture contents, 
however, contracted entirely throughout the shearing process 
and attained maximum shear strength after a substantial 
displacement (relative to the air-dry material) without 
post-peak reduction in strength. 

Over the range of normal stress at which the specimens were 
tested the air-dry material exhibited greater strength than 
materials with higher moisture contents: this is due entirely 
to the higher apparent cohesion. 	The slopes of the failure 
envelope for the air-dry material in the direct shear test 
(30.50) is comparable to that for the air-dry material in 
the triaxial test (300). 	However, the intercepts are 
different; that for the tests in the direct shear apparatus 
is lower (16.5 lb/in2) than for the triaxial tests (45 lb/in2). 
Such a large difference for the same material cannot be readily 
explained but it is thought to be a result of the different 
stress conditions which occur in the two types of test 
apparatus and made more prominent because of the brittle 
nature of the materials (Lambe and Whitman 1969). 	Never- 
theless the influence of moisture content on the intercept is 
clearly illustrated on Figure 7.63. 	At a moisture content 
of 20% (field moisture content), corresponding to an initial 
degree of saturation of 65% approximately, an intercept of 
3 lb/in2  was obtained (the same as from the triaxial testing) 
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and in a saturated state (both after flooding then loading 
and loading then flooding), a value of only 0.5 lb/in' was 
obtained. 	Similar comments to those made in the previous 
section with regard to changing moisture content conditions 
during the shearing stage for the specimens at natural 
moisture content apply for the tests in the direct shear box. 
However, the influence of the initial moisture content on 
the apparent strengths of the materials is clearly evident 
from a comparison of the strength values. 

As with the results from triaxial testing, the slope of the 
strength envelope for the specimens at 20% moisture content 
(field moisture content) is less than the corresponding 
envelope for the air-dry specimens and the comments made 
previously in relation to this, apply. 	However, the slope 
of the envelope for those specimens saturated prior to 
shearing (either from flooding before loading or loading 
before flooding) can be seen to be greater than for the other 
materials. 	Furthermore the envelopes for both these series 
of tests in which the samples were saturated initially are 
coincident. 	During these tests, several reversals of the 
shear boxes were required before peak strengths were attained 
despite the fact the materials underwent the greatest volume 
changes prior to and during shearing. 	Undoubtedly, the 
higher slope angle for the failure envelope reflects the 
relatively greater density of the material. 

In summary, the shear testing has shown that the initial 
moisture content of the material has a significant effect 
on the "cohesion" intercept in a manner that is, perhaps, 
to be anticipated viz. the higher the moisture content the 
lower the interparticle bond strength. 	In a saturated state, 
the soils possess very little "cohesive" strength. 	The 
"friction" angles of the material in the various states 
tested, however, are not readily related to the variation in 
moisture content. 	The highest value obtained was when the 
soils were in a saturated state (both after flooding before 
loading and loading before flooding) and is undoubtedly a 
result of the increased density of the material arising from 
settlement during the flooding/loading and shearing stages. 
The lower angle of friction found for the soils at a field 
moisture content of approximately 20% is seen to result from 
the limited densification during the loading and shearing 
stages arising from the interparticle bond strengths (quasi-
mechanical bonds from surface tension forces) active in the 
soil at this moisture content. 	The soils, however, are 
sufficiently moist for the interparticle bonds to yield under 
the influence of the shearing stresses rather than rupture. 
In the air-dry state, the soils had a higher friction angle 
than when at a field moisture content. 	This is apparently 
anomalous since because of the high bond strength and hence very 
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limited densification it might be expected that the friction 
angle would be the lowest of the values obtained. 	The 
relatively high friction angle is seen as arising from the 
influence of the undulating shear surface observed with the 
air-dry material. 

With the wetter materials, a more regular and uniform shear 
"plane" or zone is produced on shearing from yielding of the 
interparticle bonds and rearrangement of the particles in the 
path of the failure plane. 	With the air-dry material, however, 
little or no rearrangement of particles takes place because 
of the high interparticle bond strength and the failure plane 
propagates by rupture of these bonds. 

The path of the failure plane will be influenced by micro-
features in the materials and will generally take the easiest 
route. 	That the air-dry materials dilated prior to failure 
complies with the observed irregular failure surfaces and 
further substantiates the above discussion. 	The additional 
apparent strength of the material due to the two halves of the 
sample having to shear over the "asperities" is manifested 
as a higher angle of friction than would be anticipated for 
such relatively less dense material. 

The lack of 'breaks' in the failure envelopes of the materials 
is considered to indicate that carbonate does not act as a cementing 
agent. 
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DESCRIPTION 	ACTIVITY  

Inactive 	 <0.75 

Normal 	 0.75-1.25 

Active 	 >1.25 

ACTIVITY = PLASTIC INDEX (34) 

<2p FRACTION 	(r;) 

After Skempton (1953) 

CLASSIFICATION OF SOILS IN TERMS OF ACTIVITY  

Table 8.1 
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SITE SAMPLE CLAY FRACTION 
<211 	(%) 

PLASTIC INDEX Ip  

(%) 

ACTIVITY Ac  

Pine Farm Quarry PFQ 1 21.0 10 .48 
PFQ 2 21.4 9 .43 
PFQ 3 26.4 11 .49 
PFQ 4 21.9 9 .41 

Ford F 1 17.0 10 .59 
F 2 19.8 12 .60 
F 3 18.3 11 .60 
F 4 23.2 13 .56 
F 5 40.8 28 .69 

Northfl eet N 1 21.9 13 .55 
N 2 20.0 12 .55 
N 3 22.6 13 .58 
N 4 21.1 12 .57 

Pegwell Bay PB 1 17.7 11 .62 
P3 2 21.6 12 .56 
PB 3 18.6 11 .59 
PB 4 20.1 11 .57 

Recul ver R 1 21.9 12 .55 
R 2 21.0 12 .57 
R 3 22.1 13 .59 
R 4 21.4 13 .60 

Sturry St 1 24.0 20 .83 
St 2 25.1 20 .80 
St 3 27.6 22 .80 
St 4 32.3 25 .77 

Pegwell Bay -
Buried Channel PBC 1 18.0 11 .61 

PBC 2 25.0 14 .56 
PBC 3 23.4 13 .56 

PLASTICITY U.ARACTERISTICS  (TYPICAL VALUES) 

Table 8.11 



SITE AV. DRY 
DENSITY 	(lbs/ft3 ) 

INITIAL VOID 
LOAD AT FLOODING (TONS/FT2 ) 

