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Abstract

Soil collapse is amongst one of the most significant ground related
hazards to the built environment. A collapsible soil, in particular
loess, typically has an open-structure of particles and collapse
occurs when as a consequence of the addition of water and/or load
the particles rearrange to form a more dense fabric, destroying much
of inter-particle bonds. Collapse leads to a sudden reduction in the
void space and volume of the soil and in turn, a suite of problems
for buildings and infrastructures built on or in collapsing soil
deposits. Treatment to mitigate collapse often involves in
densification techniques. However, such approaches have Dbeen
reported not always effective enough to fully combat the collapse
problem (Wynne, 2007, Roohnavaz et al., 2011). This stems from a
lack of in-depth understanding of soils’ geochemistry and structure,
the result of which 1is an oversimplification of the complex
geotechnical and geological interactions. An important example of
such limited knowledge is the increasing evidence of restoration of
the collapsing structure upon wetting-drying cycles, which is widely

ignored in the current compaction practice.

This research aims to first identifying collapse micro-mechanisms in
fine-grained soils, examining the contribution of a handful of soil
constituents in collapsibility, and finally developing a practical
tool for ground engineers to evaluate the efficiency of the current
compaction practice for systematically <classified fine-grained
soils, and to take modified/novel earthwork approaches where the
current practice fails to fully remove the collapse risk. To do so,
a framework for collapse mechanism is first developed by proposing a
modified form of the principle of effective stress. The modified
principle is formulated for a typical calcareous clayey collapsing
soil through the real-time measurement of grain strength, grain-
cement interaction, packing state and internal forces in the event
of wetting. The framework is then used to examine the impact on
collapsibility of many soil constituents (i.e. quartz silt,
kaolinite, carbonate, silica amorphous, sulphate and chloride, cured
under controlled climates), as individuals and ©pairs. Having

examined the contribution of many soil constituents (and their

iv



relative abundance) as well as internal forces in collapsibility,
sub-63 pm soil is systematically classified into 11 main classes (41
sub-classes), each representing a certain combination of soil
constituents, rendering a certain mechanical response upon wetting.
A set of contour graphs are produced to estimate the maximum
collapse/swell potential for each of the soil classes for given in-
situ conditions. Contour graphs are re-produced for soils improved
by the standard compaction practice. Where the risk of collapse
remained after compaction, constraints to the compaction practice
are identified and tentatively rectified through proposing

modified/novel amelioration strategies.
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Chapter

1

INTRODUCTION

The most beautiful thing we can experience 1s the
mysterious. It is the source of all true art and science

What I Believe. Albert Einstein 1879 - 1955

1.1 Thesis Overview

Loess soils are made up of quartz silt grains, which are connected together
with cementing agents such as clay, capillary water, fine silt, salt or oxide.
The grain-cement connection may however disappear in the event of
loading/wetting, when connectors fail under shear stresses or migrate with the
flowing water. This causes a sudden change in grains arrangement from an
initial open state to a final closed state. Such change in the soil state is
termed ‘collapse’. Loess covers about 10-15% of earth’s landmass (Jefferson
and Rogers 2012). This area extends from Western Europe to China, and patchily
covers North America, South America, central Africa, New Zealand and
Bustralia. Loess may lose cementation and suddenly collapse upon loading
and/or wetting. Collapse results in a range of hazards, ranging from ground
subsidence in wurban areas to differential settlements under atmospheric
storage tanks (e.g. LPG - Liquid Petroleum Gas tank farms in the Gulf region),
pipelines, roads and rail tracks. Damage to infrastructures (see Table 1.1) as
a result of collapse, are widely reported in the literature (Plate 1.2). Loess
geotechnical research generally aims to understand the controlling factors and
mechanism of collapse, and to use this baseline information to mitigate the
collapse or to re-use the poor quality site-won loess to construct fills
beneath the planned developments. A correct choice of earthwork techniques

however, can reduce the problem only to a limited extent. This is because:

(1) The current soil <classification system fails to provide adequate

boundaries, within which the wviability of commonly practiced remedial



techniques is discussed.

Similar soils may behave remarkably different due to

the ignored bonding properties in classification (Smalley and Dijkstra, 1991).

(2) Wetting and ground improvement removes the collapsibility temporarily,

since the collapsing soil structure may retrieve to limited degrees over time.

(3) Common practice occasionally appears

not sustainable

in removing and

stockpiling the poor quality loess to build fills with imported materials.

Table 1.1 Examples of collapsing soils beneath structures posing geohazard

Structure Example Notes In
Buildings Nevada USA 18-inches sinkhole on 400 | McMurdo and
to 600 feet of pavement on | Gomez (2005)
Hacienda Street
Egypt 3-5 m deep, 10-20m  in | Sakr et al.
diameter sinkholes in | (2008)
Sabkha soil along the
northern coast
New Mexico A $0.5 million damage to | Houston et al.
foundation of a commercial | (2001)
building due to
differential settlement
caused by watering the
nearby landscapes
Slopes North West | Over 1000 large landslides | Derbyshire et
China in the loess highlands of | al. (2000)
eastern Gansu, taking the
life of 2000 people
between 1965 and 1979.
Coastlines Rissa, The Rissa land-slide | NGI (1978) and
Norway: taking place on 29 April | Gregersen
Lake Botnen 1978, covering an area of | (1981)
330,000 m?, killing one and
destroying 7 farms and 5
family homes
Water conveyance | Tashkent, 1.5 to 2.5m of collapse in | Rogers et al.
structures Tajikistan loess foundation of newly | (1994a)
irrigation built canals
channels
Airport runways Town of | 200 feet in diameter | CGS (2001)
Gypsum, USA sinkhole formed near the
Eagle County Airport
Heathrow, Evidence ©provided for a | Rose et al.
UK calcareous aeolian loess | (2000) and
layer (Langley silt) near | Jefferson et
the Heathrow airport al. (2003)
Earth-dams Idaho, USA Collapse of Teton Dam - | Smalley (1992)
see Plate 1.1
Road embankments North West | Sinkholes formed in on the | Derbyshire et
China; Galoanshan-Lanzhou road on [ al. (2000)
Iowa, USA 11 August 1990. Handy (1973)
Industrial Kazakhstan Occurrence of calcareous | Roohnavaz et
installations loess deposits in|al. (2011)
Northwest Kazakhstan,
South of the River Ural,

Karachaganak gas field
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Plate 1.1 Teton Dam failure, pictures by Mrs. Eunice Olson in Arthur Gibbs
Sylvester webpage, University of California:
http://www.geol.ucsb.edu/faculty/sylvester/Teton Dam
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Plate 1.2 [1-2-3] Collapse of calcareous chalky silt soil (containing 10.8% chalk
CaS04.2H20, 5.4% S032- at the pH of 9.3 and calcite contents)beneath a rail-track
(Assadi, 2007), [4-5] collapse in a chemical plant after dissolution of secondary
crystals of Sodium Hydroxide connectors upon ingress of rain water (Assadi, 2009)

This thesis explores the mechanism of collapse throughout the pre-wetting,
post-wetting, and wetting stress paths by means of integrated oedometer-
microscopy experiments, as well as a range of spectrometry experiments. This

work 1s presented in three levels:

Level I. Development of a framework for collapse mechanism modelling;

Level II. Development of a modified fine-grained soils classification system

together with the collapse micro-mechanism models;

Level III. Development of contour graphs to estimate the value of collapse
risk for fine-grained soils, identification of constraints to the compaction

practice, and proposing tentative solutions to relax these constraints.

A number of identical artificial loess oedometer specimens (75 mm in diameter)
were engineered by mixing and processing ground Leighton Buzzard Sand (70%),

kaolinite (10%), and carbonate (20%). The constituents were initially prepared
4



and stored in sealed batches under cool dry state, and were processed through
a novel step-wise method to build identical testing specimens (i.e. ideal
loess). Identical specimens were used to examine the strength of silt, silt-
cement interaction, and pore spaces and inter-particle forces under various
wetting/drying conditions. Output was used to determine a collapse mechanism
framework. To extend the framework, various combinations of ground sand,
kaolinite, carbonate, silica and sulphate were used to engineer a wider range
of loess specimens, as well as kaolinite specimens. Controlled contents of
components were mixed together, processed, and cured to build the oedometer
testing specimens. Based on the measured collapse potential, testing material
(representing sub-63 upm soils) was systematically classified into 11 classes
and 40 sub-classes. Specimens in each sub-class showed a reproducible trend of
collapse potential against their bond (i.e. clay and carbonate) content.
Collapse was modelled for soil <classes wusing the initially developed
framework. Collapse models were eventually used to examine the effectiveness
of the current compaction practice in removing/reducing the risk of collapse.
Limitations with the compaction practice are identified, and recommendations

for improvement on a tentative level are presented.

