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ABSTRACT ARTICLE HISTORY
This study investigates the benefits of artificial inclusions placed under- Received 10 April 2021
neath the ballast layer. A series of large-scale cyclic triaxial tests were  Revised 7 July 2021
carried out on ballast with and without these inclusions under 25-tonne Accepted 2 August 2021
and 35-tonne axle loads and frequencies of f = 15 Hz and 25 Hz, using KEYWORDS

a Process Simulation Prismoidal Triaxial Apparatus. The laboratory results Ballast; geogrids; rubber
show that a geogrid installed between the ballast and capping layer mats; cyclic loading; rail
decreases both deformation and degradation of the aggregates, which geotechnics

can be attributed to enhanced internal confinement and restricted parti-

cle movement. Laboratory tests also showed that placing a rubber mat

underneath the ballast layer significantly reduced ballast breakage.

A numerical model using the discrete element method (DEM) was devel-

oped and validated against the experimental observations. The DEM

model was utilized to explore the contact forces that developed across

the granular assemblies, and to study the interaction between aggregates

and the synthetic inclusions from a particle-level perspective.

1. Introduction

Current Australian rail transportation infrastructure is in urgent need to be upgraded to support
increasing volumes of freight, especially in the agricultural and mining sectors. The ballast layer of
conventional ballasted tracks transmits and distributes train loads to underlying layers at reduced
levels of stress [1]. Repeated train loads cause the ballast to deteriorate and spread laterally, which
adversely affects the safety and efficiency of railway tracks [1-5]. Impact forces induced by rail
corrugations, wheel flats, dipped rails, defective rail welds, or variations in the track foundation
stiffness at transition zones such as bridge approaches, can exacerbate the rate of track degradation
and lead to more frequent maintenance operations [6-13]. In practice, a large proportion of track
maintenance costs are related to substructure problems such as ballast breakage, poor drainage,
differential settlements, and track buckling [8,14,15].

The use of geosynthetic products such as geogrids, geocomposites, and geotextiles in new rail
tracks and track rehabilitation has gained wide acceptance worldwide owing to its technical,
economic, and environmental benefits [16-20]. When properly designed and installed, geosyn-
thetics are a cost-effective alternative to more traditional solutions [4,21-24]. Recent studies have
shown that geogrids in rail tracks can attenuate the rate of permanent ballast deformation and
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particle breakage under repetitive wheel loads [22,25-28]. Walls and Galbreath [29] observed that
rail tracks laid on soft subgrade are prone to excessive track settlements, but the settlement can be
decreased significantly with geogrid reinforcement. Similarly, Hornicek et al. [30] concluded that
geogrid inserted directly under the ballast layer helps to reduce its settlement. Esmaeili et al. [31]
examined the way geogrids improve the stability of tracks and found that geogrid-reinforced
embankments experienced a 7.14% higher bearing capacity and an 11.24% reduction in settlement.
An appropriately selected geogrid locks the ballast particles within its apertures restricting their
lateral movement and vertical settlement [26,32-38]. Although it is widely recognized that geogrids
strengthen the track substructure, the exact role of the interface between ballast and different
geogrids (varying aperture sizes and shapes) has not been examined in detail for changing the
current technical standards applied to rail tracks. In addition, there have been limited attempts to
examine how a combination of geogrid and recycled rubber mat would increase track stability
under cyclic loading conditions.

Current literature indicates that only a few studies have examined the interactions at the ballast-
geogrid interfaces using numerical methods [27,39-44], because these mechanisms are complex
and depend on the type of geogrid (geometrical and mechanical properties of the reinforcements),
the nature of the ballast/capping layer, and the induced dynamic loads in an actual track environ-
ment, among others. It is therefore necessary to extend our current knowledge by developing
a computational model for design and analysis that has been calibrated and validated against
prototype large-scale laboratory tests.

The main aim of this study is to investigate the potential use of geogrids and recycled rubber
mats to simultaneously control both deformation and degradation of ballasted tracks and to
enhance track performance under heavy-haul cyclic loading. While the use of a geogrid or
a rubber mat as separate components has been investigated in a few past studies, there have been
limited attempts to examine how a combination of geogrid and rubber mat would enhance track
stability. To this end, a series of large-scale laboratory tests using the Process Simulation Prismoidal
Triaxial Apparatus (PSPTA) was carried out under different cyclic loadings and frequencies. A new
device, a Pile Driving Monitor (PDM), was used to record the track displacements during testing in
tandem with a novel Stress Sensing Sheet (SSS) that was inserted within the substructure to detect
stress concentrations. A numerical analysis using the discrete element method (DEM) was then
performed considering a given number of loading cycles to investigate the interface behaviour and
interaction between geogrid and ballast particles at the micro-mechanical level. Details of the
methodology used and the associated results are presented in the following sections.

