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Abstract:  

The stabilisation of slopes with rows of discrete vertical piles is a commonly adopted method for 
both cuttings as well as embankment slopes. The majority of existing design procedures consider the 
pile only as an additional force or moment acting on the critical slip surface of the un-stabilised 
slope. Based on simplified models, existing design methodologies effectively ignore any interaction 
of the pile with the evolution of the failure mechanism, while they do not consider important 
aspects of soil behaviour for slope stability relating to strain softening response. This paper presents 
a numerical investigation that challenges the above-mentioned simplifications, demonstrating the 
importance of the soil-pile interaction. Two dimensional plane-strain hydro-mechanically coupled 
finite element analyses were performed to simulate the excavation of a slope, considering materials 
with both a strain softening and non-softening response. The impact of pile position and time of pile 
construction on the stability of a cutting were parametrically examined, comparing and contrasting 
the findings for the different material types. The results suggest that an oversimplification during 
design regarding the soil/pile interaction could entirely miss the critical failure mechanism. 

Introduction 

The stabilisation of slopes with rows of discrete vertical piles is a commonly adopted method for 
both cuttings as well as embankment slopes. Piles have been extensively used both to remediate 
failure of existing slopes and to stabilise potentially unstable slopes created by the widening 
transport corridors (Carder 2005; Smethurst & Powrie 2007, Ellis et al. 2010, Smethurst et al 2019). 
An important part of the design process of such stabilisation schemes is the identification of the 
optimum pile location on the slope face. While this design decision can be controlled by practical 
construction constraints (e.g. accessibility of piling rig onto the slope) the design aim is to identify 
the pile location which achieves the greatest factor of safety and/or longest extension of design life 
of the slope after the implementation of the stabilisation scheme.   

The majority of the existing design procedures (see Carder 2005) for horizontally loaded vertical 
stabilisation piles employ the displacements and/or critical slip surface of the unstabilised slope as 
the basis for the design of such stabilisation schemes. The p-y method uses the expected soil 
displacements to calculate pile reaction (e.g. Baguelin et al. 1977, Lee et al. 1995, Georgiadis & 
Georgiadis 2010, Galli & di Prisco 2013). In a limit equilibrium or limit analysis design procedure, the 
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pile is treated only as an additional force or moment located where the critical slip surface and pile 
coincide (Hassiotis et al. 1997, Ausilio et al 2001, Zhang & Wang 2010). Several of these methods as 
well as hybrid methods, which combine limit equilibrium with finite element (FE) analysis (e.g. 
Kourkoulis et al. 2012), assume that the pile presence will not modify the developed failure 
mechanism. Recently (Summersgill et al. 2018) challenged this assumption demonstrating the 
importance of soil-pile interaction on the developed failure mechanism for an excavated slope in a 
strain-softening soil, showing that the piles are more effective in extending the stability of a slope 
when the failure mechanism is significantly modified by their presence.  

Several studies have investigated the optimum pile location on the slope face concluding that the 
factor of safety is maximised when the piles are installed in the middle of the slope (e.g. Cai & Ugai 
2000 and Won et al (2005)). This conclusion is reached considering simple models for the soil 
response (constant drained strength properties) using strength reduction in finite element (Cai & 
Ugai 2000) or finite difference (Won et al (2005)) analyses to establish the factor of safety. 
Summersgill et al. (2018) showed that for strain softening materials the pile location and pile length 
have a large influence on the stabilising effect of pile. For excavations in stiff strain-softening clays, 
Summersgill et al. (2018) showed that the optimum pile location is between the mid-slope and the 
toe of the slope.  

This study extends the work of Summersgill et al. (2018) contrasting the developed soil-pile 
interaction in failure mechanisms for strain-softening soils and with those developed in non-
softening soils. The aim of the paper is to demonstrate the importance of soil behaviour when 
designing such slope stabilisation schemes. The strain-softening behaviour is typically associated 
with the response of overconsolidated high-plasticity clays (e.g. London Clay, Gault Clay, Oxford 
Clay), while the ductile, non-softening response is associated with normally consolidated low-
plasticity clays (e.g. Dublin Boulder Clay, Cowden till).  

A number of previous studies have adopted three-dimensional (3D) analysis (Kourkoulis et al 2011, 
Ellis et al 2010) or physical model testing (Hayward et al. 2000, Di Laora & Fioravante 2018) to 
investigate the development of soil arching or soil flow between adjacent piles. In the present two-
dimensional (2D) plane-strain analyses, the pile stiffness has been adjusted to account for the actual 
spacing of piles in a simplified way, without considering the potential impact of the arching.  

