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Discrete element analysis of breakage of irregularly shaped railway ballast
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In order to reduce the maintenance costs of ballasted railway track and improve passenger comfort, the railway ballast particle breakage and its effect
on track settlement need to be better understood. The failure process of individual railway ballast loaded between flat platens is simulated using the
discrete element method, considering its irregular shape with the incorporation of parallel bonds. The tensile strength, the stress of a survival
probability of 37% of samples, is obtained and compared with laboratory results from published literature for the verification of DEM simulations.
The evolution to failure of the particle is understood from the stress-strain curve and progressive failure modes. The internal breakage mechanisms
are analysed by tracking the accumulation of bond breakage number and the contact force distributions.

Keywords: discrete element method; breakage; irregular shape; parallel bond; railway ballast

Introduction

Traditional ballasted railway track is applied worldwide. The
main benefits of this type of track are the relatively low con-
struction costs, high elasticity, high noise absorption and high
maintainability at relatively low cost (Esveld 1989). However,
ballast is one of the main sources of track deterioration due to
its discrete nature (Selig and Waters 1994). The deterioration is
evidenced by the rearrangement and breakage of ballast parti-
cles. Ballast breakage directly contributes to ballast degrada-
tion on one hand, and may produce differential settlement of
the track due to the stress redistribution on the other hand. Past
studies have reported that ballast breakage has a substantial
effect on track settlement. Track deformation strongly
increases even though only a few particles break (Lobo-
Guerrero and Vallejo 2006, Housain et al. 2007). In particular,
as a consequence of ever-increasing train speeds and axle
loads, ballast breakage and track settlement have become
more and more important. Thereby, a better fundamental
understanding of the ballast breakage mechanism and its effect
on track settlement plays a major role in reducing the main-
tenance costs of ballasted track and improving passenger com-
fort as well. In this study, we investigate the breakage of
railway ballast via a numerical study.

The breakage mechanism of ballast is complex. It can basi-
cally be classified as breakage of asperities and particle split-
ting (Indraratna et al. 2009). Individual particle breakage tests
can offer an insight into the fracture mechanism and tensile
strength of railway ballast. It is widely accepted that the

crushing of an individual particle is in fact a tensile failure
when loaded between platens, although the tensile failure
under diametric loading was put in doubt by different authors
(Darvell 1990, Russell and Muir Wood 2009). The tensile
strength can be indirectly measured by compressing the parti-
cle between two parallel platens up to failure with the splitting
of the particle into two or more smaller pieces (Jaeger 1967,
McDowell and Bolton 1998, Lim et al. 2004). Lim et al.
(2004) quantified that the tensile strengths of railway ballast
follow the Weibull distribution well for a given size based on
laboratory data. The probability of breakage also increases
with an increase in ballast size.
The discrete element method (DEM), with the advantages of

providing a microscopic insight of the progressive failure
phenomena and breakage mechanism, has shown to be a useful
tool in the numerical simulations of crushable granular solids.
Basically, there are two ways of describing individual particle
breakage using the DEM. The individual particle is either
modelled by an agglomerate of bonded spheres (Kun and
Herrmann 1996, Cheng et al. 2003, 2004, Potyondy and
Cundall 2004, Lim and McDowell 2005, Indraratna et al.
2010, Cil and Alshibli 2012) or replaced by a group of frag-
ments based on suitable failure criteria (Lobo-Guerrero and
Vallejo 2006, Housain et al. 2007).
Ballast particles are of irregular shape naturally. Clumps

formed by clumping or agglomerates formed by bonding mul-
tiple spheres, offer an effective way to model realistic particles
because of the simple contact detection and force calculation
between spheres. Clumped particles are created by clumping

*Corresponding author. Email: jisy@dlut.edu.cn

Geomechanics and Geoengineering: An International Journal, 2015
Vol. 10, No. 1, 1–9, http://dx.doi.org/10.1080/17486025.2014.933891

© 2014 Taylor & Francis

D
ow

nl
oa

de
d 

by
 [

D
al

ia
n 

U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y]
 a

t 0
5:

48
 1

0 
A

pr
il 

20
15

 



spheres with prescribed initial overlap without generating
interaction force, and all of clumped particles move as one
element that will not break apart (Itasca 1999, Peters and
Dziugys 2002, Ferellec and McDowell 2008, 2010).
Aggregates of bonded spheres, created by bonding regular
particles without initial overlap, are allowed to break up
under large particle interaction and deformation (Itasca 1999,
Potyondy and Cundall 2004, Indraratna et al. 2010). Therefore,
bonding models are more suitable for the simulation of irregu-
larly shaped ballast particle breakage, since they are capable of
describing arbitrary shapes and allowing breakage at the same
time.

However, previous bonding models employed a two-dimen-
sional disc or three-dimensional spherical agglomerate to
resemble the particle, neglecting the realistic irregular shape
when modelling breakage (Cheng et al. 2003, 2004, Lim and
McDowell 2005, Cil and Alshibli 2012). It was noted that
particle shape not only governs breakage strength, but also
influences the macro behaviours of railway ballast (Tang
et al. 2001, Lim and McDowell 2005, Cho et al. 2006). With
the finite element method, Tang et al. (2001) simulated a 2-D
single particle breakage, and reported that the more spherical
the particles are, the higher the breakage strength is. Hence, it
is necessary to take into account the particle shape in the DEM
modelling of ballast breakage.

In the sphere bonding models, there are two specific imple-
mentations, namely, parallel bond and contact bond (Itasca
1999, Potyondy and Cundall 2004). In the parallel bond, a
bond disk is defined between the two bonded spheres to
transfer normal force, shear force and bending moment or
oppose rolling. The contact bond model does not have the
bond disk as defined in the parallel bond model, and can
only resist normal and shear forces at the contact point. The
contact bond model has been adopted in the simulation of
ballast as an agglomerate of bonded spheres (Cheng et al.
2003, 2004, Lim and McDowell 2005). Similar to the contact
bond model but with only the normal force resisted,
Ergenzinger et al. (2012) simulated the breakage of angular
ballast and the oedometric compression tests using the soft-
ware package Pasimodo. In addition, Indraratna et al. (2010)
constructed irregular ballast particles with the parallel bond
model by modelling their 2D projections and simulated the
permanent deformation and degradation of ballast under cyclic
loading with different frequencies. The mechanical behaviours
of ballast simulated were compared well with the experimental
data. In this study, the parallel model is adopted.

The objective of this study is to generate a more realistic
DEM model of ballast breakage, considering its irregular shape
with the incorporation of parallel bonds. The simulations are
performed using SDEM code (sphere-based discrete element
method), which was developed by the authors. This code has
been applied to simulate the mechanical behaviours of granular
rock with the ability to model irregular-shaped particles by
using overlapped spheres, bonded spheres and dilated polyhe-
dron, respectively (Yan and Ji, 2010; Ji, 2013; Ji and Di,
2013). In this study, the simulated results with SDEM are

validated by available data from published literature. The
breakage mechanism is further analysed through bond break-
age and contact force distributions at microscopic scale.

DEM model of ballast particles with parallel bonds

Figure 1a is the picture of a real ballast particle. A more
realistic shape description is a prerequisite for a more accurate
simulation of its mechanical behaviours. To this end, indivi-
dual ballast particles are constructed as an agglomerate of a
large number of small spheres that are connected by parallel
bonds.

Figure 1. Realistic ballast particle and its DEM model: (a) Realistic ballast
particle; (b) DEM model.