1.2 Aim and Objectives

The principal aim of this thesis is to model the micro-mechanisms of collapse

in loess in order to optimize common ground improvement practices.
The aim is fulfilled through:

1. Critical review of the collated loess literature since 1839 (D’Archiac,
1839) on formation mechanisms, physiochemical and mechanical properties,
and remedial measures as well as the literature’s interdisciplinary
links to particle engineering, ©principle of effective stress,
unsaturated soil mechanics, and micro-mechanics;

2. The study of interdisciplinary links (through novel test material
synthesis and testing) to develop a modified form of the principle of
effective stress by which the collapse mechanism is explained (Level I);

3. Modification of the <63 um soils’ classification system (Level II);



4, Modelling of the collapse for individual soil types using direct
mechanical as well as micro-analytical examinations, using the framework
developed in Level I (Level II);

5. Applying the models by producing collapse potential predictive graphs,
examining the current compaction practice for any of the soils types,

and proposing a set of modified/novel mitigation strategies (Level III)

1.3 Contribution to Knowledge

The debate on collapse mechanism and efficiency of classic/common mitigation
practice has been a recurrent topic in ground engineering since its early
introduction in 1820s (Smalley et al., 2001). In the last two decades,
research was undertaken on undisturbed natural and artificial clayey silt
soils, aerially deposited and wetted at a high void ratio. Contributions
published in the 1990s and 2000s often explore the collapse behaviour
throughout the stress-void ratio plane by means of a descriptive framework
that incorporated packing, micro-textural, and micro-structural information.
It could be inferred that examining the current state of development of loess
research under a geotechnical theme would provide detailed information. This
however, 1is only literally true, since loess spans a much wider range of
components, and deserves a higher account of recognition of the role played by
the clastic properties of the grains, the micro-morphology and chemical

structure of the bonds, stress and hydraulic history and internal forces.

The genesis of 20-30 pm silt mode was examined through quartz crushing
experiments, under controlled input energy (both in magnitude and in operation
period) along with Petrological and Electron microscopy. The work evidenced
the significance of internal crystalline controls and questioned an earlier
clastic equation of McDowell and Bolton (2001), in which a greater chance of
breakage was considered for finer grains. The synthesis of carbonate bonding
materials (at controlled contents) in loess was practiced for the first time.
Special emphasis was put into a better understanding of the association of
soil’s collapsing behaviour and carbonate’s micro-morphology. Such an improved
understanding was finally wused to deliver a modified tentative ground

improvement practice. The control of precipitated silica on collapsibility was
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examined in loess soils containing varied contents of kaolinite and carbonate,
in presence or absence of sulphate phases. This showed why the novel Russian
silicatization technique (i.e. controlled injection of Sodium Silicate
solution and Carbon Dioxide into the soil) could improve some but not all
loess soils. To describe the collapse behaviour of loess, a new form of
principle of effective stress was proposed, supported with a tailored
oedometer test procedure. To do so, a novel test setup was designed and
practiced to measure a handful of internal forces, real-time, on the wetting
stress state surface. Having the principle in hand, and the produced collapse
pressure database, a new classification system addressing fine-grained soils
was proposed and detailed. For each of the soil classes, the collapse
mechanism was systematically described. The current ground improvement

practice was examined, and modifications were proposed at a tentative scale.

1.4 Impact

The improvements made in the principle of effective stress (Level I) brings an
immediate impact on: (1) Explaining the collapse-rebound upon cyclic wetting-
drying in young or aged quaternary soils. (2) Practicing the latest
theoretical contributions including the double porosity concept and hydraulic
hysteresis - microfabric interaction. The principle 1s conventionally a
backbone of many constitutive models, and hence many finite elements and limit

equilibrium modelling tools.

Collapse modelling described in the present work is based on a novel form of
the principle of effective stress, as well as a novel collapse potential
database corresponding to a wide range of fine soils, which are engineered for
through new laboratory procedures. The practical output of such models,
tentative modified ground improvement practice, looks into the problem of
collapse differently, and hence can potentially be considered in forthcoming

versions of codes of practice.

1.5 Thesis Organization

This work is organized in seven chapters, an overview of which is illustrated

in Fig. 1.1.
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Chapter 2 reviews the literature in the following five main areas: (1) the
risk of collapse, (2) loess, a collapsing soil, (3) our current understanding
of collapse, (4) our current understanding of collapse mechanism models, and

(5) current solutions to mitigate the collapse.

Chapter 3 details the methods used to prepare and process a suite of primary
materials to synthesis a range of testing specimens. A detailed account of
background theories and testing set-ups used for modelling 1is given.

Methodology is prepared in three levels, to satisfy the three levels of study.

Chapter 4 describes Level I testing outputs. Four micromechanical indices
(i.e. grain strength, grain-cement interaction, and variation of internal
forces and pore volumes under combinations of wetting-stressing paths) are
examined for a representative collapsing loess testing specimen (i.e. ideal
loess). Finally, the outputs are used to develop a final framework for the

collapse modelling (i.e. a modified form of the effective stress principle).

Chapter 5 details the level II activities, through which a modified collapsing
soils classification and collapse mechanism models are developed. Various
combinations of silt, kaolinite, carbonate, sulphate, and silica are used to
build a wide range of loess specimens, as well as kaolinite specimens. The
collapse behaviour of specimens is examined by a series of integrated
oedometer - micro-analytical tests. Putting specimens with similar collapse
behaviour in individual groups, a novel classification system (specifically
for the purpose of collapse behaviour studies) is proposed for sub-63 um
soils. The classification is suggested to be used when the risk of collapse is

a matter of concern.

Chapter 6 addresses level III activities. A flowchart is suggested by which
engineers can identify the type of a given fine-grained soil, estimate its
maximum possible collapse/swell potential, measure the reliability of common
compaction practice for specific soil types, and finally find a tailored
tentative-level improvement practice which can fully and permanently remove

the risk of collapse, should such risk apply.

Chapter 7 summarises the findings of this thesis and suggests future works.
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Chapter
:2 LITERATURE REVIEW

2.1 Collapse in Soils: the Problem

Collapse is essentially a sudden change in soil structure from an initial open
state to a final dense state when grain-to-grain connections fail in the event
of wetting or loading. Collapse may trigger upon grain breakage under dynamic,
transient, or prolonged static stresses, slippage of grains in the event of
wetting or stress relief. Collapse may also trigger upon shear failure,
migration of grain-to-grain connectors, and loss of capillary forces. For
collapsing soils «consisting of <clay connectors, any decrease in clay’s
plasticity (and hence the water content at which clay connectors may fail upon
shearing) changes the soils collapsing potential. Such changes in clay’s
plasticity can take place upon clay-salt-oxide interactions (weathering or
reworking). Clay connectors may fail due to swelling (e.g. in active clays),
heaving (upon anion exchange 1in clays or overgrowth of salt secondary
crystals), dissolution (e.g. salty bonds), causing a trigger to the collapse

volume change (Feda 1988, Osipov and Sokolov, 1995).

2.2 Loess: a Problematic Material

2.2.1 History and Definition

Loesch (also 16sz in Jari and Badura (2013), loef in German, SchwemmlOss or
1loss in Pye (1995)) was introduced by countrymen from the Upper Rhine region
(Southwest Germany) to describe the friable silt deposits along the Rhine
Valley near Heidelberg. Although the term was literally introduced in
‘Charakteristik der Felsarten’ by Karl Caesar von Leonhard in 1824 (Smalley,
2013), it was only brought into the scientific literature in 1834 by Charles
Lyell (Smalley et al., 2001). John Hardcastle introduced loess soil’s
association with past climates and environments as early as 1890. This was a

base for the 1916 loessification hypothesis; a line of research, which still
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is a matter of much dispute (Smalley and Markovié, 2013). The first loess-
specific soil classification system was introduced and elucidated in Jefferson
and Smalley (1995), which considered the nominal particle size, as well as
strength of inter-particle bonds and forces, microfabric and soil’s tendency
for problematic behaviour. In Britain, loess has been known as ‘Brickearth’
(d'Archiac, 1839, Prestwich, 1863, Fink, 1974). The brickearth was used in
Roman' buildings (e.g. Roman London Amphitheatre and timber buildings
discovered in Walbrook Valley - see Arkell and Tomkeieff (1953) and Lee et al.

(1989)), and was described as homogeneous structure-less loam (Deakin, 1986).

