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Crumb rubber (CR) has been proposed to apply in the ballast or sub-ballast layer for ballast degradation miti-
gation and vibration (noise) reduction. The CR can change the ballast layer stiffness, which can affect the train-
track-subgrade dynamic performance and cause travel comfort and safety issues. Towards this, this study aims at
confirming 1) how much the CR application can affect the dynamic performance of train and ballast layer; 2) to
what extent the CR-ballast layer can distribute the train loadings to reduce subgrade surface stress.

To achieve this aim, a whole train-track-subgrade system model was built by coupling multibody dynamics
(MD), discrete element method (DEM) and finite difference method (FDM). The MD was used to build the train,
including one vehicle body, two bogies and four wheelsets. The DEM was used to build the ballasted track,
including rail, sleepers and ballast layer. The FDM was used to build the subgrade. Using the coupled model, the
dynamic performance of train and track were studied, including the vehicle body acceleration, wheel-rail force,
rail dynamical bending moment, sleeper acceleration, sleeper displacement and ballast acceleration. In addition,
the energy dissipation of the ballast bed was also presented. For the subgrade, the subgrade surface acceleration
and surface stress were measured and analysed. In the model, different CR size and percentage were considered.

Results show that using the CR in ballast layer can increase the accelerations of sleeper, rail and train. But it
can decrease the ballast degradation, subgrade surface acceleration and subgrade surface stress. CR helps
consume train loading energy, reducing the energy that has to be consumed by ballast friction. Small size CR
(8-22.4 mm) has greater influence on dynamic performance of the whole train-track-subgrade system than big
size CR (9.5-63 mm). In summary, 10% percentage of CR-ballast mixture is recommended, and for CR size it is
difficult to give a recommendation. Small size CR increase ballast acceleration more than big size CR, but small
size CR are better at improving sleeper displacement, subgrade stress and ballast bed stress.

1. Introduction conform to certain characteristics such as narrow-graded (20 mm-60

mm), particle size and shape, surface roughness, particle and bulk

Railways in all sectors, including urban light rail railway, high speed
railway, heavy haul, intercity and metro, play a significant role in the
transportation system worldwide [1]. Ballasted track, as the most
widely-used type, consists of rails, fasteners, sleepers and ballast layer. It
is most widely-used for reasons of low construction cost, simplicity in
design and construction, as well as easy maintenance [4].

The ballast layer, a crucial component of ballast track, provides re-
sistances to sleepers, transmits and distributes the loadings or impacts
from the sleepers to the subgrade, as well as provides rapid drainage [5].
Generally, it is composed of blasted (quarried) rock aggregates, which
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density, hardness, toughness, free of dust, resistance to attrition and
weathering and so on [6].

Even though various standards and specifications have been made
for ballast [6,9,10], under the repeated loading and environmental
conditions, it gradually deteriorates and becomes fouled by the fine
particles from external or ballast breakage and abrasion (wear/attrition)
[11,12]. Deteriorated ballast bed, which is filled with fouling material,
cannot provide enough shear strength and hydraulic conductivity,
causing the instability of track [13,14]. More importantly, the increasing
train speed and freight capacity exacerbates its degradation, leading to
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Fig. 1. Coupled multibody dynamics, finite difference method and discrete element method model.

the unacceptable track deformation and frequent maintenance [15,16].

Therefore, it is crucial to mitigate ballast degradation, prolonging the
service life of ballast track. In recent decades, various kinds of tech-
niques have been proposed, such as under sleeper pads, under ballast
mat, geogrid, and polyurethane [17-21]. Although it has been demon-
strated that these techniques can alleviate ballast degradation, there still
exists some limitations. Among them, the most important one is the
higher construction costs [22]. In addition, the maintenance may also be
affected, such as tamping and stone blowing.

In response to the limitations, the solution of mixing crumb rubber
(which is also named as tire-derived aggregates in some studies) with
ballast particles has been proposed, for the advantages that it is eco-
nomic and environmental-friendly. The CR is made of shredded waste
tire, and it has been proved that mixing the CR with ballast is an effective
means for ballast degradation and noise reduction.

To be more specific, the idea of using CR was first proposed in [23]
for reducing vibration and noise transmitted from railway to nearby
buildings, however, the CR was added in the foundation. After that, it
was studied the characterisation and the vibration alleviation of the sub-
ballast mixed with the CR [24-26]. In addition, mixing the CR, steel
furnace slag and coal wash as sub-ballast layer was studied with cyclic
triaxial test to confirm optimal CR percentage (10%) and the mixture
energy-absorbing capacity [27].