0 0.01 0.25 0.5 0.6 1.0 2.0 4.0 6.0 24.0 

Pine Farm Quarry 92.5 0.821 0.6 
0.875 2.8 
0.808 2.0 
0.814 6.4 

Ford 93.0 0.800 1.7 
0.821 0.4 
0.784 1.7 
0.795 3.8 

Northfleet 100.2 0.665 0.1 
0.674 1.3 
0.681 2.3 
0.700 5.5 

Reculver 101.3 0.633 0.2 
0.674 0.5 
0.647 1.0 
0.653 1.8 

Pegwell 	Bay 102.4 0.683 6.5 
0.643 0.3 

0.8 0.626 
2.9 0.617 

Sturry 105.6 0.576 17.3 
0.605 0.9 
0.577 0.2 
0.589 

Pegwell 	Bay - 108.3 0.523 0.2 
Buried Channel 0.537 4.4 

0.517 6.1 

+ collapse 
- swelling 

COLLAPSE FACTOR (R %) OF SPECIMENS OF BRICKEARTH 
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SITE DENISOV FEDA 
CRITERION CRITERION 

K KL 

Ford 1.04 0.91 

Pine Farm Quarry 1.04 0.91 

Reculver 1.32 0.35 

Northfleet 1.20 0.58 

Pegwell Bay 1.22 0.53 

Pegwell Bay - 1.62 0.16 
Buried Channel 

Sturry 2.30 -0.04 

DENISOV AND FEDA COLLAPSE CRITERIA AS APPLIED TO 
BRICKEARTHS IN AIR-DRY STATE 

Note - for collapse 

K <1 

KL >0.85 

Table 8.IV 
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AIR-DRY SPECIMENS 	SPECIMENS AT = 19% 
(= 2% m.c.) 	moisture content  

i v '60' 1 001  

SITE 

Ford 	25 psi 	312° 	3 psi 	262° 

Reculver 	25 psi 	33° 	3 psi 	272° 

Pine Farm Quarry 	45 psi 	30° 

Northfleet 	47 psi 	32° 

SUMMARY OF TRIAXIAL TEST RESULTS  

Table 8.V 
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LIQUID LIMIT (%) 

10 20 30 40 50 

specific gravity 
100 % saturation 

60 

M 70 ...... -........ CASE I til 
:9 

80 
>-

CASE J-
(/) 

z 90 w 
0 

>-
0:: 
0 100 
-I 
<{ .ST 
0:: 
::::> 

110 !;:( specific gravity = 2.70 z 
100 % saturation 

120 

CASE I - Potentially metastable soils 

CASE II - stable soils 

80 

II 

PFQ - Pine Farm Quarry PB - Pegwell Bay 

FIG. 8.3 

90 

F - Ford 

R Reculver 

PBC - Buried Channel Pegwell Bay 

ST - Sturry 

N - Northfleet 

Grap-h for probability of collagse of brickearths 
(After Gibbs & Bara 1962) 

/ 



0.01 
0.675 

0.650 

0.625 

0.600 

11- 0.575 
cc 

c-=-1- 0.550 

0.525 

0.500 

0.475 

0.450 

flooding 
—.. ---. 111., 

--- 
•.,„, *"..... 

'".... .4, 
--..,<..carbo 

---. .... 
tetrachloride 

\ 
\ 
\ 	vt 

. 
` ....-- 

. 
... 

\.,-methyl ti 

acetone 

\\\■ 
\I\ 

alcohol 

\\ 

\\\t 1• 
\ 
V 
\ \. 

1 _.. \\ v--calcium 

1 

chloride 

phosphate 
lb—sodium water hexameta-

i 1 

Void ratio - applied  pressure curves for specimens from Pegwell Bay 
flooded with selected fluids showing  result with methyl alcohol 

APPLIED LOAD tons /ft2  (log.scale) 
0.02 	0.05 	0.1 	0.2 	0.5 	1.0 	2.0 	5.0 	10.0 16.0 20.0 	50.0 



- 302 -  

CHAPTER NINE  

DISCUSSION - PART TWO  

The sampling sites and the reasons for their selection were 
described in Chapter 5. 	The recognised origins of the materials 
at the sites can be summarised as: 

Pegwell Bay 

Buried Channel, 
Pegwell Bay 

Ford 

Pine Farm Quarry 

Northfleet 

Reculver 

Sturry 

wind action, (loess) 

- solifluction of nearby loess 

wind action, (loess) 

- solifluction or sheet-flooding 
with some wind action 

wind action (loess - Saalian 
in age) 

- wind action (loess) 

fluvial deposition 

Two of these sites deserve further discussion. 

The material at Ford was seen to be "laminated" with alternating 
(but not necessarily rhythmic) horizons of buff-coloured loess, thinner 
pale-buff horizons and clay-rich bands up to 2 inches thick. 	Grading 
curves for these horizons have been presented and the alternating 
buff and pale-buff horizons have been shown to be comprised of silts 
with the latter finer grained. 	The site at Ford was the only one 
visited where this distinctive banded appearance was observed. 	The 
author considers that the laminated silts were possibly formed as 
a result of fluctuations in wind strength and/or direction which 
enabled finer suspended materials to be deposited. 	However, the 
origin of the clay rich horizons is obscure (in thin-section, the 
horizons were seen to contain rounded pellets of clay with 
included quartz fragments). 	Their lower junctions with the 
underlying loess were sharp suggesting they are not weathering 
horizons. 	Solifluction would seem to be an unlikely mode of 
formation since it may be anticipated that such action would tend 
to disperse and distort the pellets. 	Their grading shows them 
to contain a significant proportion of silt- and sand-sized material 
which probably precludes them as being formed solely from 
wind-blown suspended material. 	A possible mode of formation 
suggested by the author is that they represent accumulations of 
"pellets" of clay-rich material, possibly originating from the 
London Clay to the west, blown along the surface of the ground 
and mixed with other aeolian transported material. 
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The second site of particular interest is that at Pine Farm Quarry 
near Maidstone. 	Worssam (1963) described the brickearth infilling 
the gulls in cambered Hythe Beds as being derived essentially by 
sheet-flooding of pre-existing silty deposits with possibly some 
wind-action. 	Based on his descriptions of the geology in the 
area, the most suitable source material was probably the Sandgate 
Beds. 	The author considers that sheet-flooding and solifluction 
are basically non-sorting processes and based on this premise, the 
grading curves for the Sandgate Beds in the general area presented 
by Gossling (1929) would preclude the brickearth having been formed 
by such processes since the particle size distributions for the 
materials are incompatible. 	"Buttresses" of aggregated clays 
were observed on the SEM by the author in specimens of brickearth 
from Pine Farm Quarry and it must also be borne in mind that this 
brickearth was one of the least dense materials studied. 	These 
features are considered syngenetic since the author cannot envisage 
any post-depositional process whereby clays could become aggregated 
between quartz grains after their deposition since this would 
necessitate pushing the quartz grains apart. 	Such "buttresses" 
were observed in the other brickearths examined which are 
considered to be loess - they were not observed in the materials from 
Sturry and the Buried Channel at Pegwell Bay. 	The author considers, 
therefore, that wind-action played a dominant role in the formation 
of the brickearth at Pine Farm Quarry and indeed that it is loess. 

