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Abstract: Seasonal, weather-driven pore pressure cycles alter and degrade the hydro-
mechanical engineering properties of earthworks as they age. The accumulating effects of
deterioration over many years can lead to the excessive deformation or failure of
earthworks; requiring interventions to ensure their reliable performance. This paper reviews
the evidence for the weather-driven deterioration of ageing transportation earthworks, with
a focus on clay earthworks in the UK. These include earthworks of various ages (up to ~200
years old), formed from a range of clay-rich strata and at various stages of deterioration.
Evidence is considered for both past behaviour and projected behaviour in response to
continued ageing and a changing climate. There is clear evidence that some clay earthworks
are influenced by the cumulative effect of seasonal weather cycles over many decades.
Simulations show that seasonal slope ratcheting will become an increasingly dominant
driver of shallow failures in high-plasticity cut slopes as they age and in response to
projected climate change. The evidence can inform performance curves describing the
deterioration of individual earthworks in response weather-driven ageing. This can help
identify earthworks with the highest likelihood of failure and inform decisions made by
earthwork asset managers.
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Introduction

Earthworks (cut slopes and embankments) support transportation infrastructure including
roads, railways and associated building structures (Perry et al., 2003a; Perry et al., 2003b).
They are formed from or within the ground and are therefore influenced by processes
associated with the intersection of the Earth’s lithosphere with the atmosphere,
hydrosphere and biosphere (Huggett 2022; Fookes, 1997). Of these, weather-driven
hydrological and mechanical processes are the most relevant to earthwork behaviour and
their performance as engineering structures. Records show that earthworks formed from
natural clay (i.e., cut slopes) or clay fill (i.e., embankments) are particularly susceptible to
weather-driven deterioration, leading to a loss of performance or failure (Skempton, 1996;
Leroueil, 2001; Ridley et al., 2004; O’Brien, 2007; Loveridge et al., 2010).

Pore pressures within earthworks can rapidly increase or decrease in response to individual
weather events and alter more slowly and cyclically in response to seasonal weather
changes (Leroueil, 2001; Ridley et al., 2004; O’Brien, 2007; Loveridge et al., 2010; Briggs et
al., 2017). Hydrological loading that is induced by pore water pressure changes can be in
excess of the mechanical loading from overlying traffic on an earthwork slope (Scott et al.,
2007). Both pore pressure changes and physical weathering effects (e.g., desiccation
cracking) can alter and degrade the engineering properties of earthworks as they age. After
a period of time (generally on a decadal scale), this leads to a reduction in the resistance of
some earthwork slopes to excessive deformation or failure.

Transportation earthworks in the UK range from those constructed for railways in the 1830s
to those constructed since the 2000s for highways and high-speed railways (Perry et al.,
2003a; Perry et al., 2003b; Spink, 2020). Many are formed on clay-rich outcrops ranging
from the carboniferous Mudstones in Wales, central England and northern England, to
Tertiary Clays and Mudstones in southeast England and Quaternary deposits distributed
across the UK (Figure 1; Reeves et al., 2006). Therefore, the UK’s transportation
infrastructure includes earthworks of various ages, formed from a range of clay-rich soils
and rocks and at various stages of deterioration (Briggs et al., 2019). The changing behaviour
and deterioration of assets, such as transportation earthworks, can be described using an
inverted ‘bathtub’ performance curve (Klutke et al., 2003; Thurlby, 2013). The curve (Figure
2) has four broad stages consisting of (i) a bedding-in period of improving performance
following construction, (ii) a period of reliable performance, where deterioration has not yet
significantly affected an asset, (iii) a period of reducing performance, where deterioration
starts to negatively affect an asset without interventions such as increased maintenance and
(iv) a period where deterioration has progressed to the extent that the asset becomes
unreliable or fails. Figure 2 shows that there are transportation earthworks in the UK at each
of these four stages of performance and deterioration. Recent research into the weather-
driven deterioration of ageing earthworks in the UK therefore presents an opportunity to
understand the key drivers, indicators and forecasts of earthwork deterioration as they age.
This can be used to inform long-term assessment and management strategies for
infrastructure owners, both in the UK and elsewhere.
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Figure 1: Clay-rich outcrops underlying major cities and transport networks in south and central England and Wales,
categorised by Geologic Period (As categorised by Reeves et al., 2006). Quaternary deposits omitted for clarity. Contains
British Geological Survey materials © UKRI 2023.
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Figure 2: The UK's transportation network includes earthworks constructed since the 1830s that are now at various stages
of deterioration (adapted from Briggs et al., 2019)



The aim of this paper is to evaluate evidence for the long-term, weather-driven
deterioration of ageing transportation earthworks and to present a conceptual model for
these processes. First, the conceptual model is presented. Then, the subsequent sections
summarise the supporting evidence. This evidence includes results from failure records,
field-observations, in situ monitoring, full-scale trials, in situ testing, laboratory experiments
and numerical simulations. The objectives are to evaluate (i) the evidence for weather-
driven deterioration in clay earthworks, to inform the conceptual model (ii) how weather-
driven deterioration will influence the deformation and stability of earthwork slopes as they
age, (iii) the influence that projected climate change will have on the mechanism and rate of
weather-driven deterioration in earthwork slopes.