For the ballast layer, the CR was utilised in ballast layer as elastic
particles to reduce ballast degradation in [28]. Afterwards, more labo-
ratory tests, including direct shear test and ballast box test, were con-
ducted to confirm the optimal CR percentage as 10% in [22]. In [29] the
DEM model of direct shear test was applied to study the contact forces of
ballast-CR mixture, which proves the ballast breakage was alleviated
through reducing larger contact forces (over 250 kN). Afterwards, the
CR was applied in the field track [30] as well as the track in some special

areas, such as the bridge and desert area [31,32], and the dynamic
performance of ballast layer was studied with impact loading tests or
cyclic loading tests. Particularly, in [13], the drainage of ballast-CR
mixture was studied, and the factors were considered, including the
CR size and percentage. This study proved that less than 30% percentage
CR (by volume) can still have acceptable drainage.

According to the earlier studies, it can be concluded that the CR is
possible to apply in ballast layer, nevertheless, there are still some non-
negligible research gaps before applying the CR in the field. Specifically,
all the earlier tests focused on gross and global performances of ballast-
CR mixture, and most of the studies applied experimental laboratory
tests. The global performances include settlement, shear strength,
ballast degradation (evaluated by gradation change) and drainage,
while the laboratory tests were direct shear test, Los Angeles abrasion
test and ballast box test. This can demonstrate that the research gaps are
1) limited studies have been performed on the performance of full-scale
track with the CR, 2) most studies only focused on ballast-CR perfor-
mance and ignored positive influence on subgrade (e.g. stress reduc-
tion), 3) few studies present the ballast-CR dynamic performance from
particle level with numerical simulations (e.g. energy dissipation, con-
tact forces) and 4) most importantly, no studies have been found on
whether the CR affects the wheel-rail interaction and vehicle dynamic
behaviour, and this possibly happens due to the reduced stiffness of
ballast-CR bed.

In response to these research gaps, a coupled model was applied to
study the vehicle dynamic behaviour, wheel-rail interaction and ballast-
CR dynamic performances when applied the CR in ballast layer with the
presence of subgrade. The coupled model is made of three parts that are
simulated by different numerical simulation method. Specifically,
vehicle (car body, bogies and wheels) was simulated with the multibody
dynamics, ballasted track (rail, fasteners sleeps and ballast particles)
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Table 1

Notations in the VTCD model (modified after [36]).
M, Mass of car body Ky, Primary suspension stiffness
M, Mass of bogie Ky, Secondary suspension stiffness

My Mass of wheelset Cpz Primary suspension damping
Je Inertia of car body Cs, Secondary suspension damping
Je Inertia of bogie Bicoy Pitching angular displacement
Zwwo Displacement of component Zoico) Irregularity function
Pico Wheel/rail contact force

Table 2

Vehicle parameters of multibody dynamics model (parameters verified in
[37-39]).

Parameter Value Parameter Value
Mass of car 61927 kg Primary suspension stiffness 2.123 x
body 10° N/m
Mass of bogie 7840 kg Secondary suspension stiffness 1.67 x
10° N/m
Mass of 5430 kg Primary suspension damping 2.5 x 10*
wheelset N-s/m
Inertia of car 1.443 x 10° Secondary suspension damping 1.0 x 10°
body kg-m? N-s/m
Inertia of 1.311 x 10° Semi-longitudinal distance 4.5m
bogie kg-m? between bogies
Wheel radius 0.43m Semi-longitudinal distance 1.4m
between wheelsets in a bogie
Train type Heavy haul Vehicle speed 80 km/h
(brand) (Chinese HXD1)
Table 3
Parameters for discrete element method track model (modified after [39]).
Parameters Value Parameters Value
Rail disc radius 75 mm Sleeper disc radius 5 mm
Rail disc density 490 kg/m® Sleeper disc contact 1 x10°
normal stiffness N/m
Rail disc contact normal ~ 1.05 x 10*° Sleeper disc contact 1 x10°
stiffness N/m shear stiffness N/m
Rail disc contact shear 1.05 x 10'° Sleeper disc friction 0.7
stiffness N/m
Rail parallel bond radius ~ 37.27 mm Ballast disc density 2600 kg/
m3
Rail parallel bond radius ~ 0.497 Ballast disc radius 4
multiplier
Rail parallel bond 1.427 x 10'? Ballast disc contact 3 x 10°
normal stiffness N/m® normal stiffness N/m
Rail parallel bond shear 5.5297 x Ballast disc contact 3 x 108
stiffness 10" N/m® shear stiffness N/m
Fastener disc density 2500 kg/m® Ballast disc friction 0.7
Fastener disc radius 20 mm Ballast parallel bond 1 x 10%
normal stiffness N/m
Fastener disc contact 1 x 108 N/m Ballast parallel bond 1 x 10'°
normal stiffness shear stiffness N/m
Fastener disc contact 1 x 108 N/m Wall contact normal 3 x 108
shear stiffness stiffness N/m
Sleeper disc density 3129 kg/m® Wall contact shear 3 x 108
stiffness N/m

