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ABSTRACT

This research initially investigates the mechanical behavior of fresh and fully deteriorated (used)
ballast grain assemblies through a combination of laboratory experiments and discrete element
modeling (DEM). The extended Los Angeles abrasion (LAA) test generated the used ballast grains
at which a fouling index (FI) of 40 %, while fresh ballast grains serve as the reference material.
Morphological analysis of angularity properties of fresh and used ballast grains was employed in
producing 2D polygonal shapes implemented in a discrete element code. Numerical simulations
using the contact dynamics method examined the bi-axial compression of the 2D-equivalent fresh
and used ballast grain assemblies under varying confining pressures. Results show that both fresh
and used ballast grain packings exhibit similar stress-strain curves, with fresh ballast packing
displaying slightly higher shear strength (5%) at the residual state. Fresh ballast packing is denser
than the used one at the peak shear state, while residual states show nearly identical volume
fractions. Microscale analysis of contact and force networks reveals that the used ballast assembly
1s more anisotropic in contact at peak stress. At the same time, both packings exhibit similar contact
anisotropy at the residual state. Fresh ballast packing exhibits higher force anisotropy, particularly

in frictional forces, explaining the excess shear stress observed at the residual state. These findings
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suggest that used ballast grains mobilize local friction less efficiently than fresh ballast grains,
potentially impacting the lateral strength properties of ballasted tracks. This study provides
valuable insights into the behavior of used and fresh ballast grains, serving as a foundation for
further investigations.
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1. Introduction

The railway ballast layer is the top of the substructure in a railway track structure system. Its
principal function is to provide support and stability for the tracks and distribute the weight of the
trains evenly across the tracks [1-3]. When the ballast deteriorates, it can cause problems such as
unevenness in the tracks and increased wear on the rails and other components of the track [4,5].
The uneven train loading on the rail track resulted from its irregularities, by which excessive
deformation of rail track substructure layers would be the main cause. This result can lead to more
frequent maintenance and the more significant use of fresh ballast to repair and maintain the rail
track functions. If there is insufficient fresh ballast, properly maintaining the tracks can be
questionable, leading to more sourcing of the standard quality rocks to serve such ballasted track
maintenance. Reusing deteriorated ballast after its termination for maintenance is an alternative
solution to this resource-depleting problem.

It is essential for the ballast used in railway tracks to meet specific performance standards to
provide adequate support and stability [6]. Fresh ballast is typically a uniform grade of granular
material that is tough enough to resist the impact of traffic loading. It is typically made from hard
mineral rock such as granite, basalt, rhyolite, and quartzite that have been crushed to the required
particle size. The ballast is typically evaluated based on its physical properties, such as particle
size, sharpness, angularity, roundness, surface texture, and mechanical properties, such as
abrasion, hardness, and toughness. The traditional methods are used to test the ballast abrasion
resistance, which is the ability to withstand wear or erosion due to the passage of trains. Generally,
methods, including the Micro-Deval test [7] and the Los Angeles abrasion (LAA) test [8], have
been used to evaluate the ballast wearing and abrasive resistance at the laboratory scale. Several
ways to simulate ballast deterioration in an experiment depend on the specific factors studied [7,9—

11]. Besides, for the in-field conditions, the method for simulating ballast deterioration with



abrasion tests was also utilized, by which a series of study works demonstrated how to simulate
the in-field ballast deterioration through the LAA test scheme [12—14]. That helps to understand
the factors contributing to ballast degradation and identify potential strategies for improving the
performance and service life of the tracks.

The fouling index (FI) is popularly used to express the fouling degree of a ballast layer in a
railway track [15]. It is expressed as a percentage (see EQ.1), with a higher value indicating more
significant fouling in the ballast layer. The higher the FI, the greater the level of fouling in the
ballast bed. The FI can monitor the level of fouling in railway tracks over time and indicate that
maintenance may be needed to remove fouled materials with fresh ones. Generally, the 40% FI is
used as the threshold for the maximum contamination of a ballasted railway track [15]. After
termination, the fully deteriorated ballast or used ballast with a more rounded and less angular
shape is disregarded with no more use. Relatively less backup information to encourage reusing
such used ballast existed. This study attempted to assess the different mechanical properties of
fresh and so-called "used" ballast utilizing the discrete element method (DEM) simulations to
promote the first step of the sustainable utilization of the used ballast in the railway sector after
termination.