Perhaps the most significant variable characteristic measured in 
the brickearths studied is that of dry density ranging from 
93 lb/ft3  to 108 lb/ft3. 	The densest materials were those from 
Sturry and the Buried Channel at Pegwell Bay, both of which were 
formed by deposition under "wet" conditions i.e. fluvial action 
and solifluction respectively and both of which were found to 
be "fissured". 	Also of interest is the relatively wide variation 
in dry densities of the loesses studied - the material from 
Pegwell Bay being the densest. 	It is not clear whether this 
variation is a characteristic resulting from differing conditions 
at the time of deposition or whether it is a result of post- 
depositional changes. 	Certainly the relative abundance of 
aggregated clays in the form of buttresses observed with the 
Scanning Electron Microscope in the least dense materials from 
Ford and Pine Farm Quarry suggests that their relatively low 
densities are a depositional feature. 

It could be argued that of the denser loesses sampled those from 
Pegwell Bay and Reculver have resulted from consolidation/ 
compaction from superincumbent material or from wetting/drying 
effects and that initially they were of a similar density to the 
material near by at Ford or even of lower density. 	Fookes and 
Best (1969) concluded that the Pegwell Bay loess was deposited 
under fairly cold arid conditions but was later subjected to humid 
conditions which led to a closely packed fabric by partial collapse 
or by wetting and drying. 	If the loesses at Pegwell Bay and Reculver 
initially had similar porosities to that of the loess at Ford, then it can 
be estimated that the samples from Pegwell Bay and Reculver 
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had been buried under at least 50 feet of material*. 	Based on 
the current extent of the present-day exposures at least 30-40 feet 
of material would have to have been eroded. 	There is no evidence 
to suggest that this amount of erosion has occurred although 
Weir et al (1971) state that "at least 2-3 m. of loess was removed" 
by erosion and it is thus considered unlikely that consolidation/ 
compaction above of the loess at Pegwell Bay and Reculver has 
resulted in their low porosity relative to the loess at Ford. 
The Saalian loess at Northfleet has, however, been subjected to 
loading from superincumbent material from a comparison of the 
present day exposures and the section given in Zeuner (1959) p.164 
and it is not unexpected that this material is relatively dense. 

Moisture loss from soil on drying is equivalent to a loading 
process as it increases the intergranular stresses as discussed 
previously. 	Thus moisture loss can bring about a more closely 
packed structure. 	Observations by the author have shown that 
moisture fluctuations do occur - the influence of these on the 
soil structure in situ is not known. 	Thus, all the soils will 
undoubtedly have undergone "densification" since they were deposited 
to an unknown extent. 	However, the fact that the Pegwell Bay 
and Reculver materials are significantly more dense than that 
at Ford despite their basic similarity in grading, mineralogy etc. 
and their probably similar post-depositional environmental/climatic 
history is again considered by the author to indicate that the 
varying densities reflect variations in their state immediately  
after deposition. 

With the exception of the materials from the Buried Channel at 
Pegwell Bay and Sturry, all the other materials studied were 
distinctly calcareous - the materials from the Buried Channel and 
Sturry showed only a very slight reaction with dilute hydrochloric 
acid. 	In the calcareous brickearths, calcite has been observed 
as grains, linings to rootlet holes and calcareous nodules and 
the SEM study showed that it could be distributed around the 
grains but most probably as a precipitate resultant from drying 
of specimens for testing. 	There was no indication in any of the 
specimens examined that it occurred as concentrations at inter- 
granular contacts which could act as a cementing agent. 	The 
calcite lining to rootlet holes was seen to contain quartz silt 
particles and the concentration  of calcite decreased away from the 
hole. 	No disturbance of quartz grains in the area of the rootlet 
holes was observed. 	The calcium carbonate content was found to 
vary not only from site to site but also within any one site 
(see Table 7.VI). 	This latter aspect probably reflects the 
non-uniform distribution of the calcite throughout the materials as 
nodules and linings to rootlet holes and the influence of this on the 
size of samples taken for sampling. 

There is no apparent correlation between calcium carbonate content and 
grading characteristics or porosity or any other physical character-
istics measured in the materials studied. 

* This figure is based on the e/log p curve for the specimen from Ford 
saturated under zero load (Figure 7.19). 
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As illustrated in Chapter 2, the origin of calcium carbonate in 
loess has been a source of controversy. 	Indeed, Smalley et al (1970) 
p.1594 concluded that the origin of calcium carbonate in loess 
remains a mystery". 	They examined discrete particles (formed 
by breaking and sprinkling the resulting "powder" onto the specimen 
stubs) from German loess and concluded that calcium carbonate 
formed discrete encrustations on the quartz particles. 	They do 
qualify their observations, however, since they found it difficult 
to interpret which of the superficial encrustations were carbonate. 
The presence of Chalk foraminifera in the calcareous brickearths 
studied leads the author to concur with Pitcher et al (1954) that 
much of the calcareous material is derived from the Chalk. 	It is 
interesting to note that with the exceptions of the redeposited 
brickearths from Sturry and the Buried Channel at Pegwell Bay 
which were essentially non-calcareous, all other materials were 
calcareous. 	Also, all materials overlay calcareous deposits, 
again with the exception of material from Sturry which was lying 
on London clay. 	The essentially non-calcareous nature of the 
Buried Channel infilling is curious in view of the fact that it 
overlies frost-shattered Chalk and was undoubtedly derived from 
the nearby calcareous loess. 	It is not clear whether the 
essentially non-calcareous infilling was formed from essentially 
decalcified (leached) loess or whether decalcification of the 
calcareous parent material during deposition was significant 
arising from the presence of cold water during deposition - cold 
melt-waters can have a strong leaching action on calcareous materials 
(Williams, 1949). 

