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Abstract
Desiccation cracking is a natural phenomenon commonly associated with
drying of expansive soils. The role of cracks in surface permeability
increase and overall deterioration of infrastructure slopes makes it a key
factor in climate-related slope instability processes. Despite this
significance, the controls on soil cracking in engineered slopes still
represent a poorly understood area. In this study, soil cracking behaviour
in clay embankments exposed to cyclic wetting and drying was
investigated to improve understanding of this phenomenon for application
in geotechnical practice. A complimentary field and laboratory study was
undertaken, approaches commonly conducted in isolation in the literature.
The field program involved direct investigation of natural crack
development in a heavily instrumented, clay embankment (BIONICS,
Newcastle University). Crack morphology parameters were quantified
under engineering, meteorological and near surface soil hydrological
conditions to understand how temporal change influences these.
Laboratory experimentation was carried out on materials representative of
typical embankment fills and construction methods in the UK in a bespoke
climate control system. Time series photographs of the crack networks
were analysed using image processing technique to compare their

intensities across the experimental conditions.

Syntheses of field and laboratory results show the influence of factors
related to the embankment geometry (i.e. slope aspect, layer thickness),
material properties (i.e. soil density and plasticity) and environmental
condition (i.e. wetting and drying cycles) on the cracking behaviour in
engineered clay slopes. The sensitivity of cracking intensity under given
climate conditions critically relates to the rate of moisture loss and the
material strength. Overall, this research presents how newly gained
understanding of cracking can potentially impact upon improved
construction techniques of engineered clay embankments and the
susceptibility of historic embankments constructed to lower densities to
climatic changes, including how drying/wetting cycles can exacerbate

crack development.
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Chapter 1 General Introduction

1.1 Background

Efficient transportation is a key factor in national development. The
transportation network enables free flow of goods and services and
transport infrastructure connects other forms of infrastructure. According to
report of the UK's transport sector in 2012, roads and rails meet over 90%
of transportation needs in the country, with estimated 500billion motor
vehicle kilometers travelled in 2009 and 1.3billion rail journeys completed
in 2009/10. Overall, the transport asset in the country is worth about
£100billion by estimate. However, the construction of the infrastructures
involves creation of a vast number of earthworks, mainly embankments
and cuttings. In an infrastructural appraisal conducted by Perry et al.
(2003), embankments and cuttings made up over 60% of the rail and road
network, and both formed one-third of the total transport asset value.
Embankments, in particular, provide support and alignment for the
transportation system and including cuttings, constitute some of the oldest

geotechnical structures in the UK.

1.2 The Problem: Failures of infrastructure embankments

Clay based geologic materials extensively cover the British Isles. Because
of this factor, a significant number of embankments in the UK are made of
expansive fills from the local geologies. The fill materials range from
intermediate to very high plasticity making them prone to volume change
as moisture condition in the surrounding environment changes, of course,
driven by weather condition. Therefore, the near surface ground condition
of most of the fill materials presents problems in civic construction arising
from shrink-swell actions in clay. Global damages caused by expansive
soils ranges in billions of dollars. Pritchard et al. (2013) noted that shrink-
swell action in clays poses the highest cost and risk to infrastructure
systems in the UK. Well-known sources of unstable slope materials in the
country include London Clay, Gault Clay, and materials of the Lias Group
etc. Literatures have extensively discussed the problems with expansive
clay in construction. This ranges from minor serviceability to ultimate
failure of slopes (Figure 1.1) with implications for high cost of

maintenance, service delays, route closures, threat to life and properties



etc. (Perry et al., 2003; Kilsby et al., 2009; Rouainia et al., 2009; Dijkstra
and Dixon, 2010). The stability of earthwork slopes and a satisfactory
network performance, therefore, forms an important theme among the

geotechnical community and asset owners.

(© (d)

(e) (f)

Figure 1.1: The problem: Different events and magnitude of earth slope failures
affecting railways and highways transport corridor in the UK (photo a, b & ¢ from
ICE archives/Network rail; d & e from Briggs et al. (2016); from Electrokinetic Ltd,

Newcastle University)

Apart from nature of the fills, the method of construction can also affect the

performance of earthwork slopes. In the UK, two types of embankments
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are common, based on age and method of construction. The methods
depended on the available technology. Thus, there are the Victorian or
historic embankments and the modern embankments. The former mostly
refers to the old railway embankments built in the 19" century, while the
latter refers to the more recent slopes, mainly modern highways whose
construction started in early 50's. The main differences between the two
are the texture, density and drainage conditions. Due to lack of proper
compaction technigues and standard in the olden times, the Victorian
railway embankments were constructed by end tipping method where the
fills are tip into position and compacted by movement of the tipping trucks
as construction progresses. This method resulted in a loosely compacted,
heterogeneous soil structure couple with the weak foundation. On the
other hand, the advancement in soil mechanics, advent of Proctor
compaction equipment and a better understanding of material properties
gained from the experience of past constructions enabled better designs
and improved construction technique in later times. Hence, construction of
modern embankment involved well-designed foundation, good compaction
and good drainage control resulting in consistent soil properties (density,
strength, stiffness, permeability etc.). Overall, the embankments of the two
eras present different stability characteristics, with widespread instability
reported on the historic embankments (Nelder et al., 2006; Loveridge et
al., 2010; Briggs et al., 2016).

Pore water pressure is an important parameter commonly involved in
assessment of slope stability. This is because fluctuation in the pore water
pressure has a major influence in the degradation of shear strength by
decreasing the effective stress (Loveridge et al., 2010). Seasonal
variability in pore water pressure also leads to opposing potentials, i.e.
negative and positive pore water pressure in the summer and winter
months respectively. The high negative pore water pressure brought about
by net higher evapotranspiration in summer gradually depreciate during
winter and can become increasingly positive by heavy rainfall wetting to a
proportion that could cause slope failure. Several studies e.g. Kilsby et al.
(2009), Loveridge et al. (2010), Wilks (2015), Briggs et al. (2016) etc.,

have noted that rainfall-induced pore water pressure related problems



occur in modern highway embankments, particularly in high plasticity soils
prevalent in the South. Shallow slips of not more than 2m deep
characterized the failure mode. In old railway embankments, both pore
water pressure and shrink-swell problems are frequent, often resulting in
deep-seated shear failures (commonly greater than 2m deep). The
difference in the failure modes and mechanisms essentially lies in the
quality of construction of embankment of the two eras highlighted above.
In addition, cyclic pore water pressure conditions brought about by
repeated wetting and drying gives rise to progressive strain softening,
another common failure mechanism recognized in the overconsolidated
materials in the country. Consequently, modern slope stability and asset
management focus on seasonal water demand by vegetation as well as
facilities of rainwater infiltration into slopes, principally cracks. The role of
vegetation in transient pore water pressure fluctuation on slopes has
received significant attention in literature with an adaptation of selected
plant species and regulations for the management of modern highway
slope stability. Soil cracking, on the other hand, is recognized for its
potential to increase the surface permeability (Stirling et al., 2017) hence
directly contribute to change in pore water pressure. Among the types of
soil cracking identified in nature, desiccation cracking brought about by
volume changes in soil material during drying is common in clay slopes
with behavior that leaves much to understand their characteristics and

controls.

1.2.1 Climate and the processes of deterioration in infrastructure
slopes

Climate is the prevailing weather conditions of a region characterized by
the pattern of average temperature, air pressure, humidity, precipitation,
sunshine etc., over a long period. The transient behaviour exhibited in the
embankments e.g. fluctuation in pore water pressure, suction gradient,
and shear strength etc., is linked to microclimate. Patterns of rainfall and
sunshine directly influenced the amount of moisture in the soil, hence the
strength characteristics of the embankment fill. However, the current issue
in slope-atmosphere interaction is the impact of climate change. Climate
change is a large-scale alteration in the earth's climate pattern due to rise

in temperature (or global warming). Global warming is mainly attributed to
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anthropogenic factors, principally municipal and industrial effluents of
greenhouse gases which heats up the atmosphere e.g. carbon dioxide,
methane. The subject of climate change is a global reality with evidence
showing across the world weather, oceans, ecosystems etc. Similarly, the
potential impacts of this phenomenon cut across nearly all sphere of life.
Hence, it has triggered interdisciplinary and intergovernmental efforts

toward proactive management strategies.

The Met Office Hadley Centre is a leading centre that provides
probabilistic climate change projections in the UK. It's United Kingdom
climate change projections released in 2009 (UKCPO09) is widely used as
weather generators in climate change models. Weather generators
provide time series meteorological variables for projections of future
climate scenarios and their probable impacts. Accordingly, the UKCPQ9
suggests wetter winters across the UK and drier summers, particularly in
the south. Annual and seasonal temperatures, and therefore evaporation,
are expected to increase in all parts. The official report from the
Department of Business, Energy & Industrial Strategy showed that the
average temperature in Britain is 1°C higher than it was 100 years ago and
0.5°C higher than in the 1970s (www.gov.uk/guidance/climate-change-
explained 23, Oct 2014). Evidently, there are increasing incidents of heat
waves, flooding, landslides etc. reported across the country in recent
times, with 2012 adjudged as the wettest year since 1910. Report of
National environment research council of the British geological survey
(BGS, 2017) also shows a significant increase in the number of landslides
and slope failures (mainly railway embankments), particularly between
July and December 2012 (Figure 1.2).



N.B. Data collection incorporate Twitter from August 2012 onwards
UK Rainfall and Landslides: January 2017
350 r 80
Rainfall (mm) [Source Met Office]
=== Accumulating average monthly rainfall 2006-date (mm)
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Figure 1.2: Rainfall and landslide data for the UK between 2012 and 2017 (British
Geological Survey report, February 2017)

The same BGS report linked extended periods of low rainfall to high levels
of shrink-swell subsidence in the clay soils of the South East of the UK. A
previous study conducted by Harrison et al. (2012) showed that increased
precipitation and temperature are coupled factors in increased shrink-swell
in the South. The analysis showed that this relationship has potential for
increased subsidence-related insurance claims in this region in the near
future. A separate report by the office of rail and road (ORR, 2013)
indicates that there were 125 earthwork failures between 2012 and 2013
compared to 12, between 2011 and 2012. In a breakdown of landslips
data from Network rail assets, Wilks (2015) showed that in the UK,
England has the highest record of these weather related events. The
evidence is enormous and clearly suggests the vulnerability of the UK's
transport infrastructure to climate change with potential for an increase in

the cost of maintenance.

With a changing climate towards the extreme, slope responses are likely
to change especially with a proliferation of cracking (section 2.4.4 and
4.3.4). Apart from reducing the mechanical integrity of slopes, cracks
increase infiltration and this in turn can increase pore water pressure
leading to a reduction of the shear resistance in slopes (Baker, 1981;
Simoni et al., 2004; Wang et al., 2011). Increased seasonality can
increase existing level of shrink-swell deformations in clay based slopes
6



spread across the country's landmark. Researches therefore, envisaged
that higher than average rainfall would likely result in increased earth
slope failures because of increased water loading on slopes. Hence,
antecedent rainfalls are used for assessment of slope stability in countries
such as Hong Kong, New Zealand, Singapore etc. (Rahardjo et al., 2001,
Rahardjo et al., 2008). However, more crucial in climate-related slope
deterioration mechanisms are the features that accelerate rainwater
infiltration in the slope leading to anomalous pore water pressure in the
otherwise low permeability engineered fills, which are usually stable for a
considerable period after their construction. Overall, the potential impact of
climate change on slope put a huge demand on transport geotechnics
research and practice to provide adequate understanding and resilient
adaptation of infrastructure slopes for acceptable network performance

levels in the country.

There is good progress in physical and numerical modelling to understand
both the impact of climate and climate change on infrastructure slopes.
The studies mainly consider climate variability (using existing weather
generators) and material properties to model the hydro-mechanical
stability of slopes. However, important issues have arisen from the studies

requiring better understanding and these include:

I.  Would climate change lead to increased seasonality hence greater
deformations due to increased rates of strength degradation?
II.  Would the situation lead to greater infiltration hence more ultimate
state failures as opposed to superficial failures?
[ll. ~ Would there be a favourable condition for stable slope arising from
a possible balance between the envisaged increased rainwater

infiltration and high evapotranspiration?

Some of the studies generally suggest there would be an increase in the
shrink-swell deformation including cracking (Kilsby et al., 2009; Dijkstra
and Dixon, 2010; Loveridge et al., 2010). These works consider the effect
of increase climate seasonality affecting volume sensitive materials in the
country. Other outcomes contradict this position by suggesting that the

future climate condition is unlikely to have any adverse effect on the



stability of infrastructure slopes (Collison et al., 2000; Davies et al., 2008;
Rouainia et al., 2009). The latter group based their conclusions on the fact
that increased in evapotranspiration as result of prolong hot weather will
balance the high intensity rainfall envisaged, with no net change in the
present level of slope deformation. However, the influence of cracks on
hydrology is not considered in these works, although recognised and
therefore recommended in further studies.

In an analysis of infrastructure records of Network rail, Wilks (2015)
showed that presently, desiccation related failures are small compared to

other types of slope failure mechanisms (Figure 1.3).
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Figure 1.3: Earthworks failures by type and year (adapted from Wilks, 2015)

Notwithstanding, the evolving climate scenario reasonably suggests a
condition for increased drying and cracking in the soil. And greater water
accumulation could be occurring in slopes. New mechanisms in the slope
response can be generated by such conditions including the development
of perched water zone, near surface slips etc. Despite this recognition,
practical information for understanding of soil cracking in engineered
embankment is few. These gaps appear to be connected to the challenge

involved in physically monitoring and measuring cracking (Take and
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Bolton, 2002), hence lack of quality data and site-base analysis for
necessary input. In addition, cracking is a nonlinear process whose
changes with time are difficult to model satisfactorily (section 2.4.7). Not
only in infrastructure slope stability is desiccation cracks behaviour
relevant, impermeable barrier system and a nuclear waste cover are in
similar need as they involved construction with clay fills exposed to a
temporal environmental condition. Therefore, quality, site-based crack

characterization is highly desirable in several practices.

From the preceding, it is clear that crack deteriorate earth slopes.
However, just how do cracks occur in engineered slopes and to what
extent considering, of course, the quality of construction and material
property? Existing knowledge on desiccation cracking involves theories
set and mechanism identification. Qualitative descriptions are carried out
in small samples and fully saturated soil specimens. To answer the above
questions satisfactorily, it is important to exclusively quantify and
characterise cracking with the peculiar conditions surrounding the

engineered clay embankment.

1.3 Project definition
The general purpose, scope and application of this research are outlined

in this section.

1.3.1 Aim

This project aims to understand desiccation cracking and the controlling
factors of its propagation and network formation in engineered clay fills.
The study is specifically concerned with the behaviour of desiccation
cracks related to near surface moisture changes, suction development and
vegetation present in both historic and modern transport embankments in
the UK.

1.3.2 Objectives
In order to achieve this aim, the following specific objectives are set out:

I.  To characterise moisture movement, crack initiation and

propagation



II.  To quantify desiccation cracking in clay base infrastructure
embankment
[ll.  To establish the influencing factors in crack orientation and
intersections in compacted clay fills
IV. To determine the influence of vegetation on crack network

V. To understand the effect of slope geometry on crack occurrence

1.4 Applications

Soil cracking has multidisciplinary significance. However, in infrastructure
geotechnics where this study directly applies, environmental impact on
near-surface moisture movement have made desiccation cracking
important in slope stability problems. This is because cracking of
expansive soils is associated with environmental moisture loss. Therefore,
in general, the research will contribute to the understanding of desiccation
cracking behavior in engineered clay embankment affected by repeated
wetting and drying. The results are expected to improve understanding of
cracking characteristics and a realistic analysis of clay slopes with cracks.
In addition, the study would improve local understanding of the likely
behaviour of common volume-sensitive slope materials in the UK as the
climate changes, with emphasis on construction techniques of the old and

modern infrastructure slopes.

1.5 Thesis structure

This thesis has six chapters. Chapter 1 introduced the general background
and outlined the aim and objectives. Chapter 2 reviewed existing theories
and significances of cracking in soil across several practices. The various
factors and requirements of desiccation cracking, as well as their
geotechnical implications, are outlined. In addition, research gaps in the
subject are identified. In Chapter 3, field and laboratory methodology of
this study is outlined. A full-scale embankment facility used for the field
study and an innovative soil-climate interaction system for the laboratory
study, are described. The different test programs and methods of

guantifying the cracks are also given.

Chapter 4 and 5 provide integrated discussion and presentation of results.

The discussions are group into two broad themes, hydrological aspect,

10



which forms Chapter 4 and material aspect, which forms Chapter 5. Under
these themes, time series development of surface cracks in the various
test conditions is quantified and characterize to establish the underlying
dynamics. Finally, Chapter 6 is a summary of the findings of this research

including the conclusions and outlook for future research.
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Chapter 2 Literature review

2.1 Introduction

Desiccation cracking occurs mostly in expansive soil as they dry. Due to
its significance in a wide range of discipline dealing with soil, the
phenomenon has generated much research in the past and is still
receiving increasing attention in recent applications. In this chapter,
existing knowledge on soil cracking is reviewed and discussed. The review
consists of three aspects. The first aspect presents the characteristics and
significance of soil cracking. The second deals with the theories of
desiccation cracking in soil and the influencing factors. Lastly, the third
aspect concerns more specifically with geotechnical implication of soil
cracking in infrastructure slopes. Important ideas that relate to present
study are highlight as well as the existing research gaps. At the end of the

chapter, summary of the review and conclusion are given.

2.2 Causes and types of soil cracking

Cracks in soil are discontinuities or macropores thought to result from
stress developed against the soil strength. Stress can arise from several
factors in nature including desiccation, wetting and drying, weathering
(Konrad & Ayad, 1997; Peron et al., 2009a, Utili, 2004). Fang and Daniels
(2006) carried out a broad classification of the common types of cracks
based on their primary causes and modes of formation. These include
thermal cracks, fracture cracks, tensile cracks and shrinkage cracks.
According to Fang and Daniels (2006), thermal cracking occurs due to
differences in the soil temperature (or thermal expansion), e.g. cyclic
freeze thawing in regions which experience wide temperatures differentials
above freezing point during the day or at night. Fracture cracks are micro-
cracks resulting from environmentally driven variability in pore water
pressures. The variability develops internal cyclic loading in existing void
spaces in the soil. Formation of tension cracks is attributed to overburden
pressure including structural load, rainwater load, snow load, trees etc.
This generally decreases tension and increases compression in the soill
mass. Lastly, shrinkage cracks are defined as those formed primarily by

shrinkage of clay minerals as the soil mass dries.
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The broad classification identifies the different environmental factors
associated with crack formation and to some involves weathering.
However, from geotechnical point of view, some of the groups appear
ambiguous as defined. For instance, there should be no distinction
between fracture and shrinkage cracks as both arise from environmentally
driven changes in the pore water pressure and capillary tension in soil.
Understandably, Fang and Daniel (2006) may have sought to distinguish
those effects taking place along pre-existing weakness planes or inherent
micro-fractures within soil clods from which shrinkage cracking can

preferentially initiate.

