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Abstract

In this paper we show DEM simulations of static and cyclic large triaxial tests on a sample of railway ballast. The sample is
reconstructed from X-Ray tomography images of an untested laboratory sample, recovered by impregnation with an epoxy
resin. Measurements of both shape and fabric are carried out; the sample shows a high anisotropy of particle orientations
due to the preparation procedure and a high shape heterogeneity. A DEM model is then generated using clumps to model
single particles, preserving the shape of each particle and the fabric of the sample. Results of static and cyclic simulations are
shown and compared with previous simulations on numerically generated samples, showing the importance of an accurate
representation of the whole range of particle shapes, as well as confirming the effect of particle anisotropy on the mechani-

cal response.
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1 Introduction

The mechanical behaviour of coarse-grained soils such as
sand and gravel is strongly affected by their discrete nature,
and the Discrete Element Method (DEM) is often employed
to study their behaviour and link their macroscopic response
with microscopic (i.e., particle or contact level) quantities.
Early DEM applications would often fail to reproduce all
features of the mechanical behaviour of a soil because single
particles were often modelled by simple spheres (in 3D), far
from real particle shapes. More recently, efforts have been
made in the direction of modelling real shapes, exploiting
digital imaging technologies which allow for an accurate
representation of the 3D morphology of a particle, as well
as several modelling techniques that have been proposed
to provide objects that hold some of the real particle shape
features and that can be easily used in DEM [1-4].

If particles with irregular shapes are used, then their ori-
entation in space can be defined. Particle orientation can be
included, together with orientation of interparticle contacts,
in the characterisation of fabric. Capturing the real fabric of
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a granular system may be as important as modelling their
real shape, especially when the sample is expected to be
highly anisotropic, e.g., as a consequence of loading history
or sample preparation, as this can have a significant effect
on the macroscopic mechanical response.

Recently, technologies such as X-Ray Computed Tomog-
raphy (XRCT) have been used to provide a geometrical
description of whole samples of soil, even allowing for
complete laboratory tests to be carried out inside an X-Ray
scanner to look inside the soil sample at different stages in
a non-destructive manner (e.g., [5]). A complete geometri-
cal representation of a sample holds information on the real
shape of all particles, as well as on their orientation, and
therefore can be used to build a digital twin of a real labora-
tory sample, and use it to simulate laboratory tests in DEM
[6].

This approach is however limited by the dimensions of the
sample and testing device that can be accommodated inside
an X-Ray scanner. Railway ballast is often characterised in
the laboratory as a soil, with classic triaxial tests; however,
due to the large size of particles (usually ranging between 20
and 63 mm), samples need to be large enough to contain a
sufficient number of particles such that the mechanical behav-
iour of the aggregate can be considered relevant and repeat-
able. This means that typical dimensions of ballast cylindrical
samples can be as large as d = 300mm and 4 = 450mm or
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more [7-9]. These dimensions do not allow real-time, non-
destructive imaging through XRCT, therefore alternative solu-
tions for the recovery of undisturbed ballast samples should
be used. These include the use of low viscosity resins or glues
that are injected in the sample and cure until forming a solid
mixture, with little or no disturbance to the position of parti-
cles. When X-Ray scans are taken, the lower density of such
matrix compared to that of soil particles makes it possible
to separate particles from the surrounding matrix, due to the
different X-Ray attenuation coefficients of the two phases.
Sample impregnation with epoxy resin, in particular, has been
successfully employed for the preservation of ballast, both for
laboratory cylindrical samples of scaled ballast [10] and for
samples recovered directly from in-service railway tracks [11].

The richness of spatial information provided by XRCT is
also associated with the variability of particle shapes. Without
this information, it is usually not feasible to acquire a geo-
metrical description for each particle, and DEM models often
adopt a limited number of different shapes (e.g.: one [12],
three [13], 100 [14]); this is generally considered sufficient
to appreciate the effect of a realistic shape on the mechani-
cal behaviour, especially in comparison with the basic case
of simple spheres. This is particularly true for a rather angular
material such as ballast for which some interlocking between
particles can usually be achieved even with few different real
shapes. Also, ballast is usually considered to be composed
of rather blocky rock clasts, and this is often reflected in the
choice of shapes to be employed [12—14]. However, some par-
ticles can have more flat or elongated geometries, and their
presence can affect the fabric and relative density of a sample.
More generally, when the aim is to replicate a real experiment,
and eventually provide a numerical tool to complement and/or
replace laboratory experiments, it is important to account for
the whole range of real shapes.