A conceptual model of weather-driven deterioration processes in

ageing transportation earthwork slopes

In temperate climates such as the UK, near surface soil moisture content and pore water
pressures are often lowest at the end of summer (August/September) and highest at the
end of winter (March/April). Water removal and drying of the soil occurs during the summer
months when rainfall and soil water are evaporated or transpired. Rainfall infiltration and
soil wetting occurs more easily during the winter months when evaporation and
transpiration are significantly reduced. Seasonal fluctuations in soil moisture content and
pore pressures are greatest near the ground surface, while fluctuations at greater depth
occur in response to longer-term changes in weather, climate or groundwater conditions
(Freeze & Cherry, 1979; Blight, 1997). These changes are known to affect the material
properties, the deformation and the failure of natural slopes, cut slopes and embankments
in a range of materials and climates (Leroueil, 2001).

A conceptual model of the weather-driven deterioration processes affecting ageing clay
transportation earthwork slopes can be considered from the material-scale behaviour
through to the slope-scale behaviour (Figure 3). This forms a subset of a wider deterioration
framework for geotechnical infrastructure that includes additional human or environmental
drivers of deterioration (Briggs et al., 2019) and earthworks used in other applications such
as for flood defence (Vardon, 2015), that are not considered in this paper.

Stirling et al., (2021) described the weather-driven deterioration of clay fills based on
extensive laboratory testing and a programme of field-based experiments. A conceptual
model of weather-driven deterioration in clay fills was developed to include changes in
material properties ranging from micro-scale cracking, to changes in soil water retention
and strength. This formed the basis for a new conceptual model describing the weather-
driven deterioration of clay earthworks (embankments and cuttings) at the slope-scale
(Figure 3). The slope-scale conceptual model includes evidence from laboratory testing, field
monitoring and in situ experiments; supplemented with insights from numerical simulations.

The conceptual model (Figure 3) includes four inter-related quadrants describing types of
deterioration at the slope-scale that have been reported in experiments, simulations or
from field observations for ageing clay cuts, clay embankments, or their constituent
materials (i.e., clay fills or natural clays). The deterioration process in each quadrant is



supported by summary statements describing published results and conclusions. The
evidence to support these statements is described in the subsequent sections of this paper.
Figure 3 shows that the four quadrants describing the weather-driven deterioration of
ageing, clay earthworks and their constituent materials (natural clay or clay fill) are:

1) Theirrecoverable, micro-scale deformation and altered fabric of the clay forming an
earthwork.

2) The macro-scale deformation and altered fabric of the clay forming an earthwork, or
of the earthwork itself.

3) Permanent changes in the hydraulic and water-retention properties of the clay
forming an earthwork.

4) The irrecoverable loss of strength in the clay forming an earthwork; that then
reduces the stability of an earthwork slope.

These weather-driven deterioration processes are in response to repeated cycles of wetting
and drying, and the associated cycles in pore pressure, driven by predominantly seasonal
weather changes. However, they may be applicable to ageing transportation earthworks in
other geographical locations, or in newer earthworks that are now entering the stage of
deterioration and reducing performance (Figure 2).
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Figure 3: A conceptual model for the weather-driven deterioration of ageing, clay transportation earthworks (adapted from
the conceptual model for the deterioration of clay fill by Stirling et al., 2021)




Evidence for near-surface weathering in earthwork slopes

There is in situ evidence to show that weathering alters the fabric and structure of near-
surface soils in earthwork slopes (Q1 & Q2 in Figure 3). This leads to changes in the material
properties at shallow depth and facilitates water movement to greater depth.

Anderson & Kneale (1980) and Anderson et al., (1982) showed that desiccation cracks
formed in a high-plasticity clay fill embankment and acted as preferential pathways for
water flow into the embankment. Near-surface cracks of up to 25 cm depth opened during
the summer months and closed during the winter months. But micro-discontinuities
persisted after crack closure and permanently altered the fabric and permeability of the soil.

Detailed in situ crack measurements on a vegetated, intermediate plasticity clay fill
embankment (Yu et al., 2021) showed that the process of crack initiation, expansion,
contraction and closure is an annual response to seasonal changes in weather, soil suction
and moisture content (Figure 4). The measurements showed the formation of discrete,
linear cracks up to 1 min depth and 2 m in length, as opposed to the branching, connected
polygonal cracking shown in laboratory experiments (Tang et al., 2008) and sparsely
vegetated slopes (Dyer et al., 2009; Li & Zhang, 2011). Simulations by Stirling et al., (2017)
showed that pervasive, fine cracking patterns were associated with low permeability marine
clays with high air entry values (AEVs), while intermediate plasticity clays and tills were likely
to exhibit permanent, deep cracking but less desiccated crust development.
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Figure 4: The annual variation of crack volume and soil suction from the lower slope of a clay fill embankment (adapted
from Yu et al., 2020 and Yu et al., 2021), showing the process of crack initiation (A-B), expansion (B-C), contraction (C-D)
and closure (D-E).

Laboratory measurements show that cyclic wetting and drying alters the fabric of
compacted clay fills used to construct embankments. The altered fabric includes the



formation of micro-scale cracks and led to a loss of suction generation capacity and a
progressive loss of strength (Stirling et al., 2021; Azizi et al., 2019). The micro-scale fabric
deterioration manifested as a macro-scale deterioration front in an embankment slope
(Stirling et al., 2021). This was due to the crack propagation providing an enhanced pathway
for water infiltration and removal at depth, which then induced soil volume change and the
further propagation of the crack network into the slope surface. The crack propagation was
limited by higher confining stresses and reduced suctions at greater depth, leading to a
stable, near-surface zone of increased permeability within the clay fill.

