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Abstract

Design of engineered earthworks is predominately conducted through limit equilibrium anal-
ysis requiring strain independent strength criteria. Previous studies for deep-seated first-time
failures within over-consolidated clay cut slopes have proposed the use of fully softened strength
parameters for design. A study investigating shallow first-time failures in clay cut slopes due to
seasonal stress cycles has been undertaken using a validated numerical model capable of captur-
ing seasonal ratcheting and progressive failure. It is shown that fully softened strength criteria
are inappropriate for the assessment of shallow first-time failures due to seasonal ratcheting
and that slopes at angles between the material’s fully softened and residual friction angle may
be at risk of failure in the future due to this behaviour. However, adopting residual strength pa-
rameters will likely result in overly conservative solutions considering the required design life
of geotechnical assets. It is shown that the strain softening behaviour of clay defines the rate
of strength deterioration and the operational life of engineered slopes. While general guide-
lines for analysis considering shallow first-time failures in clay cut slopes are made, detailed
understanding of a material’s strain-softening behaviour, the magnitude and rate of strength
reduction with strains, is needed to establish strength criteria for limit equilibrium analysis.
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1 Introduction

Design of engineered clay cut slopes is conventionally conducted through limit equilibrium
analysis with material properties adopted based on critical failure mechanisms. For deep-seated
(>2m deep) first-time failures in over-consolidated high-plasticity clay cut slopes, Chandler
and Skempton (1974) and Skempton (1984) proposed fully softened drained strength parame-
ters be adopted. These parameters were derived from back-analysis, representing the average

mobilised strength along failure surfaces.

The deep-seated failures considered by Chandler and Skempton (1974) occurred due to post-
excavation negative excess pore water pressure dissipation and progressive failure, with ulti-
mate failure occurring around 40— 80 years after excavation. As such, the failure mechanism
being investigated defines the selection of strength parameters to determine stability. Therefore,
fully softened strength criterion for limit equilibrium analysis of long-term stability is only ac-
ceptable if the mechanism driving failure is deep-seated and caused by pore water pressure
dissipation. If the design life of the slope exceeds the time taken for pore water pressure dissi-
pation or a different failure mechanism is dominant, fully softened strength design parameters

may be inappropriate.

Geotechnical infrastructure and earthworks constructed for UK highways and the planned
earthworks for UK High Speed 2 (HS2) can have design lives of up to 120 years (HS2 Ltd,
2017; Highways England, 2020). On the UK rail network, some assets are nearing or have
significantly exceeded this age (Skempton, 1995; Network Rail, 2018). Assets intended to re-
main operational for this duration must be designed considering time dependent deep-seated
failure mechanisms. In addition, long-term deterioration resulting from seasonal wetting and
drying cycles that cause irrecoverable plastic deformations, leading to strain accumulation and
progressive strength reduction (i.e. seasonal ratcheting) must also be considered as this can
lead to shallow first-time failure mechanisms (Take and Bolton, 2011; Postill et al., 2020).
These shallow failures in clay cut slopes forming part of the UK rail network are common and
occur decades after equilibration of construction related negative excess pore water pressures.
These failures evidence the significance of such shallow weather driven deterioration processes.
Currently, there is little guidance for designers regarding material property selection for the as-

sessment of shallow first-time failures in clay slopes due to seasonal stress cycles.

This paper presents a numerical study investigating first-time failures in high-plasticity clay
slopes driven by seasonal ratcheting (Take and Bolton, 2011; Postill et al., 2020). A validated
numerical model (Postill et al., 2020) was used to investigate the effect of material softening re-
lationships indicative of different plasticity clays and slope geometry on failure rate and trends
in behaviour. From the results presented, the design life implications and material property se-
lection for use in conventional limit equilibrium stability analysis for shallow first-time failures

in clay cut slopes have been discussed and recommendations made.
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2 Seasonal Ratcheting: Numerical Model Validation

This work utilises the modelling approach developed by Postill et al. (2020) in FLAC Two-
Phase flow (Itasca, 2011) to further develop understanding of seasonal ratcheting in over-
consolidated clay slopes. A coupled hydrogeological-mechanical numerical model with strain-
softening behaviour has been validated against physical modelling of clay cut slopes subjected
to seasonal cycles of wetting and drying. The approach captures unsaturated behaviour us-
ing Bishop’s generalised effective stress to describe mechanical behaviour coupled with an
unsaturated flow model using a soil water retention curve (van Genuchten, 1980) to describe
hydrogeological behaviour. A nonlocal Mohr-Coulomb strain-softening constitutive model was
adopted to capture progressive failure. Postill et al. (2020, 2021) have shown this numerical
modelling approach can replicate the hydrogeological and mechanical behaviour of seasonal
ratcheting and explain strength deterioration of soils subjected to repeated seasonal stress cy-

cles.

Complete description of the analyses, the implementation of a nonlocal strain-softening model
and the material relationships used are described by Postill et al. (2020) and are summarised in
the appendix.

Page 2 of 33
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3 Numerical Modelling Methodology

This study focuses on the effects of slope geometry and strain-softening behaviour on seasonal
ratcheting, using numerical analyses with different geometries and strain-softening relation-
ships. Annual cyclic boundary conditions were imposed by a wetting/drying flux across the
toe, slope, and crest of the model which in turn drove pore water pressure cycles within the

model.