Through a series of parametric analyses, on pile location and time of pile construction after slope 
excavation, the present study identifies the fundamentally different failure mechanisms which 
develop for the two examined soil types, highlighting the importance of soil-pile interaction in the 
evolution of these failure mechanisms. Considering the complete parametric dataset for both soil 
types, the paper explores the potential correlation between the degree soil-pile interaction 
mobilisation and the effectiveness of pile stabilisation with important implications for design 
practice.  

Description of the numerical model 

Analysis arrangement and assumed ground conditions 

The interplay of soil behaviour with design parameters, namely pile position and time of pile 
construction on excavated cuttings, was examined for a generic slope geometry repeating the 
parametric study of Summersgill et al (2018) for a non-softening material. The adopted slope 
dimensions are known to be unstable in London Clay without any stabilisation measures (Potts et al. 
1997, Ellis & O’Brien 2007). The slope is 10m in height with a 1 in 3 vertical to horizontal slope angle. 
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The adopted model represents one half of a symmetric excavation and the width of the cutting 
(16m) is chosen to correspond to a typical 2 to 3 lane motorway (see Figure 1).  

All the analyses were undertaken with the Imperial College Finite Element program ICFEP (Potts & 
Zdravković 1999) in plane strain conditions with hydro-mechanical coupling. To establish the failure 
mechanism of the considered cases two distinct methodologies were followed. In the first set of 
analyses the hydro-mechanical formulation is active for the entire analysis, allowing the modelling of 
excess pore fluid pressure generation during excavation and its subsequent equilibration with time. 
The second set involves Factor of Safety (FoS) analyses either immediately after excavation or at a 
set time post excavation. For this second set the hydro-mechanical formulation is active only for the 
first part of the analysis, up to the initiation of the FoS. Potts & Zdravković (2012) showed that the 
most consistent approach in computing the Factor of Safety in FE analysis is to start the analysis with 
the characteristic strength and at relevant stages of the analysis to gradually increase the safety 
factor until failure in the soil is fully mobilised. In each increment of the analysis a larger factor of 
safety is adopted until failure is reached. The factor of safety is applied by reducing the strength 
properties of the soil by a factor, F, as shown in Equations 1 and 2:  
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′

𝐹𝐹𝑠𝑠
         (1) 

 
𝜑𝜑′ = 𝑡𝑡𝑡𝑡𝑡𝑡−1 �tan𝜑𝜑𝑖𝑖𝑖𝑖

′

𝐹𝐹𝑠𝑠
�        (2) 

 
where 𝐹𝐹𝑠𝑠 is the current Factor of Safety and 𝑐𝑐𝑖𝑖𝑖𝑖′  and 𝜑𝜑𝑖𝑖𝑖𝑖′  are the values of cohesion and angle of 
shearing resistance respectively at the beginning of the FoS analysis. The FoS was incrementally 
increased from an initial value of 1.0 until the factored strength resulted in an unstable slope. The 
time and associated pore pressure changes are stopped on the increment prior to the first factor of 
safety increment and the remaining FoS analysis is drained. In each increment of the analysis, it is 
the current strength that is factored and so when a strain softening model is employed, the reduced 
strength is factored. The strain softening behaviour is therefore still captured by the FoS analyses. 

The mesh configuration is shown in Figure 1, together with the associated mechanical and hydraulic 
boundary conditions for the coupled analyses. Before the excavation of the slope, initial stresses are 
specified in the soil using a bulk unit weight of γ = 18.8kN/m3 and a uniform coefficient of lateral 
earth pressure, K0 = 2.0. The pore water pressures are hydro-static with 10kPa suction specified at 
the ground surface, following the average depth height expected for the phreatic surface in the UK 
(Vaughan & Walbancke 1973). The bottom and side boundaries are impermeable. The permeability, 
k of the soil is modelled as isotropic and is linked to the mean effective stress, 𝑝𝑝′, using the non-
linear relationship in Equation 3 (Vaughan 1994). 

 

𝑘𝑘 = 𝑘𝑘0𝑒𝑒−𝑏𝑏𝑝𝑝
′
         (3) 

 
The slope was excavated in horizontal layers at a uniform rate over 0.25 years. There was no 
significant swelling during the excavation period, with the response being practically undrained. This 
unloads the soil surrounding the excavation and the low permeability of the soil creates negative 
pore water pressures. After excavation, 10kPa suction is applied at the free boundary as indicated in 
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Figure 1. Unlike limit equilibrium and limit analyses, in a finite element analysis the location and 
development of the slip surface are not predefined and there is no standard criterion to establish 
the point of failure. Careful monitoring of the analysis convergence, contours of incremental 
deviatoric plastic strain, vectors of incremental displacements and the evolution of horizontal mid-
slope displacement against time is needed to identify the point of failure (Potts et al. 1997). 
Following this approach, the point of failure for the strain-softening analyses was defined as the last 
increment of the analysis that will converge with a time step of 0.01 years. A different criterion was 
used to establish the time to failure for the non-softening analyses. The latter analyses showed a 
failure with a sharp increase of the horizontal mid-slope displacement with time as previously seen 
in Potts et al (1997) when a zero angle of dilation was adopted. Therefore for the non-softening 
analyses, the point of failure was defined as the time increment in which the change of horizontal 
mid-slope displacement exceeded 0.03m.  

