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Abstract: Damages on railway sleepers due to heavy impact
loads induced by the movement of trains can be reduced
by improving their impact resistance. Fibre-reinforced/pre-
treated crumb rubber concrete sleepers (RCSs) have the
potential to display significant impact resistance to with-
stand a high-magnitude impact load. The ideal proportions
of pre-treated crumb rubber, steel fibres, and polypropylene
fibres (PFs) can be identified based on the minimum cost-to-
impact energy ratio after conducting a drop weight impact
test on prisms. The numerical model developed to assess the
behaviour of ballasted tracks has been validated using both
simulation results and field measurements. Numerical stu-
dies have been conducted on ballasted rail tracks with steel
and PF-reinforced/pre-treated RCSs using LS-DYNA software.
Dynamic strain rate-dependent material parameters are
introduced in the numerical simulations. The nonlinear
effect of higher train speeds on dynamic track responses
has been highlighted in this article. Although the static
load-carrying capacity and modulus of elasticity of rubber
concrete are low, their dynamic performance controls the
track displacements from exceeding permissible limits. The
outcome of this study will provide new insights into the
effects of railway concrete sleepers incorporated with rein-
forced fibres and pre-treated crumb rubber on railway track
performance in order to ensure safety and reliability before
it is put into services.

Keywords: ballasted railway track, fibre-reinforced con-
crete, pre-treated crumb rubber, concrete sleeper, dynamic
strain rate dependent material model

Nomenclature

Av roughness constant
E modulus of elasticity in Pa
Ed dynamic modulus of elasticity
Es static modulus of elasticity
ė effective strain rate of concrete under

dynamic load
ėsc effective strain rate of concrete under compres-

sive load
ėst effective strain rate of concrete under tensile load
fc compressive strength in N/mm2

ft flexure strength in N/mm2

g acceleration due to gravity (9.81 m/s2), and h sig-
nifies the height of fall in m.

N number of blows till the appearance of cracks at
the bottom of the prism

S Ωv( ) vertical power spectral density
η

c
enhancement factor for strain rate in
compression

η
t

enhancement factor for strain rate in tension
ρ density in kg/m3

Ω spatial frequency of irregularities
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Abbreviations

CRH China Railway High Speed
EMU Electric Multiple Unit
FRF frequency response function
I.E impact energy in Nm
OCS ordinary concrete sleeper
PFCS polypropylene fibre-reinforced concrete sleeper
PFRS polypropylene fibre-reinforced rubber concrete

sleeper
RCS rubber concrete sleeper
SFCS steel fibre-reinforced concrete sleeper
SFRS steel fibre-reinforced rubber concrete sleeper

1 Introduction

The railway industry has been successful in moving masses
and goods efficiently over land, thereby aiding develop-
ment in many continents globally [1,2]. Ballasted railway
tracks are a widely adopted modern track form catering to
various classes of railway operations. Railway sleepers are
integral to any ballasted track since they enable load transfer
from wagons and maintain track alignments [3–6]. Railway
sleepers are generally subjected to both static and dynamic
loads. Dynamic loads act on the railway track caused by the
movement of train wheels. The magnitude of dynamic loads
acting on railway sleepers is classified as the dynamic impact
factor, which can vary from small to high attributable to the
characteristics of train–track dynamics [7,8]. These dynamic
loads become critical in the case of moderate to high-speed
trains running over tracks with irregularities [9–11]. Even
though significant efforts are put toward the smooth and
safe operation of a railway network, sometimes accidents
do occur. In moderate-speed and high-speed networks, the
fatality of accidents increases manifolds due to the combina-
tion of high speed and resultant impact force [12]. The effect
of damage caused by an accident on sleepers in such situa-
tions can be mitigated by using sleepers with high-impact
resistance.

Studies have pointed out that the use of recycled or
crumb rubber is a potential method to improve the impact
resistance of concrete [13–15]. An increase in the fracture
toughness of concrete could increase when aggregates
were replaced using crumb rubber particles [16,17]. The
energy dissipation capacity of concrete can be improved
with the addition of rubber particles [18–22]. The improved
damping ratio of rubber concrete makes it suitable for
applications to structural vibration mitigation [23,24]. In
contrast, the use of rubber particles in concrete was found

to adversely affect the compressive strength, flexural strength,
and tensile strength of concrete [25–30]. Pre-treatment of
rubber particles has been demonstrated as a solution to con-
trol the reduction in strength of concretewith recycled rubber.
Sodium hydroxide solution and polyvinyl alcohol solution are
effective in improving the adhesion between the rubber par-
ticles and concrete mix [31,32]. This pre-treatment process has
been successfully used in rubber concrete applications.

It has been well established that the addition of steel
fibres (SFs) into concrete enhances the impact energy,
energy dissipation, and fracture toughness of concrete
[33–36]. This trait is brought about by the SFs’ ability to
bridge the gaps in concrete in the event of the generation
of cracks [37–39]. Besides improving the impact resistance
of concrete, the addition of SFs in concrete helps to control
the reduction of strength characteristics in rubber concrete
[40,41]. Alternatively, polypropylene fibres (PFs) can miti-
gate the effects of shrinkage cracks in concrete [42–45].
They also provide positive results regarding improvement
in the impact energy of concrete [46,47]. Using PFs and SFs
in combination with rubber particles in concrete has the
potential to improve the impact resistance and toughness
of concrete as reported by many researchers [40,48–50]. The
addition of SFs to rubber concrete can control the stiffness
degradation of rubber concrete along with executing crack
control [51]. However, it must be noted that in the case of
fibre-reinforced concrete, post-peak ductility, and toughness
are significantly reduced when subjected to dynamic impact
loads [52].