was simulated with the discrete element method (DEM), and subgrade is
simulated with the finite difference method (FDM). With this coupled
model, results were obtained including vehicle body acceleration,
wheel-rail force, rail dynamical bending moment, sleeper acceleration,
sleeper displacement and ballast acceleration. The energy dissipation of
ballast bed was also presented. For the subgrade, the subgrade surface
acceleration and surface stress were calculated and analysed. By ana-
lysing these results, advices can be given from the influence of CR on the
whole system (vehicle-track-subgrade). Moreover, the coupled model is
a new effective tool for future ballast-related problems.
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Fig. 2. Particle size distributions of big-size and small-size crumb rubber.

Table 4
Parameters of finite difference method subgrade model (modified after [39]).

Track components Poisson’s Young modulus Density (kg/
ratio (MPa) m3)
Surface layer of subgrade  0.25 180 1950
bed
Bottom layer of subgrade 0.25 110 1900
bed
Subgrade body 0.3 80 1800
Foundation 0.3 60 1700

2. Methodology
2.1. Model description

As shown in Fig. 1, the main methodology is using a coupled model
to study the dynamic behaviour of vehicle, ballast-CR dynamic perfor-
mances and subgrade dynamic responses.

The multibody dynamics model was a theoretical model developed
by Wanming Zhai [33], the DEM model was built with the software
particle flow code (PFC) and the FDM model was built with the software
Fast Lagrangian Analysis of Continua (FLAC).

2.1.1. Multibody dynamics model

The classic model of multibody dynamics developed by Zhai [33]
(Vehicle-Track Coupled Dynamics: VTCD) was applied in this study to
build the vehicle including car body, bogies and wheels, as shown in
Fig. 1. The multibody dynamics model has been used to calculate the
wheel-rail forces, vehicle acceleration, rail acceleration and ballast layer
acceleration [34,35]. It can predict the dynamic performance of the
whole system of normal track with ballast layer simplified as mass
blocks. The notations of the VTCD model are given in Table 1.

For the vehicle part, all the components (car body, bogie and wheel)
are regarded as rigid bodies, and they are connected by a damper and
spring. The vehicle rigid system has ten degrees of freedom, and the
vehicle parameters used in the model are given in Table 2. In the table,
the primary suspension is the dampers and springs between wheels and
bogies, while the secondary suspension is the dampers and springs be-
tween bogies and car body (Fig. 1).

2.1.2. Discrete element method model

Some inevitable conditions that result from discrete nature of ballast
assemblies cannot be considered in the multibody dynamics model, such
as hanging sleeper, ballast bed stiffness non-uniformity and ballast
pocket. These factors have great influence on the wheel-rail forces,
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Fig. 6. Ballast box test model and ballast box test performed in [28].
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causing big error or even false results. For this, the track part was built
with the DEM model considering that the ballast-CR mixture has irreg-
ular movements and dynamic responses to cyclic loadings.

The DEM was introduced by Cundall [40] and has been used for
studies on the mechanical behaviour of ballast particles by many re-
searchers [18,41-44]. It provides a better insight into the mechanical
behaviour and dynamic performance of ballast particles both micro-
scopically and macroscopically [45,46]. It also has the advantage that
one sample can be used for various loading conditions [39,47,48]. In

addition, some features that cannot be examined experimentally can be
studied, for instance, particle movements, inter-particle friction, particle
breakage and distribution of contact force chains [12,50-52].

As shown in Fig. 1, in the coupled model, the track model was built
with the DEM, including rail, fasteners, sleepers and ballast particles. To
save the computation costs, the track model was built as 100 m long with
two types of ballast layers, and it was built long enough to couple the
vehicle model. One type of ballast layer was 8.4 m long at the middle,
and it was built with irregular shapes of ballast particles, Clusters
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(clusters explained in [46]). The other type of ballast layer had two
sections at two sides with the length at 45.8 m each, and they were built
with ballast particles simplified as discs.

In addition, each sleeper at the two sections were also built as one
disc, and each sleeper was bonded to one disc that presents ballast
particles. The track in the middle (8.4 m) included 13 sleepers, and the
irregular ballast particles in the middle section were built according the

British standard gradation [53]. The rail was built as beam with bonded
discs (parallel bond), and a fastener was built as a disc. The fastener was
bonded to the sleeper and rail. The sleeper was built with the Clump,
which is an assembly of discs. The parameters for the DEM track model
are given in Table 3. More details about this DEM model can be found in
[39].