At the end of winter within each modelled annual cycle, surface pore pressures approach 0 kPa
and at the end of summer they approach —40 kPa to replicate the behaviour from the centrifuge
modelling (Take and Bolton, 2011; Postill et al., 2020). Typical mesh configuration and bound-
ary conditions are shown in Figure 1. The material and slope geometry were selected due to the
availability of high quality hydrological and mechanical data from centrifuge modelling (Take,
2003; Take and Bolton, 2011) which allowed a validated numerical model to be developed
(Postill et al., 2020) which is used in this work. This study is presented in two sections; firstly,
slope geometries 8.65 m high at angles from 40.9° to 15.1°, were analysed for three different
strain-softening relationships. Secondly, using a single strain-softening relationship, slopes of
different angles and heights, 5.0 m (59.0° to 21.0°), 8.65 m (40.9° to 15.1°) and 12.0 m (33.7°
to 16.7°) high were analysed. A total of 63 analyses were undertaken and, with the exception
of the softening relationships, the mechanical and hydrogeological properties, initial stresses,

and magnitude of seasonal stress cycles imposed remained constant.

Current practice considers serviceability and ultimate limit state design criterion (BSI, 2004)
intended to ensure the minimisation of deformations, and the avoidance of failure within the
design life of the asset. If either the serviceability and/or the ultimate limit states are exceeded,
the performance of the asset is no longer satisfactory. Within the context of this study, the time
when these criteria are no longer met is defined as the operational life of the asset and is based

on monitored displacements across the slope surface.

3.1 Material Properties and Behaviour

The modelled material is an idealised soil representative of over-consolidated clays. The
strength and stiffness behaviour were derived from a high-plasticity clay (Sivakumar et al.,
2009) with low swelling potential (Sridharan et al., 1973; Wang and Siu, 2006; Farrokhpay et
al., 2016) that exhibits strain-softening behaviour (Cekerevac and Laloui, 2004).

A nonlocal strain-softening Mohr-Coulomb model was adopted where friction angle and cohe-
sion are used to define shear strength at different plastic strains (Galavi and Schweiger, 2010;
Summersgill et al., 2017a, 2018; Postill et al., 2020, 2021). The soil stiffness is made a function
of specific volume that changes with stress to allow the effect of unloading during excavation

and shrink-swell cycles on stiffness to be replicated. The adopted model along with a detailed
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Figure 1: Typical mesh, boundary conditions and geometry.
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description of the material and validation of the behaviour can be found in Postill et al. (2020)

and the appendix. The material properties are summarised in Table 1 and Table 2

Table 1: Mechanical properties for Kaolin (after Postill et al., 2020).

Parameter Value

Peak nonlocal plastic strain 0.05

Fully softened nonlocal plastic strain 0.15
Residual nonlocal plastic strain (Curve B) 0.80
Residual nonlocal plastic strain (Curve C) 0.40
Internal length parameter, [ (m) 0.50

Peak cohesion, c;, (kPa) 6.25

Fully softened cohesion, ¢, (kPa) 0.00
Residual cohesion, ¢/ (kPa) 0.00

Peak friction, ¢, (°) 24.0

Fully softened friction, ng’fs ®) 22.0
Residual friction, ¢/ (°) 12.0

Unit weight (kN/m?) 17.9

Slope of the normal consolidation line, A 0.25

Slope of the swelling line, x 0.05
Reference pressure, o, (kPa) 1.00
Specific volume at 0.y, V) 3.55
Poisson’s ratio, p 0.35

Bulk modulus, K (kPa)" -2”: min. 2000 kPa
Shear modulus, G (kPa) 32((1112: )) K

v = specific volume and o’ = effective stress (kPa)

Table 2: Kaolin Hydrogeological parameters (after Al-Tabbaa and Wood, 1987; and Postill et
al., 2020).

Parameter Value

van Genuchten parameter, « (kPa) 7000

van Genuchten parameter, n 1.85

van Genuchten parameter, m 1—(1/n)=~0.46

Vertical saturated hydraulic conductivity, K¢, (m/s) 0.53¢31 x 10°"

a

Horizontal saturated hydraulic conductivity, K%, (m/s) 1.49¢*% x 10"

*e = void ratio

Over-consolidated clay undergoes post peak strength reduction due to dilation as a function of
shear strains. Once this dilation is completed, shear strains occur at constant volume (the crit-
ical state), ¢... Terminology adopted for post peak strength varies however. For example the
term fully softened strength was employed by Skempton (1964, 1984) which was defined as

Page 5 of 33
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being equal to the peak strength of normally consolidated remoulded clay (Skempton, 1970).
Although differing in definition and value, the fully softened strength, due to its ease of deter-
mination, was suggested by Skempton (1970) as an approximation of the critical state. This,
combined with the recommended use of fully softened strength in slope stability analyses for
first-time failure in the literature (see for example Stark et al., 2005; Castellanos et al., 2016)
has led to its adoption here. As such, in this work, the softening of over-consolidated clay to
a fully softened (c}s, }s) state is represented by a total reduction in the cohesive element of
the Mohr-Coulomb envelope and a minor reduction in the frictional component occurring from

peak to post peak.