The hardest part of the DEM ballast simulations is forming the ballast particles close to their
real morphology characteristics. Some research works relied on simplified models, such as spheres
or discs, as ballast particles in the DEM simulations [16—19]. The model simplifies the simulation
and reduces the computational demands, as it is generally easier to model spheres or discs than
more complex shapes [16,17]. However, it is essential to recognize that these simplified models
may not accurately capture the behavior of real ballast particles, which may have more complex
shapes and properties. In recent years, some research works have developed sophisticated models
to consider more realistic particle shapes [20-23], and along with these modelings, often non-
trivial effects have been evidenced. For instance, it is reported non-linear variation of the strength
and packing fraction in assemblies when the shape deviates from spherical shape either by
increasing grain angularity [24-26], elongation [27,28], or even by modifying the Particle Size
Distribution [29-36]. The polyhedral or polygons can help simulate the ballast shape better than
the spheres [37—41]. Therefore, the ballast particle model using the polygons can be a helpful
starting point for understanding the behavior of ballast grain assembly [39,42], even if it is

important to consider the limitations of these models. In the following, the greatest challenge is to



describe the typical shape of fresh/used ballast grains so that they can be implemented in a discrete
element code to study the properties of the corresponding assemblies.

The appeal property distinguishing the fresh and used ballast would be the angularity.
Angularity refers to the sharpness and irregularity of the edges and corners of the ballast particles.
It is also a parameter that describes the shape of individual particles in a soil or rock sample.
Typically, it is used to classify rocks based on the degree to which their particles are angular or
have sharp edges and corners versus rounded or smoother [43,44]. The angularity can be
determined using various methods, such as visual examination, protractor, and digital angle gauge.
The most widely used method for finding the angularity of ballast particles is probably visual
examination. The ballast particles are examined visually using a magnifying glass or a microscope,
and the angularity is estimated based on the appearance of the particles. This method is simple and
can be used to quickly get a general idea of the angularity of the ballast. Another widely used
method is average angle measurement. The angles of the corners and edges of the ballast particles
are measured using a protractor or a digital angle gauge, and the average angle is calculated. This
method provides a more accurate and quantitative measure of the angularity of the ballast, but it is
more time-consuming and may require specialized equipment. It commonly evaluates ballast
particles' angularity by image analysis using image analysis software. It is a quick and accurate
method, but it requires specialized software and may not be suitable for all types of ballast grain.

Therefore, the study aims to provide the first step towards a better understanding the rheological
properties of assemblies of fresh and used ballast grains by combining experiments and discrete
element simulations given a possible reusing of used ballast in the rail track works. The used ballast
grains were generated in the laboratory using the LAA test to reach the FI value of 40%. Then, the
fresh and used ballast grains were imaged, and a set of polygonal shapes, as a "2D archetypal
representation” of the fresh and used ballast grains, were generated considering digital imaging
techniques with angularity evaluations. Discrete Element Simulations using these polygonal
shapes were conducted under bi-axial loading. This study outputs would elaborate the
understanding of the used ballast's macro and micromechanical properties parallel to the fresh
ballast under the same loading condition, leading to the forward steps of reusing the so-called used
ballast in the maintenance of the ballasted railway track. Evaluating the characteristics of

deteriorated ballast for reusing before construction can help ensure the performance and provide



adequate support and stability of ballast for the tracks. However, the current research on recycled

ballast is limited, which does not clear the ballast track performance [11,45,46].

2. Experimental methods for generating equivalent 2D grain shapes

To generate 2D polygonal shapes representing fresh and used ballast grains, it is first necessary
to define clear and reproducible experimental procedures to discriminate relevant geometrical
parameters. This section demonstrates the reference material (fresh ballast grains) that is
considered, the method to wear out the ballast grains (LAA test), and the geometrical image

analysis strategy to re-construct equivalent polygonal shapes for fresh and used ballast grains.

2.1) Fresh ballast used in this study

The fresh ballast was sourced from only the ballast stockpiles of the Chiang Mai State
Railway of Thailand (SRT), Thailand. The deteriorated ballast in this study must be reproduced
from the fresh ballast material through the specific milling machine of the LAA tests, the so-called
used ballast. All the ballast materials were washed, oven-dried, and cooled at room temperature—
then, blending and quartering methods for preparing ballast material before testing. The gradation
properties of fresh ballast material used in the laboratory are shown in Fig. 1, which was tested at

100 kilograms per sample. The LAA test was conducted according to ASTMS535.
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Fig. 1. Gradation of ballast material.

