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This paper proposes a combined discrete—finite element model to investigate the dynamic
behavior of ballasted railway tracks. The discrete element method (DEM) is adopted to
model the discrete ballast materials. The shapes of ballast particles resembled clumps of
overlapping spheres which are obtained by the growth of spheres inside convex polyhe-
drons. The finite element method (FEM) is used to analyze the continuous embankment
and foundation. The transmission between DEM and FEM at the ballast-embankment
interface is processed according to the interaction force based on the principle of virtual
work. The dynamic behavior of ballasted railway track under cyclic loading is simulated
with the developed DEM—-FEM model. The settlement of the sleeper and the deformation
of the embankment and foundation, the force chains in the ballast and stress distribu-
tions in the embankment and foundation are obtained. The developed model is helpful
in better understanding the mechanical characteristics of ballasted railway tracks.

Keywords: Discrete element method; finite element method; combined algorithm; bal-
lasted railway track; cyclic loading.

1. Introduction

Ballasted railway tracks usually consist of rails, fastening system, sleepers, bal-
last, subballast, embankment and foundation [Selig and Waters (1994)]. Under the
repeated traffic loading, track geometry deteriorates due to track settlement induced
by the rearrangement and breakage of ballast particles, deformation of the embank-
ment and foundation. In particular, as a consequence of ever-increasing train speeds
and axle loads, track settlement has become an important factor influencing directly
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the safety, stability and ride comfort of the train. Thereby, a better fundamental
understanding of the dynamic behavior of ballasted track as a whole and the inter-
actions between track components plays a major role in reducing the maintenance
costs of ballasted tracks and improving passenger comfort as well.

As a mature numerical simulation method, finite element method (FEM) has
been adopted in the numerical analysis of the whole ballasted track structure [Li
et al. (2015); Nejad (2014); Shahraki et al. (2015)]. Ballast, subballast, embankment
and foundation are all treated as continuum with different material parameters
measured from experiments. The vertical deflections have been studied by different
combinations of parameters, such as the ballast thickness, the rail pad stiffness,
the height and Young’s modulus of the embankment and the sleeper spacing [Real
et al. (2012)]. The effect of geocell confinement on ballast was studied via FEM
analysis when a soft subgrade, weaker ballast, or varying reinforcement stiffness
are encountered [Leshchinsky and Ling (2013)]. Moreover, a 3D finite element cou-
pled train—track model was proposed to study the ground induced vibration caused
by the passage of high-speed train. With this model, the relation between track
deflection and train speed was investigated [Ei Kacimi et al. (2013)].

FEM-based studies provide a macroscopic insight of the dynamic behavior of
ballasted tracks. However, the ballast layer is naturally made up of a large number of
discrete ballast particles. Ballast particles present complex dynamic behavior during
the particles’ contact and breakage under traffic loading. The micro-properties of
ballast, such as particles’ sizes, gradation, void ratio, are the key parameters that
influence the track’s macro settlement. In particular, the ballast particles’ shapes
at micro-scale play an important role in determining its macro-mechanical behavior
[Lu and McDowell (2007)]. Recently, a growing number of continuum constitutive
models emerged with ingredients that stem directly form micro-mechanical features
[Coleri et al. (2012)]. FEM using a continuum model can analyze micro-mechanical
features in noncontinuum body quite well [Hai (2013); Ghauch et al. (2015)].

As an effective numerical tool for discontinuum, discrete element method (DEM)
proposed by Cundall has been widely applied in simulating mechanical behavior of
railway ballast alone [Cundall and Strack (1979); Lim and McDowell (2005); Lobo-
Guerrero and Vallejo (2006); Lu and McDowell (2010); Ngo et al. (2014); Huang and
Tutumluer (2011)]. Originally, simple shapes are used to model the ballast parti-
cles’ shapes, such as spheres or disks [Lobo-Guerrero and Vallejo (2006); Chen et al.
(2012); Indraratna et al. (2012)]. Several approaches to generate complex-shaped
ballast stones are presented. Clumps formed by clumping and agglomerates formed
by bonding multiple spheres are the two effective ways to model realistic parti-
cles because of the simple contact detection and force calculation between spheres.
Clumped particles are created by clumping spheres with prescribed initial overlap
without generating interaction force, and all of clumped particles move as one ele-
ment that will not break apart [Peters and Dziugys (2002); Ferellec and McDowell
(2010)]. Aggregates of bonded spheres, created by bonding regular particles with-
out initial overlap, are allowed to break up under large inter-particle interaction
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and deformation [Potyondy and Cundall (2004); Yan et al. (2014)]. Recently, an
image-aided DEM approach has also been proposed to study the performances and
degradations of railway ballast [Huang and Tutumluer (2011); Zhao et al. (2006)].
Clumped particles and bonded particles are two valid elements to simulate ballast
particles [Wang et al. (2015); Laryea et al. (2014)]. Clumped particles can simu-
late shape more accurately with lesser particles. While due to the large overlap,
clumped particles are not well suited to modeling particle breakage. Contrary to
clumped particles, bonded particles could simulate the breakage of particles quite
well, but more particles are required to simulate accurate particle shape. In this
paper, clumped particles are employed to analyze the dynamic behavior of ballast
under traffic loading.