A rigorous mineralogical analysis of the materials has not been 
carried out in this study for the reasons given earlier. 	However, 
the materials have been examined mineralogically on a broad scale 
to observe their characteristics from the engineering viewpoint. 
It has been shown that quartz is the dominant component in all 
the materials studied, with subsidiary amounts of feldspars and 
clays and in the calcareous materials calcite and occasionally 
dolomite in very small quantities. 	Perhaps of most significance 
from the engineering viewpoint is the presence of swelling clay 
minerals in the <2p fraction in all materials in the form of 
mixed-layer illite - montmorillonite and possibly mixed-layer 
illite - vermiculite although the latter could not be established 
definitively. 	Furthermore, montmorillonite per se was identified 
in materials from four sites, namely Pegwell Bay, the Buried 
Channel at Pegwell Bay, Ford and Reculver. 	Vermiculite was 
identified in all specimens. 	The "peaks" for all the interpreted 
mixed-layer minerals and montmorillonite observed on the X-ray 
diffraction traces were generally not sharp indicating a poor 
degree of crystallinity probably reflecting post-depositional 
weathering/transformation process. 	Sabine Young and Dangerfield (1963) 
analysed the clay fractions of some brickearths from Kent 
(see Figure 3.1) and found that chlorite occurred in all of them. 
Chlorite was not identified in the clay fractions of the materials 
examined by the author although very minor amounts of chlorite 
were observed in some of the materials in thin-section. 	Fookes 
and Best (1969) noted the absence of chlorite in the clay fraction 
of the Pegwell Bay loess although Weir et al (1971) report the 
presence of interstratified mica-chlorite in the clay fraction 
of a buried soil profile in the Pegwell Bay loess. 
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The fabric studies have shown that the soils appeared 
differently in thin section under a petrological microscope 
and in a Scanning Electron Microscope. 	Whereas the 
openness of the fabric was not readily evident in the 
thin-sections, it was apparent in the SEM pictures. 
Similarly little information was obtained from the thin-
sections of the distribution and morphology of the clays 
within the specimens. 

From the SEM study, the apparent density in terms of "openness" 
of the soil fabric of the materials as observed reflected 
their measured dry densities. 	In general the morphology 
of the clays within the soils was seen to be similar in 
all the materials. 	The specimens for the SEM study were 
prepared from air-dry samples and it is considered by the 
author that the soil fabrics observed (in particular the 
distribution of the clays) were pertinent to those of the 
undisturbed air-dry samples used in observing their 
compressibility and shear strength characteristics. 	It 
is appreciated, however, that the observed fabrics were 
undoubtedly "induced" by allowing the materials to achieve 
an equilibrium air-dry moisture content. 	(It is conceivable 
that further minor changes in the fabric may have occurred 
when the SEM specimens were subjected to a vacuum causing 
moisture loss by "evaporation" in the coating machine during 
their preparation. 	Such changes cannot be quantified and 
if they did occur, it is considered that they would most 
probably be very small because of the existing relatively rigid 
structure.) 	Consequently, it is appreciated that the soils 
at higher degrees of saturation could have different 
fabrics to those observed. 	Thus it cannot be discounted 
that the general similarity in observed fabrics was influenced 
by air-drying the materials. 	More sophisticated techniques, 
such as "freeze-drying", would be necessary to investigate this. 
However, the author is strongly of the opinion that the 
effect of drying was merely to enhance the pre-existing 
fabric in terms of the distribution of the clays as "bridges" 
and coatings to grains and that in fact the soils do have a 
similar fabric in the field which is mainly the result of 
cycles of wetting and drying. 	For the reason given earlier, 
the clay "buttresses" are considered to be a depositional 
characteristic and it is considered significant that they were 
not observed in the "reworked" materials i.e. the brickearths 
from Sturry and the Buried Channel at Pegwell Bay. 

The results of the fabric study have shown that the idealised 
soil structure (Figure 4.1 (c)) favoured by the author prior to 
the study is an oversimplification of the observed fabric in 
the air-dry materials. 	Whilst clay "buttresses" as depicted 
on Figure 4.1 (c) were seen in the loesses, clay-coated grains in 
contact with each other, often with clay "bridges" were more 
common. 	A better representation of the fabric of the loesses 
studied would be obtained by combining Figures 4.1 (a) and 
4.1 (c) and including clay "bridges". 	A modified 
Figure 4.1 (a) to include clay "bridges" would be a better 
representation for the fabric of the brickearths from Sturry 
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and the Buried Channel at Pegwell Bay. 	However, despite 
the observed more complex distribution of the clays, the 
arguments put forward in Chapter 4 in discussing the role 
of the clays in interparticle bonding and the collapse 
phenomenon as a microshear problem are still considered 
valid and relevant to all the materials tested. 
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CHAPTER TEN  

SUMMARY AND CONCLUSIONS  

A literature review on the nature and origin of loess has shown that 
whilst there has been general agreement as to the nature of the 
material, there have been many and varied hypotheses relating to 
its origin. 	It has been pointed out that there is now general 
agreement that loess has been formed from the deposition of wind 
transported predominantly silt-sized material. 	The reworking of 
loess by, for instance, colluvial or fluvial processes may give 
rise to "loess-like" material. 	The difficulty in differentiating 
between loess and "loess-like" material has been discussed. 

A review of the literature relating to brickearths generally and 
those of Kent in particular revealed similar diversities of opinion 
relating to their origin. 	The definition of brickearth as 
"material suitable for making bricks" is non-generic and is seen 
to include "loess-like" materials i.e. those which morphologically 
resemble loess as well as non "loess-like" materials. 	Whilst 
some of the brickearths may have been derived by the weathering 
and/or reworking of pre-Quaternary deposits (by, for example, 
fluvial action and colluvial processes), some brickearths are loess 
and its reworked products. 

The significant engineering characteristic of loess, namely that of 
metastability, has been discussed in terms of soil structure and 
stress conditions within the soil and a possible collapse mechanism 
has been reviewed. 	Laboratory testing has been carried out on 
some brickearths from Kent including loesses, a reworked loess and 
a fluvially deposited material. 	The source of the material for this 
latter brickearth is unknown but it probably represents water 
reworked material initially of aeolian origin. 	The laboratory 
testing included index testing, observations on the compressibility 
and strength characteristics of the brickearths, fabric studies 
and mineralogical analyses using X-ray diffraction techniques. 
The main points and conclusions arising from this study for the 
brickearths tested can be summarised as: 

- all the brickearths studied are comprised primarily 
of silt-sized quartz grains with subsidiary 
amounts of feldspars and clays. 	Calcareous 
brickearths contain calcite and sometimes dolomite. 

