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ABSTRACT 

Over the past two decades, installation of granular columns has emerged as an effective ground 

improvement technique for improving the load-bearing capacity, control of settlement, and drainage in 

soft soils. However, studies related to numerical simulation of staged construction of embankment on 

granular column reinforced soft ground using field-based data, particularly those accounting for the 

dissipation of excess pore water pressure during the construction of embankment layer, remains limited. 

To address these limitations, in the present study, an axisymmetric finite element (FE) model is 

developed to analyse the load-bearing capacity and settlement behaviour of embankments on granular 

column-reinforced ground with deep soft Holocene clay deposits along the eastern coast of Australia. 

The stresses and settlements are computed at the top of the granular columns and the soft soil to 

investigate the load-bearing mechanism of the soft soil reinforced with granular columns system due to 

the overburden stresses imposed from the embankment self-weight. Results show that the higher 

stresses are effectively mobilized at the top of granular columns, reducing the stress concentration in 

the soft soil.  Additionally, a comparison of different arrangements of the granular columns in the soft 

soil provides crucial insights to the practitioners on optimal configurations of these columns. 
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1. INTRODUCTION 

The increasing global population and growing 

demand for transportation infrastructure have 

led to the construction on soft ground profile, 

which are inherently compressible in nature and 

considered as unsuitable foundation medium. 

The soft soils, characterized by low bearing 

capacity and high compressibility, require 

ground improvement and modification to 

improve the existing subsoil conditions. Among 

the various techniques, the installation of 

granular columns has emerged as an effective 

alternative for improving the soft soils for 

construction of embankments. Numerical 

(Castro & Karstunen, 2010; Hosseinpour et al., 

2014; Murugesan & Rajagopal, 2006; 



Schweiger & Pande, 1986; Zhang et al., 2024) 

and experimental  (Ambily & Gandhi, 2007; 

Ghosh et al., 2021; Mohanty & Samanta, 2015) 

studies have investigated the behaviour of 

railway embankment on soft soils reinforced 

with granular columns. These studies provide 

insights into the performance and effectiveness 

of granular columns in enhancing the stability 

and reduction of settlement of the 

embankments. The present study aims to 

explore further the load-bearing mechanism of 

railway embankments resting on the soft ground 

reinforced with granular columns arranged in 

various patterns.   

2. NUMERICAL MODELLING 

An axisymmetric numerical simulation is 

performed using the two-dimensional finite 

element (FE) based program PLAXIS 2D V.11. 

The model represents a single granular column 

along with the tributary area of the surrounding 

soil to analyse the performance of a railway 

embankment on soft ground reinforced with 

granular columns in Ballina, New South Wales, 

Australia.  The radii of the equivalent circles for 

the tributary areas are calculated as Re = 0.525 

× S, 0.564 × S, and 0.645 × S for the triangular, 

square, and hexagonal column arrangements, 

respectively, where S is the spacing between the 

columns. For all configurations, the granular 

column diameter was set to 0.8 m.  The analysis 

begins with the K0 procedure to establish the 

initial geostatic stresses. This is followed by the 

installation of the granular column. 

Subsequently, the staged construction of the 

embankment is carried out using a fully 

coupled deformation analysis procedure during 

the construction and a consolidation analysis 

procedure during the rest period. Figure 1 

illustrates the construction time  of each stage 

of a railway embankment and the material 

properties considered in this study are given in 

Table 1 and 2 as per the studies reported in the 

literature (Basack et al., 2022; Buttling et al., 

2018; Pineda et al., 2016). 

 

Table 1 Elasticity and strength parameters considered in the present study 

Layer 
Elastic 

modulus, 
E (kPa) 

Poisson’s 
ratio, υ 

Unit 
weight, γ 
(kN/m3) 

Cohesion, 
c′ (kPa) 

Friction 
angle, φ′ 

Dilation 
angle ψ′ 

Coefficient of 
permeability, 

kh (m/day) 

Coefficient of 
permeability, 

kv (m/day) 
Embankment 40,000 0.3 21.1 5 38 6 0.1206 0.1206 

Gravel bed 41,000 0.3 22.76 1 42 5 0.1206 0.1206 

Alluvial clayey 
silt 

4,000 0.35 16 5 30 - 1.7 × 10-4 3.44 × 10-4 

Transition – 
Sandy clay to 
clayey sand 

4,000 0.3 16 5 30 - 2.592 × 10-4 6.48 × 10-5 

Fine sand 6,000 0.25 18 - 35 - 4.32 × 10-4 1.08 × 10-4 

Granular 
column 

- 0.3 15.5 - 52.5 6.6 10 10 



Table 2 Soft soil model parameters considered in the present study 

Layer 
Poisson’s 
ratio, υ 

Unit 
weight, γ 
(kN/m3) 

Cohesion, 
c′ (kPa) 

Friction 
angle, φ′ 

Compression 
index, Cc 

Swelling 
index, Cs 

Coefficient of 
permeability, 

kh (m/day) 

Coefficient of 
permeability, 

kv (m/day) 
Holocene 

clay 
0.4 15.21 2 30 1.151 0.061 2.86 × 10-3 5.72 × 10-4 

Pleistocene 
clay 0.35 14.8 15 28 0.28 0.014 0.288 × 10-4 0.3 × 10-4 

 

Figure 1 Construction time history of embankment. 

