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ABSTRACT
Slope failures or landslides often result in extensive damages to the property lying on the slopes
or in the close proximity, and may cause loss of human life. Recently, several cracks were
observed along the stem of retaining structures protecting a very old and important structure
located in one of the prime locations in Mumbai, India. This structure had been lying on a slope
of 30 meters height and sloping at angle varying from 50 to 70 degree with horizontal. This
structure has been classified as a heritage structure. The cracks developed are most probably due
to the soil movement occurred over a period of time. Three boreholes were dug on the site, and
the borehole data shows that the top layer soil comprises of filled up soil and gravels up to 1
meter depth and beneath that, sandy clay with small boulders were noted up to around 11 meters.
As the site is very sensitive, a detailed site investigation, to map critical slip surface is not viable.
A close look at the borehole logs suggest the presence of clay with small rock fragments up to 11
meters depth which in all likelihood, causes the slope instability, especially in rainy season.
Considering the project location, topography and soil stratification, the implementation of
staggered discrete piles of 15 meters length would be a viable solution to restrict further
movement of the slope, and present distress to the main structure. The proposed solution is
numerically analysed and discussed in the study. A detailed description on the selection of
embedment depth, spacing and diameter of piles, and its location on the slope is analysed as
well.
INTRODUCTION
Several ground improvement techniques had been developed for stabilizing slopes in the past
few decades. However, the determination of the most critical failure surface of a slope is still a
challenging task for geotechnical engineers, in view of the non-homogeneity of soil, layered soil
deposits, etc. More recently, laterally loaded piles are successfully used to mitigate the slope
instability issues. The piles embedded on slopes will serve as an effective reinforcement to the
slope, and enhances the factor of safety against shear failure. The successful use of this method
has been described by several researchers (for example, Esu and D’Elina 1974; Ito and Matsui
1975; Sommer 1977; Nethero 1982; Morgenstern 1982; Ito et al. 1982; Gudehus and Schwarz
1985; Reese et al. 1992; Rollins and Rollins 1992; Poulos 1995). Sharafi and Sojoudi 2016,
carried out both experimental and numerical studies of pile-stabilized slopes under surface load
conditions. The design aspects of the pile and pile groups used for slope stability were mentioned
by Poulous 1995; Hassiotis et al. 1997; Kourkoulis et al. 2011; Mujah et al. 2013. Numerical
studies conducted by Kourkoulis et al. (2011) focused on implementation of staggered piles for

slope stability. For staggered piles, the rear (trailing) pile is not positioned directly behind the
front piles, but at mid-distance between the front piles (Figure 1). This arrangement diminishes
the shadow effect and imparts increased resistance to soil movements. The multiple soil arching
effects that can develop for this configuration will in turn increase the resistance to the soil
movement (Chen and Poulos 1993; Bransby and Springman 1999; Chen and Martin 2002).
Recently, several cracks were observed on the retaining structures adjacent to a very
important structure located in Mumbai, India, resting on a slope of 30 meters height and of
sloping angle varying from 50 to 70 degree with horizontal. The cracks would indicate the
possibility of a very gentle soil movement. The further movement of slope can lead to failure of
the existing slope and thereby causing a threat to the existing buildings located on the slope. The
slope was numerically modelled in Plaxis-3D to simulate the existing ground conditions and soil
properties. Staggered piles are proposed as a ground improvement technique, and safety factors
and location of critical failure surfaces on the slopes are obtained for various combinations of
arrangement of staggered piles.
SIMULATION OF IN-SITU CONDITIONS
Soil Profile
The plot is situated on a hilly terrain with sloping angle of 50˚ to 70˚ to horizontal, with a level
difference of around 30.00 meters between upstream ground level and downstream ground level.
Three boreholes were dug at the site as part of the ground investigation. Based on the soil
investigation, it is noted that the top layer of slope comprises of filled up soil with silty clay and
gravels up to 1.00 m depth. The presence of sandy clay with small boulders/rock fragments are
noted up to 10.40 to 11.00 m depth from existing ground level, underlain by a weathered rock
deposit.
Soil Properties
For the analysis, length of the model (perpendicular to the cross-section of slope) is considered
as 25 meters and its height as 30 meters, which comprise of three subsequent layers (clayey silt
with gravels, silty sandy clay and weathered rock). Surcharge loadings of 25 kPa, 12.5 kPa and
10 kPa are provided on the top surface of the slope to simulate the actual loading due to existing
buildings. Figure 2 shows the geometry of the slope model and properties considered for
different layers are listed in Table 1. Embedded pile is composed of beam elements that can be
placed in arbitrary direction in the sub-soil and that interacts with the sub-soil by means of
special interface elements. The interaction may involve skin resistance as well as base resistance.
Although an embedded pile does not occupy volume in modelling, a particular volume around
the pile (elastic zone) is assumed in which plastic soil behavior is excluded. The size of this
(equivalent) zone is based on the pile diameter, and corresponding embedded pile material data
set. The installation effects of piles are not considered in the analysis.
Table 1 Soil properties considered for numerical modelling
Clayey silt
Silty sandy clay Weathered rock
with gravels
Depth from the surface
0 m (top layer)
1.5 to 2.5 m
6 to 10 m
Constitutive model used
Mohr- Coulomb Mohr-Coulomb
Mohr-Coulomb