In high-plasticity materials, subject to large displacements beyond critical state, significant par-
ticle reorientation and alignment can occur (Lupini et al., 1981) leading to strain-softening to
residual strength, as seen in ring shear and reversal shear tests (Lupini et al., 1981; Mesri and
Cepeda-Diaz, 1986; Dobbie, 1992). This is represented in the model by reductions in friction

angle to residual at large plastic strains.

180 Peak Strength:
¢, =6.25kPa, ¢, = 24°
__160 e ’
E 140 Fully Softened Strength:
X Cis =0 kPa, ¢y, =22°
o 120 BT —
wioot ¢ el St_reTug_thrEd ——————
w->1r e Uction contipme = = = = —
g 80 1o e continues to residual T T ===
n . SRR LI
« 60 —— Strain-Softening Curve (A) Tt o
S : DEEEEA e
_qc) 40 - Stra!n-Soften!ng Curve (B) Residual Strength:
R Strain-Softening Curve (C) ¢, =0kPa, ¢, =12°
20 —O— Experimental Data (OCR = 6) (after Cekerevac & Laloui, 2004)
0
0 10 20 30 40 50 60 70 80 90 100

Shear Strain, € (%)

Figure 2: Strain-softening relationships (Cekerevac and Laloui, 2004).

Three strain-softening relationships were adopted to investigate how shearing behaviour influ-
ences seasonal ratcheting (see Figure 2 and Table 1). These data were obtained from a single
element numerical model of a drained triaxial test (Postill et al., 2020), and were compared to
experimental triaxial data (Cekerevac and Laloui, 2004). Strain-softening curve (A) includes
the initial strength reduction post peak without further loss of strength at larger strains. This
is representative of low to intermediate-plasticity over-consolidated clays and is intended as a

baseline for comparison in the assessment of behaviour of the other softening curves.

Strain-softening curves (B) and (C) represent soils that undergo additional shear strength reduc-
tion to residual, representative of high-plasticity over-consolidated clays with differing rates of
strength reduction from post peak to residual. This accounts for the variability in displacement

required to reach residual strength.

The effective shear strength at shallow depths may reach very low values leading to excessive
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deformations. In practice this does not occur due to the presence of vegetation and so to avoid
this numerical artefact, the fully softened and residual cohesion of the top 1 m of all models

was limited to a minimum of 2 kPa (Postill et al., 2020), as shown in Figure 1.

3.2 Initial Conditions and Slope Formation

To replicate stresses within over-consolidated natural clays (the overconsolidation ratio, OC'R,
is summarised in Figure 3a), a profile of coefficient of earth pressure at rest (/0) was derived
from OCR using the following: K0 = (1 —sin¢')( OCR )*"¢ (Mayne and Kulhawy, 1982).
The resultant K0 profile similar to that presented by Kovacevic et al. (2007) for excavations in
stiff over-consolidated clay was adopted (see Figure 3b). The resultant depth dependent stress

distribution prior to formation of the slope profile is summarised in Figure 3c.

Overconsolidation Ratio KO Stress (kPa)
0 2 4 6 8 10 0.0 0.5 1.0 1.5 2.0 0 100 200 300 400
0 0 0 -
2 2 2
. 4 . 4 _ 4
E s E s E s
e e c
15 s a
(0] 8 (O] 8 (O] 8
a a a
10 10 10
12 12 12
14 a 14 b 14 : c)

Figure 3: Initial stress conditions prior to application of seasonal boundary conditions (after
Postill et al., 2020); a) overconsolidation ratio; b) K0; c) vertical and horizontal stresses.
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4 Characterising Seasonal Ratcheting Behaviour

Annual wet/dry cycles, and resultant effective stress changes drive shrink-swell behaviour and
the accumulation of plastic deformations causing strain-softening, stress redistribution and pro-
gressive failure (Take and Bolton, 2011; Postill et al., 2020; Rouainia et al., 2020). For a single
slope model, Figure 4a shows target annual pore pressure cycles at the mid-slope surface where
one year is characterised by a cycle from 0 kPa (winter) to —40 kPa (summer) and then back to
0 kPa. Figure 4b shows displacements typical of seasonal ratcheting behaviour driven by these
stress changes. Figure 4c shows the reciprocal of slope velocity calculated from net annual

displacement.

The reciprocal of velocity is used to define failure from a negative linear relationship with time
(Saito, 1980; Petley et al., 2005). Figure 4c demonstrates deteriorating slope performance with
time, moving from a stable to deteriorating state. As velocity increases, the reciprocal of ve-

locity tends towards zero illustrating acceleration towards ultimate limit state failure.

As deformations accumulate, strength deterioration takes place in a developing shear zone be-
neath the slope, but at a rate that does not lead to a significant loss of performance affecting the

overall stability of the slope (this is discussed and quantified in the following section).

Figure 4b shows that after approximately 40 annual stress cycles, for this geometry the mag-
nitude of seasonal displacements increases. This increase illustrates a reduction in strength
and stiffness and a deterioration in slope stability (i.e. a given size of pore water cycle can
generate larger displacements). In addition, larger deformations mean increased strains and
an increased rate of strength reduction, a deterioration in slope stability and hence progressive
failure (Skempton, 1964). This slope deterioration due to reduction in strength, results in a
further performance reduction. This process is demonstrated by larger seasonal displacement
cycles in Figure 4b and by the reciprocal of velocity tending towards zero (and ultimate limit

state failure) in Figure 4c.