In this paper, we briefly present an application of resin
recovery of one large triaxial sample of ballast, prepared for
the large triaxial apparatus in Nottingham [8] but not tested,;
we show measurements of shape and fabric; finally, we use the
reconstructed geometry and an experimentally informed con-
tact model to produce for the first time an “avatar’” DEM model
of a ballast laboratory sample, with real particle shape, fabric
and contact mechanics, and carry out simulations of static and
cyclic triaxial tests. These simulations will be compared with
previous simulations in which particle shape (because of the
limited number of shapes in use) and fabric could not be fully
accounted for.
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2 Reconstruction of a virtual ballast sample
for DEM

2.1 Sample preparation

A ballast cylindrical sample with d =300mm and
h = 450mm, that could be accommodated in the large tri-
axial device in use at the University of Nottingham [8], was
prepared, following a standardised procedure of layered
compaction, similar to that adopted by other researchers
(e.g., [9, 14, 15]). The aggregate is poured inside a steel split
mould in three steps, and at the end of each step the layer is
vibro-compacted for 30s with an overload of 20 kg on top
of the layer. This procedure was found to consistently give a
total mass of about 48-50 kg, corresponding to a voids ratio
close to 0.700 considering the nominal dimensions of the
sample and a particle density of 2650 kg/m?; in this specific
case, a total mass of 48.7 kg was obtained. The value of
particle density is a commonly used value for granite bal-
last such as the ballast from the Mount Sorrel quarry used
here, and was confirmed by a test for particle density carried
out on 20 large particles of the same material, following
the procedure detailed in [16]. The sample thus prepared is
enclosed laterally in a rubber membrane and vertically by
two aluminium platens; the membrane is sealed at the two
platens by means of O-rings and “jubilee” clips (Fig. 1a).

2.2 Resinrecovery

After carrying out the described procedure, the sample is
typically put under vacuum so that it can sustain itself when
the mould is removed while being accommodated inside the
triaxial cell. While in this case the sample was not being
prepared for actual testing, vacuum was still applied through

Fig.1 Cylindrical specimen of ballast: a enclosed by a rubber mem-
brane; b after resin impregnation
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a hole in the top platen to facilitate the injection of resin.
It is assumed that this operation has little or no impact on
the sample fabric, particularly in comparison with the high
anisotropy that the previous compaction phase is expected
to have produced.

A dark, low viscosity epoxy resin (PX672H by Robnor
Resinlab [17]) was then injected through a second hole in the
top platen; after 24 h, the curing process had finished and the
rubber membrane could be removed. The preserved sample
is shown in Fig. 1b. The sample was then scanned in the
pu-VIS X-Ray facility in Southampton [18], with a resolution
of 1.09568 mm/pixel. The procedure for the identification of
single particles included the application of a median filter
and an adaptive segmentation technique [19], followed by
a watershed algorithm to separate particles. The resulting
stack of binarised images was subsequently processed to
extract point clouds describing the surface of each individual
particle. Further details on the scanning parameters, the pro-
cedure followed, and issues encountered will be described
in a separate publication.

2.3 Sample reconstruction as a DEM model

Image processing of the acquired scans, including steps such
as binarization and segmentation, finally provided a set of
657 individual particles, each described by a point cloud
on their surface. With the given resolution, each particle
was described by an average of ~ 10,000 points. A 3D tri-
angulated mesh enclosing a volume was then reconstructed
for each particle after estimating the normal vectors to the
surface at each point of the cloud with the software MeshLab
[20], to provide a reference geometrical description which
could then be used to create a virtual model of each par-
ticle for the DEM simulations. The clump technique was
chosen, specifically the “bubblepack” algorithm proposed
by [21] and implemented in the commercial software [22].
Clumps are collections of overlapping spheres with no inter-
nal contacts. The parameters that need to be defined in order
to build clumps from a surface description are the ratio p
between the smallest and largest sphere of one clump, and
the angle © measuring the overlap between two neighbour-
ing spheres and ranging between 0° (no overlap) and 180°
(complete overlap); values of p=0.3 and 6 =140° had been
previously found to be a satisfactory compromise between
shape accuracy and computational effort required [13], and
were therefore replicated here, giving an average of 108
spheres per clump. A bounding cylinder with vertical axis
passing through the centre of mass of the sample was fitted
to measure its dimensions, giving a height of 460.2 mm and
diameter of 293.8 mm (consistent with the mould’s internal
diameter of 300 mm and the membrane thickness of 4 mm).
An image of the final DEM sample made of clumps is shown
in Fig. 2. Clumps had to be expanded slightly to compensate

Fig.2 a Reconstructed sample. b DEM model of the reconstructed
sample made of clumps with random colourisation, with the same
view as in Fig. 1b. The sample is loaded axially by two blocks used
to model the end platens. ¢ Bonded spheres layer used to model the
flexible lateral membrane

for volume loss due to some issues with particle reconstruc-
tion from the scan (e.g., volume loss around contacts where
some voxels had to be removed to facilitate segmentation)
and to the natural tendency of clumps to underestimate the
reference particle’s volume, especially at corners and at cavi-
ties that are formed between neighbouring spheres. A total
volume corresponding to a mass of 48.7 kg, as measured
while preparing the sample, was targeted. This expansion
was carried out very slowly while allowing clumps to dis-
place and rotate, so that the sample’s fabric would be pre-
served while leaving the sample stress-free.

