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Abstract

Noise pollution from railway traffic, primarily caused by rolling noise resulting from the vibrations of the

track and wheels, is a major public health concern. While traditional acoustic barriers are effective, they are

often visually intrusive, particularly in urban settings. This has led to growing interest in more integrated

solutions, such as low, close barriers, which require accurate noise prediction tools. This paper presents

a two-and-a-half-dimensional BEM for predicting and mitigating railway noise. The method uses Bézier-

Bernstein space to accurately model complex geometries, enhancing noise prediction across different rail

profiles. Several rail configurations are compared to evaluate their impact on noise emissions and to support

the design of more effective and adaptable barrier solutions. The method is then applied to evaluate the

performance of a specific low-height barrier configuration, considering the presence of the vehicle to assess

its impact on noise reduction. Numerical predictions are validated through comparison with experimental

data and other numerical approaches. Results highlight the importance of accurate source modelling for

barrier design and demonstrate the potential of the proposed method as a flexible tool for developing noise

mitigation solutions that utilise the barrier’s geometry to improve acoustic performance and support visual

integration in urban environments.
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1. Introduction

Environmental noise is an important issue that can have a profound impact on the health of citizens.

Noise pollution is therefore controlled through regulations and guidelines that utilise engineering tools and

urban planning [1]. In railway traffic, various factors remain a concern and continue to be the subject

of ongoing research. For example, He et al. [2] numerically investigated the aerodynamic noise from a

high-speed train bogie, identifying the shear layer detached from the upstream components as a critical

contributor to noise generation, particularly at lower frequencies. Castellini et al. [3] studied squeal noise

in tramway sharp curves, showing that additional flange back contact can alter excitation conditions and

promote mode coupling. Torstensson et al. [4] analysed impact noise at railway crossings using a hybrid

model, showing that reducing the effective dip angle can significantly lower wheel-rail impact loads and

radiated noise.

However, the primary contributor to environmental noise pollution from railways is rolling noise [5].

This noise is generated by the vibrations of the track and wheels, which are excited by surface irregularities.

Numerous authors have studied this phenomenon. Thompson et al.[6] developed the TWINS model under the

ERRI C163 committee to predict wheel/rail rolling noise, integrating theoretical approaches and validating

it through full-scale tests using measured surface roughness and pass-by acoustic data. In a subsequent

study, Thompson et al. [7] investigated three distinct methodologies to separate the noise contributions

originating from the train wheels and the track during a pass-by event. While both components—wheel and

rail—radiate noise, the rail often dominates at lower speeds, which are typical when trains traverse urban

areas. In such settings, where dense populations are most affected, noise mitigation becomes a priority.

Underground railways are often the preferred solution to reduce both acoustic and environmental disruptions.

However, when subterranean construction is not feasible, alternative measures must be implemented. While

traditional acoustic barriers are effective at reducing noise, they are expensive and often introduce visual

intrusions disrupting the urban landscape. This requires innovative strategies, such as low-height acoustic

barriers [5], which aim not only to mitigate noise effectively but also to integrate railway lines into the

urban environment harmoniously. The effectiveness of acoustic barriers depends on factors such as their

location, height, length, acoustic absorption, noise source, and soil surface properties. Several methodologies

to determine the properties of acoustic barriers have been standardised [8–14], and their design has been the

subject of extensive research over the years [15]. In 1969, Rathe [16] presented measured barrier attenuation

near the tracks of a railway line. Later, Kurze and Anderson [17] compared these results with those obtained

by diffraction theory. Makarewicz et al. [18] proposed expressions for the sound pressure level and sound

exposure level of a passing train assuming that geometrical spreading was the major factor influencing the

propagation of the noise.

Recently, Micheli and Farné [19] proposed an advanced approach to support decision making in noise
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reduction intervention by evaluating the minimum cost. A case study was performed in a rail noise-affected

urban cluster, examining parameters such as the size of the buildings, the level of railway traffic, the cost of

the acoustic barriers, etc. The study concluded that acoustic barriers were the most cost-effective measure

compared to insulated windows. In contrast, Oertli [20] asserts that railway noise control is most cost

effective when addressing noise at the source through technical improvements such as low noise brakes and

wheel maintenance, rather than relying on passive measures like barriers or facade insulation. Redondo

et al. [21] compared sound insulation and noise barrier insertion loss with the perception of annoyance

reduction using surveys of people of two different nationalities. Lee et al. [22] presented measurements of

several housing estates to investigate the effect of noise barriers on the mitigation of train noise. Fiorini [23]

assessed the sound levels generated by the railway infrastructure and proposed measures to mitigate noise

pollution.