2 Y. Yan et al.
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Parallel bond model

In this study, uniform spheres are bonded together to generate
irregularly shaped ballast particles with various packing pat-
terns. The corresponding parallel bond is shown in Figure 2a.
Here, xA and xB are the position vector of sphere A and sphere
B, n is the contact normal vector. However, non-uniform
spheres can also be adopted to improve the geometric accuracy
of ballast particles. This method has been applied in the con-
struction of irregular rock rubbles with overlapped spheres
(Ferellec and McDowell 2008, 2010). As a result of the con-
stant normal and shear stiffness of the bond, a force and a
moment are developed within the bond induced by the relative
motion at the contact. The force and moment can be resolved
into normal and shear components, Fn and Fs, Mn and Ms. The

maximum normal and shear stresses acting at the bond periph-
ery can be written as

σmax ¼ Fnj j
A

þ Msj j
I

R (1)

τmax ¼ Fsj j
A

þ Mnj j
J

R (2)

where R is the bonding radius and set as the sphere radius.
A ¼ πR2, I ¼ πR4=4 and J ¼ πR4=2 are the area, inertia
moment and polar inertia moment of the bonding disk,
respectively.
If either the maximum normal stress or the maximum shear

stress exceeds the corresponding normal strength and shear
strength, the parallel bond breaks and is deleted. The deletion
of bonds describes the crack initiation and propagation. In this
way, the failure phenomena and final splitting can be directly
reproduced. In this study, the normal strengths are randomly
generated as a normal probability distribution with the mean of
25.0 MPa and standard deviation of 2.0 MPa. For the bonded
discrete element method for rock materials, a ratio of the shear
strength to the normal strength can be defined. In the study of
Potyondy and Cundall (2004), the shear strength equals the
normal strength. This relationship is also applied to the simu-
lation of bonded rocks and agglomerates (Cho et al. 2007,
Hanley et al. 2011). Here, the shear strengths are also set as
the same as those normal ones.
For the contact point interaction between sub-spheres, the

linear visco-elastic model with the Mohr-Coulomb friction law
is adopted, as shown in Figure 2b. Here MA and MB are the
mass of sphere A and B, Kn and Ks are the normal and
tangential stiffness, Cn and Cs are the normal and tangential
damping coefficient, μ is the friction coefficient.

Generation of irregularly shaped ballast particle

Since railway ballast features many planar surfaces, convex
polyhedron are used to resemble the realistic ballast particle
shapes. Figure 3 shows the generation of a single ballast
particle. An arbitrary convex polyhedron is first generated
and its surfaces are extracted as the ballast particle surfaces
(Figure 3a). The size and shape of ballast are both considered
during the polyhedron generation. In this study, the mean sizes
of ballast particles are in the range of [37 mm, 51 mm]. The
ratio of the ballast length to width is in the range of [1.5, 3.0],
which is defined with the measurement of ballast particles. A
cubic domain just encompassing the space enclosed by these
surfaces is defined next, with a uniformly sized assembly of
spheres filled into it with a hexagonal close packing (HCP)
(Figure 3b). The system is then stabilised by a cycling process
under gravity until reaching equilibrium (Figure 3c). Those
spheres located inside the space enclosed by the ballast particle
surfaces remain to form the final ballast particle. Finally, par-
allel bonds are installed at existing contacts and between those

Figure 2. Interaction between sub-spheres: (a) Parallel bond model; (b)
Contact force model.
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spheres that are within a certain distance of one another
(Figure 3d). Figure 1b gives the corresponding DEM model
of the ballast particle shown in Figure 1a. This ballast particle
is generated by 331 sub-spheres with 1073 initial bonds.

Behaviour of individual ballast particle breakage

Individual ballast particle breakage tests conducted by Lim
et al. (2004) are used for validation of the developed DEM
model. Here, 33 ballast particles are constructed randomly
within the range of [37 mm, 51 mm]. Ballast particles can be
modelled more realistically with smaller sub-spheres, however,
the computational cost increases dramatically in the DEM
simulations. Here, the diameter of sub-spheres is selected as
5 mm. The corresponding sub-sphere number is in the range of
[258~575]. The computational parameters values are selected
based on some related references (Lobo-Guerrero and Vallejo
2006, Housain et al. 2007, Lim and McDowell 2007, Ji and Di
2013). The normal stiffness is related to the particle elastic
modulus E, the particle diameter D as Kn ¼ πDE=4 (Ji et al.
2009). The ratio of normal stiffness to shear stiffness is set as

2.0. The elastic modulus of ballast E = 70 GPa, the inter-
particle friction coefficient μp�p= 0.5, the inter-particle restitu-
tion coefficient ep�p = 0.5, and the ballast density ρ =
2650 kg=m3.