Loess 1is a widespread water-sensitive soil with at-least one cycle of aeolian
deposition (Rogers, 1995), and a possible history of post-depositional
modifications (Smalley et al., 2006 a). The metastable aspect of loess is due
to its air-fall sedimentation history (Rogers, 1995); while the post-
depositional modifications are responsible for the collapsibility of the
metastable structure (Smalley et al., 2006 a). Loess is composed of marked
contents of 20-60um sub-angular silts, which are mostly connected together by
clay/salt bonds (Zourmpakis et al., 2005). In absence of bonds, grains
interact with each other via their sharp asperities (Derbyshire and Mellors,
1988). An external force or hydraulic gradient affects the individual
constituents through a network of internal forces (Bolton, 1999, Santamarina,
2003). Collapse occurs when internal forces exceed the bonds’ shear strength,
or bonds fail upon water ingress (Jehring, 2007). This shows the significance
of internal forces in loess behaviour (Emeriault and Chang, 1997). The
interaction between internal forces and soil components is generally termed as

micromechanics (Gherbi et al., 1993).

2.2.2 Distribution

Loess soils cover 15% of the earth’s landmass (Dibben, 1998), and particularly
blankets significant areas of Eurasia between about 30-55° N from eastern

China to the British Isles (Derbyshire and Mellors, 1988) and patchily

! The Roman occupation of Great Britain was between 43AD to 400AD: Early

19th century excavations in Walbrook channel (52-63 London Wall) revealed a
large number of human skulls buried in brickearth, which could be the
remnants of the AD60 massacre carried out by the rebellious Queen Boudicca.
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distributes over North and South America, central Africa, New Zealand and

Australia (Fig 2.1).
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Abb. 5. Verbreitung des LoBes auf der Crde.

Fig. 2.1(a) Global distribution of loess soils after Scheidig 1934 (Der Loess und
seine geotechnischen Eigenschaften), re-printed in Smalley and Jary (2005): Loess is
devided into definite (nachgewiesen) deposits and possible/probable ( wahrscheinlich
oder moglich) deposits. This map became and remained the standard map of loess
distribution (Smalley, 2013).
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Fig. 2.1(b) The distribution of loess across midland and southern England: originally
reported in Catt (1988) and Perrin et al (1974); zones I and V have mainly loess,
zone IIT has mainly cover sand, while zones II and V contain both loess and the
cover sand.
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Fig. 2.1 (c) The distribution of loess across northern and western Europe (Smalley et
al. 2009)

Brickearth occurs predominately as patches of >4 m thick in the South-East
England (Boardman et al., 2001), patchily distributes over southern and
midland England (Jefferson et al., 2003), eastern counties (e.g. Suffolk,
Norfolk, Lincolnshire), West and South-West England (Catt, 1978). Fig. 2.1
shows the global distribution of loess soil. A detailed account on the

distribution of brickearth in England is addressed in Appendix AIl-A3.

2.2.3 Formation

The formation of loess represents a complex cycle within the sedimentary
system, termed ‘Loess cycle’ (Smith et al., 2002).

2.2.3.1 Provenance Events

Loess for which silt is the main constituent is formed through cycles of
Quaternary geologic (e.g. crystallization of magma), geomorphic (e.q.

13



solifluction or cryoturbation) and climatic (e.g. thermal or chemical
weathering) processes (Smalley et al., 2006 b). Silt itself is formed mainly
through reduction in quartz size. Jefferson et al. (1997) discussed a set of
natural geochemical controls in quartz-bearing igneous and metamorphic rocks

that assist with the formation of silts. These controls commenced with an
initial transformation of ‘high quartz (P-quartz)’ into the more densely
packed ‘low quartz (o-quartz or ordinary quartz)’ upon cooling to the

hydrothermal temperatures in a granitic system. P-quartz forms after slow
crystallization of siliceous (Si0O,-rich) magma. Sorby (1858) made a detailed
study of quartz origin, and implicated the liquid inclusions in quartz to a
history of slow crystallization of siliceous magma of granite at low heat
(i.e. below 573 °C) but under great pressure. The quartz product is, in fact,
a part of a coarse eutectic mixture of quartz and feldspar (Smalley, 1966).
The eutectic reaction, which delivers two new phases from one original phase,
leaves its footprints as is shown later herein (see Fig. 4.4 in Chapter 4).
Magmas lose temperature to a degree below 573°C. Further temperature decrease
allows the structure of high quartz to distort; such that 6-fold and 3-fold
screw axes (60° and 120° inclination) change into 3-fold screw axes (60°
inclination). Oxygen-Silicon bonds kink and bend, which provides a more
densely packed assemblage. The transformation from ‘high quartz’ to ‘low
quartz’ 1is displacive (i.e. no bond breakage occurs) but the angle between
oxygen bonds’ change. This causes contraction in the crystal. Contraction
induces tensile stresses, normal to the c-axis (about which quartz contracts).
These stresses fracture the crystal or induce a defect plane along the c-axis
(Smalley, 1966). The defects lead to crushing, delivering 600 pm modal
particles into the sedimentary system. There has been much emphasis, within a
suite of sedimentological and geochemical works, on identification of the
control of such defects on the quartz size reduction upon erosion and
transportation. These works essentially examined the 600 um to 10-20 pm quartz
size reduction path in peridesert, perimountain, and perglacial environments
(Smith et al., 2002). Peridesert silt is generated from chemical and salt
weathering (Pye, 1995), temperature fluctuations (Smalley et al., 2001) and
seasonal wetting/drying and heating/cooling (Smith et al., 2002). Perimountain

silt is generated from cold weathering (Zourmpakis et al., 2003) and frost
14



shattering (Wright et al., 1998). Periglacial silt is produced from glacial
grinding (Smalley et al., 2005) of granitic (or other rocks such as shale)
beds (Sorby, 1858) of glaciers. Less appreciated disintegrating processes
include: sub-aerial and fluvial transport actions (Smalley et al., 2006 a),
loessification (i.e. in-situ dry weathering on carbonate rich parent material
that originally was deposited as alluvium on flood plains during the
Pleistocene - see Russell (1944) and Pecsi (1990)) and dry climate weathering
(Assallay et al., 1996), desertification (Qiang et al., 2010), and volcanic
actions (Pouclet et al., 1999). However, glacial grinding is widely accepted

as the main source of present-day silt (Smalley et al., 2006 a).

Quartz size reduction is here explained further quantitatively, to show the
discrete pattern of such natural erosion-transportation events. Blatt (1967)
and Blatt (1970) averaged the diameter of quartz from disintegrated
crystalline rocks in southern California and Arizona as of 600 to 670 um (i.e.
720 ym for quartz in Gneisses and massive plutonic rocks and 440 um for quartz
in Schist). According to Blatt (1970), this 600 to 700 pm quartz was further
crushed by 90%, bringing quartz of a pronounced mode (modal) size of 60 um to
the sedimentary environment. The role of quartz internal features in this 90%
size reduction was later examined via a suite of abrasion experiments by
Krinsley and Smalley (1973) and Moss and Green (1976). Similar abrasion
experiments suggested that the 60 um silt was further crushed into a
pronounced mode size of 20 to 60 pm (Kumar et al., 2006) and then to 20 to 30
pm (Jefferson et al., 1997b). Such breakdown process suggested the existence
of a control, which enables the quartz size reduction under moderate natural

stresses (Jefferson et al., 1997a).

The mechanisms of quartz size reduction have been explained in a fractal
framework (Mandelbrot, 1983, Hyslip and Vallejo, 1997). The use of fractal
concept allows the simultaneous quantification of fragmentation and particle
size distribution (Hyslip and Vallejo, 1997). Fragmentation (i.e. quartz size
reduction) is a scale invariant natural process (Smalley et al., 2005), which
is conventionally quantified by means of fractal concept (Turcotte, 1986).
Fractal is basically a power law relation between number (particle population

by mass) and size (particle diameter). Central to the fractal concept is the
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fractal dimension, which is a measure of the fracture resistance properties of

dispersed systems (Brown et al., 1996), such as crystalline defected quartz.