Dixon et al., (2019) showed that in embankments, the permeability (saturated hydraulic
conductivity, K,;) varied by five orders of magnitude in the very near surface (0-0.3 mbgl)
and by four orders of magnitude between 0.3 m and 1.2 m depth (Figure 5). This compared
to measurements from cut slopes showing a four orders of magnitude change in
permeability in the very near surface, and a two orders of magnitude reduction between 0.2
m and 0.6 m depth. These measurements, taken from six exemplar UK transport earthwork
sites, showed that the main factor influencing the large variation in permeability was the
near surface changes in soil fabric, driven by desiccation, root growth and root water
abstraction. The greater permeability in the near surface increased the rate and magnitude
of moisture content and pore pressure cycles, both within this zone and the relatively
unaltered underlying zone within the earthwork.
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Figure 5: Near surface permeability measurements (saturated hydraulic conductivity, Ks,:) at UK exemplar earthwork sites,
from (a) cutting slopes and (b) embankment slopes. (redrawn from Dixon et al., 2019)



Observations of weather-driven water movement in earthwork slopes
Seasonal weather changes alter the water balance at the ground surface, driving near
surface changes in soil moisture content and pore pressure (Blight, 1997; Moene & van
Dam, 2014). There is evidence of weather-driven deterioration and increased soil
permeability at the near-surface that facilitates water flow (Q2 & Q3 in Figure 3). This can be
increased by the formation of cracks, fissures and other changes in soil fabric during periods
of dry weather.

Measurements from instrumented earthworks show how their construction material,
construction method and the presence of surface vegetation cover can influence ground
water movement. For example, the magnitude and frequency of pore water pressure
change in old clay embankments is greater than in cuttings, due to the increased
permeability of the embankment clay fill, relative to the in situ clay of a cutting (Loveridge et
al., 2010). Similarly, the depth of significant seasonal moisture content variation in clay
cuttings and low permeability, well-compacted fill embankments (typically 0.3-0.6 mbgl;
Anderson & Kneale 1980; Cui et al., 2010; Smethurst et al., 2006; Smethurst et al., 2012) is
much shallower than in more loosely compacted, ageing embankments, where it extends to
a greater depth of up to 2-3mbgl (Hughes et al., 2009; Dyer et al., 2009; Glendinning et al.,
2014; Chambers et al., 2014; Dixon et al., 2019). In situ measurements show that tree-
covered slopes can generate large suctions throughout the tree root zone (up to
approximately 3 mbgl). These suctions extend to greater depth than in grass covered slopes,
due to the ability of trees to extend a deeper root system from which to remove water
(Vaughan et al., 1978; Scott et al., 2007; Loveridge et al., 2010; Smethurst et al., 2015;
Holmes et al., 2022). In some cases, mature trees are able to maintain a persistent suction
and a persistently low moisture content at depth (>1 mbgl) throughout the winter months.
This persistent moisture deficit is maintained at a depth that is below seasonal fluctuations
closer to the near surface (Biddle, 1983; Biddle, 1998; Smethurst et al., 2015; Briggs et al.,
2016).

There are several instrumented sites in the UK with long-term monitoring data showing
weather-driven water movement within earthwork slopes, and the influence of seasonal
weather extremes (e.g. a wet winter or dry summer, relative to the long-term average).
Long-term monitoring at a grass covered, high-plasticity clay cut slope near Newbury (Figure
6) included moderate extremes of wet and dry summers and winters (Smethurst et al.,
2012; Blake et al., 2022; Smethurst et al., 2022). Smethurst et al., 2012 showed that the
annual totals of potential and actual evapotranspiration were relatively consistent and that
pore water pressure changes were mainly affected by variations in annual and seasonal
rainfall. The occurrence of extremely wet or dry summers had the most significant effect on
the magnitude of seasonal pore water pressure cycles, with the largest suctions developing
during periods of low rainfall between June and August. However, the grass vegetation was
not able to maintain suctions during the winter months, even during drier winters. The
measurements at Newbury continued for more than 20 years and continue to show pore
water pressure cycles that vary in response to seasonal changes in the surface water
balance of rainfall and evapotranspiration (Blake et al., 2022; Smethurst et al., 2022).



Similarly, long-term monitoring of an instrumented, compacted clay fill embankment
(Hughes et al., 2009; Toll et al., 2012; Glendinning et al., 2014; Stirling et al., 2021) has been
used to contextualise climatic conditions for in situ experiments on the embankment slopes.
This includes measurements showing that surface water infiltration during an extreme
rainfall event is greater during a dry summer than it is during a relatively wetter summer or
during the winter months (Dixon et al., 2019; Stirling et al., 2021).
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Figure 6: Measurements at Newbury cutting between 2003 and 2016, showing changes in (a) annual cumulative potential
evapotranspiration (mm), rainfall (mm) and (b) pore water pressure (kPa) at 1.5 mbgl and 2.5 mbgl. Adapted from
Smethurst et al., (2012) and Smethurst et al., (2022).

Observations of the weather-driven deformation and failure of

earthwork slopes

Weather-driven pore water pressure and moisture content changes can cause volume
change and both temporarily and permanently reduce the strength of the natural clay or
clay fill forming an earthwork. This can lead to slope deformation, accumulated strain and
the failure of earthwork slopes (Q2 & Q4 in Figure 3).