4.1 Defining Operational Failure

The adopted definition of failure used here (operational failure) is the time when uncontrolled
acceleration occurs (the inflection point on the A vs time plot). The mobilised shear strength for
the critical shear surface at failure is used to derive the minimum shear strength parameters for
use in conventional slope stability analysis. A schematic diagram demonstrating this approach
is shown in Figure 5. To illustrate the method, the failure time from Figure 5a has been plotted
on Figures 5b, 5c and 5d. The failure time is derived based on the location of the inflection
point of the inverse velocity fitting curve and correlates with the point in time where annual
displacements show an increase in magnitude and cumulative displacements begin to increase

as the rate of displacement increases.
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Figure 4: Schematic plot showing seasonal ratcheting and progressive failure movement char-
acteristics for an 8.65 m high 28.4° slope; a) target pore water pressure cycles at mid-slope
surface; b) slope surface displacements corresponding to mid-point of final failure surface, see
Figure 6 for quantitative model data; c) reciprocal of velocity of net annual displacement at
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4.2 Residual Factor and Mobilised Friction Angle

To derive the average mobilised strength over time, the residual factor, R, (Skempton, 1964)

for the critical failure surface was back calculated using Eqn. 1 and Eqn. 2.

= +0 -tan(¢') (1)

R— Tpeak — Tcurrent )

Tpeak — Tresidual
The critical failure surface was derived from observation of contour plots of plastic shear
strains, where a region of elevated plastic shear strains indicated the location of the shear sur-

face.

The residual factor was then derived for the critical failure surface for cycles prior to failure. A

schematic representation of this is plotted in Figure 5d.

In addition to residual factor, mobilised friction angle (¢/,) at operational failure was derived as
a design parameter and to illustrate the level of deterioration experienced by the slope, indepen-
dent of the current stress state of the analysis at the point of calculation. ¢/, was calculated by
averaging the friction angle of the model zones located within the band of plastic shear strain

defining the final failure surface.

At failure, the material strength will range from peak to residual along the critical failure sur-
face (see Figure 5). Calculating an average residual factor or average mobilised angle of friction
along the whole shear surface removes the spatial variability of the strength deterioration due to
progressive failure predicted by the numerical analyses but produces strength parameters that
are compatible with limit equilibrium analysis and back analysed failure data, and which can

inform design.
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5 Results of Numerical Analyses

5.1 Effect of Slope Geometry and Strain-Softening Relationship

Figure 6a and Figure 6b show progressive outward horizontal and downward vertical displace-
ments of the slope surface corresponding to the centre of the failed region for analyses of differ-
ing geometries using strain-softening curve (A), which are characteristic of seasonal ratcheting.

Annual Cycles
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to seasonal ratcheting
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o
o
o
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Figure 6: Slope surface displacements corresponding to the mid-point of the final failure sur-
face against number of annual cycles for different slope angles, strain-softening curve (A); a)
horizontal displacements; b) vertical displacements.

Figure 6 also shows that decreasing the slope angle increases the number of annual cycles
required for failure. Slope angles from 40.9° to 33.6° (Figure 6) fail suddenly and failure
surfaces include the majority of the slope length (> half the slope length), as shown in Figure
7. The second group of slopes, 31.7° to 24.5° have shorter failure surfaces (< half the slope

length) and failure was more gradual, with increasing numbers of cycles.

Slope angle 23.4° diverges from the trends shown by the other analyses. Horizontal movements
increase with number of annual cycles but do not accelerate to failure. Vertical displacements
indicate swelling but show no sign of failure. Softening to minimum strength for the 23.4°
model occurred at the toe and within the near-surface of the slope. However, the model did not
experience seasonal ratcheting or failure. The results indicate that the minimum internal angle
of friction of the soil limits the geometry of slopes that are at risk of failure due to seasonal

ratcheting.
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The minimum friction angle for analyses presented in Figure 6 was 22.0° (the residual friction
angle for softening curve A) and a slope of 23.4° did not fail; the difference in these angles is
attributed to the increased surface cohesion required to eliminate shallow failures in the surface
elements of the numerical model. The failure surfaces predicted by the numerical analyses

indicate the shallower the slope angle, the shallower and shorter the failure surface, see Figure

7.
40.9° slope a)
8.65
E
>
0
-25 -10 0 5
x (m)
31.7° slope C)
8.65
E
>
0
-25 -14 0 5
X (m)
25.7° slope e)
8.65
E
>
0

-25 -18

8.65

8.65

35.8° slope b)
-25 -12 0 5
X (M)
28.4° slope d)

-25

Figure 7: a) to e) Failure surfaces for different slope angles - strain-softening curve (A).

The reciprocal of velocity for the different slope geometries and time of operational failure are
shown in Figure 8, illustrating the methodology previously presented.