The dynamic characteristics of crumb rubber concrete
have been studied to assess its suitability to be used in
railway sleepers [53]. It demonstrated that the enhanced
damping of crumb rubber concrete can make it ideal for
conditions to withstand dynamic impact loads. Parvez and
Foster also reported an improvement in the fatigue perfor-
mance of SF-reinforced concrete sleepers [54]. They also
showed that the ability of SFs to bridge the cracks across
concrete leads to finer crack width and higher static load-
carrying capacity when compared to traditional concrete
sleepers. The ability of SFs to control flexural cracks has
inspired the development of ultra-high-performance con-
crete with SFs for non-prestressed concrete sleepers [55].
Though the ultra-high-performance fibre-reinforced con-
crete sleepers had a greater cross-sectional area when
compared to prestressed concrete sleepers, their perfor-
mance was at par with that of regular prestressed concrete
sleepers. The rigid nature of SFs played a vital role in
enhancing residual stiffness in sleepers with the addition
of SFs as reported by Yoo et al. [56]. The reduction in
shrinkage cracks and better micro-crack control ability
can result in the exploration of the potential of using PFs
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in railway sleepers [57]. The enhanced permeability and
durability have been portrayed as favourable factors for
PF-reinforced concrete to be applied in railway sleepers.
Jing et al. [58] also studied the loading and cracking pattern
of prestressed concrete sleepers with crumb rubber. It was
reported that rubber concrete sleepers (RCSs) had lower
first-crack loads. Furthermore, Raj et al. [59] used steel and
PFs in scaled models of rubber concrete railway sleepers
and obtained favourable results in terms of the impact
resistance of fibre-reinforced RCSs. However, the perfor-
mance of steel and PF-reinforced rubber concrete sleeper
(PFRS) prototypes in actual working conditions is yet to be
evaluated. To fill this gap, it is essential to undertake
extensive studies to understand the effects of different
types of fibre-reinforced RCSs on ballasted railway tracks.
Conducting experimental investigations to assess the per-
formance of track components can be economically chal-
lenging. In such a scenario, numerical simulations offer a
less expensive alternative. Many researchers have effec-
tively applied finite element method to ascertain train–
track interaction behaviours by simulating the dynamic
effect of train movement on tracks [60–62] utilizing LS-
DYNA. Most of the researchers undertaking the numerical
simulations of rail track performance have used static
modulus of elasticity as their material model [8,63,64].
The nature of the load exerted by the train on the track is
rather dynamic. It should also be pointed out that the con-
crete in sleepers has a modulus of elasticity which gets
altered during high-frequency dynamic loads [65]. Hence,
it is essential to consider the dynamic material properties
of constituent materials while carrying out the simulations.
In this study, the effect of dynamic strain rate on the per-
formance of ballasted rail track is explored.

It could thus be pointed out that the extensive damage
encountered by concrete sleepers due to their lack of
impact resistance could be mitigated only by enhancing
their impact resistance. In this context, it was noted that
improvement in the energy dissipation capacity and impact
resistance of concrete with the addition of crumb rubber
has been stated by many researchers [28,66–68]. Therefore,
the utilization of steel and PF-reinforced rubber concrete in
prestressed concrete railway sleepers has the potential to
enhance their impact resistance [59]. As aforementioned,
the pre-treatment using polyvinyl alcohol can lead to the
adhesion improvement of crumb rubber. Note that the
existing studies focus only on laboratory-based small-scale
tests. However, the existing research materials fail to estab-
lish the suitability of using fibre-reinforced RCSs in the field.
Before implementing them in the field, the suitability of
utilizing steel and PFRSs must be studied with respect to
their performance under the actual operating conditions.

Thus, it is essential to examine the behaviour of these slee-
pers in realistic working scenarios. Numerical simulations
help in reducing the cost of actual testing. At the same time,
utilizing the dynamic behaviour of materials for numerical
simulations with dynamic train loads is also important.
Hence, this study focuses on using numerical simulations
with a dynamic strain rate model derived from experi-
mental investigations to assess the performance of fibre-
reinforced pre-treated RCSs on ballasted railway tracks.
The outcome of the research points out to the effectiveness
of using fibre-reinforced RCSs in actual practice. This option
helps in reducing the amount of precious natural aggregates
and reuse dumped tyre rubber on a large scale apart from
providing a solution to the lower of impact resistance of
existing concrete sleepers.

After establishing the background and relevance of
research in Section 1, the material properties and engi-
neering properties of fibre-reinforced concrete are included
in Section 2. The details of the numerical investigation are
presented in Section 2.1. The free vibration response of slee-
pers and train track analysis (train vibration, dynamic rail
responses, sleeper responses, and ballast responses) are pre-
sented in Section 3. Finally, Section 4 presents the main
findings of the study.

2 Materials and methods

The reference concrete for the railway sleeper used in the
study has a compressive strength of 60 N/mm2. Ordinary
Portland cement, metakaolin, manufactured sand, pre-
treated crumb rubber, and crushed stones are used for
manufacturing high-strength concrete. The specific gravity
of the manufactured sand and crushed stones are 2.67 and
2.79, respectively. Metakaolin (specific gravity: 2.6, pH:
4.5–5.5, and bulk density: 400–500 kg/m3) is used as supple-
mentary cementing material with weight replacement levels
of around 10%. Viscosity-modifying agents and high-range
water reducers are also used to improve workability. Rubber
herein represents crumb rubberwith a pre-treatment process
and obtained from tyre retreading centres. It has a specific
gravity of 0.65. Care has been taken to match the particle size
distribution of crumb rubber and manufactured sand.
Figure 1 presents the particle size distribution curves for
crumb rubber and manufactured sand. The rubber is pre-
treated by immersing them in a 2% polyvinyl alcohol solu-
tion for 30min at room temperature. SFs (crimped with a
length of 30mm and an aspect ratio of 60) and PFs of length
12mm are used as reinforcing fibres. The manufactured
sand used in this study is replaced with crumb rubber.