During construction of the early railways from the 1830s, there were failures in clay cut
slopes and clay fill embankments following periods of wet weather during construction, or
in subsequent winters. Skempton (1996) attributed the embankment failures to softening of
the clay fill by the absorption of rainwater. Superficial failures in cut slopes were attributed
to wet weather, but deep-seated failures were also identified in the years and decades after



construction. The mechanism of these delayed, deep-seated failures was first described by
Gregory (1844) and more fully explained by others (Henkel, 1955; Skempton, 1964; Vaughan
& Walbancke, 1973; Chandler & Skempton, 1974; Cooper et al., 1998) as being triggered by
stress relief and the long-term equilibration of negative pore water pressures following cut
slope excavation. Over time, this reduced the strength of the clay by strain-softening and
could lead to a progressive slope failure that was initiated at the slope toe. These deep-
seated failures in clay cut slopes could be triggered by pore water pressure increases due to
rainfall events or wet winter weather, but the weather-driven deterioration of strength was
not the underlying cause of slope failure (Skempton, 1964; Vaughan & Walbancke, 1973;
Hughes et al., 2007).

During the expansion of the UK’s highway network in the decades following the 1950s, there
were cut slope and embankment failures in overconsolidated clays that occurred in the
decade post- construction (Garret & Wale, 1985; Greenwood et al., 1985; Parson & Perry,
1985; Perry, 1989). These were mainly shallow translational and rotational failures (<2m
depth) that were triggered by pore water pressure increases during prolonged periods of
rainfall. They most commonly occurred in earthworks constructed from or in high-plasticity
clays (e.g., Gault, Kimmeridge, Oxford and London Clays).

In situ measurements obtained from high-plasticity clay fill embankments show the seasonal
displacement of the embankment slopes in response to seasonal weather cycles and
changes in surface vegetation cover. O’Brien (2007) showed railway track settlement on a
clay fill embankment during the summer months, followed by heave during the winter
months. Approximately two years of monitoring at the crest of a vegetated, high-plasticity
clay fill embankment showed that seasonal deformations in a tree-covered part of the slope
were more than ten times greater than those measured on a grass-covered part of the
embankment (Scott et al., 2007; O’Brien, 2007). Inclinometer measurements from the
midslope of a tree-covered, high-plasticity clay fill embankment showed a seasonal trend of
outward displacement in the summer months, followed by inward movement during the
winter months (Figure 7; O’Brien, 2013). During the two-year monitoring period there was a
net outward, and apparently permanent, displacement of 10-15 mm per annum. The
displacements were more closely aligned with changes in the soil moisture content and soil
moisture deficit (SMD), than with individual rainfall events. The soil moisture deficit (SMD)
describes the calculated or measured amount of moisture that has been depleted from a
soil profile, relative to a reference amount such as the field capacity (Allen et al., 1998).
Smethurst et al., (2015) showed that changes in soil moisture content measured within a
tree-covered, high-plasticity clay fill embankment could be used to calculate vertical
displacements at the embankment mid-slope. These compared well with in situ
extensometer measurements from the same location. They showed that seasonal shrink-
swell movements, pore water pressure changes and displacements were significantly
reduced following the removal of mature trees from the upper two-thirds of the
embankment slopes. This caused a gradual re-wetting of the embankment core, with an
associated increase in pore water pressures and the upward and outward movement of the
embankment slopes.
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Figure 7: Inclinometer measurements from the midslope of a high-plasticity (Gault Clay) clay fill railway embankment with
moderate water demand trees (redrawn from O'Brien, 2013)

Ridley (2012) showed in situ monitoring data linking climate, vegetation, pore water
pressures and slope displacements in cut slopes. Inclinometer measurements from a heavily
vegetated, cut slope in high-plasticity clay showed shallow (up to 3 m below ground level),
shrink-swell movement in response to seasonal pore water pressure changes. Winter
swelling of the slope occurred upward and outward in response to increased pore water
pressures. Pore water pressures reduced in the summer, causing shrinkage that was
downward and slightly inward. The shrink-swell movements showed net downslope
displacement over successive annual cycles, leading to shallow instability. In another 5 m
high cut slope, inclinometer and extensometer measurements showed summer settlement
and winter heave displacements (Ridley, 2017) linked to reducing pore water pressures at
shallow depth (1.5 mbgl) in the summer months and increasing pore water pressures in the
winter months. This gave a net downward and outward slope displacement of more than 15
mm and 25 mm respectively, over three annual shrink-swell cycles.

Saffari & Ridley (2022) showed that mature trees created large cyclic, seasonal deformations
and pore water pressures in a cut slope on the London Underground Ltd network (Figure 8).
The trees on the high-plasticity clay slope induced seasonal pore water pressures cycles of
up to 60 kPa and there was a clear pattern of cyclic, downslope displacement. The trees
were later removed from the slope during remedial works and the seasonal deformations
were reduced. However, the downslope displacements rapidly increased due to the
reactivation of an existing shear surface that had been identified prior to the works.
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Figure 8: Inclinometer measurements at shallow depth in a high-plasticity cut slope on the London Underground Ltd
network (redrawn from Saffari & Ridley, (2022), with data courtesy of Geotechnical Observations Limited).

