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Abstract:

During the passage of trains, dynamic impact loads caused by wheel imperfections or rail abnormalities
cause significant ballast degradation. In this study, the use of rubber mats manufactured from recycled
tyres placed underneath a ballast layer is investigated to mitigate the adverse effects of impact loads.
Based on a series of tests conducted using a high-capacity drop-weight facility to evaluate the dynamic
impact responses, the experimental results show that the inclusion of a rubber mat beneath the ballast
assembly significantly reduces particle breakage. This study also describes a numerical analysis
following a coupled discrete-continuum modelling approach to examine the complex interaction of
discrete ballast grains with the recycled rubber mat. In particular, a mathematical framework coupling
the discrete and continuum domains is developed to facilitate the exchange of forces and displacements
at the ballast-mat interface. Laboratory data measured from large-scale impact tests are used to calibrate
and validate this coupled model. Subsequently, the model is used to predict the deformation and
breakage of ballast, contact force distributions, impact forces, coordination numbers and the evolution
of energy components during impact testing. The energy-absorbing properties of the rubber mat are

captured in terms of reducing particle breakage from a micro-mechanical perspective.

Keywords: Ballast, Impact loading, Rubber mat, Numerical modelling, Particle breakage
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INTRODUCTION

Railways are the most in-demand and widely used mode of transport in Australia, having a network
of almost 40,000 kilometres of tracks. Rail tracks are usually built on a coarse granular medium known
as ballast because (i) it is abundant and available, (ii) it has rapid drainage, and (iii), it has a high load-
bearing capacity (Selig and Waters 1994, Indraratna et al. 2013). However, the increased axle loads of
heavier freight trains and faster passenger services cause the ballast to deteriorate, with a consequent
loss of track geometry and more frequent maintenance (Esveld 2014, Indraratna and Ngo 2018). More
severe deformation often occurs when tracks are subjected to high impact loads caused by
abnormalities such as crossings and turnout, and wheel/rail imperfections such as wheel defects and
dips in the rails. Moreover, repeated train loading degrades and fouls the ballast aggregates, which
leads to increased settlement, decreased shear strength, and reduced porosity that impedes the drainage
capacity of the ballast layer (Tutumluer ef al. 2013, Le Pen ef al. 2016, Ramos et al. 2002). Previous
studies have shown that subjected to repeated train loading, the shear strength, angularity and surface
roughness of ballast reduced due to ballast fouling and breakage (Sun et al. 2019, Wong and Coop
2020). As a consequence, the degradation of ballast seriously hampers the safety and efficiency of rail
tracks, and often leads to enforced speed restrictions and more frequent track upgrading (Suiker and
Borst 2003, Priest et al. 2010). In practice, degraded ballast assemblies must be replaced with fresh
ballast through frequent track maintenance. In the absence of quantified design specifications and
guidelines that incorporate the adverse effects of particle breakage, the Australian rail industry spends

hundreds of millions of dollars annually on track maintenance and the replacement of degraded ballast.

Discovering ways to improve the performance of ballast, minimise its degradation, and control track
settlement is a significant challenge in railway practice. Previous studies show that planar polymeric
geogrids (Bathurst and Raymond 1987, Raymond and Ismail 2003, Brown et al. 2007) and cellular
inclusions (e.g., geocells) could improve track stability (Leshchinsky and Ling 2013, Biabani et al.
2016). Moreover, the ability of geogrid reinforcement to provide lateral and vertical constraints to
ballast has been emphasised (Giroud and Han 2004, Konietzky et al. 2004, Shukla and Yin 2006).
However, traditional plastic geogrids placed beneath the ballast layer do not provide enough damping
or absorb the energy transferred to the track substructure by impact loads (Chen et al. 2013, Indraratna
et al. 2019). For instance, over stiff foundations such as concrete bridge decks, rock subgrade or level

crossings, traditional geogrids do not mitigate ballast breakage.

In the recent past, rubber mats have been trialled to reduce the deformation and degradation of ballast

aggregates while enhancing overall track stability (Auersch 2006, Anastasopoulos et al. 2009, Alves
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Costa et al. 2012). In fact, placing rubber inclusions such as under-sleeper mats and under-ballast mats
has proven to be an effective method for attenuating the stresses transferred to the track substructure
under monotonic and cyclic loadings (Le Pen et al. 2018, Sol-Sanchez et al. 2020, Moubeké et al.
2021). Laboratory test results have indicated that placing a layer of rubber inclusion in track
substructure could reduce the amount of ballast breakage (Navaratnarajah et al. 2018, Xin et al. 2020,
Moubeké et al. 2021). Other forms of rubber including rubber crumb, waste tyres, gravel/rubber
mixtures have also been used for road and rail projects worldwide. A comprehensive study on the
benefits of using recycled rubber mats to reduce ballast breakage will greatly benefit rail industry in

future design and maintenance, given the rail industry push to embrace a circular economy perspective.

Railway noise and vibrations (particularly in urban areas) have been considered as one of the most
challenging railway engineering practices in recent decades (Miiller 2008; Sadeghi and Esmaeili 2017).
There have been numerous studies on noise and vibration mitigation for rail system through field
investigation, analytical and numerical modelling approaches (Anastasopoulos et al. 2009, Connolly
et al. 2014). Under ballast mats have been used in rail tracks for mitigating noise and rail vibrations.
They also serve as an effective vibration isolation layer, reducing the transfer of mechanical energy
from passing trains into the track substructure, thereby decreasing both ground-borne vibrations and

noise levels (Hanson and Singleton 2006, Sadeghi et al. 2019).

Lim et al. (2020) carried out DEM-FEM simulations of drop tests, investigating the interaction of
ballast and train wheels. In this study, ballast aggregates were modelled as rigid spheres and therefore
the breakage and angularity of particles could not be captured. Ngo and Indraratna (2020) studied the
role of under-sleeper pads in attenuating the load applied in ballast assembly by mean of laboratory
tests and DEM simulation. Although ballast breakage was captured in the study, the DEM analysis was
carried out in 2D and the angularity of ballast particle was not accurately simulated. Jia et al. (2023)
perfomed 2D and 3D DEM simulations to investigate the effect of a new sleeper with wedge-shaped
geometries has on contact forces and sleeper displacement. However, ballast breakage and layered

track substructure (capping, subgrade) were not considered.

In this study, a 10 mm thick rubber mat manufactured from scrap tyres is placed underneath a ballast
layer. In essence, such a mat is expected to serve as a rubber energy absorbing layer (REAL) within
the track substructure, hence less of the kinetic energy from the moving trains is transferred to the
ballast layer, thus resulting in decreased particle breakage. The recycled rubber mat (REAL) used in

this study can be categorised as elastomers consisting of a mixture of rubber particles (obtained from
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the shredding of waste tyres) and resin, which acts as a matrix binding rubber particles together (Sol-
Sanchez et al. 2015, Mondragon-Enguidanos et al. 2021). A series of large-scale impact tests were
carried out using a high-capacity drop-weight facility. The laboratory data complements the numerical
analysis based on a coupled discrete-continuum modelling approach (i.e., coupled DEM-FDM) that
quantifies the role of REAL in reducing the deformation and degradation of ballast aggregates from a

micromechanical perspective.

The novelty of this study is to investigate the effect of recycled rubber mats on the deformation and
degradation of ballast, employing both laboratory and discrete element modelling. To the knowledge
of the authors, no previous attention has been given to: (i) how impact loads produced by heavy haul
trains can be alleviated by rubber inclusions in a track substructure, and (ii) evaluating and quantifying
the complex degradation and/or settlement of ballast subjected to impact loading. The current DEM
analysis does provide a deeper insight into how the role of a recycled-rubber energy absorbing layer
(REAL) influences particle breakage and plays an important part in the distribution of contact forces,
particle displacement vectors, and coordination number (Cx»). Obviously, none of these aspects could
be captured through experimental data in the laboratory environment. In this regard, both experimental
and DEM observations are imperative for a better understanding of how the REAL placed underneath
the ballast layer effectively attenuates impact forces and influences the contact force transmission and

the associated ballast breakage in a quantified manner.