Strain softening soil model 

London Clay was chosen as a representative strain-softening material, which was simulated with a 
variant of the Mohr-Coulomb model (Potts et al. 1990). In the adopted version of  this elasto-plastic 
model, the softening behaviour is facilitated through a linear variation of the angle of shearing 
resistance φ’, and the cohesion intercept c’ with the deviatoric plastic strain invariant as shown in 
Summersgill et al (2018). The material properties are summarised in Table 1 and are based on the 
work of Kovacevic (1994) and Potts et al. (1997) who simulated a realistic failure time and mechanism 
that agreed with field data for cutting slopes of the same dimensions in London Clay. The adopted 
permeability values are from subsequent work of Hight et al. (2007). 
It is well established that the conventional FE solution of strain softening problems, in which strain 
localisation occurs within a zone of limited thickness, can lead to numerical instability and significant 
mesh dependency of the solution (e.g. Galavi & Schweiger 2010, Summersgill et al. 2017a). The non-
local method (e.g. Eringen 1981, Bažant et al. 1984, Bažant & Jirásek, 2002) addresses these 
problems, adopting a distribution function which spreads the strain of the material at a point over a 
pre-defined surrounding volume. Summersgill et al. (2017b) showed that the use of nonlocal 
regularisation in slope stability problems reduces significantly the mesh dependency and leads to 
consistent failure mechanisms, irrespective of the adopted element size or mesh design, while 
Summersgill et al (2017a) showed the superiority of the Galavi & Schweiger (2010) (G&S) nonlocal 
regularization model over other approaches. The G&S model is used in this study to mitigate the 
mesh dependency in the strain-softening analyses, as detailed in Summersgill et al. (2018). The 
weighting function in the G&S model, which regulates the distribution of the nonlocal plastic strain, 
is a function of one parameter, the defined length DL, with a higher DL resulting in a wider slip 
surface with a lower maximum nonlocal strain. In all the analyses presented herein a DL=1m was 
used, which in conjunction with the peak and residual strength deviatoric plastic strain limits of 5% 
and 20% respectively (see Table 1), leads to a representative softening rate for London Clay, as 
demonstrated by Summersgill et al. (2017b). It should be noted that the selection of DL in granular 
materials is normally related to the mean grain size (e.g. Galavi & Schweiger (2010)). However for 
boundary value problems in clay materials such a correlation becomes impractical as it leads to 
extremely fine discretization. Therefore the selection of DL is based on simulating appropriately the 
softening rate, although this might result in unrealistically large shear band thickness. It should be 
noted that the thickness of the resulting shear band is also influenced by the adopted angle of 
dilation (Potts et al 1997). The inclusion of dilation effects would cause an increase in the width of 
the strain concentration which in turn causes an increase in the slip surface width. As the finite 
element simulation results in a thicker shear zone than expected in the field for a stiff clay cutting 
and it is recommended to use an non-associated flow rule with zero dilation even for strain-
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softening materials. This results in a thinner slip surface and therefore a better representation of 
reality.   

An additional nonlocal parameter, the radius of influence, was also used to restrict the area of the 
reference space for the nonlocal calculations and therefore increase numerical efficiency. The radius 
of influence was set at 3 multiples of DL (i.e. 3m) based on the recommendations of Summersgill et 
al. (2017b), who found this ratio to be a suitable compromise between accuracy and time saving for 
the meshes employed. 

Non-softening soil 

A small parametric study was conducted for a slope without piles in order to choose appropriate 
strength parameters for the non-softening analyses that would allow qualitative comparison with 
the results of strain-softening analyses for the same slope geometry without piles (Lee 2015). For 
the adopted initial stress conditions (Ko=2.0 prior to excavation) and slope dimensions, applying the 
peak strength properties results in a stable slope (i.e. no failure was predicted during a period of 360 
years). On the other hand, applying the residual strength properties is not possible, as the initial 
stress state in the soil profile would exceed the residual strength failure envelope. It was shown that 
adopting the non-softening strength values listed in Table 1 in a cutting without piles, leads to failure 
46 years after excavation. This time to failure is comparable to the time of failure of 40.6 years 
computed by Summersgill et al. 2017b for a cutting of the same geometry in strain-softening soil 
(see corresponding strain-softening properties in Table 1). Apart from the strength properties, 
identical values were employed for the remaining soil properties for the softening and non-softening 
analyses. 

