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Abstract

Weather-driven deterioration of infrastructure embankments is an increasingly severe
threat to their stability, longevity, and safe operation. Dry-wet cycles within compacted
clay fill instigate shrinking and swelling, forming micro- and macro-scale cracks that
drive irrecoverable microstructural changes. This degradation reduces the clay fill's
water retention capacity, exacerbating the rate, magnitude, and consequence of these
dry-wet cycles. Therefore, understanding the timescales of microstructural degradation
and desiccation cracking’s role within this is crucial to ensure the long-term

serviceability of the transport network.

Laboratory tests, while informative, often fail to capture field scale heterogeneity. To
bridge this gap, an intermediate-scale, compacted clay slope was constructed within
an outdoor lysimeter. This novel approach provided high-resolution spatial and
temporal monitoring, revealing that cracking severity depends on exposure to physical
and environmental boundary conditions. Desiccation cracks significantly altered slope
hydrology, locally deepening evaporation and infiltration fronts by up to 400 mm and
extending weather-driven deterioration to 200 mm. Deep summer crack networks
(2021-2022) markedly increased rainfall storage capacity, allowing full infiltration of
three simulated 1-in-100-year storm events (each delivering 52 mm of rainfall in one
hour, with climate change uplifts applied) and producing no runoff. The resulting soil
moisture increase resulted in a sharp decrease in suction, culminating in complete
suction loss by the end of the third event. In contrast, shallower crack networks in
Spring 2023 generated runoff under the same storm profiles. Seasonal drying patterns
were also disrupted, maintaining high moisture contents that suppressed suction

generation and inhibited deep cracking observed in prior summers

The lysimeter slope enabled real-time monitoring of desiccation drivers, informing
targeted laboratory-scale tests. These experiments provided insight into how altering
the physical and environmental boundary conditions through modifying parameters in
the Penman-Monteith (1965) equation can influence moisture transfer dynamics and
desiccation behaviour within Ampthill Clay fill. Overall, this research qualitatively and
quantitatively underscored desiccation as a key accelerator of weather-driven
deterioration. Furthermore, it emphasised that all contributing elements to desiccation

must be considered to fully assess their risk to infrastructure embankment stability.
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Chapter 1. Introduction

1.1 Research Context

In the UK, infrastructure embankments comprise approximately 9660 km of the
transport network, largely managed by four primary infrastructure owners: Network Rail
(5000 km), London Underground Limited (60 km), National Highways (3500 km), and
British Waterways (1100 km). These earthworks assets are critical for physically
supporting road, rail, and canal infrastructure across low-lying ground or areas of
elevated flood risk. Therefore, maintaining their structural integrity is fundamental to
ensure the operational serviceability and safety of the transport network. However,
effective asset management is particularly challenging within the ageing network due
to the increasing volume of assets requiring maintenance and rising associated costs
(Reid & Clark, 2000; Perry et al., 2003; Glendinning et al., 2014a). Network Rail
effectively highlights the realistic nature of this task, as only 0.5% to 1% of their asset
base receives the necessary maintenance during each five-year control period
(Network Rail, 2018).

The likelihood of failure within infrastructure assets is rooted in their inherent
vulnerabilities and relative exposure to dynamic threats (Perry et al., 2003; Briggs et
al., 2017, 2019). The former relates to the physical properties of embankment fill, which
differs greatly across the various transport modes as it is associated closely with
construction age. Most rail and canal embankments are over 100 years old, commonly
over-steepened and constructed using heterogeneous materials, often in a poorly
compacted state. In contrast, road construction began in the 1960s, utilising modern
geomechanics principles and incorporating effective drainage systems, significantly
improving their overall performance and resilience to environmental stresses
(Skempton, 1995; Perry et al., 2003; Mair, 2021). With varying physical properties,
embankments across the transport network will exhibit inconsistencies in their
responses to dynamic threats. Consequently, this complicates the development of a
universal framework for embankment deterioration and failure prediction. Therefore,
greater effort is required to relate the relevant failure mechanisms and threats to the

range of embankment geologies and geometries across the transport network.