In addition, the laboratory efforts demonstrated that the presence of REAL decreased ballast breakage.
In support of this, the DEM analysis was able to convincingly explain that REAL partially absorbs
impact forces across the granular mass, thus resulting in decreased particle-particle contact forces as
well as the associated breakage of particles. The link between the experimental and numerical (DEM)
phases is thereby established. The outcome of this study could facilitate the future design and establish
the much needed practice guides for railway practitioners. To further demonstrate these benefits, a field
trial conducted in Singleton, NSW showed that placing these rubber energy-absorbing mats on very
stiff subgrade or concrete bridge decks could generate substantial savings up to several millions of
dollars annually, by reducing the traditional ballast thickness from 300mm to 250mm, and more
effectively controlling the particle breakage (Indraratna et al. 2014). In addition, the savings generated
by the reduced need for quarrying fresh aggregates have a direct environmental benefit through

curtailing the excessive degradation of rocky landscapes.
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LABORATORY TESTING PROGRAM
High-capacity drop-weight impact testing facility

High-capacity drop hammer impact testing equipment is used to study the effect that REAL has on the
attenuation of dynamic impact loads and the subsequent reduction in ballast breakage (Fig. 1a). This
impact apparatus consists of a free-fall hammer (590 kg) that can be dropped from a specified height
onto the ballast sample, 7z =100-250 (mm). It is noteworthy that this equipment is cylindrical and
therefore, due to the size and shape of the test specimen (300 mm diameter, 560 mm height), a real-life
sleeper could not be included. Instead, a steel cylindrical plate (50 mm thick) was used to transfer the
impact load at the top surface of the ballast layer. To determine stresses, preliminary tests were carried
out in the laboratory with a rigid steel pressure plate (200 mm diameter, capacity 1MPa) placed on the
top surface of the ballast layer subjected to varying drop heights (%4). In this regard, this type of impact
testing may not be perfectly representative of the physical sleeper-ballast assembly in the field, where
the stress propagated to the underlying substructure is based on axial load spreading over a set of
adjoining sleepers using a trapezoidal distribution. However, the current method is altered for
laboratory simulation where the vertical stress at the ballast-sleeper interface upon impact loading can
still be mimicked accurately. The range of drop height and the drop mass are specifically selected to
produce a vertical stress on the ballast surface in the range of 67=300-600 kPa that is representative of
typical impact stresses generated by corrugated rails, wheel flats or dipped rail joints based on field
measurements (Remennikov and Kaewunruen 2014, Indraratna et al. 2010). A 10 mm thick layer of
REAL made from waste tyres is placed under the ballast layer (Fig. 1b). Details of the instruments,
placement of track substructure layers, as well as a plan view and cross-section of the impact testing

facility are shown in Figure 1.

An accelerometer (Isotron, model 41A, capacity of up to 500 g) was mounted on the top of the loading
plate (Fig. 1b), measuring the acceleration of the ballast assembly. Epoxy resin was used to connect
the accelerometer onto the steel plate and it was carefully checked after every hammer drop to ensure
the device functioned properly. The data logger acquisition system (DT800) was controlled by a host
computer supported by LabVIEW software to accurately record impact forces, vertical displacements
and accelerations at predetermined time intervals during the testing phase. To reduce signal noise, the
raw impact load-time histories were digitally filtered using a low-pass fourth-order Butterworth filter
with a sample rate of 2,000 Hz. A dynamic load cell, with a capacity of 1,200 kN was attached to the
drop hammer and it was connected to a host computer-controlled data acquisition system to measure

the impact forces during testing.
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Sample preparation and materials used in the test

Crushed basalt consisting of igneous rock aggregates (latite basalt) collected from Bombo quarry (New
South Wales, Australia) and which comply to Australian standard gradation (AS 2758.7: 2015), is used
in the laboratory (Figs. 2a-2b). The ballast was sieved, washed, mixed and then placed inside a
cylindrical rubber membrane in three separate layers and compacted to a density of 1560 kg/m? (initial
void ratio, e,=0.74, specific gravity, Gs=2.7), simulating a typical field density attained by vibratory
tamping in most Australian heavy haul tracks. The ballast specimen was assembled using a 7 mm thick
cylindrical rubber membrane with a 300 mm diameter to prevent piercing by sharp particles during
testing (Fig. 1c). During the compaction, the sample was supported by two halves of a steel mould that
surrounded the cell membrane. It is noted the applied radial pressure from the membrane to the ballast
specimen is expected to vary with the lateral displacements. After compacting the ballast layer in the
assembly, a 50mm steel plate (loading plate) was fitted at the top of the ballast and fastened by steel
ties. The capping material (sub-ballast) is a mixture of sand and crushed rock (Fig. 2¢) that is placed
under the ballast layer (dmax = 19 mm, dmin = 0.075 mm, ds0 = 2.9mm) and compacted to a unit weight
7¢=20.5 kKN/m® and a thickness of 100 mm. A mixture of sandy-clay soil (50mm-thick) is placed
underneath the capping layer and compacted to a bulk unit weight of 18.5 kN/m® (at 7% moisture
content) to simulate a soft subgrade. The particle size distributions of the materials used in these
laboratory tests are shown in Figure 3. A layer of recycled rubber mats (Fig. 2d) is used as a REAL
layer to be placed underneath the ballast layer. The thickness of the rubber mat (REAL) and its
mechanical properties (i.e., static/dynamic bedding modulus) will affect its performance. In this study,
the rubber mats (10 mm thick) were produced locally from recycled tyres, which is one of the most
common thicknesses to be used as shock absorb mats in rail tracks (Nimbalkar et al. 2012,
Navaratnarajah and Indraratna 2017). Also, this selection of 10mm was partly influenced by a
manufacturing process. In addition, 10 mm thickness rubber mats have been tested previously for a
real freight track in the town of Singleton, NSW, Australia (Indraratna et al. 2014), and subsequently
adopted by Australian heavy-haul rail organisations. It is noted that there are other commercially
available rubber mats with thickness varying from 7mm to 44 mm (Sol-Sanchez et al. 2014). The 10
mm thick rubber mat used in the study was made from 1-3 mm size recycled rubber granulates bound
by a polyurethane elastomer compound. The mechanical properties of the rubber mats (REAL) and
both static and dynamic properties have been evaluated as per established testing standards stipulated
in DIN 45673-5 (DIN 2010). Three squared samples (200 mm x 200 mm) were used for the
measurement of dynamic properties of REAL. The bedding modulus is calculated in Equation (1), as

the secant modulus from the average results from the three tests. Based on these test results, the value

7
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of static bedding modulus, Csiaris 0.142 N/mm? while the dynamic bedding modulus, Cayn varies from
0.107 N/mm? to 0.148 N/mm® over the frequency range of f= 5-30 Hz. The mechanical properties of
REAL used in the laboratory are summarised in Table 1. Sol-Sanchez et al. (2014) carried out tests on
different types of ballast mats made from destructed tyres with thicknesses between 11.0 and 44.0 mm
and reported that the values of static Csiar =0.1-0.73 N/mm?® while the dynamic Cayn = 0.113-1.65
N/mm? at /=5-10 Hz. Recently, Esmaeili et al. (2023) carried out environmental tests to evaluate the
applicability of using recycled plastics in making railway sleepers and they found that the electrical
resistance of the recycled plastic material was almost 1.5 times the corresponding value of concrete
sleepers, and they could be considered as a suitable alternative for sleepers made from recycled plastics

in rail tracks.

_ AF_ F,—F 3
Cstat/ayn = 550 = aowgn, V/mm’) (1)

where, A, is the plan area of REAL (mm?); F,, F; are the maximum and minimum applied cyclic load;

and &h is the compression of REAL during loading/unloading (mm).

