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ABSTRACT: This paper presents a study of the load-deformation behaviour of geocell-reinforced subballast under cyclic loads using 
laboratory tests and discrete element method (DEM). A series of laboratory tests with and without geocell inclusions are carried out 
using a large-scale track process simulation apparatus to study the beneficial effect of the geocells in decreasing the lateral and 
vertical deformations of railway subballast. Numerical studies conducted in the DEM can capture the reinforcement effect of geocells, 
considering micromechanical analysis subjected to a given frequency and load cycles, the predicted load-settlement response of the 
subballast with and without geocell agrees well with those measured experimentally. This finding indicates that the proposed DEM 
model is able to capture the deformation behaviour of the subballast reinforced by the geocells. These observations clearly emphasise 
the beneficial effects of the geocell in decreasing the deformation of subballast from a micromechanical perspective. 

RÉSUMÉ : Cet article présente une étude du comportement charge-déformation cyclique du sous-ballast renforcé par géocellules. Les 
resultats  du tests en laboratoire et de la méthode des éléments discrets (DEM) est presenté. Une série d'essais en laboratoire avec et sans 
inclusions de géocellules est réalisée com un appareil de simulation à grande échelle pour étudier l'effet bénéfique des géocellules, par 
example la diminution des déformations latérales et verticales du sous-ballast ferroviaire. Les études numériques menées dans le DEM 
peuvent capter l'effet de renforcement des géocellules, en tenant compte de l'analyse micromécanique à une fréquence et des cycles de 
charge.  La réponse de charge- règlement prédite du sous-ballast avec et sans géocellule s'accorde bien avec celles mesurées 
expérimentalement. Cette constatation indique que le modèle de DEM proposé est capable de capturer le comportement de déformation 
du sous-ballast renforcé par les géocellules. Ces observations soulignent clairement les effets bénéfiques du géocellule dans la diminution 
de la déformation du sous-ballast sous une perspective micromécanique. 
KEYWORDS: Railway, Subballast, Geocell, Discrete Element Modelling 

 

 
 
1  INTRODUCTION 

 
A railway track network holds an essential part in the 
transportation infrastructure worldwide. A ballasted railway 
track is usually used for several reasons, including economical 
construction cost, and ease of maintenance. Subballast 
commonly comprises of broadly graded, naturally occurring or 
processed mixtures of sand and gravel, acting as a stress 
reduction layer (capping layer) and preventing mutual 
penetration or mud-pumping (Indraratna et al. 2013; Indraratna 
et al. 2016; Ngo et al. 2016a). Loss of track geometry that is 
often associated with excessive differential settlements due to 
localized failure of formation (capping and subgrade), often 
leads to decreased stability and reduced track longevity 
(Indraratna et al. 2011, Rujikiatkamjorn et al. 2012). In this 
regard, three-dimensional cellular reinforcement, also known as 
geocell mattress, has been used to reduce excessive settlements 
and lateral displacements of ballasted rail tracks (Ngo et al. 
2016b). The improved performance of geocell-stabilised 
granular layer has been attributed to enhanced apparent 
cohesion between the infilled materials and the geocell 
(Leshchinsky 2011). Nevertheless, recent studies have stated 
that the additional confinement mobilised during loadings, 
helps to improve confinement and minimize the deformation of 
infiled graines, and hence maintain stability of the infill 
granular material (Biabani et al. 2016a). Owing to its three-
dimensional configuration, geocell arrests lateral spreading of 
the in-fill materials and creates a relatively stiffer mat that 
redistributes the applied load over a wider area. In order to 
study the benefit of geocells, different types of geocells have 
been tested. In addition, the influnces of aperture size and shape 
and opening area have also been examined by employing large-

scale direct shear box and assessing the shear strength of 
unreinforced and reinforced granual materials (Biabani et al. 
2016b).  