In 2021, Lord Robert Mair and his task force highlighted that the increasing frequency
and severity of extreme weather events pose the most significant dynamic threat to the

deterioration of earthworks. This insight was documented in their review of Network



Rail's earthwork management practices (Mair, 2021), which was prompted by the fatal
train derailment near Carmont, Aberdeenshire, in August 2021. This serious incident
underscored the severe impacts of inadequate climate resilience on earthwork and
drainage assets. According to the Office of Rail and Road (ORR), the risk of significant
failures directly associated with extreme weather events, especially high-intensity
summer rainfall, continues to rise. This trend was illustrated using Figure 1.1 (ORR,
2024), which shows that 2023 to 2024 recorded the highest rate of high-consequence

failures in Network Rail's earthwork assets since this metric was introduced in 2008.
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Figure 1.1: The number of high-consequence earthwork failures occurring within Network Rail's earthworks since
the metric began in 2008 (from ORR, 2024)

Mair (2021) identified a critical limitation in current earthwork stability assessments:
they largely rely on observations derived from failures under historical climate
observations, overlooking how unprecedented climate extremes may exacerbate
deterioration processes. Despite their more primitive state, this limitation can be
extended to road embankments, where failing to incorporate climate change in stability
assessments could grossly underestimate their time-to-failure distributions. This risk
posed by climate change to infrastructure embankments stems from the capacity of
extreme weather to intensify the shrink-swell behaviour of high-plasticity clay fill
(Hughes et al., 2009; Briggs et al., 2017; Spink, 2020; Mair, 2021). Through time this
behaviour can deteriorate the fill’'s microstructural integrity by increasing micro- and
macro-porosity through shrinkage-induced crack formation (Basma et al., 1996; Stirling



etal., 2021; Briggs et al., 2023; Dias et al., 2023). Increased intensity and connectivity
of desiccation crack networks under more extreme drying will significantly enhance the
fill's susceptibility to rapid and voluminous infiltration and suction loss (McBrayer et al.,
1997; Greve et al., 2010; Mair, 2021). Therefore, the magnitude of seasonal pore water
pressure cycles is set to increase, particularly considering projections of warmer,
wetter winters (Davies et al., 2008; Glendinning et al., 2014). Fundamentally, these
pore water pressure cycles will lead to irrecoverable strain-softening and progressive
downslope movement of fill under a reduced shear strength (Glendinning et al., 2014;
Tang et al., 2018; Stirling et al., 2021; Briggs et al., 2023). Therefore, understanding
the risks cracks pose to earthwork deformation and how processes like desiccation

cracking can amplify these risks is crucial to ensuring long-term asset resilience.

Figure 1.2 (ORR, 2021) presents an example of Network Rail’'s 11 levers approach to
managing the weather resilience of earthworks and drainage on their network. Routed
in these levers is the need to fund research (10/11) to raise awareness and
fundamentally understand the weather resilience of earthwork assets. Integral to this
approach is improved asset knowledge (8/9), reliable forecasting of weather hazards
(4), metrics of design resistance (7), and understanding whole system behaviour (2)

for intelligent use in high-level decision making (ORR, 2021).
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Figure 1.2: Summary of the eleven levers Network Rail has identified to manage the resilience of earthwork and
drainage assets to weather-related hazards (from ORR, 2021).

Consequently, a consensus has been reached that a proactive approach to asset
management is essential, grounded in empirically established temporal relationships
3



between embankment characteristics and these weather-driven deterioration
mechanisms (Network Rail, 2018; Spink, 2020; Mair, 2021). This approach requires
detailed monitoring and measurements which quantify the spatial and temporal
evolution of weather-driven embankment deterioration and how it manifests at the field
scale. Embedded within this should be evidence-based and realistic assessments of
how future climate extremes will alter the nature of key deterioration mechanisms and
the frequency and most common mode of embankment failure. Through this, more
accurate asset stability categorisation based on time-to-failure distributions can be
achieved, facilitating targeted, timely interventions that optimise resource allocation

and improve long-term asset serviceability.