Slope-scale simulations of the weather-driven deterioration of

earthwork slopes

Slope-scale simulations show that weather-driven changes in moisture content and pore
pressure within clay earthwork slopes can lead to cyclic and permanent slope deformation
(Q2 in Figure 3), as shown by in situ observations and centrifuge modelling. Slope
deformation and accumulated strain over many cycles can permanently strain-soften clay
soils. This reduces their shear strength and reduces the stability of earthwork slopes (Q4 in
Figure 3). However, current slope-scale simulations do not incorporate some of the
material-scale deterioration processes outlined in Stirling et al., (2021). These include the
simulation of macro-scale deformation features, irrecoverable micro-scale deformation and
changes in soil water retention.

Numerical simulations of clay cut slopes have demonstrated the mechanism of deep-seated
progressive cutting slope failure caused by the release of high lateral soil stresses and
subsequent swelling following slope excavation (Potts et al., 1997; Ellis & O’Brien, 2007).
The simulations showed that the rate of progressive failure was influenced by the hydraulic
conditions at the slope surface and that the application of a suction delayed the
development of slope failure. Simulations of progressive slope failure in clay fill
embankments due to seasonal pore pressure cycling (Kovacevic et al, 2001; Nyambayo et
al., 2004; Rouainia et al., 2009) showed that the time to slope failure was influenced by the
saturated permeability (K:) of the soil and the hydraulic boundary conditions at the slope
surface. Nyambayo et al., (2004) used a hydraulic boundary at the slope surface that cycled
between conditions representative of summer (25-200 kPa suction for 6 months) and winter



(10 kPa suction for 6 months). Sensitivity analyses showed that the progressive failure of
relatively high-permeability earthworks (K = 107 m/s or 108 m/s), such as clay fill
embankments, could be accelerated by repeated pore pressure cycles. But this was less
evident in simulations with lower-permeability fill (Ks,; < 10° m/s). Similar simulations and
sensitivity analyses of clay fill embankments (O’Brien, 2013) showed that maintaining soil
suction in the near surface (0-1 mbgl) of a slope for the winter condition reduced the
deterioration rate of the soil strength and increased the number of winter/summer cycles
required for slope failure. The simulations also showed ratcheting-type deformation of the
embankment slopes prior to collapse and linked these to observations from the London
Underground Ltd (LUL) network.

Rouainia et al., (2009) simulated the daily hydrological and mechanical behaviour of the clay
cut slope at Newbury monitored by Smethurst et al., (2006) using weather data and
material properties obtained from in situ and laboratory testing. The model showed that the
pore pressures and cyclic slope displacements were responsive to daily weather conditions
and were sensitive to prolonged wet winters and extremely dry summers. Further
improvements to the hydrological part of the models were used to more accurately
simulate in situ observations. These included the incorporation of unsaturated flow
(Rouainia et al., 2009; O’Brien, 2013), vegetation at the slope surface (Scott et al., 2007;
Briggs et al., 2016; Tsiampousi et al., 2017) and varied permeability with depth to represent
surface weathering and the differences between clay fill and intact natural clay (Loveridge et
al., 2010; Briggs et al., 2013; Rouainia et al., 2020).

Numerical simulations by Postill et al., (2020) showed that cyclic stress changes induced by
wetting and drying at the surface of a clay slope could drive downslope ratcheting
displacements (Figure 9) and progressive failure. A coupled hydro-mechanical model was
validated against physical measurements from a 140 mm high, 1/60% scale, Speswhite
Kaolin centrifuge model slope subjected to surface wetting and drying in a climate chamber
(Take, 2003; Take & Bolton, 2011). Take & Bolton (2011) showed that cyclical variation in
soil moisture content can drive effective stress changes in a Speswhite Kaolin clay slope and
temporarily mobilise super-critical stress ratios in wet periods, causing successive dilatant
softening, plastic strain accumulation, and leading to progressive failure. Postill et al., (2020)
simulated the seasonal ratcheting deformations measured by Take & Bolton (2011) for
different initial stress conditions. Additional sensitivity analyses by Postill et al., (2020)
showed that the material stiffness controlled the rate of strength deterioration in the slope
simulations, with stiffer materials showing a more gradual accumulation of irrecoverable
strains and softening than less-stiff materials.
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Postill et al., (2021) simulated displacements in a high-plasticity cut slope in response to
seasonal pore pressure cycles, driven by a climate boundary condition. The coupled,
saturated and unsaturated, hydro-mechanical model was validated using 16 years of
monitoring data obtained from the cut slope at Newbury (e.g. Figure 6; Smethurst et al.,
2012; Smethurst et al., 2022). It was then used to forecast the long-term deformation and
failure of the cutting using 90 years of synthetic weather data. The synthetic weather data
was calibrated to the regional weather baseline for 1961 to 1990 and therefore did not
include climate change projections.