Page 13 of 33


https://doi.org/10.1680/jgeen.21.00125

Postill, Helm, Dixon et al. (2021). DOI: 10.1680/jgeen.21.00125

0.14

— w 1 | I\
» I )
: | |
€012 o ¥ .
£ ‘f N ! H
£.0.10 T vU in )
Z r» ‘\ ‘l,‘\" ' ‘,"‘ ‘l' ‘\|b,\
0.08 i \ |
3 v \,\‘)\’,‘ A% AT
G 0.06 \/.‘I\ \ b \ \, A v I\
o NN W T Viiaa Vel
o 0.04 - ~ “s\ ‘i -
>_ - » ” A \\ - ‘o NG A A
E 0.02 o@ c:) q\di \\‘Z\’)o\\f".m 32840 "~27.00 N 2570 “._.2‘&50
0.00 > —— —=
0 25 50 75 100 125 150
Annual Cycles
0.14
z o
Sy
= 012 1 —~\ N\ _____
= s ==
2010 === m e —~~\\ *\\\
Z 0.08 BN \\ S
=TT T =~
5 0.06 1 ====0F—b_ SN s N
8 —————— ~ SN S N \Q \Q\
@ 0.04 NS N o N S
> - - \\ \\ N Se \\\
> 0.02 1 % N IN S<
£ 0?90 d‘i)o q\@o \\3570\\32'(% \\2‘2'4?\~£7'0°\\‘~§'7° “34.'50
0.00 = = - — —
0 25 50 75 100 125 150
Annual Cycles
> Half Slope Shear Surface === < Half Slope Shear Surface o Operational Failure
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The number of annual stress cycles to failure for different geometries and the three strain-

softening relationships along with the residual factor at operational failure are presented in
Figure 9.
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Figure 9: Results for different slope geometries and strain-softening relationships; a) number of
annual cycles to operational failure for different slope angles; b) residual factor at operational
failure against slope angle; c) residual factor at operational failure against number of annual

cycles to operational failure.

Figure 9 shows two clear trends, associated with models that include strength reduction beyond

fully softened to residual (strain-softening curves (B) and (C), representative of high-plasticity

clays) and those that do not (i.e. curve (A), representative of low to intermediate-plasticity

clays). As slope angles approach the minimum friction angle of the material (22° for curve (A)

and 12° for curves (B) and (C)) the number of annual cycles required to cause deterioration

to failure increases, with slopes constructed at the minimum friction angle not failing due to

seasonal ratcheting. Figure 9a shows that the rate and magnitude of strength reduction signifi-

cantly influences the number of annual stress cycles to failure for a given slope geometry.

Figure 9b shows that slope angles greater than 35° (steep slopes within this material with angles

greater than approximately 1 in 1.5), require little strength reduction for failure to occur. All
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strain-softening curves exhibit the same behaviour for steep slopes, indicating peak strength
dictates behaviour and once peak strength is mobilised, failure occurs. The primary failure

mechanism for these steep slopes is not driven by seasonal ratcheting.

As the slope angle reduces (< 35°), behaviour differs. For strain-softening curve (C), the resid-
ual factor at failure for the same geometry slope is less than that of curve (B). As the rate of
reduction of soil strength to residual increases, the mobilised strength at failure also increases,
showing the significance of understanding the rate of strength reduction, as it influences the

nature and rate of a slope failure due to seasonal ratcheting.

The rate of strength reduction also influences the depth, curvature, and length of failure surfaces
for slopes of the same geometry. The numerical analyses predict deeper shear surfaces when
strain-softening curve (C) is employed compared to curves (A) and (B). The greater the rate and
magnitude of strength reduction from post peak to residual, the greater the excess shear stress
requiring redistribution during progressive failure, the more energy requiring dissipation and
thus the deeper and longer the failure surface, see Figure 10. For strain-softening curves (B)
and (C), there are a group of slopes with angles less than the fully softened friction angle of 22°
where failure occurs. These failures are driven by seasonal ratcheting beyond the fully softened
strength towards residual with a resultant increase in residual factor (R = 0.6, see Figure 9b)
and a progressively larger degree of strength reduction required to trigger failure as slope angle

decreases towards residual.

A significant increase in the number of stress cycles prior to failure can be achieved by small
decreases in design slope angle. This can be seen in Figure 9b and Figure 9c which show the
increased residual factor and hence softening required to trigger failure as slope angle decreases

and in turn the commensurate increase in number of cycles to failure.

5.2 Effect of Slope Height

Three differing height slopes of varying angles were analysed using strain-softening curve (B)

as shown in Figure 11.
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Figure 11: Results for different slope geometries and heights; a) number of annual cycles to
operational failure for different slope geometries; b) residual factor at operational failure against
slope angle; c) residual factor at operational failure against number of annual cycles to failure.

Figure 11a shows that steep angled, high slopes (> 35° and > 8.65 m) fail after a limited number
of annual cycles, as their initial stability is marginal. However, 5 m high slopes remain stable
for higher numbers of stress cycles even at steep angles. Failure in these cases is due to seasonal

ratcheting.

Figure 11b shows that for slope angles less steep than the fully softened friction angle, the
strength reduction required for failure to occur for a given slope angle is independent of slope
height. However, for slope angles greater than the fully softened friction angle, behaviour
differs depending on slope height, where the lower the height, the greater the slope angle that
will remain stable for the same number of annual cycles (e.g. from Figure 11c, for a design
life of 75 years, a 5 m high slope would fail with a residual factor of 0.41, corresponding to a

maximum slope angle from Figure 11b of 31° and for slopes of 8.65 and 12 m this corresponds
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to residual factors at failure of 0.65 and slope angles of 23° and 20° respectively).