In the DEM mode, the ballast particles were supported by wall
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elements with the stiffness as 8 x 10”7 kN/m, and these wall elements
were used for interactions between the DEM model (track) and FDM
model (subgrade). This will be explained more specifically in Section
2.1.5.

The ballast bed was made of the mixture of ballast particles and CR.
Two types of CR particle size ranges (8.0-22.4 and 9.5-63.0 mm) were
compared in this study with the percentages at 0, 10 and 20% (by
weight), respectively. The ballast-CR mixture is at the condition of CR
size at 8.0-22.4 mm, 20% percentage. The particle size distributions
(PSDs) of the two kinds of CR are shown in Fig. 2. In the figure, the upper
and lower bound is the PSD requirement for railway ballast in British
standard [53].

2.1.3. Finite difference method

The subgrade (including part of foundation) was built with the FDM
software, FLAC, Fast Lagrangian Analysis of Continua. The FLAC is nu-
merical simulation software that was developed for cutting-edge anal-
ysis of discrete materials, such as soil and rock considering water. This
calculation method came from hydromechanics initially, and it was used
to study every fluid particle changes with time, including particle
movements, velocity and pressure.

The FLAC has also been used for solid mechanics by generating
meshes, and treating the nodes as fluid particles. It has been applied for
soil analysis in many earlier studies [39,54-56]. It was applied for soil
engineering (e.g. tunnel, subgrade and foundation) that needs contin-
uum analysis, and compared with other continuum method it can
simulate conditions with big displacements and strains.

In addition, the FLAC was applied in this study due to it has higher
efficiency than with the DEM at simulating the subgrade. Because,

subgrade is made of huge amounts of soil particles. Particularly, the
subgrade is fully compacted and can be treated as continuum material.

As shown in Fig. 1, the length of the subgrade was built as 26 m and
depth was 10 m. Lengths of different layers were marked in the figure.
The subgrade length was longer than the ballast track (in the middle),
because the force or stress distribution in subgrade is a shape of pyramid.

The instantaneous dynamic performance of subgrade was focused in
this study, including the subgrade surface acceleration and surface
stress. Obvious subgrade deformation usually occurs after long-term
train cyclic loadings (e.g., millions of loading cycles), which means we
can ignore the long-term deformation influence on subgrade surface
acceleration and surface stress under a few cyclic loading. For this
condition, isotropic and linear-elastic constitutive model was applied to
build the four layers with different parameters, as shown in Table 4. In
other words, this model simplified the subgrade, because we consider
the short-term subgrade performance. More explanations about the FDM
subgrade model can be found in [39].

2.1.4. Coupling multibody dynamics model with discrete element method
model

The multibody dynamics vehicle model was coupled with DEM track
model through the interaction between wheel and rail. To be more
specific, the wheel-rail contact forces from vehicle were firstly acted on
the rail, and the rail displacements were obtained. With the rail dis-
placements, the wheel-rail contact forces were recalculated and then
applied to the vehicle. Using this method, the real-time coupling of these
two models were achieved.

The Hertz non-linear contact theory was used to calculate vertical
wheel-rail contact forces. As shown in Equation (1), for the ith wheel,
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Fig. 12. Sleeper acceleration of ballasted track with CR.

the contact force, Pjy), is calculated through the elastic compressive
deformationsZ(t). G is a constant of wheel-rail contact with the value of
3.86R %115 x 1078 in this study [33].

pilt) = L—l; §Z(1)F @

The wheel-rail contact force calculation method treats the rail as a
beam of Bernoulli-Euler or Timoshenko, which is different from the DEM
rail made by discrete discs. In DEM models, forces can only be applied at
the disc centre, while it is not correct to assume that the wheel-rail
contact are always right above the disc centre. To solve this problem,
a conversion method of wheel-rail contact force was developed.

As shown in Fig. 3, the conversion method is transforming the force
(Py) to the centres of two adjacent discs (Pf,k and Pl;l) with the Eq. (2).
In the conversion method, the rail is essentially equivalent to a beam
with rectangular cross-section. Eq. (2) is according to the principle of
statistical equilibrium of simply supported beam. In the equation,  is the
distance between the two adjacent discs, while a and b are the distance
between wheel-rail contact point and the two adjacent discs, respec-
tively (Fig. 3).

kabz (l + 261)

] (2a)

i
kai

kaaz (l + 2b)

] (2b)

i+l
ka -

2.1.5. Coupling discrete element method model with finite difference
method model

The PFC and FLAC are two kinds of software developed by ITASCA,
and the coupling the two types of software has been achieved easily
through the function of Socket I/0 (input/output). The coupling method
was introduced in details in [39,57], and briefly explained as follows.

