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One of the main challenges in ballasted railway tracks is the vibration
induced in the track superstructure and the surrounding environment due
to train passage. These vibrations cause significant damage to both the
superstructure components and nearby structures. To address this problem,
injecting polyurethane into the ballasted superstructure has emerged as a
potential solution.

Polyurethane refers to a class of polymers containing urethane bonds,
which are formed through an addition reaction between an isocyanate
group and an active hydrogen compound, such as a hydroxyl group.
Because isocyanate groups are highly reactive, their reactions can progress
without requiring elevated temperatures. As a result, polyurethane can be
produced in various forms, including foams, films, elastomers, powders,
liquids, and emulsions.

This study investigates the effects of injecting an economical and readily
available polyurethane into ballasted tracks to reduce environmental
vibrations caused by rail vehicle passage, using numerical methods. First,
a ballasted railway track was modeled based on the finite element method
and validated against existing technical literature. Subsequently, three
models were developed: a standard ballasted railway track (without
polyurethane), a track with 50% polyurethane injection, and a track with
100% polyurethane injection. The effects of train-induced vibrations were
analyzed in terms of the time histories of displacement and vertical
acceleration at points surrounding the track.

The results indicate that with 50% polyurethane injection, displacement
and vertical acceleration are reduced by 61.87% and 98.6%, respectively,
compared to the standard ballasted superstructure. For 100% polyurethane
injection, the reductions are 62.15% and 76.93%, respectively.

1. Introduction

bed and adjacent structures. This problem is
particularly critical in station complexes, depots,
and sandy regions, where repeated loading can

The global demand for railway construction
has increased significantly due to its capacity to
transport large numbers of passengers with
greater safety compared to other transportation
systems. However, the passage of trains
generates considerable vibrations in the track
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severely damage sleepers, fastening systems,
nearby buildings, and sensitive equipment.
Moreover, ballast fouling and particle hardening
intensify  vibration transmission, thereby
increasing the risk of damage.
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Several studies have been conducted to
mitigate vertical acceleration in the railway bed.
For instance, Junyun Zhang et al. (2021)
investigated the effects of improving the railway
bed in sections K329 + 530 and K330 + 990
using rotary jet grouting piles, comparing their
accelerations with those of an unreinforced
section (K331 + 315). They reported that
reinforced beds at a depth of 4.5 meters showed
more than 60% surface-level acceleration
reduction, while unreinforced subgrades
achieved only 50-60% reduction [1]. Similarly,
Shan-zhen Li et al. (2021) concluded that
replacing ballasted tracks with non-ballasted
tracks decreases the range of railway bed
acceleration. They attributed the wide range of
high frequencies observed in ballasted tracks to
short-wavelength irregularities (0.01-0.5 m),
which do not significantly affect non-ballasted
tracks [2]. Buddhima Indraratna et al. (2019)
demonstrated that transient displacements are
reduced by 60% after stone blowing, along with
a reduction in vertical acceleration [3].

Jing, Guoging et al. (2018) found that
injecting polyurethane into the ballast of
transition zones at varying depths and widths
improves the vibration characteristics of
reinforced ballasted tracks compared to slab
tracks, particularly at low frequencies. Their
study reported a 16.4 dB reduction in
acceleration around 50 Hz [4]. Morteza Esmaili
et al. (2014) showed that 62.7% ballast fouling
increases maximum transmitted environmental
acceleration by approximately 43% [5]. In a
related study (2014), they concluded that a V-
shaped trench is more effective than a
rectangular trench in reducing induced
vibrations based on finite element analyses.
Considering train speeds of 80 and 120 km/h and
optimizing for both minimum trench area and
minimum particle acceleration amplitude, the
optimal trench dimensions were determined to
bew=25mandd=5.25m[6].

Other  researchers have investigated
polyurethane reinforcement as a promising
solution. Woodward et al. (2012) applied
polyurethane geocomposites to maintain track
geometry in high-speed ballasted railways [7],
while Woodward et al. (2014) examined
stiffness  modification via  polyurethane
reinforcement [8]. Medero et al. (2013) reported
that three-dimensional polyurethane
reinforcement significantly reduces settlement

[9], and Xiong et al. (2021) evaluated field
dynamic performance, demonstrating
improvements in vibration control [10].
Collectively, these studies highlight both the
benefits and limitations of polyurethane
treatment in ballasted tracks.