The simulations showed shrink-swell displacements at the mid-slope and toe of the cut
slope in response to weather-driven pore water pressure cycles. They showed a cumulative
upward and outward swelling of the slope at shallow depth during the first 15-20 years after
construction and at greater depth (5 to 10 m below ground level) until approximately 50 to
80 years after construction. These displacements can be associated with post-construction
stress relief and the dissipation of excess pore pressures generated during the construction
of low permeability clay slopes (Vaughan & Walbancke, 1973). However, after
approximately 15 years, the cut slope simulations also showed cumulative, downslope, near
surface ratcheting deformation. These compare with the pattern of cumulative downslope
displacements observed on high-plasticity cut slopes (Figure 8; Ridley 2012; Ridley 2017;
Saffari & Ridley, 2022) and shown in similar simulations of embankment slopes (Morsy et al.,
2023a; Morsy et al., 2023b). The Postill et al., (2021) cut slope simulations showed upward
and outward mid-slope displacements in periods of wet winter weather, followed by
downward, inward displacements in the drier summer months (Figure 10). The annual



increments of downslope displacement increased with successive seasonal wetting and
drying cycles. This caused the accumulation of plastic shear strains that initiated at the slope
toe and were correlated with increased average pore water pressure. The plastic shear
strains led to localised strain-softening, the redistribution of stresses and the progressive
development of slope failure. A calculation of the slope factor of safety (FoS) at annual
increments showed that it gradually reduced towards slope failure (FoS < 1) approximately
90 years after construction (Figure 11).

Postill et al., (2021) used a sensitivity analysis to compare the model behaviour with and
without strain-softening. This confirmed that the initial reduction of the slope FoS was solely
due to post-construction pore pressure dissipation, as described by Vaughan & Walbancke
(1973). However, beyond the initial 10- to 15-year period, the reduction of the slope FoS
(also shown as the magnitude of deterioration) was increasingly driven by material strain-
softening in response to seasonal pore water pressure cycles (Figure 11). This demonstrates
that the long-term reduction in slope stability was due to a permanent reduction in shear
strength and not only in response to the reversible pore pressure changes. This reduction in
the long-term slope FoS helps to explain in situ observations that cut slope failures can be
triggered by wet winter weather conditions (and a subsequent pore water pressure
increase) that are less onerous than past conditions.

Slope stability analyses carried out using a strength reduction approach at discrete points
during the simulation showed that the critical slope failure surface changed from a deep
seated, rotational failure mechanism during the first 25 years of the simulation, to a shallow
translational failure mechanism in subsequent years (Figure 12). The shallow translational
failure mechanism was driven by strain softening due to downslope ratcheting in the near
surface of the cut slope, where seasonal pore pressure and stress cycles were greatest.
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The impact of climate change projections on earthwork slopes

The evidence from the current climate shows that seasonal pore water pressure cycles drive
progressive earthwork deterioration, while increased pore water pressures can trigger
earthwork failures (Q4 in Figure 3). The projected change in future climate contributes to
this in at least three ways: (i) long-term changes in weather and the soil water balance will
alter the magnitude and frequency of pore water pressure cycles within earthworks; (ii) the
increased magnitude of extreme weather events such as extreme rainfall events or
evaporative drying will cause pore water pressure extremes that are in excess of historic
values; (iii) a changing climate may alter the slope surface itself, including but not limited to
creating more extensive desiccation cracking or changing the type of slope vegetation cover.
The UK Climate Projections 2018 (UKCP18) show that the UK will experience warmer, drier
summers (i.e. higher temperatures and less rainfall) and wetter winters (i.e. increased
rainfall) than at present (Murphy et al., 2018). They also show an increased frequency of
extreme weather events (Lowe et al., 2018; Murphy et al., 2018). This is also the projection
for climate change across north-western Europe (Vardon, 2015). However, the impact of
climate change on earthwork deterioration is dependent on water transfer in atmosphere-
vegetation-soil interactions and on the condition of the earthworks themselves (Dijkstra &
Dixon, 2010; Tang et al., 2018).

The historic evidence, for 2003-2020, shows a correlation between the rate of railway
earthwork failures and extreme rainfall events or prolonged periods of wet winter weather



(Mair, 2021). For example, there was significant disruption to the rail network in the
southeast of England following the wet winter of 2000/2001, including 30 earthworks
failures that caused line blockages (Birch & Dewar, 2002; Loveridge et al., 2010). This was
the wettest winter since records began in 1766, with precipitation that was 196% of the
long-term average (LTA). During the same winter (2000/2001), a 200 m long section of cut
slope failed adjacent to the heavily trafficked M25 orbital motorway near London and
threatened its closure (Davies et al., 2003; Power & Abbott, 2019). Heavy rainfall in the
winter of 2019/2020 led to 250 earthworks failures across Great Britain in 2019/2020. The
following summer, heavy rainfall led to an earthwork failure and a train derailment at
Carmont, Scotland in August 2020 (Haines, 2021).

Observations show increased pore water pressures and slope instability within some
earthworks following extreme rainfall events and prolonged periods of wet weather, but not
in all earthworks. Measurements on the London Underground Ltd network following the
wet winter of 2000/2001 showed that pore water pressures increased towards hydrostatic
within the clay fill of some embankments, including those with trees on the embankment
slopes. However, they also showed that in many cases this did not occur (Ridley et al.,
2004). Briggs et al., (2013) reviewed these measurements and carried out simple
hydrological simulations comparing pore water pressures generated for different extreme
weather scenarios and embankment foundation conditions. This showed that pore water
pressures could increase towards hydrostatic in clay fill embankments founded on a low
permeability soil (such as London Clay), but that pore water pressures did not increase in
clay fill embankments that were under-drained by a more permeable foundation (such as
chalk or river terrace deposits), even during extremely wet winters.