1.2 Aims and Objectives

The principal aim of this thesis is to investigate the coupled interaction of desiccation
cracking and hydrological processes within an embankment slope across varying
temporal and spatial scales. Specifically, this research will examine whether the
development and impacts of desiccation-induced deterioration of plastic clay fills can
be captured and quantified through changes in their hydromechanical behaviour. A
multiscale approach was adopted, with the materials and methods utilised carefully
selected to ensure the results are applicable and interpretable within the context of UK
infrastructure embankments. To achieve this aim, this research has been structured

around the following objectives:

OB1. Determine the differences in moisture flux dynamics between an
embankment in a cracked and intact state.

OB1a. Develop an experimental methodology that accurately represents and

calculates the moisture flux dynamics within cracked and intact soils.

OB1b. Determine the differences in moisture flux dynamics across varying
temporal scales of drying and wetting.

OB1c. Examine whether cracking intensity affects the difference in moisture

flux dynamics between desiccated and intact embankment states.

OB2. Determine whether the behaviour of an embankment in its desiccated and
intact states changes with cyclic environmental exposure.

OB2a. Determine if changes in saturated hydraulic conductivity occur over

successive dry-wet cycles and the resultant effect on soil infiltration

capacity.



OB2b. Determine if the number of dry-wet cycles, their duration, and intensity
influence infiltration capacity over time.

OB2c. Determine whether successive dry-wet cycles impose changes to soil
microstructure through desiccation cracking or otherwise.

OB2d. Determine if desiccation cracks significantly impact the infiltration

capacity of soil.

OB3. Determine quantitively the controlling factors in desiccation crack formation.
OB3a. Develop a research methodology that identifies and quantifies the
range of environmental parameters that affect desiccation crack

formation.
OB3b. Develop a research methodology that investigates the role of

construction-based parameters in desiccation crack formation.

1.3 Thesis Structure

This section provides a brief overview of the thesis structure, with this chapter (Chapter
1) setting out the context of this research and its relative high importance for ensuring
the longevity, stability, and safety of infrastructure embankments, which are key
transport assets. Chapter 2 reviews the current relevant literature, firstly understanding
threats to the long-term performance of infrastructure embankments. This includes
internal threats, such as the inherent properties of embankment fill, and external
threats, which dynamically evolve with time, such as physical and environmental
loading. Within this review, weather-driven deterioration through desiccation cracking
is identified as a critical destabilising mechanism of increasing importance under future
climate change projections. An overview of the fundamentals of desiccation crack
formation is then given. Finally, a critical assessment of previously employed methods
to contextualise weather and desiccation-driven deterioration at the material- or asset

scale is conducted, identifying key research gaps.

Chapter 3 details the multi-scale approach implemented to address the research gaps
identified in Chapter 2 and the aims and objectives outlined in Section 1.2. The
methodology presents the construction of a novel intermediate-scale slope within an
outdoor lysimeter. Furthermore, it details a comprehensive laboratory study that
allowed further isolation of the parameter space influencing desiccation cracking. In
the course of this chapter, there is a persistent emphasis on the significance of the

materials and methodologies employed in relation to the replication of processes within
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live infrastructure embankments. This focus highlights the critical role that appropriate
selection and application of such parameters play in the desiccation crack and

weather-driven deterioration processes within these assets.

The results from long-term desiccation cracking and hydrological monitoring of the
outdoor lysimeter slope are provided in Chapter 4. This includes adaptations made to
the lysimeter design to investigate its behaviour under varying environmental and
physical boundary conditions. In Chapter 5, the findings from the laboratory studies
are presented, with a detailed analysis that correlates these results with the
observations obtained from the lysimeter experiments. This correlation serves to
elucidate the broader implications of the laboratory results in the context of monitoring

and analysing desiccation cracking within live infrastructure embankments.

