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ABSTRACT 
 
This paper presents a study on the interface behavior of geogrids and sub-ballast (capping) using 
a series of large-scale direct shear tests and discrete element modelling (DEM). Direct shear tests 
were carried out on sub-ballast with and without geogrid inclusions. The laboratory test data show 
that the interface shear strength is governed by normal stress and types of geogrid. The three-
dimensional discrete element method (DEM) was used to study the interface shear behavior of the 
sub-ballast subjected to direct shearing loads. Irregular-shaped particles of capping aggregates 
were modelled by clumping of many balls together in appropriate sizes and positions. Different 
types of geogrids were modelled by bonding small spheres together to form the desired grid 
geometry and apertures. The DEM model was then used to investigate the evolutions of contact 
force distributions and fabric anisotropy during the shear tests and the role of geogrid in micro-
mechanical perspective. 
 
INTRODUCTION 
 
Ballasted rail tracks have gained a competitive edge over other modes of transportation systems in 
terms of performance, better ride quality, higher safety, lower cost of construction and relatively 
acceptable speed and efficiency of services (Selig and Waters 1994). Despite concerted efforts by 
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rail organizations to improve performance, excessive degradation and deformation of ballasted 
tracks continue to impart substantial maintenance costs (Tutumluer et al. 2013, Li et al. 2015). 
Under cyclic loading induced by passing trains, the granular aggregates gradually degrade and 
begin to lose their shear strength and drainage capacity. As a result, ballast and sub-ballast 
(capping) layers often undergo excessive lateral spreading, leading to substantial differential track 
settlements, causing regular costly maintenance. Also, the presence of soft estuarine clay deposits 
along the coastal belt of Australia pose serious concerns on track stability. Considering significant 
demand for urban transportation as well as substantial urban growth, the construction of new 
tracks, maintenance and modernization of existing tracks become more challenging (Priest et al. 
2010, Biabani et al. 2016, Jiang et al. 2016). It is well recommended that innovative solutions need 
to be pursued to improve ballasted rail track substructure, which can help to increase passenger 
comfort and maintain the railway as the most economical and safest mode of transportation in 
Australia (Indraratna and Ngo 2018). In the view of above, reinforcing a capping layer is one of 
the economic and imperative alternatives for stabilizing the track substructure. 

Unlike conventional rigid reinforcements such as steels or timbers, flexible geosynthetics 
have shown a promising approach for improving the performance of granular media (ballast and 
sub-ballast) placed over weak and soft subgrade (Bathurst and Raymond 1987, Bathurst et al. 2009, 
Tutumluer et al. 2012). Different types of planar geogrids have been successfully employed to 
reinforce track sub-structures. Having placed inside the granular layer, a geogrid acts presumably 
as a non-horizontal displacement boundary that confines the surrounding particles via the 
interlocking and frictional resistance between itself and the ballast aggregates, and thus restrains 
deformation of ballasted track substructure (Brown et al. 2007, Han and Bhandari 2009, Biabani 
et al. 2016, Ngo et al. 2017, Indraratna et al. 2019, Qian et al. (2018). These studies have proven 
that the use of planar geogrids was a practical approach to reducing the settlements and enhancing 
track stability. It is also noted that railway organizations often concern using geogrids to confine 
the ballast layer because of practical difficulties encountered with using the tamping machine 
during track maintenance. Based on laboratory test results, Biabani et al. (2016) showed that 
reinforcing an underlying capping material with a layer of geogrid is a feasible solution.  

This paper presents a study of the interface behavior of reinforcing geogrid and sub-ballast 
using a series of large-scale direct shear tests and discrete element modelling (DEM). Direct shear 
tests were conducted for sub-ballast with and without geosynthetics inclusions under varying 
normal stresses. DEM simulations were carried out to investigate the behavior of reinforced 
granular media under shearing load and further investigate the micro-mechanical responses of 
geogrid-reinforced capping assemblies. 
 