2.4 Particle size distribution

A Particle Size Distribution (PSD) was determined for the
reconstructed clumps. First, a surface description of clumps
was obtained as a 3D triangulated mesh, similar to the mesh
describing the original particle shape. The methodology
developed to obtain such a triangulation of the outer surface
consists of creating a mesh for each sphere composing the
clump and then performing a union operation applied to all
spheres. A classic approach to define the size of an irregu-
larly shaped particle is to use its equivalent diameter, i.e., the
diameter of a sphere with the same volume as the particle.
This is usually quite accurate if particles are mostly equi-
dimensional (high compactness), as it gives results that are
consistent with the standard sieving procedure carried out
in the laboratory. This however becomes less accurate when
the amount of flat and elongated particles is non-negligible,
as might be the case for ballast: reproducing numerically
the experimental procedure, where square apertures deter-
mine the size of a particle, with the equivalent diameter may
overestimate the size. If a bounding box is defined, then its
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Fig.3 Two bounding boxes obtained for one quite flat clump
(C=0.29, F=0.62, E=0.08). The blue box has the smallest interme-
diate length (/ = 55mm), which should be used to calculate the PSD;
the red box is the one with the smallest volume, and largely overesti-
mates the size (I = 73mm).
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Fig.4 Particle Size Distribution after correcting the volume to reach
the target mass, determined both with the classic equivalent diameter
and with the alternative method based on the smallest intermediate
length. The range defined in the guidelines is also shown [24]

intermediate length is a more appropriate quantity to deter-
mine whether the particle will pass a certain sieve or not. In
particular, to cover all possible orientations of a particle, one
should consider several bounding boxes with different orien-
tations and take the smallest of all intermediate dimensions /
as the reference size. Other criteria (e.g., taking the bound-
ing box with the smallest volume) may also overestimate the
reference size (Fig. 3). Here, the different orientations are
obtained by aligning one face of the box alternatively with
each of the faces of the particle mesh’s convex hull [23].
The PSDs calculated with the two methods (equivalent
diameter and minimum intermediate length) are shown in
Fig. 4 and compared with the nominal experimental PSD.
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While the difference between the two methods is clear, and
the intermediate length gives a better match with the experi-
mental curve, both curves lie below the experimental one,
which indicates that particles appear larger than they are.
This is due to the bounding box being a convex approxima-
tion of the particle shape; because of this, for some con-
cave particles that would pass through a certain sieve in the
laboratory, their numerical counterpart may be found to be
retained instead. Nevertheless the use of the bounding box
seems better than the equivalent diameter in replicating the
sieving process.

3 Shape and fabric
3.1 Shape analysis

The resolution of the scan is sufficient to allow an accurate
and reliable definition of the first scale of shape parameters
(form); angularity (second) could also be determined but it
still lacks a unique definition for 3D shapes, and form itself
is considered sufficient to characterise shape for the purposes
of this paper; roughness would need a higher resolution and
anyway is not directly modelled when reproducing the real
shape of particles (it is typically only accounted for through
the interparticle friction—and here through normal stiffness
as well, see Sect. 4.1—in the contact law).

In terms of form characterisation, several definitions
are available, based on different parameters. Generally, the
determination of 3 equivalent dimensions (major, intermedi-
ate and minor) is needed. As seen in Sect. 2.4, the oriented
bounding box can provide this; for shape characterisation,
the bounding box is usually defined as the one, among many
bounding boxes, that minimises some quantity (e.g., volume
or intermediate length). The obtained parameters, however,
are not unique and depend on the chosen box. An alternative
method makes use of the Surface Orientation Tensor (SOT)
[25], that provides a more objective definition exploiting
the whole particle surface description: it is a particle-based
tensor using the dyadic product of the outwards normal
to each facet of the triangulated surface weighted by the
facet area. The ratios of the three eigenvalues of this ten-
sor (f; > f, > f3) can provide a measure of compactness C,
flakiness F' and elongation E, which are the classic param-
eters that can be used to describe the “form” of a particle.
These are defined respectively as C = f3/f, F = (f, = f)/f;
and E = (f, — f3)/f,. These parameters sum up to 1 and can
therefore be shown graphically in a triangular map (i.e., ter-
nary plot, Fig. 5), where values for the 657 particles recon-
structed from the scan are compared with values for the 3
shapes used to numerically generate similar ballast triaxial
samples in previous simulations [13].



DEM study of an “avatar” railway ballast with real particle shape, fabric and contact mechanics

Page50f13 32

0.9/

i) n

Fig.5 Ternary plot of form indices compactness, flakiness and elon-
gation determined for each particle from the eigenvalues of the par-
ticle’s Surface Orientation Tensor as described by [25]. Grey dots
represent all particles extracted from the scan; the three black crosses
correspond to the three shapes used in previous simulations [13].
Grid lines are drawn with the same colour as the axis they refer to

Flakiness

It is clear from this ternary plot that the 657 ballast par-
ticles extracted from the scan are characterised by a sig-
nificant shape heterogeneity; average values are 0.36 for
compactness, 0.44 for flakiness and 0.18 for elongation, but
in general a wide range of different shapes can be observed,
including some very flaky or elongated particles. Often, in
previous DEM simulations of ballast, blocky and compact
particles had been chosen (e.g., [12, 13]), and flat and elon-
gated shapes had been intentionally discarded [14]. Regu-
lations for railway ballast such as [24] propose alternative
indices to describe the overall form of a sample, such as a
flakiness index, a shape index and a particle length index
that are proposed in [26, 27] and tables are provided in
[24] to categorise the aggregate accordingly. The labora-
tory procedure to calculate these indices was replicated
numerically; Table 1 shows the indices determined for the