Cohesion, C (kPa)
Angle of internal friction,
Φ
Bulk unit weight, γbulk
(kN/m3)
Saturated unit weight, γsat
(kN/m3)
Young’s modulus, E (kPa)

29 kPa
32˚

32 kPa
33˚

37 kPa
35˚

17.62

19

22

19

21.5

23

3.2x104

3.5x104

4.7x107

Poisson’s ratio, ν

0.35

0.25

0.25

(a)
(b)
Figure 1 Staggered arrangement of piles on slope
(a) Cross-sectional view (b) Top view
METHODOLOGY
Modelled slope is checked for the factor of safety and the critical failure surface is determined.
The critical slip circle for the natural slope, without ground improvement, is shown in Figure 3.
To increase the resisting force against sliding, laterally loaded staggered piles are installed on the
sloping surface, which act as reinforcement. Analyses are done on plies placed at different
locations. Other parameters like diameter of pile and its centre-to-centre spacing are varied and
analysed to obtain an optimized solution of ground improvement. Phi-C reduction method is
used for the analysis of factor of safety. The parameters, cohesion (C) and tan Φ and are reduced
during calculation, until failure of the slope occurs. The properties of reinforced concrete piles
used for the slope stabilization are given in Table 2. Considering the soil and rock properties as
well as the obtained critical slip circle for the existing slope, the length of pile is taken as 15
meters. Figure 4 shows the Finite Element Meshing for the slope. Layer of silty sandy clay
beneath the top soil layer is hidden in the figure to show the arrangement of staggered piles
embedded on the slope.

Figure 2 Geometry of slope model used in the analysis

Figure 3 Output window of the safety analysis for the
slope without staggered piles
Table 2 Properties of piles considered
Unit weight, γ (kN/m3)
25
Young’s modulus, E (kPa)
2.57 x 107
Material
Steel Reinforced Concrete
Diameters, D (m)
0.3, 0.5
Center-to-center spacing of piles, S (m)
3D, 4D, 5D
Length of the pile (m)
15