Among the different modes of cracking, shrinkage or desiccation cracking,
which forms the focus of this study, is acknowledged as the most
significant and common in soil (Kodikara et al., 2000). This partly attributes
to the abundance and wide application of clay materials, which desiccation
crack commonly occur. It also relates with the prevalence of unsaturated
soil condition within which moisture changes greatly affect the behaviour
of expansive soil. Environmental conditions and nature of the engineered
fill are therefore important in their formation. Environmentally driven soil
shrinkage can result in complex hydraulic stress field, which require good
understanding to explain the different patterns of cracks observed in dry
soils. Towner (1987) identified common stress states involved shrinkage
cracks formation in different soils. In some cases, shrinkage sets up
tensile forces that must exceed the tensile strength of the soil for cracking
to occur. In others differential shrinkage through non-uniform drying, sets
up complex patterns of shear stress. In other cases e.g. Peds (units of soil
separated from each other by surfaces of weakness or incipient cracks),
the cracks may be permanent features that simply open and close in
response to drying and wetting, and do not involve strength. The first
condition is prevalent in isotropic drying in saturated mud and flooded
sediment with fine texture while clods and fills with coarse texture can
experience tensile and shear stresses. In this study, the term desiccation
crack is used rather than shrinkage crack to more directly reflect the

primary cause i.e. moisture loss in soil by environmental drying.
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2.2.1 Characteristics of desiccation cracking in soil

Extensive field and laboratory studies have identified the properties of
desiccation cracking in a soil, which are useful in characterising the
influencing factors of their formation. Important characteristics of
desiccation crack highlighted in the literature include crack pattern, width
or aperture, depth, spacing and length. The pattern of cracking is the
resulting configuration of the crack intersections expressed on the soll
surface. It can be considered as the surface expression of the stress field
in the soil mass (Lachenbruch, 1961; Konrad and Ayad, 1997a). Although
they may appear randomly and complicated, crack patterns developed
systematically. In a review of early studies of desiccation cracking,
Kodikara et al. (2000) defined two categories of commonly observed crack
pattern based on their angle of intersections. These are the orthogonal
pattern and non-orthogonal pattern. In orthogonal pattern (Figure 2.1a),
cracks tend to meet at a right angle while non-orthogonal cracks meet at

angles of 120° i.e. hexagonal arrangement (Figure 2.1b).

(b)

Figure 2.1: (a) Orthogonal crack pattern (b) Hexagonal crack pattern (adapted
from Kodikara et al., 2000)

The study also indicates that desiccation cracks occur predominantly in
orthogonal and sequential manner. The individual cracks making up the
pattern can, therefore, be grouped into Primary cracks, which formed
initially, and Secondary cracks, which formed later and further subdivide
patterns of the primary cracks into smaller cells. The non-orthogonal
category, on the other hand, evolves simultaneously and is common at
higher desiccation rate, thin soil layers and low-density soils. The primary
cracks also grow relatively faster, wider and longer subsequently allowing

the un-cracked areas surrounded by them to shrink.
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To explain the dynamics involved in the formation of crack patterns,
Walker (1986) illustrated the process of crack intersections in a soil mass
(Figure 2.2).
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Figure 2.2: Stress distribution and crack intersection (from Walker, 1986)

In this illustration, a block of drying clay is under both vertical and
horizontal stresses. While the vertical stress component acts along the
surface of the block and is relieved with time to form the initial cracks, the
horizontal component propagates parallel to the plane of the initial (or
primary) crack, hence persevere longer in the soil mass. It is thought that
the horizontal stress is responsible for initiation of side cracks and
influences the perpendicular intersection of an approaching new crack. A
similar system was also described by Morris et al. (1992) and the
propagation mechanism at crack tip follows the general theory of fracture
energy in elastic materials widely attributed to early work by Griffith (1921).

Crack spacing is the distance between successive cracks in the soil
surface. It is a useful parameter which determined other crack properties

such as the size of the crack cell (also known as soil clod or soil island -
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(Holtz and Kovacs, 1981; Favre et al., 1997)), and intensity of cracking.
Because of the complex geometry often exhibited by soil cracking, the
distance between any parallel cracks is usually considered for
measurement of crack spacing. Lachenbruch (1961), Konrad and Ayad
(1997b), Costa et al. (2013), Peron et al. (2013) etc., noted that crack
spacing is highly dependent on local disturbances e.g. inhomogeneous
soil strength, flaws and the non-uniform drying conditions etc. These
factors essentially influence the pattern of tensile stress field, which
governs the sequence. In another study involving analysis of crack
features in ten different soils, Chertkov (2000) showed that the depth of
primary cracks coincides by order of magnitude with their spacing, which is

express as:
Zo=So 2.1

Where Z,, is the thickness of an intensive-cracking layer and S, is the
measurable crack spacing with a surface width between 1.5-3mm. The
spacing was considered as the mean between two parallel cracks with a

defined depth as illustrated in Figure 2.3.

Soil surface

N

Primary
cracks

Figure 2.3: Crack Spacing. S, is the mean spacing between primary cracks at the
soil surface, and h is the depth of the primary crack (Chertkov, 2000)

Although the above relationship has not been validated, especially with the
tortuous nature of common crack outlines and a complex subsurface
configuration, a general trend of larger spacing with deeper cracks are
reported in the field (Kodikara et al, 2000). This trend can imply that after
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initiation, greater energy is spent in deepening and widening the crack (i.e.
geometric development). After initiation, crack propagation is believed to
be influenced by fracture energy (or strain forces) developing over an
effective layer thickness. Costa et al. (2013) therefore used the concept of
Griffith’s fracture energy balance to examine this behaviour and in
combination with other soil properties such as effective soil layer
thickness, t and Young’s modulus, E, change in moisture content, Aw, the
authors established a more encompassing equation for crack spacing, S
as expressed in equations 2.2 to 2.4:

For Parallel cracks, S~2—%__ - 2.2
E(ahAw)?

Gs
E(aAw)?

For Square cracks, S =4

For Hexagonal cracks, S = 231—% - 2.4
E(alAw)?

Where Gg, is the strain energy of the material and a, is a hydraulic

constant.

A wide range of crack spacing, from a few millimetres to hundreds of
millimetres is reported in field studies. However, the cause of this variation
is difficult be explain in field context, rather laboratory studies showed that
rapid rates of desiccation tend to produce smaller crack spacing and vice
versa. In many cases, additional findings from laboratory investigation give
a better understanding of complex field phenomenon. It is consider in the
present study that a combination of field and laboratory would produce a

coherent understanding of this natural phenomenon.

The width (aperture), depth, length and orientation of a crack are closely
related geometric properties and define the surface morphology of the
crack (Figure 2.4).
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Figure 2.4: Approximation of a crack dimensions (Li and Zhang, 2010)

Crack widths and depths measured in the field are comparable in different
observations. Zhan et al. (2006) reported width of 20mm and a maximum
depth of 1.2m in a clay cutting. In an excavation on a flood embankment,
Dyer et al. (2009) reported a maximum crack width 8mm which decreases
uniformly over 1m depth. Anderson et al. (1982) also observed a crack
depth of approximately 1m in a motorway embankment. In general,
analytical data shows that crack width and depth displays a positive and
highly significant correlation (Bandyopadhyay et al., 2003; Kishné et al.,
2009). Such relationship suggests a common dynamics of formation a
directional implication. Since desiccation cracking is closely associated
with shrink-swell action in expansive soils, crack width and depth are
useful in the analysis of shrinkage anisotropy. Basically, cracks represent
the horizontal plane of the shrink-swell movement (Bronswijk, 1989;
Gombos, 2012). Overall, crack morphology is important in soil water
storage and distribution with relevant application in transport phenomena
in the soil. Considering their significance in crack characterisation,
measurement of the geometric properties of cracks, is important in this

study.
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Currently, there is little understanding of the cross sectional morphology of
a crack in the soil. The crack shape depends on the orientation of the
vertical walls. However, three theoretical models are common, namely
rectangular, and triangular and square root model. The basic morphology

adopted for these models are as illustrated in Figure 2.5.

Soil surface w
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Figure 2.5: Vertical cross-section through a crack, showing the triangular, square
root and rectangular shapes (adapted from Ringrose-Voase and Sanidad (1996)

Pioneer work that considered crack subsurface morphology was carried
out by El Abedine and Robinson (1971). In order to estimate crack
volume, the authors assumed that cracks have a triangular cross-section,
which tapers with increasing depth to a point. Therefore the width, w at
any depth d, within a crack of maximum depth D, and surface width, W,

can be express as:
w == (D —d 25

In a study on Vertisols (i.e. soils with high content of expansive clay
minerals such as montmorillonite), Dasog et al. (1988) assumed that the
crack walls were parallel such that the cross-section becomes rectangular.
Then the width is constant throughout its depth and surface area. The
triangular and rectangular models are two extremes of the possible
shapes, assuming that the walls are parallel (i.e. convex). An intermediate
model between this two is sometime assume. This is in situations where
the width, W, follows a square root relationship with depth D, (i.e. concave

walls that bulge outwards) in the form:
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w = -1 (D —d)'/2 2.6
D/2

Traditionally, the depth of a tension crack is estimated using the equation
proposed by Taylor (1948):

Z; = 2TC’tan (45° + % (Z)’) (For drained condition) 2.7

Z; = % (For undrained condition) 2.8

where ¢’ is the effective cohesion, @’ is the effective internal frictional
angle, C,, is the undrained shear strength, and y is the unit weight of the

soil which is affected by pore water pressure (Spencer, 1968). The
maximum crack depth corresponds to a point below the ground surface
where the horizontal stress equals the tensile strength of the soil (Morris et
al., 1992; Wang et al., 2011). Miller et al. (2015) assumed such conditions

occur at the base of the ‘active zone’ in unsaturated soils.

Even though there is not yet any valid crack shape, Ringrose-Voase and
Sanidad (1996) argued that the rectangular shape is more applicable for
large cracks with vertical walls were the width remains fairly constant.
Where the surface is still drying and shrinking, it is reasonable to use the
triangular model, since deepening of the cracks commonly accompany
continued widening near the surface. The latter is justified by a common
observation of cracks as an inverted "V-shaped" in excavations in addition
to a theoretical supposition that moisture loss in soil present a decreasing
mechanical profile, with a greater concentration of soil-water suction at the
surface layer. In order to substantiate the true subsurface morphology of

cracks in the soil, a mould cast of crack would be carried out in this study.

An important parameter that involves crack morphology is the estimation
of volume of the crack cross-section. Geometric volume is computed from
the product of its area and the surface length while the area is computed
from a combination of the width (base or breadth in a regular triangular
and rectangular shape) and depth (or height). Therefore, in a transect
method of a crack survey, Ringrose-Voase and Sanidad (1996), presented
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a relation for the mean area, (A) for a measured number, (n) of

intersecting cracks as follows:

For a rectangular model,

A = l . ?:1(Wi . Dl) 29

n

For the triangular model,

1
2n ’

(W D) 2.10

where W; and D; are width and depth respectively of the individual crack.
The approach of computing crack parameters adopted by El Abedine and
Robinson (1971) and Ringrose-Voase and Sanidad (1996) are largely
applicable to an interconnected network of cracks. Despite their spatial

implication, they appear very complex with many assumptions.

Rivera (2008) outlined other field and laboratory methods of estimating
crack volume in shrinkage soil. These include the method of the coefficient
of linear extensibility (COLE) and relative soil surface subsidence. Both
methods relate changes in vertical and horizontal layers of expansive soil
to the cross-sectional volume of existing crack. Hence, their results were
comparable. However, the methods are not validated. In addition, COLE is
solely a laboratory-based measurement, and shrink-swell action is difficult

to observe in the field.

Crack geometric properties have also been measured directly with line
instrument and depth probes. Although cumbersome and spatially
restricted, the method is considered relatively precise and more practical
representation of field situations. Dasog et al. (1988) reported that the
volume of a crack section computed by direct measurement approximate
that obtained by sand in-filling. In any case, the volume is a holistic
parameter to characterise crack development with changes in soil
hydrology. Rivera (2008) used a geometric equation for estimation of the
volume of a crack cross-section. However, some terms in the
mathematical derivation were wrongly defined leading to significant error

in the computation. In the present study, the mathematical derivation is
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reviewed in section 3.2.4 to obtain a valid version of the equation to

estimate the cross sectional volume of the cracks (4.3.2).

2.2.2 Significance of soil cracking

Soil cracking is problematic in many practices. The problems were first
documented in soil science and agricultural disciplines. In agriculture, the
need to improve soil structure for maximum crop yield provided the
impetus for crack studies as cracks could either beneficially rejuvenate
machine-compacted soils or adversely cause the by-pass flow of gases,
moisture, and nutrients beyond the reach of plant roots. The presence of
cracks reduces the amount of surface runoff through increased infiltration
and, simultaneously water content at deeper soil layer. In addition, surface
cracks can enhance soil moisture deficit through accelerated evaporation.
Environmental engineering problems associated with soil cracking mainly
bordered on the potential of cracks to compromise and mobilize water and
leachate in impermeable clay soil barrier e.g. soil liners for landfill and
waste covers. A significant increase in permeability has been reported in
cracked clay liners (Anderson et al., 1982; Albrecht and Benson, 2001).
Cracking, therefore, have greater significance in fine-textured expansive
soils due to increase permeability. The presence of cracks often reduces
surface runoff by increase infiltration and, simultaneously the water
accumulation at deeper soil layers. It is commonly observed that some
cracks created during dry period do not completely close in wet periods,
thus infiltration rate remain higher in such soils throughout the year with a
net increase in the hydraulic conductivity (Novak et al., 2000). In
geotechnical practice, where compacted clay soils are widely used in
earthworks, the increase in soil hydrology properties by cracking often
results in overall degradation of the mechanical property of engineered fills
with implication for increased susceptibility to slope failure. This is a
common issue in instability of earthwork slopes summarized by Baker
(1981) as follows:

1. Shorten the length of potential slip surface, hence facilitate
shear movement
2. Hydrostatic pressure within cracks constitute additional driving

force which contribute to failure
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3. Water in the cracks softens the soil and degrades its strength
properties

It is recognize that rapid pore water pressure change play significant role
in clay slope deformation and this is link to water infiltration in cracks
(Potts et al., 1997; Clarke and Smethurst, 2007; Glendinning et al., 2009;
Take and Bolton, 2011; Lees et al., 2013). The rapid pore water pressure
essentially reduces the effective stress, which tends to stabilize the slope
against shear movement. Consequently, quantification of cracks occurring
in slopes is an essential step in monitoring the well-being of slopes.
Considering these potentials, the occurrence of cracks and increased in
their rate of development can serve as an indicator of slope deterioration.
Health monitoring of slope and early warning system for failures is

essential to mitigate effective management strategy (Smith et al., 2017).

2.3 Theory of desiccation cracking

Several studies have been conducted to understand cracking in soil.
Common materials used include soil slurry, gels, suspensions etc., with at
least four theories of desiccation popular in literature. These are (1) Air
entry (2) Packing collapse (3) Irregular drying front (4) Tensile failure. In
the air entry theory, crack initiation occur through menisci invasion on the
liquid-air-solid interface due to increased capillary tension during drying
(Herrera et al., 2007; Brinker and Scherer, 2013). The packing collapse
theory was used by Holmes et al. (2006) to explain desiccation cracking in
alumina strip. In this case, the driving force for cracking arises from a misfit
strain that occurs when repulsive layers between the particles collapse by
capillary suction. The Irregular drying front theory suggests that cracking
occur in the form of failure of pore walls arising from the difference in
capillary pressures from irregular drying at different points in glass gel
(Zarzycki et al., 1982). The tensile stress theory considers critical drying
stress in soil and suggests that cracking would occur in a drying soil
material when the resultant tensile stress is greater than material tensile
strength. Presently, these theories are either incomplete or cannot be
validated. The studies with gels, in particular, cannot be verified against
the behaviour of granular materials. However, the tensile stress criterion is

the most assumed model in geotechnical and related publication
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(Lachenbruch, 1961; Morris et al., 1992; Abu-Hejleh and Znidarci¢, 1995;
Konrad and Ayad, 1997b; Kodikara et al., 2000; Hallett and Newson,
2005; Péron et al., 2009b). This is because it involves analysis of stress
state variables enshrined in soil mechanics, with consideration of matrix
suction in unsaturated soil behaviour. Important aspects of the tensile
stress theory of desiccation cracking are presented in the following sub-
sections. In addition, crack propagation and spacing are also discussed

within the framework of fracture mechanics.

2.3.1 Drying and Shrinkage Phenomena in unsaturated soil

Drying in soil material is commonly linked to the thermodynamic imbalance
between the soil moisture and the surrounding atmosphere. This condition
causes transfer of fluids from the soil to the atmosphere by evaporation.
During evaporation, moisture moves both in liquid and gaseous phases.
The process generates a suction gradient or a negative pore water
pressure in the soil surface relative to the atmosphere. The difference in
head causes a capillary uplift in the liquid, which is condensed into vapour
for evaporation into the atmosphere (Peron et al., 2009b). Several studies
involving soil evaporation have shown that water content of a soil profile
decreases with depth leading to the widely acknowledged fact that
evaporation proceeds from the soil surface. As evaporation proceeds, the

profile of the soil show decrease in moisture with depth.

Theoretically, as vapour pressure lowers in the surrounding of the liquid in
the soil, capillary pressures develop, which tend to attract soil particles.
This condition results in interfacial tension across the developed
meniscus. The contact phase of the pore fluids with a plane of the soll
grains is shown in Figure 2.6, where © is the angle between the solid

surface and the fluids’ interface and r, is the capillary menisci.
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Figure 2.6: Capillary phenomena in drying soil. Adapted from Holtz and Kovacs
(1981) and Péron et al. (2009b)

The negative pore water pressure developed around the interphase
menisci is believe to act as an attractive force between the components of
the matrix thereby increasing the inter-granular or effective stress
compression, AN in the soil mass. These conditions result in shrinkage of
the soil mass with rearrangement of the particles and the aggregates as
moisture evaporates. Reactive tensile stresses also develop to oppose the

compressional shrinkage as illustrated in Figure 2.7.
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Figure 2.7: Drying shrinkage and tensile stress development in expansive soil
from (Laloui and Nuth, 2009)

Croney and Coleman (1953) and Aitchison and Woodburn (1969)
reported that within reasonable limits, most soils decrease in volume and
water content as suction-induced shrinkage increases. Since matrix
suction generally increases as soil volume and water content decreases,

the tensile stress developed can be consider as proportional to the state of
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soil-water suction. The magnitude of capillary pressure developed during
this process depends on the pore size (effective diameter) rather than the
grain size (Holtz and Kovacs, 1981). This is because capillary menisci in
soil is inversely related to grain sizes. In general, the capillary pressure
increases as the interfacial surface area decreases, which explains the
development of very large effective stress in partially saturated clay soil.
This hydro-mechanical dynamics is often treated under unsaturated soll
mechanics (Fredlund and Rahardjo, 1993; Toll, 2001; Fredlund et al.,
2012; Sheng et al., 2013).

Soil mechanics involves a combination of engineering mechanics, soil
behavior, and the properties of soils. The classification is broad and
embraces a wide range of soils (Fredlund, 2006). However, soils could be
saturated with water or have other fluids in the voids (e.g., air). Classical
soil mechanics emphasis on saturated soils whose voids are fill with water
or air. This has led to a description of a single-phase stress state first
introduced by Terzaghi (1943). Terzaghi’s effective stress theory define
stresses in any point of a section through a saturated soil mass in terms of
total principal stresses, and the pore water pressure (i.e. filled with water)
as shown in equation 2.11.

o =0-—u, 2.11

where o¢'= effective normal stress, ¢ = total normal stress, and u,, =

pore-water pressure.