A series of tests took place with and without the inclusion of REAL under varying drop heights of 44
= 100 mm to 250 mm and these test data are adopted in this study to compare with the numerical
analysis. In summary, the results show that the inclusion of REAL could reduce the deformation and
breakage of ballast subjected to impact loads. The impact loads varied from 50 to 750 kN over a
duration of about 10 ms, during which time REAL significantly attenuated the magnitude of the impact
loads. The test data also indicated that the beneficial effects of REAL are better when it is placed on a
concrete panel (i.e., simulating a bridge deck), where ballast deformation decreased by about 15% and

ballast breakage by about 17%.
DISCRETE ELEMENT MODELLING FOR IMPACT TESTS

The discrete element method (DEM) first introduced by Cundall and Strack (1979) has been widely
used to study the micro-mechanical behaviour of granular materials (Jiang et al. 2005, McDowell et
al. 2006, O'Sullivan and Cui 2009, among others). DEM can examine various aspects of particle
breakage (Lobo-Guerrero and Vallejo 2005) such as the influence of irregularly shaped grains, the
evolution of contact force distributions (Guo et al. 2020), and the linkage between macro and micro
properties (i.e., anisotropy, fabric, coordination numbers) that are often challenging to obtain via
continuum modelling (Lim and McDowell 2005, Bolton ef al. 2008, Huang and Tutumluer 2011). In
this study, DEM is used to understand and quantify the load-deformation response of ballast subjected

to impact loading after incorporating REAL in the track substructure.
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The process of parameterizing the DEM model is acknowledged to be complex due to its strong
reliance on factors such as the representation of particle shapes, the particle-particle contact law, and
the loading conditions being simulated, such as static or impact loads. Suhr et al. (2022) introduced an
advanced contact law, Conical Damage Model (CDM) to model railway ballast, considering additional
physical effects (e.g. edge breakage) occurring in the experiment. A parametrisation strategy was
proposed to calibrate different DEM models and to study the influence of particle shape. Recently, Jia
et al. (2023) investigated the influence of particle shape, contact properties on the force behaviour of
ballast in DEM and introduced a method to improve the efficiency of DEM calculations. An optimised
multi-layer DEM model was formulated, where the ballast in the most influential area is simulated by
the irregular elements with a linear contact model, and other particles are the ball elements with rolling
resistance. This modelling approach allows to reduce the number of elements to the largest extent and

thereby, reduces calculation time.

It is noted that the imaging technique has been adopted by others to simulate the angular shape and
breakage of granular materials (Tutumluer et al. 2012, Zhao et al. 2015, Wu et al. 2023, among others).
In this study, a total of 10 representative particles of ballast were taken from the laboratory (Fig. 4a)
and scanned by a 3D laser scanner (VIVID 910) to simulate the geometry of these irregularly shaped
particles. Polygonal meshes of these particles were digitised to simulate their angularity and shape, as
shown in Fig. 5a. Appropriate subroutines were developed (FISH language) to build ballast particles
in DEM by bonding a number of spheres together and filling up the polygonal mesh. The linear parallel-
bond contact model was developed by Potyondy and Cundall (2004) and it has been widely used to
model a range of geomaterials including, ballast, sand, aggregates and geosynthetic materials (Wang
and Leung 2008, Jo ef al. 2011, Li et al. 2020). The bond strength is defined by multiple input
parameters, including the normal and shear bond stiffness, denoted as kp» and kps, respectively, and
bond strength (sp) which are the main control parameters of the parallel bond model (Table 2). The
parallel-bond interface is distributed over a circular cross-section lying on the contact plane and centred
at the contact point. It can transmit both forces and moments, which means it can resist relative rotation
until the imposed load exceeds its limiting strength. The breaking of bonds within a simulated particle
is considered to represent ballast breakage. As stated by Cundall (2001), a calibration process is needed
for acquiring all input micro-parameters, which commonly involves a trial-and-error process. In this
study, the calibration of the bond strengths for ballast particles was carried out using a compression
test (Fig. 4b). The parallel bond strength was determined based on matching the load-displacement
responses that were obtained from laboratory compressive tests with those predicted from DEM.

Ballast particles are generated inside the impact test apparatus following the particle size distribution
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(AS 2758.7-2015) at random orientations in order to resemble the experimental conditions. The void
ratio of the simulated ballast assembly is 0.74, which is similar to the ballast samples tested in the

laboratory.

Coupled discrete-continuum analysis

The continuum modelling approach can handle large-strain deformation within a reasonable
computational time, but it cannot account for the effect of particle angularity and breakage (Breugnot
et al. 2016, Song et al. 2019). Hence, there is an imperative need to introduce a coupled discrete-
continuum approach (i.e., coupled DEM-FDM) that utilises the advantages of both numerical methods.
In this study, the surrounding rubber membrane is simulated by the continuum approach using an
elastic constitutive model where the membrane consists of edge-connected, triangular faces where the
vertex velocities and positions are specified using a shape function (Fig. 5b). This coupling logic takes
the contact forces with wall facets and determines an equivalent force system at the vertices of the
facets; these forces are then distributed to the nodes with the corresponding stiffness contributions. The
rubber energy absorbing layer (REAL), and the capping and subgrade layers are simulated as
continuum elements (Fig. 5c). The drop hammer consists of a rigid body with a mass of 590 kg being

dropped from varying heights of 7z =100 mm to 250 mm (Fig. 5d).
Determination of input parameters for the coupled DEM-FDM

The micro-mechanical input parameters used to simulate the ballast in DEM are derived by calibrating
the shear-stress strain responses with laboratory tests carried out earlier by the authors (Indraratna et
al. 2011). The parameters are then varied interactively until the predicted shear stress-strain responses
corroborate with those measured experimentally. The bond strength of ballast is selected by conducting
triaxial tests on cylindrical rock samples. During a triaxial test, the sample is confined and then sheared
until failure, which allows for the determination of its shear strength properties. The DEM model
carried out in this study is a fully dynamic formulation, thereby damping is necessary to dissipate
kinetic energy. It is noted that there are several parameters contributing to the dynamic behaviour of
the materials. Damping is essential for dissipating kinetic energy and controlling vibrations where the
damping factor (loss factor) is a key parameter for understanding how a material dissipates energy
(ability to absorb and dissipate energy) when subjected to dynamic loading. Stiffness quantifies the

material's resistance to deformation under dynamic conditions. Also, the thickness and contact area are

10
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also significant factors that influence how stresses and strains are distributed within the material. These

concepts have been captured in the current coupled discrete-continuum analysis.

The drop of the 590 kg hammer generates a substantial dynamic impact, and therefore, a high value of
damping coefficient (&) is required for energy dissipation. Trial simulations have been conducted at
smaller values of ¢ varying from 0.0 to 0.6, however, the numerical model did not converge to a stable
condition when subjected to high impact forces. There is a correlation between model convergence and
damping values in simulations, particularly for dynamic analyses subjected to high-impact loading. If
damping values are too low (under-damping), the oscillations caused by dynamic loading can prevent
the simulation from reaching a stable state, i.e., leading to very gradual convergence. In contrast, high
damping values are often used for dissipating energy and preventing the system from experiencing
unrealistic oscillations (resonance). In this regard, high damping values are often used for suppression
of the resonance region rather than attenuating the load amplitude, and the current DEM analysis does
not contradict this. In this study, the energy dissipation is achieved by the way of interparticle friction
and global damping used in tandem. The friction coefficient for ballast can be simulated approximately
by u = 0.85 (Indraratna et al. 2011) and a damping coefficient of { = 0.7 is adopted to to prevent the
system from entering a resonance region that can induce large oscillations leading to excessively large
deformation. It is noted that the damping coefficient of { = 0.7 has been commonly adopted by
researchers in the past to simulate ballast in DEM (Li and McDowell 2020; Jia ef al. 2023, among
others).