The interaction between ballast and its substructure is an interaction of granular
media with continuous structure. The coupling of DEM with FEM is an effective
approach for such problems. The DEM is used to model discrete particles and
the FEM is used to model continuum structure. More attention has been paid to
the coupled DEM-FEM in order to combine the advantages of noncontinuum and
continuum-based modeling [Guo et al. (2016); Indraratna et al. (2015); Onate and
Rojek (2004)]. By additional kinematic constraints imposed by means of either the
Lagrange multipliers or penalty function method, the coupling between the DEM
and FEM subdomains is provided [Rojek and Onate (2007)]. A coupling DEM-
FEM is presented with rotations coupling, the proposed method provides a way to
reduce spurious wave reflections [Rousseau et al. (2009)].

Considering various geometric characteristics of ballasted railway track com-
ponents, different numerical methods need to be used to simulate the mechanical
behavior of ballasted railway track. This paper aims to establish a three-dimensional
combined discrete—finite element model to analyze the dynamic behavior of bal-
lasted railway track under cyclic loading. The DEM is employed to model ballast
stones, and FEM is used to model the embankment and foundation. A contact
algorithm between FEM and DEM is proposed based on the principle of virtual
work. With the developed model, the settlement of the sleeper, force chains of bal-
last, deformation and the stress distribution of the embankment and foundation are
studied.

2. DEM-FEM Model of Ballasted Railway Track

Figure 1 shows the computational domain and the cross-section of a simplified bal-
lasted railway track. The sleeper provides cyclic loading to ballast, and performs
as a rigid body. Due to the different material natures of track components, the dis-
crete ballast layer is modeled with DEM. The embankment and foundation layer are
continuous and can be simulated with FEM. The mechanical parameters transmis-
sion between DEM and FEM is realized through a contact algorithm based on the
principle of virtual work. The details of the DEM-FEM model of ballasted railway
track are as follows.

1750047-3
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Fig. 1. The computational domain and the cross-section of the ballasted railway track.

2.1. D:iscrete element model of ballast
2.1.1. Generation of ballast particle shapes

Figure 2(a) shows a typical ballast stone featuring many planar surfaces. Here, a
simple but practical approach is presented to reproduce its realistic shape [Ferellec
and McDowell (2010)]. Firstly, an arbitrary convex polyhedron is generated and its
surfaces are extracted as the ballast particle surfaces (Fig. 2(b)). Both of the size
and shape of ballast are considered during the polyhedron generation. Secondly, a
cubic domain encompassing the space enclosed by these surfaces is defined with a
uniformly-sized assembly of spheres filled into it. Those spheres located inside the
space enclosed by the ballast particle surfaces are remained to form the initial ballast
particle (Fig. 3(a)). In order to make the spheres fitted to the surface contour of the
generated ballast surfaces, a growth process of spheres is then started. The system
is stabilized by a cycling process under gravity until the sphere radius reaches its
maximum and the location of each sphere does not change distinctly (Fig. 3(b)). It
should be noted that the number of spheres depends on the degree of precision in
the simulation of clump shape. The accuracy of shape simulation in clump model
increases with the increase of sphere number. In this paper, the initial diameter of

(a) (b)

Fig. 2. A typical ballast stone and corresponding convex polyhedron surfaces resembling its shape.
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(a) (b) (c)

Fig. 3. The growth process of spheres inside the generated ballast surfaces.