Pile simulation 

The mesh has been designed to allow the systematic investigation of the pile position and pile 
length. This includes the placement of vertical piles in 26 different locations between the toe and 
crest of the slope (see Figure 1 ). In the analyses the pile is “wished in place” immediately after 
excavation of the slope or at some subsequent time when the time of pile construction is examined, 
using a single column of beam elements placed between the solid quadrilateral elements, as 
detailed in Summersgill et al (2018). These elements are of zero thickness and model the bending 
behaviour of the pile using the specified stiffness, density, cross sectional area, A and second 
moment of inertia, I. The simulated pile diameter is 0.9m with a spacing of 2.7m or three diameters. 
It should be noted that the 2D simulation does not explicitly model the contribution of arching or soil 
flow between the piles. Therefore, the calculated A and I were divided by the pile spacing to account 
for the total quantity of soil that would be supported by a discrete pile in a row. The adopted pile 
spacing of three diameters is based on recommendations of previous studies which suggested that 
soil arching is taking place, rather than soil flow, for pile spacing values between 3 to 5 pile 
diameters (center to center distance) (Kourkoulis et al 2011, Carder 2005, Hayward et al 2000). In 
these cases, it is likely that soil would not flow between the piles and its load would be transferred 
into the adjacent piles.  

 A Young’s modulus of 14GPa and a density of 2400kg/m3 were specified for the piles reflecting 
recommendations by Durrani (2006) on a pile’s reduced flexural rigidity due to micro-cracking under 
tensile loading. A linear elastic constitutive model is employed for the pile and the maximum 
bending moment is monitored to identify potential plastic hinge formation. 
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Slope failure mechanism without stabilisation piles 

An essential step for the design of pile stabilisation measures is the understanding of the potential 
failure mechanism in the absence of the piles. Figure 2 compares the developed failure mechanisms 
for slopes without piles for the non-softening and the strain-softening analyses in terms of 
accumulated deviatoric plastic contours at the last increment of the analysis. The non-softening 
analysis depicts a single dominant slip surface which extends from the slope toe towards its crest 
area. For the case of the strain softening analysis the contour plot shows the formation of two 
dominant slip surfaces; one starting at the slope toe and a second deeper seated slip surface 
developing approximately 6m back from the slope toe. The shallower slip surface became critical 
and was comparable in shape with the one developed in the non-softening analysis. The stress re-
distribution during the evolution of progressive failure is more complex for the case of the strain-
softening analysis, leading to the bifurcation of the slip surface. It should be emphasised that for the 
accurate depiction of the bifurcated mechanism it is essential to adopt nonlocal regularisation, as 
conventional analyses show significant variation in the predicted mechanism depending on the 
adopted mesh discretisation (Summersgill 2015). Inserting stabilisation piles that interact with the 
potential slip surfaces changes the failure mechanism and time to slope failure for both types of soils 
considered. As the fundamental mechanisms, i.e. in the absence of piles, differ it is logical to expect 
that the interaction with the stabilisation piles will differ as well for two considered cases.     

Failure mechanisms for different pile positions 

Several studies corroborate that the optimum pile location is in the middle of the slope face (e.g. Cai 
& Ugai 2000 and Won et al. 2005) based on simple models for the soil response (constant drained 
strength properties), using strength reduction methodologies to establish the factor of safety (in FE 
or FD). On the other hand the parametric study of Summersgill et al. (2018), which focused on strain 
softening materials, showed that the optimum pile location is between the toe and the mid-point of 
the slope. In the light of the apparent contradictory recommendation, it is important to investigate 
to what extend the optimum pile location is material dependant. The parametric investigation on 
pile location of Summersgill et al (2018) is repeated herein for the non-softening soil. This involves a 
15m long pile placed immediately after excavation in each of the 26 locations, spaced at 1.2m apart, 
between the toe and crest of the slope, as indicated in Figure 1. 