LABORATORY TESTS 
 
Sub-ballast material used in this study was crushed basalt collected from a quarry near 
Wollongong, NSW, Australia. A particle size distribution (PSD) of the sub-ballast tested in the 
laboratory (Dmax = 19 mm, Dmin = 0.75 mm, Cc = 1.3, Cu = 16.3) in comparison with the others 
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were used in the railway industry are presented in Figure 1. Three types of geogrids having varied 
geometry and apertures (biaxial geogrids, BG1, BG2 and triaxial geogrid, TG1) were used in the 
laboratory (Figure 2a) to examine the effects of opening aperture and geometry of geogrids on the 
interface shear strength. A large-scale direct shear testing apparatus consisting of a 300mm × 
300mm square steel box, 200 mm high, divided horizontally into two equal halves, was used for 
the laboratory tests. All instruments were calibrated before connecting to an electronic data logger 
(DT800) and a host computer to precisely record shearing loads, vertical and lateral displacements, 
load cells and strains induced in the geogrids at predetermined time intervals (Figure 2b). 

Capping materials were placed in the bottom half of the shear box and compacted to 
achieve a unit weight of approximately 𝛾𝛾𝑑𝑑 = 18.5 kN/m3. A sheet of geogrid was then placed at 
the interface of upper and lower boxes and was then securely clamped to the shear. The upper half 
of the shear box was then filled with capping aggregates and compacted. Laboratory tests with and 
without the inclusion of geogrids were conducted at a relatively low normal stress of varying from 
𝜎𝜎𝑛𝑛 =6.7 kPa to 45 kPa to simulate the low confinement in actual tracks and were sheared to a shear 
strain of 𝜀𝜀𝑠𝑠 = 10%. During the tests, shear forces, vertical and horizontal strains were recorded at 
every 1mm of shear displacement. The laboratory test data show that the interface shear strength 
was governed by normal stress and types of geosynthetics tested (Biabani and Indraratna 2015). 
Test data is used in this paper to calibrate and validate the DEM model as presented in the 
following sessions.  

 

 
Figure 1. Grain size characteristics of the capping material tested in the laboratory in 

comparison with other materials (modified after Ngo et al. 2017 -  with permission from 
Springer) 
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DISCRETE ELEMENT MODELING (DEM) 
 
Numerical modelling is one of the cost-effective tools that has been widely developed with 
different degrees of complexity and accuracy to investigate the dynamic performance of track 
substructure layers during the passage of moving trains (Tang et al. 2019, Jing et al. 2020). The 
Discrete element method (DEM) introduced by Cundall and Strack (1979) has been used to 
investigate the micro-mechanical behavior of granular materials. The DEM enables to insightfully 
explore the contact force distributions developed between particles, evolutions of fabric anisotropy 
where the irregularly-shaped particles and breakage of particles can be accurately captured (Lobo-
Guerrero and Vallejo 2006, O'Sullivan and Cui 2009, Ngo et al. 2021, Lu and McDowell 2010, 
Ngo et al. 2017, Zhang et al. 2017, Tutumluer et al. 2009, Feng et al. 2019, among others).  

In the current DEM analysis, three types of geogrids (BG1, BG2 and TG1) that are identical 
to those tested in the laboratory were simulated, as shown in Figure 3. The geogrids were simulated 
by spheres of different sizes to simulate actual geometry, where the bigger balls were used to 
model the geogrid junctions and the smaller balls at the centre of the ribs. Spheres were connected 
by parallel bonds corresponding to geogrid’s tensile strength that can be determined by tensile 
tests. Each bond represents the load-displacement responses of a finite-sized piece of cementitious 
material deposited between two spheres in contact and transmits both forces and moment (Itasca 
2018). Capping aggregates were scanned through a 3D particle imaging built-in with a laser 
scanner to construct realistic polyhedral discrete particles. A set of subroutines was programmed 
to discretize ballast particles in DEM by clustering spheres with specified sizes and locations to 
fill up the polygonal mesh. Determining the model parameters for geogrids and capping can be 
complex considering a large number of required parameters, i.e., stiffness (𝑘𝑘𝑛𝑛, 𝑘𝑘𝑠𝑠), friction 
coefficient (𝑓𝑓) and other parameters. In this study, micro-mechanical parameters were determined 
by back-calculation of shear stress-strain responses with those measured from laboratory tests. A 
set of micromechanical parameters adopted for modelling the geogrid and capping materials is 
given in Table 1. DEM model to simulate direct shear test for geogrid-reinforced sub-ballast are 
shown in Figure 4. 
 