There are however, several soil materials encountered in engineering
practice whose behaviour is not consistent with the principles and
concepts of classical saturated soil mechanics. The presence of more than
one fluid phase, for example, classifies these soils as unsaturated.
Unsaturated soils are therefore those soils whose voids are fill with liquids
and gasses (Fredlund, 2006). Commonly, the liquid is water and the gas is
air. The physical state of such soils, therefore, presents a three-phase

component as schematized in Figure 2.8.
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Occluded air

Bulk water

Figure 2.8: Interaction between the components of unsaturated soil

Because of the dynamic interaction between these components, pore
water in unsaturated soils exists under two forms with different effects on

the solid skeleton:

1. Meniscus water: water present as lenses at inter-particle contacts
surrounded by dry (empty) pores

2. Bulk water: water filled pores as in saturated soils

The inter-particles water is commonly referred to as adsorb or residual
water. The presence of water under these two forms is responsible for the
difference in engineering behaviour of unsaturated soils and saturated
soils. As the soil state changes between water-filled pores and strongly
bonded inter-particle water the soil behaviour transits from saturated state
to unsaturated state and vice versa. The constitutive relationship between
stresses and strains in unsaturated soils was then defined in terms of two

independent stress state variables, namely, the effective stresses (o — u,,)
and the pore air pressure, U, (Fredlund 2006). Because the pores are

relatively open, the air pressure is assumed to be zero. Hence, the pore
water pressure is characteristically lower than the atmospheric pressure.
Under this condition, matrix suction, S becomes the pressure differential

between air and water pressures in the soil expressed as:
S=U; — Uy 2.12
The pore-water pressure is therefore recognised as an important variable

in unsaturated soils. The oldest relationship for unsaturated soils modified

from the Terzaghi’s effective stress concept is that proposed by Bishop
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(1959).The equation is therefore referred to as Bishop’s effective stress

equation for unsaturated soils and has the following form:
ofj = (oj — ua8y) + x(ua —uy,)8; 213

where G{j is the effective stress tensor acting at a point, oj; is the total

stress, ¥ is a soil parameter related to the degree of saturation ranging

from0Oto 1, and Si]- is the Kroenecker’s delta. Bishop’s equation therefore

relates net normal stress to matric suction. If air pressure is zero (i.e.

atmospheric), then suction is negative:
S=-uy, 2.14

Soil shrinkage usually proceeds gradually as moisture evaporates
resulting in particles aggregation by developing meniscus tension. This
has enabled a categorization of volume change in clay soil during drying
with corresponding interaggregate structure developed i.e. the shrinkage
curve. Accordingly, four distinctive phases, progressing as the soil dries

can be defined in a generalize shrinkage curve (Figure 2.9).
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Figure 2.9: Typical shrinkage curve for clay soils (Tang et al., 2011a)

At zero shrinkage, the soil does not shrink upon further drying. Normal
shrinkage occurs when soil volume changes proportionally with water loss

while residual shrinkage occurs at the phase of air entry into the soil and
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the reduction in soil volume is less than the volume of water loss. The
structural phase has similar characteristics to residual shrinkage but
occurs at the wet end of the moisture range. It is associated with the
removal of water from pores of coarser particles. The progressive
shrinkage phases, therefore, define boundary conditions with respect to
the level of saturation, which corresponds to a particular configuration of
the soil hydro-structure (Figure 2.10).

Inter-aggregates
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Figure 2.10: Soil hydro-structure during shrinkage (from Bensallam et al. (2012))

The normal and residual shrinkage presented by Tang et al. (2011b) are
similar primary and residual drying in an initially saturated soil defined by
Haines (1923). The primary drying stage involves exclusive removal of
water without the ingress of air and as such, the soil remains completely
saturated. The volume change, like in normal shrinkage is equal to the
volume of water leaving the soil and this stage represents the period of
greatest volumetric shrinkage. Further removal of water consolidates the
soil until eventually, the soil particles come in contact and shrinkage slows
as the clay loses its plasticity and particle aggregation stiffens. This stage
is termed residual drying and essentially defines the period of air entry into
the voids. Little change in the total volume of soil occurs during the
residual drying due to the contact between solid particles. This suggests
that total shrinkage is highly dependent on the volume of water present in
the soil. A shrinkage curve is, therefore, useful in the evaluation of the
active volume change during moisture loss with potential application in

crack development, which this study would explore.
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Lambe (1958), Gokhale and Anandakrishnan (1970), Stirk (1954) etc.
showed that the actual amount of shrinkage due to drying depends on
factors such as type and amount of clay minerals, soil fabric, initial water
content and confining pressure. The extent of shrinkage increases with the
plasticity of the soils. Therefore, for an equal amount of clay minerals in a
soil, highly plastic clays e.g. montmorillonites, would undergo greater
volume change upon drying and wetting than do low plastic clay such as
kaolinites. Lambe (1958) reported that clays with dispersed structure
shrink most while clay with oriented particles expectedly shrinks more in a
direction perpendicular to the plates and least, parallel to the plates.
Similarly, clays with randomly oriented particles shrink equally in all
directions. Gokhale and Anandakrishnan (1970) also noted that addition of
sand generally reduces shrinkage in clay soils because of increase solid
contact potential. A similar result was also reported by Stirk (1954) and
Kleppe and Olson (1985). Following the established hydro-structural
dynamics in shrinkage of soil, the inclusion of coarse texture essentially
increases the potentials of solid particles contact against shrinkage. Such
experimental premise could be explored for improvement of expansive

soils against excessive shrinkage deformation.

2.3.2 Shrinkage cracking

It is widely believed that formation of cracks in the soil during desiccation
is influenced by restraining shrinkage. This follows results of pioneer work,
notably Lachenbruch (1961) and Corte and Higashi (1964). The early
workers showed that a drying soil would shrink freely in the absence of
restraints. On the contrary, when soil drying is restrained, tensile stress
essentially developed in reaction to the compressive shrinkage. The
potential of such stresses would vary across the soil media due to
anisotropic properties. In addition, the magnitude of the induced tensile

stress equals to the changes in the soil-water suction during drying.

Péron et al. (2009a) demonstrated the dependence of desiccation
cracking on the restraining boundary in two different tests; one involving
free, unrestrained shrinkage and the other, a restrained shrinkage. In the
experiment, cracks only occurred in the restrained test. The explanation is

that with no restraint whatsoever, the soil would shrinks isotropically in full
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scale without cracking. This is similar in principles to the test procedure for
standard linear shrinkage limit (BS1377, 1990), where free shrinkage is
enhanced by a greased soil mould, to reduce friction and prevent cracking.
Using a remoulded clay bar fixed at both end (Figure 2.11:left), Towner
(1987) also demonstrated that anisotropic shrinkage would occur in the
width and depth orientations of the bar until tensile stresses induced in the
longitudinal direction increased beyond the tensile strength, for the bar to

crack.
End
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Figure 2.11: Shrinking clay bars (Left) Fixed at both ends, (Right) Fixed at one
end. From Towner 1987

A second bar fixed at one end (Figure 2.11:rights) shrank in one direction
similar in behaviour to the unrestrained test conducted by Péron et al.
(2009a). This shows that the free end would only compressed towards the
fixed end except opposed by equal stress induced in that plane for
cracking to occur.

Restraints in soil shrinkage can be caused by different factors existing
within and around the soil. External soil restraints commonly cited include
physical boundary and frictional interfaces such as soil moulds used in
laboratory investigations or invasive structures in the field (e.g.
instrumentation, vegetation roots or buried infrastructure). Internal
restraints, on the other hand, could be inherent soil properties such as soil
texture and structure (e.g. inclusion of large particles), and moisture
gradient brought about by inhomogeneous drying (Hueckel, 1992;
Kodikara et al., 2004; Hu et al., 2006). In natural soil, internally generated

restrain shrinkage is common.

The restraint shrinkage theory from early works lacked necessary
constitutive elements. Kodikaral and Choi (2006) therefore presented a
simplified physical model of the tensile cracking process of a clay layer. In

this case, a clay layer represents an elastic material placed on a hard
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base (Figure 2.12). The interface between the clay and the base is
characterised by elastic-plastic condition, which enables prediction of
maximum tensile stress that could develop in the clay for given moisture
content. It also suggests that drying from the upper surface of a clay layer
induces shrinkage strain within the clay, which in the presence of the base

restraint, would generate tensile stresses.
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Figure 2.12: Idealised tensile failure in soil (from Kodikara and Choi 2006)

As shrinkage strain increases with desiccation, the interface is displaced in
an elastic manner and the relative interface displacement (u) can reach its
peak value (up) as indicated in Figure 2.12. When u > u,, one part of the
interface is assumed to be in a plastic state while the other part remains in
the elastic state. A fully elastic interface condition would, therefore,
develop when u < u, while an elastic-plastic condition suffices when u > uj.
The model predicts that due to restraints provided at the basal interface,
maximum tensile stresses would develop at midsections of the clay layer
(i.e. x = L/2). When the maximum stress exceeds the tensile strength of
the clay, it presumed that a crack would develop through the clay layer
and precisely at the centre. While the model correctly represents the
mechanism at the clay interface during drying, the prediction of the
location of cracking appears to be more applicable to homogeneous
elastic materials considered mainly in fracture mechanics. However, in soil
materials, which are plastic and commonly heterogeneous, the textural
characteristics could significantly influence the random appearance of

cracks. This study would provide an opportunity to validate this position.

From above review and discussion, it is clear that soil desiccation is a set

of processes that include drying, shrinkage and cracking. The cracking is a
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consequence of soil tensile strength mobilization as suction increases in
reaction to compressive forces of shrinkage. It means as a saturated
expansive soil loses water to become unsaturated, the matrix suction
inside the soil body increases at the same time. This cause the soil to
shrink and deform, accompanied by a build-up of tensile stress, which
gradually becomes strained the soil. That is to say, the deformation of the
soil is because of the strain induced by tensile stress, which results from
the increase of matrix suction after water loss of the soil. Therefore, in
partially saturated soils, shrinkage strain can be visualised because of
effective stress increase, which entrenches contributions of externally
applied stress and internal pore fluid pressures. This implies a
combination of mechanical and hydrological components. Essential,
micro-fissures in the soil may begin to crack when the strain reaches limit
deformation i.e. shrinkage strain>maximum tensile strength or matrix
stiffness.

2.3.3 Air entry value and crack initiation: Soil water retention curve
In many crack related experiments conducted with fully saturated clay
mass, crack initiation has been observed around the period of air entry in
the soil. This has led to a common hypothesis that shrinkage can occur
while the soil is still saturated (slurry), and defects and air-filled pores may
act as crack initiators in soils. In line with this hypothesis, Péron et al.
(2009b) carried out a desiccation experiment using three different soils.
Their results showed that in all cases, the cracks initiated near air entry
value when the soils were at about 95% saturation as presented in Figure
2.13.
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Figure 2.13: Crack initiation near Air entry value at saturation (from Peron et al.,
2009b)
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A state of full saturation in soil essentially implies that water occupies all
the voids (i.e. no occluded air or gas). However, as the solid particles
draws closer, a significant magnitude of matrix suction would develop by a
small reduction in the water content. The negative pressure developed in
the soil would attract atmospheric air to the soil-water interface (Shin and
Santamarina, 2011). Desaturation advances from the macropores
because the smaller pores support menisci of smaller radii meaning higher
water tension. According to Péron et al. (2009b), at this early stage
virtually no air enters the soil until a critical capillary head or suction is
reached. This point commonly defines the air entry value (AEV). When air
begins to enter the de-saturated macrospores, the drying front gradually
increases as illustrated in Figure 2.14. This creates drain zone at the soil

surface, which can be viewed as structural defects for crack initiation.

Drying from the top
and formation of a drying front

(b)

Figure 2.14: Air-water interface in porous media (a) drainage during drying
processes and (b) advancing drying front. From (Fredlund and Rahardjo, 1993)
and (Péron et al., 2009a)

Saturated material

The progressive soil-water-suction dynamics in a saturated drying soil
media leading to initiation of cracks during desiccation was also described
by Tang et al. (2011b) as shown schematically in Figure 2.15.
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Figure 2.15: Schematic drawing of soil crack initiation process under saturation
(a) Initial fully saturated soil; (b) water—air interface meniscus developed between
soil particles; (c) capillary suction between soil particles; (d) tensile stress
developed in the upper layer; and surface crack initiated (from Tang et al. 2013)

In addition, Tang et al, 2013 showed that when suction exceeds AEV,
water content rapidly decreases within a relatively narrow range of suction
before reducing at a gradual rate. The latter condition happens when
suction increase beyond the residual water content of the soil. Therefore,
at high suctions the residual water remains in the form of immobile,
pendula rings in the microspores. At this stage, a proportionately large
amount of suction can only mobilize a relatively minor removal of water
with no net effect on shrinkage. This corresponds to zero shrinkage.
Suction as high as 1,000,000 kPa has been predicted beyond this stage
for a variety of soils (Fredlund and Rahardjo, 1993). However, most
natural and engineered soil presents non-uniform grain sizes and textures.
These would lead to differentials in the capillary pressure acting between
any two points in the soil. Therefore, the air entry and irregular drying front
theories of desiccation can be combined to give a complete explanation of

the mechanism of cracking in the soll.

Considering the different state of moisture attained in a drying soil from a
fully saturated condition, soils in an unsaturated state would have very
high AEV. This also implies a high potential for cracking would exist in the
initial condition of such soil. However, cracks are widely observed to occur
within a narrow range of moisture change when suction is relatively small.
This is of interest since, from the foregoing hydro-mechanical standpoint,
very large suction should lead to "intensified" cracking. This study is

interested in further examining this condition. Near surface moisture and
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suction changes in the embankment during soil cracking is marked for a

comprehensive characterization.

2.3.4 Fracture theory and crack propagation in soil

The mechanism of soil cracking has also been approached from the
framework of linear elastic fracture mechanic (LEFM). Fracture mechanics
is concerned with the study of the propagation of cracks in materials. It
was developed both in the field of analytical solid mechanics to calculate
the driving force in a crack and in experimental solid mechanics to
characterize the fracture resilience in brittle materials. In this framework,
the presence of microscopic flaws in a bulk material and the stress
concentration at the tip of such flaws are considered as a source of energy
for the intergranular displacement (propagation) in a linear elastic material.
This approach follows pioneer work by Griffith (1921). A flaw in this sense
can be micro fissures, air or bubbles, large particles, surface texture etc.

Analyses of stress state variables in desiccation studies carried out mainly
in circular and rectangular moulds suggest that cracks are likely to initiate
at/or near the centre of the drying soil mass. This is because tensile stress
is considered to be highest at the centre of such geometrical moulds
(Nahlawi and Kodikara, 2006; Amarasiri et al., 2011; Varsei et al., 2014).
However, in some cases, cracks initiation have been showed to occur in
other indiscriminate locations away from the centre of the soil mass as

depicted by crack number three in Figure 2.16.
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Figure 2.16: Combine influence of stress and flaws in crack initiation (from Costa
et al., 2013).

This is can be influenced by flaws at this location. Such features
essentially constitute isolated points of tensile stress concentration. In
LEFM, it is assumed that crack would first initiate at a location of micro

flaws. The tensile stress required to activate a flaw is inversely

36



proportional to the square root of the flaw size. This hypothesis

underscores the importance of textural flaws in the crack process.

In order to analyse crack propagation after initiation from a site of flaw, two
approaches are commonly advanced in LEFM analysis; the “energy
criterion” and the “stress intensity” approach (Anderson and Anderson,
2005; Pook, 2007). In the energy criterion, crack propagation is likely to
occur when the energy available for crack growth is sufficient to overcome
the resistance of the material. The material resistance may include the
surface energy, plastic work, or other types of energy dissipation
associated with a propagating crack. Thus, for a crack of length 2a in an
infinite plate subjected to a remote tensile stress (Figure 2.17), the energy

release rate is given as:
G = (mo"2a)/E 2.15

Where E is Young’'s modulus, O is the remotely applied stress, and a, the

half-crack length.
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Figure 2.17: Crack in an infinite plate subject to a remote tensile stress. “infinite”
practically means the width of the plate is >> 2a. From (Anderson and Anderson,
2005)

At a point of fracture, the energy release rate equals the strength of the
material, hence equation 2.13 can be rewritten to describe the critical
combinations of stress and crack size at failure:

no]%ac

Gc = 2.16
E
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Anderson and Anderson (2005) noted that for a constant value of Gc,

failure stress O;varies with 1/\/a. The energy release rate, G is, therefore,

the driving force for fracture, while Gc¢ is the material’s resistance to

fracture.

In the stress intensity approach, stresses and displacements near the
crack-tip are described by a single constant that relates to the energy
release rate. Consider an elastic stress distribution and the in-plane
stresses in the vicinity of the crack tip, the crack tip fields are express in
terms of cylindrical-polar coordinates (r,0,z) with origin at the crack tip as

shown in (Figure 2.18).

Figure 2.18: Stresses near the tip of a crack in an elastic material. (Anderson and
Anderson, 2005)

Each stress component is proportional to a single constant K,. This crack-
tip characterizing parameter later became known as the “stress-intensity
factor” (Irwin, 1997). It is presumed that if the material fails locally at some
critical combination of stress and strain, then fracture must occur at critical
stress intensity K,c known as “stress intensity factor” i.e. failure occurs
when K| = Kic. In this case, K is the driving force for fracture while K¢ is a
measure of material resistance or fracture toughness. Thus, the energy
and stress-intensity approach to fracture failure are essentially equivalent
for linear elastic materials and reasonably compare with the critical strain

condition of Kodikara and Choi (2006) presented in section 2.3.2 above.
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Factors such as mode of cracking, orientation and size of cracks etc.,
affect the stress intensity factor. In practice, three possible modes failure is
recognised as shown in Figure 2.19. Fracture mechanics presumes that a
crack in a material propagates in a plane perpendicular to the axis of
maximum stress (path of lowest strain energy). This implies that cracking

in soil is a mode | failure since it is characterized by a tensile opening.

| 1 11
MODE | MODE 11 MODE Il
OPENING MODE SLIDING MODE TEARING MODE

Figure 2.19: Fracture failure modes. From Pook (2007)

Early attempts to apply LEFM in soil cracking were not considered valid
mainly because the soil is a nonlinear plastic material and cracks can
occur in soil near full saturation. However, as a drying soil gradually attain
a gquasi-brittle tensile state, it seems justified to apply fracture mechanic
principles in explaining crack propagation in particular. In addition, the
later development of elastic-plastic theories has enabled a wider
application of this failure concept to a wetter and more plastic material
state (Prat et al., 2008; Lakshmikantha et al., 2012). Notwithstanding,
application of LEFM principles in modelling crack properties in soil is
increasing in recent research (Amarasiri et al., 2011; Kodikara and Costa,
2013; Stirling et al., 2013; Juarez-Luna and Ayala, 2014).

2.3.5 Field and laboratory methods in the study of desiccation cracks
Field and laboratory studies have been carried out in the past to
investigate desiccation cracking in fine-grained soils. The laboratory
methods investigate crack formation in different conditions of drying,
sample sizes, thicknesses and engineering properties. Approaches range
from tests in small compacted samples and slurries (Shorlin et al., 2000;
Kodikaral and Choi, 2006; Péron et al., 2009a; Tang et al., 2011a;

Lakshmikantha et al., 2012) to the thick, more engineered representatives
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(Yesiller et al., 2000; Zielinski, 2009), with some involving wetting and
drying cycles to simulate environmental fluctuations. The variability in
atmospheric conditions also informed the use of climate chambers in
some studies (Nahlawi and Kodikara, 2006; Péron et al., 2009a; Zielinski,
2009; Uday and Singh, 2013). To measure the environmental and soil
parameters, selected instruments are employed e.g. Theta probe,
tensiometer, hygrometer, infrared temperature sensor, dew point
potentiometer. Instruments for measurement of soil moisture and suction
are commonly inserted in the soil, some directly on the surface, which
sometimes induced artificial cracking. In order to avoid such challenges
and increase accuracy, non-invasive methods are used in some laboratory
studies. The most common in this category is electrical resistivity
(Samouélian et al., 2003; Samouélian et al., 2004; Zielinski, 2009; Hassan
and Toll, 2013; Hassan and Nsaif, 2016). Electrical resistivity of a material
describes its ability to resist the flow of electricity. The presence of cracks
results in high resistivity contrast between the intact soil and the highly
resistive air-filled cracks. Another emerging non-destructive method used
in the laboratory studies is laser scanning. Sanchez et al. (2013) and
Zielinski et al. (2014) demonstrated that 2D/3D scanners can effectively
capture cracking in small samples. The set-up, which includes a
computerized motion controller and electronic balance, provides

information on volume change, crack depth, aperture and geometry.