The design of the barrier is usually analysed by numerical models. Tadeu and collaborators [24] have

studied the problem in depth using the boundary element method (BEM), the hypersingular formulation

of the BEM, and a coupling approach, both using the so-called dual methodology. A key step in reducing

computational cost in three-dimensional sound propagation simulations around noise barriers involves trans-

forming the 3D problem into a series of two-dimensional problems solved for real and imaginary frequencies

using a boundary element mesh. This approach was originally proposed by Duhamel et al. [25] and has

since been adopted and further developed by other researchers under the name two-and-a-half-dimensional

(2.5D) methodology. For instance, Godinho et al. [26] applied this 2.5D BEM approach to evaluate acoustic

scattering by an infinitely long rigid non-absorbing barrier near tall buildings, analysing sound pressure re-

duction and shadow zone effects. Tadeu et al. [24] computed the sound pressure attenuation caused by thin

rigid screens installed on tall building walls to shield them from direct sound incidence by nearby sources,

simulating wave propagation around screens of various sizes and geometries. António et al. [27] modeled 3D

wave propagation around two-dimensional rigid acoustic screens, with minimal thickness, placed in a fluid

layer. Later, Tadeu et al. [28] used a dual BEM formulation to model the propagation of sound generated

by fixed and moving point loads in 2.5D configurations, in the presence of very thin elements with partially

absorbing surfaces. The model was verified against closed-form solutions. António et al. [29] simulated the

propagation of sound generated by point pressure sources in the vicinity of double 3D barriers, placed so as

to create an indoor acoustic space. The authors analysed different barrier shape geometries and their relative

positions with respect to a lateral wall to evaluate the performance of double 3D rigid barriers creating an

acoustic space.

More researchers have dedicated their efforts to understanding the behaviour of acoustic barriers. Bordón

et al. [30] developed a 2D BEM-finite element method (FEM) model to analyse sound barriers. Later,

Toledo et al. [31] presented a procedure for optimizing the discrete shape of barrier top devices featuring

thick and very thin bodies conceived as null-thickness types, using dual BEM. In References [32, 33], they
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studied the improvement in acoustic barrier efficiency by optimizing the designs of top-edge devices in

terms of screening performance. Li et al. [34] presented a scale modelling method to measure the acoustic

performance of a nearly enclosed barrier and the corresponding predictions using a 2.5D BEM. The measured

results and the numerical calculations were in good agreement and they concluded that the 2.5D BEM

formulation can provide a reliable description of the acoustic performance of a nearly-enclosed barrier. Li

et al. [35] introduced statistical energy analysis (SEA) to predict the insertion loss of vertical noise barrier

on railway bridges, evaluating the barrier performance for different heights, structural styles, and material

composition. Lázaro et al. [36] studied a low-height acoustic barrier for use close to the noise source in a

railway environment through numerical modelling with the BEM.

Many models have been developed to simulate sound propagation around railway infrastructure, often

relying on coupled FEM-BEM formulations that require meshing the entire track domain. This increases

computational cost and complexity, especially for high-frequency analyses. Additionally, these models often

fail to represent Computer Aided Design (CAD) geometries accurately and rely on standard numerical

integration and low element orders. The integration of isogeometric analysis (IGA) with BEM has been

investigated in several works, motivated by the need for more accurate and efficient acoustic simulations.

Peake et al. [37] proposed an extended IGA-BEM (XIBEM) for two-dimensional Helmholtz problems,

combining partition-of-unity enrichment with Non-Uniform Rational B-Splines (NURBS)-based geometry

representation to achieve highly accurate solutions with fewer degrees of freedom. Simpson et al. [38]

employed a T-spline based IGA-BEM to integrate CAD design directly with boundary element analysis,

demonstrating superior accuracy in low-frequency acoustic problems. Liu et al. [39] introduced a fast

multipole IGA-BEM for two-dimensional acoustics and a sensitivity-based shape optimization of sound

barriers, highlighting efficient geometry control and computational performance. Jiang et al. [40] presented

a combined shape and topology optimization method for sound barriers using IGA-BEM, employing control

points for geometry and artificial densities for sound-absorbing material distribution. The present work

proposes a 2.5D Boundary Element Method formulated in the Bézier-Bernstein space, which enables exact

CAD-level geometry representation, and applies the QUEEN [41] quadrature rule for the integration. The

method supports arbitrary high-order elements, improving both accuracy and computational efficiency in

high-frequency noise prediction.