Table1 Shape parameters defined by the British Standards
[24, 26, 27] for the laboratory sample reconstructed from XRCT
scans and, for comparison, for the numerically generated samples
made of only 3 different shapes used in [13]

Sample Flakiness Shape index [%] Particle
index [%] length
[%]
Scanned sample 13.1 11.7 4.5
Numerical sample 0 0 0

used in [13]

sample reconstructed from the scan and for the sample in
[13]. Each individual particle in the samples is analysed,
and the final index returns a global measure of shape for the
whole samples. Here, the shape of original particles (recon-
structed from scans) was used; if clumps were used instead,
the result would have been essentially unchanged as they
reproduce well the form of original particles with the resolu-
tion adopted. Based on the categorisation proposed in [24],
the values for the scanned sample fall in the group with low-
est flakiness (FI<15) and the second groups with smallest
shape index (SI <20) and particle length (PL <6). It means
that this specific shape distribution is not characterised by
extreme flakiness or elongation, but it is rather a commonly
heterogeneous distribution of shapes.

3.2 Fabric analysis

While the resolution of the scan was not sufficient to retrieve
accurate information on contact-based quantities (position,
area and orientation of contacts), particle orientation could
be easily determined and analysed, by defining a vector Tas
the eigenvector corresponding to the smallest eigenvalue of
the inertia tensor of the particle. A fabric tensor based on
particle orientations P was calculated as

Ly T e i i
G; = N, Zp=1 I’ @ I’, where N, is the number of particles.

The diagonal components of three local fabric tensors and
the global one are given in Table 2, with z as the axial (verti-
cal) direction and the two horizontal x and y axes orthonor-
mal with z. A scalar representing particle anisotropy is also
calculated as the norm F = \/F : F of the anisotropy fabric
tensor F = 3G — 1. A perfectly isotropic sample would have
G, =G,, =G, =0333and F = 0. The prevalence of x and
y (horizontal) components compared to z (vertical) compo-
nents is a clear sign that particles are mostly oriented along
(or close to) the horizontal plane, as an effect of compaction
during sample preparation.

The change of particle fabric over the height of the sam-
ple was also analysed. The sample was divided in three equal
layers and each particle was assigned to one of those based
on the position of its centre of mass; fabric tensors were then
calculated for each of the three layers. It might be expected

Table 2 Fabric tensor components for particle orientations in the
reconstructed laboratory sample (whole sample) and in three different
layers

Gxx G)'y Gzz F = \/F . F
Whole sample 0.388 0.388 0.225 0.404
Upper third 0.392 0.390 0.217 0.437
Middle third 0.390 0.373 0.237 0.382
Lower third 0.384 0.398 0.218 0.429

@ Springer



32 Page 6 of 13

M. Tolomeo, G. R. McDowell

that layered compaction generates a non-uniform fabric over
the height of the sample, as the lower layers receive more
compaction energy [15]; however, this is not the case for the
sample that was scanned, which looks quite homogeneous
(Table 2).

Particle fabric was also compared with that of the
numerically generated sample used in [13]. In that case, the
laboratory procedure for sample preparation had not been
replicated, and particles had been instead generated with
random positions and orientations and a smaller volume,
and then slowly expanded until reaching the target voids
ratio in a stress-free configuration. This procedure gives a
rather isotropic sample in terms of particle orientations, as
shown in Table 3. Then, the laboratory procedure was also
replicated numerically on the same sample, to assess its
effect on anisotropy. The sample generated isotropically was
dispersed over a cylinder extending beyond the top platen
of the actual sample, mixed and then left to settle under
gravity in three steps, with a dynamic compaction at the
end of each step performed by applying a cyclic force to the
top platen. Particle fabric for this compacted sample is also
shown in Table 3. While this operation slightly increases
the anisotropy of the sample (F from 0.064 to 0.111), it is
clear that the level of anisotropy of the laboratory sample
(0.404) cannot be achieved with the numerically generated
sample despite replicating the preparation technique. This
is strongly related to the shape distribution: a heterogene-
ous distribution including also flat and elongated particles
is clearly more prone to be arranged in a more anisotropic
configuration, as those are the particles that have a more
defined orientation and are more likely to align in a certain
plane, looking for more stable configurations depending on
the external condition applied. Compact particles, on the
other hand, have a less clear orientation, and, when forced
to rotate by the loading applied, they tend to assume more
random orientations. A sufficiently heterogeneous shape dis-
tribution therefore allows a higher particle anisotropy, with
all the consequences for the mechanical behaviour which
will be analysed in the following sections.

Table 3 Fabric tensor components for particle orientations in the lab-
oratory sample, compared with fabric tensors of numerically gener-
ated samples from [13], both with an isotropic preparation and with a
compaction preparation replicating the laboratory procedure

G,nr ny Gzz F = \/F . F
Scanned sample 0.388 0.388 0.224 0.404
Numerical sample  0.325 0.334 0.340 0.064
used in [13]-
expansion
Numerical sample  0.332 0.355 0.312 0.111

used in [13]-com-
paction
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Finally, to assess the amount of anisotropy with respect to
field ballast, particle orientations were compared with meas-
urements carried out by [11] on samples retrieved directly
from the track. The distribution of particle orientations,
expressed here as the angle y,,,; between the orientation 1
and the horizontal plane, is drawn in Fig. 6 for the labora-
tory sample, showing a particle anisotropy comparable with
that observed in operational tracks after about 30 years of
service [11].