Chapter 6 presents a finalised summary of the research findings and key conclusions
drawn. It details the significance of these conclusions in relation to the implications of
desiccation cracking within infrastructure embankments from a deterioration
perspective. Comments on the limitations of this research and recommendations for

future development conclude this chapter.



Chapter 2. Literature Review

2.1 Introduction

This chapter offers a comprehensive review of the current understanding regarding the
weather-driven deterioration of infrastructure embankments, with a particular emphasis
on the processes associated with desiccation cracking. The review starts broadly by
explaining the performance of infrastructure embankments and why they are
deteriorating, highlighting what is known about the key drivers and mechanisms of

failure.

The following section provides a comprehensive review of how environmental
processes contribute to the deterioration of infrastructure embankments. It focuses on
the weather-driven deterioration framework, examining current knowledge about the
key processes that lead to degradation at both the material and asset scales. The
pivotal role of desiccation cracking within this theoretical framework is underscored,
transitioning into examining the fundamental principles underlying desiccation crack
formation. This review encompasses various formation theories, delineates the
inherent characteristics of cracks, and identifies the primary driving mechanisms
involved. Furthermore, it addresses methodologies for quantifying cracking while

contextualising the settings in which this phenomenon has been studied.

The issue of desiccation cracking as a key deteriorating mechanism is then examined.
Specifically, this section includes a review of how desiccation cracks affect the
hydrological regimes of infrastructure embankments and explores how deterioration
caused by desiccation can increase an asset's vulnerability to failure. This includes a
critical review of the existing studies on weather- and desiccation-induced deterioration
of infrastructure embankments. This study examines three distinct scales of research:
laboratory, intermediate, and field studies, each with its respective advantages and
limitations. The literature review underscores the importance of thoroughly
understanding desiccation processes and their adverse impacts. It advocates for
adopting multiscale research methodologies to address and mitigate the risks
associated with infrastructure deterioration effectively. Furthermore, this review
identifies key research gaps for advancing knowledge regarding embankment

deterioration induced by desiccation.



2.2 Performance of Transport Infrastructure Embankments

Infrastructure embankments, composed of natural earth materials, experience
performance variations over time due to the inherent tendency of soils to undergo
physical, chemical, and mechanical change. Within existing literature, performance
rate is related to changes in two primary factors: the hazard posed by the intrinsic
properties of their fill material and external dynamic processes that exploit these
vulnerabilities and act as triggering events (Glendinning et al., 2009; Briggs et al., 2017,
2019; Spink, 2020). The former category encompasses attributes such as strength,
permeability, and compaction, which can render an embankment more vulnerable to
several potential threats (Power et al., 2016; Briggs et al., 2019). Conversely, the latter
category pertains to environmental (e.g. flooding) and physical loads (e.g. traffic
magnitude and frequency) that may exploit the inherent properties of the fill material
and disrupt the equilibrium of stabilising forces (Spink, 2020). The literature extensively
acknowledges that the inherent soil properties of embankment fill are intrinsically
correlated to their age (Skempton, 1995; Perry et al., 2003; Mair, 2021). This
correlation results in considerable variability across the transportation network,

attributable to the differing construction dates.

2.2.1 Assessing and Projecting Performance

There are different assessment scales, ranging from individual assets to network level
and from current to future stability. The current assessment of an individual asset is
commonly done using limit equilibrium or numerical analysis (Ullah et al., 2020). Such
values are based on engineering parameters alone, computationally exhaustive, and
do not account for evolving threats or deterioration states. However, the inherent
variability of embankments not only complicates the development of a universally
applicable predictive model for deterioration but also means that the threats posed to
these assets can be highly specific (Briggs et al., 2019; Spink, 2020; Mair, 2021).
Furthermore, the same threat may manifest differently within or across various asset

groups, further complicating risk assessment and management strategies.