For each set of analyses (i.e. non-softening, strain-softening) five distinct failure mechanisms were 
identified by the pattern of slope and pile movements. These are summarised in Tables 2 and 3 for 
the non-softening and strain-softening analyses respectively. The grouping of the analyses is such 
that a given mechanism might involve different pile positions for the non-softening or the softening 
analyses. Figures 3 to 7 present an example of each failure mechanism for both set of analyses 
depicting the contours of accumulated deviatoric plastic strain and vectors of incremental 
displacements. It should be noted that each plot refers to the final increment of the analysis before 
failure, with the exemption of mechanism 2 (pile positions 7-12) for the non-softening analyses. In 
the latter case no slope failure was identified 465 years after excavation and therefore the results 
refer to the last increment of the analysis for the considered time period (i.e. 465 years). For the 
vector plots, the sizes of the arrows are relative to the largest incremental displacement for each 
analysis, but not proportional between the analyses due to the large difference in the size of 
displacements depending on the mechanism and soil type. The observations made based on the 
vector and contour plots are further supported by the plot of Factor Safety (evaluated after 30 years 
of consolidation) and time to failure for all pile locations shown in Figure 8. The FoS is evaluated 30 
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years after excavation, as Summersgill (2015) showed 30 years to be a sufficient consolidation 
period for the adopted slope dimensions to produce the same failure mechanism for the FoS and the 
consolidation until failure analyses.     

For both soil types there is very limited interaction between the pile and the critical slip surface for 
mechanisms 1 (see corresponding pile locations in Tables 2 and 3). Failure occurs above the pile, 
with the soil movement concentrating into a single slip surface starting from the toe. This is also 
reflected in the marginal values of factor safety and short time to failure values, shown in Figure 8 
for both materials.  

Mechanism 2 for the non-softening soil includes pile locations 7-12, which correspond to mid-slope 
points, provides the optimum stabilisation, as failure was not depicted during the considered time 
period of the analyses (465 years). Although the mechanism is not fully developped, the contour and 
vector plots indicate interaction of the pile with the surrounding soil mass (Figure 4 a,c). For the 
strain softening soil, mechanism 2 includes pile locations 2-6, close to the toe. This mechanism 
provides the most significant improvement in the time to failure, as the pile is an intergral part of 
the failure mechanism (Figure 4 b,d). It is interesting to note that the pile stabilisation leads to the 
formation of an active wedge upslope with the slip surface forming an angle of approximately 53⁰ 
with the horizontal. If this angle is assumed equal to 45 +  𝜑𝜑′/2, this corresponds to an angle slightly 
larger than the adopted residual angle of shearing resistance of 13⁰. On the passive downslope side 
the slip surface forms an angle of approximately 39⁰ , which for 45 −  𝜑𝜑′/2 is in close agreement 
with the adopted residual angle. The contour plot shows large deviatoric plastic strains developing 
along the two intersecting “active” and “passive” surfaces, with developed strains in excess of 20%. 
The pile in this “v”-shaped mechanism moves not only lateraly, but also vertically; this can be seen 
by close inspection of the displacement vectors in Figure 4d. The contour plot for the non-softening 
analysis (Figure 4a) shows some strain concentration around the pile, however much higher strains 
have developed along the shallow slip surface, indicating that ultimately that will be the critical slip 
surface.  

Significant improvement to the time to failure is seen also in Mechanism 3, with ranges of 233-370 
and 120-163 years prior to failure for the non-softening and strain-softening analyses respectively 
(Figure 8). For the strain-softening set of analyses, this mechanism corresponds to mid-slope 
locations. The v-shaped failure pattern is only partly developped, mainly in its active part, while 
significant strain concentrations are observed in the vicinity of the toe (Figure 5b), with a secondary 
shallow slip surface forming upslope from the pile. For the non-softening case, there is some 
evidence of the active part mechanism forming (Figure 5a), however the critical slip surface is a 
shallow one which develops both below the pile towards the toe as well as upslope towards the 
crest.   

The piles offer a modest increase to the time to failure in Mechanism 4, with ranges of 80-174 and 
57-97 years for the non-softening and strain-softening analyses respectively. The pile-soil interaction 
is limited, particularly for the strain-softening case, and the failure mechanisms resemble to a large 
degree the corresponding mechanisms for the slopes without piles seen in Figure 2. This 
resemblance becomes even more pronounced in the case of mechanicsm 5, in which the failure is 
downslope of the pile without signs of interaction with the pile for both soil types. In both analyses 
the pile offers a very minor increase in time to failure (Figure 8).  