The laboratory studies have proved useful in identifying the key factors
influencing soil cracking and the development of theories of the
mechanism (Kodikara et al., 2000; Kodikara and Choi, 2006). However, a
theory needs to be tested and verified in nature and desiccation cracking
involves complex atmospheric conditions and presence of vegetation (Li
and Zhang, 2011). Therefore, other studies of this type are conducted in
the field. Notable field studies on desiccation cracking include Zielinski
(2009), Dyer et al. (2009), Li and Zhang (2011). Dyer et al. (2009) and
Zielinski (2009) investigated the development and effects of desiccation
fissuring in flood embankments across the UK. On-site excavations of trial
pits showed the upper embankment layer is transformed into a rubbilised

zone by an interconnected network of cracks, with implications for
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formation of breach failure in this type of earthen structure. Li and Zhang
(2011) on the other hand investigated desiccation cracking in a backfill
slope aimed to understand the mechanism from initiation to full
development. The study suggests that a critical moisture condition exist
during cracking and cracks are repeatable under drying-wetting cycles.
Cordero et al. (2016) combined field and laboratory approaches where a
large bespoke soil container filled with about 18000kg (~ 4.5m?) of silty
clay was exposed to drying under natural atmosphere. The method was
adopted to compare laboratory and field measurements. Due to the large
volume of soil involved, the experiment took one year to run under the

slow natural drying.

Other field procedures measured changes in soil water content and pore
water pressure, which are important parameters in desiccation crack
development and for the stability of slopes (Ridley et al., 20044a; Li et al.,
2005; Smethurst et al., 2006). However, manual field measurements are
time consuming, costly and in some cases, destructive e.g. measurement
of cracks. Therefore, like in the laboratory, innovative methods of
investigations are emerging to solve these challenges. Utili et al. (2015)
introduced a novel approach for monitoring the state of earthen slope in a
cost effective and non-destructive way. The method employs a suite of
standard geotechnical probes which measure soil water in limited
locations in the embankment. These validated measurements are then
used as reference to extrapolate the water content distribution at any other
point and time in the embankment. Details of this extrapolation are found
in Utili et al. (2015). However, in order to improve the accuracy and
provide a spatially continuous monitoring, Utili et al. (2015) further
integrated the geotechnical measurements with geophysical
measurements from a portable electromagnetic probe. The latter involves
a walk over, non-invasive electromagnetic probing, which relates ground
electrical conductivity to the soil water content. Since the geophysical
measurements are also recorded spatially, the water content records are
therefore linked to the water content distribution of the geotechnical suite,
with a susceptibility index which provides a qualitative indication about

which zones of the embankment are likely to fissure. In the absence of
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techniques that can directly detect cracks in vegetated slopes, this method
seems promising in practice including cost effectiveness and capacity for

long-term monitoring.

2.3.6 Influencing factors in desiccation cracking of soil

Early studies on soil cracking were mostly conducted in agriculture, soil
science and geology disciplines with the work of Kindle (1917) on mud
cracks commonly referenced as pioneering. The existing studies showed
the influencing factors in desiccation cracking of soil depend on the
properties of soils and boundary conditions surrounding the desiccating
layer. The soil properties experimentally proven as influencing soil
cracking includes fines content, Atterberg limits, mineralogy, moisture
content, tensile strength and density. On the other hand, boundary
conditions affecting cracking include temperature, humidity wind velocity
size of the sample of soil, the roughness of the base material, gradient,
thickness of the soil layer, solar radiation and the cycles of wetting and
drying etc., which are mostly external factors. A review of the influence of

these factors is given as follows:

Soil tensile strength:

From the stress state principles generally advanced for crack initiation, it is
reasonable to state that tensile strength of soil is a limiting condition in
desiccation cracking process. However, tensile strength is commonly
assumed as zero or negligible in engineering practice due to its relatively
small values compared to shear and compressive strength. However, with
its exceptional role in desiccation behaviour of soils, workers have

attempted to evaluate this property experimentally.

Currently, there is no standard method for measuring tensile strength in
the soil. Instead, workers have adapted different methods and formulation
to determine this parameter. The procedures commonly involve uniaxial
application of tensile loads to quasi-brittle soil samples with the load
applied either vertically (e.g. ‘gripping' or ‘torn apart' tools) or horizontally.
The triaxial device has also been used in the former case. More recent
works, notably Trabelsi et al. (2012) and Stirling (2014), applied horizontal

displacement using bespoke devices commonly adapted from direct shear
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equipment. Accordingly, Stirling (2014) modified a direct shear box
equipment to measure the tensile strength and stiffness of soil for a range
of water contents. The bespoke device consists of a pair of specially
designed sample carrier jaws mounted in the shear box (Figure 2.20). One
jaw was restrained while the other was made a free carriage. A median
brace was used to check effects of cantilever movement in the carriage
jaw. The sample was also made into a unique bow-tie shaped to constrain

it and induce failure at its centre due to the reduced cross-sectional area.

Restraining brace
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Balancing pin Greased bearing track

Figure 2.20: Bespoke soil tensile strength test apparatus (from Stirling 2014)
In this setup, the load is transferred evenly through the cross-section, and
the peak load experienced by the sample over the area of fracture
practically represents the soil tensile strength. Using tests results from the
device, Stirling (2014) showed an equation for the ultimate bond strength
of solil, (Oy) as a function of water content (w) as follows:

Ot —228.85e~ 014w 2.17

The relation derives from the soil mechanics principles which indicate that
tensile stress result as suction develops in a soil-water system. Bond
strength is, therefore considered in terms of effective stress arising from

particles aggregation during drying.
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Another device which measures the tensile strength of soil based on the
application of horizontal load was adapted by Varsei et al. (2014). The
apparatus consists of a rectangular shaped soil box with two equal parts
(Figure 2.21). One part was fix in position while the other was made to

move freely on ball bearings, typical of a direct shear assemblage.

Figure 2.21: Desiccation Box/Tensile load device. From Varsei et al. (2014)

To measure tensile forces generated in the drying specimen, two load
cells were attach to the box where the parts join. A Teflon sheet placed
under the soil bed minimizes friction between the base of the box and the
specimen, such that tensile loads developed in the desiccating soil are
measure directly by the load cells. Since the mechanical property of soil
represented by tensile strength is changing with changes in the water
content, the development suggests a possible change in the profile
condition. In the present study, estimation of the critical moisture and

suction at cracking is considered.

Effect of fines content and plasticity:

Soil plasticity is a direct reflection of the type and amount of clay mineral
present in a soil. It is an important property influencing the engineering
behaviour of expansive soils, the shrink-swell behaviour principally.
Mitchell (1993) observed that fine-grained soils are more susceptible to
the development of cracks than coarse-grained soils due to the
development of higher suction in their smaller pores. From the concept of
capillary tension, small pores mean large specific surface area for water
bonding. Associated with this is the large shrinkage that can be obtained

in very high plastic soils. Consequently, the presence of highly active clay

44



minerals in larger quantities can potentially lead to greater cracking than
soils with less active clay minerals and a lower percentage of clay size
particles. Similar findings were made by Tang et al. (2008), Albrecht and
Benson (2001) and Yesiller et al. (2000).

The plastic behaviour in soil is also affected by water content and coarse
inclusions. In a field study carried out in some plastic soils around the dry
climate region of Australia and Canada, Morris et al. (1992) observed that
at a selected strength level, high plasticity clays contained more water
than low to moderate plasticity clays (otherwise called lean clays due to
higher percentage of silt and sands). They also observed wider and
deeper cracks in the plastic clays than in the lean clays. This is because
plastic soils experience larger volumetric contractions on drying due to the
wide range of moisture held in the clay surfaces when released. This
would result in increase effective cohesion and tensile stress. The coarser
soils on the hand exhibit relatively lower cohesion due to the larger voids,
which as a rule, drain rapidly and prevent the reasonable development of
tensile forces. Capillarity would be small in gravels and sands containing
little fines hence suction is limited. Therefore, sand inclusions potentially
inhibit shrinkage, even in very active clays as experimentally established
by several workers including Stirk (1954), Gokhale and Anandakrishnan
(1970), Kleppe and Olson (1985).

Soil Density (Compaction):

The properties of cracks formed in experiments conducted with slurry and
compacted clay often showed characteristics difference. This has led to a
hypothesis that cracking in soil is not only influence by fines content and
plasticity but also by the density. Albrecht and Benson (2001) reported that
both compaction effort and compaction water content play a significant
role in this regards. Compaction is a process of soil densification by
removing air voids by mechanical means. Essentially, the soil strength
improves as unit weight increases by compaction. Compaction conditions
would affect the desiccation behaviour of cohesive soils primarily due to
the effect of compaction on intrinsic soil properties such as soil structure,
hydraulic conductivity etc. Dry of optimum the soil fabrics flocculates, while

wet of optimum they become more oriented or dispersed as pore water
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pressure is increased. Practically, soil samples compacted wet of optimum
would have highest shrinkage potential. Consequently, the resulting soil
structures could influence cracking in a soil. Fang and Daniels (2006)
showed that flocculating and dispersive structures create different cracking
patterns, with a flocculated structure tending to produce larger crack areas

than the dispersive structures (Figure 2.22).

{a)

(&)

Cracking pattern

Figure 2.22: Schematic of the effect of soil structures on cracking patterns. (a)
Flocculated structure, and (b) Dispersed structure (from Fang and Daniels, 2006)

On a macroscopic level, this behaviour can be linked to greater shrinkage
anisotropy potential in flocculated structure. The orderly arrangement of
the dispersed structure enables isotropic volume change. Although the
volume can be large being one directional, the potential for cracking is low.
This is significant when considering the compaction condition in earthwork
construction whose aim is either to avoid excessive drying or excessive
pore water pressure. Hence laying condition can be dry or wet of optimum
moisture content depending on the prevailing environmental conditions.
Compaction of clay fills wet of optimum results in a dispersed structure.
This would prevent excessive swelling on further wetting but could exhibit
a relatively large shrinkage on drying due to the large moisture loss.
Inversely, clay fills compacted dry of optimum results in flocculated
structure. This condition would tend to exhibit high swelling on further

wetting but relatively small shrinkage on drying due to low moisture
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condition in the soil. Most soil materials used in earthwork construction in
the UK favours embankment placement in a moisture state that will
prevent excessive swelling (i.e. slightly wet of optimum). However,
evolving warmer climate has given serious concern on the performance of
these structures, particularly with excessive shrinkage envisaged.
Therefore, this study, which examines cracking potential in desiccating
clay slope, would contribute to this contemporary issue.

Other experiments involving compacted clay have reported contradicting
results with respect to potentials of cracking. Miller et al. (1998) conducted
desiccation experiment on compacted clay soils with low plasticity and
recorded large values of crack width and depth in the specimen
compacted dry of optimum. This tends to contradict common views that
desiccation cracking may not be significant for low plasticity soils and more
likely for soils compacted wet of optimum water content than soill
compacted dry of the optimum moisture content. A possible inference from
this disparity is that soil cracking is not limited to any given sets of hydro-
structural conditions. Therefore, every practical clay soil and
environmental condition needs to be investigated for cracking potential as
this study sought to establish.

Temperature and rate of desiccation:

Temperature is one of the most widely studied variables in soil cracking
research. This is mainly because the temperature is a key factor in the
thermodynamics of moisture exchange between the soil and its
surroundings. Experimental evidence of temperature effects in desiccation
crack process abounds in literature. Tang et al. (2008) conducted a
desiccation experiment at three different temperatures (30°C, 40°C, and
50°C) and showed that the average length, width of cracks, and area of
aggregates increased with increasing temperature. In a related study,
Tang et al. (2010) further showed that cracking water content and rate of

water loss also increases with temperature as shown in Figure 2.23.
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Figure 2.23: Changes in water content with time under different temperatures
(from Tang et al., 2010)

From various desiccation curves, Tang et al. (2011b) identified two distinct
phases of evaporation in a fully saturated soil namely, constant
evaporation stage and falling evaporation stage (Figure 2.24a). In the
constant evaporation stage, water content decreases linearly with time
and changes the gradient to a subsequent stage of falling evaporation
during which water loss slow gradually towards the residual water content.
The first and last stage corresponds with the stage of primary and residual
drying and is characterized by the removal of free and bonded water
respectively. Desiccation crack is presumed to form at the time of primary
drying close to the air entry value (Haines, 1923). However, compacted
soils mainly exhibit unsaturated condition, hence their desiccation curves
do not clearly exhibit the normal evaporation boundaries observed in
flooded soils. Instead, the falling head evaporation dominates the profile
as shown in Figure 2.24b from Nalhawi and Kodikara, (2006). Due to
increased dry voids in compacted soil, AEV would be very high and the
available moisture increasingly tends towards tightly held residual
moisture, or more specifically adsorbed water in clays. This caused the

rate of evaporation to slow.
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Figure 2.24: Stages of evaporation during soil desiccation (a) Slurry soil (b)
Compacted soil (from Tang et al. 2011, Nalhawi and Kodikara, 2006)

In a related experiment, Kodikara et al. (2000) also showed that cracking
water content decreases as temperature affected desiccation rate
increases (Figure 2.25).
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Figure 2.25: Profiles of desiccation in soils; cracking water content indicated by
vertical arrows (from Kodikara et al. 2000)

Desiccation rate defines the decrease in water content of the soil with
respect to time. From experimental results, Nahlawi and Kodikara (2006)
define desiccation rate as a function of a dimensionless factor known as

desiccation coefficient:
kw — w,) = (w; — w,)e kt 2.18

Hence

dw
— = —k(w — w,) 2.19
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where w; is the initial water content, W is the water content at desiccation

time t, and w,. is the residual water content at the final stage. The

desiccation rate is defined by | dw / dt | and k is termed desiccation
coefficient (1/ [T]), a dimensionless parameter representing desiccation
rate. The formation of the crack pattern and the intensity of cracking have
been associated with the rate of desiccation. Kodikara et al. (2000)
reported that when the rate of desiccation is high, cracks form
simultaneously. This essentially arises from more uniformity in the drying
of the soil surface. This premise also supports another common
association of shallow, closely spaced cracks with rapid desiccation.
Conversely, slow rate of desiccation potentially creates enough time for
primary cracks to systematically developed and exert control on
intersections of secondary cracks. This could also explain the association
of deeper, widely space crack observed with a slow rate of desiccation.
Furthermore, early authors notably Corte and Higashi (1960),
Lachenbruch (1961) etc. considered soil cracking as a coalescence of
micro cracks at a point in a soil mass proportional to the stress state at any
given desiccation time. Therefore, when the desiccation rate is high, the
time duration for crack coalescence at particular moisture content or
tensile stress is low. This leads to the condition that lower cracking water
content, hence higher tensile stress is a needed to initiate cracks when the
desiccation rate is higher. The resultant crack distribution would be

simultaneous once this critical condition is reach.

Another important understanding from analysis of desiccation rate is that
cracks occur at different moisture content for a given soil as temperature
conditions vary. This experimental observation suggests a rather
interesting difference with the theoretical basis. The original theory of
stress state variables for cracking imply that as far as suction is a function
of water content in a soil mass, then crack would initiate at the same water
content for any given soil irrespective of the test condition. Therefore, soil
cracking remains a phenomenon that leaves much to understand, and this

study seeks to contribute to existing knowledge.
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Soil layer thickness:

Solil layer thickness is another factor investigated on soil cracking. Soll
layer thickness and cracking is particularly significant in the performance
of clay liners and covers where cracks can compromise the integrity of the
impermeable cover constructed mostly with thin clay layers. Tang et al.
(2008) prepared three soil thicknesses (5mm, 8mm, and 11mm) to test
their effect in shrinkage crack development. In their results, the number of
crack intersections, segments, the average width of crack, average area of
aggregates and crack intensity all increased as the thickness of the soil
layer increased. The same trend is reported by Kodikara et al. (2000) and
Nalhawi and Kodikara (2006) showing increase in mean cell area with
increased soil thickness. The increase crack intensity in thick soil
computed to inverse trend in total length of cracks per cell area. Generally,
thick soil layer slows desiccation rate due to the longer distance moisture
have to travel for evaporation at the surface. This would lead to soil water
content trending inversely with depth and concurrently, a suction gradient.
Hence, a significant change in the mechanical profile exists in thick soil

leading to a greater stress condition for cracking.

Wetting and Drying Cycles:

The recognition that natural soil experiences diurnal and seasonal
changes in hot and wet weather justify investigation of the effect of
wetting—drying cycles on their shrink-swell behaviour in general and
cracking in particular. It is widely observed that near surface clay layers
subjected to multiple cycles of wetting and drying undergo structural
changes, which can significantly affect the soil properties e.g. soil strength,
water retention characteristics, hydraulic conductivity etc.(Yong and
Warkentin, 1975; Kodikara et al., 1999; Tang et al., 2011a; Tang et al.,
2016). The effects attributed to a possible re-arrangement of the soil
particles as moisture condition fluctuates. A re-arrangement in soil particle
essentially affects pore space distribution and the water retention capacity
because of concurrent soil-water suction changes. An expansive soil
experiences structural shrinkage as the particles draw closer into a
stronger bond during drying. Subsequent wetting would increase the voids

in the soil as the strong bonds are potentially broken and the wetted
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particles separated under a relax menisci. This leads to the formation of
aggregates. Figure 2.26 depicts dis-aggregation and cracking of an
originally homogeneous soil after wetting and drying.

Figure 2.26: Homogenous to aggregated structure (Left to right) and volume
change in a soil after 3 wet-dry cycles. From (Tang et al., 2016).

Soil shrinkage and swelling, therefore, leads to increasing of weak zones,
cracking and decrease in water retention capacity. The hydraulic
conductivity increases while the overall soil strength decreases. The effect
of wetting and drying on cyclic shrink-swell action and pore water pressure
fluctuation is a significant factor encountered in instability of clay base

slopes.

In some cases, however, it has been noted that a reduced potential in
shrink-swell can occur with increase wetting and drying cycle. This means
fabric re-arrangement can diminish or eventually reaches equilibrium with
implication for a stable soil structure. A common hypothesis in soil
research is that as wetting and drying continues in expansive soils, the
particles are either re-orientate to attain a potential minimum energy state
against external load or the bond is stiffened to resist total failure of the
developed structure (Kodikara et al. 1999, Li et al. 2004 and Tang et al.
2016). Stiffening can be caused by increased particle-aggregate contacts
following greater clusters of small size clay particles and sub-aggregates
created in previous wetting. Therefore, the structure becomes increasingly
stable against total collapse. Kodikara et al. (1999) and Kodikara et al.
(2002) noted that this behaviour governs the structural transformation of
normally consolidated or unconsolidated clay to stable over-consolidated

clay.
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An important debate this theme is the number of cycles it takes for a soil to
reach an equilibrium structural state. Al-Homoud et al. (1995) noted that
the tensile strength of soll initially decreased with the number of wet-dry
cycles and can stabilize after about three cycles. Umana (2016) conducted
a hand-shear vane test in the soil repeatedly wetted and dried up to 5
cycle and reported similar diminishing strength condition. Although the
corresponding numbers of cycles to reach the equilibrium structural state
is not well understood, some workers have noted that this would likely
depend on nature of the material, particularly the clay fraction (Al-Homoud
et al., 1995; Alonso et al., 2005; Rao and Revanasiddappa, 2006). A high
plasticity soil would require more wetting and drying cycles to reach the
equilibrium state than silty or sandy soils (Al Wahab and El-Kedrah, 1995;
Omidi et al., 1996; Yesiller et al., 2000). This is because of increased
moisture retention as soil plasticity increases. Such soils would require
more wetting before a significant state of aggregation can be reached.