Lu et al. (2003) used the particle size distribution data to characterise the
fractal properties of Leighton Buzzard Sand. They assumed a uniform shape of
particles, which is arguable in loess soils according to Rogers and Smalley
(1993) and Howarth (2010). They then used the Schuhmann’s distribution
(Fuerstenau, 2003) accompanied with Turcotte (1986) relation (between the
fractal dimension and distribution index) and successfully described the
fragmentation events. Fractal dimension however should be derived separately
for clay and quartz minerals (Wang et al., 2008), due to the different origin
of primary and clay minerals (Posadas et al., 2001). This however does not
apply to the clean crushed Leighton Buzzard Sand, as this material contains no

mineralogical gradient among its size scales.
2.2.3.2 Depositional Events

Dust deflates from outwash plains (Delage et al., 2006) and degraded lands
(Qiang et al., 2010) with clay-constituent as low as 10% by-mass (Pye, 1995).
Fine dust (sub-20um) then travels by aeolian action over long distances to a
suitable accumulation site. Examples of such dusts are the sub 3pm silts of
Southern Nigeria (Smith et al., 2002), fine silts in Tajikistan (Karimi et
al., 2009), silts which travelled from the margins of Weichselian glaciers to
sites 1in East Yorkshire, East Lincolnshire, North Norfolk and Devon of
Hampshire England (Lill and Smalley, 1978). Defilation triggered over periods
of semi-aridity to aridity at a threshold mean wind velocity. Dust clouds are
then carried with wind and deposited over water bodies, moist grounds, or
vegetated surfaces, or upon a reduction in wind speed (Pye, 1987). Although
the aeolian depositional rates are 2 to 20 times higher during glacial periods
than that in interglacial periods (Qiang et al., 2010), soil erosion by wind
and dust deposition is a continuous source of current-day silt. Favourable
Mediterranean arid and windy climates through the coming decades encourage the

on-going production of the modern silt (Costantini et al., 2009).

For South West, South, and South East England, Appendix Al-A3 fully describes
quaternary processes involved in the production of current day loess. These
are demonstrated in the framework of provenance-transportation-deposition
(PTD) system for Thames and Southampton catchments.
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2.2.3.3 Post-depositional Events

Geological events such as solifluction (Derbyshire and Mellors, 1988) and

cryoturbation (Milodowski et al., In Press), ecological changes (e.g. erosion

of Rhizolithic calcretes and formation of patchily distributed Calcium

Carbonates), and seasonal wetting-drying cycles have a significant control on

the degree of collapsibility (see Table 2.1 for some common natural bond

formation mechanisms).

Table 2.1 Post-depositional events and formation of bonding agents

Bond Type

Post-depositional Events

In

Water-film

Retreatment of menisci
upon drying Wet

Derbyshire and Mellors

oo (1988) & Pye (1995)
deposition of dust
Carbonates Wetzel procedure Fukue et al. (1999)
Dissolution and re- Rhizolithic )
precipitation calcretes Milodowsky et ?l (In
\ Press) & Asghari (2002)
Pedogenic
carbonates
Bio-mineralisation Fukue et al. (1999) &
(Calcite Carbonates) Fukue et al. (2003)
Photosynthesi
Bio-mineralisation -s of élgae Dipova and Doyuran
(Argonite Carbonates) Bacterially- (2006) &
9 Induced via Chou et al. (2008)
Ureolysis
Weathering and Authigenic
deposition Calcites Asghari (2002)
Glacial uplift Deynoux et al. (1994)
Simple precipitation IRCOLD (1999)
Clays Migration to grains’ Boardman et al. (2001)
contacts via suction
Temperate weathering Sivapullaiah and Manju
(2006a)
Chemical interaction Kaolinization Blyth and de Freitas
(20006)
Chemical interaction Zeolitisation Chandrasekhar et
al. (1997)
Precipitation Dry Zourmpakis et
al. (2003)
Wet Smalley et al. (2006 Db)
Iron Authigenic
/Mgnganese (dis;o}utign - Fukue et al. (2003),
oxides precipitation) Hue (1995)
Bio-mineralisation
(oxidation-reduction)
Direct Cold welding Grabowska-Olszewska
bonds (1989)

Overgrowth of quartz
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For instance, following the post-depositional events occurred in the South
East England (Smith et al., 2002), the upper non-calcareous strata exhibits
negligible collapse; whilst the underlying calcareous low plasticity strata
appears to be by far more collapsible. Examples can be made of the 6.3%, 16.9%
and 9.4% coefficient of collapsibility for calcareous layer in Pegwell Bay,
Sittingborne, and Starlane, respectively (Dibben, 1998). The varied mechanical
response in different brickearth profiles signifies the contribution of post-
depositional process. These are conventionally studied in the literature in
the framework of loess cycle (Smith et al., 2002), or the multi-phase

depositional PTD system (Jefferson et al., 2003).

A handful of factors control the collapsibility of loess deposits: Freezing
and ice growth develops the abundance of pore spaces, aggregation of clays and
therefore collapsibility. Thawing results in dispersion and alluvial migration
of fines in depths and formation of loose clay bridges (Milodowski et al., In
Press). Depending on the particle size and stress levels, wetting may either
result in flocculation, softening and destruction of metastable fabrics, or
leaching and decalcification. Drying may develop a negative pore water
pressure, which draws clay fragments into the grains’ contacts. Drying may
also contribute in the precipitation of carbonates (Boardman et al., 2001,
Milodowski et al., In Press), which increases the collapsibility. Solifluction
is responsible for the formation of reworked loess. Solifluction may disrupt
clay buttresses and cryogenic fabrics (Derbyshire and Mellors, 1988) and form
more stable structures (Pye, 1995). Ecological changes may decrease the
collapsibility by formation of nodular calcretes after erosion of roots
(Joseph and Thrivikramaji, 2005, Milodowski et al., In Press), bio-
mineralization (Lowenstam and Weiner, 1989), algae photosynthesis (Dipova and
Doyuran, 2006), and bacterial Ureolysis (Chou et al., 2008). Collapsibility
however may slightly increase through sulphate uptake by vegetation in
wetlands. Temperature gradients may also slightly increase the collapsibility
through chemical weathering and silica impregnation (Krauskope, 1956).
Contamination slightly alters the collapsibility through oxidation-reduction
(Fukue et al., 2003), protonation-deprotonation, and zeolition. In section 4.3
(Chapter 4), the contribution of hydraulic and stress factors is further

investigated, since these accounts for most common conditions that occur
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during fill service life. Major contributions in the quantitative interaction
between stress and packing state are reported in some recent works (Nolan and
Kavanagh, 1992, Miller, 2002). However, these are limited to clayey silt loess
soils (e.g. significance of clay flake association in Mitchell (1976) and
Mitchell and Soga (2005)), since few published works, if any, considers the
contribution of carbonates. Suction-packing interaction also received much
attention in literature within the framework of microfabric-associated
effective stress models. Early attempts concerned the simplified single
porosity concepts. Works of Terzaghi (1936) on a single fluid, Bishop (1959)
on two immiscible fluids, and Matyas and Rahakrishna (1968) on two miscible
fluids fall into this category. More recent works concern the double porosity
concept, highlighting the interaction of collapse, microfabric, effective
stress and suction (Khalili et al., 2005, Bagherieh et al., 2009, Alonso et
al., 2010). However, the theoretical theme of these works lacks physical
evidence for the multi-porosity features of loess. A better understanding of
the interactions among micro-fabric, suction, and effective stress in loess
allows one to estimate the air volume and hence the residual void space for

further collapse. Such interaction is a factor of loess composition.

2.2.4 Loess Properties

Loess study, as in this work, requires a great deal of laboratory-scale
reproduction of loess under controlled circumstances. This urges the need for
a good understanding of loess composition and properties. This section briefly

reviews such properties.

2.2.4.1 Physical and Mechanical Properties

Loess 1s a highly sensitive (Feda, 1966), slightly to highly plastic soil
(Klukanova and Frankovska, 1995, Dibben, 1998, Al-Rawas, 2000, Miller, 2002),
which falls into the range of 2.57 to 2.79 in specific gravity (Derbyshire and
Mellors, 1988, Fall, 2003, Nouaouria et al., 2008), 1.6l to 0.53 in void ratio
(Klukanova and Frankovska, 1995, Dibben, 1998, Miller, 2002), 1150 to 1750
Kg/m3 in dry density (Assallay, 1998), 16 to 20 kN/m? in ultimate undrained

cohesion, 17 to 25 kN/m’ in residual undrained cohesion, 27° to 34° in peak
drained internal friction angle, and 28° to 35° in residual drained internal

friction angle (Fall, 2003), particularly in South England.
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2.2.4.2 Chemical and Mineralogical Properties

Loess (Osipov and Sokolov, 1995) comprise a spectrum of primary minerals
including quartz and more rarely feldspar (Klukanova and Frankovska, 1995),
mica (including muscovite, biotite and illite), pyroxenes and hornblende
(Assallay, 1998), gypsum (Osipov and Sokolov, 1995), primary detrital
carbonates including chalk, foraminifera, and fragments in a micritic calcite
matrix, plagioclase, and calcite (Milodowski et al., In Press), detrital
dolomite, and volcanic glass shards (Pye, 1995). Bonding elements in loess
include 1illite, montmorillonite, iron and manganese hydroxides, dispersed
quartz, and calcite (Klukanova and Frankovska, 1995), hydro-mica, mixed-
layered clays, kaolinite, chloride (Osipov and Sokolov, 1995), hematite,
amphibole, rutile, halite (Feda, 1988), vermiculite, mixed layer illite-
vermiculite (Mellors, 1995), mica, mixed-layer illite-smectite and pure
smectite (Dibben, 1998). With the UK loess, a brief description of the

geochemical and mineralogical account is given in Appendix AZ2.