Clarke & Smethurst (2010) used a water balance model and outputs from a weather
generator (Kilsby et al., 2007) to consider the impact of projected climate change scenarios
on long term soil moisture content changes in clay earthworks across England. The model
considered the hotter, drier summers and wetter winters that were forecast in the UK
Climate Impact Programme 2002 (UKCIP02) for the 2020s, 2050s and 2080s time periods
(Hulme et al., 2002). The analyses considered clay earthworks, with grass slope cover, at
four locations across England. The results showed that for the forecast time periods, relative
to the baseline, the earthworks were drier; the maximum summer SMD increased, the
duration of summer and autumn drying was longer and a larger SMD was sustained through
the winter months (Figure 13). They also showed that the magnitude of seasonal soil
moisture cycles increased for all three UKCIP0O2 time periods, relative to the 1961-1990
control period. Huang et al., (2023) used numerical simulations to consider the influence of
climate change on earthwork pore water pressures using UKCP18 local projections (Murphy
et al., 2018) for London. This showed that the projected increase in winter rainfall will not
lead to more onerous pore water pressure conditions in earthworks across the London
Underground Ltd network. However, in agreement with Smethurst & Clarke (2010), the
simulations showed that there will be seasonal soil wetting and drying cycles of increased
magnitude relative to the present condition, which may accelerate the weather-driven
deterioration of earthworks. Similarly, Tang et al., (2018) showed that changing climatic
conditions will increase freeze-thaw cycles, shrink-swell movements and alter pore water



pressure cycles, leading to the accelerated deterioration of infrastructure earthworks across
Europe.
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Figure 13: Average daily soil moisture deficit (SMD) for grass vegetation cover in London for 1961-1990 and for projections
of the 2020s, the 2050s and the 2080s, under the UKCIPO2 Medium High emission scenario (adapted from Clarke &
Smethurst, 2010).

Numerical simulations have been used to consider the hydrological and mechanical
response of earthworks to specific climate change scenarios. Rouiania et al., (2020) used
surface pore water pressures from a hydrological model as inputs to a coupled fluid-
mechanical model (Rouainia et al., 2009) of the high-plasticity clay cut slope in Newbury,
England (Smethurst et al., 2006; Smethurst et al., 2012). The hydrological model used a
weather generator to create 100 years of daily, synthetic weather data for a baseline time
period (1961-1995) and for a drier, more variable, future climate scenario based on the UK
Climate Projections 2009 (UKCPQ9) data (Jones et al., 2009). The results showed that the
model subjected to the future climate scenario was drier (with lower moisture content and
pore water pressures) than the model subjected to the baseline time period scenario.
However, larger seasonal pore water pressure variations were generated in the model
subjected to future climate. Over time, this increased the rate of mid-slope displacement,
strain softening and strength reduction in the model subjected to future climate and
decreased the time to failure, relative to the model subjected to the baseline time period.
The Rouiania et al., (2020) simulations showing larger seasonal pore water pressure cycles
for future climate scenarios is in broad agreement with models of earthwork hydrology in
London and the southeast of England (Smethurst & Clarke, 2010; Huang et al., 2023).
However, this is not necessarily applicable to other geographical locations with a different
climate and underlying geology, or for natural slopes (e.g. Robinson et al., 2017; Pk et al.,
2018).



Discussion: Implications for the management of ageing earthworks
There are no commonly agreed standards for the management of earthworks as
geotechnical assets in the UK (Power & Abbott, 2019). Therefore, major asset owning
organisations such as those shown in Figure 2 have developed their own approaches in
alignment with national and international standards (British Standards Institution, 2008;
British Standards Institution, 2014) for the management of physical assets. Spink (2020)
describes the risk-based approach adopted by transportation earthwork owners to identify
the most vulnerable and critical earthworks within their networks. The risk assessment and
management of ageing earthworks within these networks therefore benefits from an
understanding of how weather-driven deterioration can alter the likelihood of an earthwork
failure (safety or serviceability failure) occurring. Two examples are described, showing
forecasts of the weather-driven deterioration and failure of ageing, clay cut slopes within a
UK transportation network.

Postill et al., (2023) used numerical simulations of high-plasticity clay cut slopes (based on
those of Postill et al., 2020) to compare the time to first-time failure for different slope
geometries in response to scenarios of slope strength deterioration, driven by seasonal
wetting and drying cycles. The simulations in Postill et al., (2023) included a strain-softening
material model (Postill et al., 2020) and a hydrological flux surface boundary condition
calibrated to produce summer (-40 kPa) and winter (0 kPa) pore water pressure conditions.
They were validated by comparison with centrifuge modelling results (Take & Bolton, 2011;
Postill et al., 2020). Postill et al., (2023) produced a framework relating the number of
annual pore water pressure cycles (failure time) required to trigger the failure of the slopes,
for varied slope geometries. The framework (Figure 14) relates the slope angle and slope
height to the failure time in four categories ranging from 60 to 120 cycles. Figure 14 shows
that short (< 3m) and relatively shallow (37.5°) slopes did not fail after life

seasonal cycles. But the failure time reduced for slopes that were steeper and/or taller than
this. This framework does not provide forecasts, but can be used to identify the comparative
impact of weather-driven slope deterioration on earthwork stability for different slope
geometries.
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Figure 14: A framework for the number of cycles to failure in high-plasticity, strain-softening, clay cut slopes for varied slope
geometries (from Postill et al., 2023 and Helm et al., 2021). Note that ¢’,, is the mobilised friction angle. (Courtesy of 4.0
International (CC BY 4.0))