Nonlinear dynamic responses of ballasted railway tracks  3



The fine aggregates are replaced by 5, 10, and 15% with an
equal volume of crumb rubber. The percentage replacement
of mineral aggregates with crumb rubber is limited to 15%
because beyond that considerable reduction in the compres-
sive strength of concrete is noticed. The total volume of
concrete is replaced with 0.25, 0.5, 0.75, and 1% SFs in SF-
reinforced concrete. In the case of PF-reinforced concrete,
the total volume of concrete is replaced with 0.1, 0.2, and
0.3% PFs. Tables 1 and 2 show the details of mix variants and
constituent material proportions for various mixes [59]. The
cost of materials used in the study is presented in Table 3
along with the details of embodied carbon of the constituent
materials [59]. The environmental benefit of adopting fibre-

reinforced RCSs is presented in Table 4. It should be noted
that precious mineral aggregates can be saved using RCSs.
Based on the mix proportions presented in Table 2, it is
estimated that, for every kilometre of the track construction
with fibre-reinforced RCSs, about 16 tonnes of manufactured
sand can be saved, and 3.8 tonnes of crumb rubber (derived
from waste tires) is used. Every kilogram of crumb rubber
used is a kilogram of rubber removed from the waste dis-
posal on land. Thus, effective recycling of waste tyre rubber
particles can be achieved by adopting more RCSs or fibre-
reinforced RCSs reinforced with steel or PFs. It is interesting

Figure 1: Particle size distribution of manufactured sand and rubber
particles according to Long et al. [69].

Table 1: Proportion details of replacement materials for each mix var-
iant [59]

Mix ID Rubber (%) SFs (%) PFs (%)

R0 0 0 0
R5 5 0 0
R10 10 0 0
R15 15 0 0
R0SF0.25 0 0.25 0
R0SF0.5 0 0.5 0
R0SF0.75 0 0.75 0
R0SF1 0 1 0
R15SF0.75 15 0.75 0
R0PP0.1 0 0 0.1
R0PP0.2 0 0 0.2
R0PP0.3 0 0 0.3
R15PP0.2 15 0 0.2

Note: In RX, X is the percentage of replacement of fine aggregates with
pre-treated crumb rubber. In SFY, Y is the percentage volume of SF in the
total volume of concrete. In PPZ, Z is the percentage volume of PF in the
total volume of concrete.

Table 2: Mix proportions of all constituent materials (in kg/m3) [59]

Mix ID Cem Met Sand Crushed stones Water HR VM Rb SF PF

R0 441 41 670 1,191 162 4 2 0 0 0
R5 441 41 636 1,191 162 4 2 8 0 0
R10 441 41 603 1,191 162 4 2 16 0 0
R15 441 41 569 1,191 162 4 2 24 0 0
R20 441 41 536 1,191 162 4 2 33 0 0
R0SF0.25 440 41 668 1,189 161 4 2 0 20 0
R0SF0.5 439 40 668 1,188 161 4 2 0 39 0
R0SF0.75 438 40 667 1,187 161 4 2 0 59 0
R0SF1 437 40 666 1,185 160 4 2 0 79 0
R15SF0.75 438 40 567 1,187 161 4 2 24 59 0
R0PP0.1 441 40 669 1,191 162 4 2 0 0 1
R0PP0.2 440 40 669 1,190 161 4 2 0 0 2
R0PP0.3 440 40 669 1,189 161 4 2 0 0 3
R15PP0.2 440 40 569 1,190 161 4 2 24 0 2

Cem – Cement; Met – Metakaolin; HR – high-range water reducer; VM – viscosity-modifying agent; Rb – pre-treated crumb rubber; SF – steel fibre;
PF – polypropylene fibre.
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to observe that the amount of embodied carbon is lower for
RCS and PFRS by 17.80 and 16.82% when compared to that
of ordinary concrete sleeper (OCS). This is mainly due to
the negative value of embodied carbon for reused crumb
rubber, which reduces the embodied carbon for these slee-
pers as indicated in Table 3. In contrast, the increase in the
quantity of embodied carbon for SF-reinforced rubber con-
crete sleeper (SFRS) is 19% when compared to that of OCS.
The higher magnitude of embodied carbon in the produc-
tion of SF results in an increased cumulative magnitude of
embodied carbon for SFRS.

The optimum proportions of pre-treated crumb rubber
in rubber concrete, SFs in SF-reinforced concrete, and PFs
in PF-reinforced concrete have been found initially by
determining the cost-to-impact strength ratio. Drop weight
impact tests have been carried out on prisms with 100 mm
× 100mm cross-section and 500mm total length [18,40].
The effective length of the prisms was 400 mm. Multiple
drops have been imparted on prisms using an impactor of
mass 3.5 kg with a drop height of 100 mm. The tests can be
concluded on the basis of the generation of cracks at the
bottom of the prism. Eq. (1) can be used to determine their
impact energy [74]:

= NmghIE , (1)

where IE represents the impact energy in Nm, N stands for
the number of blows till the appearance of cracks at the

bottom of the prism, g is the acceleration due to gravity
(9.81 m/s2), and h signifies the height of fall in m.

As shown in Figure 2, the optimal proportion of replace-
ment of manufactured sand with crumb rubber is around
15%. In SF-reinforced concrete, 0.75% SFs yield maximum
impact energy to cost ratio. The minimum ratio of cost to
impact energy for PF-reinforced concrete prisms was found
to be 0.2%. Hence, detailed investigations can be carried out
using the optimum proportions of crumb rubber, SFs, and
PFs. Hereafter, the concrete without crumb rubber or fibres
will be termed ordinary concrete. The concrete with crumb
rubber will be referred to as rubber concrete. Concrete with
rubber and fibre mix will be called SF-reinforced rubber
concrete and PF-reinforced rubber concrete depending on
the type of fibres present. The fibre-reinforced concrete will
be noted as SF-reinforced concrete and PF-reinforced con-
crete based on the type of fibre included.

Concrete cylinders of 150mm diameter and 300mm
depth are then subjected to compression in a displacement-
controlled compression testing arrangement. Linearly varying
displacement transducers have been attached to the speci-
mens to measure vertical compression. Figure 3 depicts the
results of the compression, flexural, impact energy, modulus
of elasticity, and density tests on concrete [75,76]. The initial
part of the stress–strain curves behaves linearly. The presence
of voids imparted into the concretematrix with the addition of
crumb rubber particles plays a critical role in lowering the
peak stress in rubber concrete specimens when compared to
ordinary concrete specimens. For rubber concrete mixes,
there is an increase in the strain corresponding to maximum
stress due to the ability of rubber particles to elongate. Besides,
the initial slope of the stress–strain curve of rubber concrete
mixes is lower than the initial slope of conventional concrete
mixes. When PFs are added to concrete, the changes in the
initial slope of the stress–strain curve are not significant. This
may be because of the nature of fibres that only prevents the
shrinkage cracks in concrete. The ability of SFs to actively
prevent the widening of generated cracks in concrete has
resulted in improving the peak stress and increasing the strain
corresponding to the SF-reinforced concrete specimen and SF-rein-
forced rubber concrete specimen. The strain corresponding to