2.2.5 Loess Components
2.2.5.1 Silt

Formation

Silt, as fully discussed in Section 2.2.3.1, 1is essentially a product of
mechanical continuous size reduction in nature. However, not all quartz clasts
split to finer grains, the reason of which has been the subject of much
research: The significance of internal weakness in quartz was first
scientifically described by Moss (1966). In line with earlier research work of
Wright and Larsen (1909), Moss (1966) classified the quartz into mature
(intact) and defected types. Mature quartz has a background of less post-
solidification modifications and fracturing-healing cycles, contains more non-
undulatory extinction features and is less structurally damaged. This
background grants mature quartz a considerable resistance to weathering, high
durability and hardness. With non-intact quartz, cracks form along the
projected 1lines of internal defected planes, such as wunopened healed

fractures.
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For non-intact type of quartz, Moss, in 1973, showed the contribution of
transient loads in grain breakage. He emphasised that the magnitude of
applying static load might not be high enough to trigger the breakage. The
transient load of the same magnitude, however, could crush the grain. He
differentiated the grain breakage under transient loading environments by
using the ‘fatique fracturing’ term. This can also be found in an earlier
work, 1in which Moss (1966) showed that controlled-rate cyclic loads of low
order can crush the granitic quartz, while static loads of the same value may
fail to break a similar grain. He then simulated a fluvial transport system by
subjecting the granitic quartz to rotation in a steel drum containing water.
Quartz was weakened in the long-term in transient loading environment (i.e.
waves and streams), highlighting the fatigue weakening of quartz grains®. This
agreed with the suggestion of Sharp and Gomez (1986) that grains break through
both fatique and surface fracturing. The fatigue effect was also addressed in
Rabinowicz (1976), where certain textural features were linked with splitting
events as stresses apply and release. The idea of silt production through
fatique fracturing in fluvial systems however was questioned in the work of
Wright and Smith (1993). Small amounts of 2 to 20 pm silts were produced by
water-quartz abrasion, whereby significant amounts of 20 to 60 pm grains were
generated when rigid ceramic spheres were used in the rotating drum. Wright
and Smith (1993) then concluded a higher significance of impact-induced
fracturing than fatigue fracturing. In a different attempt, air-abrasion was
simulated in Smith et al. (1991), by subjecting 350 to 500 pm -sized Pannonian
sand to air jet stream for 1 to 128 hours, generating remarkable contents of
20 pm grains in the first hour. Microscopic observations showed strong edge
grinding (source of 20 pum fines) and appearance of fresh micro-fractures on
large grains during the first hour. A secondary pronounced mode appeared after
16 hours at 20 to 40 pm, which then changed into 60 um. Similar results were
reported in Wright et al. (1998). The stepwise size reduction was in a good

agreement with the fatique fracturing concept.

2 A rotational stress field (i.e. quartz rotating in a water-filled drum)
allows grains to gently collide together while travelling the drum’s
perimeter. This can increase the smoothness of asperities (i.e. edge
chipping) and develop micro-cracks along the crystalline imperfection
lines. For an internally defected grain to break under a low applied stress
(i.e. not high enough to split the grain), application of stress 1in a
prolonged rotational fashion can eventually lead to the breakage.
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To further examine the controversy within the experimental studies on the
effectiveness of aerial/fluvial abrasion in silt production, Jefferson et al.
(1997) discussed the significance of quartz internal controls in air-abrasion
processes. They compared two similar wind tunnel experiments on two different
sands (intact quartz in Kuenen (1960) and granitic quartz in Whalley et al.
(1982)). Little silt was generated by crushing the crystallographically
perfect quartz. After subjecting 250 to 500 pm ground Brazilian vein quartz
(to simulate an identical stress history for entire grains according to Wright
and Smith (1993)) to rotation under varying axial loads, Wright (1995)
reported no evidence of fresh micro-cracks in grains. She then questioned the
predominant role of grain breakage in silt production at glaciers’ clast-
bedrock interfaces. She referred to findings of Bond (1952) and Rittinger
(1867) that acknowledged a relatively higher energy required for fine sand-to-
silt size reduction. This, however, was argued in (Jefferson et al., 19973,
Kumar et al., 2006). These works showed significant contents of produced silt,
after grinding 1 to 2 mm Leighton Buzzard quartz sand into Bromhead Ring Shear
apparatus. They also showed two early and late periods of breakage at which
easily breakable flawed and crystalline defected hard particles crushed,
respectively. Kumar et al. (2006) also examined the earlier work of Wright
(1995) by repeating the same testing procedure on un-weathered vein quartz and
marine Leighton Buzzard sand. They concluded that the small amount of silt
from un-weathered vein quartz is due to the absence of crystalline internal
defects, and not a factor of the 1initial grain size. The outputs of
experiments reported in Jefferson et al. (1997) were re-produced in Assallay
(1998) . Grinding the same test material used in the work of Jefferson et al.
(1997) with an end-runner mill, Assallay (1998) reported that sand-size
fragments were crushed by 70% in size to 10 to 50 um silts by the end of 2-

hour grinding period.

Mechanical Response

Moss (1973) developed one of the earliest quartz breakage models. He charged
an unconfined compression test machine with 1.19-1.41 mm Gibraltar Creek
granite quartz. Moss (1973) then attributed the edge grinding to concentration

of stresses at grains’ asperity tips, which provides a greater chance for
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grains to split. Generated fine fragments fill the void spaces and overflow
thereafter around survived larger particles. He postulated a higher chance of
breakage in coarse granitic quartz (in agreement with Sharp and Gomez (1986)),
since these possess higher degrees of internal imperfections. Recently,
McDowell and Bolton (2001) and Bolton (1999) employed 2D numerical simulations
to study the micromechanics of crushable grains. Models were supported with
the ‘compression between parallel platens’ experiments conducted on 1 to 3 mm
in diameter Leighton Buzzard Sand in the Cambridge University 1992 PhD thesis
of Lee. Results indicated a decreasing trend of tensile strength with
increasing grain size. Bolton (1999) drew the attention particularly to the
higher tendency of smaller particles to split (in contrast with the view in
Moss (1973)), while correlating grain’s resistance to contact constraint
conditions, particle size, and level of applied internal stresses. Small
grains get trapped between neighbouring larger grains and attain the maximum
chance of splitting in presence of two point contacts. Relatively finer grains
carry the same force over a smaller surface area (Santamarina, 2003, Mitchell
and Soga, 2005) and therefore are subjected to higher levels of internal
stresses. Coop and Altuhafi (2011) agreed with Bolton (1999), and emphasised
that well sorted grains break more readily. This was ascribed to the increased
number of grain contacts, which favours the edge grinding and fine crushing.
To recap, there are clearly questions of the quartz size reduction - a
question of breakability of sand and silt and a question of controls on the

size and population of the silt output.

2.2.5.2 Clay (Supporting Element)

Wetted-collapse is likely to occur in soils containing 5% to 40% kaolinite
clays. This is evident in the box plot produced from the broad literature
review undertaken in Assallay (1998). The box plot (Fig. 2.2) also
demonstrates the mead minimum and maximum clay content between which a soil is
most vulnerable to collapse upon wetting (i.e. 11% to 24%). The greatest
chance of collapse is reported at 8% to 15% clay content. The latter, however,
is regardless of soil’s packing state. Unlike the views discussed in
(Assallay, 1998), with particular reference to the collapsible loess deposits
across the central regions of North America, active clay minerals can also

contribute in collapse (Russell, 1944, Handy, 1973, Lattman, 1973, Parsons et
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al.,

2009). Considering the work of Feda (1988), collapse may take place at

stresses higher than the swelling pressure and at water contents less than a

threshold. Fig. 2.3 shows the micro-morphological setting of clay in loess.
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al., 1994)
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2.2.5.3 Calcium Carbonate (Supporting Element)
Formation and Morphology

Carbonates appear 1in six major morphologies (Fig. 2.4). Scaffolding,
encrusting, reinforcing, linings to rootlet holes, inter-particle meniscus and
nodular cementing (Derbyshire and Mellors, 1988, Grabowska-Olszewska, 1989).
Carbonate bonds can also emerge in combination with other types of non-clayey
bonds, resulting in a change in plasticity and thus the resistance against
polar fluids. For instance, free amorphous oxides (e.g. goethite, haematite
and colloidal ferric oxides, aluminium and magnesium ions) reportedly imply
stronger water resistivity, less compressibility, and higher liquid limits.
Poly-mineral combinations may decrease the rate of solubility (Boardman et al.