Fig. 4. Generated different ballast particles.

spheres is calculated by D = (1/4){/(a-b-¢)/N, D is the diameter, a, b and ¢ are
the maximal lengths of ballast stone in the three coordinate axis. N is the number
of spheres. The generated final ballast particle is shown in Fig. 3(c).

Figure 4 shows ballast particles with different shapes constructed using this
method. Each ballast particle consists of different number of spheres overlapped
in different directions and behaves as a rigid body. The mass, center-of-mass and
moment of inertia of a clump in the local coordinates are determined by using finite
segment method [Yan and Ji (2010)]. Figure 5 shows the DEM model of the ballast
layer, consisting of 1,727 clumps and 10,098 spheres.

2.1.2. Contact force model

The process of search for contacts between the clumps is potentially the most time
consuming part of the simulation. The contact is registered when an overlap between
two particles of two different clumps is detected. The process of search for contacts
between the clumps is quite similar to that between particles [Cundall (1988)]. The
difference between them is that the two detected particles mostly belongs to two
different clumps. The simplest method of global search is to check for an overlap

1750047-5
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Fig. 5. DEM model of the ballast layer with clumped spheres.

between all pairs of particles. However, for large number of particles, this search pro-
cedure becomes prohibitively time consuming. Based on the idea of “neighborhood
search”, a more efficient search procedure is devised in this paper. The method for
improving efficiency of search procedure is to keep short list of neighbors for each
clump, and to search for contacts only among these neighbors.

In order to define a neighborhood about a particle of a clump, a rectangular
grid is superimposed on to a space occupied by particles, as shown in Fig. 6. In
this case, the area that needs to be searched for contacts of a given particle (target
object) consists of 32 — 1 cells surrounding the cell occupied by the particle. When
the center of any particle in a clump locates in these neighbor cells, the particle is
defined as a neighbor particle (Candidate Object) for the given particle. As shown
in Fig. 6, the target object consists of four particles, the search procedure of Nos. 1
and 2 particles are given in this figure. When all the four particles are detected, the
neighbor list of this clump is determined.

The contacts between clumps are contacts of two regular spheres. When the
contact forces of all the particles in one clump is valued, the resultant force and
moment acting on the center-of-mass of this clump can be determined according to

=

(£

)

¢
)

5) @@ B} . Target Cell
N
4 t V

’\ Neighbor Cell

N}) % Target Object
Q ( <® @ Candidate Object

& h
)

(a) (b)
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Fig. 6. The process of search for contacts between the clumps. (a) The possible contacts of No. 1
particle. (b) The possible contacts of No. 2 particle.
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Combined Discrete—Finite Element Modeling of Ballasted Railway Track

these contact forces. With the resultant force and moment, the movement of the
clump can be calculated by Newton’s second law. Based on Hertz’s theory of the
particle—particle contact of two elastic spheres, the normal contact force consists of
elastic and viscous forces and can be written as [Ramirez et al. (1999)]

F, = K,23/? + gAKnx}/zx'n. (1)

Without considering the viscous force, and with the consideration of the Mohr—
Coulomb friction law, the tangential contact force can be determined as [Di Renzo
and Di Maio (2005)],

F* = Kool %, (2)

Fy = sign(F;) min(|Fy], |pFp]), (3)
-1 ifz <0,

sign(z) =40 ifx=0, (4)
1 if z >0,

where z,, and %,, are the normal deformation and deformation rate, respectively.
is the shear deformation and p is the friction coefficient. F is current tangential
force, the modulus of F should not be bigger than maximum static friction force. A
is a material constant depending on the Young’s modulus, viscous coefficients and
Poisson ratio of the material and can be determined by the restitution coefficient
of particle collisions at a certain speed [Ramirez et al. (1999)]. K,, and K in the
above contact model can be calculated as [Di Renzo and Di Maio (2005)],

4

K, =8G*"VR*, (6)
R* = Bals p 4 and G are the

* __ E _ G _ E
where B* = 55705y, G = 202-0)’ G = 2(0+0)’ RatRp
Young’s modulus, Poisson ratio and shear modulus of the ballast material. R4 and
Rp are the radius of two particles in contact.
The maximum time step in the nonlinear DEM can be determined by [Kremmer

and Favier (2001)],
TFRmin P
tmax = ~——5———21\/ ~- 7
0.163v + 0.8766\/; @)

The real time-step in the calculation is less than the maximum, and is determined
by,

At = ot max, (8)

where « is an empirical coefficient. Normally, with higher coordination number
(Ne. > 4), At = 0.2tpmax, and with lower coordination number (N. < 4), At =
0.4tmax [Kremmer and Favier (2001)]. In this study, we set o = 0.2.