REAL is modelled as a linear elastic material having an elastic modulus of E=15.68 MPa, as
determined from static compression tests. To increase numerical stability, a value of damping ratio for
the REAL of 0.114 was used in the current analysis. It is noted that the stiffness and other property
parameters (e.g., density, Elastic modulus E, Poison’s ratio v, cohesion c, friction angle ¢, and
dilatancy angle 1) of the capping and subgrade layers influence the research results and higher impact
forces are found to develop for a stiffer subgrade (Nimbalkar et al. 2012). For instance, stiffened
substructures consisting of concrete decks (bridges and tunnels) or rock foundations can generate high-
impact loading contributing to track component failures and increased maintenance costs (Chumyen et
al. 2022, Shan et al. 2020). In this study, the tested capping and ballast materials were selected to
represent typical track substructure conditions in Bulli and Singleton, NSW, Australia, as carried out
earlier by Indraratna et al. (2010, 2014). The track was built over a stiff subgrade consisting of over-
consolidated silty clay (estuarine) intermixed with shale cobbles and gravels with adequate strength to
sustain heavy haul trains. The material parameters were determined from laboratory testing conducted
on the capping and subgrade materials, including oedometer test, large-scale direct shear tests and

11
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triaxial tests. The density of capping and subgrade was selected as 1,955 kg/m® and 1,850 kg/m* which
are similar to those carried out in the impact tests. Based on oedometer tests, the elastic modulus of
capping and subgrade was determined as 120 (MPa) and 55 (MPa), respectively. It is noted that the
capping layer was highly compacted to provide an impervious layer that laterally diverted infiltrated
rainwater to the side drain and drainage to decrease the load propagating to the soft subgrade soft clay.
A small value of cohesion (2 kPa) for capping was utilised to enhance the numerical stability. Friction
angles of capping and subgrade were determined as ¢=39° and 25, respectively from direct shear tests
while the dilation angle, w =9° was determined from triaxial tests. Given the main objective of this
study is studying the role of recycled rubber mat on the behaviour of ballast under impact loading, the
capping and subgrade (assumed fully drained) are modelled using an elastic-fully plastic model that
embraces the Mohr-Coulomb yield criterion. The relevant material properties adopted in the numerical
analysis are summarised in Table 3. Once a simulated impact test is set up, the model is then run to
bring it into initial equilibrium, facilitating the particles to form contact with each other, while the
unbalanced forces remain almost unchanged at about 12.5x10°2 N. The simulated hammer is then raised
to a height of 4s = 100, 150, 200 and 250 mm and then released to drop onto the ballast assembly.
During the simulated drop heights, the impact forces, vertical settlement, and lateral displacements are
recorded, and micromechanical properties such as the contact forces, coordination numbers, number
of broken bonds, and evolution of energy components are captured and analysed to investigate how

REAL helps to reduce the deformation and breakage of ballast.
Implementation of force-displacement exchanges for coupled discrete-continuum modelling

An exchange of force-displacement between the discrete ballast particles and continuum elements must
be established to perform a numerical analysis (Fig. 6). When subjected to impact loads, contact forces
develop across the ballast aggregates; these contact forces act as enforced boundary conditions to the
relevant finite element mesh. A mathematical framework for the coupling scheme between a discrete

particle and continuum element (O'Sullivan 2011, Itasca 2020) is formulated below:

Contact forces in the DEM domain are computed as: Fi[c] = Fn[c] + FS[C] (2)
In the above, the normal contact force (Fn[c]) is calculated as: Fn[c] = K"U™n; 3)
and the contact shear force is determined in an incremental form as:

AFS) = ks (AXi[C] - AXi[C]ni) (4)

Resultant forces and moment acting on particles are calculated as:
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The relative velocity (V;) at the interface is determined by (Itasca 2020):

. C . . .
Vi = X9 - X[ = xG - |37 + epafT ([ - x| ©6)
where, X i[,i"] and X i[,I;] are the velocities of a continuum elements and discrete particles, respectively.

X i[P]and a}f;] are the translational and rotational of the particles, and e; . is the permutation symbol.

The velocity (displacement) of continuum elements at the interface is computed as:

. [C] _ o7
Xig = ZNX[p (7)
where, N;is a shape function given by: N; = (1 +&,)(1 +n,)/4,j = 1,2,3,4;and &, = £, 1, = 115
&;and n;are local coordinates of nodes.

At the interface, the shear and the normal contact forces (Appendix A) are distributed to the nodal

force, Fi[E'j I follows the shape function N; as given by:
[Ej] _ rlE] []
FH = ED 4+ EON, ®)

At a given time A¢, the contact forces in the DEM domain transfer to the continuum zone as boundary
forces. The nodal displacements in the continuum zone are then transferred back to ballast particles as
boundary displacements, thus executing a fully coupled simulation, as detailed in Appendix A. The
coupled model is then validated by comparison with the prototype test data obtained earlier by Ngo et

al. (2019).
Theoretical Considerations: Energy absorbing capacity of REAL

It is assumed that at a given drop height (44) the impact energy provided by the dropping hammer is
transferred to various energy components, including: (1) work done by external forces, W,,;; (2)
kinetic energy of the system, Ex; (3) strain energy, Eswqin; (4) bond energy stored in parallel bonds, Ep»;
(5) interparticle friction dissipation, Er; and (6) damping energy of REAL, E4. Any heat transmitted is
ignored in the current DEM analysis. More details about these energy components can be found by

O'Sullivan (2011) and Itasca (2020).
At a given hammer drop, the energy conservation law is satisfied:
Wext = Estrain + Ex + pr + Ef + Eq )]

The work done by the applied impact forces can be determined in an increment form (4W,,;) by:
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where, N», m;, g, Fi, Mi, AU; and A6; are the number of ballast particles, gravitational mass, gravity
acceleration (9.81 m/s?), external forces, external moment, calculated displacement increment and

calculated rotation increment, respectively.

The strain energy (Eswqin) that is stored in the contacts between particles and dissipated through particle

interactions and upon deformation is calculated from:

1an, (IFY ) |F)
Eoerain = 2210, (ME- + I2L) (1

where, N, is the number of contacts; |F*| and |F’| are the magnitudes of the normal and shear forces,

respectively.

The energy (Ex) that is accounted for both displacement and rotation of ballast aggregates is computed

by (Itasca 2020):

N 1 1
B = 2i2 (GmV2 + 3 Loy - ;) (12)

where, N», mi , I, Vi and w: are the number of ballast particles, the mass, the inertia momentum, and
the translational and rotational velocities of a given particle within the assembly, respectively.
Bond energy (Ep») stored in parallel bonds is computed by (Potyondy and Cundall 2004):

o (I, L, B,
_ 1Npo [ [Fi i i i
Epp = 3251 (Akn o T T Ikn> (13)

where, Ny, is the number of parallel bonds; f?, M? and fis ,Ml-s denote the normal and shear
components of forces and moments, respectively; and k,, and kg are the normal and shear-contact
stiffness. It is noted that when a parallel bond breaks, the accumulated bond energy (Ep») will be lost,

and this part of the energy loss is treated as the dissipation of breakage energy.

The energy that is dissipated by frictional slip (friction dissipation AEy) is calculated in an incremental

form as:

1
2

AEp = Zﬁvil( ((Fo + F)ASY ) (14)

where, (Ff),, F{ are the contact shear forces at the beginning and the end of the timestep At; ASY is

the slippage component of the relative shear displacement between two contacted particles.
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The damping energy (Eq) associated with the energy absorption of REAL and it is related to the elastic
deformation of the REAL upon impact load. The Eq is proportional to the force (F{) that transferred

to the REAL layer and can be calculated in an incremental form, as given by:
AE; = —F2(8 . At) (15)
where, & is the rate of relative translational velocity and At is a timestep.

The implications of a damping coefficient ({) on energy calculations are that it influences damping

force (F{) applied to each particle and dissipated energy (AW), as given by:

+1, v>0
F# = —;1F{1|sign(vl-) where sign(v) ={-1, v<0 (16)
0, v =0

|Fid| is the magnitude of the unbalanced force on the particle.