(2001) .
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Fig. 2.4 Carbonate connectors Fig. 2.4 (b) Fine needle calcites forming a meniscus film bridging
under the ESEM microscope between adjacent silt grains - Calcareous Brickearth, Ospringe,

England, in Milodowski et al. (In Press)
(a) Authigenic® calcite, China

in Derbyshire and Mellors (1988)

Fig. 2.4 (c) Biological Clacite Fig. 2.4 (d) Pedogenic’ Carbonates in Saskatchewan soils, Canada
tube in  Tufa  deposits of in Landi et al. (2003)

Antalya, Turkey, in Dipova and

Doyuran (2006)
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Fig. 2.4 (e) Sporosarcina Fig. 2.4 (f) Meshwork of fine needle calcites sorrounding silt
pasteurii (formerly  Bacillus particles around an open root hair channel - Calcareous
pasteurii) induced Calcium Brickearth, Ospringe, England (Milodowski et al., In Press)

Carbonate in Chou et al. (2008)

3Z—\uthigenic Calcite: Calcium Carbonates, which precipitate in soil over,
time (Lal et al., 2000).

* Pedogenic Carbonate: same as Authigenic (secondary) carbonates, which
precipitate in soil over time (Lal et al., 2000).
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Any of the carbonate formation mechanisms is associated with a particular
crystal carbonate shape (e.g. needle shaped carbonates in Rhizolithic Calcrete
of high ca** component in Fig. 2.4 (b) and 2.4 (f) and nodular shaped
carbonates in secondary Authigenic calcites in Fig. 2.4 (a)). The shape of
carbonate elements may affect their mechanical response to wetting. As such,
seven common natural processes that supply Calcium Carbonate in soil together
with the shape of carbonate cement produced by each of the processes are

briefly discussed in this section.

Fukue et al. (1999) addressed the Wetzel (1989) process in which carbonate rich
sediments at the bottom of oceans (originated from the accumulation of
coccolith and foraminifer® remnants in deposited dusts from land) petrifies

through self-weight consolidation (also see Grine and Glendinning (2007)).

Brown (2008) put forward the formation of Rhizolithic Calcretes® via a
dissolution and precipitation process. Rhizoliths are ‘organo-sedimentary’
structures formed in plant roots (Write, 1994), exhibiting features of
arid/semi-arid (Goudie, 1983), to sub-humid (Milodowski et al., In Press)
climates. Combination of water and humic acids’ form light calcrete sheaths
around the living roots, and promotes the precipitation of calcites between
the surrounding soil particles. Calcrete thickens after the decay of the root

and fills the hollow space (Brown, 2008).

The dissolution of lithogenic carbonates® with carbon di-oxide (originated from
root and rhizo-microbial respiration within the soil-air) liberates calcium
cations. Subsequent re-crystallization forms pedogenic (i.e. secondary)
carbonates (Gocke et al., 2010a, Gocke et al., 2010b). Loess in Germany (Gocke

et al., 2010a), and the southern United States and the Russian steppe (Gocke

Coccolith and Foraminifera: Marine microorganisms with CaCO; shell.
Foraminifera are sub-lmm in size, while Coccolith appear in a diameter of
up to 20 mm. Carbonates tend to attract and cement soil particles
(condensation effect). When seabed upheaves, the resulting calcareous
deposit appears. In particular, Coccoliths are the main constituent of
chalk deposits such as the white cliffs of Dover (Braby, 2001).
® Rhizolithic Calcrete: Rhizoliths are tubular root systems formed through
the interaction between Ca*'™ and HCO;~ due to weathering, re-precipitation.
Rhizoliths can form calcareous sediments of high Ca*™ constituent.

" Humic acid: The principal organic constituent of soil, which forms by
biodegradation of organic matters, such as decayed roots.

® Lithogenic Carbonate: Calcium Carbonate supplied by parent materials in
soil. Also named detrital (Kraimer et al., 2005)
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et al., 2010b) contain pedogenic carbonates. Sfriso et al.(2008) suggested
eight stages for diagenesis of pedogenic carbonate bonds in loess: wind-blown
silt deposition under calm water, deposition of amorphous silica and volcanic
ash in heterogeneous concentrations, sea-level reduction and consolidation,
droughts and desiccation forming heavily over-consolidated deposits,
precipitation of carbonates and magnesium oxides during drying process,
development of fissures in arid climate, and accumulation of calcium carbonate

precipitates in fissures after rain-water infiltration.

Calcites may form via bio-mineralization through dissolution of Coccolith,
Foraminifera, and Arthropoda organisms (condensation effect). The subsequent
re-precipitation of soluble limestone forms secondary carbonate nodules and
carbonate rich tuff layers (Fukue et al., 1999, Fukue et al., 2003).
Grabowska-Olszewska (1989) and Assadi and Yasrobi (2010) showed electron

microscopy images of calcite nodules in Poland and Iran, respectively.

Calcites may form via a biogenic re-precipitation. Crystals are formed as
single fibres hanging off algae, following the daylight photosynthesis of
algae and the net removal or partial pressure decrease of carbon di-oxide of
water. This results in sparry calcite’ and thin meniscus cements at the soil

grain contacts (Dipova and Doyuran, 2006).

Chou et al. (2008) described the bacterially-induced Calcium Carbonate (and
bicarbonate) bonds in sand. Precipitation takes place in a favourable alkaline
environment, induced by Sporosarcina Pasteurii bacteria after releasing
inorganic carbon and ammonium. Homogeneous and heterogeneous nucleation takes

place in the absence and existence of calcium ions, respectively.

Acidic environments (after interaction of carbon di-oxide and water) allow the
weathering of Plagioclase, Hornblende and Augite minerals. Calcium cations
liberate, which then leads to the formation of authigenic calcites (Derbyshire

and Mellors, 1988).

° Sparry Calcite: spar is non-metallic, readily cleavable, transparent

light-coloured mineral such as feldspar
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Abundance and Mechanical Response

There has been much controversy in the literature on the effectiveness of non-
clayey bonds and in particular, Calcium Carbonate. Osipov and Sokolov (1995)
referred to carbonates and calcites as medium and low soluble salts,
respectively. They estimated a time course of several hours to several months
for dissolution of low soluble salt bonds. This conforms to the work of
Mansour et al.(2008), who suggested a descending trend of solubility from
Calcium Chloride to Sodium Chloride, Sodium Carbonate, Sodium Sulphate, and
Calcium Carbonate (also see Ouhadi and Goudarzi (2007)). The idea however has
been challenged by many including Assallay (1998) and Zourmpakis et al. (2005).
They hypothesised the predominant contribution of clay bonds in collapse. With
particular reference to loess, Mellors (1995) in a study on Pegwell Bay
Brickearth, questioned the effect of Calcium Carbonate bonds. In contrast, in
Milodowski et al.(In Press), the role of calcites in enhancing the structural
stiffness in Pegwell Bay was emphasised. Calcium Carbonate content is key to
its contribution in collapse behaviour. This has been widely studied for: (1)
specific soil types, and (2) specific geographical regions. With the first
theme, Penck (1931) reported a range of 0% to 40% as for loess carbonate
constituent. Grabowska-Olszewska (1988) narrowed down the range to 6% to 12%
in un-weathered silty loess with random texture, 0% to 1% in weathered silty
loam loess with random texture, 5% to 18% in un-weathered loess with banded-
random texture and 4% to 6% in weathered loess with banded-random texture.
Within the second theme, for British loess, Lill (1976) reported a very weak
to moderate accumulation of calcites in Pegwell Bay Brickearth, South East
England. Such calcareous loess soils are also reported in Funton, Cherry
Orchard Lane, Star Lane and Allington (at a mean depth of 1.5 m), and also in
South East Hampshire, Halling and Pegwell Bay, south of River Roach except
Eastwood centred at the Great Wakering, south east Stambridge to River Roach,
Ospringe, and South Essex. Calcareous layers are generally agreed to have
greater tendency to collapse (Northmore et al., 2008). To the east,
collapsible calcareous loess 1is reported in Poland in Grabowska-Olszewska
(1988). Trofimov (1990) reported 7 to 8% carbonate content and about 10%
water-soluble salt content in Atel loess of the Lower Volga region in Russia.
Further to the east, 9 to 15% Calcium Carbonate was reported in Lanzhou loess,
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either as silt-size crystals or secondary coats (Meng, 1998). Derbyshire et
al.(2000) reported pore linings, encrustations, concretions, and inter-

granular cements of Calcium Carbonates in Chinese loess.