5.3 Design Parameters to Achieve a Target Life

The numerical analyses show that the residual friction angle of soil defines the minimum slope
angle that is at risk of failure due to seasonal ratcheting. The results presented in Figure 9
and Figure 11 show the slope geometries investigated are in one of three categories; 1) slope
geometries that fail when subjected to a small number of annual stress cycles requiring minimal
strength reduction (failure not due to seasonal ratcheting); 2) slope geometries that require
strength reduction to fail; and 3) slope geometries that experience significant strength reduction
but where the number of annual stress cycles required for failure is far in excess of the design

lives of typical engineered geotechnical assets (120 years).

Figure 12a and 12b present the mobilised friction angles at failure (see Sections 4.1 & 4.2
and Figure 5) for all models except those representative of intermediate-plasticity clays (strain-
softening curve (A)). These results are summarised in Figure 13, presenting the relationships

between slope geometry, design life and mobilised friction angle at failure.
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Figure 13 demonstrates an approach that could be used for rapid evaluation of the permissible
slope geometry for a target design life (or conversely the remaining serviceable life of an ex-
isting slope of specified geometry). For example, a 10 m high slope, with a design life of 60,
90 or 120 years should be constructed at 23.5°, 21° and 19° respectively. This is an increase in
slope horizontal length of 6.0 m to increase the design life from 60 to 120 years or 2.8 m for 90

to 120 years.
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6 Discussion

The adopted modelling approach (Postill et al., 2020) has been validated against deformation
and pore pressure measurements from centrifuge testing (Take and Bolton, 2011) and from
field measurements of pore pressure (Postill et al., 2021). The strain-softening model replicates
behaviour from peak, via fully softened strength (approximating critical state as per Skempton,
1970) through to residual strength.

Previous modelling of first-time failures in stiff clays tended to cap strength reduction at the
average back analysed failure strength (¢’ = 13°, ¢’ = 2 kPa: see for example Potts et al., 1997;
Ellis and O’Brien, 2007; Summersgill et al., 2017b). However studies have shown that plastic
shear strains can exceed the level required (20%) to reach this arbitrary minimum (reaching as
high as ~ 50%; Potts et al., 1997).

To address this, later work allowed additional strain-softening beyond the average field failure
strength towards a residual value (characterised by ¢’ = 0 and reduction in ¢’: Rouainia et al.,
2020; Postill et al., 2021). This decision was informed by the discussion in Leroueil (2001)
regarding the progressive failure mechanism with localised softening to residual, and other
sections remaining closer to peak which produces an average mobilised strength close to the
back-analysed value. This is supported by Cooper et al. (1998) discussing the Selbourne cutting
trial where strength reduction approaching residual (¢’ = 14°, ¢ = 0 kPa) near the slope toe was

thought to have occurred.

Mesri and Shahien (2003) also highlight the likely occurrence of materials at residual strength
on shear surfaces in first-time failures. This behaviour is seen in Figure 10 with softening to
residual seen at or near the slope toe. The inclusion of a strain-softening model that describes
full post peak behaviour via a fully softened strength to residual is thought to be justified in

reproducing observed field behaviour.

6.1 Effect of Slope Angle and Height

The work summarised here demonstrates the relative effect that varying slope height and angle
have on the rate of deterioration and time to failure of cut slopes in over-consolidated high-
plasticity clays. For example Figure 6, Figure 9b and Figure 9c demonstrate the relationship
between cut slope angle and design life, with even small decreases in slope angle leading to a
large increase in time to failure (e.g. an increase from 38 years to 87 years with a 5.5° decrease
in slope angle from 30° to 24.5°). This clearly illustrates the benefit of adopting a shallower
slope angle at the design phase, however the specific values reported are controlled by the

adopted material parameters.

Figure 11a demonstrates the large effect slope height has on time to failure, where for a common

slope angle (1 in 2), a decrease in slope height from 12 m to 5 m leads to an increase in life
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from 25 to 150 years. This is primarily of interest when evaluating the potential deterioration of

existing assets. It may also be a consideration when selecting route alignment in new designs.

Three broad categories of slope are identified in Figure 9 and Figure 11, the first defines the
lower bounds of slope stability. Slope geometries in this category would only be plausible
designs with some form of engineered measure to increase their design life and would likely
be applicable to locations where available land take is severely restricted. This is potentially

useful in preliminary design selection for new infrastructure.

The second category includes slopes where seasonal ratcheting will cause failure and the slope
life is less than may be considered desirable. This category is useful both for evaluating the
potential lifespan of existing slopes as well as to derive suitable design parameters for new

slope infrastructure.

The third category defines the upper bounds of potential instability, above which failure is
unlikely to occur during typical design life, which may aid asset owners in making a rapid
characterisation of asset vulnerability in their existing inventory and from an asset management
perspective, allowing them to prioritise (or exclude) slopes for more detailed assessment. From
a new design and build perspective, this may also have economic benefits in allowing designers
to remove overly conservative (and hence expensive) designs making their proposed solution

more competitive.

6.2 Effect of Strain-Softening

Figure 9a shows that the adopted strain-softening relationship influences the time to failure
for the same slope geometry, with materials that reduce in strength towards residual at lower
strains remaining stable for less time. Given the importance of the strain-softening behaviour
in controlling deterioration rate and time to failure, to undertake this modelling to produce de-
sign charts for other materials it is key that the complete stress-strain relationship, from peak
to residual strength and the strains required to reach such conditions for a material, are under-

stood.