RESULTS AND DISCUSSION

Load-displacement responses

Measurements taken in laboratory tests include: impact forces, vertical settlements, lateral
displacements, acceleration, and ballast breakage. A high-speed camera (500 frames per second, 1280
x 800 resolution) was used to record deflections during the impact loading. Samples of output signals
of deflection and acceleration recorded from impact tests under drop heights, 4z = 150, 250 mm at
Narop=5 are presented in an Appendix B. It is noted that real-life measurements of track deflections and
accelerations have been carried out worldwide. Indraratna et al. (2014) conducted field testing at a
track in Singleton, NSW and reported the track settlements were found around 12-20mm after 500,000
loading cycles. Sadeghi et al. (2017b, 2018) carried out field tests on metro tracks, having a wide range
of track stiffnesses and reported that track deflection and acceleration values vary significantly

depending on the type of track structure.

Figure 7 shows a comparison between the predicted vertical settlement S\ (with and without REAL)
obtained from the simulations, and those measured from the laboratory impact tests under drop heights
of ha = 150 mm, and 250 mm. The settlements are calculated from the position of the top-loading
surface of the assembly for each drop. In general, the inclusion of REAL reduces ballast settlement,
for instance, where 4z = 150 mm, the maximum vertical displacement after Narop=15 with and without
the inclusion of REAL is 65.18 mm and 74.23 mm, respectively. The predicted values of Sv generally

match those obtained from the laboratory, and show a significantly increased settlement within the first
15
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eight hammer drops (Narop = 8), followed by gradually increasing settlement until the end of the test
(Narop = 15). During the initial hammer drops, ballast aggregates undergo significant re-arrangement
and compression, but after reaching some threshold densification, any subsequent impact loading

would resist further compression and promote particle crushing and breakage.

It is noted that the total height of the layered track element (560 mm) of the ballast assembly was kept
the same as for all tests with and without the inclusion of REAL (10 mm thick). While the thickness of
the ballast layer and capping were unchanged, the thickness of the subgrade layer was increased from
50 mm to 60 mm to compensate for the absence of REAL (Fig. 1b). With this test setup, the effect of
the sample height on the stiffness and the corresponding deflection can then be eliminated. The overall
track stiffness (K) is a combination of stiffness from various track components (in a series form), and
in the case of a ballast track the equivalent track stiffness can be calculated by (Powrie and Le Pen.
2016):
1 1 1 1 1

1
— = + + + + (17)
K ksleeper kballast kREAL kcapping ksubgrade

The stiffness of any substructure element (k) can be represented by the well-known expression, k=EA/h,

where, E is the modulus of elasticity, A is the area, and h is the element height (thickness).

The above theoretical concepts indicate that any change in the material properties of the track
components can result in a corresponding change in its overall stiffness. It is noted that the stiffness of
REAL is lower than the stiffness of other track layers, hence, the inclusion of REAL may generally
reduce the overall track stiffness thus effecting a potential increase in settlement. However, as the
thickness of REAL is only 10mm, this may not significantly influence the overall track stiffness.
Moreover, due to the relatively high energy energy-absorbing capacity of rubber, the inclusion of
REAL would result in a significant reduction of ballast degradation, hence contributing to a reduction

in track settlement.

After each hammer drop, the circumference of ballast assemblies was measured at the top, middle, and
bottom of the ballast layers (locations: A, B, C) to determine lateral displacements, as shown in Figure
8. Measured data show that with the inclusion of REAL, lateral deformation of ballast decreases for
any given drop height, /s and this is because of the energy absorbing capacity of REAL. The lateral
displacements increase with successive impacts, but the rate of increment gradually decreases after the
8t drop. The initially rapid lateral displacement of ballast could be attributed to the high rate of ballast

breakage that occurs at this stage.
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Figure 9 shows the evolution of lateral displacement contours of a ballast assembly subjected to a
hammer drop height of 4z = 150 mm. The total lateral displacements (Ls) are determined by averaging
the circumference of the ballast assembly at 3 locations (top, middle and bottom). It is seen that the
predicted values of La increase with an increase in the number of hammer drops (Naop), and the
inclusion of REAL decreases the lateral deformation of the ballast specimens. The predicted lateral
displacements of ballast agree well with the test data measured by Ngo et al. (2019). The ballast
assembly without the inclusion of REAL exhibits a maximum lateral displacement of about Ls = 58.5
mm compared to Ls = 51.4 mm for the reinforced case. A more obvious beneficial effect of the REAL
in reducing lateral deformation of ballast can be found when the number of drop Narop =5. For instance,
at Narop=5 the ballast assembly without the inclusion of REAL exhibits a lateral displacement of about
La=40.8 mm compared to Ls = 30.6 mm for the reinforced case, indicating an approximately of 25%
reduction. When the Narop increases to 10" and 15" drop, the reduction in lateral deformation of ballast
attributed to the inclusion of REAL is around 15% and 12%, respectively, which can clearly

demonstrate the effect of the REAL.

To further explore the effect of REAL on the ballast deformation from a micromechanical perspective,
the displacement vectors of ballast (with and without the presence of REAL) are captured at the
hammer drops of Narop=5" and 15", as shown in Figure 10. Actually deformed ballast assemblies taken
by high-speed camera at the Narop =5 are included for comparison. It is evident that upon impact loads,
particles in the specimen without REAL (Fig. 10a) tend to move horizontally leading to increased
lateral displacement, as measured experimentally. In contrast, with the inclusion of REAL, particles
displace more downward forming more contacts at the bottom layer of ballast leading to reduced lateral
deformation. This can be attributed to the REAL is modelled as an elastic media with a much lower
stiffness as compared to that of the ballast layer and the damping property of the REAL, which in
essence could act as a shock absorber underneath the ballast layer, creating increased contact areas
between particles and the REAL. It is noted that without REAL, these particles may have directly made
contact with the very stiff capping layer, which may have then caused them to displace laterally. This
micro-analysis supports the deformation mode of lateral bulging as observed in the laboratory (Fig.

10a).
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Role of REAL on the impact forces

Figure 11 shows the comparison between the impact forces predicted from the simulations with those
measured in the laboratory, with and without REAL, for a given drop height of 42=150 mm. The data
points are reported during the first 200 (ms) and recorded at Narop = 8. It is seen that the predicted time
histories of impact forces are similar to those measured experimentally, having multiple short peaks
(P; force), followed by a much longer duration of a less prominent peak of smaller magnitude (P2
force). When the hammer impacts the ballast assembly, the first peak (P:) occurs as the specimen
accelerates to the speed of the hammer, producing a high inertial force. The predicted impact forces
show that the first peak has a sharp triangular shape that represents a high amplitude of about 247 kN
for a very short time of about 10 ms. Multiple second peaks are then observed after the first peak,
followed by several sharp peaks, before the impact forces decrease to around 30 kN at the end of the
impact. While the inclusion of REAL produces a similar trend for the impact forces, it significantly
decreases the magnitude of the impact forces (P7). A maximum impact force is measured at about 247
kN (without REAL), and this value decreases to about 158 kN (with REAL), thus showing an

approximately 36% reduction in impact forces attributed to the inclusion of REAL.

Comprehensive field measurements carried out by Indraratna et al. (2010, 2014) in the towns of Bulli
and Singleton in the state of NSW have shown that under the passage of a coal train with 100 tonne
wagons (i.e. 25-tonne axle load), the maximum vertical cyclic stresses were measured in the proximity
of 230 kPa. However, one peak observed at 415 kPa was found to be caused by a wheel-flat generating
an impact force. In the field, the wheel load is transmitted both vertically (underneath sleepers) and
laterally to adjacent sleepers, and around 40-60% of the wheel load is carried by the sleeper directly
beneath the wheel (Atalar et al. 2001, Chandra 2007). It is noted that the type of impact testing carried
out in this study may not perfectly simulate the field conditions as the spreading of load between
adjacent sleepers could not be considered. Nevertheless, the drop heights and drop mass were selected
to produce vertical stresses in the range of 6:=300-600 kPa, to simulate typical impact forces caused
by wheel flats and dipped rail joints as measured in the field and explained elsewhere by Remennikov

and Kaewunruen (2014) and Indraratna et al. (2010).