From the foregoing, it is reasonable to state that strength degradation in
soils undergoing cyclic wetting and drying is not necessarily permanent.
However, more evidence is needed to validate the observation. So far,
most cyclic experiments are limited to 2 or 3 cycles, which are not
sufficient to observe substantial changes. In addition, microscopic study of
the fabric of the cyclic soil is rare in literature. In order to contribute to this
important theme, this study considers assessing crack intensity in at least
six wetting and drying cycles to know their changes relative to mechanical

state of the soil.

2.3.7 Quantification of cracking in soil

In section 2.2.1, it was noted that desiccation cracks occur systematically
in the soil, and can attain complex pattern. Account of the system of crack
development can be useful in understanding the mechanism of their
formation. In literature, this has been carried out in terms of the number
cracks per unit area (or crack intensity), crack cells per unit area (i.e. the
volume of soil separated by cracks), crack spacing, etc. Early works on
crack quantification were mostly descriptive with authors adopting different
approaches to describe the complex pattern and dimension of cracks.

Kleppe and Olson (1985) used a scale of 0 to 4 to quantify the extent of
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cracking in the field with O implying no cracking and 4 suggesting large
surface cracks of width >20mm. Al Wahab and El-Kedrah (1995) also
developed an index to quantify the extent of cracking. The cracking index
is the ratio of the area of cracks to the total surface area of a soil. The
product of length and width determined the area of a crack. A more
conventional quantification developed with statistical evaluation of crack
pattern from direct measurement. However, with advancement in image
analysis technique, computer aided digital analysis became more common
to measure and quantify cracks in the soil. The use of non-invasive
techniques is also increasing (section 2.4.5) including 2D/3D laser scans
(Sanchez et al., 2013; Zielinski et al., 2014) and electrical resistivity
tomography (Samouélian et al., 2005; Hassan and Toll, 2013; Hassan and
Nsaif, 2016).

Image processing often involved a computer-aided conversion of analogue
camera images into a set of standard signal characteristics, commonly
pixels and colours. In comparison with traditional manual methods, image
processing has the advantage of simplicity and high efficiency. Tang et al.
(2008) set out the general procedure for processing 2D digital image of a

crack structure as follows:

1. First, the colour image of cracked soil surface is changed into a grey
scale image.

2. Next, a good contrast is set between the cracks and soil clods in a
process referred to as "binarisation”. With this, the grey level image
segments into black and white background representing the cracks and
soil aggregates respectively. The contrast helps to determine the
intensity of cracking.

3. Finally, in order to determine the crack intersections and lengths, a
schematize structure of the crack network is created by
“skeletonisation”.

The procedure is further illustrated in Figure 2.27:
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Figure 2.27: Digital image processing procedure. (a) Initial grey level image, (b)
binary black and white image, and (c) skeleton of crack network (from Tang et al.,
2008)

To quantify the evolution and extent of cracking in field and laboratory, the
two numerical parameters commonly employ by researchers are crack
intensity factor (CIF) and length of the fissure (LF). Miller et al. (1998)
introduced CIF, which is defined as a ratio of the total surface crack area
to the total surface area of the clay soil. Likewise, Trabelsi et al. (2012)
first used LF, which described the length of crack with respect to the total
length of soil. Both parameters, often presented as time-variables, have
been used to describe the progressive development of cracking in a soil.
Typically, the curves present a linear region at the beginning of the
desiccation process and then reached a steady state as shown in Figure
2.28. This behaviour is believed to characterise the progressive hydro-
structural changes in drying soil, hence useful in quantifying the cracking
process.
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Figure 2.28: Experimental cracking results (a) CIF and (b) LF as functions of time
From Miller et al. (1998) and Trabelsi et al. (2012)

Since its introduction, various authors have used CIF in particular to
characterise crack properties. Miller et al. (1998) analysed changes in CIF
during crack propagation and identified three distinct stages of crack
formation; the initial stage, second stage and final stage. The initial stage
represented the period when the first generation or primary cracks initiate
and spread over the entire soil surface. The second stage, also called
"enhanced cracking" represented the period when the first generation
cracks became wider and deeper, with few secondary cracks later formed
between the initial clods. The final stage is the stable stage with no
significant change in crack geometry. Similar stages are reported by other
workers who also employed image analyses technique i.e. Mizuguchi et al.
(2005), Tang et al. (2008) and Li and Zhang (2011). The steady or stable
stage, in particular, is described as the stage when aggregates size is
stable, the soil approaches shrinkage limit and cracking generally ceases.
Tang et al. (2008) and Tang et al. (2010) reported that the extent of
cracking correlates directly to the fines content and plasticity. Hence, CIF

can reflect the shrinkage properties of soil. The material with lower fines
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content shrinks less, resulting in lower CIF while the fines-rich material
exhibits a higher rate of volumetric shrinkage, hence higher CIF obtained.
Wetting and drying leads to higher CIF. This attributes to greater
aggregates instability induced by cyclic shrink-swell, even though this
effect may not be perpetual as discussed in the preceding section. The
potential of some clay soils to regain structural stability after multiple wet-
dry cycle presume that potential for cracking in such soils would be
reduced as the cycle increases. Considering the usefulness of image
analysis technique, this study contemplates time-lapse photograph of the
surface cracks in as part of the methodology to quantify and characterise
the crack's morphological development.

2.4 Clay soils and performance of clay earth slopes

Clays are soils that contain a high percentage of fine particles and
colloidal substance. In geotechnical engineering, clay soils are
characterised by the content of specific clay minerals, which are
characteristically plastic when wet but hard, brittle and non—plastic upon
drying. They are important engineering material commonly involved in civil
works as either a foundation or a construction material. This is due to their
broad range of mouldable states as well as their problematic
characteristics under certain conditions, particular changing moisture
content. Their engineering properties are therefore significantly influenced
by the presence of water, which makes them prone to large volume
changes. Commonly, the term expansive soil describes clay soil that is
characterized by significant volumetric change with moisture fluctuations.
This type of soil is a common cause of environmental related damages in

civil structures.

2.4.1 Clay mineralogy
Clay minerals are flaky crystalline particles with a diameter greater than
2um. They are also electrochemically very active. Figure 2.29 illustrates

the size of clay particle relative to sand and silt.
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Figure 2.29: Particle size of sand, silt and clay

Overall, clays constitute around 16% by volume of material in the earth's
surface and are very abundant in soils as a product of weathering. The
volumetric change caused by shrinkage and swelling of soils are related to
expansive clay minerals. Structurally, clay minerals comprise of
arrangements of silicate (tetrahedral) and aluminium, magnesium and iron
(octahedral) sheets contained in crystal units or layers, each being 0.1 to
1.0pm in size. The variations in the basic sheets structures make up the
dozen of clay minerals with distinctive physiochemical properties. Despite
their structural and compositional differences, the wide varieties, which
have been identified can be classified into two main groups namely the 1:1
and 1:2 layer. The 1:1 layer-lattice silicate clays have a stack of one
tetrahedral and one octahedral sheet. Successive layers of the basic units
are held together by strong hydrogen bonds, which prevent hydration and
allow stacking of the layers into a large crystal, typically 70-100 layers
thick. The 2:1 layer-lattice silicate clays, on the other hand, have a stack of
one tetrahedral layer sandwiched between two octahedral sheets and held
by a weak van der Waals force with a net negative charge deficiency in
the octahedral sheet. This enables water and exchangeable ions to enter
and separate the layers. Thus, montmorillonite crystals in this group are
very small but at the same time, they have a very strong attraction for
water (Figure 2.30).
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a) b) c)
Figure 2.30: Structure of the main clay minerals: (a) kaolinite, (b) illites and (c)
montmorillonite, based on combined sheets (Knappett and Craig, 2012)

The 1:1 silicate clays e.g. kaolinite is not prone to large shrink-swell as
local moisture content changes. This is due to their small specific surface
area. Specific surface is inversely proportional to the grain size of a soil
i.e. the smaller the patrticles, the larger the specific surface. Some 2:1
silicate clays such as illites and chlorites do not expand and contract,
changing little in the volume under wetting and drying. Other 2:1 silicate
clays, e.g. montmorillonites also referred to as the smectites group are
capable of significant expansion and contraction on wetting and drying
because of their extremely large internal surface area estimated between
550-650m?/g (Brink et al., 1982). This greatly enhances water bonding
leading to a large expansion in the interlayer spaces. Conversely, as the
2:1 clay minerals dry out, water is lost from the layer-lattice structure and
shrinkage occurs. Since the surface activity of clay relates to particle size,
montmorillonites are therefore relatively more "active" than kaolinites.
Characterisation of activity of common clay minerals and an indication of

their shrinkage potential is as depicted in equation 2.20 and Table 2.1:

Table 2.1: Activity of clays

Clay minerals Activity
Kaolinite A=0.5 (low activity)
lllites A=1.0(medium activity)

Montmorillonite A=7.2 (very high activity)
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Activity, A = - 2.20
%clay finer than 2pm

Due to their physicochemical characteristics, most clay minerals are
usually hydrated i.e. layers of water called absorbed water, surrounds
each crystal. The structure of clay soils and thus their engineering
properties ultimately depends on the nature of this absorbed water layer.
The phenomenon of absorbed water in clay arises from several reasons.
First, even though water is electrically neutral in its dipolar nature, it has
two separate centres of charge, one positive and one negative, which
attracts the molecules to clay crystals. Secondly, water is bound to the
clay crystal by hydrogen bonding such that hydrogen of the water attracts
oxygen or hydroxyls on the surface of the clay. The third factor is that the
negatively charged clay surface also attracts cations in the water. Since all
cations are hydrous to some extent, they also contribute to the attraction
of water to the clay surface. Holtz and Kovacs (1981) noted that of these
three factors, hydrogen bonding is the most significant in the behaviour of
the absorbed water.

2.4.2 Structure and Fabric of clay soil

A given soil mass is made up of particles or mineral grains held together
by inter-particle forces. The geometry and arrangement of the soil particles
and the forces, which may act between them, are considered as the soil
structure. Soil fabric refers only to the geometric arrangement of the
particles or mineral grain. The structure of most naturally occurring clay
deposits is complex ranging from microscopic aggregates to clusters and
large peds (Holtz and Kovacs, 1981). The behaviour of clay fills is
strongly influenced by the macro- and micro- structures. Cracks, root
holes, sand seams etc., are classified as the macrostructure. These act as
defects and primarily affect soil strength and drainage. Consequently, they
are crucial in geotechnical considerations involving drainage, settlement,
and slope stability. The microstructure describes the geometry and relation
of grains, and the pores between them. It is influence by the history of the
soll, including the stress history, from deposition to weathering.
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2.4.3 Clay fills and construction of infrastructure embankment

The word “fill” is generic for soil or rock materials created by man for
various purposes. This is different from natural soil deposits, which result
from geologic processes. Likewise, engineered fills also differ from
ordinary fills. Engineered fills are selected and prepared to exhibit specific
engineering behaviour. Therefore, they possessed known engineering
properties, and which could be characterised. On the other hand, ordinary
or non-engineered fills generally arises as a bye product of human
activities, commonly spoils, urban fills, building and demolition waste etc.
Characterisation of their engineering properties and prediction of
behaviour is difficult since their placements are usually not for any

considered application (Charles, 1993).

Clay fills are frequently involved in earthwork construction e.g. creation of
road and railway embankments, dams and flood levees, landfill
liners/covers etc. In the constructions, large volume of clay lumps or clods
of are compacted in layers of appropriate thickness. The nature and
method of placement of clay fill can significantly affect performance and
lifespan of engineering structures created from them. However, a major
problem is volume change due to cyclic swelling and shrinkage, which
characterised the behaviour of clay minerals upon wetting and drying. This
condition can lead to several adverse behaviours in the soil including
differential settlement, creep, susceptibility to erosion and overall strength
reduction etc. Global damage cause by expansive clay to civil engineering
structures are estimated in billions of dollars (Jones and Holtz, 1973; Bell,
2003). Pritchard et al. (2013) reported that shrink swell actions in clays
pose the highest cost and risk to infrastructure systems in the UK where
expansive soils of intermediate to high plasticity are widely involved in the
construction of transport infrastructures, particularly embankments. This is
mainly because of their abundance across the British Isles. However, the
high plasticity materials are more prevalent in the South corresponding to
the drier parts of the country (Figure 2.31). The distribution is attributed to

factors like geology, climate, hydrology and geomorphology.
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Figure 2.31: Shrink—swell potential map of UK (Jones and Jefferson, 2012)

In the southern part of the country, the London Clay Formation, Lias
Group and Gault Clay Formation, are among the well-known sources of
unstable slope materials (Dijkstra and Dixon, 2010). The high shrinkage
and swelling behaviour of London Clay Formation, in particular, have a

recognised history of foundations damages.

Two types of embankments are common in the UK with respect to
era/method of construction namely; historic railway embankment and
modern highway embankment. Their structural integrity and hence
performance in short and long term have occupied geotechnical literature
in recent times. This attributes to the need to improve knowledge on likely
behaviour of the volume sensitive materials in the changing climate
(Nelder et al., 2006; Hughes et al., 2009; Kilsby et al., 2009; Loveridge et
al., 2010; Toll et al., 2012; Wilks, 2015). The historic embankments also
referred to as Victorian embankments were constructed in the late 19th

century and early 20th century for the olden day railways. Their
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construction is characterised by poor compaction using end tipping
method, unselected vegetation type and poor drainage condition etc.
These result predominantly in a soft foundation, a loose and permeable fill
susceptible to a high rate of deformation. In contrast, the modern highway
embankments were constructed from the early 50’s, with the development
of modern compaction methods and equipment. The fills are therefore
compacted in successive layers and placed on a suitable foundation, with
adequate drainage and standard vegetation regulation. Figure 2.32
illustrates the basic engineering differences in the construction of the two
types of embankments, which characterised an ideal embankment
condition with potential stability and relatively unstable embankment

encountered in reality.
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Figure 2.32: Modern highway embankment (Left) compared with historic rail
embankment (Right). From Loveridge et al. (2010).

2.4.4 Performance of clay embankments in the UK

In the UK, embankments estimates about 10,000km of the total length of
transport infrastructure, and together with cuttings, constitutes a third of
the total transport asset value. Increasing failure incidences in these
earthwork slopes are being experienced across the country in recent
times. The significance of these failures is enormous. Speed restrictions,
route closure, a high cost of maintenance are discussed in the literature as
issues arising from minor and ultimate failures (Perry et al., 2003; Ridley et
al., 2004a; Kilshby et al., 2009; Dijkstra and Dixon, 2010; Loveridge et al.,
2010). The potential risks facing the transport infrastructures sector are
complicated by other interdependent sectors e.g. energy,

telecommunication etc. The performance of transport earthwork slopes
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(road and rail networks) in the country is therefore central to the national

economy.

Infrastructure slopes in the UK have been experiencing different levels of
failures. The failures ranged from minor soil deformation in the form of
surficial slips and settlements with implication for speed restriction, to
major failures leading to routes closures (Kilsby et al., 2009; Rouainia et
al., 2009; Dijkstra and Dixon, 2010; Loveridge et al., 2010). There is
sufficient evidence that most failures in clay embankments in the country
are caused by environmental factors, especially an extended period of
rainfall. Seasonal and diurnal changes in climate give rise to repeated
cycles of shrink-swell with a net increase in cyclic pore water pressure.
These factors are a regarded as the common trigger of slope failures in
the UK. Importantly, during cyclic shrink-swell process plastic strain can
accumulate over time leading to the reduction in soil shear strength, a
mechanism referred to as progressive strain softening (Davies, 2008; Take
and Bolton 2011). The initial placement conditions (e.g. optimum moisture
content, good compaction, low permeability) of the over-consolidated clay
fills usually result in high negative pore water pressure, which favours
stability of the slopes immediately after construction. The stable condition
can last up to 20 years (Rogers and Glendinning, 1993; Fredlund, 2006).
However, with time there is gradual deterioration of this favourable
negative pore pressure to positive values, commonly due to the high
ingress of water into the slope during high rainfall. This anomalous
behaviour can be facilitated by the presence of cracks on the slopes etc.
(Anderson et al., 1982; Zhang et al., 2005; Bradley et al., 2007;
Glendinning et al., 2009; Wilks, 2010). Cracks can also form part of slip
surface that has zero shear strength and water in crack will generally tend
to soften the soil and reduce its strength properties (Baker, 1981). Since
pore water pressure tend to reduce the effective stress in sail, loss of
shear resistant can occur in the soil especially under cyclic shrink-swell.
Researchers envisaged that progressive strain softening could dominate
future slope deformation considering the trend of future climate scenarios
in the country. In the future, hotter summers and wetter winters are
forecasted for the UK (UKCPQ09). Annual and seasonal temperatures, and

therefore evaporation, are expected to increase in all parts. It is widely
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acknowledged that the increase climate seasonality will likely affect the
behaviour of both natural and engineered slopes. Essentially, cyclic
shrink-swell and pore water pressure are likely to increase due to increase
in annual temperature and rainfall variability especially in the very high
plasticity soils in the southern part of the country. However, there are
evidences that the UK’s climate is already changing. The Department of
Business, Energy & Industrial Strategy reported that average temperature
in Britain is now 1°C higher than it was 100 years ago and 0.5°C higher
than it was in the 1970s (www.gov.uk/guidance/climate-change-explained
23, Oct 2014). Increasing incidents of heat waves, flooding, landslides etc.
reported across the country in recent times, with 2012 adjudged as the
wettest year since 1910. A Recent report of National environment
research council of the British geological survey (BGS, 2017) showed a
significant increase in the number of landslides and slope failures,

particularly railway embankments.

Since degradation of shear strength under cyclic wetting and drying is time
dependent, the current trend of major failures in historic embankments
would tend to support the argument that older embankments would
experience a higher frequency of failures (Wilks, 2010; Wilks, 2015).
However, since the shrink-swell response can be affected by several
factors including the nature of fills, past stress history and environment
(Mokhtari and Dehghani, 2012), it implies older slopes may not necessarily
fail the most. Under the latter consideration, Rogers and Glendinning
(1993) had noted that there exists some geology experiencing most
failures in younger slopes. Overall, the arguments suggest that both
railway and highway embankments are susceptible to a different degree of
failures. Speculations of the likely behaviour of slopes under the changing
climates have prompted various researches. Geotechnical studies
involving combined used of projected climate variability and material
properties to predict the future hydromechanical stability of slopes in the
UK have yielded contradictory reports. Some suggest a balance between
high evapotranspiration and precipitation with no net effect on the current
level of slope failures while others suggest a potential for increase shrink-
swell leading to greater slope deformation. However, both divides

acknowledged the potential of desiccation cracking in changing hill slopes
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hydrology thereby playing a decisive role in the future scenario. Therefore,
the study of cracking embarked upon here is very crucial in the
understanding of the behaviour of infrastructure slopes in the country in

the future.