In this study, polyurethane injection is
adopted to reduce the vertical acceleration of the
railway bed. Polyurethane is a polymer widely
applied in reinforcing ballast in areas such as
transition zones, arches, bridges, tunnels,
stations, and crossings [11]. A notable advantage
of polyurethane is the integrated structure it
forms in ballasted tracks, which prevents sand
infiltration, ballast fouling, and hardening.
Commonly used polyurethane materials for
railway reinforcement include RPF (Bayer
Material Science), Elastotrack® (BASF), and
XiTRACK™ (Dow) [12-14].

The primary purpose of polyurethane
injection is to stabilize the ballast skeleton and
limit excessive settlement under repeated train
loading. Although ballasted tracks inherently
exhibit higher damping capacity than slab tracks,
this capacity diminishes when ballast particles
become fouled, loosened, or degraded. In such
cases, polyurethane infiltration binds the
particles, prevents excessive deformation, and
preserves track geometry. Consequently,
polyurethane reinforcement not only ensures
long-term ballast stability and settlement control
but also modifies vibration transmission—an
aspect that forms the focus of the present
research.

Despite prior advances, most previous studies
have concentrated either on settlement reduction
or on vibration control without systematically
relating the degree  of  polyurethane
reinforcement to dynamic responses. The
present study addresses this gap by developing
and validating a finite element model of a
ballasted track to compare three cases: untreated
ballast, 50% polyurethane infiltration, and 100%
infiltration. Specifically, a cost-effective truck
air-filter polyurethane—widely used as raw
material in heavy-vehicle filters—was selected
to assess its potential as an economical
alternative for railway track reinforcement. The
results provide insights into the mechanisms and
practical implications of partial versus full
reinforcement.
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2. Numerical analysis of train induced
environmental vibrations

In this section, the vibrations emitted from
railway tracks due to train passage are
investigated using the finite element method. As
illustrated in Fig. 1, the railway track was
modeled under plane strain conditions in
ABAQUS finite element software. The study
examines the environmental vibrations
generated by train passage on the ballasted

railway superstructure, both with and without
polyurethane reinforcement.

The subsequent subsections provide detailed
explanations of the railway model specifications,
including the geometry of the numerical model,
boundary conditions, material properties of the
ballasted superstructure, and the applied loading
pattern. It should be noted that the numerical
model adopted in this research is based on the
framework developed by Esmaili et al. [5].
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Figure 1. Ballasted railway track model simulated by finite element method

2.1. Geometry of the numerical model and its
boundary conditions

To ensure that the numerical model reflects
real conditions, appropriate boundary conditions
were defined. The outer domain of the model
was bounded with springs and dampers to
simulate the far field. As shown in Fig. 1, the
model consisted of three main parts:

e Track superstructure, including
sleepers and ballast / polyurethane-
reinforced ballast,

e Track substructure, comprising
compacted soil and natural ground
(near field),

e Surrounding natural ground,

represented by springs and dampers
(far field).

All  components were discretized in
ABAQUS using CPE4R plane-strain elements
(4-node Dbilinear elements with reduced
integration). A graded mesh was employed, with
finer elements (0.05-0.10 m) in the ballast and
sleeper zones, gradually coarsening toward the
far field. Mesh-independence was verified by

halving the element size in critical regions,
resulting in less than 2% variation in peak
responses.

To prevent spurious wave reflections, viscous
non-reflecting boundaries (Lysmer—Kuhlemeyer
dashpots) were applied along the lateral and
bottom edges. The dashpot coefficients were
calculated from material density and wave
velocities. These boundaries realistically
simulate radiation damping by absorbing
outgoing waves and minimizing artificial
reflections in the far field.

The interfaces between different materials
were modeled using the Tie option in ABAQUS,
ensuring full bonding in regions where
polyurethane infiltration created an integrated
skeleton. Throughout the analysis, energy
balance and hourglass control were monitored to
ensure numerical stability.

2.2. Specifications of materials
2.2.1. Ballast

In this study, andesine ballast sourced from the
Shahriar Mine was used, with its aggregates

International Journal of Railway Research (IJRARE) 3
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graded according to Group 1 of Code 301 (Fig.

2) [15].
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Figure 2. Ballast gradation curve of group 1

Table 1. UCS tests results of ballast mother rock

Table 1 presents the results of unconfined
compressive  strength (UCS) tests [16],
conducted in accordance with ASTM D3148
[17]. Table 2 summarizes the physical properties
of the parent rock from the Shahriar Mine, based
on the corresponding experimental results [18—
22].