- minor variations in the mineralogy of the clay 
component have been found. 	Of engineering 
significance is the presence of a swelling 
component in the clay fraction. 
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- all the brickearths were found to be partially 
saturated in the field even after prolonged 
periods of heavy rain. 

- the materials have similar particle size 
distributions and consistency limits and are 
similar in this respect to other loesses and 
loess-like materials. 

- the brickearths studied show a relatively wide 
range in porosity. 	The densest materials were 
those deposited under relatively "wet" 
conditions. 	However, even the loesses have 
a relatively wide porosity range which is 
considered by the author to reflect their 
state immediately post-deposition. 

the fabric of the brickearths has been studied 
using thin-sections and also using a Scanning 
Electron Microscope. 	It is concluded that 
the SEM observations are probably more 
representative of the true structure but it 
is stressed that specimen preparation can have a 
significant effect on the observed fabric 
and care must be taken in the selection of a 
specimen preparation method. 

- the fabrics of the brickearths have been shown 
to be essentially similar with increasing 
apparent openness of the fabric corresponding 
to measured decreasing density. 	The clays 
in the brickearths have been observed in three 
forms: as coatings to grains; as "bridges" 
linking grains; and as "buttresses" of aggregated clays 
wedged between grains. Worthy of note is that the 
"buttresses" were observed only in the loesses 
studied and it is concluded that these clay 
aggregations are syngenetic. 

- it has been pointed out that because the specimens 
used in the SEM study were prepared from air-dry 
samples, the fabrics observed are considered 
to have been induced but most probably represent 
an enhancement of the fabric of the soils in their 
natural state. 

- based on grading characteristics, a relatively low 
density and the presence of clay buttresses, it is 
concluded that the brickearth from Pine Farm Quarry 
represents a true loess rather than material formed 
from sheet-flooding/solifluction of pre-existing 
loamy deposits. 
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oedometer testing has shown that all the brickearths 
when tested air-dry are potentially metastable i.e. 
will collapse when flooded under load. 	In an air-dry 
state, their behaviour can be modified when flooded 
under low loads because of the rehydration of the 
clays and swelling can arise. 	Swelling was observed 
to increase with increasing dry density. 	The degree 
of collapse of the soil structure when flooded under 
load was observed generally to increase with 
increasing load at flooding and increase with 
decreasing dry density for any given load. 	Post- 
flooding, all the soils have been observed generally to 
tend towards a unique void ratio/applied pressure 
relationship which is considered to result from their 
essentially similar grading characteristics. 	Minor 
variations probably arise from minor variations in 
grading and particle shapes. 

reported criteria for predicting soil structure 
collapse are not applicable to the brickearths 
studied. 	It is concluded, therefore, that the 
only reliable means of establishing their potential 
for collapse is by oedometer testing. 

- the shear strength characteristics of brickearths 
have been examined and have been found to be 
significantly influenced by moisture content. 
It is concluded that it is imperative that the 
strength and compressibility characteristics of the 
brickearths for design purposes should be determined 
using testing procedures which reflect the probable 
conditions the soils will be subjected to, especially 
with regard to moisture variations. 

- it is concluded that calcium carbonate plays no 
significant part, from an engineering viewpoint, as an 
intergranular cement in the calcareous brickearths 
studied. 	This is based on SEM observations, the 
rapid rate of collapse on flooding under load and 
shear testing. 

- the series of tests in which brickearth was flooded with various 
fluids under load has shown that collapse occurs from "dispersion" 
of the clay's and that the for a given load the amount of collapse 
is dependent on the degree of "dispersion" affected by the 
flooding medium. 

- it is concluded that relatively simple engineering tests 
cannot differentiate between loess and "loess-like" 
silty clays. 
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CHAPTER ELEVEN  

POSTSCRIPT  

In this Chapter it is proposed to review some of the references 
which have appeared since this research project was completed 
(1972) which are deemed to be significant in the context of the 
work carried out and the conclusions previously expressed. 

Leach (1975) has reviewed the nature of some loess and loess-like 
deposits of Hungary and Poland. 	He found that although the materials 
were formed by different processes and could be distinguished in 
geological terms, they were similar in geotechnical terms. 	He 
found that redeposited loesses were essentially non-calcareous and 
describes them as being decalcified during reworking. 	This is an 
interesting and significant observation in terms of the author's 
previous discussion on the reworked, essentially non-calcareous 
brickearth infilling the Buried Channel at Pegwell Bay. 	Leach also 
concludes that the reworked loess "does not constitute a great risk 
to the engineer since the process of reworking does not involve aeolian 
action and the dangerous structure of the loess does not form i.e. the 
non-continuity of the skeleton has been modified in the reworking 
process" (p.215). 	This conclusion is at variance in part with the 
findings of the author. 	"Clay buttresses" were not apparent in the 
brickearth infilling the Buried Channel at Pegwell Bay but were 
evident in the nearby loess, suggesting that the non-continuity of 
the skeleton of the loess was modified in the reworking process. 
The reworking of the loess is seen as being reflected in the higher 
density of the Buried Channel material but the oedometer testing has 
shown that even with this relatively dense structure, the material is 
still capable of collapsing on wetting when under load. 

On a more general note, Smalley (1976) has reviewed the nature and 
origin of loess deposits worldwide. 

