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Abstract. Construction activities at the toe of the slope such as excavations for
road, rail and bridge construction is a leading factor to reduce the natural slope
stability. Which fails when shear stress is more than the shear strength of soil
slope. Thus, rigid columns can be regarded as an appealing mechanism for earth
slopes stabilization with toe excavation. Furthermore, it is cost effective and sim-
ple to implement. The main objective of this study is to investigate the effective-
ness of rigid columns on improving the slope stability. Using PLAXIS 3D, a finite
element model of the slope and excavation at the toe of the slope with rigid column
insertion is modelled. Geometric variations were carried out to investigate the po-
tential for optimization. According to various parametric studies, embedment
depth, diameter, and center to center spacing of columns are causing shift in failure
mechanism. This paper presents a finite element analysis to predict the forces, dis-
placements, and moments on columns caused by toe excavated slope. Finally, the
optimal column layout is determined by the contributions of columns at various
depths beneath the ground.

Keywords: Rigid column; Finite element analysis; embedment depth; optimiza-
tion; failure mechanism.

1 Introduction

The slope's overall stability condition will be represented by the safety factor's weakest
value. Similarly, the slope might be locally stable if a safety factor larger than one is
determined along any potential slip surface that covers a particular region of the slope.
A marginally stable slope requires attention, monitoring and engineering interventions
like slope stabilisation techniques to minimize the possibility of a slope failure and en-
hance safety. The global or local marginal safety values that are close to 1 indicate this.
The fundamental steps in the creation of infrastructure are soil excavation and reclama-
tion. Therefore, managing these excavated soils that are released during building projects
is a crucial factor in geotechnical engineering. Therefore, determining whether the issue
is one of a certain instant or if development is the key to the study is necessary for the
analysis of a slip. The stability of natural slopes is an issue that has attracted the attention
of the geotechnical community up to this point. Landslide risk management and assess-
ment of landslide risk and hazard are both becoming more and more necessary. Through
a variety of analytical and approximative techniques, analyses have been used to deal
with the variability of soil parameters. The shear failure mechanisms of embankment
slopes and natural excavations or slopes depend on the shape of the rupture surface. In
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all cases, the stability calculations are carried out in short-term total stresses and in long-
term effective stresses. A ground improvement technique called rigid inclusions uses
columns with high deformation moduli built through compressible soils to decrease set-
tlement and boost bearing capacity [18]. This enables the sustaining of structures on
compressible soils with shallow foundations. Construction of structures may typically
begin right away following ground improvement since stiff inclusions in the soil reduce
settlements extremely effectively. The stiffness relationship between the soil and the
columns determines how effectively the ground is improved. A load transfer platform or
stiff foundation transfers the structure's load to the soil and columns.

2 Validation

The study on analysis and stabilization of toe excavated slopes using rigid columns using
PLAXIS 3D as a FEM software which helps us to analyse the structure completely with
field properties. In this study a toe excavated slope is considered and it was stabilized by
inserting rigid columns on the sloping surface. Change in various parameters of rigid
columns with respect to factor of safety deals with this study. Modelling is done for soil
strata with slope and pile. For the validation of the software, PLAXIS 3D was used [4].
Here the values obtained in the literature is cross checked with laboratory results and
results from our software. The model obtained from PLAXIS 3D while validating is
given in Fig.1. This numerical modelling technique to study this phenomenon is the
three-dimensional finite element approach, which can describe the interaction between
piles and soil under lateral loads as well as the impact of slope. In this section, Plaxis3D
was used to model a laterally loaded pile that was implanted close to a slope. The crea-
tion of a numerical database is the goal of this numerical modelling. Because of this,
they used the experimental model to support our numerical modelling. An embedded
pile in sand serves as our model with unit weight of pile as 25 kN/m? and young’s
modulus of 35000 kN/m?2. Its dimensions [4] are 5.0 m in length and 0.5 m in diameter.
The slope H has a height of 6 metres and a 2/3 angle. According to the experimental
model, the pile's flexural stiffness is 741 x 108 (N/m?).

Fig.1. Model of slope in PLAXIS 3D
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A similar model was simulated in PLAXIS 3D as shown in Fig.2 [4] and the results of
lateral load response thus obtained was compared with that obtained by the author and
that with the results obtained from laboratory were also compared using the load dis-
placement curve.
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Fig.2. Correlation between the Journal, experimental and calculated

Fig.2 gives the clear idea about the results obtained during validation compared with
results between journals, experiments and calculated.

3 Modelling

From a model, the work continues to obtain the result. This study consisting of total of
64 models and thus obtained the optimum result of the study conducting. Here the study
is done with the help of PLAXIS 3D software, which is based on the finite element
method. The obtained geotechnical properties were given as the basic properties of soil.
The slope dimensions were taken as 6m x 6m at top and 10m x 6m at bottom of slope,
with the height of 6 m respectively. The working load given on the top of the slope is
taken as 80 kN/m? and the 20 kN/m? arround the excavation at toe. the slope angle is
taken as 45° and the embankment dimension is taken as 12m length with 6m width and
height of 3m respectively.
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Table .1. Properties

PROPERTY RESULT
Moisture Content 33.4%
Specific Gravity 2.71

Liquid Limit 64%

Plastic Limit 21%

Plasticity index 43%

Type of Sail CH

Maximum Dry Density 1.352 g/cm?®
Optimum Moisture Content 15.87%
Eso 200 kPa
Angle of Internal Friction 2.67°
Cohesion 53.4 kPa

Various geotechnical investigation on the soil sample was done at laboratory and several
obtained results were tabulated on Table.1. All these tests were done based on Indian
standard code. Based on these results, the next stage of project was done.