Table 3: Cost breakdown of constituent materials used

Materials Unit cost
(USD/kg)

Embodied carbon
(kg CO2/kg) [70–73]

Cement 0.117 0.912
Metakaolin 1.391 0.33
Rubber 0.582 −3.142
Manufactured sand 0.010 0.0027
Coarse aggregate 0.009 0.0027
Superplasticiser 1.676 0.72
SF 1.345 2.75
PF 4.365 2.7
Polyvinyl alcohol 9 1.71

Table 4: Environmental benefits of adopting fibre-reinforced RCSs

Sleeper type Manufactured sand
saved (t/km of track)

Crumb rubber used
(t/km of track)

Embodied carbon
(kg CO2/km of track)

Percentage reduction in embodied
carbon (kg CO2/km of track)

OCS 0 0 — —

RCS 15.99 3.8 55324.3 17.8
PFRS 16.3 3.8 55982.18 16.82
SFRS 15.91 3.8 80525.69 −19.63

Nonlinear dynamic responses of ballasted railway tracks  5



peak stress is greater than the ordinary concrete specimen.
The use of SFs also causes the initial slope of the stress–-
strain curve steeper when compared to that of ordinary
concrete specimens. This study primarily focuses on uti-
lizing the values of the static modulus of elasticity for dif-
ferent materials (Figure 3) and its strain rate-dependent
variation discussed in Section 3 for the simulation of train
motion. The modulus of elasticity obtained is later utilized
as a material property for the different sleepers studied.
Table 5 shows the engineering properties of the mixes [59].

2.1 Finite element (FE) model

The numerical analysis of the ballasted track structure is
carried out using the FE software LS-DYNA. The modelling
of the ballasted railway track is carried out based on pre-
vious work [63,64]. The ballasted railway track’s FE model
comprises rail, rail pad, sleeper, ballast, sub-ballast, and
subgrade. China Railway High Speed (CRH) 2 Electric Mul-
tiple Unit (EMU) train is used to carry out the study [54].
The TRACK and TRAIN keywords of the RAIL module assist
in the simulation of train motion over rails. Mesh conver-
gence is carried out by varying the mesh sizes of the track
components. After the mesh convergence studies, the LS-
DYNA model contains 64,472 elements (586 beam elements,
312 discrete elements, 60 shell elements, and 63,514 solid
elements). The element size of the rail is 0.165 m. The
dimension of the solid element used for the sleeper varies
from 0.1135 m × 0.2665 m × 0.06 m to 0.1135 m × 0.359 m ×

Figure 2: Cost to impact energy for (a) rubber concrete prisms, (b) SF-
reinforced concrete prisms, and (c) PF-reinforced concrete prisms.

Figure 3: Stress–strain curves of materials used for sleepers.
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0.06 m. The maximum size of the solid element used for
ballast is 0.105 m × 0.359 m × 0.175 m. The size of the ele-
ment used as a sub-ballast is limited to 0.105 m × 0.359 m ×

0.1 m, whereas the maximum size of the element used to
model the subgrade is 0.105 m × 0.359 m × 0.2 m.

The dynamic rail pad stiffness has been introduced by
providing a rail pad stiffness value of 50 kN/mm. The variation
in the modulus of elasticity due to the effect of strain rate has
been explored by many researchers [65,77,78]. The enhance-
ment factors for strain rate proposed by Comite Euro-Interna-
tional Du Beton are presented in Eqs. (2) and (3) [79]:

⎜ ⎟= = ⎛
⎝

⎞
⎠

η
E

E

e

e

̇

̇

,
c

d

s sc

0.026

(2)

⎜ ⎟= = ⎛
⎝

⎞
⎠

η
E

E

e

e

̇

̇

,
t

d

s st

0.016

(3)

where η
c

and η
t
are the enhancement factors for the

strain rate in compression and tension. Ed and Es repre-
sent the dynamic and static modulus of elasticity. The effec-
tive strain rate of concrete under dynamic load is ė. The
effective strain rate of concrete under tensile and compres-
sive loads is denoted by ėst and ė ,sc respectively. It should be
noted that ėst and ėsc take up values × −

3 10
6 and × −

30 10
6/s,

respectively.
The Winfrith concrete model proposes the use of

average strain rate enhancement factors, and the following
equation is used to relate the dynamic modulus of elasticity
and strain rate [65,77,78]:

= ×
⎡
⎣⎢
⎛
⎝ ×

⎞
⎠ + ⎛

⎝ ×
⎞
⎠

⎤
⎦⎥− −

E

E

e e
0.5

̇

3 10

̇

30 10

.   4
d

s

6

0.016

6

0.026

( )

The dynamic strain rate model is used to implement
the strain rate-dependent plasticity property in concrete
sleepers. The variation in the enhancement factor with a
change in the strain rate is presented in Figure 4. The
minimum value of the enhancement factor is taken as 1.

The dynamic modulus of elasticity and yield stress,
presented as a function of the strain rate from the input
of the keyword STRAIN_RATE_DEPENDENT_PLASTICITY, is
used to introduce the strain rate enhancement effect on
concrete sleepers. The yield stress used in the model is
taken from Table 5. The trains’ motion has been described
by the command PRESCRIBED_MOTION_RIGID module. The
wheel–rail interactions are excited using the German high-
speed low-disturbance irregularity. The power spectrum
density function, which defines the wheel–rail contact sur-
face irregularity, is presented in Eq. (5):

=
+ +

S Ω
A Ω

Ω Ω Ω Ω
.v

v c

2

2

c

2 2

r

2
( )

( )( )
(5)

S Ωv( ) represents the vertical power spectral density,
and the roughness constant Av = × −

4.032 10 m rad/m
7 2 .