Minervin (1975) discussed the results of field tests from which he 
concluded that current seasonal freezing and thawing influences the 
density of loess soils. 	He found that moisture migration towards 
the freezing front causes the soils to swell and "deconsolidate". 
Furthermore, frozen sand grains were crushed under the induced 
stresses and silt grains were produced. 	Such processes could have 
occurred in the past in the materials studied by the author and 
could be a contributory factor to the observed variations in density 
between the materials. 
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Catt et al (1974) have described thin silty superficial deposits 
covering part of the Lincolnshire and Yorkshire Wolds outside the 	• 
limit of the late Devensian (late Weichselian)* glacial stage. 
The authors show that the particle size distributions and mineralogy 
of these deposits indicate that they are composed mainly of loess 
possibly derived from Devensian glacial outwash deposits. 	They 
also point out the interesting observation that the distribution 
of "loess-containing drifts" throughout the Midlands and 
Northern England shows they occur almost exclusively on limestone 
surfaces yet wind transported material would originally have 
been ultimately deposited indiscriminately on all rock types. 
They suggest that secondary carbonate in deposits on calcareous 
substrata could act as a cement in the materials thus resisting 
subsequent erosion which would remove non-cemented materials 
on clays and other non-calcareous substrata. 	As previously 
expressed, the author is of the opinion that carbonates do not 
act as a cement, at least in engineering terms, in the loesses 
and other silty clays examined in this study. 	However, it is 
suggested by the author that the susceptibility to erosion of these 
silty materials and their present-day distribution may be more 
a function of the permeability of the underlying deposits. 	If 
the deposits do not become fully saturated after precipitation/infil-
tration because of relatively high permeability substrata, then 
air-water meniscii will always be present imparting some "strength" 
to the materials. 	If, on the other hand, they can become saturated 
because the substrata is relatively impermeable e.g. clay, then 
it is suggested that they will have relatively little "strength" 
and be most susceptible to erosion in this state. 	A detailed 
review of the distribution of loess and loess-like deposits in 
relation to their substrata would be required to clarify this. 

In the light of the discussions in Chapter 9, the author notes 
with interest that the "brickearth" infilling the gulls in 
cambered Hythe Beds at Pine Farm Quarry is now described as 
loess in the publication "A Correlation of Quaternary Deposits in 
the British Isles" - Geological Society of London, Special Report 
No.4, 1973. 

The collapse of the soil structure of loess on wetting under load 
has been reported by Kane (1973), Zur and Wiseman (1973) David 
et al (1973) and Audric and Bouquier (1976). 	A collapsing 
residual soil from southern Brazil has been described by Vargas (1973). 
David et al (1973) also described loess which was capable of both 
swelling and collapsing but offered no explanation as to the 
mechanisms involved - swelling was observed in their relatively 
high density materials (greater than 109 lb/ft3 ). 	In general, 
the geotechnical properties of the soils described in the references 
above are similar to those of the loesses and brickearths tested 
by the author. 	In this context, the results of the tests carried 
out by Audric and Bouquier are of particular interest since their 
tests were performed on loess from Normandy, northern France. 
The reported ranges of geotechnical properties of their materials 
in terms of particle size distributions, plasticity and density are 

* The author notes and recognises the revised terminology for the 
Quaternary System as published in "A correlation of Quaternary 
Deposits in the British Isles" - Geological Society of London, 
Special Report No.4, 1973. 
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remarkably similar to those obtained by the author for the materials 
from Kent. Chaplow (1974) has described collapsing silty fine 
sands from Lar, Iran which contained bubble structures produced by 
rotary coring and stressed the importance of selecting the appropriate 
sampling method to obviate sample disturbance, in partially saturated, 
non-cohesive sands and silts. 

The special tests carried out in the oedometers in which material was 
flooded with different fluids has illustrated the significance of 
the clay component in the soils. 	In particular collapse is seen 
by the author as resulting from "dispersion" of the clays and 
also increasing collapse for any applied load is considered to arise 
with increasing "degree of dispersion". 	In 1973, Reginatto and 
Ferrero presented the results of tests during which collapsing soils 
from Argentina were flooded with drinking water, domestic sewage 
and acidic water (pH 5.5-5.6) and found that different amounts 
of collapse were obtained with the various fluids. 	Although they 
did not offer a detailed discussion, they concluded that "an analysis 
of the chemical interaction between soils and liquids suggests that 
the collapse of the soils tested may be due to dispersion or defloc-
culation of the clay fraction which constitute the cementing bond 
between the mineral particles of the soil" (p.183). 

The discussion presented by the author to explain the influence of 
the various fluids on the clays in the soils during the special tests 
is, of necessity, qualitative and not rigorous since it is appreciated 
that other factors which were not investigated are undoubtedly significant 
e.g. cation exchange capcity, temperature, pH. 	Sridharan and 
Venkatappa Rao (1973) observed the compressibility characteristics of 
monomineralic clay samples produced by remoulding kaolinite and 
montmorillonite respectively with various organic fluids and also 
their behaviour on replacement of the pore fluids. 	They found 
different behaviours between kaolinite clays and montmorillonite 
clays and concluded that the former were influenced by shearing 
resistance at interparticle level whereas the latter were governed 
by long range diffuse double layer repulsive forces. 	Moore and 
Mitchell (1974), however, illustrated the influence of electromagnetic 
forces of interaction between kaolinite particles (i.e. forces of 
attraction and repulsion associated with the double layer) in a 
series of tests in which they measured the shear strength of samples 
prepared by remoulding kaolinite with organic fluids of different 
dielectric constants. 	They found that the shear strength decreased 
with increasing dielectric constant. 	The findings of Moore and 
Mitchell provide a semi-quantitative confirmation of the ideas 
expressed by the author in Chapter Eight. 

Results of recent fabric studies on loess have been reported by Barden 
et al (1973), Collins and McGown (1974); Leach (1974) and Grabowska - 
Olszowska (1975). 	The study by Barden et al was in relation to a 
review of the collapse mechanism in partly saturated soils. 	They 
observed various metastable materials including samples from Ford 
and Pine Farm Quarry provided by the author. 
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Their conclusion with regard to the fabric of the Kent loesses 
are in general agreement with those expressed previously by 
the author. 	In particular, they found relatively dense structures 
with an uneven distribution of the clay component. 	Collins 
and McGown carried out a SEM study of the microfabric of a variety 
of normally consolidated or lightly overconsolidated recent clays, 
silts and sands formed within the last 10,000 years. 	The soils 
included wind-blown deposits of collapsing sand from South Africa 
and loesses from Pine Farm Quarry, Ford and Tongrinne in Belgium, 
the latter three materials provided by the author. 	They attempted 
to characterise and categorise aspects of soil fabric e.g. pore 
spaces, distribution of clays and relate them directly to the 
environment of deposition of the various soils and to various 
"models". 	They concluded that "natural soil microfabric is much 
more complex than previously reported". 	The author considers 
that the rigorous characterisation attempted is not entirely 
justifiable especially in relating the observations to the mode 
of formation of the deposits since their specimens were prepared 
from air-dried materials. 	As pointed out previously, the 
structure observed is probably induced and may not always be 
relevant in relatively porous soils in their natural state. 
if they have high degrees of saturation naturally. 	It is suggested 
that a comparative study using freeze-drying techniques for 
example is necessary to observe the effects of air-drying on the 
structure of such soils before attempting to define soil structure 
characteristics. 	Leach described a method of observing the fabric 
in loess by using thin sections prepared from carbonate 
concretions to overcome the problems of fabric disturbance in resin 
impregnated "normal" specimens. 	This method has interesting 
potential but only if it can be established that the structure 
preserved in the concretions is the original soil structure. 
Grabowska-Olszowska has described the results of SEM studies on 
some Czechoslovakian loesses. 	She concluded that the studies 
showed that the engineering properties of the soils were the 
result of structural features which, in turn, were dependent on 
genesis and post-depositional alterations. 	The study revealed 
a fairly uniform distribution of clays throughout the soils which, 
she concluded, may indicate either their aeolian transporation or, 
"which is also highly probable, their origin in situ as a result of 
structural alteration of aluminosilicates in the loess". 	Furthermore, 
it was found that the carbonates do not form significant coatings 
around grain but almost always occurred in the form of irregularly 
distributed growths except where they occurred as carbonate rock 
debris. 	Like the author, she concluded that calcium carbonate 
did not act as a cementing agent in the loesses examined. 