This paper presents a boundary element method formulation to evaluate the noise generated by different

track systems. The versatility of the numerical model enables the analysis of barriers with different shapes,

thereby maximising the noise mitigation. Defining the geometry of the barrier, however, first requires an

accurate evaluation of the noise generated by the specific track system in each case. The model also enables

the analysis of complex geometries in track system components, such as rails and other structural elements,

providing a complete understanding of the system’s acoustic behaviour.

The paper is organised as follows. First, the numerical model is briefly described. Next, the model
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is validated through an experimental test conducted at the University of Southampton [42], followed by a

comparison with results from another numerical model developed by Knuth et al. [43]. These validations

provide a robust foundation for analysing several cases of different track systems subjected to a vertical point

load, comparing their responses in terms of point and transfer mobility and sound power. Following this,

different geometries of acoustic barriers are introduced to assess their effectiveness in mitigating noise, with

a comparison of the results before and after their implementation. Finally, the presence of a railway vehicle

is incorporated into the analysis, examining its impact on noise dispersion and mitigation, and evaluating

how its inclusion influences the overall acoustic performance.

2. Numerical formulation

A domain Ω, which includes the track system and the air medium, is divided into separate subdomains,

as shown in the example in Figure 1. These subdomains comprise the solid regions, consisting of the rail

(Ωs1) and the rail pad (Ωs2), as well as the air medium (Ωf ). The number of solid subdomains is not

limited, allowing the inclusion of as many components as necessary to represent a specific track system

accurately. Additionally, acoustic barriers can be incorporated into the model at any desired location, as

well as the boundary of the railway vehicle, to assess their influence on noise radiation. All subdomains are

modelled using the Boundary Element Method. Assuming the problem is invariant along the z-direction,

the solution is calculated in the frequency-wavenumber ω − κz domain using a two-and-a-half-dimensional

(2.5D) approach [44]:

a(x, ω) =

∫ +∞

−∞
ã(x̃, κz, ω)e

−ικzz dκz (1)

where ã(x̃, κz, ω) is the frequency-wavenumber representation of a variable of interest (e.g., displacement or

sound pressure), ω is the angular frequency, assuming time dependence of the form exp(ιωt), x = x(x, y, z)

and x̃ = x(x, y, 0). The Greek letter ι denotes the unit imaginary number.

The solution of the coupled air-track system is obtained by imposing appropriate conditions at the solid-

solid and solid-fluid interfaces. Equilibrium of forces and compatibility of displacements must be achieved

at solid interfaces; and the equilibrium of normal pressure, with null shear stress, and continuity of normal

displacement are imposed at the solid-fluid interface Γsf . Each subdomain is directly coupled, and the

equations are assembled into a global system.

2.1. Boundary element formulation in elastodynamics

Solids in track systems such as rail and rail pad are represented using the BEM formulation in elasto-

dynamics. The integral representation of the displacement ũi for a point i, with zero body forces and zero

initial conditions, may be written as [45]:

ci(x̃i)ũi(x̃i, κz, ω) =

∫
Γs

(
t̃(x̃, κz, ω)G̃(x̃, κz, ω; x̃i)− ũ(x̃, κz, ω)H̃(x̃, κz, ω; x̃i)

)
dΓ(x̃) (2)
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Figure 1: Boundary subdomains definition: rail (Ωs1 ), rail pad (Ωs2 ) and air medium (Ωf ).

where ũ(x̃, κz, ω) and t̃(x̃, κz, ω) are displacement and traction, respectively. G̃(x̃, κz, ω; x̃i) and H̃(x̃, κz, ω; x̃i)

are the full-space fundamental solution for displacement and traction at the point x̃ due to a point source

acting at the collocation point x̃i. The integral-free term ci(x̃i) depends only on the boundary geometry at

the collocation point x̃i.