3.3 Relative density

In addition to particle shape and orientation, another physi-
cal quantity affecting the mechanical behaviour is relative
density Dy, defined as a function of the actual voids ratio e
and the minimum and maximum voids ratio (e,,;, and e,,,.)
that can be obtained for that sample:

min

e . — €
DR — max 0 (1)

Cmax ~ Cmin

The two samples analysed here (sample reconstructed
from scan and numerically generated sample) have the
same total mass (48.7 kg); for the numerical sample, this
corresponds to a voids ratio e,=0.733, whereas the scanned
sample has slightly different dimensions, and therefore its
voids ratio is comparable but slightly smaller (e,=0.685).
Their different shape (and size) distributions however can
lead to a different relative density, which is a more appro-
priate parameter to describe the influence of density on the
mechanical response.

To estimate the smallest voids ratio e,,;, for each of the
two DEM samples, the three-step compaction procedure
described in Sect. 3.2 was replicated with a fictitious p=0

40 . : .
+ Scanned laboratory sample
—+H&—— LePenetal. (2014)
30 Le Pen et al. (2014)
- Isotropic
S
2
3 20f------ 2
(]
Q
e
o
10
O 1 1 1 1
0 0.2 0.4 0.6 0.8 1
sin(v, ) 1]

Fig.6 Probability of particle orientations of the laboratory sample
reconstructed from XRCT scan, compared with equivalent data for
two different ballast samples retrieved in the field [11]. The isotropic
case (horizontal dashed line at 20%) is also shown for reference



DEM study of an “avatar” railway ballast with real particle shape, fabric and contact mechanics

Page70f13 32

Table 4 Determination of
relative density Dy for the two
samples analysed (experimental

Experimental ~Numeri-
sample (scan) cal

) sample
and numerical)
min 0.596 0.550
mae 1.337 1.067
€ 0.685 0.733
D, 88% 64%

between particles. While not realistic, using a low or null
interparticle friction is a common choice in DEM to obtain
very dense states (e.g., [14], [28]), and it can be acceptable
in this case where the only purpose is to have an estimate
of e,,;, allowing to compare two different samples. To deter-
mine e, , particles were redistributed in a taller cylinder
and left to deposit under gravity with a more realistic inter-
particle friction ¢ = 0.7 [29], until equilibrium was achieved.
Values of relative density Dy, are reported in Table 4, show-
ing a markedly higher initial density for the scanned sample.
The effect of relative density on the macroscopic behaviour
is generally observed in the dilation rate, as will be shown
in the following sections.

4 DEM simulations
4.1 Model description and loading conditions

To re-cap, two different numerical samples were analysed.
One is reconstructed from XRCT scans of the laboratory
sample, as described in Sect. 2; this will be referred to as
“scanned sample” in the following sections. The second sam-
ple is a numerically generated sample made of 747 clumps
using only 3 different particle shapes, already used in [13].
Two different configurations were generated with the latter
sample: one obtained by simply expanding clumps, which
will be referred to as “3-shape sample, isotropic”’; a second
one obtained by replicating the experimental procedure of
compaction, as described in Sect. 3.2, referred to as “3-shape
sample, compacted”. On this set of three initial samples,
DEM simulations of static and cyclic triaxial tests were car-
ried out, using the commercial software PFC3D [22]. Apart
from the different samples, the other parameters of the DEM
model are the same in all simulations. A flexible membrane
consisting of 12,600 monodisperse bonded spheres (each
with 5.4 mm radius) was modelled, as described in [13]. The
two end platens were modelled by rigid blocks with the same
size and density as those used in the large triaxial device in
[8]. A confining pressure of 60 kPa was used, which is a
common value for railway ballast testing. Interparticle fric-
tion was set to 0.7, based on experiments [29], whereas a low
coefficient (0.1) was assigned to contacts with platens, which

are typically lubricated in the experiments that are modelled
here; a non-zero value was still needed to avoid excessive
sliding of the whole sample along the platen during shear-
ing. No friction was assumed between the ballast and the
lateral rubber membrane. An elasto-plastic contact law for
rough surfaces was employed for contacts between ballast
particles, as described in detail in [30], based on experi-
ments by Altuhafi et al. carried out with the same interpar-
ticle device used in [29]; the law defines a dependency of
contact normal stiffness on surface properties such as the
fractal dimension Dy and root mean square height A, which
were obtained from fitting of experimental data, as well as
on material parameters E and v, for which typical values for
granite ballast, as the material used in these experiments,
were employed [31]. A simple linear contact model with an
arbitrary stiffness k, = k, = 3 X 10°N/m was used for bal-
last-platen contacts. Cundall’s local damping was used, with
the typical value of 0.7 for the damping coefficient @. The
main parameters of the model are summarised in Table 5.
Sample dimensions were slightly different between the two
samples: the 3-shape samples have the nominal dimen-
sions of the triaxial cell (d=300 mm; h=450 mm), while
the scanned and reconstructed sample has the dimensions
measured from the scan as shown in Sect. 2.3.