The spatial frequency of irregularities is denoted by Ω. The
cut-off frequencies Ωc and Ωr are 0.8246 and 0.0206 rad/m,
respectively. The velocity of the train varies from 50 to
250 kmph with an increment of 50 kmph. The validation of
the track structure model has been robustly carried out using
a train velocity of 250 kmph. The dimensions of the sleeper
used in the model are 2.5m × 0.227m × 0.18m. Properties of
the track structure used are presented in Tables 6 and 7.
Figures 5–7 present the details of the railway track structure
simulated using FEA.

The numerical model has been fully validated using
both experimental and numerical results presented by
Zhang et al. [80] and China [81]. This numerical model
exhibits a good agreement with the field observations,
and the simulated results presented by researchers are
shown in Table 8 and Figure 8.

Figure 4: Relation between the enhancement factor and effective
strain rate.

Table 5: Engineering properties of concrete

Mix designation fc ft I.E E ρ

R0 69 5.83 520.91 ×2.93 10
10 2,511

R15 62 4.98 725.80 ×1.78 10
10 2,476

R0PP0.2 68 5.78 923.75 ×3.04 10
10 2,508

R15PP0.2 63 5.47 1157.08 ×2.67 10
10 2,432

R0SF0.75 74 6.35 1041.82 ×3.31 10
10 2,551

R15SF0.75 68 5.85 1620.61 ×2.31 10
10 2,476

fc − compressive strength (in N/mm2), ft − flexure strength (in N/mm2),
IE – impact energy (in Nm); E − modulus of elasticity (in Pa), ρ − density
(in kg/m3).

Nonlinear dynamic responses of ballasted railway tracks  7



3 Results and discussion

The OCS, pre-treated crumb RCS, PF-reinforced concrete
sleeper (PFCS), PFRS, SF-reinforced concrete sleeper (SFCS),
and SFRS have been systemically considered in the unpre-
cedented investigations into dynamic behaviours of bal-
lasted railway tracks taking into account dynamic and
strain-rate effects. Free vibration responses of railway slee-
pers are first identified using modal analyses. The sensitivity
of train accelerations, rail displacements in the vertical
direction, sleeper displacements, and ballast stresses are
assessed to derive new nonlinear dynamic phenomena
of the railway tracks when different types of sleepers
are adopted. This section highlights new insights obtained
during the investigations into the applications of fibre-
reinforced RCSs to ballasted railway tracks.

3.1 Sleeper-free vibration responses

Herein, we first identify free vibration response character-
istics of different types of railway concrete sleepers on the
basis of eigenvalue analysis. This method is essential in
understanding the dynamic behaviours of the track sys-
tems and in assessing the locations that are most suscep-
tible to vibrations. It should be noted that the sleeper
models used in this section have been validated with full-
scale experiments derived from our previous works using
a non-destructive test called the impact hammer excitation
technique [8]. The fundamental mode shapes and corre-
sponding frequencies of OCS have been obtained via the
frequency response function. In this study, the properties
of different types of sleepers obtained from the previous
section are then applied in the model to investigate the

Table 6: Mechanical properties of the train

Properties Value [62]

Mass of the car body (kg) ×4 10
4

Mass of the bogie (kg) ×3.5 10
3

Mass of the wheelset (kg) ×2 10
3

Moment of inertia of the bogie about the x-axis
(kg/m2)

×2.6 10
3

Moment of inertia of the bogie about the y-axis
(kg/m2)

×1.8 10
3

Moment of inertia of the wheelset (kg/m2) ×1 10
3

Stiffness of the primary suspension (N/m) ×1.2 10
6

Damping of the primary suspension (N s/m) ×2 10
4

Stiffness of the secondary suspension (N/m) ×2 10
5

Damping of the secondary suspension (N s/m) ×4 10
4

Table 7: Engineering properties of track constituents

Track
component

Density
(kg/m3)

Modulus of
elasticity (Pa)

Poisson’s
ratio

Rail 7,830 ×2 10
11 0.3

Ballast 1,590 ×9.7 10
7 0.12

Sub-ballast 1,910 ×2.12 10
8 0.2

Subgrade 2,300 ×2 10
8 0.25

OCS 2,511 ×2.933 10
10 0.2

RCS 2,476 ×1.78 10
10 0.2

PFCS 2,508 ×3.04 10
10 0.2

PFRS 2,432 ×2.67 10
10 0.2

SFCS 2,551 ×3.31 10
10 0.2

SFRS 2,476 ×2.31 10
10 0.2

Rail pad
stiffness

×5 10
7 N/m

Rail pad
damping

×7.50 10
4

N s/m

Figure 5: Sample model of the train.
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influence of sleeper types on free vibration responses. The
free–free condition is set as a boundary condition in
the analysis to comply and validate with the experiment
testing. It is important to note that free–free boundary
condition presents a system that is not constrained in

any direction and thus the sleepers can move freely with
no effects of support conditions. Figure 9 presents the fun-
damental mode shapes of OCS. Only the bending and
twisting modes are presented.

Table 9 compares the natural frequencies of the first
six modes of different railway sleepers. It is seen that
modes 1–4 of all sleepers are relatively similar, while
modes 5–6 are not as the fourth bending mode of the
RCSs and SFRSs has a higher frequency than the second
twisting mode. It can be clearly seen that the natural fre-
quencies of RCSs are the lowest with about 20% reduction
compared with OCSs. It is followed by SFRSs with about
10% reduction. It is because the bending stiffness of those
types is significantly decreased as the sleepers are softened
even if the density is increased. Even though rubber is
likely to better absorb vibration and impact, this makes
the track more susceptible to vibration and deformation.
However, adding SF in concrete sleepers can significantly
increase natural frequencies leading to improving dynamic
behaviours of railway sleepers.

Table 8: Cross-validation of the model with experimental and numerical results

Result Experimental [80] Numerical [81] Present study

Maximum rail displacement (mm) 0.96 0.92 1.02
Maximum sleeper amplitude (mm) 0.42 0.39 0.37
Maximum rail acceleration (g) 32 30

Figure 6: FE model of the track.

Figure 7: Numerical model.
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Figure 8: Comparison of dynamic rail and sleeper displacements for validations: (a) rail displacement comparison and, (b) sleeper displacement
comparison.