2.4.5 Volume change analysis and effects of cracking in drying soil

Volume change in an expansive soil mass is closely associated with
moisture changes. This is attributed to shrink-swell properties of the
expansive minerals in such soil. When the hydrophilic minerals are flooded
with water, porewater induces swelling pressure leading to soil heave. In
contrast, when the absorbed water dehydrates, the particles are drawn
closer by capillary action developed between the dehydrated pores and
the soil particles. The soil would shrink horizontally and settle vertically. At
the interparticle level, the tensile stress developed in drying soil can lead
to cracking thereby increasing the macro-porosity. Subsidence and

cracking therefore characterise volume change in expansive clay soil.

The difference in the magnitude of volume change with planes in the soll
mass is commonly refer to as shrinkage anisotropy and relate to non-
uniform drying in the heterogeneous soil system. This factor contribute to
a non-linear stress state in unsaturated soil (Fredlund and Morgenstern,
1976; Fredlund and Rahardjo, 1993). Anisotropic phenomena in soil can
lead to subsidence in the vertical plane and cracking in the horizontal
plane (Bronswijk, 1990; Gombos, 2012; Chertkov, 2013). During wetting,
initially cracked soil will swell both in the vertical plane causing heaving
and in the horizontal plane causing cracks to close. The shrink-swell
action therefore results in three-dimensional volume change in soil as

illustrated in Figure 2.33.
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Figure 2.33: Schematic diagram of 3-D shrink-swell in soil (the dashed line
express the sample in saturated state, while the continuous line express the
sample after shrinkage — adapted from Bronswijk, 1990)

Despite the presence of crack being an indicator of soil movement in the
horizontal plane, shrinkage analysis commonly involves only vertical
movement. This is because the latter is easier to measure and quantify in
the field for any reference height. The changes in volume of the soil block
during wetting and drying can be visualize in a 3-dimensional cube shown
in Figure 2.33. In this case, a soil with initial layer thickness Z(m) and
volume V(m?), shrinks isotropically into a cube with volume V - AV and
sides Z - AZ. Mathematically, V= Z* V-AV = (Z-AZ)}and AV =Z°-(Z -
AZ)3. AV is the volume change upon shrinkage (m®) and AZ is the surface

subsidence upon shrinkage (m). Bronswijk (1989) showed that;

1-A7V - (1— A7Z)3 221

In the case of one-dimensional subsidence i.e. no cracking has occurred:

1-2 = (1— A—Z)l 2.22
14 VA
The exponent in this expression changes in value depending on the
dominant geometric condition. Consequently, a dimensionless geometric
factor, r is introduced in the analysis to account for shrinkage anisotropy
as well as resolved the influence of cracking and subsidence (Bronswijk,
1989; Bronswijk, 1990; Gombos, 2012; Chertkov, 2013; Stewart et al.,

2016). A general form of geometric shrinkage equation then becomes:
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1-A7V = (1— %Z)r 2.23

In the literature, r is defined by arbitrary values ranging from 1 to 3 such

that when:

r = 1, it means one dimensional subsidence i.e. no cracking process, all

soil volumetric changes are vertical

1 < r <3 means vertical movement predominates over crack formation
r = 3: three dimensional isotropic shrinkage
r > 3: crack formation predominated over vertical movement

T — « all soil volumetric changes are horizontal i.e. only cracks are

formed.

When 7 is known, then by direct substitution, equation 2.22 is applied to

convert measured vertical changes in layer thickness into a three-

dimensional volume decrease, AV as follows:

AV = [1 - (1 - %Z)rs] Z8 2.25
Although these formulations have paved the way for expression of
dimensional volume change in solil in terms of change in inter-aggregate
pores with moisture loss e.g. moisture ratio and void ratio, the application
of the term 7 remains practically undefined. This is because it does not
provide a numerical account of the cracks occurring in the soil which
essentially affect the volume change. Considering that horizontal
shrinkage during desiccation is largely represented by cracking, it is
thought here that the volume of crack per unit soil area or crack intensity
factor can be used to give a real value to the geometric factor.
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2.4.6 Role of desiccation cracks in pore water pressure response in
soil

The theories of soil cracking discussed earlier in section 2.3 directly
relates the development of cracks in a drying soil with changes in
porewater pressure. On the other hand, when cracks exist, they can
significantly influence the behaviour of porewater pressure in slopes. This
is primarily because porewater pressure equilibration on slopes is mainly
controlled by the facility for rainwater penetration. Cracks generally act as
preferential pathways for rainwater infiltration, distribution and

accumulation across a soil block as illustrated in Figure 2.34.
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Figure 2.34: Model of rainwater infiltration in a crack soil (from Stirling, 2014)

Overall, a cracked soil exhibits permeability orders of magnitude higher
than un-cracked soil (Novak et al., 2000; Albrecht and Benson, 2001; Fan
et al., 2005).

A crack formed during summer drying can persevere and sustain water
infiltration in slope thus facilitating the development of excess pore water
pressure over hydrostatic pressure in the following winter. Particular during
large rainfall event at the end of the dry season, such cracks causes by-
pass of water which increases soil moisture at a deeper level and
differentially dissipates the pore water pressure. Investigating the impact
of permeability and surface cracks on soil slope, Sasekaran (2011)
showed by results of numerical modelling that greater pore water pressure

occurs at the bottom of the crack in a slope. This can be caused by the
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development of perched water table, especially when condition favours the
development of horizontal cracking in the deeper soil layer. Such a
development was reported by Anderson et al. (1982), who observed an
accelerated porewater pressure degradation in a clay embankment along
a motorway in the UK. The condition linked to the existence of deep
cracks observed at this site in the previous year, with permeability
measurements around the crack sites after closure being higher than the
intact clay material. The workers also reported the existence of a wedge of
positive porewater pressures that developed mainly in the middle section
of the slope where cracking was intense. Therefore, a preponderance of
desiccation cracks could define a new hydromechanical dynamics that
may dominate the mode and mechanisms of future slope performance

under the impact of changing climate.

2.4.7 Methods of analysis of slopes with cracks

Several procedures of analysis of slopes with cracks exist in practice. The
methods aimed to model the mechanism (initiation and propagation) of
cracking in soil influenced by transient environmental conditions or to
assess their contribution in slope stability problems. The various methods
can be classified into analytical and numerical ones. The analytical studies
mainly focused on the stress-strain involved in the mechanism of
desiccation cracking. Commonly, the constitutive soil parameters e.g.
tensile stress, water content, shrinkage strain, solil stiffness etc., which
influenced this behaviour are experimentally studied and theoretically
modelled and validated (Konrad and Ayad, 1997; Morris et al., 1992;
Kodikara and Choi, 2006; Wu et al., 2012; Kodikara and Costa, 2013). The
efforts have provided basic understanding of the mechanism of cracking
including shrinkage strain and tensile stress development as moisture

changes in expansive soils.

The numerical methods are mainly the finite element method (FEM) and
limit equilibrium method (LEM). Finite element analysis conceptualise a
system or geometric structure as a continuum which is generally divided
into finite number of elements. The characteristics of the system are

therefore made up of interpolated properties of the discrete elements
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(Knappett and Craig, 2012; Cheng and Lau, 2014) typically interconnected
in a mesh (Figure 2.35)
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Figure 2.35: Finite element mesh of a slope with crack at the crest (from Wang et
al. 2011)

In geotechnical applications, the finite element method allows the
modelling of progressive deformation in slopes with no pre-chosen slip
surfaces. It is therefore useful in modelling effects of changes in
environment and the soil response hence the mechanisms of desiccation
cracking. Recent works on soil cracking involving the finite element
method include Wang et al. (2011), Sima et al. (2013), Sanchez et al.
(2014). A related numerical method useful in the analysis of shear strength
reduction in soil is the finite difference method (Stirling et al., 2017). The
finite difference approach also involved a discretisation of complex a
complex domain into smaller parts. The value of the parameter within each
part is related to the parts it is connected to, so that by applying suitable
boundary conditions, a complete solution may be obtained (Knappett and
Craig, 2012).

Unlike finite element method, the traditional limit equilibrium method
requires the soil mass to be subdivided into vertical slices or soil wedges
(Anderson and Richards, 1987; Smith and Smith, 1989; Knappett and
Craig, 2012; Cheng and Lau, 2014). The method is widely used in the
analysis slope stability where each slice is treated as a potential mass
sliding on a critical slip surface (Figure 3.26) and the equilibrium of forces

acting on each slice is imposed.
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Figure 2.36 : 2D illustration of method of slices in traditional limit equilibrium
analysis of slope stability (slip surface = AB)

It is assumed that the shear strength of the materials along the potential
failure surface is governed by the relationship between shear stress and
the normal stress on the failure surface. This relationship can be linear
(Mohr-Coulomb criterion) or non-linear (e.g. for fine-grained soils where
pore water pressure changes affect effective stress path). Failure occurs
on slopes when the sliding moment of the soil weight about the centre of
rotation of the slip surface, o and radius, r (Figure 2.37), is greater than the
soil shear strength. With the limit equilibrium approach, a crack is
represented as part of the composite slip surfaces (figure 2.37) and
usually, its hydromechanical effects on the shear parameters are added to
the analysis (Smith and Smith, 1989, Broomhead, 1999).

A

Figure 2.37: Composite slices with crack at the top of the slope. The crack
reduced the slip surface from AB to AB’ (adapted from Smith and Smith, 1989)

The limit equilibrium method commonly involves analysis of slopes in static
equilibrium (Anderson and Richards, 1987; Knappett and Craig, 2012;
Cheng and Lau, 2014), and the slip surfaces are pre-chosen (Michalowski,
2013; Utili, 2013). Desiccation cracks characteristically exhibit a non-linear
behaviour i.e. open and close with changes in environment and occur
randomly in slopes. These dynamic characteristics tend to limit the
application of the traditional limit equilibrium method in a comprehensive

analysis of cracking, particularly the formation mechanisms (Broomhead,
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1999; Anderson and Richards, 1987). However, other numerical methods
notably limit analysis, have been employed in a more rigorous analysis of
cracking in slope stability. In the limit analysis approach, the soil is
conceptualise as a rigid perfectly plastic material. The general procedure
of limit analysis is to assume a kinematically admissible failure mechanism
for upper bound solutions or a statically admissible stress field for lower
bound solution (Yu et al., 1998; Leshchinsky, 2013; Cheng and Lau,
2014). Following this approach, Utili (2013) and Michalowski (2013) used
the kinematic method of limit analysis to address cracking and some of its
dynamic behaviour on slopes taking into consideration boundary
conditions at the soil surface and the limiting stress conditions at depth.
With this robust approach, Utili (2013) determined critical failure
mechanisms for a wide range of problems involving specified and
unspecified crack depths and locations. The results are presented in the
form of dimensionless, ready-to-use charts, which can be used for any
value of engineering interest e.g. angle of shearing resistance and slope
inclination, dry and water-filled cracks etc. including regions where the
presence of cracks is most likely to affect the stability of the slope (Figure
2.37).

Region 2:
slope
stability is
affected
by Region 1: slope stability
presence | is not affected by

of cracks | presence of cracks

Region 1: slope
stability is not
affected by
presence of
cracks

Figure 2.38: Sketch of regions where cracks do and do not affect slope stability
(from Utili, 2013)

Compared to experimental work on cracking, the analytical and numerical
methods are relatively new and still developing. More input from field
measurement is therefore invaluable to improve on them. As parts of
present study, in situ cracks are investigated, including evolution,
distribution, and sub-surface morphology in an embankment. The field

measurements and relationships (sections 4.3, 4.4, 5.4) can validate or
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improve the analytical solutions. For example, the time series morphology
development of desiccation cracking analysed in this study, can improve
the approach of representing the changing cross-section volume of cracks
and the effects in the dynamic stability of the slope, considering the
potential influence on the behaviour of the pore water pressure and shear

strength.

2.4.8 Influence of vegetation on clay slope deformation

Vegetation is a common feature of a planned roadside corridor, usually
planted for aesthetics and more importantly, for positive effects on slope
stability. Plants improve slope stability through beneficial changes in
mechanical and hydrological properties of the soil. These arise mainly by
roots anchorage of soil particles against shear failure, interception of
precipitation and initiation of evapotranspiration leading to increase in
prevention of erosion and suction respectively. High soil suction benefit
derived from vegetation for slope stability would be more prominent in
summer while in wet winter, the mechanical reinforcement provided by the

root structure, would be far more relevant (Chirico et al. (2013)).

Roots anchorage in soil essentially contributes to increasing the tensile
strength of a soil mass. Tensile strength in the range of 5-85MPa is
reported from field studies (Chok, 2008; Stokes et al., 2008), depending
on the root diameter. In addition, a general decrease in tensile strength as
root diameter increases is common. Although this relationship is currently
not well understood, it is however presumed to arise from the difference in
the root structures. Genet et al. (2005) reported that thinner roots possess
more cellulose than thicker roots, cellulose being more resistant than lignin
in tension. Roots exudates are also known to impart hydrophobicity (or
water repellence) in the soil. This has implication for lowering soil
wettability and increasing aggregates. A widely acknowledged model
which explains the effect of mechanical root reinforcement in soil was
given by Wu et al. (1979). According to the model, coalesced roots system
improves the binding force of a soil mass by an additional apparent

cohesion factor, Cg as given in equation 2.26:

S=C" +Cr + (60 — ) tan@’ 2.26
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Where S is the shear strength of the soil-root composite, C' is effective

cohesion, O is normal stress, U is pore-water pressure and @' is the

effective angle of internal friction. The model showed that the magnitude of
Cr varies with the distribution of the roots within the soil and the tensile
strength of individual roots. Other studies have shown that mechanical
stability of vegetation root is more significant at shallow depth hence would
have a greater effect in planar surface failure than in deep-seated failure
(Chok et al., 2004; Stokes et al., 2008).

Notable studies on soil wettability and aggregate stability by rhizosphere
include Chenu et al. (2000), Hallett et al. (2003), Hassan et al. (2014),
Sepehrnia et al. (2017). The studies suggest that soil organic matter
associated with the root zone increases aggregate stability by lowering the
wettability and promote apparent cohesion of the soil mass. Generally,
water repellence of the root zone arises from root exudates and secondary
microbial metabolites. These organic plant materials essentially coat
hydrophilic soil particles and clog the pores thereby increasing their
contact angle, CA. The lower the contact angle the more the wettability.
Therefore, a contact angle of 0° signifies hydrophilic (wettable) condition,

CA > 0° is water repellent, and CA > 90° signifies a hydrophobic soil.

The concept of soil wettability mainly develops in the field of agriculture
and soil science. However, the hydromechanical significance can be apply
in stabilization of expansive soil in geotechnical practice. For instance,
following this principle, Lourenco et al. (2015) used dimethyldichlorosilane
(DMDCS), a Silanes group as capping materials in a slope and reported
that the additive proved significantly reduced infiltration by increasing the

repellence potential of the soil particles.

In some cases, vegetation can have detrimental effects on the
performance of expansive clay slopes and foundation. Vegetation water
demand is seasonal and frequently lead to cyclical volume change in the
soil. This process is influential in transient changes in porewater pressure,
with implication for a progressive reduction in shear strength. Common
problems observed on clay slopes such as settlement and heaving are

linked to the vegetation-influenced pore water changes (Davies et al.,
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2008; Hamza and Bellis, 2008; Glendinning et al., 2009). In partially
saturated soils, the water available for plants, defined as water holding
capacity can fall below a limiting value. This occurs between suction of O-
100kPa (Loveridge et al., 2010). Such deficit hydrologic condition can
cause plants water uptake to reduce up to the wilting point where the
plants lose turgidity and are no longer able to draw water. Limiting
moisture condition occurs as the drying perseveres with estimated suction
reaching approximately 1,500kPa. The continuous water uptake by root
also contributes to changes in the soil suction regime. In a study on water
use by trees, Nisbet (2005) reported that some high water demanding
trees (e.g. conifers) can uptake and transpire equivalent of 800mm
moisture from the soil after a rainfall of about 2000mm. This suggests a
large potential soil moisture deficit, which can lead to high suction in the
affected profile soil. Such extreme drying can induce high strain in the soll
with potential for cracking. Lim et al. (1996) measured suctions beneath
the surfaces of two adjacent vegetated slopes and reported average
values of 48, 43 and 27 kPa at depths of 0.5, 1.0 and 1.5m respectively.
While under the bare soil surface, the suctions averaged 40, 25 and 10
kPa at same depths. Although these suctions are small, they essentially
demonstrate the isolated effects of evaporation from the soil and the
additional effect of transpiration by vegetation. Similarly, Blight (2005)
showed that grass and bushes can cause desiccation of soils comparable
with that caused by large trees. This is considering the fact that most
research on soil-vegetation interaction concentrates more on the effects of
large trees on desiccation shrinkage. This is worthy of note in the present

study which is earmarked for a grass covered slope.

By-pass drying between solil layers by invasive tree roots can lead localize
increase in suction in the subsurface. This can result in subsurface
cracking and horizontal crack propagation at deeper soil profile around the
root. In a field study, El Abedine and Robinson (1971) observed deep
cracking within the depth of invasive tree roots. The by-pass drying
mechanism may be responsible for the formation of sub-aerial cracks
revealed in excavations e.g. Dyer et al. (2009). This mechanism suggests

that while surface evaporation leading to surface cracking is common,
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sub-aerial cracking can also initiate by enhancing suction due to moisture
uptake around the root zone. Sub-surface crack can trap percolating rain
water and contribute to form a perched water table (Anderson et al.,
1982). Invasive tree root in the soil also constitutes an internal restraint
and mechanical stressor, which is an established premise for crack
initiation. Hamza and Bellis (2008) suggests that the pressure exerted by
penetrating plant roots can facilitate cracking in the drier upper layer of a
desiccating soil. This arises as wedges of soils are displaced along the
route of a penetrating root. However, this will be more significant for roots
with reasonable thickness and strength, which suggests a limiting
condition can be reach between the soil-root cohesion modelled by Wu et
al. (1979) and the soil-root tension assume here. From the foregoing,
vegetation on slopes have potential which can affect desiccation crack

development.

2.4.9 Estimation of soil evapotranspiration

Moisture loss can be directly from the soil surface, indirectly from plant or
both. Evaporation described the conversion of liquid water to vapour in a
surface and its transfer as vapour into the atmosphere, whereas
transpiration is the process by which water absorbed from the soil by tree
roots evaporates through the pores or stomata on the surface of leaves.
Evapotranspiration is a general term used to describe the two processes
of water transfer to the atmosphere as far as plants are involved. Energy is
required to change the state of the molecules of water from liquid to
vapour (i.e. vaporisation). Direct solar radiation and, to some extent, the
ambient temperature of the air provide the energy. The driving force to
remove the water vapour from the soil is the difference between the water
vapour pressure at the soil surface and that of the surrounding
atmosphere (i.e. relative humidity). The replacement of the saturated air
with drier air depends on wind speed and turbulence. Hence, solar
radiation, air temperature, air humidity and wind speed are key climatic
factors that drive evapotranspiration process (Allen et al., 1998; Song,
2014).