The two-and-a-half-dimensional Green’s function is obtained using the potentials Ãp and Ãs for the

irrotational and equivoluminal parts of the displacement vector, respectively [46]:

Ãp =
ι

4ρω2

[
H

(2)
0 (καr)−H

(2)
0 (−ικzr)

]
(3)

Ãs =
ι

4ρω2

[
H

(2)
0 (κβr)−H

(2)
0 (−ικzr)

]
(4)

where κα =
√
κ2
p − κ2

z and κβ =
√
κ2
s − κ2

z, and κp and κs represent the wavenumbers for dilatational and

shear waves, respectively. H
(2)
0 is the Hankel function of the second kind and r =

√
x2 + y2. Thus, the

displacement G̃kl(x̃, κz, ω; x̃i) in the k direction at x̃ due to a point load acting in the l direction at x̃i is

obtained from:

G̃kl(x̃, κz, ω; x̃i) =
∂2(Ãp − Ãs)

∂xk∂xl
+ δkl∇̃2Ãs (5)

2.2. Boundary element formulation in fluid-acoustics

The integral representation of the sound pressure in the frequency-wavenumber domain for a point x̃i

located at the boundary Γsf can be written as [44]:

ci(x̃i)p̃i(x̃i, κz, ω) = −
∫
Γsf

(
ιρωṽ(x̃, κz, ω)Ψ̃(x̃, κz, ω; x̃i) + p̃(x̃, κz, ω)

∂Ψ̃(x̃, κz, ω; x̃i)

∂n

)
dΓ(x̃) (6)

where p̃(x̃, κz, ω) and ṽ(x̃, κz, ω) are the sound pressure and the particle normal velocity at the boundary

Γsf , respectively. Ψ̃(x̃, κz, ω; x̃i) represents the velocity potential at point x̃ due to a point source located

at x̃i:
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Ψ̃(x̃, κz, ω; x̃i) = − ι

4
H

(2)
0 (κfr) (7)

where κf =
√

(ω/cf )2 − κ2
z is the fluid wavenumber, cf is the sound propagation speed, and H

(2)
0 is the

Hankel function of the second kind.

2.3. Geometry and element approximation

The BEM formulations presented in the previous sections are implemented in the Bézier-Bernstein space

[44]. The Bézier-Bernstein formulation of the BEM enables a geometry-independent field approximation.

The proposed method is geometrically exact, based on Computer Aided Design (CAD), but field variables

are independently approximated from the geometry. We use the Bézier-Bernstein form of a polynomial

as an approximation basis to represent both geometry and field variables. The application of Bernstein

polynomials for the representation of a Bézier curve rn(t) is:

rn(t) =

n∑
k=0

bkB
n
k (t) (8)

where bk are the control points used to approximate the geometry and n is the curve degree. An efficient

curve computation is achieved using the polar form (or blossom) of a Bézier curve rn(t), which defines a

multiaffine transformation satisfying:

bk = R(0, . . . , 0︸ ︷︷ ︸
n−k

, 1, . . . , 1︸ ︷︷ ︸
k

) (9)

where R(t1, . . . , tn) is computed as:

R(t1, . . . , tn) =
∑

I∩J=∅
I∪J={1,2,...,n}

∏
i∈I

(1− ti)
∏
j∈J

tjb|J| (10)

Thus, a Bernstein polynomial can be formulated in polar form substituting Equation (9) into Equation (8)

as follows:

rn(t) =

n∑
k=0

R(0, . . . , 0︸ ︷︷ ︸
n−k

, 1, . . . , 1︸ ︷︷ ︸
k

)Bn
k (t) = R(t, . . . , t) (11)

The Bézier-Bernstein space is used to describe the exact element geometry as Γj(x) = rjn(t). Hence, the

element integrals can be written on the univariate basis t ∈ [0, 1] as [44]:∫
Γj

f(x̃, κz, ω; x̃i) dΓ =

∫ 1

0

f(x̃(t), κz, ω; x̃i)

∣∣∣∣drjn(t)dt

∣∣∣∣ dt (12)

where f(x̃, κz, ω; x̃i) represents the integration kernel.

The BEM formulation in the Bézier-Bernstein space employs the Lagrange interpolant relative to the

Bernstein basis for the field variable approximation. The field approximation given by the shape function
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interpolates (n+ 1) nodal values through the element shape functions ϕi of order n, for i = 0, . . . , n. Then,

the field approximation becomes:

a(t) =

p∑
i=0

ϕi(t)ai =

p∑
i=0

{
n∑

k=0

cikB
n
k (t)

}
ai =

p∑
i=0

Ri(t, . . . , t)ai, (13)

where the evaluation of the element shape function ϕi(t) also benefits from the computational advantages

of using the polar form Ri(t1, . . . , tp) according to Equation (10).

Once the geometry and the field approximation given by Equations (11) and (13) are introduced into

the boundary integral equation of each subdomain, the integrals can be computed using a standard Gauss-

Legendre quadrature with (p + 1) integration points whenever the collocation point is sufficiently distant

from the integration element. Otherwise, the solution of singular or weakly singular integrals is numerically

computed using the quadrature rule proposed in References [41].