An example of current procedures in strategic asset risk management involves the
‘bow-tie’ approach in Figure 2.1, which defines the risk of a hazard event based on its
likelihood (left side) and consequence (right side) of occurrence (Spink, 2020).
Assessments using these methods can be conducted at an individual asset, asset
group or network scale. Failure likelihood relies on site-specific assessments of

potential hazards and failure triggers (Glendinning et al., 2009). Assessing asset
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vulnerability to these failures relies on cyclic visual inspections of earthwork properties,
current conditions, and the presence of interventions. A hazardous event's
consequence is based on its impact on operational safety. Depending on the relative
weighted importance of each condition indicator and impact assessment outcome, a
hazard rating from A (low risk) to E (highest risk) can be generated. White et al. (2024)
highlighted that 14% of asset failures in 2019 — 2020 were of category A under this
assessment framework. Other studies also questioned the applicability of surface
observations to assess subsurface deterioration (Mair, 2021; White et al., 2024). White
et al. (2024) instead proposed the Rapid Asset Condition Assessment (RACA)
framework to combine data sources, assess current asset conditions, and suggest
techniques for when further refinement is needed. The toolbox they suggest combines
intrusive, non-intrusive and modelling techniques to target remediation. However, the

budget must be there to facilitate the use of site-based techniques.
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Figure 2.1: Earthworks risk bow-tie diagram from Spink (2020) illustrating how the likelihood and consequence
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of earthwork failure can be assessed.

More recent developments in this assessment process include the use of the Markov
chain modelling to incorporate the dynamic nature of earthwork deterioration into the
assessment of stability (Power et al., 2016; Spink, 2020). These models have been
projected into the future to predict the condition scores of assets based on their record

history of examination data. For example, it demonstrated that soil cuttings in high-
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plasticity clays will deteriorate twice as rapidly as those of low plasticity. The primary
limitations of such performance assessments are the long intervals between visual
inspections, reliance on human observations and not empirical engineering
calculations, and challenges in using failures under past climate conditions to evaluate
current stability. Furthermore, there is no consideration of climate change, under which
fill material properties, hazards, and triggers are likely to evolve (Glendinning et al.,
2009; Spink, 2020; Mair, 2021).

Briggs et al. (2019) proposed a conceptual deterioration model, utilising the inverted
‘bathtub’ curve shown in Figure 2.2 to map embankment performance relative to a
preset threshold. The plot can be adapted to analyse the effects of specific
performance measures at any asset scale for a particular type of hazard, determining
its impact on the curve’s trajectory within four distinct phases: i) a post-construction
bedding-in period where performance improves, ii) a phase of reliable performance, iii)
the onset of deterioration that degrades performance toward a predefined threshold
value, and iv) an unreliable stage where the embankment fails to maintain this

performance threshold.
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Figure 2.2: Conceptual model from Briggs et al. (2019) for asset deterioration utilising the inverted 'bathtub’
curve where an embankment’s projected lifecycle can be divided into four performance categories related to a
pre-defined threshold: 1) bedding-in period where performance improves, (2) reliable period where performance
is sustained, 3) deterioration stage where asset performance is degrading, and 4) an unreliable period where the

asset is no longer serviceable.

From a geotechnical perspective, performance thresholds are commonly defined by

limit state design— i.e., the exceedance of either serviceability or ultimate limit states
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(Perry et al., 2003). Serviceability limit state exceedance is most common and refers
to significant deformation, usually through shallow translational slips; however, the
embankment can remain functional with repair and maintenance. Conversely, ultimate
limit state exceedances are less frequent but more severe and involve the collapse or

failure of embankments through deep rotational slips, terminating their operation.

From the methods available, there is yet to emerge a unified approach which can
forecast asset performance by considering the response of its current state to varying
threats, 