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Abstract. The fast urbanization and frequent traffic congestion of roads have led to increasing attention being
focused on ballasted tracks for heavy haul and passenger transport. The complex mechanism of the degradation
and deformation of ballast and the urgent request for effective track operation that requires a better understanding
of the load-deformation responses of ballast to improve the existing conventional railroad design for future high
speed trains and heavy hauls. In this study, the load-deformation responses of ballast under cyclic loads is measured
in the laboratory using a novel large-scale Track Process Simulation Apparatus (TPSA). A novel coupling model
built on discrete element method (DEM) and finite element method (FEM) is developed to predict the load-
deformation responses of a ballasted track capturing the interaction of discrete ballast grains and continuum
subgrade. In this coupling approach, the discrete nature of ballast particles are modelled by DEM and the subgrade
media is modelled as continuum elements by FEM. The results indicate that significant settlements are observed at
the beginning of loading stage, followed by increased deformation, arriving at a constant value towards the end of
tests. Contact force distributions, stress contours and corresponding broken bonds are captured.
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1 Introduction

Australia plays a leading role in the development of heavy freight trains that include 3-5 km long trains with axle
loads exceeding 30 tonnes to optimise the efficiency of transport the mining and agricultural sectors [1]. Ballast is an
essential component of the rail track substructure, and it is commonly used to: (a) distribute the applied train loading
to the underlying subgrade, (b) maintain track alignment, and (c) provide track drainage [2, 3]. Upon repeated train
loads, the sharp corners of ballast aggregates break; this causes differential track settlement [4]. In addition, the ballast
layer can be fouled by upward migration of subgrade clay fines and the downward migration of coal spilling from
wagons [5-8], all of which seriously affect the drainage capacity of the track. It is noted that the ballast often has
minimum lateral support in the field, the lateral confining pressure therefore should be increased to improve lateral
stability [9]. The performance of ballast is affected by the overall characteristics of a granular mass such as the particle
size distribution, the void ratio, and the relative density [10, 11]. While the properties of individual particles of ballast
such as size, shape, and angularity govern its degradation under traffic loading, deformation is also influenced by the
magnitude of wheel (or axle) load, the number of load cycles, frequency (equivalent to train speed), and the impact
loads [12, 13]. The magnitude of the impact loads depends on the type and nature of surface imperfections on the
wheels and rails, as well as on the track’s dynamic response.



In conventional track design, the ballast is often considered as an elastic medium where its degradation and
associated plastic deformation is ignored. This issue is due to not understanding the complexity of particle degradation
and fouling problems and not having a proper constitutive model. The constitutive behavior of granular materials has
been studied by various researchers using the discrete element modeling approach [14-16]. This approach to model
the track granular media is promising as it can handle particles at micro-scale. In the last decades, the use of planar
geosynthetic products such as geogrid, geotextile or geocomposite (bonding geogrid with geotextile) has been more
popular as they are economical and increase track stability. Previous researches have indicated that geogrid
reinforcement reduces the settlement and degradation of ballast [17-19] attributed to the interlocking effect that
restricts the lateral movement of ballast. In addition, recent studies have shown that a geocell (three dimensional,
polymeric cells, interconnected at the joint) can provide much better lateral track confinement than planar
reinforcement [20].

Continuum approaches have been widely used to model granular material assemblies, and various conventional
continuum constitutive models have been introduced to capture their stress-strain responses of granular materials. It
is noted that due to the discrete nature of ballast particles, the continuum approach could not accurately simulate their
micro-mechanical behavior governed by the fabric anisotropy, contact orientations and strain localisations. Meanwhile
the discrete element method (DEM) has been increasingly used in the recent past as an alternative to the continuum-
based methods for the study of granular materials. This paper presents a coupled DEM-FEM modelling approach to
takes advantage of each numerical scheme to provide a realistic solution to model an integrated and layered ballasted
track. The model is validated by extensive large-scale tests and presented in the following sections.

2 Experimental Investigations

A large-scale Track Process Simulation Apparatus (TPSA) can simulate a ballast assembly of: 800 mm x 600 mm
x 600 mm was used to measure the deformation and degradation of ballast under cyclic loads, as shown Figure 1.
Ballast was selected from Bombo quarry, New South Wales, Australia, then cleaned and sieved following to the
Australia Standards [21]. The particle size distribution of the ballast had an average particle size d5,=38 mm, which is
similar to current Australian practices. To simulate actual field conditions, a 150 mm-thick sub-ballast and subgrade
layer, made from coarse sand and gravel mixture (unit weight of 18.5 kN/m3), was placed at the bottom of the TPSA.
The ballast was then filled above the sub-ballast and compacted in every 50 mm-thick sub-layer to a unit weight of
15.3 kN/m3, until a total height of the ballast layer achieved 300 mm. A lateral confining pressure of ¢,,=10 kPa was
applied in the direction parallel to sleepers to simulate low confinement given by the shoulder ballast in the field [22].
A cyclic load was applied via dynamic actuator with a maximum induced cyclic stress of a,,=420 kPa, the frequency
of /=15 Hz, simulating a freight train (i.e. axle load: 30 tonnes; speed: 90 km/h). All tests were conducted up to 500,000
load cycles. The detailed experimental program and analysis of these tests were presented elsewhere by Indraratna et
al. [3] and they concluded that the ballast showed a significant deformation within the first 100,000 load cycles,
followed by a decreased rate of settlement up to 300,000 cycles, and then kept almost unchanged toward the end of
tests. Ballast breakage was quantified after the completion of every test by comparing the differences of ballast particle
size distribution curves before and after every test, using the ballast breakage index (BBI) proposed earlier by
Indraratna et al [23]. Some of the results of these tests are re-used in this study to calibrate and validate the combined
DEM-FEM model.