Fig.3. Model of slope with Excavation

The initial model without rigid column is given in Fig.3 above. By the introduction of
rigid columns, the stability increases on a greater basis. But there arises a constraint of
using of most economical number, size and dimension of rigid columns. Thus, for each
selected diameter all the columns with various lengths and spacing were modelled.
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3.1 Change in Diameter

Normally the rigid columns were compared with that of piles as well as with stone col-
umns. Usually, the stone columns were having the diameter ranging from 0.8m to 1m
respectively. Table.2 shows the various diameters taken for this analysis based on sev-
eral studies. The piles are used to bypass the load from the structure to soil where the
rigid columns are used as a reinforcing member which doesn’t transmit load directly to
soil [6]. As rigid columns are not having much larger diameter, the process of installation
will be easy as compared with other two.

Table.2. Change in Diameter

PARAMETER VALUE
0.5
. 0.6
Diameter (m) 0.7
0.8

3.2. Change in length

The columns can vary their lengths based on conditions. The variation in length was
considered from 6D to 9D. Here the range of value [19] starts from 6D because, the up
to this value there were not much change. Fig.4 Shows the model corresponding to rigid
column with 4.2 m length and 0.5 m diameter and rigid Column with 4m length and 0.5
m diameter.

Fig.4. Rigid column with 4.2 m and 4m length

3.3. Change in Spacing

Spacing is the next factor to be noted while finding the optimal result. The spacing may
vary initially from 2D to 5D, where D denotes the diameter. The change in spacing is
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depicted clearly in the Fig.5 and Fig.6, respectively. As the factor of safety depends on
length of the columns also. Fig.7 shows the detailed plan view of model showing varia-
tion in spacing between columns.

Fig.5. Rigid columns with 0.8m Fig.6. Rigid columns with 0.7m
diameter and 7.2m length diameter and 5.6m length

Fig.7. Spacing of 1.6m and 3m

The size of excavation chosen is 12m x 6m in plan and 3m in depth. The working loads
on the soil depends on the machineries used for excavating the soil. It is simulated as a
surface load of about 20kN/m? in magnitude acting on the sides of the excavation. Hence
there are 64 models in total with various change in parameters. Corresponding to each
diameter, the length varies and for each length spacing also changes.

4 Results and Discussion

For Obtaining, the optimum value of factor of safety and analyse the overall structure
with the introduction of rigid column in the slope the analysis is doing. Analysis is done
at staged construction which means the construction of a project in phases, with each
phase resulting in one or more structures built individually or together, regardless of
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whether later phases of the project are authorized. The staged construction includes the
steps in which the conditions under analysis are simulated. The first phase includes the
activation of soil and slope. The next phase includes activation of excavation, load on
slope, working load. The further phases include activation excavation and bracing at
different levels alternatively and the activation of working loads near the foundation.
The final phase includes the activation of slab at the bottom of the excavation. Once
staged construction is completed, the calculation can be performed, and the results can
be obtained. FOS obtained corresponding to 0.5m, 0.6m, 0.7m and 0.8m diameter, in
range of 64 models.

4.1 Factor of safety
Factor of safety corresponding to various parameters were found out and Fig.8 shows

the variation in spacing and length corresponding to 0.5m diameter, Fig.9, Fig.10 and
Fig.11 gives values corresponding to 0.6, 0.7 and 0.8m respectively.
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Fig.8. FOS corresponding to 0.5 m diameter

From the various graphs, it is much clear that the factor of safety increases as the spacing
decreases with respect to length of columns. The increase in column diameter increases
the factor of safety up to certain limit of length. This is because, as the diameter of col-
umn increases with increase in factor of safety. But with greater material requirements,
the cost became concern. While reaching the length about 6.4m with diameter of 0.8m,
the value of factor of safety decreases from the range of value. As the spacing also plays
a role that, with lesser spacing having larger safety factor value and vice versa. Accord-
ing to Indian standards the factor of safety should be greater than 1 for a safer slope and
maximum up to 1.5 at special conditions.
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Fig.9. FOS corresponding to 0.6m diameter
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Conclusions

Here the slope is made stable with the help of rigid columns embedded into certain depth.
From various studies, it is much clear that stability can be improved with the help of this.
Rigid columns were made of concrete, and it is having higher bending strength and the
analysis was done with the help of PLAXIS 3D software. A detailed parametric study
was held to obtain the optimal result for the practical situation. Thus, for understanding
the better section from all these results, these conclusions were obtained:

As there is an increase in column length, the factor of safety increases. And
with increase in spacing, which effects the stability of the slope as such

Factor of safety reduces, when the length of column exceeds the limit of 6.4m
with column diameter of 0.8m

At 0.8m diameter the value of FOS reduces by 4.6%. And length upto 7D, the
FOS increases

The maximum FOS obtained is about 1.477 corresponding to 0.8 m diameter
with 1.6m spacing and 4.8m in length

By introducing rigid columns, the factor of safety changes from 1.266 to 1.440
with an increase of 12%
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