The coupling principle is generating many walls between the PFC
and FLAC to transmit data, including force, velocity and displacement.
The walls have the same size as the mesh size of the FLAC model (sub-
grade). Firstly, the loading from sleeper was transmitted to the ballast
particles, and according to the Force-displacement discipline, the con-
tact forces (at the interface) between the walls and ballast particles can
be obtained. The contact forces at the interface were applied to the mesh
nodes. The whole coupling procedure is shown in Fig. 4.

2.2. Model calibration and validation

The multibody dynamics vehicle model has been calibrated and
validated in many studies [33,34,58]. The DEM track model was cali-
brated and validated in the reference [39] using experimental and field
tests (direct shear test, rail acceleration, sleeper acceleration and ballast
acceleration), including the particle shape (based on ballast images) and
model parameters (rail, fastener and sleeper). The FDM subgrade model
and coupling the DEM/FDM models were confirmed to be correct by
field tests in [39] as well.

Two aspects are explained in this section, including 1) the validation
of coupling multibody dynamic model and DEM model, and 2) the
validation and calibration of the DEM ballast layer model with the CR.
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Fig. 13. Ballast acceleration of ballasted track with CR.

2.2.1. Validation of coupling multibody dynamics model and DEM model

The coupling of vehicle and ballasted track models was validated by
comparing the results (obtained from the coupled models) to results
obtained from VTCD. The results include wheel-rail contact forces, rail
displacements, rail accelerations, sleeper displacements and sleeper
accelerations.

The vehicle parts of the two models were the same, but their track
parts were different. The coupled models applied the DEM ballasted
track model, while the VTCD applied the mass blocks to simulate ballast
layer. The vehicle speed was 80 km/h.

The comparison results can be found in [38]. The results of two
models are very similar at the tendency and magnitude, and they can
almost fit to each other. An example was given in Fig. 5. After comparing
the results from the two models, it was confirmed that the coupled
models can be used for further analysis.

2.2.2. Calibration and validation for DEM model with CR

The CR parameters and the ballast-CR mixture model were calibrated
and validated by comparing the ballast box test results in the reference
[28]. According to the test rig configuration in [28], a ballast box model
was built as shown in Fig. 6 [57].

As shown in Fig. 7, the force-displacement curves are almost
matched under the pressure at 200 kPa. The experimental tests and DEM
simulation both applied the CR size at 8.0-22.4 mm. From the figure,
simulation results show that the CR percentages at 0, 10 and 20% have
the maximum displacement at 0.6, 0.9 and 1.4 mm, which are almost the
same as experimental results [57]. This means in the model the pa-
rameters of CR (shear and normal stiffnesses) is reasonable as 2 x 107 N/
m.

3. Results and discussions
3.1. Vehicle dynamic performance

3.1.1. Car body acceleration

Fig. 8a summaries car body accelerations when operating at different
track positions. In the figure, the abscissa axis presents the track posi-
tions. Specifically, the middle of the DEM track model is 0, and section
from —4.2 to 4.2 has the ballast-CR mixture in track model. The CR size
in Fig. 8a is 8.0-22.4 mm. From Fig. 8a, it can be observed that the car
body accelerations of 0, 10 and 20% CR have similar trends, but with
different amplitudes. To be more specific, car body acceleration ampli-
tude without CR is 0.14 g, and with the CR the amplitudes increase to
0.16 g (10% CR) and 0.18 g (20%), respectively.

Fig. 8b summaries all the car body acceleration amplitudes on
different conditions of CR percentage or size ranges. From the figure, it
can be seen that the car body acceleration amplitude increases as the CR
percentage increases. For the 8.0-22.4 mm CR, the amplitudes increase
by 18% as CR percentage increases from 0 to 10%, while from 10 to 20%
the amplitudes increase 14%. For the 9.5-63.0 mm CR, the amplitudes
increase by 10% as CR percentage increases from 0 to 10%, while from
10 to 20% the amplitudes increase 17%. Moreover, the figure demon-
strates that small size CR (8.0-22.4 mm) has greater influence on the
acceleration amplitude than large size (9.5-63.0 mm).