Role of REAL on the contact force distribution

Subjected to impact forces from hammer drops, a network of contact force-chain develops across the
ballast particles to resist the applied forces and transfer them to the underlying layers. The orientation

of contact force distribution varies with the applied loads and directly governs the deformation and
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strength of a discrete granular assembly (Oda and Iwashita 1999, Guo et al. 2020). Altuhafi et al.
(2016) showed that the amount of particle breakage should depend not only on the strength of the
particle but also on the distribution of contact forces and arrangement of particles. Figure 12 shows the
evolution of inter-particle contact forces that develops in the ballast and the vertical stress contours in
the capping/subgrade layers captured at hammer drops where Narop = 1, 5, 10 and 15. Each contact
force is shown at the point of contact in the direction of the particle centroid, where its thickness is
proportional to the intensity of the contact force. It is observed that the force distribution in the DEM
region is heterogeneous (non-uniformly distributed), where the number of contacts (Ncontacr) and
maximum contact forces (Fmar) change with increased Narop. At any given hammer drop, the inclusion
of REAL decreases the maximum contact forces due to the energy absorbing property of REAL; this
causes less impact forces to be transferred to the ballast aggregates. In fact, at Naop =1, unreinforced
ballast (without REAL) shows a maximum contact force of Fimax = 781N, while the reinforced ballast
(with REAL) shows a lower contact force of Fmax = 675N. The inclusion of REAL also increases the
number of contacts (Ncontaer =1298 and 1429 for unreinforced and reinforced assemblies, respectively).
Most of the high contact forces are found at the top ballast layer (underneath the rigid loading plate)
where they directly support the impact loads. As the impact test progresses to the final drop (Narep =15),
the contact forces intensify and reach a value of Fna=688N and 798N for tests with and without the
inclusion of REAL, respectively. The increased Fmax With the subsequent increase in Narop can be
attributed to the increased packing density of the specimen and particle breakage. The vertical stress
contours (oz) on the continuum substructure (REAL, capping and subgrade) are also captured in the
coupled discrete-continuum simulation. The vertical stress has a maximum value of about 100 kPa in

the capping layer, and then it decreases with depth, as expected.

To further explore the effect of REAL from a micromechanical perspective, the evolutions of the
number of contacts, Nconaer and maximum contact forces, Fmax predicted from DEM for ballast
assemblies with and without REAL are presented in Figure 13. It is seen that while the Ncontacr increases
significantly with the inclusion of REAL, the maximum value of contact forces decreases. When a
rubber mat such as REAL is placed beneath the ballast, the applied impact loads do not only transmit
through the large aggregate skeleton but also transfer across the rubber mat and particles. This results
in a reduced maximum contact force magnitude contacts (i.e., with REAL: Fux=675-688 N; without
REAL: Fnax=775-810 N) corresponding to a higher number of particle contacts (i.e., with REAL:
Neontact =1314-1429; without REAL: Necontacr =1245-1298). The significant energy absorption capacity
by the REAL diminishes the effects of high-impact loads and attenuates the transmission of impact-

induced shocks effectively, thereby reducing the track deformation. The REAL increases Ncontacr and
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this is attributed to the increased contact area (more particles are effectively allowed to contact with
REAL), whereas the energy absorbing capacity of the REAL results in reduced Fmax. The vertical
distribution of contact forces is affected by the REAL, with more horizontal 'locked in' forces towards
the bottom of the sample. This indicates that the impact load has been distributed more evenly along
the capping and subgrade layer, hence preventing the damage due to stress concentrations. As a result,
particle breakage is decreased due to diminishing the intensity of contact forces concentrated in the
ballast matrix. This micro-level analysis of DEM provides insightful information about the effect of

REAL which is not actually possible to measure in laboratory testing.

Capturing ballast breakage

One of the most challenging issues related to DEM analysis is to consider particle breakage and
complex particle shape at the same time, where these aspects are often ignored by the conventional
continuum modelling approach. The angularity of ballast particles are modelled by parallel bonds (Fig.
5a); the breaking of these bonds can be considered to represent particle breakage (Cheng et al. 2004,
Ciantia ef al. 2015, Li and McDowell 2018). Although this method cannot predict the breakage
quantitively as experienced in real-life track conditions, it successfully modelled the effect of REAL
on ballast breakage and provided relatively fast computational speed. The maximum tensile (0;,4)
and shear stresses (T,,4,) acting on each bond are determined by (Potyondy and Cundall 2004):

@_

5 _[Fl [
- ;o an Tmax—7+

J

Fn
i
Omax = A +

R (18)

where, A,] and [ are the area, and the polar and inertia moments of the bond cross-section,
respectively. If either of these maximum stresses exceeds its corresponding bond strength, the bond
breaks (Russell et al. 2009). Figure 14 presents snapshots of the evolution of broken bonds captured
during the impact tests (ks = 200mm), for ballast assemblies with and without REAL. It is seen that
most of the broken bonds occur just under the loading plate (top layer of ballast), and this observation
agrees with the ballast breakage measured in the laboratory. After repeated hammer drops, a
concentration of particle breakage occurs beneath the loading plate, and there are a small number of
broken bonds at the bottom of the ballast layer. An increasing number of hammer drops (increased
Narop) results in an increased number of broken bonds (Nareakage) and the breakage starts occurring in
the bottom ballast layer (Nsreakage = 45 and 374 at Narop=1 and 15, respectively). However, the inclusion
of REAL significantly decreases Nareakage by about 34% (i.e., at Narop=15: Npreakage = 248 with REAL
compared to Nareakage = 374 without REAL). The reduced Nareakage associated with REAL is because it
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could distribute the load over a wider area and attenuate the dynamic forces, apart from retaining the
energy is transferred to the surrounding ballast aggregates. It is noted that the interface/contact
conditions between the steel loading plate and ballast aggregates were tested in this study representing
a hard surface of concrete sleepers in practice, albeit this caused breakage of corner and sharp edges of
ballast. To mitigate this issue, an elastic element (Under Sleeper Pad -USP) can be utilised, and this

will be carried out in the future study.

Figure 15 shows accumulated broken bonds (Nsreae.) With an increased number of hammer drops (Ndrop)
under a drop height of 7z = 150 mm, with and without REAL. The actual amount of ballast breakage
index (BBI) measured in the laboratory is also presented for comparison. It is observed that Ngreakaze
increases with an increase in the Narop, while the inclusion of REAL results in a significant decrease in
Nsrearage. The increased values of Niaaee With an increase in Narop agrees with the ballast breakage index
(BBI) measured in the laboratory. The reduction in Ns.ue. 1s believed to be due to the energy absorbing
property of REAL, which means less impact energy is transferred to the aggregates and there is less
breakage. Furthermore, REAL provides a better distribution of applied impact forces over wider areas,

which reduces the contact forces, as shown in Fig. 12b.