1750047-7



Page Proof

October 17,2016 18:45 WSPC/0219-8762 196-1JCM 1750047

fay

© 00 N o g »~» W N

e
N = O

13
14
15
16
17

18

AQ: Please
check we
have changed
Figure 7 to
Figure 8. Is it
ok?

S. Shao, Y. Yan € S. Ji

Embankment

Elastoplasticity

Foundation
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Fig. 7. FEM model of embankment and foundation.

2.2. Finite element model of embankment and foundation

Figure 7 shows the FEM model of the embankment and foundation. The model
totally consists of 1,280 elements and 6,677 nodes. Each element has 20 isopara-
metric nodes. The boundary conditions imposed are as follows. The top surface of
the embankment is free. The surface on both sides of the model in z-direction has
restrictions on displacements along the z-axis. The surface on both sides of the
model in y-direction has restrictions on displacements along the y-axis. The surface
at the bottom of the model has restricted vertical displacements. Drucker—Prager
yield criterion is employed to analyze the elastic—plastic response of the embank-
ment, and elastic linear model is utilized to simulate the foundation.

The Newmark method is employed to analyze the dynamic response of embank-
ment and foundation. The scheme of Newmark is as follows:

MEpr1 + 1 + kTprr = Frta, (9)
dpg1 = @k + (1 — 8)Atiy + 6 A i1, (10)
1
Tht1 = T + TR AL + (5 a a) (At)%Eg + a(At) i, (11)

where Fj1 is the external load of time t51; d and a are the parameters of Newmark
method. The computational process is unconditional stability on condition that
§ > 0.5 and @ > 0.25(0.5 + §)2. Generally, § = 0.5 and a = 0.25. Due to the
nonlinear nature of embankment, Newton—Raphson method is utilized to solve the
nonlinear dynamic equation in each time step of FEM [Winkel (2010)].

2.3. Combined DEM—-FEM model on ballast-embankment interface

Figure 8 depicts the contact between ballast clump and the top surface of the
embankment. The transmissions of mechanical variables of the DEM and the FEM
on the ballast-embankment interface are key factors to the established combined
DEM-FEM model. The contact forces obtained from the DEM are the external
loads acting on the FEM, and the deformation calculated from the FEM are the
boundary conditions updated in the DEM. The contact forces from the DEM are not

Figure 8 is right.
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Fig. 8. Contact model of DEM and FEM on ballast-embankment interface.

always located right on the nodes of the finite element, which is the requirement of

the FEM calculations. Here, the equivalent nodal loads acting on the finite element

from the DEM contact forces are obtained based on the principle of virtual work.
The virtual work 6WW done by the DEM contact forces is given by,

W = 6UT Foon, (12)

where F., is contact force vector on the contact points between ballast clump and
the top surface of the embankment. U is the displacement of contact point, which
can be interpolated in terms of the nodal displacement u; and the shape function
of the FEM. Thus, the displacement field can be expressed as

U= N, i=1-20, (13)
where N2 is the shape function of 20-node isoparametric element evaluated at the

contact point. u; is the displacement of one element in xj. Substituting Eq. (13) in
to Eq. (12), we have,

W = ul [N?) Fron, i = 1-20. (14)
The virtual work éW done by the FEM node forces is given by
W = dul Fuodali, 1= 1-20. (15)

Hence, the equivalent nodal forces Fjodal,; in the local coordinate system can be
expressed as,

Fuodat,i = [N7°]" Feon, i =1-20. (16)
Here,
NP = (L+e0)(L+m)(1+%)(eo+m0 +5~2)/8, i=18  (7a)
N2 = (1—2)(1+n0)(1+)/4, i=17-20, (17b)
N2 = (1—np*)(1+)(1+e0)/4, i=9,11,13,15, (17¢)
N2 = (1= 2)(1+¢0)(1+m0)/4, i=10,12,14,16, (17d)

1750047-9
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Fig. 9. The sketch of the eight-node isoparametric element for evaluation of £ and 7.