RESULTS AND DISCUSSION 
 
Figure 5 compares the shear stress ratio versus shear strain obtained by DEM with those measured 
in the laboratory reported by Biabani and Indraratna (2015). Generally, the predicted curves agree 
well with the experimental data. Triax geogrid (TG1) exhibits the highest ratio of 𝜏𝜏

𝜎𝜎𝑛𝑛
, while the 

biaxial geogrid (BG2) shows the lowest shear stress ratio and highest dilation rate. The sub-ballast 
assembly reinforced by the Triax experiences the lowest volumetric dilation. This is believed that 
the Triax geogrid has symmetric geometry (triangular apertures) that distributes stress more 
uniformly across the geogrid and that provides a better interlocking mechanism with grains. The 
Triax geogrid's improved performance may also be attributed to the isotropic radial stiffness of the 
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TG1 which is nearly consistent in all directions, resulting in better confinement with sub-ballast 
aggregates at their interfaces.  

 
Figure 2.  Geogrid tested in the laboratory and Schematic diagram of the large-scale direct 

shear test set up (dimensions are in mm) 
 

Table 1. Micromechanical properties of geogrid adopted for DEM simulation 
Material Parameter value 

Geogrid 

Particle density (kg/m3) 
Contact normal stiffness, kn (N/m) 
Contact shear stiffness, ks (N/m) 
Contact bond normal strength, Fn (kN) 
Contact bond shear strength, Fs (kN) 
Parallel bond radius multiplier, rp 
Parallel bond normal stiffness, knp (GPa/m) 
Parallel bond shear stiffness, knp (GPa/m) 
Parallel bond normal strength, σnp (GPa) 

800  
1.77x107  
1.77x107  
75 kN 
75 kN 
0.5  
5.68 x105 
5.68 x105 
4.56x105  

Sub-
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Particle density (kg/m3) 
Inter-particle coefficient of friction, µ 
Contact normal stiffness, kn (N/m) 
Contact shear stiffness, ks (N/m) 
Contact normal stiffness of wall-particle,  kn-wall N/m) 
Shear stiffness of wall of wall-particle, ks-wall (Nm) 
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0.69 
4.82 × 108 

2.41 × 108 

3.25 × 109 
3.25 × 109 
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Figure 3. Modelling different types of  geogrids in DEM 
 

 
Figure 4. DEM modelling of large-scale direct shear test for sub-ballast: (a) with the 

inclusion of biaxial geogrid (BG1); and (b) with triaxial geogrid (TG1) 
 
Figure 6 presents the variations of contact forces with the depth of the shear box for capping 
aggregates (with and without geogrid) predicted at a shear strain of 𝜀𝜀𝑠𝑠 = 5%, 𝜎𝜎𝑛𝑛 = 6.7 kPa.  It is 
clearly measured that the sub-ballast reinforced by the Triax geogrid (TG1) has the highest 
mobilized contact forces at the interface (i.e. approximately 71N for TG1 compared to 53N and 
39 N for BG1 and BG2, respectively), while the unreinforced sub-ballast provides the lowest 
mobilized contact forces compared to those for the reinforced specimens. A confinement zone 
could be found in a depth of around 50 mm from the geogrid-capping interfaces, where the 
inclusion of geogrid led to a significant increase in developed contact forces. 
 

BG1                                                                                        BG2                   TG1            
(37mm × 37 mm)                                                                    (63.5 mm × 64.5 mm)                                         (37 mm × 37 mm)
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Figure 5. Comparisons between DEM simulation and laboratory test results under 𝝈𝝈𝒏𝒏 =6.7 
kPa: (a) shear stress ratio versus shear strain, (b) normal strain versus shear strain 

(modified after Ngo et al. 2017 -  with permission from Springer) 
 