3 Discrete—Continuum Modelling Approach

3.1 Discrete Element Method

The discrete element method (DEM) introduced by Cundall and Strack [24] has been increasingly applied to study the
micromechanical behavior of granular materials [25-28]. In DEM, particles are treated as rigid bodies and have a
negligible contact area (i.e. at a point). A soft contact approach is commonly used at the contacts allowing the rigid
particles to overlap one another at contact points and the extent of the overlap is related to the magnitude of contact
forces governed by the force-displacement law. The force-displacement law derives the contact force acting on two
entities in contact to the relative displacement between them. In DEM, particles are spherical in three-dimension or



circular in two-dimension; however it is also possible to create particles of arbitrary shape by connecting more spheres
together at appropriate sizes and positions (i.e. clumps). Each clump composes of a number of overlapping spheres
and acts as a rigid entity with a deformable boundary [29]. Furthermore, it is possible to bond particle together and
model fracture of rock mass or breakage of granular materials when the bonds break, which was used by Indraratna
et al. [3] to capture ballast breakage. Irregularly-shaped ballast particles were simulated in DEM by connecting of
specified numbers of circular balls together to represent appropriate angularity and sizes. In the current DEM analysis,
the material properties of the coupled DEM-FEM numerical model are given in Table 1. These values were determined
based on the calibration with laboratory test data.
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Table 1. Micromechanical parameters of ballast particles and walls used in DEM simulation.

Micro-mechanical parameters Values

Radius of particle (m) 1.8 x10-3- 16 x 10-3
Inter-particle coefficient of friction 0.80

Particle normal and shear contact stiffness (N/m) 3.58 x 108

Normal and shear stiffness of wall (N/m) 3 x 107

Parallel bond normal and shear stiffness (N/m) 6.25 x 1010

Parallel bond normal and shear strength (N/m?) 5.78 x 108

Parallel bond radius multiplier 0.5

Particle unit weight (kN/m3) 15.3

3.2  Continuum Modelling Approach

The subgrade and sub-ballast were simulated as a homogeneous layer having 150 mm depth, as shown in Figure 2.
Given the symmetry of the tracks, the left and right boundaries of the subgrade model were prevented from lateral
movements while they allowed displacing vertically. The boundaries were considered as absorbent (viscous) to avoid
spurious reflection of the cyclic wave. The bottom boundary was modelled as a pinned support (i.e. both the lateral
and vertical displacements were restrained). The subgrade and sub-ballast were represented with a standard elasto-
plastic Mohr Coulomb model where the model parameters (i.e. Young’s modulus E, Poison’s ratio v, cohesion c,
friction angle ¢, and dilatancy angle ) were determined from tests carried out on the subgrade soil. In the current



coupled analysis, the subgrade having E =45 MPa, v = 0.32, ¢ = 17 kPa, ¢ = 14°, and ¢ = 4° were used. It is
noted that the DEM and FEM share the same geometrical boundaries where they are interfaced. Initially, a series of
walls is generated in the DEM zone, where each wall at the interface corresponding to a single surface segment
(continuum element) of the FEM zone [30].
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Fig. 2. Schematic diagram of a coupled DEM-FEM model (after Ngo et al. [22])

3.3 Coupled Discrete — Continuum Analysis

A coupled DEM-FEM that combines the discrete and continuum modelling approaches through the development of a
force-displacement transmission mechanism at the ballast-subgrade interface is illustrated in Fig.2; and the model
dimensions represent the large-scale TPSA. Given that the movement of ballast in the longitudinal direction (along
with the direction of train passage) is very small due to the confinement provided by embedded sleepers, the current
analysis is carried out in an equivalent plane strain condition that is usually representative of long and straight tracks
[31]. A ballast layer was modelled using the DEM, whereas subgrade layer was modelled by continuum approach.
The interaction between ballast layer and sub-ballast was achieved through interface elements at the DEM and FEM
boundary. Principally, the coupling between the DEM and FEM is initiated at the ballast-sub-ballast interfaces by: (i)
applying contact forces acting on the discrete particles at the interface as applied forces at the boundary of the
continuum grids, and (ii) treating the nodal displacements as velocity boundary conditions for the discrete particles
(i.e. apply velocity to the particles). Subject to loading, the DEM zone (continuum mesh) deform in large strain; the
displacements are transferred back to DEM, so that the walls in DEM zone moves in exactly the same way as the
boundary segments of the FEM grid. The resulting contact forces at walls (i.e. due to particles contacting to the walls)
are then transferred to FEM as applied grid-point forces. A detailed mathematical framework to assist the coupled
model in transferring the forces and displacements between the two domains is presented earlier by Ngo et al [22].