The residual factor at failure derived from Figures 9 and 11 can be used to estimate the mo-
bilised friction angle or ¢/, can be estimated directly from Figure 12 which informs design
parameter selection for use in limit equilibrium analysis and hence design for shallow first-
time failure in clay cut slopes due to seasonal ratcheting. Note that for ¢/ > fully softened

strength there is also a cohesive contribution to strength.

The analyses conducted clearly indicate that designs based on residual strength parameters will
result in overly conservative solutions with design lives far greater than may be required. This
study therefore reinforces that the use of residual strength parameters is not necessary or eco-

nomically justifiable when considering first-time failures.
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The use of mobilised friction angle allows recommendations for design parameters for use in
limit equilibrium analyses to be made without requiring stress conditions to be explicitly stated.
However, the critical failure surface, which can be informed by the modelling (e.g., Figures 7

and 10), and worst-case pore water pressures associated with the failure surface, are required.

6.3 Hydrology

Within the modelling summarised, failure of slopes occurs in the winter when seasonal pore
pressures reach worst case conditions, as per the behaviour observed on the UK rail network
and replicated by Postill et al. (2020). It is suggested that slope design using limit equilibrium
analysis to examine stability related to seasonal ratcheting should include a conservative near-
surface water table. In addition, recent work has demonstrated the importance of changing
climate and long duration wet periods increasing deterioration rates (Rouainia et al., 2020;
Postill et al., 2021) and so the effects of realistic weather patterns and how these may change

over time should be considered.

Surface cracking in expansive soils can lead to increased infiltration and increase the occurrence
of shallow failures in less steep slopes (Pei et al., 2020; Xie et al., 2020). Expansive soils under
cyclic rainfall have also contributed to failures in very shallow angle natural slopes (Hou et al.,
2013). This behaviour is not captured in this work (although the effect of increased near surface
permeability is included in Postill et al., 2021) and may lead to an overestimation of time to

failure for shallower slopes.

6.4 Other Considerations

The analyses presented are for an idealised problem, stress cycles are uniform and extreme
events causing prolonged wetting, which increases deterioration (Postill et al., 2021), along
with climate change (Rouainia et al., 2020) have been omitted; and a uniform material with

simple stress history has been modelled.

Engineered slopes have very complex stress histories and spatial variability of material proper-
ties exists. In particular, the addition of structural discontinuities can control slope behaviour.
In addition, the influence of vegetation rooting on shear strength has been omitted from this

study (see for example Woodman et al., 2020).

The effect of cyclic vehicle loading which could accelerate deterioration in the strength and
stiffness of infrastructure slopes is not captured in this work. For a thorough treatment of the
modelling of this behaviour readers are directed to Wichtmann and Triantafyllidis (2018) and

for a broad discussion of the effects of cyclic behaviour on slope stability see Leroueil (2001).

Furthermore, two-dimensional analyses tend to produce conservative factors of safety when

compared to three-dimensional analyses (Cavounidis, 1987; Gao et al., 2013).
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This study presents a framework for evaluating seasonal ratcheting effects on slopes that in-
forms selection of mobilised strength parameters for a given design life. While design ap-
proaches to minimise risk of failure during the operational life of an asset can be suggested,

there must be an appreciation of several factors:

* The variable nature of weather patterns (Alexander and Jones, 2000; Jenkins et al., 2009;
Murphy et al., 2019) and how they can effect time to failure (Alonso et al., 2003; Oh and

Lu, 2015; Postill et al., 2020, 2021; Rouainia et al., 2020)
* Spatial and temporal heterogeneity of soil (Phoon and Kulhawy, 1999; Griffiths and Fen-

ton, 2004; Dixon et al., 2019; Stirling et al., 2020)
* The influence of site-specific problems (e.g. localised drainage failure, the presence and

orientation of pre-existing discontinuities or other stratigraphic features and land use

changes)
* The influence of vegetation and vegetation management (Smethurst et al., 2015; Briggs

et al., 2016; Tsiampousi et al., 2017)

Therefore, general guidance is not appropriate for all design instances. In particular, high-risk
projects should consider detailed analysis of material behaviour and modelling of the effects of

real weather patterns as discussed.
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7 Conclusions

An investigation has been undertaken into the effects of strain-softening behaviour and slope
geometry on the mechanism of seasonal ratcheting and progressive failure of engineered clay
cut slopes. The study was motivated by observations of shallow slope failures in cut slopes
decades after construction related negative excess pore water pressures have fully dissipated
(e.g. on the UK rail network). This paper details a numerical modelling approach to investigate
time dependent slope deformations (down slope ratcheting) under cycles of seasonal wetting

and drying.

The work has demonstrated that cut slopes constructed within high-plasticity clays with shrink-
swell potential, at angles greater than the residual friction angle of the material, will experience
seasonal ratcheting driven by weather driven pore pressure cycles. These stress cycles can lead
to shallow first-time progressive failure. This study has shown that the time frame in which
slope failure occurs due to seasonal ratcheting is dependent on the slope geometry and strain-
softening behaviour of the material. Recent work has also demonstrated that the time spent
at near hydrostatic conditions, and the magnitude of the annual stress cycles affect the rate of
deterioration (Postill et al., 2020).