There has been limited research conducted to investigate the 
benefit of geocells on ballasted track substructure, where the 
benefits of geocell under cyclic loading have not been 
investigated in details either in laboratory or numerical 
modelling (Leshchinsky et al. 2013). The development of 
computational models that have been fully calibrated by either 
laboratory or field measurements is thereby inevitable to study 
the improved performance of geocell-stabilised subballast and 
to implement systematic design guidelines for ballasted track, 
considering the additional confinement benefit given by 
geocells (Ngo et al. 2016b). This paper presents a study of using 
a novel Track process Simulation Apparatus (TPSA) to conduct 
cyclic tests of geocell-reinforced sub-ballast and to develop a 
discrete element model (DEM) simulating the composite 
system, capturing the confinement effects given by the geocell 
to infilled subballast grains. 

The discrete element method (DEM) introduced by Cundall 
and Strack (1979) has been widely used to study stress-strain 
behaviour of granular materials (McDowell et al. 2006; 
Tutumluer et al. 2012; Indraratna et al. 2014; Ngo et al. 2016c). 
It is noted that there have been limited research on the use of 
DEM to simulate rail sub-ballast under cyclic loads with high 
numbers of load cycles. Ngo et al. (2014) conducted DEM 
analysis to investigate the performance of geogrid stabilised 
ballast fouled with coal, and presented that the interlock of the 
aggregates with geogrid was the main causes for improved 
performance of the composite assembly. It would also be noted 
that there has been limited past DEM studies on the behavior of 
geocell-reinforced ballast under a high numbers of load cycles 
and varied frequencies. 
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In this study, laboratory tests are carried out and the discrete 
element method (DEM) is employed to model geocell-
reinforced sub-ballast subjected to cyclic train loading, 
capturing the deformation and corresponding stress 
distributions of this composite assembly. 

2  LABORATORY STUDY 

A large-scale Track Process simulation Apparatus (TPSA: 800 
mm long, 600 mm wide and 600 mm high) was designed and 
built at the University of Wollongong (Figure 1), and it was 
used in this study to examine the load-deformation responses of 
the unreinforced and geocell-reinforced subballast subjected to 
cyclic loading. Subballast material had a total depth of 450 mm, 
of which the upper 150mm was reinforced by geocells, as 
illustrated in Figure 1. Subballast used in the laboratory was a 
locally available crushed basalt, collected from a quarry near 
Wollongong (NSW, Australia). The particle size distribution 
used for the sub-]ballast followed the Australian rail industry 
specified range (D50 = 3.3 mm, Dmax = 19 mm, Dmin = 0.075 
mm, Cu = 16.3, Cc = 1.3, unit weight, γ = 18.5 kN/m3). 
Geocells made from polyethylene, that was connected at the 
joints to form a three-dimensional cellular configuation (i.e. 
having depth = 150 mm, ultimate tensile strength = 9.5 kN/m, 
thickness = 1.3 mm, density = 950 kg/m3) was used. A 
predetermined weight of subballast was placed inside the TPSA 
box in several layers and compacted using a vibratory hammer 
to achieve a relative density of around 77%, which is 
representative of the density of subballast in the field (Biabani 
et al. 2016b). A geocell mattress was then placed onto the 
surface of the compacted subballast followed by the placement 
of subballast layer on the top of the geocell. All specimens were 
prepared until the layer of sub-ballast reached a final height of 
450 mm.  

The experiments were conducted under plane strain 
condition, where any lateral movement in the longitudinal 
direction (parallel to the track) was restricted (ε2=0). The walls 
were allowed to move laterally in the direction parallel to the 
sleeper (or tie) (ε3≠ 0), to model a long straight section of track. 
Laboratory tests were carried out in a stress-controlled manner, 
where the magnitudes of the cyclic stresses were calculated 
based on 30 tons/axle load subject to different confining 
pressures of, σ3= 5, 10, 15, 20, 30 kPa and frequencies of f=10, 
20, 30 Hz. Initially, a monotonic strain-controlled load was 
applied to the specimen at a rate of 1 mm/min until a mean level 
of cyclic deviator stress was achieved. Subsequently, a stress 
controlled cyclic loading using a positive full-sine waveform 
was applied to the specimens where a maximum and minimum 
stress of qmax = 166 kPa and qmin = 41 kPa was used to 
simulate subballast under a heavy haul freight network 
operating in NSW (Ngo and Indraratna 2016).  