Tensile strength of railway ballast with Weibull statistics

The ballast tensile strengths have been reported to follow
Weibull statistics well (Lim et al. 2004). The survival prob-
ability Ps under a tensile stress σ is given by (McDowell and
Amon 2000),

Ps ¼ exp½�ð σ
σ0
Þm� (3)

where σ0 is the stress to give a survival probability of 37%, m
is the Weibull modulus.
By rewriting Equation (3), a linear relationship can be

obtained between lnðlnð1=PsÞÞand ln σ as,

ln½lnð 1
Ps
Þ� ¼ m ln σ � m ln σ0 (4)

Figure 3. The generation of a single ballast particle DEM model: (a) The generated surfaces; (b) Spheres packed in the cubic domain; (c) Stabilization process;
(d) The final model.
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Taking ln σ as the x coordinate and lnðlnð1=PsÞÞ as the y
coordinate, the Weibull modulus m and the 37% tensile stress
σ0 are the slope and y-intercept of the linear fit of the set of
data for a given size of ballast, respectively. Here, the induced
tensile stress σ for an individual particle of average size d
loaded under a force F is defined as (McDowell and Amon
2000, Ergenzinger et al. 2012),

σ ¼ F

d2
(5)

The survival probability Ps can be calculated using the mean
rank position (Davidge 1979),

Ps ¼ 1� i

N þ 1
(6)

where i is the ith ranked sample from a total of N.
Figure 4 depicts the simulation results fitted with a Weibull

survival probability curve. The 37% tensile stress and the
Weibull modulus m are calculated as σ0 = 19.3 MPa and m =
3.73. The simulated results agree well with the laboratory
results of σ0 = 21.7 MPa and m = 3.07 from Lim et al. (2004).

It is also noted that, the tensile strength σ0 = 19.3MPa obtained
with the developed model is less than that simulated by Lim and
McDowell (2005) as σ0 = 22.4 MPa. The reason is that their
ballast particle models were close to spherical in shape. This
supports the conclusion that the more spherical the particles are,
the higher the breakage strength is (Hess and Schonert 1981).

Stress-strain analysis

The stress-strain relationship can be used to understand differ-
ent phases of the failure development. Figure 5 plots the stress-
strain curve of a typical ballast particle of size 41.68 mm
during compression. The stress-strain curve can be divided
into four stages: linear elastic (O-A), crack initiation (A-C),
softening (C-D) and final splitting (E-G). In the linear elastic

stage, the stress-strain curve is almost a line, the particle
deforms linearly. Then the crack initiates, and deformation
happens and a series of local sub-peaks exist prior to the stress
peak at point C. This is because of the fracture of asperities of
the ballast particle at their contacts with the platen. The elastic
energy will be transformed to kinetic energy during the break-
age of bonded disks (Ji and Di 2013). Meanwhile, the bearing
capacity of damaged ballast drops a little when two bonded
spheres break. It can also induce the stress fluctuation in the
ballast fracture process. The stress peak of 16.47 MPa appears
at the strain ε = 0.029. After that the particle enters the soft-
ening stage, with a drop in stress and more cracks formed.
These cracks gradually connect to each other, until the ballast
particle is seen to split into two smaller pieces.
Figure 6 depicts the progressive failure modes correspond-

ingly. Here, the sub-spheres colouring scheme is based on the
fragment size. The sub-sphere colour changes during the
breakage process due to the fragment size change. The initial
green represents the ballast particle is intact as one large piece,
while the sub-spheres with smaller fragments are coloured in
blue. As shown in Figure 6a, there is no bond breakage in the
linear elastic stage. Figure 6b shows few bond breaks as an
indication of crack initiation. Cracks start from the contacts
between the particle and the upper platen, parallel to the
direction of loading. Breakage aggravates during the softening
stage as shown in Figure 6d. The particle starts to break until
its final splitting along the loading direction as shown in Figure
6e and Figure 6f, respectively.