Leach (1973) raised the question "what is the actual failure 
mechanism in loess and what factors affect structural collapse?" 
(p.117). 	The author considers that the foregoing discussions in 
this thesis and particularly the results from the special tests 
in the oedometers help to elucidate the collapse mechanism and the 
associated factors, at least for the Kent collapsing soils studied. 
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APPENDIX I  

COMPUTER PROGRAM FOR REDUCING DATA 
FROM DRAINED TRIAXIAL TESTS 



)rou;' 

(AC01: 

pl:Cf.P.Ah 	(INPUTIcuTPuTeT,!.PE=1:d-111.1.PEu=u(qPuT1 
C 	PkoGRA: tALL cor4vERT OAT,: FP0',1 	Td1;.xiAL TEsiS INTO v-LuEh 
C or DEVI.,T01. STFEJSI- S• AXIt.L STI,AILS 	sTkAu.s 	T11. 
C THPOUGrwUT THE TLST 
C MAIN PrGRio 

C RFAP Its NURIEP OF TEST SPECIWIS 
J4E41. (SlIt/01)NWISP 

10e1 FORIAT (12) 
C BEGIN SIQUELCE oF TESTS FOfe PP0CESSIN 

DO 100 r=1,WhSP 
1 0 0 CALL KW', 

STOP 
ENE; 

uNISir COMPILER SP,,CE 
00(150r 



SU P:OUTINE 1,i06 
r T IS IS THE PPOCLSSING SLITiROUTINE JhI C 	LcuL11LS 41r rAutATi.s 
C E.+PikPINTAL D(T.■ 

I. jfAINSIoN 	 0) el'UNIv U.0( ) .111■FI(n()) 	:10 ,EILVOL ft . ) 
)I 	)1A/st.I'S (00C) 'VOLE 	(b00) •:-N.:?1..A( (..)) it EV :T (ut',11) 	Cv!-...T 	U. I 

C P ITIbLISt ..LL SibSCRIPTED VAIAADLLS 10 i:Etit,  
u0r:017,1 	Po 110 i=1 ,AO 
L0L01. 	PHIV(J)=L' 
v09011 	rGoIv(J)=0 
u00011 	TINCh(J)=0 
(J06017. 	TINEMIJ/LIL 
u0001' 	UELVOL(J)=0 
000011 	DLEN(J)=0 
C011011 	AXEPS(J)=C 
00(014 	VOLEPS(J)=0 
L00014 	SAkEA(J)=0 

UEVST(J)=0 v00014 
00001!, 	EEVST(J)=0 
v0001:1 	110 CONTINUE 
o00016 	to 3U 

PN 	
J=1,4 

(JOL,027- 	130 SAI1E 1.0c1  
C READ IN SPECIIIEN DESCRIPTIOI,  

con024 	PEAP (5•1009)(SPNAME(J),J=114) tr5PNut 
000033 	1009 FORMAT (4A1.,I3) 

C READ SPECIHLN DIANSIUNS 
L00033 	PEAN (5,1003;SPRAP,SPLE0 
v00047 	103 FOPNAT 

CRE40 IN 'TIGI'T OF SANPLE 
Loco47 FEi (51100,2.)V,A7F 
10(05) 	10 2 VOWAT (F(,,;') 

C READ 	kATI_ OF ShEAP 
HEM) (b•1:II). )15 

bor.or-7 
 

101- f frIP,AT  (Flo. 1 
C RF-4.10 IN CriA' 	IH SPLCINEN voLuilE 1,0,J16 Co: shL10.1T0, 

v0120'.7 	REAI,  (b,1004,DVOLC 
Q00067. 	10 .4 FOkrAT (F 

C READ 1H COrSOLIF.J10 PRESS014.  
A,0c0t!I 	WEAL (5,10MCELLP 
C00071 	105 ruRrAT (110.2) 

C RE 14.1 I. VAT:. AbliuT PPOVII4, Fl; , 
V00073 	PELF,  (5'1007)1,PP.NXLISNEAr 
LO(ICrI 	10•-7 1.0P;,AT (I411,,P.311X0F5.3) 

C RIAU IN PATE OF 11.ST 
L0010!". 	RLAI,  (5.100)1X1DNI DY 

( 



COfi11 7 	101:0 FORHAT (1- 3...'1F3.0,F5.f1) 
C READ In DIAL GUAA CALIBRATION COI,S1A-T 

U0r/11 7 	PrA0 (50('1 6 10GC 
60r lir 	1011; FOW;AT (lb.() 

C P)_AD IH rJUhhLF OF DATA POINTS FoR SHL.P1 	STAGE. 
u0(,125 	READ (`_1,100h)NWIPTS 
00[13') 	10i,b FOROAT (13) 

C PEAR IH CXPLPIME:ITAL DATA 
00 0 131 	21=) (5t1011,(TINEHIV),TIrEit(141IFFOI%(t),Iv().uFLvOLIt.)$K=lo:u 

1011 FOP:AT (14.t,IX,14.011X,F6.1t1A,Ft..1•Fu.3) 
C Cori-UTE INITIAL VCLUNE 

60'1162 	PPIVOL=((n. *SPLEN*(5PRAD**2.0))/7, )0(P.54**3.0) 



CCOMPUTE THE VOLK DENSITY 
000172 	BDENS=OgATE/PRIVOL)*(((2.54**3.0)*1728e0)/453,59) 