Figure 9: Corresponding mode shapes of an OCS (a) Mode 1 (1st bending), (b) Mode 2 (2nd bending), (c) Mode 3 (1st twisting), (d) Mode 4 (3rd
bending), (e) Mode 5 (4th bending), and (f) Mode 6 (2nd twisting).
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Table 9: Natural frequencies of railway sleepers (in Hz)

Sleeper types Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
(1st bending) (2nd bending) (1st twisting) (3rd bending) (4th bending) (2nd twisting)

OCS 85.64 238.9 339 463.56 731.01 732.84
RCS 67.92 189.3 266 366.84 578.05 574.89

(−20.69%) (−20.76%) (−21.53%) (−20.86%) (−20.92%) (−21.55)
PFCS 87.23 243.24 345.37 472 744.329 746.53

(+1.86%) (+1.82%) (+1.88%) (+1.82%) (+1.82%) (+1.87%)
PFRS 83.14 231.86 328.61 449.83 709.27 710.29

(−2.92%) (−2.95%) (−3.06%) (−2.96%) (−2.97%) (−3.08%)
SFCS 90.11 251.39 357.37 487.92 769.51 772.48

(+5.22%) (+5.23%) (+5.42%) (+5.25%) (+5.27%) (+5.41%)
SFRS 76.92 214.39 302.99 415.77 655.42 654.89

(−10.18%) (−10.26%) (−10.62%) (−10.31%) (−10.34%) (−10.64%)

(−): indicates percentage variation with respect to OCS.

Figure 10: Accelerations of the train body: (a) accelerations of the train body with a velocity of 50 kmph for ordinary concrete, (b) negative
accelerations of the train body, (c) positive accelerations of the train body, and (d) absolute accelerations of the train body.
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3.2 Train–track analysis

3.2.1 Train vibration

Figure 10 shows the characteristics of vertical accelerations
of the train body. When different types of sleepers are
introduced, the acceleration trends seem to be similar.
The trend of maximum negative acceleration across varying
train velocities indicated that maximum acceleration increases
with an increase in velocity. The consistent increase
in the magnitude of maximum negative acceleration
together with the increase in train velocity may be attrib-
uted to increasing vibrations of the track structure. It is
evident from Figure 10 that the changes introduced to
railway sleepers are inconsequential to the acceleration of
the train body and resultant ride comfort. However, it is
noticeable that the magnitude of the maximum negative
acceleration of the train body when adopting RCSs is slightly
lower at a velocity of 250 kmph when compared to other
types of railway sleepers.

3.2.2 Dynamic rail responses

The dynamic displacements and uplifts of the rails are
presented in Figures 11–13. It can be noted that the vertical

displacements increase with an increase in the train velo-
city. The use of RCS induces maximum rail displacements
for all ranges of train velocities when compared to other
types of railway sleepers.

Figure 12 presents the details of maximum dynamic
rail displacements in the downward direction. The max-
imum rail displacement of 1.0447 mm is noted for RCS
when the train velocity is at 250 kmph. The increase in
rail displacements is about 1.5% when RCS is introduced
in place of OCS. It can also be noticed that the minimum
displacement in rails can be noticed for SFCS. The varia-
tions in dynamic rail displacements for PFCS, PFRS, and
SFRS are similar to those of the OCS.

Figure 13 depicts the dynamic characteristics of
upward deflection to the rail’s so-called “up-lift” in the
ballasted tracks. The uplift occurs generally away from
the concentrated location of wheelsets due to the bending
behaviour of the rail caused by the motion of the train. It
is interesting to note that the minimum rail uplift occurs
at a train velocity of 100 kmph and remains almost con-
stant up to a train velocity of 150 kmph. But when com-
pared to the initial velocities, the uplifts of rail still incur
with a more significant magnitude at train velocities
greater than 200 kmph. The increase in rail uplifts can
be clubbed together with the magnitude of the negative
acceleration of the train as the trends in their variation

Figure 11: Dynamic rail displacement variation when different sleepers are used. Rail displacements (a) at 50 kmph and (b) at 250 kmph.
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are similar. Nowadays, the maximum operational safety
limit of vertical displacement is kept at 2 mm [82]. In that
aspect, it is to be noted that when the sleepers considered
in this study are used, the maximum vertical displace-
ment of rail is lower than 1.05 mm, which satisfies the
operational safety requirement.

3.2.3 Sleeper responses

Dynamic vertical displacements at the rail seats of the
sleepers and the centre of the sleepers have been evaluated
since they can affect the differential track geometry and
ride comfort. Figure 14 presents the time history plot of
displacement at the rail seat of the sleeper.

It is noticeable from Figures 14 and 15 that as the train
velocity increases, the downward vertical displacement of
the sleeper at the rail seat increases. The rail seats of the
RCS displace 5.5% more in the downward direction when
compared to the OCS. A maximum rail seat sleeper displa-
cement of −0.37801 mm can be noticed when RCS is used.
When SFCSs are used, the rail seat sleeper displacements
become −0.36204 mm. The minimum displacements at the
rail seat locations of the sleepers can be observed when
SFCSs are adopted. The presence of pores in rubber con-
crete when compared to ordinary concrete has led to a
decrease in the load-carrying capacity of rubber concrete.
As a result, about a 4.8–5.5% increase in sleeper displace-
ments at rail seats can be noticed when RCSs are used
instead of OCS concrete sleepers when SFCSs are used. In
the case of railway tracks in which PFRS are used, the
sleeper displacements at the rail seats are higher when
compared to that of PFCS by 0.3 1.3%. The increasing trend

Figure 13: Maximum dynamic rail uplifts.

Figure 12: Maximum dynamic rail displacements in the downward
direction: (a) maximum rail displacement and (b) percentage variation in
maximum rail displacement.
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in rail seat sleeper deflections with a decrease in compres-
sion moduli (modulus of elasticity) and vice versa is along
with those presented by Salih et al. [83]. However, consid-
ering the significant decrease in the compression modulus
for rubber concrete when compared to ordinary concrete,
its dynamic characteristics have helped in keeping the
increase of rail seat displacements to a lower level of 5%
as can be seen in Figures 15 and 16. The rail seat displace-
ments of SFRS are thus comparable to that of OCS. The

improved performance of fibre-reinforced concrete slee-
pers in rail seat displacement can be attributed to the action
of fibres which add rigidity to the concrete matrix by holding
the inherent defects in concrete from falling apart. However,
the rigidity imparted by the SFs to the concrete reduced its
damping characteristics and the lowering of rail seat displa-
cement is a mere 1% when SFCSs are adopted. As shown in
Figure 16, the peak amplitudes of acceleration for SFCSs are
greater than other types of railway sleepers.