€0 =&, Mo =1 S0 =SS, (18)
1 where (¢,7,(), (-1 < g,n,¢ < 1) are the coordinates of the contact points in
2 the local coordinate system. Since the contact points are always located on the
3 top surface of the embankment layer, { equals 1. The values of € and 1 can be
4 obtained with Newton iteration method by using the shape function for eight-node
5 isoparametric element as shown in Fig. 9.
8 8
Us=> Nitiw, Uy=Y_ Nluy, (19)
i=1 i=1
1
N§ = —1(1 +ee) 1 +nmn)(1 —ee—nm), i=1,23,4, (20a)
g _ 1 2 .
Ni = 5@ =)@ +nm), =57, (20b)
1
NP = 5(1=n*)(1+ee), i=68, (20c)
6 where (z,y) is the coordinate of the contact point in the global coordinate system.
7 (z;,y;) is the coordinate of element nodes in the global coordinate system. Nf is
8 the shape function of eight-node isoparametric element.
9 Let f(e,n) = o — Z?Zl NEz; =0 and g(e,n) =y — Z§:1 N8y; = 0, the values
10 of € and 7 can be solved with Newton iteration method as follow:

T (&ks ) gn (ks M) — g€y i) fn (Ek, k)

e 9= (ks k) (€ M) — fe(Ehs i) g (€, k) (21)
_ 9k k) fe (e, i) — f(Eks M) ge (ks M)
= e (ks i) Fn(€s i) — fe(Ehs M) g (ks k) (22)

1750047-10
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The process of coupling DEM-FEM

Fig. 10. The flow chart of combined DEM—-FEM.

where ¢ and 7, are the initial approximations of ¢ and 7, and f.(eg,nr) = %

Flewsme), folenme) = g5 f(enymn)s 9= (ens i) = 529 (e, M), gnlErs ) = 559 (En10).

The combined discrete-finite element model (DEM, FEM) and the contact algo-
rithm is coded by Fortran language. The flow chart of the combined discrete-finite
element model is shown in Fig. 10.

3. Dynamic Behavior of Ballasted Track Under Cyclic Loading

Figure 11 shows the developed DEM-FEM model of ballasted railway track. The
coordinate system is set on the lower left corner of foundation. The lengths of the
top and bottom surface, and the height of the ballast layer are 1.5, 2.0, 0.3 m,
respectively. The lengths of the top and bottom surface of the embankment are
2.0 and 2.5m, respectively, and the height is 0.3 m. The length and height of the
foundation are 4.0 and 0.7m, respectively. In the model, z-axis, y-axis and z-axis

1750047-11
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Fig. 11. The ballasted railway track model and axis directions.

represent the longitudinal, transverse and vertical direction, respectively. Usually,
the required time increment of DEM is much smaller than that of FEM. In order to
enhance the computational efficiency, the time increment of FEM is 40 times larger
than that of DEM. The computational parameters used in the model are listed in
Tables 1 and 2.

With the development of railway technology, train speed increases obviously.
The maximum speed of high-speed railway has exceeded 250 km/h since 2009 in
China. The axle load of CRH series is 1417 ton. In this paper, 250 km /h and 15 ton
are taken as an example. A cyclic loading with the amplitude of 75kN is applied
on the ballast layer at a frequency of 0.36 Hz. Figure 12 gives its time history and
enlarged view of one load cycle. The enlarged view of one load cycle is shown in
Fig. 12(b). This cyclic loading was obtained by using vehicle-track coupled model
proposed by Zhai et al. [2010]. In order to obtain the cyclic loading on the track,
a fixed observation point was set on the track, as each wheel on the train passes

Table 1. Computational parameters of ballast.

Parameters Value Parameters Value
Density/kg/m3 2,545 Young’s modulus/Pa 5 x 10°
Friction factor 0.3-0.9 Poisson ratio 0.22
Normal stiffness/N/m 3 x 107 Shear stiffness/N/m 2.6 x 10°
Average diameter/m 0.035 Width/m 0.23
Height/m 0.3 Length/m 2.0
Particle amount 10,098 Clump amount 1,727

Table 2. Material parameters of the embankment and foun-

dation.