2.2) Generating used ballast through extended LAA test

2.2.1) Brief description of the extended LAA tests:

The LAA test conveys a sample of ballast to wearing and abrasive actions to evaluate its
abrasion resistance. The ballast material is placed in a specific rotating drum with steel balls.
Typically, the LAA test is a package that only involves a single set of load applications. This study
compared the ballast sample to repeated loads over an extended period to reach fine particle
generation up to 40% of the FI value. The aggregate sample amount of fresh ballast was 10
kilograms in the LAA milling drum for a fraction of 31.5-50 mm, placing the sample in a rotating
drum with 12 steel balls, shown in Fig. 2. After finishing a specific number of LAA tests, sieve
analysis was performed to evaluate the ballast material passed the sieve, which measures the
fouling index (FI) and particle size distribution (PSD) of ballast material due to abrasion. The FI
results were obtained from the sieve analysis after the test carried out trials of specific rounds of
LAA. For the particle size analysis, the sample was sieved through a series of sieves with different
mesh sizes. The materials passing through each sieve size were collected and weighed. Then,

photographs were taken for a particle size and shape analysis procedure that uses imaging



techniques to quantify the particles' size and shape in a ballast sample. This step could provide
information about the particle size and shape of the ballast sample, which can be used to evaluate
the suitability of the material.

The LAA experiments were repeated until the fouling index value was more than 40 % [15].
A percentage value of more than 40, Selig & Waters (1994) would suggest a relatively high level
of fouling in the ballast layer (shown in Fig. 3), which could potentially impact the performance
of the tracks. High levels of fouling in the ballast bed can interfere with the ballast's ability to
provide adequate support and stability for the tracks. They can also increase the maintenance
requirements for the tracks. This method involves collecting a sample of the weighing the materials

passing through specific sieve sizes, used to calculate equation 1:

Fouling Index (FI)= Py y;5+ Py 75 (EQ.1)

where P, 75 is the percent passing the No. 200 sieve, P, ;5 is the percent passing the No. 4 sieve.

Fig. 2. The Los Angeles Abrasion test machine.
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Fig. 3. Changing the fresh ballast to the deteriorated (used) ballast in the laboratory

generation.

2.2.2) Particle Size Distribution and grain shapes after the LAA test

Fig 4. gives a general view of the ballast particles grouped by their average size at different
levels of the LAA tests (from 0 to 3500 rounds). As the number of LAA rounds increases, the
ballast exhibits more wear and abrasion; thus, the proportion of fine particles increases quickly. In
contrast, the proportion of the biggest one declines slowly. A similar process may occur on railway
tracks by rail traffic loading. This result naturally translates to modifying the particle size
distribution (that of the fresh ballasts grain) and increasing the FI index. The relationship between
the number of LAA test rounds and the FI may depend on the ballast-specific conditions and the
factors contributing to fouling and deterioration. As shown in Fig. 5, the PSD gradually shifts to
the right and moves up as the number of rounds of LAA increases with an increase of the FI from
0 to 40. Nevertheless, the general shape of the PSD is maintained even after 3500 rounds. In the
following, fine particles (i.e., whose mean diameter is below 9.5mm) are excluded from the

analysis.
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Fig. 5. The gradations curve of repeat LAA rounds.

Along with particle size, Fig. 6 shows a close-up view of the grains for different sizes, both
for fresh ballast (a) and used ballast at LAA=3500 (b). Generally, the fresh ballast grains have
sharp edges and are slightly elongated in all the granulometric classes considered. On the contrary,

the used ballast grains are more rounded and less elongated.




Fig. 6. Close-up view of (a) fresh ballast and (b) used ballast grouped by their mean size.

2.3) Generating representative polygonal shapes for fresh and used ballast by 2D image analysis.



An empirical method is proposed to identify a characteristic polygonal shape of fresh and
used ballast grains. Once sorted, the ballast grains are placed on a clean paper surface, and a visual
inspection is made to ensure that the grains are of uniform size in each particle size class. 2D
photographs of each grain are taken, making sure as much as possible to be positioned parallel to
the plane of the laboratory. From the grain images, the "best" enveloping ellipse is constructed for
each grain, as illustrated in Fig. 7(a) for fresh ballast and Fig.7(b) for used ballast. The vertices of
the grains intercepting the circumscrib ed ellipses are then chosen to generate the 2D-equivalent
polygon from the imaged (fresh/used) grain.