Figure 9 plots the bending moment distribution at the last increment of the analysis for a 
representative pile position of each mechanism (for constistency the same positions previously 
considered in Figures 3 to 7). For both soil types, the bending moment diagrams indicate very low 
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values along the pile length for mechanisms 1 and 5, confirming the previously noted limited pile 
interaction with the failure mechanism. Interestingly, the bending moment distribution for 
mechanism 4 indicates some interaction with the surrounding soil for the non-softening case, while 
for the strain-softening case the distribution is similar to ones seen for mechanisms 1 and 5. For both 
soil types, the highest bending moments are predicted for mechanisms 2 and 3, in which the pile 
presence dominates the development of the slip surface. For all cases, however, the predicted 
bending moments are well below the bending moment pile capacity for the considered pile 
dimensions, assuming adequate reinforcement, which is estimated to be 2584kNm (Summersgill 
2015). It is very interesting to note the differences in the bending moment distributions for the two 
soil types, focusing on mechanism 2. The non-softening case corresponds to a negative bending 
moment distribution with a single stationary point, caused by large horizontal displacements at the 
upper part of the pile, consistent with the trend depicted in the incremental displacement vectors of 
Figure 4c. The bending moment distribution is more complex for the strain softening case, with 
positive values in the lower part of the pile and negative ordinates of lower absolute value in the 
upper part. This distribution can be explained considering the previously identified “v-shaped” 
failure mechanism which characterises the strain-softening case. As seen in Figure 4d, the base soil 
wedge moves vertically offsetting the lateral movement from the soil upslope of the pile.              

Time of pile construction 

In all the previous analyses, the pile is constructed immediately after the excavation of the cutting. 
This is a common scenario when the piles are used as a preventive measure to extend the stability 
period of a slope of design dimensions that render it vulnerable to a potential subsequent failure. On 
the other hand when the piles are used to remediate an existing slope that has been identified as 
unstable, then the piles will be placed possibly decades after excavation. Summersgill et al (2018) 
showed that the time of pile construction plays a crucial role in the effectiveness of pile stabilisation 
when considering a strain-softening material. The parametric analyses of Summersgill et al (2018) is 
repeated herein for the non-softening case to examine whether the time of pile construction is as 
dominant parameter as in the case of strain-softening soil. The parametric analysis involves 
constructing the 15m long pile at location 9 after different periods of consolidation of 10, 20, 30 and 
40 years after slope excavation.   

Figure 10 plots the horizontal displacement of the mid-slope surface point over time for pile position 
9 after varied periods of consolidation for both sets of analyses. Clearly the time of pile construction 
does not seem to affect the time to slope failure in the non-softening case, as in all cases failure was 
not depicted during the considered time period of 465 years. The evolution of the mid-slope 
horizontal displacement is also fairly insensitive to the time of pile construction. The time of pile 
construction has a pronounced effect on the strain-softening case, with the time of failure varying 
from 52 years to 142 years. For reference, the analysis with no pile is also shown which leads to 
failure 40.6 years after excavation. The greatest improvement in stability occurs when the pile is 
placed immediately after slope excavation with a time to failure of 142 years. When the pile is 
placed 10 years after the slope excavation there is still a large improvement in stability, as the time 
to failure is 117 years while a pile placed 20 years after slope excavation almost doubles the lifetime 
of the slope (time to failure equal to 78 years) with respect to a slope with no piles (time to failure of 
40.6 years). A pile placed 30 years after excavation however, only increases the time to failure by 
just over 10 years (time to failure equal to approximately 52 years).   

Figure 11 plots contours of accumulated deviatoric plastic strain at the last increment of the analysis 
for cases with the pile constructed at 10 years after excavation and at 40 years after excavation. For 
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the strain softening soil the failure mechanism and, therefore the associated stress redistribution is 
evolving significantly with time, which is not the case for the non-softening soil. The pile is 
essentially constructed at different evolution stages of the instability mechanism in the strain 
softening case. The pile interacts with the mechanism when constructed 10 years after excavation 
developing the characteristic “v-shaped” pattern (Figure 11b), but there are no signs of interaction 
when the pile is constructed after 40 years (Figure 11d). In fact, in the latter case the mechanism 
resembles strongly the no-pile analysis (compare with Figure 2b). On the other hand for the non-
softening case the level of soil pile interaction appears to be very similar irrespectively of the time of 
construction (Figure 11a and Figure 11c). For the non-softening case the elapsed time is not as 
important in the development of the failure mechanism.. These observations are linked closely with 
the bending moment diagrams at the last increment of the analysis of Figure 12. For the strain 
softening case, the bending moment is a similar shape and magnitude for analyses with pile 
construction after excavation after 10 years and 20 years, which the bending moment distribution is 
significantly different when the pile is constructed 30 or 40 years after excavation. On the other 
hand for the non-softening case, the bending moment diagram is insensitive to the time of pile 
construction, confirming the interaction of the pile with the surrounding soil does not change 
significantly with time.   