YkN/m3 EMPa v CkN/m2  °
Embankment 20 25 0.3 10 15
Foundation 27 300 0.3 — —

1750047-12
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Fig. 12. Time history of the applied cyclic loading on sleeper.

through the observation point, a peak value is detected [Paolucci et al. (2003)]. In
this paper, sleeper is treated as a grid body due to its deformation which is not
obvious in the whole railway structure. The cyclic loading is applied to the upper
surface of sleeper uniformly.

Figure 13(a) shows the accumulated settlement of the sleeper. The simulation
result shows that the settlement of sleeper changes acutely in the first three cycles,
then drops steadily in the following cycles. It is mainly because of the loose packing
of ballast particles initially. Under the cyclic loading, ballast particles move and
rotate, and the rearrangement of ballast particles causes the rapid increase in the
settlement of sleeper. However, the settlement drops slightly due to the denser
arrangement of ballast particles as the number of cycle increases.

Figures 13(b) and 13(c) show the accumulated settlement of the top surface
of the embankment and the top surface of the foundation, respectively. Twelve
observation points are set to collect the settlements of different parts in the track
structure, as show in Fig. 7. Six are located on the top surface of the embankment
and the other six are located on the top surface of the foundation with the same x-
and y-coordinates as those on the top of the embankment. Simulation results show
a much smaller settlement of embankment and foundation, and a much smoother
decline compared with that of the sleeper. The reasons are: (1) Due to the large
initial voids, positions of ballast particles are not stable enough at the beginning. As
a consequence, the applied load is first used to move and rotate ballast particles to
get a stable packing, then further transferred to the embankment and foundation.
(2) Due to the material properties, the cyclic loading is not large enough to generate
an obvious unrecoverable plastic deformation in the embankment and foundation.
Only the second observation point in Fig. 13(b) performs plastic behavior. The
results also indicate the settlements of those point located under the sleeper are
much larger than others.
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Fig. 13. Simulated settlement of (a) sleeper, (b) embankment and (c) foundation.

Figure 14 shows the force chains developed inside the ballast layer and stress
distribution in the embankment and foundation at different stages of cyclic load-
ing at the minimum loading and at the maximum loading. The brown area rep-
resents ballast particles and the blue lines represent force chains. Small contact
forces are neglected in order to show the development of force chains more clearly.
The force chains mainly develop beneath the sleeper. Moreover, the maximum
value of the stress in the embankment and foundation layer is 20kPa, which is
much smaller than that in the ballast layer 210 kPa. This indicates that ballast can
transmit the large traffic load to its underlying layers at an acceptable stress level.
The stress distribution in substructures agrees with the force chains development
in ballast.

Figure 15 shows the displacement of the embankment and foundation at the
maximum loading. The displacement of the embankment is more obvious than that
of the foundation. According to the distribution of force chains in ballast, the main
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Fig. 14. (Color online) Force chains development and stress distribution at different loading stages:
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Fig. 15. Displacement of the embankment and foundation at maximum loading.

deformed region is also located in the area beneath sleeper. Figure 16 shows the
accumulated plastic straincontour of the embankment and foundation. The plastic
zone is located in the interior area of embankment and does not cut through the
whole structure. The railway structure is stable under the applied traffic load.
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Fig. 16. Accumulated plastic strain contour of the embankment and foundation layers.

4. Conclusions

A combined discrete-finite element model is developed to analyze the dynamic
behavior of ballasted railway track and the interaction between them. Simulation
results show that the accumulated vertical settlement of sleeper mainly comes from
the rearrangement of ballast particles and the settlement of substructure such as
embankment and foundation. Through the force chains analysis of ballast, the bal-
last material can disperse the traffic loads to substructure, which can enhance the
bearing capacity of substructure. The distribution of stress in substructure agreed
with the development of force chains in ballast. The applied loads, for the most
part, were sustained by the area under sleeper. Due to the higher strength of foun-
dation, the deformation of embankment is more obvious than that of foundation.
Moreover, the plastic zone does not cut-through the substructure, which confirms
the stability of substructure under the applied cyclic traffic loads.

The long term settlement of ballast track caused by particle breakage and per-
manent plastic deformation is a critical issue in the study of dynamic behavior of
ballast track. However, the model proposed in this paper could not handle this issue
so far. Mainly, the restrictions are the low computational efficiency of DEM and the
rigid body property of clump. In the future work, the GPU parallel computing will
be employed to accelerate the calculation program. Moreover, the bond model will
be introduced to simulate the ballast breakage.
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