There has Dbeen much controversy in literature on the contribution of
carbonates in collapsibility. Calcites may dissolve in water over a short time
from several hours to months. Calcium carbonate dissolves quicker than
calcites, but slower than Sodium Carbonate, Sulphates, and Chlorides (Ouhadi
and Goudarzi (2007) and Mansour et al. (2008)). Despite the proven records of
Calcium Carbonate solubility, carbonates’ marked role in collapsibility was
subjectively challenged by many including Assallay (1998) and Zournpakis et
al. (2005). In a study on Pegwell-Bay Brickearth, Mellors (1995) suggested a
little contribution of carbonates in the collapse risk. Same deposit was
systematically observed under scanning electron microscope recently by
Milodowski et al. (in press), showing a suite of carbonate inter-particle
connectors which can potentially induce collapsibility. Reading the literature
suggests the possible control of carbonate content on collapsibility. Penck
(1931) reported a range of 0% to 40% as for loess carbonate constitute.
Grabowska-Olszewska (1988) narrowed down the range to 6% to 12% in un-
weathered silty loess with random texture, 0% to 1% in weathered silty loam
loess with random texture, 5% to 18% in un-weathered loess with banded-random

texture and 4% to 6% in weathered loess with banded-random texture.

2.2.5.4 Amorphous Silica (Supporting Element)

Formation and Morphology

The shape of amorphous silica in soil was firstly discussed in the work of
(Krinsley and Doornkamp, 1973). They showed microscopic images of quartz
grains covered with smooth onionskin silica and ascribed it to a quick
precipitation history. They then showed images of upturned plates on the
surface of quartz grains and bridge connector units; and attributed them to a
more moderate rate of precipitation background (also in Grabowska-Olszewska

(1989) - and Fig. 2.5).
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Fig. 2.5 Amorphous silica Fig. 2.5 Fig. 2.5

under the ESEM microscope Smooth precipitated silica in Precipitated silica (upturned
Silica precipitates in Glen Palaeosol’, Lanzhou, China in flake) in Grabowska-Olszewska
Rosa granite, Isle of Arran, Derbyshire and Mellors (1988) (1989)

Scotland in  Krinsley and
Doornkamp (1973)

24407 30Ky X1.00K " 38um

Fig. 2.5 Fig. 2.5 Fig. 2.5
Precipitated silica on the Amorphous silica adhering the Smooth precipitated silica in
edge of a quartz grain in surface of kaolinite crustal in Grabowska-Olszewska (1989)
Krinsley and Doornkamp (1973) Singh and Gilkes (1993)

However, the significance of the precipitation regime had been investigated
about 20 years earlier, in the 1955 work of Iler (see Krauskope (1956)). Iler
showed that anhydrous $Si0O; (silica) deposits on a solid surface in ‘a
continuous dense layer’, under a slow evaporation condition. For higher rates
of evaporation, silica probably polymerizes in the soil solution and thus
deposits as a hydrated gel. The disagreement between the 1950s and 1980s works
is examined in the present work (Chapter 5), where it will be shown that
silica, 1in the absence of clay and carbonates, crystallizes in form of
coagulated structures (i.e. ‘hydrated’ units). At lower temperatures however,

evaporation is shown to form continuous smooth coats of silica (i.e.

‘anhydrous’ units). Findings were consistent with the work of Iler (1955). The

10 pglaeosol: former soil preserved by the upper loess layer. Palaeosol can

have no sign of the present day chemical signatures.
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quick precipitation may occur in presence of ferric oxides as discussed in

Krauskope (1956) or simply at elevated temperatures.

Other less-occurring forms of silica precipitates are also reported, for which
examples can be made of chemically weathered induced silica globules, silica

flower, and silica pellicle (Fig. 2.6 - see Madhavaraju et al. (2009)).

According to Pye (1987), the origin of amorphous silica is chemical and

thermal weathering through a dissolution re-precipitation process.
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Fig. 2.6 (left to right) Silica globule, silica pellicle, silica flower

Abundance and Mechanical Response

Despite the significance of the research on amorphorous silica, its control on
the mechanical properties of loess has been less well investigated (e.g. in
Grabowska-Olszewska (1989)). This is due to a perception that silica has a
minor control on the collapse ©process; However, whether to choose
silicatization (Askalonov, 1949) to stabilize loess or not requires a better

insight into the interaction of amorphous silica with other soil components.

Amorphous silica can act as an inter-particle bonding agent in loess. From a
geotechnical perspective, silica was used in the former Soviet Union to
stabilize loess through silicatization and gaseous silicatization. Depending
on the chemical composition of loess, amorphous silica was deemed capable to
strengthen the loess via formation of CAH cements (Calcium Aluminate cements),
polymerization (i.e. precipitation of silica), and sediment-air replacement at
the void spaces (Askalonov (1949), Sokolovich (1965), Sokolovich and Gubkin
(1970), Sokolovich and Ibragimov (1971) and Isaev et al. (1979)). From a
geomorphological perspective, electron microscopy images of amorphous silica

in loess were first presented in Derbyshire and Mellors (1988) for the Chinese
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Lanzhou aged loess. A year later, the bonding role of silica was highlighted
in Grabowska-Olszewska (1989) for weathered horizons of Polish Loess. She
deemed the weathering and quartz dissolution responsible for formation of
amorphous silica. The high critical pressure™ and the soil’s resistance to
water was attributed to the role of the silica component. However, she ignored
the effect of the approximate 20% by-mass authigenic Calcium Carbonate in the
soil, and implied that the carbonates’ nodular non-continuous micro-morphology
does not allow the carbonates’ contribution in the bonding mechanism. Since
1989, this short comment has never been viewed as a possible revolutionary
finding. This will be shown in the present work that collapsibility tightly
ties in with the micro-morphology of bonds, while the shape is a factor of the
chemical elemental properties of the bond. The role of amorphous silica at the
presence of metal-based oxides has also been the matter of discussion. The low
degree of solubility of silica connectors may be due to the role of certain
free oxides stacked to the amorphous silica agents forming poly-mineral bonds.
Krauskope (1956) pointed to the role of aluminium and magnesium ions in
decreasing the rate of solubility of amorphous silica due to formation of

protective poly-mineral coats of either Aluminium or Magnesium Silicates.

Reading the literature on the amorphous silica offers a great opportunity for
close study of the interaction between silica amorphous and rest of the loess

components.

2.3 Loess Modelling: Our Understanding of the Problem

Trofimov (1990) ascribed the genesis of collapsibility to two subsequent loess
formation stages. With dust accumulation, he referred the collapsibility as
‘syngenetic’. With progressive lithogenesis, dissolution and re-precipitation
process, he referred the collapsibility as ‘epigenetic’. In other words, with
free-fall clayey/salty silt deposition, pre-consolidation, and clay/salt-bond
mobilization, collapsible loess of ‘syngenetic’ ©properties appear. With
secondary carbonates’ diagenesis, weathering, fine migration and meteoric
cycles, collapsible loess of ‘epigenetic’ properties appear. The latter was

appreciated as most of the present-day calcareous collapsible deposits.

" Threshold stress at which soil may collapse in the absence of water
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2.3.1 Simulation of Naturally Occurring Quartz Silt

Jefferson et al. (1997) produced significant contents of silt by grinding
batches of 1-2 mm Leighton Buzzard sand in a high-energy disc mill. To produce
descent contents of 2-20 pm, 20-30 pm, 30-40 pm, 40-50 pm, 50-63 pm, and 63
pm to 0.2 mm grains, Jefferson and colleagues realized the need for grinding
the sand for a maximum of 150, 150, 150, 120, 60, and 60 s, respectively. They
also showed two early and late stages of crushing at which easily breakable

flawed and crystalline defected hard particles broke, respectively.