2. Large-scale laboratory testing
2.1. Process simulation prismoidal triaxial apparatus

A large-scale Process Simulation Prismoidal Triaxial Apparatus (PSPTA) with a high-frequency
dynamic actuator and that can accommodate 800 mm x 800 mm X 600 mm size samples was used
in the laboratory study (Figure 1(a)). The test chamber mimics the unit cell area of a standard gauge
Australian heavy haul track, so it can realistically simulate the stresses and appropriate boundary
conditions. Unlike most conventional geotechnical rigs with fixed boundaries, the PSPTA has
moveable walls that allow lateral displacements to occur in the transverse and longitudinal direc-
tions, while the required confining pressure is applied by hydraulic jacks at the boundaries. Cyclic
loads are applied directly onto a sleeper-rail assembly by a servo-hydraulic actuator (Figure 1(b)),
and they are recorded by a load cell (capacity: 1000 kPa) attached to the actuator. The rail is directly
connected to the concrete sleeper and there is no rail pad between the rail and the sleeper. During
these tests, the lateral and vertical deformation of ballast are measured at specific numbers of cycles.
After completing the prescribed number of load cycles, the ballast aggregates are sieved to obtain
the final particle size distribution and quantify the amount of breakage induced by cyclic loading.
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Figure 1. Process Simulation Prismoidal Triaxial Apparatus: (a) general view of the test rig; (b) ballast sample prepared for testing
and detail of rail-sleeper assembly.

2.2. Instrumentation

The instrumentation used for the laboratory tests included settlement pegs, pressure cells, potenti-
ometers, LVDTs, a Pile Driving Monitor - PDM (Figure 1(a)) and a Stress Sensing Sheet (SSS).
Eight settlement pegs were placed over the compacted capping and ballast layers to measure the
settlement induced by cyclic loading. Two displacement sensors were mounted onto the sleeper
surface (i.e., near the left and right ends of the sleeper) to ensure that the sleeper settled down evenly
during the tests. Two pressure plates (200 mm diameter by 20 mm thick) with a capacity of 1 MPa
were used to measure the vertical stresses in the ballast assembly. The lateral deformations of ballast
were determined based on the displacements of the vertical walls that were recorded by LVDTs.
A Stress Sensing Sheet (SSS) was installed under the ballast layer to investigate the effect the
inclusions had on the concentration of stresses in the ballast. A Pile Driving Monitor (PDM) was
also used to record the vertical displacement of the rail-sleeper assembly during the tests. This PDM
has the latest optoelectronic technology so it can make non-contact measurements of vertical
displacement under static or dynamic loading conditions. The device includes a reflector that was
glued onto the rail, as shown in Figure 1(b), and it was set up at a distance of about 4 m from the
target.

2.3. Materials and test program

The materials used in this study were conventional track substructure materials such as capping
(sub-ballast), ballast, and three different artificial inclusions: a geogrid (GGR), a geocomposite
reinforcement (GCR) and a recycled rubber mat (RM). The GGR was a laid and welded biaxial
geogrid composed of flat polypropylene bars with 31 x 31 mm square apertures, whereas the GCR
was a geocomposite reinforcement consisting of a similar biaxial geogrid attached to
a polypropylene nonwoven geotextile. The RM was a 10 mm thick planar mat manufactured
from waste tyres. The physical and mechanical properties of these artificial inclusions are summar-
ized in Table 1.

A 180-mm-thick capping layer (sub-ballast) consisting of a sand-gravel mixture was com-
pacted towards the bottom of the test chamber in two sub-layers to achieve a unit weight of 19.5
kN/m’ (Figure 2(a)). In the tests involving artificial inclusions, these materials were installed over
the compacted capping (Figure 2(b)). The fresh ballast aggregates from Bombo quarry, New
South Wales, Australia were cleaned and sieved according to the Australian Standard AS
2758.7:2015 [45]. The ballast aggregates were compacted in 3 sub-layers (100 mm thick) to
a bulk density of 15.8 kN/m?, up to a total thickness of 300 mm (Figure 2(c)), and this bulk
density was kept identical in all specimens to capture realistic Australian track conditions. It
should be noted that the ballast grains in each sub-layer were painted in different colours to
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Table 1. Physical and mechanical properties of the tested geosynthetics and recycled rubber mat.