The combined effect of climate factors on evapotranspiration is showed in

Figure 2.39 for two different climatic conditions.
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Figure 2.39: lllustration of the effect of wind speed, temperature and humidity on
evapotranspiration (from Allen et al., 1998)

The figure indicates that evapotranspiration is high in hot dry weather due
to the dryness of the air and the amount of energy available as direct solar
radiation and latent heat. Under these circumstances, much water vapour
can be stored in the air while the wind promote the transport of water
allowing more water vapour to be taken up into the surrounding
atmosphere. On the other hand, under humid weather conditions, the high
humidity of the air and the presence of clouds cause the
evapotranspiration rate to be lower. The influence of these climate
parameters on evapotranspiration has also been experimentally proven in
a study by Cutts (2014). The study who showed that a small change in
most of the climatic variables significantly affected the computed potential

evapotranspiration.

Climatic parameters are commonly used for the estimation of
evapotranspiration. Among several empirical relations employing climate
parameters for estimation of evapotranspiration, the combined Penman-
Monteith equation adopted by the United Nations food and agricultural
organisation (FAQO) is use in geotechnical engineering (Fredlund et al.,
2012; Glendenning et al., 2014). The equation is used with weather
parameters measured at a height of 2m above the ground surface. The
method is convenient, as it requires only routine climate data such as
average temperature, wind speed and relative humidity from which other

important variables can be derived including missing data. The Penman-
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Monteith equation for calculation of evapotranspiration from any reference

surface is express as:

900
_ 0408A(Rn —G) + ]/m Uz(es - ea)

T = 2.27
A +y(1 +0.34U;)

Where;

ET = reference evapotranspiration potential (mm day™)

R,= net radiation at the crop surface (MJ m? day™) — difference between
the incoming net shortwave radiation and reflected longwave radiation,
and represents the balance between energy absorbed and reflected

G = soil heat flux density (MJ m™ day™) — a minor factor that is often
ignored, this is the energy utilized in heating the soil, a positive during
warming and a negative during cooling.

T = mean daily air temperature at 2 m height (°C) — a factor that is used
both by itself and a major factor in determining saturation pressure.

U, = wind speed at 2 m height (m s™) - a substantial factor in determining
the rate at which vapour is removed from the site.

e, = saturation vapour pressure (kPa)

e, = actual vapour pressure (kPa)

(es— e,) = saturation vapour pressure deficit - the difference between the
actual vapour pressure and saturation for a given period, an important
value determining the amount of evapotranspiration. This value is
sensitive to temperature and represents the deficit between the total and
maximum amount of water the air.

A = slope vapour pressure curve (kPa °C™) — the relationship between

saturation vapour pressure and temperature.
y = psychometric constant (kPa °C™) — this value is a function of altitude,

as the atmospheric pressure within the calculation is an average.

The amount of water in the soil and the tensile condition affect the
magnitude of evapotranspiration. When soil water is reduced below field
capacity, water uptake from the soil is determined mainly by the deep
rooted trees, which draw virtually water from the lower layers at relatively
low suctions. Such situation is capable of increasing the depth of

unsaturated layer (or active zone) on a desiccating slope.
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2.4.10 Estimation of suction developed in unsaturated soil

Soil suction is an important factor, which affects the behaviour of
unsaturated soils. It represents the moisture stress condition in the soil
and is made up of two major components, matrix suction and osmotic
suction. Matrix suction describes the pressure potentials of pore water in
terms of capillary forces acting in the soil while osmotic suction describes
the pressure of dissolved ions in the soil. In geotechnical practice, matrix
suction is commonly measured as it directly relates to the soil water

content.

Several technigues have been developed for measurement of matrix
suction in the soil. These are group into direct and indirect methods, with
each group having their peculiar limitations. In the direct methods, matrix
suction is measured as negative water pressure (i.e. less than
atmospheric) using pressure gauge or transducer e.g. tensiometer, suction
probes, pressure plate extractor (axial translation technique) etc. In
principles, a high air entry, semi-permeable material, usually a ceramic
disk or a ceramic cup is used in the instrument to create a capillary
interface between air and water in the soil. With time, the pressure of
water in the ceramic material come to equilibrium with the soil water
pressure making it possible to measure negative soil water pressures. The
range of matrix suction that can be obtained from any of the direct
measurements generally depends on the air entry value of the ceramic
material. Commonly, the problem of occluded and diffuse air in the
material leads to an erroneous estimation of the suction particularly at the
higher range suction (>100kPa). However, in recent times, significant
advances have been made in the measurement of higher ranges of
suction accurately. For example, high capacity tensiometers have been
developed with features that can prevent rapid cavitation and sustain
suction development for extended period. The innovations include a
reduced water reservoir, used of integral strain gauge diaphragm rather
than ceramic plates. The indirect methods of measuring suction are mainly
those depending on the calibration of soil matrix suction with other
physical quantities measured in the soil through sensor devices. Hence,

they can be used to estimate a wider range of suctions as far as these
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quantities are determined. The physical quantities commonly measured
include soil dielectric constant, thermal conductivity, electrical conductivity
and water absorption. These quantities theoretically depend on the bulk
water in the soil hence relates to the soil matrix suction. The accuracy in
this group depends on the sensitivity of the sensor materials, which differ
depending on the physical quantity measured. In recent practice, time
domain reflectometry technique (TDR), which measures the apparent
dielectric property of the soil is popular in this group, especially those
dealing with clay soil. In the TDR technique, the apparent dielectric
constant of the bulk soil water is the physical quantity measured and
related to the volumetric water content of the soil. For a wide range of
water content and suction in clay soils, water occurs in the clay clusters as
adsorbed water. This is the bulk porewater, which gives rise to the
capillary phenomenon (i.e. matric suction) in the absence of a true semi
permeable membrane. Therefore, time domain reflectometry practically
measures matric suction. However, this technigue requires soil-water
retention curve of the soil tested to relate the volumetric water content to

matric suction.

2.4.11 Soil water retention curve

The amount of water present in the soil at an equilibrium state is a function
of the soil suction or pressure potential of the soil moisture. The
relationship defines the water retention of soil and is known as soil water
retention curve (SWRC). A typical SWRC is depicted in Figure 2.40, with
the volumetric moisture content plotted against the logarithm of soil
suction. This because a small change in moisture induces a very large
amount of suction. Distinctive boundary conditions exist along the curve
which is crucial in the characterization of a wide range of soil behaviour
e.g. suction, grain size, and permeability as moisture changes. The curve
is therefore distinctive for different types of soil due to different structural

compositions and water distribution.
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Figure 2.40: Drying curve with a definition of variables for a SWRC (from
Fredlund, 2011).

However, because environmental control makes suction hence the
unsaturated soil behaviour to be transient, the data of SWRC are usually
adjusted to reflect this characteristic. Therefore, several empirical
equations of soil water suction using best-fit curve have been developed.
The fitted equations take into consideration relevant soil parameters.
These include the a-type parameter, which relates to air-entry in the soil,
an n-type parameter, which relates to the rate of desaturation of the soil as
suction exceeds the air-entry (i.e. residual region), and in some case, an
m-type parameter used to enhance the flexibility of the curve. These are in
addition to the measured soil water content. Most of the SWRC equations
can, therefore, be rearrange to estimate the soil suction if the soil water
content is known. One of the most commonly used SWRC equations in
geotechnical and environmental practice is the Van Genuchten (1980)
equation. It is a three parameter equation which expresses water content
as a function of soil suction using the three soil parameters a, n and m as
follows:

Wg

wp) = T 2.28

Where w(¢g) is the water content at a given suction, ¢. The equation can

be re-arranged to solve for soil suction as follows:

1/
@ = 2 (ﬂ)l/m —1 " 2.29
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The Van Genuchten (1980) equation is mainly applicable in the SWRC
region between the air-entry value and residual soil suction of the soil.
Initially, estimation of suction from SWRC was not ideal due to the
hysteresis that characteristically exists between the drying and wetting
curves. This hypothetically leads to a large range of suction computed
from the drying curve. The wetting curve, on the other hand, results in
underestimated suction. However, later work by Fredlund et al. (2011)
showed that the SWRC could be used to obtain a conservative estimate of
soil suction. The framework for this estimation is the computation of a soil
dependent lateral shift to obtain a median SWRC, halfway between the
drying and wetting curves as shown in Figure 2.41.
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Figure 2.41: Comparison of suctions obtained from drying moisture paths in soil
(from Fredlund et al., 2011)

In the procedure, the point of inflection on the SWRC is used as a
reference for the lateral shift. In order to derive the required control values
for congruent average and wetting curves, the following empirical equation

is derived from several analytical data:

¢ =100[log(@aqa) — log(@aw)] 2.30

where § is the “percentage lateral shift”, ¢__ is the suction at the point of
inflection, aq, on the drying curve, and ¢ is the suction at the point of

inflection, a,,, on the wetting curve. Based on analyses of different soils, an
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average shift (% of a log cycle) of 25, 50 and 100% is suggested for sand,
silt and clay soils respectively. The concurrent curve is then used to
estimate average suction values. The average estimate is shown to
significantly reduce the large percentage of error that can occur in soil
suction derived directly from the drying and wetting curves as illustrated in
Figure 2.41. The approach is useful in estimating a wide range of suction
in desiccation studies where the very dry condition exists and cavitation is
likely to occur. It is therefore considered as part of the methodology to be

incorporated in this study.

2.5 Research gaps

Despite advances in knowledge achieved on soil cracking in the last few
decades, this review shows that existing understanding of the
phenomenon is insufficient. The tensile strength failure hypothesis leaves
much to be desired especially with the occurrence of cracks at a wide
range of soil conditions. The disparity between experimental and
theoretical results implies that under a set of condition, soils possess
limiting stress states that cannot be generalize. The foregoing therefore
calls for improved understanding of desiccation cracking mechanism and
the characteristics of cracks in a wide range of field conditions for a
comprehensive solution of the instability problems in engineered slopes
associated with cracking.

Desiccation cracking is more common in hot climates. However, the
change in global climate has made it increasingly important in other non-
arid regions. A substantial progress has been made in physical and
numerical modelling to understand the impact of present climate and
predict climate change impact on infrastructure slopes. However, the
literature review reveals that numerical and analytical works on stability of
slopes affected by cracking are few and some of the approaches do not
adequately represent the changing behaviour of desiccation cracks.
Inadequate representation of crack parameters in numerical models can
lead to an unrealistic account of the hill slope water regime. Ideal model
should include information on soil cracking such as the orientation, depth,

size and density, as well as consider their changes with time since cracks
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are relatively unstable features. Detail field analysis is therefore

indispensable.

The environmental condition of modelling desiccation cracking in an
experiment is important to produce practical results as desiccation
cracking is an environmental-related phenomenon. To represent and
control the environmental variables acting on the soil during cracking, a
climate chamber is ideal. The literature revealed that many desiccation
crack experiments do not involve these devices (Lozada, 2013). The use
of thin slurry soil models does not only compromise the unsaturated
condition, which characterized most engineered soils but also the textural
composition and geometric properties of earth slopes. The literature
shows that the stress-strain response of compacted clay fills and clay

slurries are different.

Associated with climate impact is the cyclic condition under which
embankment materials can undergo transient changes unimaginably. The
question of structural stability of soil under such condition requires
convincing evidence. Existing understanding on this theme is mainly
based on examination of soil structure under multiple wetting and drying.
However, because of time constraint, the number of cycles achieved in
most desiccation experiment is inadequate to observe the slow changes in
the soil for a convincing conclusion on this theme. Thus, the effects of

multiple cycles require understanding.

Furthermore, many research findings on soil cracking experiment emanate
from non-engineering disciplines e.g. agriculture and soil science. The
geotechnical application is therefore limited mainly because principles of
soil mechanics are mostly emphasized in the latter, especially stress state,
which is important in quantifying engineered soil behaviour. The transient
behaviour of unsaturated soil conditions, particularly the role of suction,

lends support to this consideration.

2.6 Summary and Conclusion
The review of the literature has outlined the interdisciplinary advances in
soil crack research. Desiccation cracking in soil is a natural phenomenon

brought about by changes in soil moisture and is commonly associated
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with shrink-swell properties of fine-grained soil e.g. clay. It is widely
acknowledged that cracks in a drying soil occur when shrinkage is
restrained and the built-up tensile stress exceeds the soil tensile strength.
Both soil properties and environmental variables including soil plasticity,
density, amount of fines, water content, temperature, humidity, the rate of
desiccation etc., affect desiccation crack development in the soil.
Repeated shrink-swell cycles also enhance conditions for increase
cracking through rearrangement in the soil structure. The significance of
soil cracking cuts across a wide range of discipline and mainly arises from
the role of cracks in degrading soil strength. Their role in porewater
pressure response through accelerated permeability is emphasized in
geotechnical problems related to an unstable slope. Consequently, it is
presumed that cracks may play a key role in future clay slope deformation
in view of extreme future climate which is likely to result in conditions for
increased desiccation cracking. However, despite the recognition of the
role of cracking in the dynamics affecting the performance of both natural
and engineered slopes, current understanding leaves a lot to be desired
on characteristics of cracks, particularly under a temporal environmental
influence. Most literature on desiccation cracking present the general
properties in a natural soil. A comprehensive quantification and

characterization of cracks in an engineered soil are few.

In conclusion, the review of existing work on soil cracking has provided a
general background to set the context of the present undertaking. It has
helped in identifying essential themes and influencing factors so far
generally understood in this subject. Therefore, selected aspects of these
findings, which are important in present undertaking, are incorporated.
However, necessary adaptations are considered in the study approach to
address some of the important gaps while meeting its specific objectives.
These include a combined field and laboratory investigation, use of climate
control system, selected control variables adequate to represent real and
ideal engineered fill etc. In the end, the present study would broaden
existing knowledge as it addresses a wide range of practical conditions

involved in crack development in engineered clay fills.
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Chapter 3 Methodology

3.1 Introduction

This study focuses on a natural phenomenon involving soil-atmosphere
interaction. Soil conditions resulting from this interaction can be complex,
hence a wide range of experimental approaches exist across various
practice dealing with soil. In order to derive a rational basis to achieve the
aim and objectives of present study, extensive background of desiccation
cracking in soil are explore (section 2.3.5). Since an embankment is a
geotechnical structure, core methodological principles of this study are
centre on theories of soil mechanics, particularly for partially saturated soil.
The variables selected for testing were considered based on the fact that
environment affects soil behaviour. Coupled with the need to address
pertinent gaps existing in soil crack research, a complementary
methodological framework, essentially field and laboratory procedures was
developed. The field study provides realistic conditions, which formed the
baseline for simulating varied laboratory testing. Parametric selection
involved widespread embankment materials and construction conditions in
the UK. The laboratory programs are expected to increase understanding
of the processes involved in the field phenomenon. Details of the study

approach and the targeted applications are given in this chapter.

3.2 Field procedures

Since desiccation cracking is a natural phenomenon, the study of in situ
cracks allows direct observation of their mechanism and geometric
behaviour. Environmental impact on embankment soil presents a condition
of unsaturation in the near surface layer primarily because of seasonal
and diurnal moisture fluctuation. Therefore, monitoring and recording of
changes in field moisture and associated pore water pressures are
essential to understanding embankment behaviour. In order to carry out
such a practical investigation in this work, a suitable site was required,
specifically an existing clay based infrastructure embankment. This
requirement was realised at a research embankment built for the EPSRC
project named Biological and Engineering Impact of Climate Change on
Slopes (BIONICS).
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3.2.1 The BIONICS experimental embankment

The BIONICS project was set up in recognition of the potential of climate
impact on the performance of transport infrastructures slopes in the UK.
This considers the fact that a large number of earthwork slopes in the
country involves volume sensitive soil materials prone to environmental
changes, and there has been a significant increase in the number of
infrastructure slope failures in recent times (BGS report, February 2017).
The project therefore involved construction of a heavily instrumented
experimental embankment for monitoring ground-atmosphere interaction
and provide relevant experimental data that can help improve essential
understanding of climate effects on slopes (Hughes et al., 2009). The
BIONICS embankment is henceforth referred to as “the embankment” in

this work.

The embankment is located at Nafferton ecological farm near Newcastle
city, and managed by the Newcastle University. The embankment
geometry was design to offer important features of modern embankments
including steep but low slopes. Accordingly, the structure is 6m high, 90m
long and 5m wide with side slopes of 1 in 2 (V: H) wide. However, the
length of the embankment is divided into six different test panels for
multidisciplinary researches, mainly hydrological, biological and
geotechnical interest. Figure 3.1 shows the embankment layout and
physical structure. The two outermost tests plots, each 4 m long are for
biological studies while the four inner plots (panels A, B, C and D), each

18 m long are for engineering tests.
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Figure 3.1: Layout and part of physical structure of the embankment. adapted
from (Hughes et al., 2009; Toll et al., 2012)

The east-west oriented embankment resulted in a South and North facing
slopes intended to examine aspects response to climate intensities. The
end slopes, each inclined at an angle of 45°, were constructed with
reinforced earth.

The fill material used in the construction of the embankment is
documented as Durham boulder clay, a glacial till dominant in northeast
England. However, to reflect the location of this important facility, the
material is commonly referred to as Nafferton clay in several related
documents. This specific name is also adopted in this study. To prevent
the formation of unrealistic boundary conditions and desiccation cracking,
a 0.5m free draining gravel capping was spread on the crest, while to
facilitate vegetation seeding, a top soil layer (200mm) was spread on the
side slopes. The main fill material has been classified in several

researches conducted on the embankment as summarised in Table 3.1.

89



Table 3.1: Properties of the Nafferton Clay of the BIONICS (adapted from
Hughes et al. 2009; Toll et al. 2012, and Glendenning et al. 2014)

Engineering properties Average values

Liquid limit 41.7%
Plastic limit 22.3%
Plasticity index 21.6%
Natural moisture content 19.4
Dry density (Proctor) 1.82Mg/m°®
Dry density (Modified) 2.0Mg/m?®
Moisture content (Proctor) 15.5%
Moisture content (Modified) 12.9%
Laboratory permeability:

Well compacted panel 1.6 x 10 m/s

Poorly compacted panel 8.8 x 10" m/s

Based on these properties, particularly the plasticity index, the soil
material of the embankment classifies as clay of intermediate plasticity
(CI). According to Hughes et al. (2009) boulder clays are found in over
60% of the British Isles and are involved in the construction of
transportation embankments in the UK. Particle size distribution reported
for the embankment soil shows the material composed 12% gravel, 16%
sand, 35% silt and 37% clay which further classify it as sandy clay. Clay
minerals assemblages in the material include illites/smectites (42 to 54 %),
chlorites/smectites (3—7%), illites (16—26%) and kaolinites (23—31%).

The engineering tests panels of the embankment in particularly were
created with features, which represent two types of transport embankment
common in the UK (see section 2.4.3). Accordingly, the essential
difference in the engineering characteristics of the panels arises from their
methods of construction particularly, the level of compaction. Panel A and
D (Figure 3.1) were constructed with control compaction and no drainage
resulting in positive pore water pressure at the centre. In this case, the fill
was place in 1m lifts and compacted using a moving tracked hydraulic
excavator to keep the limit of compaction minimal. These panels therefore
represent the heterogeneous, poorly compacted railway embankments
constructed by end tipping methods in the 19th century. Panel B and C on
the other hand were constructed using modern compaction equipment and
highway specifications. The clay fills were place in thin layers (300mm)

and subjected to 18 passes using a 7,300kg self-propelled, smooth drum
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vibrating roller to attained uniform layers. Combined with good drainage,
these panels had better engineering characteristics, which represent the
well-compacted modern highway embankment. Post constructional tests
conducted on the embankment showed that the two engineered panels
achieved a marked difference in density and permeability, with the well-
compacted panels exhibiting highest density and lowest permeability
(Table 3.1). The well-compacted panels also exhibited diametrically
opposing negative pore water pressure typical of post-construction stable
slope. A mixture of grasses and wildflowers sown after construction covers
the embankment surface. Engineered condition and slope orientation were
the main factors affecting vegetation diversification on the embankment.
Influence of the slope factors on crack behaviour is one of the principal

objectives of this present study.