Average dimensions of samples The results of the Elastic modulus and the
Uniaxial Poisson ratio of ballast
compression test of samples
the ballast samples
Ballast Relevant Diameter Height Diameter/height Relevant Uniaxial Relevant Young Poisson
type standard (m) (m) standard resistance standard modulus ratio
(MPa) (MPa)
Shahriar ~ ASTM 0.066 0.145 2.17 ASTM 15895 ASTM 0.03 0.20
D4543 D2938 D3148
Table 2. Mechanical properties of ballast aggregates
Test name Relevant standard Standard results of the test
limits
Test Method for Materials Finer  ASTM C117 < 1% 0.34%
than 75-um (No. 200)
Test Method for Clay Lumps ASTM C142 < 0.5% 0.17%
and  Friable Particles in
Adggregates
Test Method for Resistance to  ASTM C535 < 30% 27%
Degradation  of  Large-Size
Coarse Aggregate by Abrasion
and Impact in the Los Angeles
apparatus
Test Method for Relative ASTM C127 > 2.6% 2.83%
Density (Specific Gravity)
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Test Method for Absorption of ASTM C127 <1% 0.78%
Coarse Aggregate

Test Method for Bulk Density ASTM C29 (kg / m) 1570

2.2.2. Polyurethane two components: a polyol (K-FLEX 5534) and

The polyurethane employed in this study an isocyanate (Kabonate-420K) (Table 3).

was a truck air-filter grade material composed of

Table 3. specifications of truck air filter Polyurethane [14]

Polyol Name K-FLEX 5534

Isocyanate Name Kabonate-420K

Polyol density (kg /m3) 1012.4
Isocyanate density (kg /m3) 1176
Tank temperature (°C) 20-35
Cream time (S) 20-35

Free rise density (kg /m3) 400000-420000

2.2.3. Specification  of
components

superstructure

In this study, three types of super structure were
modeled: untreated ballast, ballast with 50%
polyurethane reinforcement, and ballast with
100% reinforcement. The specifications of these
cases are summarized in Table 4. The 50%
reinforcement case was designed to represent
partial infiltration—primarily around the sleeper
cribs and shoulders—which is both practical and
cost-effective while still allowing standard
maintenance operations such as tamping. The
100% reinforcement case represents full-depth
treatment, serving as an upper-bound condition
that provides maximum stiffness but involves
higher costs and reduced maintainability.

The ballast and polyurethane-reinforced ballast
were modeled using the Mohr—Coulomb
plasticity model, which is widely applied to
granular and composite geomaterials. Key
parameters, including cohesion, friction angle,
and elastic modulus, were taken from Table 4.
These composite properties were adopted from
the experimental study by Ghahremani et al.

(2022) [14], ensuring consistency with published
laboratory results on polyurethane-stabilized
ballast.

In this modeling framework, material damping
was not defined through explicit viscous
coefficients. Instead, the main energy dissipation
mechanisms  were represented by two
components:

(1) Plastic deformation energy (plastic work)
within the Mohr—Coulomb constitutive model,
which simulates the inherent damping of
granular materials; and

(2) Radiation damping, accounted for through
Lysmer—Kuhlemeyer non-reflecting boundaries
that absorb outgoing waves and prevent artificial
reflections at the model edges.

This combined approach effectively reproduces
the physical energy loss mechanisms in ballasted
and polyurethane-reinforced track systems,
while avoiding the introduction of arbitrary
damping ratios. It also allows the specific
influence of the reinforcement percentage on the
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dynamic response to be isolated and examined
objectively.

Steel and concrete components—including rails,
sleepers, and the base slab—were modeled as
linear elastic materials, reflecting their
comparatively high stiffness relative to ballast.

Where polyurethane infiltration created a
bonded skeleton within the ballast, inter-particle
and inter-layer interfaces were modeled using
Tie constraints to simulate full bonding. Other
contacts within the composite zones were also
tied at the continuum scale to represent effective
composite behavior.

Table 4. General Characteristics of different superstructure layer types

Density  Elastic Poisson's Internal friction Coefficient of Dilation
modulus  ratio angle adhesion (MPa angle
ka/m) 9 (MPa) 9
(MPa) (Degree) (Degree)
Ballast [14] Yov. eV 0.2 41.97 ¢ V1,68
7.2 «polyurethane 1658 e f) Yo £Y,4v CARR Agre
7Y+« polyurethane[" ¥] 1747 00 0.5 45.97 AR °o,v4
2.3. Loading pattern response.