Geogrid Geocomposite Rubber mat
Properties (GGR) (GCR) (RM)
Structure Biaxial geogrid Biaxial geogrid + Geotextile Planar mat
Mass per unit area 240 g/m? 390 g/m? 8230 g/m’
Open area 62.5% 62.5% -
Geogrid aperture size =31 x 31 mm =31 X 31 mm -

(MD x CD)

Thickness =0.9 mm =0.9 mm 10 mm
Tensile strength at 2% strain® 17.2 kN/m 24.7 kN/m 25.80 kN/m
Tensile strength at 5% strain® 31.3 kN/m 35 kN/m 56.7 kN/m
Peak tensile strength® 41.7 kN/m 242 kN/m -
Strain at peak® 8.8% <10% 56%
Static bedding modulus, Cyo” - - 0.142 (N/m?)
Dynamic bedding modulus, Cyy,,° - - 0.107 (N\/m?)

?According to ASTM D6637:2011 [65]
bAccording to DIN 45,673-5:2010 [66]

Figure 2. Preparation of the test samples: (a) capping layer after compaction; (b) installation of geogrid reinforcement and
bottom ballast layer; (c) compaction of top ballast layer; (d) complete model test with instrumentations.

enable estimating the respective amount of degradation (breakage), as well as identifying the sizes
of ballast aggregates that were more prone to breakage. A rail-sleeper assembly was placed on top
of the load-bearing ballast and surrounded by additional ballast aggregates to simulate the crib
ballast (Figure 2(d)). The particle size distributions of the capping and ballast materials used in
these tests are shown in Figure 3, and follow the Australian Rail Track Corporation (ARTC)
guidelines [46], as well as the AS 2758.7:2015 [45].

A series of tests with and without the artificial inclusions was carried out to examine the role of
geosynthetics and recycled rubber mat in relation to the deformation and degradation (breakage)
of ballast under heavy-haul cyclic loading. The test programme is shown in Table 2; it includes
eight tests carried out under different load frequencies (f = 15 Hz and 25 Hz) and axle loads
(Faxie_load = 25 tonne and 35 tonne). Every test was subjected to N = 500,000 loading cycles under
a lateral confining pressure of 15 kPa in the transverse direction parallel to the sleeper. After each
test, the ballast aggregates in each layer were sieved separately to quantify the amount of ballast
breakage.
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Figure 3. Particle size distribution of ballast and capping materials used in this study and recommended gradation as per the AS
2758.7:2015 [45] and ARTC ETM-08-01:2010 [46].

Table 2. Test program for the large-scale PSPTA.

Test Type of artificial inclusion Loading frequency, Axle load, Fuye No. cycles,  Confining pressure, 03
No. used f (Hz) (tonne) N (kPa)

T None - benchmarking test 15 25 500,000 15

T2 Geogrid - GGR 15 25 500,000 15

T3 None - benchmarking test 15 35 500,000 15

T4 Geogrid - GGR 15 35 500,000 15

T5 None - benchmarking test 25 25 500,000 15

T6 Geogrid — GGR 25 25 500,000 15

T7 Geocomposite — GCR 15 25 500,000 15

T8 GGR + RM (Rubber mat) 15 25 500,000 15

3. Results and discussion of the laboratory tests
3.1. Permanent lateral and vertical strains of ballast

Figure 4 shows the evolution of lateral and vertical strains of ballast with and without the inclusion
of GGR and RM. As expected, ballast aggregates were compressed and hence displaced laterally
under the applied cyclic loadings. The lateral strains (e;) were estimated based on the total lateral
displacements of the two side walls (transverse walls) of the test chamber. The vertical strains (¢;)
were determined based on the average readings of the settlement pegs installed at the capping layer
and top surface of ballast. It is noted that the geogrid significantly reduced the lateral and vertical
deformation of the ballast. In fact, when ballast grains are compacted over a geogrid they penetrate
through the reinforcement apertures to create a mechanical interlock between the geogrid and
surrounding ballast aggregates. This interlocking effect enables the geogrid to act like a non-
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Figure 4. Measured deformation responses of ballast with and without the inclusion of geogrids and recycled rubber mat: (a)
lateral strain (g3) and (b) axial strain (g;).
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horizontal displacement boundary that confines and restrains the ballast from free movement,
reducing their permanent deformations. The combination of a geogrid and a rubber mat (test T8)
resulted in the least amount of deformation due to the interlocking effect promoted by the GGR,
along with the energy absorbing capacity of the rubber mat (RM). Hence, less energy was
transferred to the ballast, thereby attenuating its deformation. The lateral and vertical strains
increased rapidly during the initial loading stages (N = 10,000 cycles) due to the initial densification
of the ballast layer and the abrasion and attrition of sharp angular ballast particles, but this rate of
strain accumulation (e;, €3) gradually decreased at subsequent loading cycles. During the period of
rapid deformation, the ballast assembly became denser, and thus the potential of particle rearrange-
ment slowly decreased until the ballast reached a relatively stable condition.