Then, Equations (2) and (6) are rewritten as follows:

H̃s(x̃, κz, ω; x̃i)ũ(x̃, κz, ω) = G̃s(x̃, κz, ω; x̃i)t̃(x̃, κz, ω) (14)

H̃f (x̃, κz, ω; x̃i)p̃(x̃, κz, ω) = G̃f (x̃, κz, ω; x̃i)ṽ(x̃, κz, ω) (15)

where H̃s, G̃s, H̃f and G̃f are the fully non-symmetrical boundary element system matrices for solids and

acoustic subdomains, respectively.

2.4. Subdomains coupling procedure

Solid subdomains such as rail and rail pads are coupled by imposing equilibrium of forces and compat-

ibility of displacements at solid interfaces. Equilibrium of forces at the interface is fulfilled by integrating

nodal tractions according to the element shape function N = [ϕ0, . . . , ϕp]:

f̃ =

∫
Γs

NT t̃N dΓ = Tt̃ (16)

Substituting Equation (16) into Equation (14) yields the following:

f̃ = TG̃
−1

s H̃sũ (17)

Then the coupled system for solid subdomains is obtained by imposing the equilibrium and compatibility

conditions at the interface:

K̃s(x̃, κz, ω; x̃i)ũ(x̃, κz, ω) = f̃(x̃, κz, ω) (18)

The solid and fluid subdomains are assembled next. The coupling of Equations (15) and (18) is carried

out by imposition of equilibrium and compatibility conditions of normal pressure and displacement at the

interface Γsf between the track system and the air medium, and null shear stresses. These conditions are
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fulfilled through the following system of equations [47]: K̃s RT

−G̃fN
T H̃f

 ũ

p̃

 =

 f̃

0

 (19)

where R is the coupling fluid-solid matrix which relates force and pressure at the interface Γsf :

f̃ = −
∫
Γsf

NTnp̃ dΓ = RT p̃ (20)

where n is the outward normal vector at Γsf .

3. Experimental and numerical validation

In this section, the proposed method is validated through comparisons with both experimental data and

numerical models. First, the results are compared with those obtained by Zhang et al.[42], which include both

experimental data and a numerical model. Then, a separate comparison is made with the method proposed

by Knuth et al.[43], providing further validation of the model’s performance across different approaches.

3.1. Comparison with experimental test and numerical results

To perform an initial validation of the described method, a comparison is made with an experimental

test that was conducted in a semi-anechoic chamber at the Institute of Sound and Vibration Research

(ISVR), University of Southampton [42]. The experiment used a 2-meter-long 1:5 scale model of a slab

track constructed with reinforced concrete with steel rails. Rubber pads and intermediate steel plates

supported the rails. This setup was used to study the effects of noise control treatments, such as absorptive

mats and low-height noise barriers, on the noise radiated by the rail vibration.

In this section the proposed method is validated by comparing the numerical results obtained from its

application with the experimental data from the test involving the introduction of a noise barrier and a

railway vehicle. Additionally, Zhang et al. [42] presented their own numerical results, which were compared

with the experimental measurements. These results are further contrasted with those obtained from the

model presented in this study.

To carry out a comprehensive study, four numerical models were defined. The first, which serves as

the basis for all others, represents a rail on a stepped platform (Figure 2(a)), replicating the experimental

test conducted at ISVR. All models, both proposed and reference, include a rigid ground plane beneath

the platform. To align with the 2D BEM numerical approach used by Zhang et al.[42], both the simplified

rail geometry and the method of modelling the rail pad were adopted from their study, based on the data

provided by the authors. Rather than modelling the rail pad as a solid material, it was represented through

the combination of results from two different boundary conditions applied at the rail foot base: one with

fixed displacements and another with free displacements. The base of the rail foot is positioned 15.0mm
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above the platform, representing the thickness of the rail pad. The pressure distributions obtained from the

solutions of these two problems were then combined, as outlined in Reference [48].

Once the first model is established as a baseline, three additional models are developed, as shown in

Figure 2: (b) one incorporating a noise barrier, (c) another with the inclusion of a railway vehicle, and (d)

a third combining both elements.

(a) (b)

(c) (d)

Figure 2: Models implemented in the considered scenarios: (a) initial platform conditions, (b) with noise barrier, (c) with

railway vehicle, and (d) with both noise barrier and railway vehicle.