The following trends in behaviour have been observed and conclusions drawn:

* Annual stress cycles cause strength deterioration, leading to shallow first-time failures in
high-plasticity clay slopes

* Slopes constructed at angles less than the minimum friction angle of the soil will not fail
due to seasonal ratcheting although additional care should be taken with expansive soils

where desiccation cracking may occur which can lead to failures at shallow angles
* Long-term strength deterioration explains why slopes that appear stable fail during a

wet period when they have experienced the same or greater magnitude and duration of

wetting previously
* Behaviour of steep slopes is governed by peak strength and post peak strain-softening

has little influence on behaviour
* Soils with more rapid post peak strength reduction profiles fail at higher mobilised strengths

and failure surfaces are deeper
* Low height slopes are much more stable than higher slopes of the same angle
* The shallower the slope angle, the smaller and shallower the failure surface
* Use of fully softened strength parameters for the assessment of long-term stability will

likely result in slopes that fail due to seasonal ratcheting at some time in the future, and

depending on the slope geometry, this may occur within the design life of the asset
* Use of residual strength parameters for the assessment of long-term stability via first-time

failure is inappropriate as slopes will not mobilise this strength by seasonal ratcheting

within the design life of the asset
* For meaningful analysis of other clay slopes that experience seasonal ratcheting, the

strain-softening behaviour of the material must be understood
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Al Appendix: Numerical Modelling Framework

Saturated and unsaturated behaviour has been modelled as a water and air phase within a porous
soil medium, with Bishop’s generalised effective stress (0/;) used to combine these three phases
into a single stress state variable, see Eqn. Al.

o =(0—uy )+ Su( Uy — Uy) (A1)

Where o = total stress; u, = pore air pressure; u,, = pore water pressure; (o — u, ) = net stress;
s = (uq — u,, ) = matric suction; S,, = degree of saturation.

A van Genuchten (1980) soil water retention curve (see Eqn. A2) related soil water content and
matric suction.

. [S;(l/m’ _ 1}1’” (A2)

Where s = matric suction; S, = (S, — S, )/(1— S ) = effective saturation; S}, = residual sat-
uration; o = van Genuchten fitting parameter (kPa); and m = van Genuchten fitting parameter.

The relative hydraulic conductivity can be obtained using van Genuchten’s (1980) equations
(see Eqn. A3 and Eqn. A4).

K = Ko - 5% [1— (1—561/’")7”}2 (A3)

T

Ko = Ko (1-5)" [1-5.""]" (Ad)

Where K = unsaturated hydraulic conductivity of water phase (m/s); K = unsaturated hy-
draulic conductivity of air phase (m/s); and K,; = saturated hydraulic conductivity (m/s).

Nonlocal Strain-Softening Formulation

To reduce mesh dependency in the softening model, a nonlocal regulatory approach was adopted.
Local plastic strains (Eqn. AS) are averaged to derive nonlocal plastic strains (Galavi and
Schweiger, 2010; Summersgill et al., 2017a).

1 1 1
Ae?* = \/[5 (A = Act) 2 (Achi)® + 5 (A — Ach)? (AS)

Where AeP® = local plastic shear strains; Ae}” and Aeh” = principal local plastic shear strain
increments and Ae?s = & (Ael” + Ach™).

The nonlocal plastic strain (;) at point (z,,) is calculated using Eqn. A6.

= — /// )P (x + 2, )da dahday (A6)

Where V,, [[[ w'da)dzbdal = weighted volume; w'( 2, ) is the weighting function;
eP*(z,, + x, ) =local plastic strain at different calculation points; x,, = global (target) coordi-
nate; x, = local (reference) coordinate.
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The weighting function (Galavi and Schweiger, 2010) is shown in Eqn. A7.

w'(r):§e<§>2 (A7)

Where [ = internal length (m) and r = distance to adjacent calculation points (m).
Material Relationships

Bulk and shear moduli are a function of the specific volume () and mean effective stress (o)
as per Schofield and Wroth (1968), see Eqn. A8 and Eqn. A9.

/

K = 2% min 2000 kPa (A8)
3(1—2p)

G=2"" g A9

2(14p) (A9)

Where K = bulk modulus (kPa); G = shear modulus (kPa); « = gradient of the swelling line;
1 = Poisson’s ratio.

v of the soil is calculated as per Schofield and Wroth (1968) in the v : In(¢”) space (Eqn. A10
and Eqn. Al11).

/

v=vy—A-ln ; normal consolidation line (A10)
Oref

/

Vv=1v,—K-In ; swelling lines (A11)

Oref

Where A = gradient of the normal consolidation line; o, = reference pressure (kPa); v, = orig-
inal specific volume at reference pressure; v,, = specific volume at reference pressure following
the swelling line.

Page 33 of 33


https://doi.org/10.1680/jgeen.21.00125

	Appendix: Numerical Modelling Framework
	Seasonal Ratcheting: Numerical Model Validation
	Numerical Modelling Methodology
	Material Properties and Behaviour
	Initial Conditions and Slope Formation

	Characterising Seasonal Ratcheting Behaviour
	Defining Operational Failure
	Residual Factor and Mobilised Friction Angle

	Results of Numerical Analyses
	Effect of Slope Geometry and Strain-Softening Relationship
	Effect of Slope Height
	Design Parameters to Achieve a Target Life

	Discussion
	Effect of Slope Angle and Height
	Effect of Strain-Softening
	Hydrology
	Other Considerations

	Conclusions
	Acknowledgements
	References