The volumetric strain (e,,;) and shear strain (&) of the ballast layer were calculated based on the
vertical and lateral strains, as given by

gl = &1+ &+ & (1)

&s _3{\/(51 —82)2+(€2 —83)2+(€1 —53)2} (2)
The volumetric strain (e,o)and shear strain (g) of ballast subjected to different axle loads and
frequencies are shown in Figure 5. Note that while an increasing axle load and/or frequency led to
an increment in the accumulation of ¢,,; and &;, geogrids helped to reduce these strains significantly.
The geogrid reduced the ¢,y by about 19%-33% and the & from approximately 17.2% to 29.1%.
Under a high frequency of f = 25 Hz (F,;. = 25 tonne) and without any artificial inclusion (test T5),
the ballast grains exhibited the highest volumetric strain (e,,;) and shear strain (¢;) of about 13.5%
and 10.1%, but with a geogrid inclusion (test T6) the ¢,,and & were decreased to 11.8% and 8.4%,
respectively.

3.2. Real time track displacements using a Pile Driving Monitor

A Pile Driving Monitor (PDM) was used to validate the settlement of ballast under cyclic loading, as
shown earlier in Figure 1. Figure 6 shows the vertical displacements of the rail during a cyclic test
(up to N = 10,000 cycles) obtained through the PDM (test T2). The test T2 (subjected to 25-tonne-
axle load and loading frequency of 15 Hz) is chosen for real-time track displacement measurement
since it represents typical Australian freight trains travelling at about 60-80 km/h on standard gauge
tracks [47]. The settlements captured by the PDM are comparable to those measured by the
settlement pegs during the cyclic loading tests. The ballast assembly settled rapidly during the
first 1000 cycles as the ballast aggregates were rearranged and re-oriented, but then the rate of
settlement decreased as the test progressed to a larger number of cycles and the ballast matrix
became denser.

3.3. Measuring the resilient modulus of ballast

The resilient modulus (M) is a key parameter for the design and analysis of track substructure
under repeated wheel loading. My can be defined by the ratio of the applied cyclic deviator stress
(Aqeye = Geye,max Geye,min) 1o the recoverable (resilient) axial strain, €; .. during a loading-unloading
cycle.

ch c QC c,max QC c,min
My = —22£ = 19° % 3)
€1 rec €1 rec

During the tests, data bursting commenced at pre-determined loading cycles (N) to calculate the
corresponding resilient modulus, My (N = 1, 50, 100, 500, 1000, 5000, 10,000, 50,000, 100,000,
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rubber mat.
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Figure 6. Vertical displacement of the rail recorded by the PDM during test T2.

200,000, 300,000, 400,000, 500,000). The typical applied cyclic stress-axial strain curves obtained
from these tests are shown in Figure 7(a). It is measured that the area of hysteresis loops becomes
smaller with an increased N, indicating that the granular layer gets more compacted and responds
more elastically towards the end of the test. The variations of My values calculated under various
loadings and frequencies (f = 15 Hz, 25 Hz) shown in Figure 7(b) reveal a large increase in My
within the first N = 100,000 cycles as the aggregates rapidly densified; this is associated with an
increase in the overall stiffness of the assembly. The subsequent increase in My became marginal
because the ballast grains were in more stable condition, leading to a reduced increment rate of Mx.
For a given applied loading and frequency, the inclusion of GGR resulted in an increase in the
resilient modulus of ballast (Mg), since the interlock between the geogrid and the aggregates
contributed to increased stiffness of the composite material.

3.4. Role of inclusions in decreasing ballast breakage

After each test, the ballast from each layer was recovered separately (top, middle and bottom layers)
and then passed through the standard sieves to estimate the extent of breakage. As shown in
Figure 8(a), ballast aggregates experienced different types of degradation (attrition, corner breakage,
abrasion) when subjected to cyclic loads. The role of geogrids and rubber mat in reducing the
degradation of ballast was analysed by quantifying and comparing, for the different test conditions,
the shift in the particle size distribution (PSD) curve of ballast towards smaller particles due to
breakage, as introduced by Indraratna et al. [48]. By recognizing this shift as the degradation
indicator, the ballast breakage index (BBI) can be calculated as

BBI (4)

