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ABSTRACT: Stone columns are widely used as an efficient and sustainable ground improvement technique. Numerous experimental 
and continuum based studies have been carried out since the early 1970s, increasing the understanding about the behaviour of stone 
columns and their capabilities. However, these numerical studies consider a stone column as a continuum rather than as the 
arrangement of particles it is. The use of the Discrete Element Method (DEM) allows for the particle level behaviour of a stone 
column material to be investigated. In this study a composite system of both the stone column and the surrounding soil has been 
modelled and is validated against an experimental study by Black et al. (2011). A brief initial parametric study has been carried out to 
obtain the correct input parameters for an unreinforced system (clay only sample), using these values the study extends to including a 
stone column which is then loaded. The clay soil has been correctly calibrated within this study allowing a stone column system to be 
modelled using DEM only.  

RÉSUMÉ: Les colonnes en pierre sont largement utilisées comme une technique d'amélioration du sol efficace et durable. De 
nombreuses études expérimentales et continues ont été réalisées depuis le début des années 1970, ce qui a permis d'améliorer la 
compréhension du comportement des colonnes de pierre et de leurs capacités. Cependant, ces études numériques considèrent une colonne 
de pierre comme un continuum plutôt que comme l'arrangement des particules il est. L'utilisation de la méthode des éléments discrets 
(DEM) permet d'étudier le comportement au niveau des particules d'un matériau de colonne de pierre. Dans cette étude, un système 
composite de la colonne de pierre et du sol environnant a été modélisé et validé par une étude expérimentale de Black et al. (2011). Une 
étude paramétrique initiale a été effectuée pour obtenir les paramètres d'entrée corrects pour un système non renforcé (échantillon 
argileux seulement), en utilisant ces valeurs l'étude s'étend à inclure une colonne de pierre qui est ensuite chargée. Le sol argileux a été 
correctement étalonné au sein de cette étude permettant de modéliser un système de colonnes en pierre à l'aide de DEM seulement.
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1  INTRODUCTION.  

Stone columns are a widely used technique of ground 
improvement for cohesive soils. They are a versatile method 
which can prove to be economical and sustainable. The 
inclusion of a stiffer and stronger granular material into a 
cohesive soil improves the strength and compressibility 
properties of the soil. The stone column and the surrounding 
soil can then be considered as a composite system, where the 
load carrying ability of the improved soil depends upon the 
interaction between the stone column and the surrounding soil.   

Numerous experimental  studies have been carried out to 
investigate the behaviour and design parameters of stone 
columns (e.g. Hughes and Withers, 1974; Muir Wood et al., 
2002; McKelvey et al., 2004; Murugesan and Rajagopal, 2007). 
Numerical based studies using finite element modelling 
(Ambily and Gandhi, 2007; Elsawy, 2013 etc) have also been 
conducted in order to increase the understanding about the 
behaviour of stone columns. However, one issue remains, as 
these numerical studies consider a stone column as a continuum 
rather than as athe arrangement of particles it is.  

The Discrete Element Method (DEM) is used widely to 
model granular soil. Modelling a stone column using DEM 
provides the opportunity to investigate the particle level 
behaviour of the stone column material. Research into stone 
columns using DEM is still relatively unexplored, the few 
studies (Indraratna et al., 2015) that have been carried out focus 
more on coupled modelling techniques, whilst this study 
focuses on a complete DEM approach to modelling the 
composite system.  

The work presented in this paper illustrates that a stone 
column can be modelled using the DEM method alone, 
allowing fundamental stone column mechanisms such as 
bulging to be observed. This method then provides the potential 
to investigate a number of important parameters, such as the 
stress distrbution within the column and at the edge of the 
column, the particle movement and possible penetration into the 
surrounding clay soil. The experimental study conducted by 
Black et al. (2011) has been used to calibrate the DEM model 
simulations.    
 