To provide record of events related to embankment soil, common
monitoring instruments and specialized devices were installed across the
structure and regularly upgraded. These include piezometers,
tensiometers, theta probes, rainfall sprinklers, climate cover etc. Two mini-
weather stations were also mounted on the South and North Slope to
record artificial rainfall simulation. A third and major weather station, which
belong to the Nafferton ecological farming group of Newcastle University is
further located about 300m east of the embankment. This gives
benchmark measurement of micro-climate parameters that benefit the
nearby embankment. Figure 3.2 shows a part of the South facing

embankment structure with some of the instruments installed.
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Figure 3.2: Some of the monitoring instrument on a section of the embankment

With the detail instrumentation, continuous records of experimental data
relevant for evaluation of the behaviour of a typical infrastructure
embankment can be obtained from the facility including vertical and
horizontal ground displacement, soil moisture distribution, pore water
pressure changes, soil temperature and climate parameters. A
comprehensive description of the monitoring instrument installed on the
embankment and their application is given by Hughes et al. (2009). In this
study however, attention focuses on measurement of changes in soil
moisture and suction on the embankment as well as the climatic controls,
which essentially affects shrink-swell behaviour of clay materials.
Consequently, only records from a selected instrument types providing
these relevant experimental data were considered for the assessment of
the desiccation cracking behaviour namely, the MPS-1 Theta probes and

the weather stations (Figure 3.3).
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Figure 3.3: lllustration of instrument plan in the embankment (not to scale)
arranged on the lower, middle and upper sections of the slopes

The MPS-1 device is a special soil probe manufactured by Decagon
Corporation. Theoretically, the device generates an electromagnetic field
to measure the dielectric properties in the surrounding soil where it is
embedded. The sensors are design to convert the dielectric properties into
soil parameters including soil water volume, temperature and pore water
pressure. The Decagon MPS-1 Theta probes installed on the embankment
(Figure 3.3) measures volumetric water content (VWC %), while the
porewater pressure is measured in terms of dielectric water potential in
kilopascal (kPa). However, this instrument measures porewater pressure
in the range of 0 to -600kPa, hence negative porewater pressure or
suction are customarily recorded. The sensors were installed across the
slope face at depths between 0.5 and 1.5m and monitor near surface
moisture changes within the unsaturated condition inherent in the near
surface embankment soil layer. Compatible multichannel EM50 loggers
are also mounted and linked to log the soil information at hourly intervals.
Each channel on the logger therefore records specific soil information from
the MPS-1 sensor at a given depth and location on the slope. The logged
information was regularly downloaded using a field computer. Figure 3.4
illustrates a cross section of the embankment with the arrangement of the

MPS-1 sensors and EM logger.
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Figure 3.4: Cross section of embankment showing slope faces and soil probes.

Since inception of the project, novel research has been conducted in the
facility including Masters (MSc) and Doctoral (PhD) projects. These works
have essentially given leading insight into the likely behaviour of clay
based infrastructure slope under climate change impact. However, a
comprehensive work on cracks has not been carried on the embankment.

This study will therefore fill this important gap.

3.2.2 Crack Survey

Walk-over surveys were repeatedly conducted to locate and measure
desiccation cracking occurring in the embankment. Zielinski (2009)
employed similar methods to locate surface cracks in flood embankments.
Crack surveys commenced in May, 2014 and lasted until February, 2016.
This was to cover different seasons and multiple cycles of shrink-swell.
Investigations on cracking are sometimes carried out under a simulated
climate and within a few days or weeks. These lengths of time do not
adequately represent field conditions, which proceeds slowly and could be
affected by the presence of top soil in typical embankments. In this study
therefore, such systematic changes in the development of established
cracks were closely monitored across the embankment throughout the
survey period, particularly the formation of secondary cracks, crack

propagation, opening and closing etc.

The method involved a visual search for surface cracks on the
embankment and direct measurement of the morphological changes. The

search was conducted by walking over the embankment surface panel by
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panel with each panel sampled in 2m wide grids starting from the toe up to
the crest and down to the toe. This survey system implies that each panel
of 18m width is traverse nine times to ensure that cracks are not missed
out. The located cracks are number sequentially. Once a crack is discover,
the location is peg with a red flag marker for easy identification during
subsequent surveys. The slim steel base of the marker is push into the
ground, a reasonable distance away from the crack front to avoid
interference with the crack development. Furthermore, geographic
coordinates of the crack locations were established using a Trimble global
positioning instrument (GPS) for future reference. Figure 3.5 shows the

crack survey on the embankment.

Figure 3.5: Crack survey on Bionics embankment. Crack location marked with
red flags

Each crack found on the embankment was given a unique reference
number, which indicates the slope face (North or South) and the
engineered panel in which they occur. For example, the label BE/AS/01
represents a crack on the embankment (BE) found on panel A of the
South facing slope (AS) and allocated serial number 01. Accordingly, all
measurements were recorded and tabulated into a detail, easy-to -read
field record. During the survey, both the re-opening of old existing cracks
and initiation of new cracks were observed. The old cracks were identified
by their very obvious furrowed outlines. Missed cracks and new cracks
were constantly look out for at each repeated survey outing. A few newly
initiated cracks were later discovered as the grasses withered in autumn
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and gave a clearer view of the slope surface. To further preserve and
illustrate prominent in the cracking, digital pictures of the cracks were
taken at each survey using a 15 megapixel digital SLR Canon camera.
The images were usually taken between the heights of 300 and 500mm

depending on amount of detail needed.

3.2.3 Method to measure cracks

Once a crack was located, changes in its geometric features including
pattern, surface length, width and depth, were monitored and measured
weekly throughout the entire survey period. The weekly interval between
surveys was to allow sufficient time for a measurable development of the
slowly evolving crack features while adjusting to any surface disturbance
during previous measurement. However, the measurements were carefully
carried out to keep impact on the cracks minimal. Crack geometric
features were measured using mechanical and electrical line gauges while
crack pattern were visually inspected and captured in photographs. The
traditional method of measuring crack directly is generally thought to give
results that are more accurate. In this study crack width was measured
using a 300mm rule and a Venire calliper. The two instruments were
combined to increase the precision. To take a measurement, the tools
were normally placed across the crack aperture perpendicular to the crack
walls. Crack depth on the other hand was measured using a flat (1-2mm
thick) flexible plastic probe, which varied in length between 300 to
1,000mm depending if a crack is shallow or deep. The probes were gently
inserted into any visible crack, its flexibility allowing vertical penetration of
subsurface curvature. When no more penetration occurs, the probe is
slightly wriggled to establish the lowest point. By so doing, care is taken
not to underestimate depth by not reaching the bottom and conversely, not
to overestimate depth by pushing too hard especially when the soil is wet.
Practically, only those cracks wide enough (~2mm) for the probes to be
inserted were measured and further monitoring depended on whether the
crack features reasonably develop in the next two or three survey outings.
The surface length of the cracks were also measured using a fibre rope to
enable manoeuvring along any surface curvature or change in orientation.

The total length covered by the rope for each crack is then validated with a
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metered tape. Depending on the length of a particular crack, the width and
depth were measured at two or more intervals, the points of measurement
also referred to as “nodes”, being determined by factors such as
curvature, change in width, secondary cracking, burrows etc. All
measurements were maintained within accuracy of £1mm. Figure 3.6
shows measurement techniques of crack geometric properties in this

study.

Figure 3.6: Line gauges and probes for crack geometric measurement

In order to compare any lateral movement in the soil related to crack
opening and closing, data from the spring gauge installed at one of the
established crack location was examined. For safety policy, risk
assessment and safety procedures associated with field work of this
nature was evaluated and implemented (Appendix I).

3.2.4 Method of estimation of volume of a crack section

Crack intensity analyses in a soil mass often involved crack width, depth
and length. Understandably, crack depth is commonly emphasised in
slope stability analysis because of its potential role in the architecture of
the slip surfaces as well as depth of wetting. However, none of these
parameters in their singular form can adequately characterise cracking
intensity since geometry may change in direction. Also, when considering
water holding capacity and infiltration potential in a slope, crack volume,
which defines the amount of space the cracks occupy in the soil, is a
guantitative parameter that cannot be overlooked. Since a standard unit
volume comprises 3-dimensional geometry, crack volume can also serve
as a good indicator of the shrink-swell or horizontal volume changes in
expansive soil. Therefore, estimation of the volumes of cracks is
introduced in this study to characterise cracking intensities and their time

morphological changes in the field.
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Several techniques have been used to estimate the cross-sectional
volume of crack in soil. Transect, soil layer subsidence and COLE
methods are discussed in the literature review (section 2.2.2). In this
study, the approach employed empirical relation which utilises the
geometric properties of the cracks measured in the field. The derivation
followed personal communication with Dr Andrea Kishné of Texas A&M
University who provided the background illustrations and mathematical
basis from Math Forum
(http://mathforum.org/kb/message.jspa?messagelD=4683199&tstart=0)
and theorems of plane and solid geometry (Holgate, 1901). The derivation
is presented below.

Consider a triangular pyramid presented as a truncated fulcrum with
parallel triangular cross-sections perpendicular to the length in Figure 3.7.

W1
\V2
d-

d>

Figure 3.7: Cross section of a truncated fulcrum (adapted from Holgate, 1901)

Theorem 522 for prismatic structures state that “the volume of a triangular
pyramid is equal to one-third the product of its altitude and the area of its
base” while theorem 524 states that “the volumes of any two pyramids are
in the same ratio as the products of their altitudes and the areas of their
bases” (Holgate, 1901). Following these background theorems, The Math
Forum shows that the area A (mm?) and volume V (mm?) of the composite

sections in Figure 3.7 can be derived as follows:
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l,=BD, 3.1

1>=BC, 3.2
x=BX, 3.3
A1':1/2 Xwy X dll 3.4

Based on similar triangles:

WI/WZ = ll/(ll + g), and 35
L =g X [wy/(wy —wy)] 3.6
Also,
di/dy =1/l + 9), 3.7
l, =g x[d/(d; —dy)] 3.8
Based on similar pyramids with apex X:
W1 lo+x d. /s
[t ] Sy 3.9
(lz+x+9) d
A1I (W rXd /) (lz+x)2 Aq
= = 3.10
Az (wzxd3) (12 +x+g)2 Az
This implies Ay = A4
So, for any two pyramids,
V. A{ XL
== 3.12

V2 N Ay X(L+g)

The condition in equation 3.12 therefore satisfies theorem number 524
stated above. This principle can be applied to any given point in an
irregular crack section when treated as a triangular prism or truncated

fulcrum (Figure 3.8).
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dz

Figure 3.8: Geometry of crack section: w;, w, are crack width, d,, d, are vertical

crack depth, g is the gap between the sections (length of crack section), L is a
hypothetical length of the first pyramid. V; and V; are volumes of the first and
second pyramid.

The volume between the two triangular cracks geometries can then be
derived from theorem 522 as follows:

Volume of the triangular pyramids:

Vi =7 Ay xl 3.13

1
V, =§[A2><(l+g)]

Where A; = 1/2 x w;d; andA, = 1/2 X w,d,, areas of the two triangular

Cross sections.

Volume of the truncated triangular pyramid is:

V=V,-V, 3.14

=§[A2x(l+g)]—§,41xl 3.15

From similar triangle also: l/(l+g) =wy/wy, =d,/d, 3.16
This implies that 12/(L+ g)? = A, /A, 3.17

Solving for I L= [J4; x g]/[(VA2) - (VA))] 3.18

Substituting [ in equation 3.15,

(1/3 x 4, X \JA; x g)
[(VA; - VA1)

(1/3 x Ay X \JA; x g)
(V4;) - (VA1)

v=|(1/3x4,xg)+

=1/3[4; X g+ (4, — A) x JA; x g]/[(VAz — VAL)] 3.19
Since, (4, — &) = [(V; + A7) x (/& = 47)]
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Then, V = 1/3[4; x g + (VA1 X J4;) — JA; x g]
=1/3 x g[A; + (A X /A1) + 44]

=1/3 x g[A; + /A, X A1 + A4] 3.20

Where A; =0.5(w; x dy) and A, = 0.5(w, x dy), represent the area of the
triangular cross sections for first and second nodes. Substituting the area
functions in equation 3.20, a crack volume equation, and the correct
version of the encompassing the three regularly measured crack

geometric parameters; length, width and depth is obtained as follows:

v = () %L x [(;wl x )+ (Gwa x da) + [Gwa x dg) x (G wa x dz)] 3.21

3.2.5 Measurement of soil moisture and suction changes in the field
Fluctuation in soil moisture is a key factor influencing shrink-swell action in
expansive soils. It is also recognised that there is a coupling between
moisture changes and suction developed in soil with significance
implication in desiccation cracking phenomenon. Assuming there are no
external load and material loss on the experimental embankment, the
changes in the soil condition can be regarded as effect of changes in the
soil-water suction. Therefore, time series record of near surface soll
moisture and suction condition as the cracks develop are obtained in this
study. The MPS-1 devices installed on the experimental embankment
carry out a continuous recording of volumetric water content and matrix
suction at different depths up to 1.5m in the embankment. This range of
depth reasonably covers the active zone where unsaturated soil conditions
are known to be very unstable leading to different kind of geohazard
reported in literatures. The robust data set of soil moisture and suction
recorded in the embankment were, with due authorization, accessed from
Newcastle University P-drive for used in this study. The data are
processed and analysed with time for the different depth across the
embankment using excel spread sheet. Attention is particularly paid to
recordings around crack locations in order to streamline the analytical

information stored since commencement of construction of the
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embankment in 2005. The magnitude of data is also limited to the period

of study except for comparison with selected years of relevant events.

3.2.6 Evaluation of climatic parameters

The effect of microclimate on soil condition is recognised in geotechnical
research. In section 2.4.4, it was noted that patterns of pore water
pressures on a slope reflect direct response to microclimate conditions.
Rainfall is the principal source of atmospheric water flux into the soil while
evapotranspiration is responsible for upward flux of soil water back into the
atmosphere. The difference between these two fluxes at any point in time
largely controls the pore water pressure conditions in the soil. In this study,
the patterns of micro-climate around the embankment were analysed and
used to assess changes in near surface moisture and crack morphological
evolution. A full climate data were derived from the weather stations within
and around the embankment. The climate data used included wind speed,
net radiation, relative humidity, atmospheric pressure, ambient air
temperature, amount of rainfall etc. Important climate parameters e.g.
rainfall, sunshine etc., are plotted in time series to reflect their changes
and identify periods of extreme events. The wind-rose was also plotted to
evaluate the prevailing wind directions across the embankment surfaces.
The climate parameters were further combined in the FAO Penman-
Monteith equation for estimation of evapotranspiration. Necessary unit
conversions were carefully carried out as well as estimation of missing
climatic data with standard equations where applicable.
Evapotranspiration was estimated for both North and South facing slope
for the period covered by the survey.

During the field study, cracks were observed to show seasonal and diurnal
response to wetting and drying events, with extremes between summers
and winter period characterised by highest drying and wetting respectively.
The cracks also occurred in different proportion across the engineered
panels of the embankment. These observations were noted as part of the
baseline field conditions necessary to build the framework for

complimentary laboratory studies.
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3.2.7 Influence of vegetation on soil cracking

The mechanical role of vegetation root anchorage in soil is widely reported
as well as the role of vegetation in transient pore water fluctuation (section
2.4.6). The influence of vegetation on cracking is relatively less
investigated. As one of the objectives, this study seeks to understand the
influence of vegetation, particularly root systems in the formation of crack
patterns as well as any measurable hydrological effect. Interestingly, the
embankment is colonised by rich species of grasses and herbs, which
have been noted to show preferential diversification influenced by aspects
and engineered conditions (Glendinning et al., 2009). It is reasonable to
expect that crack distribution could be affected by the pattern of vegetation
diversification in addition to the slope properties. Consequently, the root
mass and network of vegetation within and around the location of in situ
cracks were closely examined with a hand lens while the hydrologic effect
was evaluated using evapotranspiration results from the weather stations.
Figure 3.9 show the grass covered slope and common vegetation
assemblages on the embankment. A rooted soil block was also collected
from an experimental lysimeter in the field to further investigate the effect

of vegetation in the laboratory.

Figure 3.9: Vegetation cover on the embankment (March-September 2014)

3.2.8 Summary of field study

The study of cracks in a natural setting is essential in understanding the
factors and characteristics associated with their formation in situ. The
embankment provided this study a direct opportunity to monitor and
measure natural cracks development in the field. A systematic crack
survey was therefore conducted during which geometric parameters useful
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in characterising the crack development were directly measured. The
engineered properties in the embankment enabled recognition of potential
response of embankment structure to environmental driven changes.
Specifically, high quality soil and climate data were synthesised for their
influence on crack formation on the embankment. Overall, the field

program was successful in partial fulfilment of study objectives.

3.3 Methodological development for laboratory testing

Like most natural phenomenon, holistic understanding of field processes
involved in natural cracking is challenging. The central process of sall
shrinkage and swelling is not easy to observe in a natural setting because
of its slow and transient behaviour. In addition, soils characteristically
present heterogeneous properties. Therefore, physical models are
commonly employed for better understanding of the field behaviour. Some
field and laboratory methods investigating desiccation cracking was
outlined in section 2.3.5. Following the background of existing
experimental approach in this genre, laboratory experimentation was set
out to simulate desiccation cracking. However, experimental framework of
present study is concern with cracking in fine-grained soil under the
properties and conditions involved in creation and performance of
transport infrastructure embankment, essentially a slope-vegetation-
atmosphere interaction. As mentioned earlier in section 3.1, the laboratory
test programs were essentially designed using baseline conditions from
the field study. Therefore, the test procedure was developed with
principles and parameters adapted to represent important conditions in the
embankment. Accordingly, selected control variables included soil density,
moisture, suction, layer thickness, plasticity, vegetation presence, cyclic

wetting and drying, etc.

The field study generally indicates that cracks showed reasonable
response in warmer and drier conditions as well as period of intense
rainfall. Fluctuation in these conditions is also crucial in earth slopes
deformation process. In order to simulate these environmental variables,
an innovative soil-climate interaction system was designed and assembled
using bespoke apparatus. Climate controlled has been used in other

desiccation cracking experiments (section 2.3.5) to practically represent
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environmental factors, which drives desiccation process. In this study, the
climate control system essentially creates a constant low humidity climate
inundated by rainfall in a cyclic manner, replicating the conditions
operational in the field for cracking. The system was comprised of a soil
box (soil mould), climate control unit and an atmospheric cover mounted
with various research standard monitoring instrument. A full design of the

experimental system is as shown in Figure 3.10 below.
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Figure 3.10: Schematic of the experimental system for laboratory desiccation
crack experiment

The test principle follows the established restrained shrinkage condition for
crack development (Kodikara et al., 2000; Peron et al., 2009b). Focus was
on pore water changes, shrinkage and cracking characteristics in the soil
under specific climate and embankment construction conditions. Digital
image analysis, Microsoft Excel etc. was used for data handling and

characterization.

3.3.1 Design and construction of soil mould

Different types and shapes of materials have been used as soil mould in
desiccation crack experiment including wood and glass. They are usually
considering on their potentials to provide the base restraint necessary to
achieve shrinkage cracking. In this regard, glassy surface has been noted
to offer greater restraint than wood (Kodikara et al., 2000; Yesiller et al.,
2000). This is likely due to greater adhesion of wet clay to glass-like
surface and therefore produces a high shear restraint