The accelerations were increased by the CR, but the increment is less
than 0.5 m/s% This means the maximum acceleration is 0.18 g that is
still smaller than the stipulated limits (2.5 m/s?) in Chinese standards.
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3.1.2. Wheel-rail contact force slightly reduce the wheel-rail contact forces, but it can be ignored due to
Fig. 9a summaries the wheel-rail contact forces of the first wheelset the change is within 1%. This means the CR has few influences on the
when vehicle was operating at different track positions. The figure wheel-rail contact.
shows that the peak and valley points are almost at the same track po-
sitions but with different magnitudes. Specifically, the maximum wheel- .
rail contact force without CR is 171.7 kN, while the forces slightly 3.2. Ballasted track dynamic performance
reduce to 169.8 kN (10% CR) and 170.5 (20% CR), respectively. . . .
Fig. 9b presents the maximum wheel-rail contact forces on different 8.2.1. .Rall dyn.amlcal berildlng moment . .
conditions of CR percentage and size. The figure shows that the CR can Rail dynamical bending moment can present the rail bearing con-

dition. As shown in Fig. 10a, the rail dynamical bending moments (x =0

10
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m) of different CR percentage are almost the same. Fig. 10b/c present
the maximum rail dynamical bending moments when the vehicle was
operating on different track positions. From the Fig. 10b/c, it can be seen
that the maximum dynamical bending moments have few changes when
applying the CR. This can also be seen in Fig. 10d, which presents the
average value of the maximum bending moments of different CR per-
centages. It shows that the 10% and 20% CR (8.0-22.4 mm) increase the
maximum bending moments by 0.4% and 4% than without CR,
respectively. For the CR size at 9.5-63.0 mm, the maximum bending
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moments increase 1.5% (10% CR) and 3% (20% CR) than 0% CR,
respectively.

Fig. 10 can demonstrate that the rail dynamical bending moments
have few changes with CR, which is less than 4%. This means the CR can
rarely change the rail bearing condition.

3.2.2. Sleeper displacement
Fig. 11 summaries the sleeper displacements on the conditions of
different CR percentage and size. The sleeper displacements (CR size:
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8.0-22.4 mm) at x = 0 m is shown in Fig. 11a, and it demonstrates that
during the vehicle passing the sleeper displacements of different CR
percentage have similar curve shape but with different magnitudes.
Specifically, the maximum sleeper displacement without CR is 0.82,
while with 10% and 20% are 1.34 mm and 1.51 mm, respectively. This
proves that the CR can reduce the ballast bed stiffness.

Fig. 11b/c show the maximum sleeper displacements of different
track positions with different CR percentages and sizes. It can be seen
that the maximum values are almost the same, and the maximum sleeper
displacement increases as the CR percentage increases.

Fig. 11d calculates the average value of maximum sleeper displace-
ments at different track positions. It shows that higher CR percentage
leads to higher average displacement value, and small size CR influences
more than large size. Specifically, 10% and 20% 8.0-22.4 mm CR in-
crease the average value by 57% and 114%, respectively, while by 51%
and 108% were increased by 10% and 20% 9.5-63.0 mm CR,
respectively.

3.2.3. Sleeper acceleration

Fig. 12 summaries the sleeper accelerations on the conditions of
different CR percentages and sizes. Specifically, the sleeper accelera-
tions (CR size 8.0-22.4 mm) at the track position x = 0 mm is shown in
Fig. 12a, which shows that the sleeper acceleration increases as the CR
percentage increases. The acceleration amplitude is 2.53 g without CR,
and it is increased to 2.68 g and 2.90 g with the 10% and 20% CR,
respectively.

Fig. 12b/c show the sleeper acceleration amplitudes at different
track positions. From the figures, it can be seen that both small size CR
(8.0-22.4 mm) and large size CR (9.5-63.0 mm) can increase the ac-
celeration amplitude. In addition, the CR percentage has slight influence
on the sleeper acceleration amplitude.

Fig. 12d presents the average of sleeper acceleration amplitudes. For
the CR of 8.0-22.4 mm, the sleeper average value increases by 7% with
10% CR, and after that the average value increment is not obvious,
which is only at 1% (CR from 10% to 20%). For the CR of 9.5-63.0 mm,
10% and 20% CR increase the average value by 6% and 9% than without
CR, respectively.

From Fig. 12, it can be summarised that the CR can increase sleeper
acceleration, and the increment is related to the CR percentage but little
related to the CR size. Most importantly, the acceleration amplitude
increment is within 10%, which is acceptable for considerations of ride
safety and comfort.

3.2.4. Ballast acceleration

Fig. 13 summaries the ballast accelerations at x = 0 m, 150 mm
below sleeper on the conditions of different CR percentages and sizes.
Because in 2D DEM ballast layer model it is easy to find the particles at
the same depth below the sleeper. The particles at almost the same
positions were selected, because the accelerations of ballast particles at
the similar positions can be similar. Because different ballast accelera-
tion is caused by the ballast layer compaction difference and the coor-
dination number difference (coordination number can be found in [48]).
In addition, the ballast layer was compacted before applying the cyclic
loadings, and we controlled the porosity of the ballast layer. We selected
ballast particles with the very similar coordination numbers.