Figure 14: Dynamic rail seat sleeper displacements. Rail seat sleeper displacements (a) at 50 kmph and (b) at 250 kmph.

Figure 15: (a) Maximum dynamic rail seat sleeper displacements. (b) Percentage variation in maximum dynamic rail seat sleeper displacements.
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Figure 16 shows the representative accelerations of
sleepers at a train velocity of 250 kmph. It should be noted
that the minimum amplitude of accelerations can be seen
for RCS. It indicates that rubber concrete can reduce the
vibrations of sleepers. It should also be noted that the max-
imum amplitude of accelerations can be vividly noticed
for SFCS. This susceptibility to vibration has resulted in
only minor improvement in sleeper rail seat deflections
for SFCS, despite having a relatively higher compressive
strength and compression modulus of elasticity. Thus, it
clearly reveals that RCS and fibre-reinforced RCSs perform
better when subjected to dynamic loads, despite having a
lower modulus of elasticity when compared to the concrete
and fibre-reinforced concrete sleepers. This is also an impor-
tant insight for practicing engineers to note that the vibra-
tions are damped out at a faster rate for rubber concrete and
fibre-reinforced RCSs when compared to their traditional high-
strength concrete counterparts due to their higher damping
ratio when compared to that of concrete and fibre-reinforced
concrete sleepers.

Figure 17 presents the variation in sleeper centre dis-
placements versus train velocities for different sleepers
used. It can be found that the relative tendency is the
opposite of that of rail seat displacements. The trend in
sleeper centre displacement can be associated with the
“w” shape of the critical mode shape of the sleepers [83].
This is a new finding to demonstrate that the third bending
mode will play a key role in the structural condition

of sleepers at the mid-span. The trend in sleeper displace-
ments indicates that a higher rail seat displacement is
associated with a comparatively lower sleeper centre
displacement. A minimum displacement at the sleeper
centre can be clearly noted for RCS. The sleeper centre
displacements are 2.5% lower, when RCS is used and
when compared to OCS. The sleeper centre displacements
of PFRS and SFRS are about 1% lower than that of OCS.
SFCSs have undergone the maximum displacement. When
SFCSs are utilized, an increase in sleeper centre displace-
ments can be vividly noticed when compared to OCS.

Figure 16: Representation of accelerations of railway sleepers at a train
velocity of 250 kmph.

Figure 17: Maximum dynamic sleeper centre displacements: (a) variation in
maximum sleeper centre displacements with train velocity and (b) percen-
tage variation in sleeper centre displacements with respect to OCSs.
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The maximum allowable displacement in a sleeper is lim-
ited to 5 mm [82]. In the case of sleepers presented in this
study, the maximum displacement undergone by the slee-
pers was 0.38mm. Hence, it can be safely ascertained
that all the sleepers evaluated have performed within the
permissible limits (the maximum displacement encountered
is lower than the maximum permissible displacement).

Figure 18 presents the variation in maximum sleeper
uplifts for different cases studied herein. It can be noticed
that the peak uplift of sleepers can be observed at a train
velocity of 200 kmph. The sleeper uplifts in the case
of RCS are minimum for lower train velocities up to
150 kmph. Above 150 kmph, the dynamic uplifts of RCS
slightly increase above the other sleepers. The peak
uplifts at 200 kmph are contributed by the resonance
of frequencies of vibrations, and can potentially cause
rapid ballast breakages, track geometry deterioration,
and different track settlements.

3.2.4 Ballast responses

One of the major functions of railway sleepers is to transfer
the load from the train wheels to the underlying ballast and
foundation. The effective stresses withstood by the ballast
indicate the intensity of dynamic load transferred to the
ballast by the sleepers. Our findings provide new evidence
to demonstrate that, under dynamic load conditions, the

deformation of ballast underneath the sleepers is not uni-
form across the length of the sleeper. In the case of the most
critical mode shape of sleepers (w-shape), the area of ballast
underneath the rail seats undergoes higher displacement
when compared to that below the sleeper centre.

Figure 19 shows the effective stresses under the rail
seats of the sleeper for the most critical mode shape of the
sleeper. Effective stresses in ballast are dependent on the

Figure 18: Maximum sleeper uplift.

Figure 19: Effective stresses in ballast: (a) effective stresses in ballast under
sleeper and (b) variation in effective stresses in ballast under sleeper.
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Figure 20: Variation in effective stresses in ballast at a train velocity of 250 kmph in ballasted railway tracks with (a) OCS, (b) RCS, (c) PFCS, (d) PFRS,
(e) SFCS, and (f) SFRS.
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deformations of the sleeper. It is noted that the displace-
ment at the rail seats is higher than that of the sleeper
centre. As a result, the effective stress of higher magnitude
can be noticed underneath the sleeper rail seats when
compared to the ballast under the sleeper centre. The effec-
tive stress in ballast is the highest for RCS below the rail
seats. The increase in effective stress in ballast under the
sleeper is higher by 5 and 2%, respectively, when RCS and
SFRS are tested on the tracks. About 1% decrease in effec-
tive stress in ballast under the sleeper can be noticed when
SFCSs are used. Figure 20 illustrates the contour of effective
stresses in ballast and presents the variation in stress con-
tours for identical locations when different types of slee-
pers are adopted. The reduction of effective stresses at the
sleeper centre can be observed when rubber concrete and
fibre-reinforced RCSs are used. In comparison with the OCS
and fibre-reinforced concrete sleepers, a significant reduc-
tion of stress intensities (change in contour intensity) is
apparent. The variation is profoundly visible under the
sleepers with critical mode shape which happens to be
directly under a wheelset.