In this model, the dynamic load from the train
was applied at the rail level in the form of a
moving step load. The loading pattern
corresponds to the passage of a freight train
traveling at 60 km/h with a bogie axle spacing of
9 m (Fig. 3) [23-25]. Each wheel load was
represented by a force of 93 kN, applied
sequentially according to the train speed and axle
configuration. The loading history was
simulated over a total duration of 2.0 s with a
time increment of 0.002 s, ensuring sufficient

resolution to accurately capture the vibration

Times (s)

Figure 3. Step loading pattern [25]

3. Validation of the model

For validation of the ballasted railway track
model, the study by Esmaili et al. (2012) was
adopted as a reference [5]. The maximum
displacements of the two models were
compared. The present model yielded a
maximum settlement of 0.000427 m, while the
reference model reported 0.000413 m (Fig. 4),
corresponding to a difference of only 3.4%. This
close agreement confirms the accuracy of the
numerical model.

Beyond peak values, the displacement
response pattern obtained in this study was

6 International Journal of Railway Research (IJRARE)



Ghahremani et al.

consistent with the trend reported by Esmaili et
al. (2012), further supporting the reliability of
the model. Since the primary focus of this
research is vibration analysis, the vertical
acceleration response of untreated ballast (6.7
m/s?) was also evaluated against the range
reported in the literature, showing good
agreement.

In addition to the above, the displacement and
acceleration time histories obtained from the
present model were extracted and compared with
those reported by Esmaili et al. (2014). As
shown in Figures ¢ and 1, the overall response
patterns in both studies are consistent: the
increase in track stiffness due to ballast fouling
results in a reduction in displacement and an
increase in acceleration. Although some
differences in amplitude were observed, the
temporal variations of the responses are in good
agreement, demonstrating that the developed
numerical model is reliable not only in terms of
peak values but also in reproducing the dynamic
behavior and vibration time-history patterns of
the ballasted track system.

On the basis of this validation, the
polyurethane-reinforced ballast  simulations
presented in the following sections are
considered credible and representative.
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Figure 4. Comparison of the maximum
displacement of the present research model and
Esmaeili et al. (2012)
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Figure ©. Comparison of displacement time

histories between the present model and the results
reported by Esmaili et al. (2014).

Figure 1. Comparison of acceleration time histories
between the present model and the results reported by
Esmaili et al. (2014).

4. Investigating the effects of ballasted
superstructure  with and  without
polyurethane on environmental
vibrations caused by train passage

This section presents and interprets the
numerical results, focusing on displacement and
vertical acceleration in twelve different cases.
The responses were evaluated at points A, B, C,
and D, located at horizontal distances of 0, 3, 6,
9, and 12 meters, as well as at four elevation
levels of 0, 3, 6, and 9 meters (Fig. 1).

41. The results of the environmental
vibrations around the railway track due to
polyurethane injection into the ballast

The numerical modeling results at the specified
intervals are shown in Figs. Y and A. Overall, the
analyses indicate that polyurethane injection
reduces  both  environmental  vibration
displacement and vertical acceleration compared
with  untreated ballast. As  expected,
displacement and acceleration decrease with
increasing distance from the vibration source.

As shown in Fig. V, the lowest displacement was
observed in the case with 50% polyurethane
reinforcement. For example, at level 0 in case A,
displacement was reduced by 61.8% compared
with untreated ballast. This difference became
more pronounced at greater distances from the
vibration source. In general, displacement
decreased with elevation, although the reduction
was less significant in the vertical direction than
along the longitudinal axis.

Similarly, Fig. A shows that the 50%
polyurethane case produced the lowest vertical
acceleration. At point A, the maximum

International Journal of Railway Research (IJRARE) 7
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acceleration of untreated ballast was 5.62 m/s?,
whereas the 50% polyurethane sample recorded
only 0.08 m/s?, corresponding to a 98.6%
reduction.

Key findings from the displacement and
acceleration ratios (point A to point D) are
summarized below:

e Level 1: Displacement ratios were 14.38
(ballast), 1.00 (50% PU), and 72.23
(100% PU). Acceleration ratios were
12.30, 158.78, and 11.49, respectively.

e Level 2: Displacement ratios were 9.61,
104.24, and 42.55, while acceleration
ratios were 7.95, 102.36, and 10.53,
respectively.

e Level 3: Displacement ratios were
13.95, 490.53, and 95.85, while
acceleration ratios were 4.92, 490.11,
and 5.76, respectively.

e Level 4: Both displacement and
acceleration reductions were significant
across reinforced cases.