2  DISCRETE ELEMENT MODEL  

The DEM model simulations were performed using PFC2D 
(Itasca 2014). The experimental study by Black et al. (2011) 
conducted model tests on stone columns made of crushed basalt 
in a clay soil to develop better understanding about the 
settlement characteristics of stone columns. The tests were 
carried out in a triaxal cell of 300mm diameter and 400mm 
height as shown in Fig 1(a); crushed basalt with particle size 
range 1.18-2.36mm was used to form the column. The testing 
of the samples was conducted in three stages after column 
installation, the first stage was of isotropic confiment, where a 
confining pressure of 275kPa and back pressure of 275kPa were 
applied. This was followed by K0 consolidation, where the 
horizontal and vertical stresses were increased to 341kPa and 
300kPa respectively. The third stage of testing was foundation 
loading using a 60mm footing at a loading rate of 1kPa/h. 
Figure 1(b) shows a detailed apparatus set up, pressure cells 
were placed at the top of the sample to meaure the contact 
pressure at the centre of the footing, at a radius of 18mm from 

- 847 -



  Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017 

 the centre and at a distance to measure the vertical stress in the 
surrounding soil.  

As the stress measurements in the experimental study were 
only obtained from the top of the sample, the stress distribution 
at the interface between the clay and the column was unknown. 
This study planned to model the entire composite system in 
DEM, as applying the confining pressure directly onto the 
column in DEM would have resulted in a stress distribution that 
did not accurately represent the stress at the column and clay 
boundary.  

Only two of the tests carried out by Black et al. (2011) were 
considered in this study. The DEM model was calibrated 
against the clay only test and a clay sample reinforced with a 
single column (diameter 25mm and length 125mm) test from 
the Black et al. (2011) study. A short parametric study on the 
former was carried out to determine the correct input properties 
for the clay material in DEM. 

 

 
Figure 1. Experimental study set up: (a) the triaxial cell; (b) the loading 
set up, with PT1, PT2 and PT3 indicating the location of the pressure 
cells (The settlement performance of stone column foundations. Black 
et al. 2011).  

2 .1  Clay only model 

2.1.1   Determination of input parameters 
The linear contact model defined by an effective modulus 

and a stiffness ratio (kn/ks) of both the ball-ball contacts and 
ball-facet contacts was used in PFC2D. PFC2D uses the 
deformability method where a well-connected granular 
assembly can be modelled by an isotropic material. The 
material can be described by Young’s modulus and Poisson’s 
ratio, which are related to the effective modulus and normal-to-
shear stiffness ratio. As the effective modulus and stiffness ratio 
depend on one another only the effective modulus was varied. 
Two values of effective modulus were used, 5x106 N/m2 and 
6x106 N/m2. A porosity of 0.17 had been chosen through trial 
and error. Table 1 shows the input parameters used to generate 
the DEM simulation of the unreinforced sample test. The 
particle size used for the clay material was such that it was 
within the upper range of the column particle size distribution 
as using the physical size of a clay particle would result in a 
simulation with an extremely large number of particles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Input parameters for clay only system 

Parameter Value

Stiffness ratio: ball-facet contacts, 
kratio 

1.0

Stiffness ratio: ball-ball contacts, 
kratio 

1.5

Particle size (mm) 1

Porosity 0.17

Particle friction coefficient 0.5

Density (kg/m3) 500

 
The 2D particles were generated with a rigid wall boundary 

and the system was allowed to reach equilibrium. A plane-strain 
model was used in order to reduce the number of particles 
generated and thereby the computational effort. As the effective 
modulus and porosity varied in each instance, 20 different 
systems were created. The servomechanism command in PFC 
was used to apply isotropic confinement with both the 
horizontal and vertical stresses set to 275kPa, this was followed 
by K0 consolidation carried out in stages. The system was 
generated with extended walls for the purpose of the 
servomechanism. The servomechanism was then removed and a 
60mm shallow foundation was placed above the column, and 
load applied by attributing a velocity of 50mm/s to the 
foundation and allowed the system to cycle to equilibrium at 
each increment before stress measurements were obtained. A 
measurement circle was located at the same point as PT1 in the 
experimental study in order to obtain the stress values. A 
measurement circle in PFC provides stress tensors as well as 
other variables by averaging over the area with a given radius 
from a specified point. 