In that case, the only difference would be if the rubber is involved.
Because the rubber can differ the ballast acceleration a lot, by as a buffer
or affect ballast-ballast interaction. This means the ballast can have
either more damping or less damping, which depends on the TDA size
and percentage.

To be more specific, for Fig. 13a, ballast acceleration trends of
different CR percentages (peak and valley points) are almost the same
but with different magnitudes. In other words, 10% and 20% CR make
the ballast accelerations at 2.31 g and 3.67 g, respectively, which are
higher than ballast acceleration without CR, 2.01 g. It shows the 20% CR
increases ballast acceleration much more than 10%.
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Fig. 13b/c present the ballast acceleration amplitude at different
track positions with different CR sizes and percentages. From the figure,
it can be seen that using CR makes the ballast acceleration amplitudes
have a wider range than without CR. However, it has slight influences on
the ballast-CR track performance, due to the ballast acceleration (or
energy) dissipated very fast (explained in 3.2.6).

Fig. 13d summaries the average value of ballast acceleration
amplitude at different track positions with different CR sizes and per-
centages. The figure shows that the average values increase as the CR
percentage. For the small size CR (8.0-22.4 mm), the average values
were increased by 24% (10% CR) and 44% (20% CR), respectively. For
the big size CR (9.5-63.0 mm), the average values were increased by 3%
(10% CR) and 26% (20% CR), respectively. Fig. 13 demonstrates that
10% CR with size at 9.5-63.0 mm has the least acceleration change. This
is possibly due to the big size CRs have the least chances to change the
interactions between ballast particles, because 9.5-63.0 mm CR has
large size, and with the same mass this makes the CR number fewer.
Note that the CR percentage decides the ballast layer acceleration,
which is closely related to the ballast layer destabilization. In addition,
increasing ballast layer acceleration may accelerate ballast degradation.
This is a disadvantage when using the CR at an inappropriate mass
percentage.

3.2.5. Ballast bed stress

The ballast bed stress is obtained by setting a measuring circle
(radius: 0.1 m) below the rail sleeper at a distance of 0.1 m from the top
of the subgrade layer. The resultant force in the measuring circle and the
circle area are used to calculate for the ballast bed stress. The function of
the measuring circle has coordination number, stress, force and so on,
which can be found more explanations in [59].

As shown in Fig. 14, the ballast bed stress of track with different size
and percentage CR is summarised. The ballast bed stress can show the
support condition of ballast bed under dynamic situations. It is calcu-
lated through the sleeper support forces and sleeper bottom area.

Fig. 14a shows ballast bed stress at track position x = 0 m with
different percentages of CR. The figure shows that the stress curve
shapes are similar but with different magnitudes. Specifically, the stress
was reduced from 119 kPa (without CR) to 80 kPa (10% CR) and 74 kPa
(20% CR), respectively.

Fig. 14b/c summary the maximum ballast bed stress at different
track positions with different CR sizes and percentages. The figures
present that the maximum ballast bed stress reduces when applying the
CR, and small size CR (8.0-22.4 mm) has uniform ballast bed stress from
70 to 100 kPa. While big size CR (9.5-63.0 mm) has wider range at
50-130 kPa. This is due to small size CR can make homogeneous mixing
of ballast and CR. This trend seems to be majorly attributed to the
further accommodation facilitation of smaller-sized CR among coarse-
sized ballast particles, which could lead to the further stress improve-
ment of mixture.

Fig. 14d presents the average value of ballast bed stress at different
track positions. The figure shows that for small size CR (10%), the
average value reduces by 37% than without CR, while CR percentage
increases from 10% to 20%, the average value only reduces by 1%. The
average value reduction for big size CR (9.5-63.0 mm) is also the same
trend, specifically, 29% (CR from 0% to 10%) and 8% (CR from 10% to
20%). From this, it can be seen that 10% CR is already enough to reduce
ballast bed stress, after over 10% increasing the percentage has not
obvious effects.

3.2.6. Ballast friction energy dissipation

The ballast friction energy dissipation is calculated by Eq. (3). In the
equation, E, is the ballast friction energy dissipation; (Fﬁ)o is the initial
shear force at the contact; F! is the shear force after one time step; Ad/ is
the slide displacement at the contact in one time step. The total E, at all
ballast-ballast contacts are the friction energy dissipation. More
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explanations about the friction energy dissipation can be found in [59].