Gravity was included to account for the sample and platen
self-weights, with an acceleration of 9.81 m/s*; these con-
tributions are not negligible and should not be discarded
considering the relatively low confining pressure of tests
on ballast and the large size of the sample. While for the
compacted 3-shape sample gravity was already active during
the previous compaction phase, for the scanned sample and
3-shape isotropic sample it was activated after sample gener-
ation, and the sample was left to settle under its own (and the
top plate) weight; this process introduced some contact ani-
sotropy into the 3-shape isotropic sample (Table 6). Contact
anisotropy was calculated with the same definition of fabric
tensor and fabric anisotropy in Sect. 3.2, using normal vec-
tors at contacts as the vector I to build the fabric tensor. Iso-
tropic confinement was then carried out by slowly increas-
ing the confining pressure until the target value of 60 kPa,

Table 5 Main model parameters

Interparticle friction coefficient 0.7

Platen friction coefficient 0.1

Young’s modulus E—ballast 60 GPa
Poisson’s ratio v—ballast 0.25

Fractal dimension D—ballast 2.13

Root mean square height ~—ballast 2.61x107>m
Confining pressure 60 kPa
Particle density 2650 kg/m®
Damping coefficient 0.7
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Table 6 Anisotropy of the contact fabric tensor before and after con-
finement for the three different samples

Contact ani-
sotropy—after

Contact anisotropy—
before confinement

confinement
3-shape sample, isotropic 0.325 0.131
3-shape sample, compacted  0.404 0.217
Experimental sample 0.643 0.492

and then keeping it constant while waiting for equilibrium.
Contact anisotropy decreases during isotropic confinement,
but some anisotropy remains (Table 6), both because the
confining pressure is probably too low to erase the memory
of the initial contact anisotropy and because the sample and
platen self-weights can induce a little loading anisotropy.
In the next sections, results from both static and cyclic
triaxial test simulations are reported; components and
invariants of the stress tensor are determined directly from
contact forces with the classic homogenisation equation
o, = é ZNrfilj [32], where contact quantities f (contact

force) and b (branch vector connecting the centroids of the
two bodies in contact) are summed over all contacts N, lying
inside volume V.

4.2 Static triaxial tests

Confined samples were subjected to static triaxial tests by
imposing a constant velocity of Imm/s to the bottom platen,
while keeping the top one fixed, only allowing this top platen
to rotate about its centre of mass, similarly to what happens
in the large triaxial device. These triaxial simulations repro-
duce similar laboratory tests carried out in the large triaxial
device described in [8]; those tests had to be stopped at an
axial strain €, = 12%, due to the sample expanding radially
and reaching the inner cell used for volume measurements.
At that point, ballast samples are typically still undergo-
ing large dilation and are far from critical state. Other tri-
axial tests on scaled ballast [33] and regular size ballast [7]
reached respectively ¢, = 16% and 20% but still showed
some residual volumetric deformation. In these simulations,
it was attempted to reach larger strains (e, = 25%); accu-
rate volume measurements were achieved by continuously
calculating the volume enclosed by the flexible membrane.

Figure 7 shows the macroscopic response of three triaxial
DEM simulations with o; = 60kPa. The effect of compac-
tion on the 3-shape sample is negligible and limited only to
the initial stiffness; the response is then very similar to that
of the isotropic sample, as the two samples share the same
particle shape and size distribution, as well as the same ini-
tial density. The sample reconstructed from the scan has a
very different behaviour, with a much higher dilation rate

@ Springer

— e .

2~ 50 /‘/""M 7"",-”#"?\ N VL

[0 4 '14’\.\'ri

D 40 e W L PR AR fiuy

& et el i T " At o L

: ST ae & AV

c 30 . h 4

(o]

B 20 3-shape iso

:E = = = = 3-shape comp
10 - Scan

-8 Lab. test

=

Vol. strain [%)]

0 5 10 15 20 25
Axial strain [%)]

Fig.7 Stress-strain curve and volumetric response for DEM simula-
tions of large triaxial tests on the three samples. Data from a similar
laboratory test is also shown

and a higher peak stress (¢,,,, = 54° compared to 42° for
both 3-shape samples). Stress ratio at critical state is also
larger for the reconstructed sample, with ¢,,,, ~ 39° (closer
to values typically expected for angular gravels), while for
the two 3-shape samples it drops down to ~ 33°. While the
higher dilation can be explained by the different initial rela-
tive density (Table 4), and is linked with the larger difference
between peak and critical state strength according to [34],
the larger critical state strength results from the different
shape distributions. The beneficial influence of particle flaki-
ness and elongation on the critical state strength is consistent
with results obtained by [35] from DEM simulations of both
ellipsoids and angular shapes.