A granular column is modelled using a 

hardening soil model to capture the stress-

dependent stiffness of the column material. The 

material parameters, including the secant 

modulus (𝐸𝐸50
𝑟𝑟𝑟𝑟𝑟𝑟), tangent modulus (𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜

𝑟𝑟𝑟𝑟𝑟𝑟), and 

stiffness modulus (𝐸𝐸𝑢𝑢𝑢𝑢
𝑟𝑟𝑟𝑟𝑟𝑟) are considered as 

24.8, 24.8 and 74.3 MPa, respectively. The 

remaining strength and drainage parameters are 

provided in Table 1. 

3. RESULTS AND DISCUSSIONS 

This study examines the deformation and stress 

distribution of a railway embankment 

constructed on soft ground reinforced with 

granular columns during both the construction 

and rest periods of the embankment layers, as 

depicted in Figure 1. In the previous studies, 

(Hosseinpour et al., 2015; Pandey et al., 2022) 

involving the numerical modelling of staged 

construction, a plastic analysis procedure was 

typically used during the construction phase, 

while a consolidation analysis was applied 

during the rest period. However, this approach 

fails to capture the consolidation effects during 

the construction phase. To address this 

limitation, the present study employs a flow-

coupled deformation analysis procedure, which 

captures both the plastic and consolidation 

deformations, and provide a more accurate 

representation of the embankment behaviour 

resting on the soft ground reinforced with 

granular columns. This analysis highlights the 

role of granular columns in minimizing the 

vertical settlements, reducing the stresses on the 

surrounding soft soil, and improving the 

drainage performance. The vertical settlement 

and stresses are evaluated at the nodal and stress 

points on the granular column and surrounding 

soft soil. The final settlement observed at the 

end of the embankment construction (t = 55 

days) and at the end of final rest period (t = 100 

days) for the triangular, square, and hexagonal 



arrangements are 661.54 mm and 766.27 mm, 

720.15 and 837.9 mm and 814.66 mm and 

951.94 mm, respectively, as in Figure 2. 

 

Figure 2 Embankment settlement for different pattern of 
arrangements of granular columns. 

The effective vertical stress increased with the 

embankment height due to the soil arching, 

where the stiffer granular columns carried the 

higher stresses while reducing the stresses in the 

surrounding soft soil as shown in Figure 3.  

 

Figure 3 Predicted effective vertical stresses at the top of 
granular column and soft soil. 

The stress concentration ratios are obtained as 

3.36, 3.443, and 3.45 for the triangular, square, 

and hexagonal patterns, respectively. The excess 

pore water pressures have raised during the 

embankment construction and dissipated during  

 

Figure 4 Dissipation of pore water pressure at mid of the soft 
Holocene clay. 

the rest periods. The predicted results at the 

midpoint of the soft Holocene clay are shown in 

Figure 4. Lateral bulging is observed primarily 

in the upper portion of the granular columns, 

with a peak displacement at 1.18 m from the top 

of the column. It is noted from Figure 5 that the 

maximum bulging values for the granular 

columns are 42.8335 mm, 46.82 mm and 55.728 

mm respectively for the triangular, square and 

hexagonal pattern of arrangements. 

4. CONCLUSIONS 

The FE results of the present study have 

highlighted the effectiveness of granular 

columns in enhancing the railway embankment 

stability on soft soil. The key findings are as 

follows: (a) The triangular column arrangement 

demonstrates the better performance compared 

to the square and hexagonal patterns, (b) 

Inclusion of granular columns, effectively 

mobilizes the stresses at the top of granular 

columns and reduces the stress concentrations 

in the surrounding soft soil; however, the 



clogging may reduce the drainage efficiency by 

reducing the pore spaces, and (c) Prediction of 

excess pore water pressure dissipation during 

the construction of each embankment layer 

provides valuable insights for the practitioners. 

It is concluded that the triangular arrangement 

of granular columns in the soft soil has proven 

to be the most efficient in reducing the 

settlement and enhancing the embankment 

stability. The FE results also provide critical 

insights for optimizing the design of 

embankments on soft ground reinforced with 

granular columns.  

 

Figure 5 Lateral bulging of the granular columns in different 
arrangements. 
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