T A+B
where A is the shift in PSD due to ballast breakage (i.e. the area between the initial and final PSD
curves), and B is the potential breakage or the area between the arbitrary boundary of maximum
breakage and the final particle size distribution. Note that the BBI has a lower limit of 0 (no
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Figure 7. (a) Applied cyclic stress versus axial strain curves at predefined numbers of cycles (test T2) and (b) Measured resilient
modulus of ballast (Mg) under different axle loads and frequencies.

breakage) and an upper limit of 1. A summary of ballast breakage measured with and without
geogrid and rubber mat subjected to different cyclic loading conditions is tabulated in Table 3. The
percentage reduction in the ballast breakage index, Rpp; (%) attributed to the effects of the artificial
inclusions was determined as
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Table 3. Summary of measured ballast breakage for different tests.

Test number

BBI T T2 T3 T4 T5 T6 T7 T8
Top layer 0.069 0.061 0.102 0.098 0.086 0.075 0.061 0.060
Middle layer 0.055 0.052 0.061 0.059 0.059 0.055 0.054 0.048
Bottom layer 0.061 0.059 0.090 0.075 0.072 0.069 0.059 0.044
Average breakage 0.062 0.057 0.084 0.077 0.072 0.066 0.058 0.051
Resi (%) 8.06 8.33 8.33 6.45 17.74
RBBI(%) _ BBIunreinforced - BBIreinforced 100 (5)

BBI unreinforced

The BBI values obtained after different tests are presented in Figure 8(b); they indicate that
the ballast in the top layer experienced the highest breakage, which is associated with the high
interparticle contact stresses and hard interfaces with the concrete sleeper. With geogrid
inclusion, there was a considerable decrease in the BBI as the ballast particles interlocked
within the geogrid apertures, which in turn reduced the movement of particles and the extent
of attrition-based degradation. A combination of geogrid and rubber mat (test T8) led to the
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largest reduction in ballast breakage (Rpp; = 17.74%) with respect to the value obtained in the
absence of reinforcement (test T1), whereas the geogrid (test T2) and geocomposite (test T7)
reduced ballast breakage to a lower extent (Rpp; = 8.06% and Rppr = 6.45%, respectively), as
indicated in Table 3. It is believed that the elasticity of rubber mats absorbs a certain amount
of the kinetic energy generated by cyclic loading, so less energy is transferred to the ballast
grains, which is why the ballast experiences less breakage. In fact, the rubber mats can store
energy through elastic strain energy when the cyclic loading is continually applied, and once
the train loading is removed most of that stored energy will be released to the ballast and sub-
ballast sandwiching the mat. However, with increasing number of cycles over time, this ability
to store and release will diminish as these recycled rubber sheets can loose their elastic
resilience (i.e. plastic damage). In practice, a reduction in ballast degradation by the inclusion
of geogrid and rubber mat would represent significantly extended ballast lifetime, and hence
contribute to extended maintenance cycles with associated major economic and environmental
benefits.

3.5. Measured stress distributions

The pressure cells at the sleeper-ballast interface and at the bottom of the ballast layer were
designed to measure the vertical stresses (0,) acting at different depths. Figure 9 shows the
distribution of vertical stresses in the ballast assembly for different tests recorded at N = 100,000
cycles. The vertical stress measurements from Australian tracks located in the towns of Singleton
and Bulli are also plotted in Figure 9 for comparison purposes [49]. The vertical stress o, decreased
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Figure 9. Variations of measured vertical stresses with depth and comparison with field measurements.
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Figure 10. Use of Stress Sensing Sheet (SSS) for detecting stress concentrations: (a) SSS placed on top of the capping layer in the
PSPTA; (b) data acquisition software.

with the depth of the test chamber where the values of o, recorded at the capping layer were
approximately 95 kPa and 210 kPa under 25-tonne and 35-tonne axle loads, respectively. As
expected, the geogrid-reinforced ballast (i.e. reinforcement placed at the interface between the
ballast and capping layers) reduced the stresses more effectively than the unreinforced ballast
assembly, because the geogrid provided a stiffer interface as the ballast grains interlocked. This
action facilitated an improved stress distribution and reduced the stresses transferred to the
underlying sub-ballast layer.