The rail material used is steel, with a density of ρr = 7850 kg/m
3
, a Young’s modulus of Er = 210GPa,

a Poisson’s ratio of νr = 0.34, and a rail damping loss factor of ξr = 0.02. For the air, a density of

ρf = 1.225 kg/m
3
and a sound propagation velocity of cf = 340m/s were assumed. To achieve closer

alignment with the approach proposed by Zhang et al. [42], a unit velocity is distributed uniformly over

the entire rail boundary. The problem is solved separately for vertical and horizontal velocity conditions to

obtain the rail’s response in both cases. The boundary conditions for the remaining elements - platform,
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noise barrier, and railway vehicle - are defined as reflective surfaces, with a zero normal velocity applied. As

the models are composed of straight elements due to the simplification of the geometry, the implemented

Bézier-Berstein patches[44] are linear. In all the models considered, the boundary is discretised into elements,

ensuring that κfh = 3 and a nodal density per wavelength dλ = (2πp)/(κfh) = 12, where κf = ω/cf , with

h and p representing the element length and order, respectively.

Each case was solved over a set of 60 logarithmically spaced frequencies, from 400 to 24000Hz in the 1:5

scale model, which corresponds to 80 to 4800Hz in full scale. This range ensures that all one-third-octave

bands between central frequencies from 100 to 4000Hz are fully covered. In scaled mechanical models,

dimensions are reduced by the scale factor, while material properties stay the same [42]. This results in

natural frequencies being scaled up, with stiffness and mass changing accordingly. To align with full-scale

behaviour, frequencies are adjusted downward by the scale factor. For comparison with the model presented

by Zhang et al. [42], the problem is treated in 2D, and thus κz is assumed to be 0 rad/m.

(a) (b)

Figure 3: Ratio between sound pressure and rail velocity (p2/v2) comparison at the evaluation point (x, y) = (7.5, 1.2)m

between: proposed model (dashed), experimental data (solid), and numerical results from Ref. [42] (dash-dotted). Results are

shown for full-scale frequencies: (a) without barrier, and (b) with barrier.

Figure 3 presents a comparison of the ratio between sound pressure and rail velocity (p2/v2), for a system

that includes the vehicle, showing results from the proposed method, experimental data, and numerical

results from Zhang et al. [42]. Figure 3(a) corresponds to the case without a barrier, while Figure 3(b)

illustrates the case with the vertical barrier. The data is presented in one-third octave bands, with the

frequencies considered in full scale. The evaluation point corresponds, in full-scale dimensions, to a position

located 1.20m above the top of the rail and 7.50m horizontally from the track centreline. In general, the

results show strong agreement when compared to both the experimental data and the predictions from the

alternative numerical model. At low frequencies, both predictions tend to underestimate the measurements.

It is important to note that the numerical results are influenced by the exact point at which the calculation

is made, exhibiting significant variability over small distances.
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(a) (b)

Figure 4: Average insertion loss (IL) over four receiver positions at x = 7.5m, y = 0, 1.2, 2.5, 3.5m, comparing the proposed

model (dashed), experimental data (solid), and numerical results from Ref. [42] (dash-dotted). Results are presented for

full-scale frequencies: (a) vertical rail vibration, and (b) lateral rail vibration.

Regarding the insertion loss due to the barrier, which is highly sensitive to the domain point, an average

is calculated using four receiver positions at x = 7.5m from the track centreline. In full-scale dimensions,

these positions correspond to heights of y = 0, 1.2, 2.5, and 3.5m above the top of the rail. This approach

follows the procedure used in the reference article. While some deviation from the experimental results is

observed, there is generally a strong agreement between the models, with divergence occurring at higher

frequencies. In any case, both numerical and experimental results show that the insertion loss due to the

addition of the barrier, considering the presence of the vehicle, averages around 4-5 dB for both vertical and

lateral rail vibrations.

After validating the model results, a new calculation is performed considering a larger number of points

within the domain, with a fixed full-scale frequency of 1000 Hz (Figure 5). This allows for a more detailed

view of the pressure variability and its dependence on the chosen point within the domain. Figures 5(a)

and 5(b) present the pressure distribution before and after the introduction of the barrier, respectively,

while Figure 5(c) illustrates the attenuation induced by its implementation. A reduction of up to 15 dB is

observed behind the barrier. However, this reduction is variable and, in some cases, even amplification is

possible due to interference from the different elements considered in the model.
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(a) (b)

(c)

Figure 5: Distribution of the relation between pressure and velocity at 1000 Hz: (a) before and (b) after barrier implementation,

and (c) insertion losses.