It is clear from Fig. 7 that different samples with differ-
ent shape distributions and relative densities can have very
different mechanical behaviours. In addition to this, the
relatively small number of particles composing the sample,
which is however typical of these laboratory tests on ballast,
is also a possible source of large variability in the mechani-
cal response. Due to this, the purpose of this work was not
directly to match the experimental data of a single test or set
of tests; to do so, it would be necessary to replicate the same
fabric of the reference experimental test, i.e., ideally having
non-destructive scans of a sample during testing, but this is
not feasible due to the large dimensions of the sample and
cell, that cannot be accommodated inside an X-Ray facility.
Nevertheless, it is still interesting to compare DEM simula-
tions of different samples with a real laboratory test that was
carried out with 6; = 60kPa (Fig. 7), although the laboratory
test was stopped at €, = 12%. It can be observed that none of
the samples used for simulations can give a satisfactory fit
of the experimental data: the numerically generated 3-shape
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samples show a similar volumetric behaviour, but their peak
strength is slightly lower, and stress drops earlier and more
significantly, whereas a clear peak cannot be easily detected
for experimental data, possibly suggesting that strength
will not drop as much while approaching critical state; the
scanned sample shows a higher dilation and consequently a
higher peak stress; the critical state is evident for this sample
when the sample has finished changing in volume and gives
an estimate of the final critical state for the laboratory-tested
experimental sample.

To better understand the effect of shape distribution on the
mechanical behaviour, a micromechanical analysis, includ-
ing the evolution of particle and contact fabric and showing
how different particle shapes can affect the distribution of
contacts, can be helpful. The initial values of particle anisot-
ropy for the three samples after generation were previously
shown in Table 3; at the start of axial loading, i.e., just after
isotropic confinement, particle anisotropy has essentially not
changed much (Fig. 8), showing that confinement at these
low pressures cannot erase the previous loading history (and
in particular the effect of compaction). The evolution during
the test confirms that the amount of particle anisotropy of
the scanned sample cannot be achieved with the numerical
sample made of 3 compact shapes, even after the sample
has undergone large deviatoric strains. This is related to the
larger amount of flaky and elongated particles in the scanned
sample, that can easily become aligned along the horizontal
plane already during the preparation phase, also facilitating
interlocking between particles during shearing. This larger
particle anisotropy also affects contact anisotropy in turn:
the several flaky and elongated particles aligned horizontally
are more likely to build contacts along the vertical direction,
as they offer larger surface areas in that direction. This effect
can be quantified with the Surface Orientation Tensor [25]:
typically used to determine form parameters (as in Sect. 3.1),
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Fig. 8 Evolution of particle anisotropy for DEM simulations of large
triaxial tests on the three samples

this also gives information on the direction in which contacts
are more likely to be created, which can be determined as
the first eigenvector of the tensor. Figure 9 shows a histo-
gram of the angle f between the horizontal plane and the
SOT’s first eigenvector (i.e., corresponding to the maximum
eigenvalue) for all clumps in the three samples at the end of
confinement; for the scanned sample, the vertical direction
(values close to 1) is clearly the preferential direction for
contact creation, whereas the other two samples show more
random and isotropic behaviours. This is consistent with the
initially higher contact anisotropy for the scanned sample
(Table 6); contact anisotropy remains higher for the whole
duration of the simulation (Fig. 10), similar to the evolution
of particle anisotropy.
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Fig. 9 Probability of the orientation of the first eigenvector (i.e., cor-
responding to the maximum eigenvalue) of the Surface Orientation
Tensor [25] for all particles of different samples at the end of confine-
ment
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Fig. 10 Evolution of contact anisotropy for DEM simulations of large
triaxial tests on the three samples
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Flaky and elongated particles, as they deviate from
rounded shapes, increase their resistance to rotation; the sup-
pression of this mechanism induces an increase in interpar-
ticle sliding, which is a more energy-demanding mechanism
[35] and is therefore reflected in a higher critical state stress
ratio. A good measure of the increased resistance to rota-
tion due to shape is provided by a mechanics-based shape
index a, proposed by [36]. This parameter, defined at points
of contact between particles, measures the angle between
the normal vector to the surface of a particle at the contact
point and the branch vector connecting the contact point
with the particle’s centre of mass; this is related to the addi-
tional contribution to the particle’s rotational resistance that
a normal contact force generating a moment with respect
to the centre of mass can offer. While for a sphere a, = 0°,
and for compact shapes a,. is relatively small, more irregular
particles can offer larger values of @, and therefore higher
rotational resistance, as shown by their probability distribu-
tion in Fig. 11. This explains the difference in critical state
stress ratio observed in Fig. 7.

4.3 Cyclic triaxial tests

Cyclic triaxial tests were carried out by applying a sinusoi-
dal axial force to the bottom platen; the magnitude of this
force ranges between a lower F,;, that is the sum of the bot-
tom platen’s own weight and the magnitude of all contact
forces acting on the bottom platen at the end of confinement,
and a higher F,,,, = F,,;, + AF where AF is the product of
the platen’s cross sectional area with the deviatoric stress
applied g,,,, = 180kPa. The frequency of the applied loading
affects the strain rate applied; in order to limit this, and avoid
unwanted inertial effects, this was kept lower in the first few
cycles, when the sample is softer and a given increment of
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Fig. 11 Probability of angles «a, for all contacts at the end of confine-
ment for the scanned sample and one numerically generated 3-shape
sample
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deviatoric stress would cause a larger strain rate, and then
gradually increased. The frequency was 1 Hz for the first
cycle, 3 Hz for cycles 2—4, 5 Hz for cycles 5-19 and then
fixed at 10 Hz; with these values, the quasi-static condition
I < 1073 was observed, with I as the inertial number defined
in [37] as a function of strain rate, sample properties and
loading conditions.