However, it should be noted that this method is subjective and depends on the visual
evaluation of the grains but potentially also on the person who performs the measurements.
Therefore, different operators performed the visual classification of each sample ten times. Several
people performed the analysis and compared their results to ensure accuracy. From these empirical
analyses, we estimate that one 5-sided polygon, whose shape is shown in the red line in Fig.7a, is
representative of fresh ballast. In comparison, one 10-sided polygon shown in Fig.7b represents
used ballast. In the following, the two identified polygonal shapes will be used as a proxy for fresh

and used grains and implemented in a discrete element code.

() (b)

Fig. 7. Generic polygons (red line) representing fresh (a) and used (b) ballast grain constructed

from imaged real grains.
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3. Numerical procedures
3.1) Simulation method.

The simulations use the Contact Dynamics (CD) method with irregular polygonal particles.
The CD is a discrete element approach, originally developed by J.-J.-Moreau and M. Jean
[38,41,47,48], based on an implicit time integration of the equations of motion and non-regularized
contact laws. In other words, no elastic repulsive potential and no smoothing of the Coulomb
friction law for the determination of forces are used, contrary to the "Soft-Sphere-DEM (SSDEM)"
(or Molecular Dynamic-like) approach originally developed by Cundall [49]. Thus, contact
interactions and Coulomb friction law are treated as complementarity relations in CD. The
equations of motion for each particle are formulated as differential inclusions in which velocity
jumps replace accelerations. Therefore, the parameters to consider in the CD approach are a dry
friction coefficient pg and two restitution coefficients (normal and tangential), which control the
amount of energy dissipated during collisions. The unknown variables (i.e., particle velocities and
contact forces) are simultaneously solved via a non-linear iterative Gauss-Seidel scheme. Hence,
the CD method is numerically stable, and the simulations can be performed with large time steps
compared to SSDEM. For more details related to the mathematical formulation of the CD, see
Refs. [48,50].

Modeling irregular polygonal particles in the frame of the CD method is straightforward
since a side-vertex ("sv") or a side-side ("ss") contact can be represented by only 1 or 2 points,
respectively, as illustrated in Fig. 8. For sv-contacts the normal vector is defined perpendicular to
the side. For ss-contacts, two points along the sides that come into contact are considered (i.e., the
points at the ends of the contact segment), and the normal vector is perpendicular to these common
sides. In numerical terms, this entails calculating two forces, but in practice, only their resultant
force and the point of application are physically relevant. Finally, vertex-to-vertex ("vv'") contacts,
although very rare, may also occur. In this case, vv-contacts are treated as ss- or sv-contact based
on the path the two particles follow. A comprehensive explanation of the CD method, including
the specific handling of contacts between polygonal particles, can be found with details in Ref
[24]. The open-source platform LMGC90, developed by the University of Montpellier in France,

was used for our research [42,51]. Based on the CD method, this platform is widely used in the
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field of granular materials simulation, both in two and three dimensions with grains of various

shapes [27,34,37,39,52] and sizes [26,31-33].

k 7~

Fig. 8. Schematic representation of contacts between polygonal particles (2D-equivalent fresh
ballast in this example): side-to-vertex (sv) contacts between the particle {k,i} and {i,j}, and side-

to-side (ss) contact between the particle k£ and i. The red arrows represent the unit normal vector.
3.2) Packing construction and bi-axial simulations.

Two numerical samples, both made of 10,000 irregular polygons with a particle size distribution
(defined from the circumscribed circles of polygons) uniformly varied between 10mm and 40 mm
by volume fraction, were generated. The first sample, called S1, is composed of 5-sided polygons
whose generic shape is shown in Fig.7a and accounts for fresh ballast grain assembly. The second
sample, S2, comprises irregular 10-sided polygons whose generic shape is shown in Fig.7b and
accounts for used ballast grain assembly. Based on the variability of the irregularity of the shapes
(resulting from the statistical experimental identification of the equivalent 2D polygonal shape for
fresh/used ballast), the angular positions of the vertices are also slightly randomly perturbated

around their referential position by an angle of 15degre.
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Fig. 9. The sample diagram: (a) Isotropic compression and (b) biaxial shearing test.