Finally the variation of FoS with time was also examined for the analyses of variable time pile 
construction, by undertaking FoS analyses at distinct time instances during the consolidation period 
(Figure 13). This provides a comparison of relative improvement in stability after the same period of 
soil consolidation. The non-softening analyses show an initial jump, which implies an improvement 
in stability when the pile is first constructed, following then the same curve with identical FoS values 
irrespectively of the time of pile construction. This is in agreement with the previous observation 
that the time of pile construction does not affect the time to failure for the non-softening case. The 
initial benefit in stability from the pile construction is also seen in the strain-softening results, but 
the remaining patterns differ distinctly. For the analysis with a pile constructed 10 years after 
excavation, the immediate value of FoS is higher than that for the analysis with the pile constructed 
10 years earlier (i.e. directly after excavation). If however longer periods of consolidation are 
considered the resulting FoS values are very similar with the pile constructed 10 years past 
excavation yielding slightly lower values than the pile after excavation analysis. Consistently with 
previous observations, a pile constructed 40 years after excavation offers very minor increase in the 
FoS value, while 10 years later the stability increase elapses completely. These results indicate that 
selecting the appropriate time to assess the FoS improvement provided by a pile is complex in the 
case of strain-softening soil, but an insignificant factor in the case of non-softening soils.   

Conclusions 

Most of the existing design procedures for slope stabilisation with piles adopt simplified models and 
do not consider how soil behaviour can affect the soil-pile interaction. An extensive parametric study 
was undertaken herein to highlight the distinctly different stabilisation mechanisms developed when 
piles are constructed in slopes composed of either non-softening or strain- softening soils. The 
optimum pile location and time of pile construction were examined systematically for both soil 
types, employing London Clay as a representative strain-softening material. The comparison of the 
two soil types was based on a set of non-softening properties which result in a similar time to failure 
(without any piles) to the case of the strain-softening slope. The slope stability mechanism in the 
non-softening case involves a single circular slip surface, while in the strain-softening case a 
bifurcated slip surface develops with the most critical being its shallowest branch. The parametric 



 10 

analyses have shown qualitatively the evolution of soil-pile interaction and the associated failure 
mechanisms. Further factors to consider, is the impact of stiffness variation, creep as well as 3D 
effects which have not been considered in this study. Long-term monitoring of such stabilisation 
schemes is necessary and would provide an invaluable insight in these aspects of the problem.  

 

Based on the computed values of both the time to failure and the FoS, the pile position has a 
significant impact on the stabilising effect of the pile. The pile should be designed to interact with all 
potentially critical slip surfaces. For the strain-softening case the pile is most effective when a “v-
shaped” mechanism surrounding the pile is developed which involves an active upslope and a 
passive downslope part. While there is some evidence from the contours of accumulated deviatoric 
plastic strains that such a “v-shaped” mechanism is developing also in the non-softening case, the 
prevailing mechanism involves a more classic circular slip surface.  

The importance of the soil-pile interaction on the effectiveness of the stabilisation was also 
demonstrated considering the bending moment response of the pile. In those pile positions where 
the pile does not interact with the failure mechanism, there is limited increase in the time to failure 
which is also associated with low bending moment values in the piles. Based on the computed FoS 
values and time to failure, it was shown that for slopes in strain-softening materials the pile should 
be placed between the mid-slope and the toe of the slope, although not exactly at the toe of the 
slope. For slopes in non-softening soils the optimum pile locations are at the mid-slope area in 
agreement with previous studies. This deviation in the optimum pile location between the two soil 
types further highlights the inadequacy of the simplified procedures which can only address the non-
softening cases.  

The time of pile construction was found to be very influential on the effectiveness of pile 
stabilisation for the strain-softening cases, but to have a minimal impact on the stability of the non-
softening cuttings. In the former case, it was found that if the slip surface had developed beyond the 
pile location prior to pile construction, the pile did not significantly alter the existing strain 
distributions and the original failure mechanism persisted. This occurs as a result of the strain 
softening behaviour of the soil encouraging the continued development of a slip surface once it has 
begun. The time dependence of the developed mechanism is limited in the non-softening case and 
therefore the timing of pile construction does not influence the pile-soil interaction. Therefore the 
time of pile of construction is not an important design parameter for a non-softening material, but it 
is a crucial design parameter for slopes in strain-softening materials. This finding has clearly 
important implications for the design of stabilisation works aiming to prolong the lifetime of existing 
infrastructure.  