4 Results and Discussion

4.1  Load-deformation Responses

Figure 3 shows the applied cyclic stress versus accumulated axial strain measured from the coupled DEM-FEM
analysis at different loading cycles. It is noted that the axial strains were determined excluding any settlements of
capping and subgrade layers. It is observed that the predicted axial strains increase considerably in the first 1000 load
cycles (i.e. up to around 3% axial strain), came after by gradually increasing axial strains in the next 5,000 cycles, and
then kept relatively unchanged towards the end (10,000 cycles). These observations are in good agreement with those



measured in the experiment. Indeed, the area confines by the cyclic (hysteresis) loops becomes increasingly smaller
as the number of cycles increases, indicating that the ballast aggregates through cyclic densification begin to respond
more elastically with time. The hysteresis loops are also very similar to those measured in laboratory experiments [3].
This indicates that the ballast sample experiences significant re-arrangement and densification upon initially applied
load cycles, but after achieving a threshold compression, any further loading will resist further deformation and
promote particles crushing. This finding is in agreement with results presented by Lobo-Guerrero and Vallejo[32]
where they observed that the ballast deformation considerably increased when the particle breakage was considered
analysis.
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Fig. 3. Applied cyclic stress versus axial strain at different numbers of load cycles.

Applied loads transmit to the discrete ballast particles in the form of contact force-chains, where the pattern of
force-fabric varies with the packing structure [33]. Figure 4 presents the inter-particle contact forces of the ballast
specimens together with vertical stress contours at N=10, 1000 and N=5000 load cycles. Each contact force is
represented at the contact point oriented in the direction of the force and with a thickness proportional to its intensity.
It is seen that the majority of contact forces arrange vertically. Subjected to cyclic loads, there is a concentration of
large contact forces occurring beneath the loading plate, and around wall edges, while a significant part of the applied
load is still vertically transmitted to the underlying sub-ballast (capping) and subgrade (Fig. 4b-c). It is also noted that
the force distribution in the DEM region is always heterogeneous, where the maximum contact forces vary with load
cycles. The compressive stress (ay,) in the subgrade is greater mainly around the interface area that is directly in
contact with the aggregates, and decreases with depth as expected.
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Fig.4. Contact forces and stress contour (oyy) captured in discrete and continuum zones at different load cycles; (a) 10
cycles; (b) 1000 cycle; and (c) 5000 cycles (modified after Ngo et al. [22])

4.2  Degradation of Ballast Particle

In the current coupled DEM-FEM analysis, the breaks of bonds in a simulated particle approximately represent ballast
breakage. Figure 5 illustrates snapshots of the evolution of bond breakage at varying number of cyclic loads under a
given load frequency of /=15 Hz. The number and locations of bond breakages at different stages of cyclic loading,
varying from 100 cycles to 10,000 cycles are presented in Figures 5a-f. It is seen that, within the first 100 cycles, the
majority of the bond breakage happens below the loading plate (i.e. sleepers) due to induced high contact forces, as
shown in the Figure 5a. With an increase in cyclic loads there is an increase in the bond breakage (Figures 5b-f) and
the re-arrangement of broken bonds (i.e. ballast get compacted and resisted from further degradation), which leads to
more contact force distributions in the major principal stress direction as shown in Figures 4b-c. It is seen that the
evolution of broken bonds is very similar to the increased ballast breakage observed from the laboratory data [3]. This
phenomenon clearly demonstrates that the formation of contact force distributions in the ballast specimens during
loading process is dynamic and significantly controlled by the breakage of the grains. Figure 5g illustrates typical
locations and re-arrangement of ballast breakage during cyclic loading where bonds are broken and the corresponding
particles are separating each other.
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Fig. 5. Snapshots of bond breakage at varying load cycles: N=100; (b) N=500; (c) N=1000; (d) N=2000; (e)
N=5000; (f) N=10000

5 Conclusions

A series of large-scale track process simulation apparatus (TPSA) laboratory tests were conducted to investigate
the load-deformation responses of railway ballast under cyclic loading. A combined discrete-continuum model was
introduced to study load-deformation responses of where the ballast aggregates were modelled by the discrete element
method and the subgrade was modelled by finite continuum approach. Subgrade and sub-ballast were modelled using
continuum method, having a total thickness of 150 mm to simulate capping formation in the field. Results indicated
that the ballast exhibited a significant axial strain at the beginning of loading stage, followed by gradually increasing
displacement and then remained relatively unchanged toward the end. Changes of the distribution of contact forces
and stress contours induced in the ballast at varying stages of cyclic loading were analysed and it confirmed that the
stresses distributed non-uniformly across the ballast assembly where the maximum stresses occurring beneath the
sleeper resulting in greater number of broken bond observed. The coupled DEM-FEM model will make an important
intellectual contribution to advance knowledge, addressing the interface issues between the discrete and continuum
approaches.
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