Both samples were prepared according to the same protocol. First, a dense packing is
constructed using a layer-by-layer deposition model based on simple geometrical rules [53]. The
samples are then compressed isotropically under constant stress . = 10 kPa applied to the top
and to the right walls, while the left and bottom walls remained fixed; see Fig. 9(a). The gravity
and the coefficient of friction between grains and with the wall were set to zero to avoid force
gradients in the samples during the isotropic compression. Fig. 10. displays particle-scale views of
the two packings at the end of isotropic compaction. Then, the grain-grain friction is set to 0.4, and
the isotropically prepared packing where biaxially sheared by imposing a vertical velocity, v, , on
the upper wall while maintaining a constant confining stress o, on the lateral walls; see Fig. 9(b).
Three confining stresses are tested with o, equal to 20 kPa, 40 kPa, and 60 kPa. It is to ensure that

all systems remain in the quasi-static state (i.e., rate-independent), the imposed velocity is chosen,
such as the Inertial Number I [54], defined by I = £,/m/o., where € = v, /H, with Hy is the

sample height at the beginning of bi-axial test and m is the particle mass, is well below 1 for all

tests. In all our bi-axial simulations, I is fixed to 107%.
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Fig. 10. Particle-scale view of the packing S1(a) and S2(b) that account for a 2D equivalent

representation of fresh ballast and used ballast assembly, respectively.

4. Numerical results
4.1) Macroscopic behavior.

This section discusses the stress-strain properties and volume change behavior between the
packing of fresh ballast grains (S1) and used ballast grains (S2). Assuming that the granular
assembly obeys the Mohr-Coulomb criterium, the strength of the material can be expressed in
terms of the internal macroscopic friction ¢, which is defined as sin ¢ = q/p [44,55], being the
deviatoric stress q = (0, — 0,)/2 and the mean pressure p = (0, + 0,)/2 for 2D biaxial
geometry. The principal stresses o, and o, are computed at any stage of the deformation via the

granular stress tensor defined as [56,57]:

1
0ij = Leev fi71], EQ.2
Where, {’f is the j component of the vector joining the centers of the two touching particles at

contact ¢, f;° is the i component of the force vector at contact ¢, and V is the total volume. The
vertical strain parameter is given by e; = AH/H,,, with AH = H — H,, where H is the height of the
assembly. Finally, the packing fraction is given by the ratio p =V, /V, with V', the volume occupied
by the particles.

Fig. 11 shows the evolution of the stress ratio q/p (a) and the solid fraction p (b) in S1 and

S2, as a function of the vertical strain €;, and for different values of the confining stress a.. A
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classical response for both packings (S1 and S2) is obtained. Regardless of the confining stress
values, a stress peak is observed around 2% of deformation, followed by a softening phase before
reaching a stress plateau for €; > 12% indicating a steady state, also called "residual state" in soil
mechanics [44], is reached. In this residual state, the shear strength fluctuates around a mean value.
It should be noted that the peak stress is close between the two systems, while the residual shear
stress 1is slightly higher in S1 (i.e., for the 2D equivalent fresh ballast grain packing) than in S2
(i.e., the 2D equivalent used ballast grain packing). At the same time, all packing dilates during
the deformation. This translate by a rapid decrease of p, until a nearly constant volume is obtained
precisely for €; > 12%, both in S1 and S2, and for all confining pressures. Interestingly, up to
small fluctuations, all samples seem to converge towards the same level of packing fraction in the
residual state. In the following, the data will be averaged over the steady state whenever the

residual state is mentioned.
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Fig. 11. Stress-ratio q/p (a) and solid fraction p (b) as a function of the vertical strain €; and for
different values of the confining stress og., in S1 (full symbol/solid line) and S2 (empty
symbol/dashed line).

The corresponding Mohr-Coulomb envelops, plotted in the (p — q) Planes are shown in Fig.
12, both at the peak and residual state in S1 and S2. First, it could be seen that our data are well
approximated by straight lines, as defined by the Mohr—Coulomb criterion. Second, we can

estimate the internal macroscopic friction angle value for the 2D-equivalent fresh and used ballast
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grain packings. We get <p§f e ~ (p?ze ke 0.58, where (pgf % and <p§§ ® are the values of the

internal macroscopic friction angle at the peak state for S1, S2, respectively. In contrast, we get
©s1 > QPgy, With @g; = 0.47 and ¢@g, = 0.41 the internal macroscopic friction angle at the
residual state for S1, S2, respectively. Therefore, our data suggest that, although fresh and used
ballast grain packings exhibit similar values of the residual-state packing fraction p* ~ 0.825,
fresh ballast grain packing has a slightly larger residual state macroscopic friction angle than used.