It is noteworthy that the pressure plates only measure the mean stresses within their surface
areas, and therefore the concentrations of stress due to the inter-particle contact of sharp edges
among the ballast aggregates cannot be captured accurately. To further investigate the stress
concentrations, a Stress Sensing Sheet (SSS), having dimensions of: 250 mm wide x 600 mm
long x 0.1 mm thick was used in these tests. This SSS uses a matrix-based tactile surface sensor
with two thin sheets of flexible polyester and conductive silver ink printed on them in rows and
columns (Figure 10(a)). The SSS is connected to a host computer supported by a high-speed
I-Scan system for data acquisition (Figure 10(b)). When a load is applied, the upper and lower
sensor sheets touch each other and the electrical resistance generated at the contact point of
rows and columns is inversely proportional to the normal force applied. Figure 11 shows the
stress contours measured underneath the ballast layer (N = 100,000 cycles) for tests with and
without artificial inclusions (tests: T1, T2 and T8) subjected to a 25-tonne axle load at f= 15 Hz.
The T1 test (without inclusions) revealed many points of concentrated stress (Figure 11(a)),
which led directly to particle breakage, whereas with geogrid (test T2) and geogrid combined
with rubber mat (test T8) the contact area increased and the peak stress decreased (Figure 11(b)
and 11(c)), leading to a reduction in ballast breakage, as measured after the tests. In fact, only
a limited concentration of stress was detected when the geogrid and rubber mat were installed
underneath the ballast layer (Figure 11(c)). The increase in the contact area promoted a more
uniform distribution of stresses and the associated reduction in the peak stress (i.e., with
geogrid and rubber mat, the peak stress was measured as 97 kPa, compared to 312 kPa with
the geogrid only).

4, Numerical simulation using the discrete element method

The Discrete Element Method (DEM) has often been used to study the micro-mechanical behaviour
of granular materials [27,50-55]. It enables modelling and studying some features of ballast such as
irregularly-shaped grains, contact force distributions, particle breakage, particle-geogrid interac-
tions, and coordination numbers, which would be almost impossible to measure experimentally or
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Figure 11. Measured stress distribution at the capping/ballast interface: (a) Without inclusion (b) With a Geogrid; and (c) With
a Geogrid + Rubber mat.

using other numerical techniques. Since the size, shape, and angularity of grains influence the
mechanical response of ballast, a 3D laser scanner (VIVID 910) (accurate to 0.22 mm horizontally,
0.16 mm vertically, and 0.1 mm longitudinally) was used to capture the angularity and shape of
ballast aggregates (Figure 12). Randomly selected grains of ballast were scanned through laser lights
to build polygonal meshes, and then subroutines were developed in FISH language to build ballast
grains in DEM by connecting many spheres of appropriate sizes and positions together to fill up the
mesh.

4.1. DEM for geogrid-reinforced ballast

Modelling a real shape of geogrid in DEM is a challenging task due to its complex geometry and
flexibility. In this study, a biaxial geogrid was modelled by bonding a number of spherical balls
(radius: 1, = 2.0 mm-4.0 mm) together by parallel bonds (Figure 13(a)). The bond strength
corresponds to the geogrid tensile strength, which can be determined by tensile tests. Each bond
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Figure 12. Process of modelling ballast particles in DEM.

represents the force and displacement response of a piece of cementatious material with a finite size,
deposited between two spheres [56]. These bonds form an elastic interaction between particles that
can transmit both forces and moments.

Forces and moments acting on parallel bonds are denoted by F; and M;, and can be resolved into
normal and shear components as [51]

~5

M; =M+ M; (7)
The contact force-increments occurring over a timestep of At are calculated by [51]

AF! = (—k,AAU})n; (8)
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Figure 13. Determination of DEM parameters for the simulated geogrid: (a) Tensile tests; (b) Validation of tensile load-strain
responses of geogrid measured from laboratory and DEM simulations.

AF, = —k,AAU; €
The increments in moments are determined by

AM] = (—kJAO!)n; (10)

AMS = —k,IAG (11)

with Af; = Swl[B] - w,[A])At

where, AU} and AU; are the normal and shear relative displacement increments, respectively;
AB} and A6 are the normal and shear relative rotation increments, respectively; A, I, and J are the

area, moment of inertia, and polar moment of the parallel bond cross-section, respectively,
defined as

_ 1 - 1 -
A = 7R*; 1 = —nR*and] = - 7R*; (12)
2 4

The maximum shear and normal stresses acting on the bond are calculated as
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Timax = 7 + ] ( )
_[n M
Omax = ji + ’]\;Il | R (14)

If either of these maximum stresses exceeds its corresponding bond strengths, the parallel bond
breaks, corresponding to the breakage of the geogrid. The tensile strength of the parallel bonds for
the geogrid was calibrated based on tensile test results (Figure 13), whereas the shear strength of the
parallel bonds was determined based on Equations 13-14.