The effective stress distribution along the cross-section
of the ballast is demonstrated in Figure 21. The w-shape

bending of sleepers is presented in Figure 21(a). The rail
seat and sleeper centre locations are marked as A and B,
respectively, and peak stresses are noted in successive fig-
ures. The effective stress is higher underneath the rail seat
locations of RCS and fibre-reinforced RCSs when compared
to OCS and fibre-reinforced concrete sleepers. The afore-
mentioned fact is highlighted by the lighter intensity of
effective stress contours under the rail seats of OCS and
fibre-reinforced concrete sleepers. It should also be men-
tioned that the intensity of stress contour under the sleeper
centre is lighter for RCS and fibre-reinforced RCSs. The
reason for the variation in stress contour can be explained
with the help of Figure 21(a). It exhibits the scaled displace-
ment of the sleepers placed over the ballast. The sleeper
centre undergoes a slight uplift when compared to the rail
seats owing to the peculiarity of the critical mode shape.
When the wheels are placed over the rail seats, the sleeper
centre experiences a hogging displacement pattern. How-
ever, from the perspective of overall displacement, the
entire sleeper experiences downward displacement owing
to the effect of the weight of the train. Hence, both the rail
seats and the sleeper centre are subjected to some degree
of effective stress. The hogging nature of displacement at

Figure 21: Effective stress distribution along ballast cross-section: (a) scaled image of deformation of sleeper and cross-section, (b) OCS, (c) RCS,
(d) PFCS, (e) PFRS, (f) SFCS, (g) SFRS.
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the sleeper centre helps to reduce the effective stresses.
RCS are subjected to maximum rail seat displacement
owing to the higher displacement for a given load. This
higher rail seat displacement contributes to a higher hog-
ging pattern at the sleeper centre. Hence, the effective
stress under the sleeper centre is relatively minimal for
RCS. Analogously, the minimum rail seat displacements
in SFCS lead to minimum effective stresses underneath
the rail seats of the sleeper and maximum effective stress
under the sleeper centre. The results presented in this sec-
tion will be limited to the track component properties
given in Tables 6 and 7. The desirable stresses in ballast
are limited to 0.3 N/mm2 [82]. In the present case, the max-
imum effective stress in ballast is found to be less than
0.08 N/mm2. It may also be noted that though the study
was carried out based on the CRH 2 EMU, the RCSs and
fibre-reinforced RCSs are suitable for trains with similar
and lower axle loads.

4 Conclusions

In order to mitigate the damage caused to sleepers due to
dynamic load, the study was carried out to enhance the
impact resistance of sleepers using fibre-reinforced rubber
concrete. The performance of ballasted tracks has been
assessed for the novel applications of steel and PF-rein-
forced and pre-treated crumb RCSs by utilizing strain
rate-dependent dynamic material properties. Engineering
properties of ordinary concrete, pre-treated crumb rubber
concrete, SF-reinforced concrete, SF-reinforced rubber con-
crete, PF-reinforced concrete, and PF-reinforced rubber con-
crete are demonstrated. A nonlinear numerical model for the
ballasted tracks considering strain rate-dependent dynamic
modulus of elasticity and yield stress of sleepers has been
developed and fully validated by both experimental and
numerical data. The sensitivity analyses have been rigorously
carried out by varying the type of railway sleepers. The new
insights derived from this study are drawn as follows:
• According to the modal analyses of railway sleepers
under free–free conditions, the natural frequencies of
railway sleepers will increase when SF is used. It can
significantly improve the bending strength and tough-
ness of the sleeper. However, adding rubber to a con-
crete sleeper tends to reduce the natural frequencies of
the sleeper resulting in lesser bending stiffness despite
having a lighter sleeper.

• The rail displacements increase with an increase in the train
velocity. Maximum rail displacements can be observed when
RCSs are adopted. The increase in rail displacement is 1.5%
higher when RCSs are used.

• The rail seat sleeper displacements and sleeper centre
displacement interestingly exhibit opposite trends. RCSs
yield maximum rail seat displacements and minimum
sleeper centre displacement. The magnitude of minimum
rail seat displacement and maximum sleeper centre dis-
placement is owned by SFCS. When RCS is used, a 5.5%
increase in rail seat displacements is found in compar-
ison with that obtained during the utilization of OCS. The
rail seat displacements of SFRS are 2.5% higher than that
of concrete sleepers. All the sleeper displacements are
lower than the allowable limit of 5 mm prescribed for
ballasted sleeper tracks.

• RCS, steel and PFRSs have lower amplitudes of accelera-
tion and relatively higher damping when compared to
their concrete counterparts. As a result, the increase in
dynamic displacements of rail and sleepers is main-
tained at a relatively low percentage of about 5%.

• The effective stress in ballast is about 5% higher when an
RCS is adopted compared to that of an OCS. Although the
effective stress in the ballast under the rail seats of slee-
pers is the maximum for RCS, all the critical stresses are
well within the desirable limits (0.3 N/mm2).

• It is important to note that the adoption of every kilo-
metre of RCS or fibre-reinforced RCSs helps the railway
industry to save 16 tonnes of mineral aggregate and
reduce up to 3.8 tonnes of crumb rubber, which is
derived from domestic and industrial wastes.

• Analysis of the carbon footprint of rubber concrete and
fibre-reinforced concrete sleepers reveals a reduction
in embodied carbon for RCS and PFRS by 17.80 and
16.82%, respectively. However, a 19% increase in the mag-
nitude of embodied carbon is observed for SFRS owing to
the higher carbon footprint generated in the use of SFs
compared to the carbon footprint of other constituent
materials.

The new findings in our study reveal that all the sleepers
considered, namely OCSs, pre-treated crumb RCSs, PFCSs,
PFRSs, SFCSs, and SFRSs, perform well within permissible
limits when considering the dynamic strain rate material
model. The breakthrough discoveries provide new evidence
and confidence about utilizing RCSs as well as steel and PFRSs
in modern ballasted railway tracks. The application of fibre-
reinforced rubber concrete will help the rail industry save
about 16 tonnes of fine aggregates and decarbonize up to 3.8
tonnes of crumb rubber, thus proving the solutions as an eco-
friendly and sustainable alternative to OCSs, thereby helping
to preserve precious natural materials and by reducing the
waste pile of worn-out tyre rubber. The RCSs and fibre-
reinforced RCSs will have to be tested on a trial track in the
field to assess their performance as part of future research.
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