 

3  DISCRETE ELEMENT MODELLING OF TPSA 

Discrete Elelement Method (DEM) was used to model the 
interaction between geocell and subballast by modelling the 
Track Process Simulation Apparatus (TPSA), as illustrated in 
Figure 2. The angular-shaped grains of sub-ballast were 
simulated by connecting a number of circular-shaped particles 
together, mimicking the actual sub-ballast shape and angularity. 
A total of 26567 particles, with sizes ranging from 0.5 to 19 
mm, were generated to simulate actual sub-ballast gradation 
with a representative field unit weight approximately of 18.5 
kN/m3. Particles were placed in the assembly at random 
orientations to mimic laboratory conditions. The geocell pocket  
 
 

Figure 1. Track Process Simulation Apparatus (TPSA) 

structure was modeled by bonding balls of 20 mm-diameter and 
10 mm-diameter to form vertical and horizontal panels, 
respectively. This simplified geocell structure was presumed to 
be adequate to provide the confinement effect for the sub-
ballast packed inside the cellular pockets. Micromechanical 
parameters to model subballast and geocells (e.g. shear and 
normal contact stiffness, friction coefficient) adopted in the 
current DEM analysis were determined based on calibration of 
DEM analysis with the laboratory data, as given in Table 1.  
 
Table 1. Micromechanical parameters used to model subballast and 
geocell in DEM. 

Parameters Sub-ballast Geocell 
Particle density (kN/m3) 
Coefficient of friction 
Contact normal stiffness (N/m) 
Contact shear stiffness, ks (N/m) 
Contact bond normal strength, φn (kN) 
Contact bond shear strength, φs  (kN) 
Parallel bond radius multiplier, rp 
Parallel bond normal stiffness, knp (kPa/m) 
Parallel bond shear stiffness, ksp (kPa/m) 
Parallel bond normal strength, σnp (MPa) 
Parallel bond shear strength, σsp (MPa) 

15.5 
0.72 
2.56 E8 
2.56 E8 
5.36 E6 
8.53 E6 
0.5 
4.86 E7 
4.86 E7 
352 
352 

18.5 
0.45 
6.51 E6 
6.51 E6 
43.2 
43.2 
0.5 
4.86 ×107 
4.86 ×107 
352 
352 

   

4  RESULTS AND DISCUSSION 

4 .1  Vertical deformation with and without Geocell 

Settlements of subballast at varying load cycles predicted from 
DEM simulations compared to the those measured 
experimentally are presented in Figure 3. Results obtained from 
DEM analysis matched reasonably well with the experimental 
data at any given frequency and confining pressure. The 
predicted and measured data showed that the settlement 
increased with an increase in frequency. Geocell-reinforced 
subballast experienced less settlement than that of the 
unreinforced assembly. Undoubtedly, this is a result of 
additional confinement given by the geocell that would 
decrease the deformation of sub-ballast. When the subballast 
grains were compacted over a geocell, they were projected 
through the geocell pockets and generated a strong mechanical 
interlock (i.e. non-displacement boundary conditions) which 
results in decreased deformation. Morever, the settlement 
increased significantly during the first few thousand cycles due 
to initial particle compression and rearrangement, and then the 
settlement increased at a diminished rate in the subsequent load 
cycles and approached an approximately constant after arourd 
8000 load cycles. 
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4 .2  Contact force distributions 