Figure 12 shows the accumulated axial strain at the end
of each cycle for the three samples. While it is still imprac-
tical for DEM simulations of cyclic loading to achieve the
number of cycles of typical experiments (e.g., 10° as in [8]),
the number of cycles performed (>2000) is still considered
sufficient for a meaningful analysis of the data, both for a
comparison of the three samples and for a comparison with
experimental data. Both 3-shape samples are much softer
than the reconstructed scanned sample; they accumulate a
large amount of axial deformation in the first 50-100 cycles
and then become slightly stiffer, although still retaining a
higher deformation rate than the scanned sample for the
whole test. The scanned sample has deformations that are
of the same order as those obtained experimentally by [8] for
the same loading conditions. Again, the larger particle and
contact anisotropy can be deemed to be responsible for the
much stiffer response. Their evolution is shown in Figs. 13
and 14 respectively. Particle anisotropy remains stable for
the scanned sample, for which it was already high at the start
due to the effect of sample preparation; it grows slightly for
the 3-shape samples but, as in the static tests, it remains far
from the anisotropy of the reconstructed scanned sample.
Contact anisotropy shows a small decrease in the first~50
cycles, as more horizontal contacts are formed while the
number of vertical contacts remains stable, and then sta-
bilises for the rest of the simulation for all three samples.
Once more, the anisotropy in the reconstructed scanned sam-
ple remains much higher than the anisotropy in the 3-shape
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Fig. 12 Accumulated axial strain at the end of each cycle for DEM
simulations of large triaxial cyclic tests on the three samples
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Fig. 13 Evolution of particle anisotropy at the end of each cycle for
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Fig. 14 Evolution of contact anisotropy at the end of each cycle for
DEM simulations of large triaxial cyclic tests on the three samples

samples, consistently with the higher particle anisotropy and
with the higher axial stiffness observed in Fig. 12.

5 Conclusion

By injecting epoxy resin in an untested laboratory large
triaxial sample of railway ballast, it was possible to pre-
serve the sample, and subsequent XRCT scan allowed for
measurements of particle shape and fabric. These showed
a rather heterogeneous distribution of particle shapes,
including quite flaky and elongated ones, and a high ani-
sotropy from the start, comparable with that of field bal-
last after 30 years of service, purely due to the effect of
compaction. A DEM model of the reconstructed sample
was built, holding the real particle shape and fabric, with
clumps employed to model single particles. Numerically

generated samples were also considered for comparison;
these comprised only three, rather compact (equidimen-
sional) shapes, with no flaky and elongated clumps. This
was found to affect the fabric of the sample: lower parti-
cle and contact anisotropy could be achieved in this case,
compared to the scanned sample which did contain flaky
and elongated shapes.

The effect of this on the mechanical behaviour was
highlighted through DEM simulations of both static and
cyclic triaxial tests. Static triaxial loading showed a higher
critical state strength for the reconstructed (scanned) sam-
ple, which can be explained with reference to the more
irregular form of particles, that can offer a larger rotational
resistance, as confirmed by a micromechanical analysis.
The higher dilation rate observed for the scanned sample
is related to the higher relative density at the start of the
test. Cyclic loading simulations also showed a significant
improvement of the performance for the scanned sample,
for which the larger initial anisotropy resulted in lower
accumulated axial strains compared to the numerical
(3-shape) samples.

While capturing the correct particle shape and fabric can
be in general useful when simulating the mechanical behav-
iour of coarse-grained soils, it becomes essential for gravelly
soils like ballast, for which samples are made of relatively
few particles, and a high variability of shapes is observed.
Simply modelling real shape is not enough if the range of
shapes used is limited and if the fabric is not reproduced
correctly.

These results also give further insight on the properties
of ballast to be used for laboratory tests, as well as in the
field. Current regulations do not define limits concerning
the shape of particles employed. While it can be argued that
flaky and elongated particles might be more prone to break-
age, it is shown here that even a relatively low percentage by
mass of such shapes, as in the sample considered here, can
significantly improve the ballast’s performance, with poten-
tial benefits in terms of track stability (reduction of differen-
tial settlements and of required maintenance interventions).

Several future perspectives remain open to follow this
work. To improve the quality of sample reconstruction, limit
some issues with particle segmentation and acquire infor-
mation on contacts, future work will focus on increasing
the resolution of the scan. Furthermore, work will focus on
impregnating a laboratory sample after reaching a critical
state and scanning to compare the fabric at a critical state
with the work presented here. This work will also provide
a whole new set of particle shapes, that could be used to
artificially reconstruct a sample in untested conditions and
carry out full simulations on it as a realistic avatar ballast.

With real particle shape and fabric (from XRCT scans)
and contact mechanics (advanced contact law determined
from interparticle tests), it is expected that the DEM model
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could not just complement, but eventually replace laboratory
tests on ballast. In the future, more experimental tests will
be required in order to provide a validation of the model,
including tests reaching critical state, as well as more simu-
lations on samples with different shape distributions.
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