4.2. Determining the model parameters

Micro-mechanical parameters of geogrids were determined from the calibration of tensile tests, as
shown in Figure 13(a). Simulated geogrids were fixed at one end, while the other end was pulled
with increasing load until the tensile strain was around &; = 8%. Field measurements indicate the
geogrid tensile strains barely exceed 5% [49]. DEM simulations of tensile tests for geogrid were
carried out and the tensile load-strain responses were compared with the results obtained experi-
mentally, where Figure 13(b) shows an acceptable agreement between the DEM simulation and the
laboratory results. A set of micromechanics parameters (Table 4) adopted for modelling the geogrid
was then established for the current DEM analysis. The contact bonds were used for simulating
geogrids only where the bond strengths correspond to the geogrid’s tensile strength in the elastic
range, as determined from the tensile tests.

Parameters used to simulate granular aggregates in DEM were selected by calibrating the DEM-
based shear stress-strain responses of ballast with the laboratory measurements from large-scale
direct shear tests. An initial set of parameters adopted from literature was used to simulate the shear
tests of ballast in DEM [3,57-62]. These parameters were then varied interactively until the
predicted shear stress-strain responses corroborated with those measured experimentally. Once
a given set of micro-mechanical parameters had been calibrated (Table 4), these parameters were
then used to simulate the PSPTA tests for ballast (with and without geogrid) subjected to cyclic
loading. It should be noted that the contact stiffness values used for ballast particles (normal
stiffness, k, = 8.52 x10® N/m and shear stiffness, k; = 4.26 x10® N/m) are different from those
adopted in previous studies because this study involved fresh ballast aggregates, not fouled or
recycled ballast as simulated elsewhere.

Table 4. Micro-mechanical parameters used for the DEM analysis.

Parameters Ballast Capping Geogrid
Particle density (kg/m3) 2700 2350 965
Inter-particle coefficient of friction, u 0.85 0.75 0.47
Contact normal stiffness, k, (N/m) 8.52 x 108 241 x 108 5.26 x 10°
Contact shear stiffness, k; (N/m) 4.26 x 10° 241 x10° 2,18 x 10°
Contact normal stiffness of wall-particle, k,,_,yqy (N/m) 3.25 x 10° 3.25 x 10° 3.25 x 10°
Shear stiffness of wall of wall-particle, ks_qr (N/m) 3.25 x 10° 3.25 x 10° 3.25 % 10°
Parameter of contact bond normal strength, ¢, (kN) 56.8
Parameter of contact bond shear strength, ¢, (kN) 56.8
Parallel bond radius multiplier, r,, 0.5
Parallel bond normal stiffness, k,, (kPa/m) 6.27 x 10’
Parallel bond shear stiffness, ki, (kPa/m) 6.27 x 107
Parallel bond normal strength, o,,, (MPa) 297

Parallel bond shear strength, o, (MPa) 297
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4.3. Modelling geogrid-reinforced ballast in PSPTA tests

Following the process carried out in the laboratory, a DEM model of the large-scale PSPTA was
developed. The capping layer was simulated in DEM using 5 mm diameter spheres to fill up
a 150 mm thick layer, as in the laboratory experiments. A layer of geogrid was then placed on the
top surface of the capping, followed by a 300 mm thick layer of ballast. Cyclic loads were then
applied onto the sleeper and the model was run up to N = 10,000 cycles. During this simulation the
positions of the sleeper and vertical walls were recorded so that the settlement and lateral displace-
ment of the ballast assembly could be captured. Figure 14 compares the settlement and lateral
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Figure 14. Comparisons of predicted ballast displacements with those measured in the laboratory (f = 15 Hz): (a) vertical

settlement; and (b) lateral displacement.
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displacement predicted by the DEM model with those measured experimentally under different axle
loads and a frequency of f = 15 Hz; note that the DEM analysis could accurately capture the
permanent deformation of ballast subjected to cyclic loading. The DEM simulations also confirmed
that the increased axle load intensified the deformation of the ballast. The breakage of particles has
not been captured by the current DEM model; however, the micro-mechanical parameters (Table 4)
have been carefully calibrated with the laboratory test data. As a result, the DEM model has
reasonably captured the load-deformation responses of the ballast assembly.