13



3.2. Comparison with a 2.5D FEM-BEM model

Finally, the model is further validated through a comparative analysis with the methodology proposed

by Knuth et al.[43], which employs a 2.5D Finite Element Method (FEM) for the structural track model

coupled with a 2.5D Boundary Element Method (BEM) for the acoustic domain. The comparison considers

a UIC60 rail continuously supported on a rail pad and subjected to a unit vertical point load applied at the

center of the railhead (Figure 6).

It is important to highlight some differences between the two approaches. In Knuth et al.’s 2.5D FEM

method [43] a semi-analytical formulation can be used to calculate the vibration directly in the spatial or

wavenumber domain. This is different from the proposed model, where the spatial solution (a(x, ω)) is

obtained from the wavenumber solution (a(x̃, κz, ω)) (see Eq. (1)). Additionally, Knuth et al.’s formulation

[43] assumes one-way coupling only, in comparison with the proposed approach, see Eq.(19), where the

influence of the sound field on the vibration is captured. Despite these differences, the 2.5D FEM method

provides a benchmark for evaluating the frequency response of the rail.

Rail Rail pad 1

Young’s modulus [MPa] 210× 103 3.2

Density [kg/m
3
] 7860 10

Poisson’s ratio [-] 0.3 0.45

Damping loss factor [-] 0.02 0.25

Table 1: Material properties for the validation model.

Figure 6: Model geometry and load application point for the analysed track system.

The 2.5D analysis is conducted for 300 frequencies logarithmically spaced between 10 and 5000 Hz. The

number and values of wavenumbers (κz) selected for integration are individually adapted at each frequency

to optimize the computation of the system’s response, increasing the density of points close to wavenumbers

at which the response reaches a peak and reducing it in flatter regions to improve computational efficiency.
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The track system consists of a UIC60 rail profile placed on a 10mm-thick rail pad. It is exposed to air

along its entire boundary, except for the bottom of the rail pad, which is attached to a rigid surface at y = 0.

To represent the rail system and the surrounding air medium, three subdomains are defined. The material

properties used in the validation model are summarised in Table 1, while the air properties are the same as

those in the experimental comparison in Section 3.1.

The boundary of the rail is represented by 36 cubic Bézier patches, while the rail pad is implemented

using 4 linear Bézier patches. This modeling approach ensures matching nodes on the contact surface

between the rail and the rail pad, facilitating their coupling. Moreover, the fluid interface over the rail

system is represented using 37 cubic Bézier patches, aligning with the outer boundary of the solid domain

and coinciding with each patch of it. The fluid domain patch corresponding to the base of the rail pad does

not exist, as this area is not in contact with the fluid. Thus, the system is subjected to zero-displacement

boundary conditions at the ground. For the consideration of the ground as a rigid reflective surface, the

method of images [49] has been used through the application of Green’s functions in the half-space. A unit

vertical point load is applied at the central node of the railhead, allowing for the comparisons presented

below.

The first comparison focuses on the point mobility of the rail at the load application point. This mobility

is defined as the velocity at z = 0 divided by the total applied force, which in this case has unit amplitude.

A half-cosine force distribution with an excitation length of β = 9.4mm along the z-direction is assumed,

as explained in [50], to avoid a singularity for the case of a point load at high frequencies, which arise from

the increasing number of waves excited when applying a constant force at z = 0. Figure 7(a) compares the

point mobility results for both models. A good agreement is observed, with the results closely matching,

except for slight discrepancies at higher frequencies. The transfer mobility at z = 2.5m is also compared

in Figure 7(b). The results show more deviation at frequencies below the rail-on-pad resonance around 270

Hz, where the rail vibration mainly consists of rapidly decaying near-fields, but still exhibit good overall

agreement. At higher frequencies, the differences are reduced, as these values are not obtained at the load

application point and are therefore less affected by the higher-order waves.

The results for sound power and radiation efficiency, as defined in [50], are also compared in Figures 7(c)

and 7(d). The agreement between the models is generally good, with only minor differences in the computed

results. Additionally, sound pressure levels within the domain have been compared at three points, located

at vertical distances of 1.20m from the railhead, at lateral distances x = 0m, x = 1.5m, and x = 3.0m

on the planes z = 0m and z = 2.5m. Figure 8 shows the results for these points, where a good overall

agreement is observed.