Variation of coordination number

The coordination number (C») is an important microscopic parameter in describing the packing of
particles and can be determined as the average number of contacts per particle for a given volume
(Soga and O'Sullivan 2010, Ciantia et al. 2019). The change in Cy is an indication of loss or generation
of contacts, it depends not only on the change of packing density, but also on the rate of newly-formed
contacts and particle breakage. Hasan and Alshibli (2010) found that C» is linked to the contact force
networks and the load-carrying capacity of a granular assembly. Todisco et al. (2015) studied the effect
of the coordination number on particle crushing and proved that particles compressed with higher value
of C» have a lower likelihood of breaking. Figure 16 shows the variation of coordination number Cx
with an increased number of Narop subjected to drop heights where 42 =100 and 200 mm. It is seen that
although C» decreases with the number of hammer drops as the aggregates displace and break into
smaller grains, the value of C» exhibits a slight increase with increased Narop towards the end of the
test. With the inclusion of REAL, C, shows a relatively constant value of about 6.62 throughout testing,
but without REAL, C, exhibits significant fluctuations (varying from 6.35 to 6.6), which could be
associated with the breakage causing the particles to be re-arranged, displaced and forming new
contacts to support the induced impact load. The inclusion of REAL results in a slightly higher value
of Cxu (i.e. Cn = 6.62 with REAL compared to C» = 6.51 without it). The variations of C, can be used to
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reflect the ability of the ballast assembly to maintain its current configuration because a higher value

of C»imposes more restraints on particle displacement and breakage.

Evolution of energy components

Figure 17 shows the energy components of a ballast assembly captured after the first hammer drop
(Narop = 1) with the inclusion of REAL and subjected to a given drop height of s =100 mm. When the
hammer starts to drop, the kinetic energy of the whole system (Ex) accelerates and reaches a maximum
value of Ex= 761 J as soon as the hammer hits the ballast, and this is followed by a significant reduction
as the Ei is transferred to other energy components once the hammer is at rest. By contrast, the
component of strain energy (i.e., the internal particle deformation) increases to the highest value of
Eswain="523 J when the hammer touches the specimen and fluctuates to around 385 J at the end of the
first drop. This strain energy Esqqin increases rapidly during the impact as a result of the work performed
on the ballast assembly (i.e., ballast deformation). Similarly, the energy dissipated through the friction
(slippage), Er also experiences a considerable increase when the hammer drops onto the ballast
assembly. Unlike Eswqin Wwhich has some fluctuations (Fig. 17), Er remains relatively unchanged and it
reaches a value of about Er= 221 J at the end of the first drop. Here, the bond energy steadily increases
to a value of Ep» = 64.8 J, albeit with some fluctuations as this energy dissipates when the bond of the
cluster of particles breaks. The damping energy absorbed by REAL can be calculated with respect to
the damping forces, and the amount of rubber compression that had occurred during impact load. Here,
the energy absorption of REAL consistently increases during the first hammer drop and reaches a final
value of around Eq= 107 J. The dissipated energy, by either damping or slippage, increases throughout

the hammer drop, as expected.

To further investigate the energy absorbing capacity of recycled rubber mats, comparisons of the
energy components (with and without REAL) subjected to #2=150 mm captured at different Narop is
shown in Figure 18. The inclusion of REAL reduces the frictional slip energy and decreases the strain
energy, Esoain (maximum value of Esuain = 931 J, compared to Eswain =1062 J without REAL); this leads
to a reduction in ballast deformation, as measured in the laboratory. In general, all the accumulated
energy components increase as the number of hammer drops increase (Narop), €xcept for the energy
absorbed by the rubber mat (Es) remains almost unchanged after Naop = 5. This could be due to the
rubber mat being compressed to its approximate limit after 5 drops. The effect of REAL has been
demonstrated by considering the increased energy dissipated through damping (i.e., Es=425 J and 139
J with and without REAL, respectively). In contrast, the energy stored by the parallel bonds Ep» is
lower when REAL is included (i.e., Epp= 189 J with REAL, compared to Ep» = 285 J without REAL),
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and this could explain the reduced number of broken bonds (Fig. 15). When a bond is broken, some of
the bond energy is dissipated due to particle breakage, this also causes fluctuations in the coordination
number (Fig. 16). Figure 18 also reveals that without the inclusion of REAL, friction-related energy
dissipation dominates the amount of energy consumed by the impact load, whereas damping-related
dissipation takes a secondary role (Er =795 J, Ea=212J). However, with the inclusion of REAL, the
damping energy of the ballast assembly increased up to about Es=412 J and the energy dissipated by
frictional slip dropped to around Er= 597 J.

Limitations and future study

The main objective of this study was to introduce an innovative application of a recycled rubber mat
in reducing the deformation and breakage of ballast that has been tested both experimentally and
numerically. Nevertheless, there are certain limitations in the current analysis that need to be

considered for future study, as follows:

e The breakage of bonds at best can only be considered a proxy measure of particle damage using
parallel bonds. Although this method cannot predict the breakage quantitively as the particles
cannot continue to break, it successfully modelled the effect of REAL on ballast breakage and
provided relatively fast computational speed. A more advanced contact model (i.e., Conical
Damage Model introduced recently by Suhr ef al. 2022) may be adopted to capture more

realistic particle breakage.

e A more comprehensive future work of parametric study concerning the REAL (having different
thicknesses and varied stiffnesses) and foundation (capping and subgrade) characteristics
covering a wide range of geotechnical soil conditions will allow addressing optimisation

conditions of the use of REAL.

e To promote sustainable solutions in railway tracks, it is recommended to test the effectiveness
of a potential combination of using under sleeper pads (USP) and REAL techniques and
evaluate their performance in tracks at critical scenarios (e.g., transition zones, railway

crossings).
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CONCLUSIONS

The role that recycled rubber mats manufactured from waste tyres has on reducing the deformation and

degradation (breakage) of ballast was analysed in this study. A series of drop-weight impact tests were

carried out in the laboratory to evaluate the improved performance of ballast when recycled rubber

mats were used. Numerical modelling was performed using the coupled discrete-continuum modelling

approach to understand the complex interaction of discrete ballast grains and continuum media (rubber

mat, subgrade). The outcomes of this study provide more insights on the role of REAL in terms of

particle breakage, distribution of contact forces, number of contacts, maximum contact forces, and

evolution of coordination number (Cx), none of which could be captured purely based on laboratory

testing. The following specific conclusions can be drawn:

Laboratory test data and numerical simulations showed that the inclusion of REAL attenuated
the settlement and lateral deformation of ballast, as well as particle breakage under impact
loading. Subjected to a drop height of 4s = 150 mm, the maximum settlement measured at
Narop=15 with and without the inclusion of REAL was $,=65.18 mm 74.23 mm, respectively.
A maximum lateral displacement of ballast with REAL was found at Ls = 51.4 mm compared
to La= 58.5 mm for the ballast assembly without REAL. These observations prove without a
doubt that REAL effectively controls both the vertical and lateral deformations of the ballast

layer.

The variation in the number of contacts predicted from DEM analysis showed that the presence
of REAL resulted in increased Neontacr (With REAL: Neontacr =1314-1429; without REAL: Neontact
=1245-1298). When a rubber mat was placed beneath the ballast, the impact loads did not only
transmit through the large aggregate skeleton but also transfered across the rubber mat and
particles leading to a higher number of contacts and affecting the particle displacement vectors.
This finding provided an insight into force transmission in the granular matrix which was not
really possible to measure in the experimental tests.

Results from the DEM analysis demonstrated that the REAL decreased the maximum contact
force Fmax. In fact, at Narop =1, the ballast without REAL showed Finax = 781 N while the ballast
with REAL showed a lower value of Fiuax =675 N. This result implied that the energy absorbing
property of REAL contributed to less impact forces transferred to the ballast aggregates, hence
preventing ballast breakage due to stress concentration.