4.4. Contact force distribution and geogrid deformation

Figure 15 illustrates the contact force distributions of ballast assemblies with and without geogrid
captured at N = 1000 and N = 5000 cycles from the DEM model. The contact forces between
particles are plotted as lines whose thickness is proportional to the magnitude of these forces. For
clarity, only those contact forces that are higher than the average contact force in the assembly are
plotted. Fundamentally, an increase in the load cycle resulted in denser contact force chains and

(a) Without Geogrid
N

Number of contacts: 92,781 Number of contacts: 96,523
Maximum contact force: 1312 N Maximum contact force: 1316 N

(b) With Geogrid
N=1000

Number of contacts: 97,523 Number of contacts: 98,862
Maximum contact force: 1208 N Maximum contact force: 1252 N

Figure 15. Contact force distributions captured at N = 1000 and N = 5000 load cycles: (a) without geogrid; and (b) with geogrid.
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Figure 16. Typical deformed shape of geogrid: (a) 25-tonne axle load; and (b) 35-tonne axle load.

increased maximum contact force (P,,,,). Compared to the unreinforced ballast, the geogrid-
reinforced ballast assembly exhibited a higher number of contact forces (N¢), but a smaller
magnitude of maximum forces (e.g., Nc = 97,523 contacts and P,,,,, = 1208 N for reinforced ballast,
compared to N¢ = 92,781 contacts and P,,,, = 1312 N for unreinforced ballast, at N = 1000 cycles).
The reduction in the magnitude of maximum contact forces (P,,,) due to the presence of the
reinforcement justifies the reduction in ballast breakage measured in the laboratory. There was an
increased contact at the interface between the ballast and the geogrid reflected by a much larger
number of contact forces Nc. The mobilization of a larger number of contact forces within the
geogrid-reinforced ballast assembly is related to the ballast-geogrid interlock that governs the
interaction between them [63,64].

Observations made after each laboratory test showed that the geogrid deformed and some ribs
were bent and twisted away from their original positions. Figure 16 shows the typical deformed
shapes of the geogrids captured in DEM when subjected to 25-tonne and 35-tonne axle loads.
Previous laboratory and field studies [49] have also shown that the mobilized strains in geogrids are
relatively small, and the geogrids do not generally fail due to shear deformation.

5. Conclusions

This paper investigated how different artificial inclusions improved the performance of ballast
under heavy-haul cyclic loading. Large-scale laboratory tests were carried out using the Process
Simulation Prismoidal Triaxial Apparatus. Two types of geosynthetics and a rubber mat made from
scrap tyres were used in the laboratory tests, which were performed under axle loads of F,,;, = 25-
tonne and 35-tonne and frequencies of f = 15 Hz and 25 Hz to simulate typical Australian freight
trains. Corresponding numerical simulations were then carried out using the discrete element
method (DEM) to investigate the interaction between the aggregates and geogrid. The following
conclusions can be drawn from this study:

e The inclusion of geogrids significantly decreased the permanent deformations of ballast under
cyclic loading conditions. Indeed, the geogrid reduced the e,, by about 19-33% and the &
from approximately 17.2% to 29.1%. Subjected to 25-tonne axle load and under a frequency of
f =25 Hz and without geogrid, the ballast aggregates experienced the highest ¢,,; and ¢; of
about 13.5% and 10.1%, respectively. However, with the inclusion of a geogrid (GGR) the
volumetric strain (&,,)and shear strain (¢;) were measured as 11.8% and 8.4%, respectively.

e Regarding the resilient modulus of ballast (My), there was a large increase in My within the first
N = 100,000 cycles, but then the increase in My became marginal and remained relatively
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unchanged towards the end of the test. For a given applied loading and frequency, the inclusion
of geogrid resulted in an increase in Mg. Moreover, under F,,;, = 25-tonne and f = 15 Hz, the
combined geogrid and rubber mat provided the maximum reduction in ballast breakage of Rgp;
= 17.74%, whereas the geogrid and geocomposite reduced ballast breakage by about Rgg; = 8.06%
and Rppr = 6.45%, respectively.

e The vertical stress (0,) decreased with the depth of the test chamber where the o, values
measured at the capping layer were approximately 95 kPa and 210 kPa under 25-tonne and 35-
tonne axle loads, respectively. The inclusion of a geogrid at the interface between the ballast
and capping layers led to a more effective reduction in the vertical stresses transferred to the
sub-ballast in comparison with that for the unreinforced ballast assembly.

e The beneficial effect of geogrid reinforcement was further validated through the numerical
model. The DEM simulations showed that the number of contact forces in the geogrid-
reinforced ballast exceeded that in the unreinforced ballast assembly due to the interlocking
between the geogrid and surrounding ballast grains that partially carried and transmitted
contact forces across the assembly.

The outcomes of this study are expected to contribute to better design solutions and revised
specifications considering the use of artificial inclusions for enhanced track performance. The
improved resiliency of geogrid-reinforced tracks (increased resilient modulus, My) along with the
reduced long-term ballast deformation and breakage will potentially increase track longevity,
leading to extended maintenance cycles and reduced operational costs, while also contributing to
a more favourable carbon footprint.
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