Assallay (1998) showed that more than 70% of the crushed Leighton Buzzard sand
falls in the silt range of 10-50 um after 2 hours of grinding (using a range
of high energy mills). Obtaining two grading patterns, the ‘typical grading’
encompassed less than 2% sub-2 um, 62% sub-20 um, 84% sub-30 pm, 90% sub-40 um
and nearly 100% sub-50 um particles; whilst the ‘coarse grading’ included
negligible clay-size grains, 15% sub-20 um, 44% sub-30 um, 85% sub-40 um, and
nearly 100% sub-50 um particles.

2.3.2 Synthesis of Artificial Loess with Clayey Bonds

Mulilis et al. (1975) suggested the earliest technique for simulation of air-
fall deposition. Clean uniform sub-rounded dry sand was allowed to fall freely
into a test cylinder from a glass tube held at a constant height, while
travelling the sample’s cross section. They postulated a good reproducibility
of bulk density, supplied by the technique. Density was controlled by the
diameter of the glass tube or nozzle, height of free fall, and the rate at
which the glass tube’s end was moved. In a different attempt, Kolomitsev 1985
(in Trofimov (1990)) mixed 10-50 um coarse silt and 50-100 um fine sand with
carbonates of 7.5% by-mass and added a further 10% by-mass of other soluble
salts. The mixed material was then air-dried and pulverised by means of a
rubber pestle, and simply poured into a standard 100 mm oedometer ring. To

mobilize the bonds, Kolomitsev tried three methods:
(1) capillary rise from the lower drain,
(2) wetting from the upper drain,

(3) simultaneous water spray and deposition.
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Samples were eventually air-dried at 18-20°C. A year later, Korolev and Eremina
1986 (in Assallay (1998)) suggested two alternative approaches: Laterally
confined specimens were placed on top of small masses of wet sand as a
moisture-holding medium. The assemblage was kept inside a desiccator for two
weeks to air-dry the specimens. In the second attempt, hydration-dehydration
cycles were simulated in a climate chamber. Specimens were kept inside a
‘Feitron’ climate chamber for one month during which 25 wetting-drying cycles
took place. Wetting was simulated at the relative humidity of 99-100% and the
temperature of 20°C, while drying was simulated at the relative humidity of
20-30%. A year later, Galai (1987) highlighted the significance of wind
intensity in deposition quality (in Assallay (1998)). He sieved pulverized
air-dried particles through a 0.5 mm mesh into an oedometer ring to imitate
certain wind intensity. Galai then wetted the deposited dust (up to the Liquid
Limit) by putting a moist filter paper on the upper surface. After four cycles
of wetting-drying, specimens were air-dried to in-situ water content (value
not reported). To simulate the field’s natural stress state, specimens were
loaded to 50 kPa pressure (roughly 2.5 m overburden). Shrinkage was restricted

to the first cycle of wetting-drying, showing the early activation of bonds.

More recently, Dibben (1998) wused controlled contents of crushed dry sand
together with varying contents of kaolinite to synthesis loess at certain bulk
densities. Dibben (1998) obtained a spectrum of voids’ ratio ranging from 1.25
for the pure crushed sand to 1.03 at 40% clay content. She passed the
disaggregated material through a 63 um sieve at a vertical distance of 400 mm
to the oedometer ring, incrementally. She gently tapped the surface of freshly
deposited layers prior to any forthcoming deposition action. She used varied
compaction effort to reach to target density in soils made up of different
clay contents. A drawback to Dibben’s method is the varied compaction effort
for which the naturally occurring void ratio was disturbed. Due to the

vertical heterogeneity of applied effort, 3 circumstances may appear:

(1) solids may exceed the ring’s volume which then shall be compressed further

to fit into the ring. This results in higher densities at upper layers,

(2) solids may naturally fit into the ring’s volume,
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(3) solids may not fill the ring’s volume, indicating densely packed layers at

the bottom and loosely packed layers at upper profile.
To mobilize the bonds, four methods were adopted:
(1) spraying distilled water over the surface of deposited layers,
(2) subjecting the specimen to the capillary water rise,
(3) combined capillary rise and fine spraying, and
(4) exposing the specimen to water vapour in a steam chamber.

Treated specimens were oven-dried and then subjected to a second round of
steaming (also in Miller (2002)). Dibben, however, acknowledged the

uncertainty over even moisture distribution.

Assallay (1998) generated artificial loess samples at controlled void ratio.
Clean ground sand was mixed with clay through two different approaches. It was
inferred that crumbling silt-clay slurry at liquid limit water content,
followed by drying and sieving provides a more even distribution of clay, in
comparison with simple dry-mixing. Varying masses of dry clay-silt materials
were screened through 63 um sieve into the standard 75 mm oedometer ring from
the height of 200 mm. The early unstable structure (e=1.35) was then
compressed to a metastable state (e=0.9) with a steel piston. To mobilize the
bonds, fine water spraying, capillary water rise, treatment under controlled

humid environment, and wetting by wrapped humid cloths methods were attempted.

Miller (2002) criticized the use of larger efforts for compaction of silts
containing higher clay contents to imitate either a certain dry unit weight or
void ratio. She wetted the dry-mixed clayey silt up to certain preparation
water content and lightly compacted the wet paste into the standard 75 mm
oedometer ring by a wooden pole. The samples were then subjected to a certain
constant axial pressure mirroring a certain pre-consolidation pressure (5
kPa). Subsequent drying mobilized the clayey connectors. To reproduce the

target initial water content, she then attained a steaming approach.

Zourmpakis et al. (2003) passed the oven-dried ground silica through a 63 um
sieve before mixing it with 5% to 25% kaolinite in a mechanical mixer at a low
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rate for 60 minutes. The mixed material was then pulverised by a pestle for 20
minutes followed by the second phase of oven-drying lasting for 24 hours. Dry
mixed material was then gently pluviated into a 120 mm ring at 1-2 mm height

intervals. The surface of each layer was wetted by spraying water droplets.

Samples were then oven-dried at 50°C for 48 hours in an attempt to imitate the
arid climates. Using the 120 mm ring avoided post-drying side shrinkage
induced defects in the 75 mm diameter core specimens. Specimens were subjected
to 9 kPa axial pressure (stress history). This however may be arqued as the
consequent unsaturated-consolidation was supposed to be countered Dby
backfilling, which could induce vertical heterogeneity. To avoid this
heterogeneity, the oedometer ring should be placed inside a standard compacted
mould resting on a layer of pluviated soil. The deposition-spraying sequences
should be continued until the top surface of the ring was covered with a
column of deposited soil. A piston should be used to statically compress the
assembly 1in a CBR loading frame or an automated hydraulic jack, before

extracting the embedded ring (see Assadi and Yasrobi (2007)).

Zourmpakis et al. (2003) introduced another approach which was claimed to
provide a maximum number of clay bonds. They postulated this relatively best
performance for identical specimens of similar stress history. They also
suggested that higher values of void ratio were generated through fine
spraying than capillary rise and steaming methods. This 1is due to the
absorption of water packets by freshly deposited dust from the wet layers
beneath. Clay bonds were deemed capable to support the metastable structure
even 1in the absence of meniscus water. Zourmpakis and colleagues however
under-reported the possible vertical heterogeneity of pore spaces. Relatively
higher volumes of pores may form at the interface between each two subsequent
layers. This allows the infiltration of water front via preferred pathways,

forming a non-uniform moisture profile (Assadi and Yasrobi, 2012).

Static compression at optimum water content is a rarely attempted alternative
approach. This was recently reported in Medero et al.(2005), where mixed
residual soil with proportions of Portland cement, water, and expanded

polystyrene particles were compacted into open-packed specimens.
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2.3.3 Synthesis of Artificial Soils with Carbonate Bonds

Akili and Torrance (1981) simulated the cement formation process by chemical
precipitation of Calcium Carbonate and Calcium Sulphate in a pluviated sand.
Experiments were conducted in an attempt to replicate the Sabkha deposits of
the Persian Gulf coasts. Sabkha was defined as an assemblage of predominant
windblown to sub-aqueous silty sands together with varying contents of
cements, including Calcium Carbonate (Aragonite) and Calcium Sulphate (gypsum
and anhydrite). Sabkha shows high resistance under dry condition and appears
feeble upon wetting (similar to the behaviour of collapsible loess). To re-
produce Sabkha at lab-scale, they attained the ‘solution approach’. A
carbonate bearing fluid was passed through the host soil. Given the low
solubility of Calcium Carbonate in water, the bypass of oversaturated fluid
via gravity or capillary forces gave negligible contents of calcite
precipitates. However, the bypass/prolonged standing of an over-saturated
fluid through/in the network of pores, generated precipitated carbonates at
pore spaces (but not the contact points). Through the second attempt, Akili
and Torr