Subjected to loading, sub-ballast grains induce changes in the contact forces and subsequently 
changes the number of load-carrying contacts and their orientations. A fabric tensor is often used 
as an index to capture the packing structure of granular materials where the stress-strain responses 
can be expressed as force and fabric parameters (i.e. stress-force-fabric relationship). Contact 
forces are characterized by the probability density distribution of inter-particle contact orientation 
𝐸𝐸(Ω) proposed by Ouadfel and Rothenburg (2001)as: 

𝐸𝐸(Ω) = 1
4𝜋𝜋
�1 + 𝐹𝐹𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑛𝑛𝑗𝑗�                                                                                                                  (1) 

where, 𝐹𝐹𝑖𝑖𝑖𝑖 = 1
𝑁𝑁𝑐𝑐
∑ 𝑛𝑛𝑖𝑖𝑘𝑘
𝑁𝑁𝑐𝑐
𝑘𝑘=1 𝑛𝑛𝑗𝑗𝑘𝑘  : second order fabric tensor that represents the distribution of contact 

orientation. Note that 𝐹𝐹𝑖𝑖𝑖𝑖 is symmetrical (i.e. 𝐹𝐹𝑖𝑖𝑖𝑖 = 𝐹𝐹𝑗𝑗𝑗𝑗) with the three principal values 𝐹𝐹11, 𝐹𝐹22, 𝐹𝐹33 
where their sum is unity;  𝑛𝑛𝑖𝑖𝑘𝑘: unit vector that represents the orientation of the k contact.  

Figure 7 shows the evolution of fabric tensor components, 𝐹𝐹11, 𝐹𝐹22, and  𝐹𝐹33 of unreinforced and 
Triax geogrid-reinforced capping assemblies (TG1) during the shearing. It can be seen that the 
fabric varies significantly during the shearing progress. The unreinforced sub-ballast assembly 
exhibits much variations of fabric than reinforced assemblies, where all the fabric entries increase 
considerably from the beginning of shearing up to around 5% shear strain and then starts 
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decreasing thereafter. The reduced changes in the fabric due the inclusion of the geogrid are 
believed due to be the interlocking between the sub-ballast and geogrid reduces the freedom of 
grains to move. The increase in contact fabric at the initial stage of shearing indicates a re-
arrangement and rotation of grains to support induced loads. Reinforced assemblies show 
relatively consistent values of fabric components, 𝐹𝐹𝑖𝑖𝑖𝑖  varying approximately from 0.325 to 0.342. 
The fabric component, 𝐹𝐹11  has the highest value for all specimens indicating that fabric contact is 
predominately lying in the vertical direction. It is also observed that all fabric components, 𝐹𝐹𝑖𝑖𝑖𝑖  for 
the Triax-reinforced sub-ballast are very close together during shearing progress while the 
unreinforced assembly exhibits a more significant variation.  

 

Figure 6. Average contact force of capping assemblies subjected to a shear strain of 𝜺𝜺𝒔𝒔 =
𝟒𝟒% (modified after Ngo et al. 2017 -  with permission from Springer) 

Figure 7. Fabric evolutions of unreinforced and reinforced capping subject to shearing: (a) 
unreinforced (b) TG1-reinforced capping 
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CONCLUSIONS 
This paper presents the results of large-scale direct shear tests on sub-ballast aggregates with and 
without the inclusion of different types of geogrid. The laboratory test results were used to calibrate 
and verify the proposed DEM models. DEM simulations for geogrids with varied shapes and 
opening apertures were simulated by connecting many spherical balls together. The shear stress-
strain responses predicted by the DEM analysis agreed well with experimental data, showing that 
the current DEM model can be used to predict the interface behavior of sub-ballast aggregates 
reinforced by geogrids. Of the three types of geogrid tested, Triax geogrid showed the highest 
interface shear strength; and this was primarily due to multi-directional load distribution of the 
triaxial geogrid that could transfer applied loads across the geogrid and provided a better interlock 
with surrounding grains. The variations of mean contact forces along the depth of the shear 
apparatus were captured for both unreinforced/reinforced-sub-ballast specimens. The Triax 
geogrid-stabilized sub-ballast (TG1) provided the most significant mobilized contact forces at their 
interfaces. The evolution of fabric tensor components for sub-ballast assemblies with and without 
the inclusion of geogrids were also captured in DEM. 
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