Svalova et al., (2021) used a statistical emulator (a Gaussian process Bayesian surrogate
model) to make time to failure predictions for high-plasticity clay cut slopes, based on 900
combinations of five slope geometry and material parameters. These parameters were the
slope height (H), slope angle (8), soil peak cohesion (c;), soil peak friction angle (¢,) and the
near surface reference permeability, controlling the permeability change with depth (k,..f).
A Latin hypercube design was used to investigate the influence of these five parameters on
the time to failure using a minimal number of numerical simulations. The emulator used
training data from 76 numerical simulations of weather-driven deterioration in strain-
softening, clay cut slopes in response to synthetic weather data, as developed in Postill et
al., (2021). The range of slope geometries were chosen to be representative of 1,566 liDAR
profiles for cut slopes on the M4 motorway and Great Western Railway between London
and Bristol, UK. The Svalova et al., (2021) analyses showed that the time to slope failure was
most sensitive to changes in the slope angle and slope height. For example, Figure 15 shows
this result for a slope with peak strength material properties close to those reported for
London Clay (Postill et al., 2021). The statistical surrogate model (emulator) can be used to
compare the forecast time to failure for a range of idealised cut slope geometries and
material properties. Given the assumptions in the model, the results can be used to
compare the stability of earthworks within a whole transportation route or network.
However, the consideration of site specific factors (e.g. the slope condition, composition,
drainage condition) is required to understand the true stability of individual earthworks and
to inform asset management decisions (Adey, 2019; Trinidad Gonzalez et al., 2023).
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Conclusions

The results presented in this review show that ageing, clay transportation earthwork slopes
deteriorate in response to weather-driven wetting and drying (Figure 3). Weather-driven
deterioration becomes more significant as the earthworks age, after many seasonal wetting
and drying cycles. The following conclusions can be drawn from these results:

1. There is clear evidence that earthworks (both cut slopes and embankments) supporting
transportation infrastructure in the UK are influenced by seasonal weather cycles and their
cumulative effect over many decades. The net infiltration of water during the winter months
and the net removal of water during the drier summer months drives seasonal changes in
moisture content and pore water pressure in the near surface, and longer-term changes at
greater depth. The magnitude and depth of seasonal pore water pressure variation is
influenced by the long-term weather conditions, the permeability of the earthwork soil and
the type of slope vegetation. Critically, the soil permeability (the saturated hydraulic
conductivity) can vary by up to four orders of magnitude within the near surface of
earthwork slopes and can temporally change in response to the formation of surface cracks
and fissures.

2. The mechanism of seasonal slope ratcheting will become an increasingly dominant driver
of shallow failures in high-plasticity cut slopes as they age beyond the initial period of excess
pore water pressure dissipation, swelling and risk of deep-seated slope failure (at
approximately 80 years). Hydro-mechanical slope simulations show that irreversible,
downslope, ratcheting displacements increased incrementally in response to annual wetting
and drying cycles, with particularly large displacement increments during periods of
prolonged wet weather. This is supported by in situ evidence showing seasonal ratcheting
and downslope displacements in ageing, high-plasticity cut slopes.

3. Simulations of earthwork hydrology in London show that UK climate change projections
will not make maximum pore water pressure conditions (a trigger for earthwork failure)
more onerous. However, the magnitude of seasonal pore water pressure cycles will
increase. Hydro-mechanical simulations of a cut slope in high-plasticity clay showed that
greater pore water pressure cycles will increase the rate of strength reduction due to cyclic
strain-softening. This will reduce the resistance to slope failure. Therefore, projected climate
change may reduce the soil strength and the remaining time to failure for cut slopes in high-
plasticity clays that have already experienced significant deterioration and loss of strength
post-construction. Such slopes are more vulnerable to failure in periods of elevated pore
water pressure than they were in less onerous weather conditions during the earlier, more
reliable stage of their life.

4. Forecasts show that the time to failure of cut slopes in high-plasticity clay is sensitive to
the slope geometry (i.e. the slope angle and slope height). Both a strength parameter
framework and a statistical surrogate model (emulator) were used to forecast the time to
failure of cut slopes representative of those on the UK’s transportation network. The results
showed that relatively low height and shallow slopes did not fail after 100 seasonal pore



water pressure cycles, but the time to failure reduced for slopes that were steeper or taller.
Such models can be used to forecast the rate of slope failures within a route of earthworks
based on their age. This can allow asset managers to identify slopes with the highest
likelihood of failure and prioritise planned investigations or assessments at individual sites.

5. Research into the failure of ageing transportation earthworks has mostly focused on high-
plasticity clays in the southeast of England. This may be because they are associated with
the greatest number of earthwork failures on the UK’s highway and railway networks.
Forecasts confirm that some of these slopes will continue to be vulnerable to failure as they
continue to age and in response to long-term changes in climate. However, there is less
information, less research and therefore less evidence for the changing vulnerability of
other earthwork types in response to ageing and climate change. This includes earthworks
formed from low and intermediate-plasticity clays and earthworks that are subjected to
different, and often wetter weather conditions than the southeast of England.

6. Some processes that were identified in the conceptual model of clay fill deterioration
(Stirling et al., 2021) have been observed in situ, but have not yet been incorporated into
slope-scale simulations and forecasts of earthwork behaviour. These include, but are not
limited to, the influence of changing soil water retention properties and changes in soil
microstructure. There is limited evidence for the influence of these processes on forecasts
of earthwork behaviour, and how they may change in the future.
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