1
E, =

3 3)

((FD),+FL) a0

Fig. 15 summaries ballast friction energy dissipation of ballasted
track with different CR sizes and percentages. The ballast friction energy
dissipation presents the energy amounts that are dissipated by the fric-
tion between ballast particles. Fig. 15a shows the ballast friction energy
dissipation of small size CR (8.0-22.4 mm), and the detailed numbers
are 613 J (0% CR), 94 J (10% CR) and 100 J (20% CR). It means using
CR can reduce ballast relative abrasion and then reducing degradation.
We compared the energy dissipation by CR with the results in [28]. The
dissipated energy by 10% CR is 613-94 = 519 J, and the track length is
8.4*2.6*0.35 m® with 13 sleepers, which makes the final result 35 J/md,
The result is comparable to the result in [28], around 40 J.

Fig. 15b shows the ballast friction energy dissipation of ballasted
track with different sizes and percentages. Specifically, as the 8.0-22.4
mm CR percentage increases from 0 to 10%, the energy dissipation re-
duces 85%, and for the 9.5-63.0 mm the number is 80%. However, as
the CR percentage increase from 10% to 20%, the energy dissipation
reduction is not obvious. In addition, the CR size has few influences on
the energy dissipation.

Particularly, the breakage of ballast particles was also considered in
these simulations. It was found that when using the CR, no ballast
breakage was found. But without CR the ballast breakage was clear
shown. Each ballast particle in our DEM model was made by bonding
several discs together through parallel bonds. The ballast breakage was
presented by the parallel bond breakage. After the simulation process,
we checked the breakage number of the parallel bonds, which is the
reflection of ballast breakage. From the breakage number comparison, it
shows using CR can significantly reduce ballast breakage, which is also
proved by the study in [29].

3.3. Subgrade dynamic performance

3.3.1. Subgrade surface acceleration

Fig. 16 shows subgrade surface acceleration of ballasted track with
different CR sizes and percentages. The acceleration is measured at
below each sleeper at the subgrade surface. Specifically, as shown in
Fig. 16a, at the position x = 0 m, the surface acceleration without CR is
0.81 g, which is reduced to 0.63 g (10% CR) and 0.52 g (20% CR),
respectively. This means using CR improves the dynamic performance of
subgrade. This is also demonstrated by Fig. 16 b/c, which present the
subgrade surface acceleration amplitudes at different track positions
with different CR sizes and percentages. From Fig. 16d, it can be seen
increasing from 0% to 10% percentage CR reduces the acceleration
much more significantly than from 10% to 20%, which means 10%
percentage CR is sufficient to provide good dynamic performance of
subgrade.

3.3.2. Subgrade surface stress

Fig. 17 summaries the subgrade surface stress of ballasted track with
different CR sizes and percentages. Fig. 17a shows the subgrade surface
stress at the track position x = 0 m with 8.0-22.4 mm CR. From the
figure, it demonstrates that using CR can reduce the subgrade surface
stress (peak value) from 92 kPa to 52 kPa and 49 kPa (10% or 20% CR),
respectively. This can also be observed in Fig. 17b, which also shows
that increasing CR percentage from 10% to 20% has much less signifi-
cant reduction than from 0% to 10%. This means 10% CR is sufficient for
subgrade surface stress reduction, and CR size has little influence on the
reduction.
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4. Conclusions and perspectives
4.1. Conclusions

This paper aimed at studying dynamic performance of ballasted track
with crumb rubber (CR). In this regard, a coupled model that includes
multibody dynamics part, discrete element method part and finite dif-
ference method part was built, and some important dynamic perfor-
mance of the whole system (vehicle-track-subgrade) was obtained and
analysed, including the vehicle body acceleration, wheel-rail force, rail
dynamical bending moment, sleeper acceleration, sleeper displacement
and ballast acceleration. Two factors, the CR size and percentage, were
considered. Through the dynamic performance analysis, the conclusions
were draw as follows.

1. Using CR has little influence on the car body acceleration, wheel-rail
contact and rail dynamical bending moment, which means it does
not affect ride comfort and safety.

2. Using CR influences dynamic performance of ballasted track very
much, including sleeper acceleration increase, ballast acceleration
amplitude increase and ballast bed stress reduction. However, ballast
degradation (abrasion and breakage) is considerably reduced.

3. Using CR significantly reduces subgrade surface vibration and stress,
which is helpful for reducing long-term plastic deformation.

4. 10% percentage of CR-ballast mixture is recommended, and for CR
size it is difficult to give a recommendation. Because small size CR
increase ballast acceleration more than big size CR, but small size CR
are better at other aspects, including sleeper displacement, subgrade
stress and ballast bed stress.

4.2. Perspectives

The applied coupled models are in two-dimensional, because the
computational costs are too expensive. For example, current model takes
around one week to calculate one train passing (1.2 s) with the computer
of 20 parallel threads. 3D coupled models will be considered in the
future for more accurate analysis using the high-performance computer.
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