To better understand the reasons behind higher residual strength values in fresh ballast grain
assemblies than in used ballast grain assemblies, we focus on microscopic properties such as grain

connectivity and force and fabric networks in the following section.
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Fig. 12. Mohr-Coulomb failure envelopes obtained for the 2D equivalent fresh (S1) and used (S2)

ballast in the (p,q) plane, both at the peak (empty symbol/dashed lines) and residual (full

symbols/lines) state.
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4.2) Micromechanical description.

When discussing granular microstructure, it is customary to refer to how particles, contacts,
and forces organize themselves in space. This organization is governed by factors like steric
exclusions (i.e., the volume occupied by the particles) and force equilibrium conditions, which
depend on the specificities of the particles' shape and size.

For example, Fig. 13 shows a particle-scale view of the contact network in S1 (a) and S2 (b),
both in the residual state. Contacts are visually represented as lines connecting the contact points
to the center of the particles. Grains with either zero or one contact, commonly referred to as
"floating particles, " are depicted in light grey. In general terms, the contact network topology
varies between fresh and used ballast grain packings. In S2, the floating particles tend to be
grouped, whereas, in S1, they are, on average, isolated.

Conversely, the contact network appears to exhibit greater connectivity in S1 than in S2 since
particles with sharp corners (as in S1) can establish deeper contact with their neighboring particles
in contrast to the more rounded particles within S2. Along with contacts, Fig. 13 (c) and (d) shows
a particle-scale view of the residual state of the force network within both assemblies. As
classically done for such visualization, line thickness is proportional to the normal force
magnitude. Visual inspection reveals that, on average, long force chains are mainly oriented
vertically (from the top wall to the bottom wall of the packings), emphasizing the compression
direction (vertical) and the anisotropic nature of the force network. Moreover, the chains of forces

seem stronger but more tortuous in the S1 assembly than in S2.
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Fig. 13. Close-up view of contact network for fresh (a) and used ballast (b) packing and force
network for fresh (c) and used ballast packing (d) in the residual state.

4.2.1) Particle connectivity.

The connectivity of the assemblies can be described by the coordination number Z defined
as the mean number of contacts per non-floating particle. It should be noted that floating particles,
representing 28.5% of the particles in S1 and 31.2% in S2, are removed from the analysis. Note
also that ss-contacts are counted only once, although numerically they represent two geometrical
contacts as discussed in Sec. III.1. Figure 14(a) displays the evolution of Z as a function of the
vertical strain g, and for different values of the confining stress o, both for S1 and S2. The
coordination number decreases rapidly during the deformation toward a steady state value in the
residual state, which is slightly higher for S1 (Z ~ 3.2) than for S2 (Z ~ 3.05) and which is
independent with a.. It should be noted that this difference is quite small in comparison to the
initial configuration, where both systems are prepared within the same condition (Z, ~ 3.6 for S1

and Z, ~ 3.3 for S2).
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Further inside, the connectivity of the particle can be described using the fraction Pc(c) of
particles having exactly c contacts. Figure 14(b) shows P¢(c) in the residual state and at the peak
state (inset) both for S1 and S2 (recalling that particles with 0 or 1 contact are removed from the
statistics). All plots are nearly similar, with a marked peak at c=3. In both samples, the proportion
of particles with two contacts is larger than that of particles with 4 and 5 contacts. Nevertheless,
P4 and Ps are slightly larger in S1 than S2, while P2 is higher in S2 than S1. This finding explains
the higher value of Z in fresh ballast than in used ballast. Indeed, since (by definition) Z =
Y.z, cP.(c), the fresh ballast assembly is better connected than the used ballast assembly mainly

because of a larger proportion of particles with more than four contacts.
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Fig. 14. (a) The coordination number Z as a function of the vertical strain g; and for different
values of the confining stress o, in S1 (full symbol/solid line) and S2 (empty symbol/dashed line).
(b) Connectivity Pc(c) of particles, defined as the proportion of particles with ¢ contacts, both for
S1 (full symbols/lines) and S2 (empty symbol/dashed lines) in the residual state (the inset show
Pc(c) at the peak state).