From numerical results, it was evident that the REAL significantly reduced the number of

broken bonds, Nareakage by up to about 34% (for instance, at Narop=15: NBreakage = 248 with
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REAL, compared to Nareakage = 374 without REAL). Also, REAL helped to increase the
coordination number Cn (i.e., C» = 6.62 with REAL, compared to C» = 6.51 without REAL).
These simulation results implied that the higher value of C» would impose more restraint on
particle displacements and associated breakage.

e The effect of the energy absorbing layer (REAL) was demonstrated by considering the
substantially increased energy dissipation attributed to damping (Ez= 425 J and 139 J with and
without REAL, respectively). Moreover, REAL helped to decrease the frictional slip energy
(reduced slippage) and to reduce the strain energy (with REAL, the maximum value of Esuain =
931 J, compared to Eswain =1062 J without REAL), thereby reducing the ballast deformation as

measured in the laboratory.
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APPENDIX A

The continuum FDM zone is divided into segments where each vertex corresponds to the element
node. As shown in Figure 19, a continuum element (length, L) is in contact with a discrete ballast

particle, j (contact location, C_p)), where L; and L: are the distances of the contact point to vertex (7)
and vertex (i+1), having corresponding vector positions of ¥;, and ¥;, ;. Then:

Ly =d(C, ;) = \/(Cl —v,) + (G- ve,) (19)
L, = d(CTm Viy1) = \/(C1 - V(i+1)1)2 +(C, — V(i+1)2)2 (20)

Assume the element has a relative angle to horizontal direction of @, then:

® = tan-1 [M} 1)

V()2 ~V(i+1)2
Therefore, for ® # 0:
Lix =Ly Xcos®; and: Ly, =Ly X sin® (22)
Lyy =Ly X cos®; and: Ly, = L, X sin® (23)

Contact forces of ballast particle, j (Fxj and Fy;) are divided into horizontal and vertical forces at each
wall vertex, described as:

J ejio-tates
F 'xL (24)
yi) =22
y

xj(i+1)=ijLXi
x 25
f (25)

. F 'XLly
Y+ D=-2 =

In case of ® = 90°:

Liy =Ly Xcos® =L;; and: Ly, =Ly Xsin® =1L, (26)
Loy =Ly X cos® =Ly, and: Ly, = L, X sin® =L, (27)
hence:

4 xj()="22

(28)
yio=tate
y
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. F, iXLq
xj (l+1)=—x£x

f ijXLl

Yj(l'+1)=T

(29)

The forces calculated at the vertex are transferred into an equivalent element node and the
corresponding nodal velocities are transferred to DEM zone as input boundary conditions. In this way
a full coupling between the discrete and continuum zones can be performed.

APPENDIX B

Samples of output signals of deflection and acceleration recorded from impact tests under drop heights,
ha= 150, 250 mm at Narop=5 recorded for ballast assemblies with and without the inclusion of REAL
are presented in Figure 20.
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Table 1. Mechanical properties of REAL

Material properties Values
Thickness, ¢ (mm) 10

Area weight, kg/m? 8.23
Permeability coefficient, k (cm/sec) 2.5x10*
Static bedding modulus, Cgpq; (N/mm?) 0.1422
Dynamic bedding modulus, C4yp, (N/mm?), f~5-30 Hz 0.107-0.148*

*DIN (German Institute for Standardization). (2010). “Mechanical vibration—Resilient elements used
in railway tracks. Part V: Laboratory test procedures for under-ballast mats.” 456735, Berlin.
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Table 2. Micromechanical parameters adopted for DEM simulation of ballast

Parameters Ballast
Particle density (kg/m?) 2500
Inter-particle coefficient of friction, u 0.85
Contact normal stiffness, kx» (N/m) 0.52x108
Contact shear stiffness, ks (N/m) 0.26x108
Contact normal stiffness of wall, kn-wair (N/m) 1.25x10%
Shear stiffness of wall, ks-war (N/m) 0.625x10%
Damping coefficient, & 0.7
Parallel bond normal and shear stiffness, kp (kPa/m) 4.84x10°
Parallel bond normal and shear strength, s, (kPa) 842x10°
Parallel bond radius multiplier, 7, 0.50
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Table 3. Input parameters adopted to simulate capping, subgrade and recycled rubber mat

Capping (sub-ballast)

Density Poisson’s Elastic Cohesion Angle of Friction angle, ¢
(kg/m?) ratio, v modulus  (kPa) dilation, y  (degree)
(MPa) (degree)
1,955 0.3 120 2 9.0 39
Subgrade
Density Poisson’s Elastic Cohesion Angle of Friction angle, ¢
(kg/m?) ratio, v modulus yield stress dilation, v  (degree)
(MPa) (kPa) (degree)
1,850 0.3 55 30 9.0 25
Recycled rubber mat (REAL)
Density (kg/m?) Poisson’s  Elastic modulus, Damping ratio
ratio, v Erubber mat (MPa)
950 0.44 15.68 0.114
Rubber membrane
Density (kg/m?) Poisson’s Ratio, v Elastic modulus, Emnems (MPa)

1060 0.42

34.65
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Accelerometer

50mm T | Steel plate /Y
To data logger
350mm
Keedalidiap Ballast specimen
hammer and
load cell
Load quick A Rubber
release 10mm
dystom . membrane
100mm Capping
Data s i |
z(;?tumltlon 50mm l Subgrade
Accelerometer
- 300 mm
(b)
986
987 Fig. 1. High capacity impact testing facility: (a) 3D of the impact equipment; (b) schematic
988 diagram of a ballast assembly; (c) placement of ballast into the test specimen; and (d) a ballast
989 sample before the test.

36



990
991

992
993

(c) (d)

Fig. 2. Typical photos of tested materials: (a) painted clean ballast before the test; (b) ballast
breakages after impact tests; (¢) capping material and (d) recycled rubber mat (REAL)
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Fig. 3. Particle size distribution of materials used in the laboratory impact tests
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(a)

Fig. 4: (a) Actual ballast aggregates used to scan for constructing particles in DEM; (b)

Compression test carried out on single ballast
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Fig. 5. (a) irregularly-shaped ballast grains simulated in DEM; (b) surrounding rubber

membrane; (c) simulated subgrade, capping and REAL; (d) a ballast assembly simulated in

DEM before the impact test
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Fig. 6. Schematic diagram of an interface contact between a ballast particle and continuum

element
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Fig. 7: Comparisons between the vertical settlements (S,) predicted from simulations with those

measured from impact tests: (a) drop height, #; = 150 mm; (b) drop height #; =250 (mm)
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Fig. 9: Predicted lateral displacement of ballast assembly during impact loading tests (drop
height, h; = 150mm): (a) without recycled rubber mat, REAL; (b) with REAL
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Fig. 11. Comparison of predicted impact forces with those measure in laboratory: (a) without

REAL; and (b) with REAL

46



1065
1066

1067
1068
1069

(a) without rubber mat: N,,,=1

Contact force (N)
on Ballast

£0000E+02

I 7.0000E+02

6.0000E+02

5.0000E+02

I 4.0000E+02

" 3.0000E+02

2.0000E+02

1.0000E+02

0.0000E+00

Unit: N
O, (Pa)

on Capping and Subgrade

10000E+05
9.0000E+04
&0000E+04
7 0000E+04
6 0000E+04.
5 0000E+04.
4 00D0E +04
3 00D0E +04
2 00DOE+04
1.0000E+04
0.0000E+00

iiiuba ‘ Niomact = 1298, Frpax = 781N ‘

‘ Neomaer = 1262, Frpoe = 792N ‘ ‘ Noontact = 1254, Fpnpx = 795N ‘ ‘ Noontost = 1267, Fpx = 798N ‘

(b) with rubber mat: N, =1

Contact force (N)
on Ballast

I & 0000E+02

Nyop =5 Nrop =10 Nyop =15

7.0000E+02
6.0000E+02
5.0000E+02
4.0000E+02
30000E+02
g 20000E+02
I 10000E+02
0.0000E+00
Unit: N
O (Pa)
on Capping and Subgrade

1.0000E+05
S 0000E+04
8 0000E+04
7 0000E+04
6 O000E+04
5 0000E+04
4.0000E+04
3.0000E+04
2 0000E+04
1.0000E+04
0 0000E+00

Unit: Pa

‘ Neontace = 1429, Frray = 675N l ‘ Noontaet = 1418, Fppgy = 681N ‘

‘ Nomace = 1314, Fpox = 685N ‘

‘ Noontact = 1397, Fpnay = 688N ‘
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(a) without the inclusion of REAL; and (b) with REAL
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