These  results demonstrate  that 50%
polyurethane reinforcement consistently
outperforms the 100% case. This outcome can be
explained by the material behavior: partial
polyurethane infiltration enhances stiffness and
damping by creating a spring-like composite
structure. However, when all voids between
ballast particles are filled (100% case), stiffness
increases excessively while damping efficiency
decreases, reducing overall vibration mitigation.

It is also important to note that the apparent lack
of damping in untreated ballast (Figs. Y-A) does
not indicate numerical instability but rather
reflects the inherently low energy dissipation of
granular ballast. In contrast, polyurethane-
reinforced ballast exhibited clearly damped
responses. Numerical stability was further
confirmed through mesh-independence checks,
energy  balance  monitoring, and the
implementation of non-reflecting boundary
conditions.
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4.2 Mathematical relationship between
polyurethane percentage with displacement
and maximum acceleration

Fig. 2 illustrates the variation of maximum
displacement and acceleration with different
percentages of polyurethane infiltration. The
results clearly show that 50% reinforcement
provides the optimum performance. At this
level, wvertical displacement decreases to
0.000322 m (a reduction of about 62% compared
with untreated ballast), while acceleration is
minimized to 0.088 m/s? (a 98.6% reduction).

When infiltration is increased to 100%, the
displacement remains nearly the same as in the
50% case; however, the acceleration rises to
0.226 m/s2. This behavior can be explained by
the interaction between stiffness and damping:
partial reinforcement strengthens the ballast
skeleton while still permitting controlled micro-
sliding at particle contacts, which enhances
energy dissipation. By contrast, full-depth
reinforcement makes the ballast excessively
stiff, reducing damping efficiency and thereby
increasing accelerations.

The following regression equations were
derived to mathematically describe these
relationships (with R? = 0.99 in both cases,
confirming their reliability for engineering
applications and forecasting):

° The relationship between the vertical
displacement and the percentage of
polyurethane

Y =2x10"7X2 -3 x107°X + 0.0009
()

. The relationship between the vertical
acceleration and the percentage of
polyurethane

Z =13 x107*X% — 19.89 x 102X + 6.7074
(v)

where Y is the maximum vertical
displacement (m), Z is the maximum vertical
acceleration (m/s?), and X is the percentage of
polyurethane.

This non-monotonic trend is consistent with
the physical mechanism and earlier observations
in  Figs. Y-A, highlighting that partial
reinforcement (50%) is more effective than full
reinforcement (100%) in mitigating train-

induced vibrations. The findings confirm that an
optimum reinforcement level exists between
untreated and fully reinforced ballast.
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Figure 4. The relationship between polyurethane
percentage with (a) maximum displacement and (b)

acceleration

5. Conclusions

The passage of trains on ballasted
superstructures generates high levels of vibration
that affect both the track bed and adjacent
structures, leading to damage in the railway
superstructure and nearby buildings. This
research investigated the effects of polyurethane
injection into the ballasted superstructure as a
method for reducing train-induced
environmental vibrations. Polyurethane, a
polymer with excellent bonding and stabilizing
properties, integrates the ballast structure,
prevents fouling and track hardening, and
thereby limits vibration amplification.

The key findings of this study can be
summarized as follows:

e The minimum vertical displacement
(2.65 x 10° m) was observed in the
sample containing 50% polyurethane.
At level 0, point A, displacement
decreased by 61.8% compared with
untreated ballast.
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e The minimum vertical acceleration
(0.08 m/s?) also corresponded to the
50% polyurethane case, representing a
98.6% reduction relative to untreated
ballast.

e Numerical results indicate that
displacement and acceleration decrease
with polyurethane reinforcement up to
an optimum percentage, after which
values begin to increase again.

o Inall evaluated cases, 50% polyurethane
reinforcement consistently yielded the
best results for vibration reduction.

e Regression analysis confirmed that
displacement and acceleration trends
can be represented by quadratic
equations with very high accuracy (R*~=
0.99).

e While this study focused on 50% and
100% infiltration as representative cases
of partial and full treatment, the results
suggest that intermediate levels of
reinforcement (e.g., 25-40%) may also
provide significant benefits at lower
cost. Future studies should validate
these cases under field conditions.

From a practical perspective, 50%
polyurethane reinforcement emerges as the most
effective and feasible solution for railway
applications. It delivers substantial vibration
reduction while remaining cost-effective and
compatible with maintenance operations such as
tamping, making it particularly suitable for
transition zones, stations, and other sensitive
locations. Conversely, 100% reinforcement
should be reserved for critical sections with
severe settlement or very weak subgrades, as it
provides maximum stiffness but at the expense
of higher costs and reduced maintainability.
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