C COMPUTE VOLUME AFTER CONSOLIDATION 
000175 	ACVOL=PPIVOL...DVOLC 

C COMPUTE INITIAL A.-SECTIONAL AREA 
oon176 	AREA=PRIVOL/;SPLEN*2.54) 

C COMPUTE CHANGE I . LENGTH DURING CONSOLI0r.T101; 
000200 	DELEN=DVOLC/(3.O*AREA) 
GOC2C.; 	ACLEN=(SPLEN°2.54),..DELEN 

C COMPUTE X.-SECTIO JAL AREA AFTEP CONS0LIOAT/O., 
000207 	ACAPEA=HAREA*SPLEN*2,54)wDVOLOW(91.E1.1*?.b4)-.:ELE..) 
000207 	DO 120 F=1,Nt;MPTS 

C COMPUTE CHANE IN LENGTH DURINO SHEAR 
00(225 	DLEH(K)=0OGDIVIK).-DGDIV(1))*DGC 

C COMPUTE AXIL STJtAIN 
00023r 	AXEPS(K)=DLEN(K)*100.0/ACLEN 

C COMPUTE VOLUMETRIC STRAIN 
000231 	VOLEPSft)=DELVOL(K)*100,0/ACVOL 

C COMPUTE X.-SECTIO.,AL AREA AFTER SHEAR 
U00233 	SAPEA(K)=ACA:'EA*((10040+VOLEPSN'))/(100.0wAXEPS(K))) 

C COMPUTE DEVIATOR STRESS 
000236 	DEVST(K)=CPPOIVIVAPROIV(1))*SMEAN/SAPEP(0 
600241 	120 EEVST(K)=DEVST(K)*(2.54**2.0) 

C PRINT DATA 
GC:244 	OITE (0,2000)(SPNAME(0),J=1,4),KSPNOHOU,OH,OY.NPR,MAL,SMEAN,CELL 

IP 
td0C271 	2000 FORMATIIM1t4h1(.9139//1X131HDATE OF CuHMENCEMENT OF ICST = ,F3.,,F3 

6.0,F5.0,//11•s22HPROVING RING I'UrRER = o1414A,24NRA1(-F OF PROVIN6 P 
7ING = ,1514H LD5,4X935N1TEAN SENSITIVITY OF PROvjNG kING = 9E5.3.12 
HH L6S PER DIV//1X921HCONFINING PRESSURE = ,F6.2.14H LBS PEP SO IN) 

C PF INT RATE oF SHEAR 
WRITE (6120C)RS G00271  

00n277 	2005 FORMAT (1X11611RATE OF SHEAR = ,F1 .Q,12o INS PE.14 Hlf.) 
CWRITE THE BULK DENSITY 

000277 	v.PITE (6,206.)PDERS 
0003n5 	20n4 FOPAT(1XT15HbULK DENSITY = IFo.2•10r. Li.S PER CI.BIC F(DT) 

C PF INT CNLUMN HEA0INGS 
00365 	4f1 	(6,2001) 
u0(311 	20C1 FORoAT (1H0,"JHHRSI4X14MMIN5*12A 1 1:,NDEVIi.TOR STRESSt)?x,12H4XIAL 51 

9J;AIN112Xt17HV(LOMETRIC STPAIN) 
1,0(:311 	WRITE 0,,20) 

20.2 FOPHAT (1H .24X113HLBS PER SO IN,)514:HPEF CEN1.1PX,8HPEP CPI) 
C Ti-FUL.TE RESULTS 

600315 	4.-r?ITE “r20(3) ITIMEH(K),TIMEM(Y)JLEvST(K).“AEP(K),VPLEPS(K),K=7. 

“134^ 	
IkHP oTS) 

OC 2C3 FOWIAT (111 .1.4.0t4XtF4.)113X,F 7.3.1QA,Fb.2Q1Atr5.?; 
Ar34" 
00n341 	

RETURN 

UNHSEr COMPILEP SP,  CE 
GOSOr 



FORD AIR DRY 

DATE OF COMMENCEMENT OF TEST = 15. 6.1971. 

PROVING RING NUMBER = 1804 	RANGE OF PROVING PING = 1000 LBS 	MEAN SENSITIVITY OF PROVING RING = .644 LOS PER DIV 

CONFINING 	PRESSURE 	= 	30.00 LBS PER SQ IN 
RATE OF SHEAR = 	.004000000 	INS PER MIN 
BULK DENSITY = 	95.67 LBS PER CUBIC FOOT 

HRS 	MINS 	DEVIATOR STRESS 
LBS PER SQ IN 

AXIAL STRAIN 
PER CENT 

VOLUMETRIC STRAIN 
PER CENT 

-0. -0.0 0.000 0.00 0.00 
-0. -0.0 29.784 .17 -.47 
-0. -0.0 63.110 .33 -.93 
-0. -0.0 96.219 .50 -1.35 
-0. -0.0 127.969 .66 -1.75 
-0. -U.0 140.476 .73 -1.90 
-0. -0.0 154.476 .83 -2.06 
-0. -0.0 165.126 .89 -2.20 
-0. -0.0 66.245 .99 -2.36 1 
-0. -0.0 186.743 1.06 -2.46 (.....) 
-0. -0.0 197.323 1.16 -2.57 N 

0 
-0. -0.0 204.135 1.23 -2.66 
-0. -0.0 213.138 1.32 -2.74 1 
-0. -0.0 219.200 1.39 -2.32 
-0. -0.0 224.408 1.49 -2.89 
-0. -0.0 228.129 1.56 -2.93 
-0. -0.0 232.147 1.66 -2.98 
-0. -0.0 233.955 1.72 -3.02 
-0. -0.0 235.250 1.82 -3.03 
-0. -0.0 235.279 1.89 -3.03 
-0. -0.0 235.040 1.92 -3.04 
-0. -0.0 234.585 1.95 -3.04 
-0. -0.0 233.728 1.99 -3.03 
-0. -0.0 231.320 2.05 -6.03 
-0. -0.0 228.112 2.12 -3.00 
-0. -0.0 226.510 2.15 -2.90  

-0. -0.0 214.411 2.3? -2.97  
-0. -0.0 201.693 2.48 -2.91 
-0. -0.0 198.949 2.55 -2.91 
-0. -0.0 195.768 2.65 -2.91 
-0. -0.0 186.245 2.98 -2.93 
-0. -0.0 172.012 3.31 -2.98 
-0. -0.0 164.576 3.97 -3.19 
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