Figure 4 Finite Element Mesh used for safety analysis
(Interlayer is hidden to show the embedded piles)
RESULTS AND DISCUSSION
Factor of safety against sliding for the existing slope (unreinforced slope) is found to be 1.256,
and the corresponding critical slip surface is shown in Figure 3. Different locations considered
for the embedment of piles are L’/L = 0.4, 0.5, 0.6 and 0.8, where L’ is the distance to the
midway between two rows of staggered piles measured from the toe of the slope and L is the
slanting length of the slope, as shown in Figure 1. Reinforced concrete piles of 0.3 m and 0.5 m
diameters (D) are modelled. For each case different center-to-center spacing (3D, 4D, 5D) are
considered in the analysis. Comparative studies are conducted and an optimum location,
diameter and spacing of staggered piles are suggested considering the site conditions and
practical aspects. The factor of safety of the reinforced slope can be found as a function of pile
diameter (D), center-to-center distance between the piles (S) and the location of the pile. The
effects of these parameters on the factor of safety of the slope can be expressed conveniently by
plots; (i) factor of safety versus L’/L ratio (Figure 5) and (ii) factor of safety versus S/D ratio
(Figure 6).
Variation of Factor of Safety with location of staggered piles
Figure 5 illustrates the variation of Factor of Safety with the location of staggered pile group.
Sharafi and Sujoudi (2016) conducted experimental and numerical studies for homogeneous
slope and observed that the factor of safety will be maximum when the piles are embedded at
midway between the toe and the crest (L’/L= 0.5). Many other researchers have also reported the
same. However, the results for this site specific analysis shows that the maximum factor of safety
is observed for the case of L’/L = 0.4. As the location of staggered pile group is shifted from
L’/L = 0.4 to L’/L = 0.5, it has been observed in all the cases that the factor of safety decreases
from its maximum value by around 10% and 18% for 0.3 and 0.5 diameter piles, respectively.
Factor of safety increases and again falls down as the location of staggered pile group shifts from
the center to the crest of the slope (i.e. the change in L’/L value from 0.5 to 0.6 and finally to
0.8). This variation is more evident in the case of piles having diameter 0.5 m. The results shows
that the percentage of variations is same for all center-to-center spacings.
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Figure 5 Factor of Safety v/s Location of pile group (L’/L):
(a) for pile diameter 0.3 m (b) for pile diameter 0.5 m
Variation of Factor of Safety with center-to-center spacing (S)

1.7

1.6

1.6

1.5

FoS

FoS

1.5

1.4

1.4

1.3

1.3

1.2

1.2
2.5

3

3.5

4

4.5

spacing / dia (S/D)

5

5.5

2.5

3

3.5

4

4.5

5

5.5

spacing / dia (S/D)

(a)

(b)
Figure 6 Factor of Safety v/s S/D:
(a) for pile diameter 0.3 m (b) for pile diameter 0.5 m
Figure 6 shows the variation of factor of safety with the spacing between piles. All the
results shows that the factor of safety decreases slightly as the spacing increases from 3D to 5D.
The results can be considered as site specific as they mainly depend on the profile and properties
of soil and weathered rock layers considered. Though, few researchers observed the optimum
location of pile group for slope stability as the midway between crest and toe, the maximum
value of factor of safety observed for this case study is L’/L = 0.4. This can be due to the high
embedment depths of piles into the weathered rock strata. A noticeable decline in the factor of
safety is observed as the location is changed from L’/L = 0.4 to L’/L = 0.5. However, the factor
of safety again increases when the piles are located between L’/L = 0.5 to L’/L = 0, and beyond
this zone, the factor of safety continuously reduces to a minimum value as the location of

staggered piles approaches the crest. Moreover, the reduction in factor of safety is observed as
the center-to-center spacing between piles increases.
The maximum value of factor of safety observed among all the combinations considered
in the present study is for staggered piles of 0.5 m diameter with a spacing of 3D, at location
L’/L = 0.4. However, Kourkoulis et al. (2011) emphasized an optimum centre-to-centre spacing,
S, as 4D, as it has the largest spacing required to produce soil arching between piles, so that the
soil between piles will be adequately retained. In view of the above recommendation, and
keeping the practical difficulty in implementing 3D spacing in this particular case, it can be
concluded that the optimum solution is to provide staggered piles of 0.5 m diameter with 4D
center-to-center spacing at location L’/L = 0.4.
CONCLUSIONS
The threat due to slope instability near an important building located near the top portion of an
existing slope in Mumbai, India, was analysed. The need of reinforcement of the slope was
confirmed by numerical modelling using PLAXIS 3D, and numerical analyses are carried out to
obtain the optimum location, diameter and center-to-center spacing of piles in staggered
arrangement. The results confirm that optimum solution is to provide staggered piles of 0.5 m
diameter with 4D center-to-center spacing at location L’/L = 0.4.
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