Micro analysis of the breakage mechanisms

Bond breakage number

The macro change from local damage to final splitting of the
ballast particle is attributed to the accumulation of bond break-
age at the microscopic scale. Figure 5 also plots the

Figure 4. Weibull survival probability plot.

Figure 5. Stress-strain curve and number of bond breakage of a typical ballast
particle.
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accumulative number of bond breakages during the whole
failure process. It shows that no bonds break in the elastic
stage. Then the number of bond breakages increases steadily in
the crack initiation stage. The first bond breaks at the strain ε =
0.014. In the softening stage, each decrease of the stress
accompanies a big increase in the number of bond breakages.
The number of bond breakages continues to increase rapidly as
the particle enters the final splitting stage. During the whole
failure process of the ballast particle, there are a total of 133
bond breakages, including 130 tensile breakages and three

shear ones. This is an indication that tensile failure dominates
when an individual particle is loaded between platens, which
accounts for 98% of the total breakages.

Contact force distributions

The degree of breakage can also be explained by the structure of
the contact force distributions. Figure 7 depicts the distributions
of the corresponding normal contact forces. The lines of contact

Figure 6. Progressive failure modes of a single ballast particle during compression: (a) ε = 0.0092; (b) ε = 0.015; (c) ε = 0.029; (d) ε = 0.043; (e) ε = 0.045;
(f) ε = 0.076.
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forces are linked between the centres of spheres in contact. In
these figures, the thicknesses and different colours of the lines
represent the magnitude of the contact forces with blue corre-
sponding to small forces and red representing large forces. Here,
the smallest contact force approaches zero, and the largest is 12.7
kN. It shows that, in the elastic stage, contact forces are distrib-
uted evenly in the particle as shown in Figure 7a. Figure 7b shows
larger contact forces start to concentrate at the contacts between
the particle and the upper platen in the crack initiation stage. At
the stress peak, the dense large contact forces appear at the
contacts between the particle and the top platen at the strain ε =
0.029, as shown in Figure 7c. At ε = 0.043 in the softening stage

as shown in Figure 7d, even larger contact forces form perpendi-
cular to the direction of loading, which indicates the future tensile
failure of the particle. Figures 7e and 7f show that the contact
forces become weakened until the particle loses its bearing cap-
ability in the final splitting stage.

Conclusions

The DEM is used as a tool to shed light on the breakage of
individual ballast particles loaded between two platens. The
irregular shape of the ballast particle is taken into account, and

Figure 7. Contact force distributions at different strains: (a) ε = 0.0092; (b) ε = 0.015; (c) ε = 0.029; (d) ε = 0.043; (e) ε = 0.045; (f) ε = 0.076.
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parallel bonds are adopted in order to prevent the relative
rolling between sub-spheres. The simulated tensile strength
agrees well with the physical experimental data from the
published literature. The value is smaller compared with that
obtained by published DEM results with a more spherical
description of ballast particle.

The stress-strain relationship of a typical ballast particle is
analysed, and four stages, linear elastic, crack initiation, soft-
ening and final splitting are identified. The corresponding fail-
ure modes at different failure stages are depicted. The internal
breakage mechanism is further examined from the microscopic
point of view. The bond breakage numbers are counted and
contact force distributions are analysed. The changes of the
microscopic variables are consistent with the exhibited macro
behaviours of railway ballast. In the linear elastic stage, the
particle deforms elastically with no bond breakage and an even
distribution of contact force. The crack initiates with few bond
breakages and a concentration of contact force at the contact
between the particle and upper flatten in the crack initiation
stage. During softening, stress drops with more bond
breakages and the formation of larger contact forces perpendi-
cular to the loading direction. Finally, the particle splits into
smaller pieces with a rapid increase of bond breakages and
weakening of contact forces in the splitting stage. Future
studies will deal with the effect of particle breakage on the
track settlement with the developed DEM models through box
tests which simulate train loading.
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