4.2.2) Anisotropic nature of the contact and force network

The previous description in terms of particle connectivity gives a first picture of the effect
of the nature of the ballast grains, i.e., fresh vs used, on the microstructure of the assemblies.

Nevertheless, the differences in Z and P. values between fresh and used ballast are small. They
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cannot explain the observed differences in macroscopic resistance between the two types of ballast
packings. The coordination number Z, and the probabilities Pc(c), as a scalar number, are not
sufficient to describe the anisotropic nature of the contact and force network as depicted in Fig.14.
As suggested by Eq. 2 (from which the macroscopic shear strength is computed), more quantitative
and precise descriptions can be obtained from the densities of contacts and forces according to the
contact orientation defined from the unit contact normal vector, 1 [27,57].

In what follows, we adopt the "stress-force-fabric (SSF)" approach, originally developed by
Rothenburg and Bathurst [57], which links the anisotropic nature of contact and force networks to
the macroscopic shear strength. In 2D, the unit contacts the normal vector, 71 ,is described by a
single angle 6. Thus, the probability density function P(0) of contact orientation, 6 gives the

necessary statistical information about the contact network. Considering also that the contact force
vector f_C), at a contact ¢, can be split in terms of its normal (f,¥) and tangential (f;*) component as

F = frfﬁ + ftcﬁ), with (F, F)) the local contact frame, the force network anisotropy can be
deeper characterized by the mean normal force orientation (f,,)(8) and the mean tangential force
orientation (f;)(0) as a function of contact orientation 8. As shown in several previous studies, the
three distributions P(60), (f,,)(0) and (f;)(8) encapsulates the mains details of the contact network
and force transmission resulting from grains properties in granular systems. The polar
representation of these functions is shown in Fig. 15, both for fresh (black dot) and used (red dot)
ballast in the residual state. As classically observed for bi-axial shearing, the distributions adopted
a T-periodic anisotropic shape with a marked peak along the compression axis for P(6) and
(fn)(6), while the maximum is reached around 6 ~ 1/4 for the mean tangential force orientation.
The interesting features of such distributions is that, since their overall shapes are quite simple, a

first order Fourrier expansion is sufficient to capture their main characteristics as [24,28,31,57]:
1
P(6) = %[1 +a.cos2(6—6,)]

(fn)(6) = (fu)[1 + ancos 2(6 — 6,)] Eq.3,
(f)(0) = —=(fu)a,sin2(6 — 6,)
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Where a. is the contact anisotropy parameters, a,, the normal force anisotropy parameter, a, the
friction force anisotropy parameters and 0, =~ /2 the principal stress direction in bi-axial

geometry.

As shown in Fig. 15, the above functions nicely approximate the distributions. Finally, it can
be shown that after some mathematical manipulations/simplifications in which Eq.3 is
implemented in the integral form of Eq.2, the anisotropic parameters add together to build the
macroscopic shear strength by [27,57]:

q 1
» =3 (ac + ap +ay) Eq.4

As illustrated in Fig. 16(a), the approximation of q/p given by Eq.4 perfectly fit with its
direct measurement all along the deformation (shown here only for o, = 20 kPa for the sake of
clarity). Thus, Eq.4 evidence that the anisotropic parameters, as defined above, are the key

descriptors of the microstructure. Note that Eq.4 could be completed considering the branch length

anisotropy computed from the mean angular distribution of the branch vector 1. But in the weakly

polydisperse system, this anisotropy remains near zero [34-36].

Fig. 15. Polar representation of the probability density function P(8), (f,)(8) and (f;)(€) in the
residual state both for fresh (black symbols) and used (red symbols) ballast. The full lines show
the approximations given by Eq3.
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The evolution of the three anisotropic parameters as a function of the vertical deformation is
shown in Fig.16(b), both for S1 (fresh ballast, full lines) and for S2 (used ballast, dashed lines).
Generally, the normal and friction forces anisotropies are higher in fresh ballast packing than in
used ballast packing all along the deformation. On the other hand, contact anisotropy is initially
higher in used ballast packing than in fresh ballast packing, especially at the peak state. But
interestingly, geometric anisotropy decreases after the peak state in the used ballast, so both
systems have the same level of geometric anisotropy in the residual state.