 

2.1.2   DEM system response 
Figure 2 shows the response of the system at PT1 with both 
effective modulus values. Both values of effective modulus 
result in a stiffer system response than that of the experimental 
study. However, using a smaller effective modulus value would 
result in DEM particles that exhibit very large overlaps.    
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Figure 2. Response of both systems through the isotropic confinement 
and K0 consolidations stages of the study.  

As the both the simulations gave similar results, the foundation 
loading stage was carried out on both to see if the same 
behaviour followed. Figure 3 shows the response of these both 
the systems compared to the experimental study. The horizontal 
dashed line within the figure separates the loading stages, with 
the isotropic confinement to K0 consolidation stage above the 
line and foundation loading below it (this is the case for all 
figures that follow). From this it was seen that it was possible to 
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  calibrate the unreinforced clay soil system using DEM and the 
next stage was introduce the column into the system.  
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Figure 3. System response through all three stages of the study.  

 
3  COMPOSITE STONE COLUMN SYSTEM 

3 .1  Composite system input parameters 

As observed from the previous stage there was not a significant 
difference between the system responses between the two 
effective modulus values. Thereby, both were used to model to 
the composite system to investigate their effect. 

Table 2 shows the input parameters used for the column 
system. The particle size distribution and density were the same 
as in the experimental study. As the column material is stiffer 
than the clay the effective modulus of the column particles was 
greater than that of the clay particles.  

The 2D particles were again generated with rigid wall 
boundaries and the system was allowed to reach equilibirum 
and then the three stages of testing were carried out in the same 
manner as mentioned in the previous stage. Figure 4 shows the 
initial DEM model generation with the inclusion of the stone 
column. 

 
Table 2. Input parameters for composite system 

Parameter Value

Stiffness ratio: ball-facet contacts, 
kratio 

1.0

Stiffness ratio: ball-ball contacts, 
kratio 

1.5

Particle friction coefficient 0.5

Particle size: clay (mm)  1

Density: clay (kg/m3) 500

Porosity: clay 0.17

Effective modulus: ball-ball 
contacts-column (N/m2) 

1x107

Particle size distribution: column 
(mm)  

1.18-2.36

Density: column (kg/m3) 1648

Porosity: column 0.21

 
 

 
Figure 4. DEM composite system model. 

 
4  RESULTS AND DISCUSSION 

Figure 5 compares the DEM simulation to the physical test 
model from the isotropic confinement to K0 consolidation stage 
at PT1 for both the 5x106 N/m2 and 6x106 N/m2 models. Both 
effective moduli values give a similar response, with the 
response of the 6x106 N/m2 model giving a slightly stiffer 
response in the early stages of the loading.  
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Figure 5. The simulation and physical test stress-settlement relationship 
for the composite model at both effective modulus values. 

Both systems underwent foundation loading, in order to 
determine whether or not one system produced a better result 
than the other. Figure 6 shows the stress-settlement curves for 
all three stages of loading at PT1 for both the 5x106 N/m2 and 
6x106 N/m2 systems.  
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Figure 6. The stress-settlement curves for all three loading stages for the 
composite system DEM model.  
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 Again at this stage both systems show a similar behaviour, 
with the higher effective modulus system producing a slightly 
better response.  

5  CONCLUSION 

A DEM model has been generated that successfully calibrates 
the clay soil in a stone column system, leading to the 
developement of a composite system being simulated in DEM. 
The methodology used provides a straightforward and valuble 
way of modelling a stone column system.  

Being able to model a stone column system in DEM will 
allow for the interparticle behaviour of a column to be 
investigated giving the opportunity potentially to improve their 
load carrying capacity and thereby their design methodologies.  
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