Contact forces in a subballast specimen are transferred through 
an inter-connected network of force chains. Figure 4a shows 
contact force distributions of an unreinforced subballast 
specimen subjected to the cyclic load at a given frequency of 20 
Hz at a settlement of 5 mm, while Figures 4b-d present the 
contact force distributions of geocell-reinforced subballast at 
settlements of S=5 mm, 15 mm, and  20 mm, respectively. The 
contact forces are plotted as lines on the same scale, whose 
thickness is proportional to its magnitude, and for clarity, only 
those contacts with a magnitude exceeding average forces of the 
whole assembly are showed. It is seen that the total number of 
contact forces and maximum contact forces increase as 
settlement increases, and this can be attributed to the assembly 
was compacted and compressed to support the applied loads. 
For instance, with reinforced sub-ballast, the number of 
contacts is 60,252 for the settlement of 5 mm, and it increases 
to 78,252 and 83,521 contacts for settlements of S=15 and 20 
mm, respectively. Maximum contact forces also increases with 
an increase of settlements, and these are 745 N, 857 N and 946 
N  for the settlements of S=5, 15 and 20 mm, respectively. 
Compared to the unreinforced subballast assembly (Figure 4a), 
the reinforced assemblies created more contacts within the 
geocell regions, and this could be due to the confinement the 
geocell given to the infilled aggegates. It can also be seen that 
the tensile forces (in red colour) in geocells are mobilised with 
an increased in settlement. 

4 .3  Distributions of contact normal and shear forces 

Figure 5 shows the variations of contact normal and shear 
forces with depth for reinforced and unreinforced subballast (at 
N=10,000 cycles). Compared to the unreinforced cases (Figures 
5c, 5d), geocell-reinforced subballast specimens show a 
significant increase in the contact force within the geocell zone, 
but underneath the geocell the average normal and shear contact 
forces decrease with depth and approach almost constant values 
close to the bottom of the sample. It is noted that the DEM 
analysis for the geocell-reinforced subballast conducted in this 
study was limited to the distribution of contact force chains and 
the average contact normal and shear force distributions. 
However, the comparison of the experimental observations with 
the 2D plane strain DEM analysis proves that to the current 
analysis was able to capture the load-deformation behaviour of 
geocell-stabilised subballast in spite of these limitations.  
Generally, the authors have made a few simplifications to keep 
the DEM analysis fairly simples, as the geocell decreases the 
shear and normal contact force in subballast below the geocell. 
It is worth mentioning that due to the brevity of this paper 
would not allow the reporting of more detailed DEM analyses 
that could capture other micro-mechanical aspects such as the 
evolution of fabric anisotropy and complex detailing of 
changing angularity with the high number of loading cycles 
(Ngo et al. 2016d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. DEM model for subballast-geocell interactions 

 

 

Figure 3. Settlement responses observed in laboratory and predicted in 

DEM (modified after Ngo et al. 2015) 

Figure 4. Distribution of contact forces for unreinforced and reinforced 
subballast at varied settlements (modified after Ngo et al. 2015) 
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Figure 5. Distributions of contact normal and shear forces: (a) and (b) - 
with geocell inclusion; (c) and (d) - without geocell. 

5  CONCLUSIONS 

A series of large-scale laboratory tests using Track Process 
Simulation Apparatus were carried out on sub-ballast with and 
without geocell inclusion, and then the results were used to 
validate and compare with the DEM simulations. Irregular 
particles of subballast were modeled by connecting circular 
balls together to mimic appropriate angularity. Geocell was 
modelled by bonding small balls together to form the cellular 
pockets using contact and parallel bonds. Experimental data of 
settlements and lateral displacements were comparable with 
those obtained from DEM simulations at a given frequency and 
confining pressure, indicating that the DEM model proposed in 
this study could simulate the load-deformation responses of 
geocell-stabilised subballast specimens. As the frequency 
increased, the settlement and lateral deformations of subballast 
increased, but unlike the unreinforced specimen, the geocell-
reinforced subballast showed significantly less settlement. This 
was undoubtedly due to the confinement provided by geocell 
that prevented sub-ballast aggregates from free movement that 
would otherwise occur. 
Contact force distributions of geocell-reinforced sub-ballast 
were presented. DEM results showed that the total number of 
contact force distributions and the maximum contact force 
increased with increased deformation. The contact normal and 
shear forces developed among sub-ballast particles at varied 
depths were also captured. The magnitudes of these forces 
within the geocell zone were considerably higher than at other 
locations. Underneath the geocell, these contact forces 
continuously decreased with depth and approached almost 
constant values near the bottom of the granular assembly.  
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