Thus, under Eq.4, it can be argued that the peak stress in used ballast grains packings mainly
results from geometrical anisotropy. In contrast, the peak stress is enhanced by force anisotropies
in fresh ballast grain packing which compensates for the lower value of the contact anisotropy and
explains the closer values of the peak shear stress. On the same idea, the higher value of the residual
shear strength in S1 is mainly due to force anisotropies since geometrical anisotropies are similar
in both systems. In particular, noting that the friction force anisotropy is linked to the mean contact
friction mobilization between grains (a; « (f,,)/{|f:])) [25,27], the higher value of a; in S1
indicates a higher proportion of particles tend to slide than rolling in fresh ballast grain assembly,
than in used ballast grain assembly. In other words, friction mobilization is one of the key
mechanisms developed for fresh ballast grains. From a railway application perspective, this result

suggests that fresh ballast grains would provide better lateral resistance for the ballasted track than

used ballast grains.
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Fig. 16. Evolution of the normalized shear strength q/p as a function of the vertical deformation
g, for fresh (S1-full line) and used (S2-dashed line) ballast grain assembly at 6. = 20 kPa (the
same as in Fig. 11(a)), together with the approximation given by Eq.4 (full symbols for S1, empty
symbol for S2). (b) Evolution of anisotropic parameters as of function of the vertical deformation
g, for fresh (S1-full line/full symbols) and used (S2-dashed line/empty symbol) ballast grain
assembly at o, = 20 kPa.

5. Concluding remarks and recommendations

The general aim of this study was to numerically investigate the mechanical behavior of fresh and
used ballast grain packings under the bi-axial applied loading conditions, both at the macro and
micro scale, employing simplified bi-dimensional DEM. For this purpose, one of the challenging
issues was to define archetypal grain shapes that reflect the fresh or used character of ballast grains
in a simple but sufficiently representative way.

First, an empirical and extensive experimental campaign was carried out to identify the 2D-
equivalent shapes of fresh and used ballast grains utilizing bi-dimensional image analysis. It
extended the Los Angeles abrasion (LAA) test to wear the grains. This experimental study showed
that fresh ballast grains can be approximated by a 5-sided, slightly elongated polygonal shape. On
the other hand, it is shown that the shape of used ballast grains is better approximated by a 10-
sided, rather rounded, polygonal shape.

Secondly, the archetypal fresh and used ballast grain shapes identified experimentally were
implemented in a discrete-element code based on the Contact Dynamics approach. Large
assemblies composed of the 2D-equivalent fresh and used grains have been systematically sheared
in a bi-axial configuration for different confining pressure.

As a general observation, both fresh and used ballast grain packing exhibit similar stress-strain
behavior with a marked peak stress followed by a softening phase and a constant stress plateau in
the residual state. Interestingly, the packing of 2D-equivalent fresh and used ballast grains are
relatively close in peak shear stress. Still, the residual shear stress is slightly higher (around 5% of
difference) for the fresh ballast grain packing than for the used ballast grain packing, suggesting

that used and fresh ballast grains offer similar normal stress resistance in the ballasted track
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geometry. Nevertheless, a detailed microstructure analysis regarding particle connectivity and
anisotropy of the contact and force network reveals that fresh ballast grains better mobilize the
local friction than used ballast grains. As a result, force chains are better stabilized, leading to
higher normal and force anisotropy values. In other words, and from a practical point of view,
these findings suggest that fresh ballast grains would provide better lateral resistance for the
ballasted track than used ballast grains. Based on the observations of the capability of withstanding
the vertical and lateral movements of the fresh and used ballast packings, it would be shed a light
to reuse the so-called used ballast in the railway track application by discovering some method to
increase the lateral deformation resistance because of the vertical deformation of both material
exhibits almost equally.

Finally, it should be noted that awareness would be raised that the work presented here, like all
2D works, is essentially qualitative. However, the highlighted macroscopic trends and the
microscopic mechanisms provide a clear roadmap for future extensive three-dimensional studies,
where ballast grains would be simulated by more realistic polyhedral shapes [58,59]. Nevertheless,
some questions that can be systematically explored through 2D and 3D simulations remain. For
instance, how can we reuse the used ballast effectively? Can we mix the used ballast with the fresh
ballast? Other issues concern the possible size effects inherent in the ballasted track structure.
Indeed, greater behavioral variability can be expected with fewer grains. How these variabilities
evolve as a function of ballast layer thickness with fresh, used, or a mixture of fresh/used ballast

grain is a question to be addressed.
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