The analyses results demonstrate that the interaction of a vertical stabilisation pile and slope is 
complex, particularly in strain-softening materials where the developed failure mechanism evolves 
significantly with time. The pile construction does not provide a single stabilising action at the 
intersection with the critical slip surface of the unstabilised slope. Moreover, the pile is most 
effective in extending the stability of the slope when the failure mechanism is significantly altered by 
the presence of the pile. This was true for both soil types, but more pronounced for the strain-
softening case where a clear “v-shaped” mechanism develops in the vicinity of the pile.  

These findings challenge some of the current design procedures for these piles, which treat the pile 
only as an additional force or moment and simplify soil/pile interaction, while they do not consider 
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the impact of strain-softening behaviour. An oversimplification in the analysis could miss the critical 
failure mechanism leading to an unconservative design.  
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Tables 

Table 1: Soil Properties 

Property Assumed value 
Bulk Unit weight, γ 18.8kN/m3 
Poisson’s ratio, μ 0.2 
Young’s modulus, E 25(𝑝𝑝′ +100) (min 4000kPa) 
Angle of dilation, ψ 0 
Coefficient of permeability, k k0 = 5x10-10m/s, b = 0.003m2/kN 
  
Strain-softening soil  
Peak strength (bulk) 𝑐𝑐𝑝𝑝′ = 7kPa,    𝜑𝜑𝑝𝑝′ =20o 
Residual strength  𝑐𝑐𝑟𝑟′  = 2kPa,   𝜑𝜑𝑟𝑟′=13o 
Deviatoric plastic strain, Ed peak 5%,     residual 20% 
  
Non-softening soil  
Strength parameters 𝑐𝑐′= 2kPa,   𝜑𝜑′=19o 

 

Table 2: Failure mechanisms depending on the pile location for the non-softening analyses 

Mechanism  Pile position Type of failure 
1 1-6 above pile failure 
2 7-12 above and below pile movements (no 

failure) 
3 13-18  above and below pile failure 
4 19-23 below pile failure with  

pile interaction 
5 24-26 below pile failure without  

pile interaction 
 

Table 3: Failure mechanisms depending on the pile location for the softening analyses 

Mechanism  Pile position Type of failure 
1 1 above pile failure 
2 2-6 extended toe and above pile failure 
3 7-14  above and below pile failure 
4 15-20 below pile failure with some  

pile interaction 
5 21-26 below pile failure without  

pile interaction 
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Figures  
 

 

 

Figure 1: FE mesh with mechanical and hydraulic boundary conditions. 

 

 

 

 

Figure 2: Accumulated local deviatoric plastic strain contours at the final increment for a no-pile analysis (a) non-softening 
analysis (b) strain-softening analysis. 
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Figure 3: Accumulated local deviatoric plastic strain contours and incremental displacement vectors at the final increment 
for mechanism 1 (left) non-softening analysis (P1) and (right) strain-softening analysis (P1). 
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Figure 4 : Accumulated local deviatoric plastic strain contours and incremental displacement vectors at the final increment 
of the analysis for mechanism 2 (left) non-softening analysis (P9) and (right) strain-softening analysis (P3) showing the 

characteristic v-shaped pattern. 
  



 20 

 

 

 

Figure 5: Accumulated local deviatoric plastic strain contours and incremental displacement vectors at the final increment 
for mechanism 3 (left) non-softening analysis (P15) and (right) strain-softening analysis (P12) showing the characteristic v-

shaped pattern. 
. 

 

 

 

Figure 6: Accumulated local deviatoric plastic strain contours and incremental displacement vectors at the final increment 
for mechanism 4 (left) non-softening analysis (P20) and (right) strain-softening analysis (P20). 
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Figure 7: Accumulated local deviatoric plastic strain contours and incremental displacement vectors at the final increment 
for mechanism 5 (left) non-softening analysis (P24) and (right) strain-softening analysis (P24). 
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Figure 8: Time to failure for all pile locations and factor of safety evaluated after 30 years of 
consolidation (a) non-softening soil (b) strain softening soil 
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Figure 9: Bending moment distribution induced in pile for example locations of each mechanism at the end of each analysis 
(a) non-softening (b) strain-softening 
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Figure 10: Horizontal displacement of mid-slope over time for pile position 9 after varied periods of consolidation, (a) non-
softening soil (b) strain-softening soil 
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Figure 11: Accumulated local deviatoric plastic strain contours at the final increment for P9 with pile construction after 
different periods of consolidation; 10 years (a, b) and 40 years (c, d), (left) non-softening analysis and (right) strain-

softening analysis. 
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Figure 12: Bending moment distribution induced in pile at the last analysis increment for different pile construction times (a) 
non-softening (b) strain-softening 
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Figure 13: Variation of FoS with time for analyses with a pile constructed after varying periods of consolidation, (a) non-
softening analyses and (b) strain softening analyses 

 

 

 