In general, the results obtained with the proposed model show good agreement with those of Knuth

et al.[43], with only minor discrepancies noted. The model demonstrates reliable performance, yielding

results that closely match the reference data across various aspects, thereby confirming its reliability and
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(a) (b)

(c) (d)

Figure 7: Knuth et al. [43] model (solid) and the proposed model (dashed) results: (a) point mobility, (b) transfer mobility at

z = 2.5m, (c) sound power for a unit force and (d) radiation efficiency.

consistency. In terms of computational efficiency, the numerical workflows and coding strategies of both

methods differ significantly, making a direct comparison between the two implementations challenging and

unlikely to yield representative or conclusive results.
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(a) (b)

(c) (d)

(e) (f)

Figure 8: Sound pressure level at 1.2m above the railhead with (a,c,e) z = 0m and (b,d,f) z = 2.5m. (a,b) correspond to

x = 0m, (c,d) to x = 1.5m, (e,f) to x = 3.0m for the (solid) Knuth et al.[43] model and the (dashed) proposed model.
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4. Track systems comparison

In this section, the proposed method is applied to analyse the behavior of three different track systems

under a vertical point load at the center of the railhead (Figures 6 and 9), aiming to compare their perfor-

mance. The approach follows the same methodology as described in the previous section for the numerical

model validation, with cases calculated in two and a half dimensions due to their longitudinal invariance.

The analysis is conducted over a frequency range of 10 to 5000Hz, using 300 logarithmically spaced points

within this range. As in the previous comparison, the number and values of wavenumbers (κz) selected

for integration are individually adapted at each frequency to optimize the system’s response computation.

This approach increases the density of points around peaks in the response and reduces it in flatter regions,

thereby improving computational efficiency.

(a) (b)

Figure 9: Model geometry and load application point on the (a) UIC60 embedded system and (b) 60R1 grooved rail embedded

system.

The first rail system under study is a UIC60 rail profile, installed on a 10mm high rail pad. The model

considered is the same as the one previously defined for comparison with the numerical model by Knuth

et al.[43] (Figure 6), but with updated material properties, as presented in Table 2, to make the rail pad

stiffer and comparable to the other models. The geometry of the system, the boundary conditions, and the

applied load all remain the same as those used in the validation example.

The next rail system analysed is an Embedded Rail System (ERS) composed of a UIC60 rail profile, an

elastomeric material, and an under-rail pad, all embedded within a surrounding medium (Figure 9(a)). In

this case, the track cross-section is divided into three subdomains representing the structural components of

the track, with an additional domain for the surrounding air. The material properties of these components

are provided in Table 2. The boundaries of the rail, elastomeric material, and under-rail pad are implemented

using cubic Bézier patches [44] to ensure continuity and smooth coupling across the interfaces. Specifically,

36 patches are used for the rail, 42 for the elastomeric material, and 4 for the under-rail pad. For the fluid
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Rail

UIC60 systems:
on a pad and embedded 60R1 embedded

Rail Pad 2
Elastomeric
material Positioners

Elastomeric
material

Young’s modulus [MPa] 210× 103 15 20 15 50

Density [kg/m3] 7860 1000 1500 1000 1100

Poisson’s ratio [-] 0.3 0.45 0.35 0.45 0.45

Damping loss factor [-] 0.01 0.25 0.25 0.25 0.25

Table 2: Material properties of the rail and components used in each configuration.

domain, 9 patches are used, as the track system is embedded, leaving only the upper boundary, comprising

the railhead and the exposed surface of the elastomer, in contact with the air. The boundary conditions

within the elastomeric void are defined by zero stress, and the ground is treated as a rigid surface at y = 0m.

Finally, the same analysis is applied to a more complex track system, consisting of an embedded 60R1

rail within an elastomeric material with voids, along with two lateral positioners (Figure 9(b)). The material

properties used for this model are summarised in Table 2. For each of the system’s elements, a separate

domain has been defined, resulting in a total of four subdomains composing the cross-section. Specifically,

31 patches were required to define the rail. Due to the presence of numerous voids, the elastomeric material

required 146 patches to achieve an accurate geometric representation. The lateral positioners were defined

using 5 and 6 patches, respectively. All solids are coupled to each other and the fluid, represented by 10

patches. As the system is embedded, the fluid domain only interacts with the upper surface of the rail

and lateral positioners, which are exposed to the air. The boundary conditions for the elastomer’s voids

are also characterised by zero stresses, while zero displacements have been prescribed to the outer surface

of the elastomer. As in the previous cases, the surrounding ground surface is modeled as a rigid reflective

boundary at y = 0.05m, which enables realistic interaction conditions for the embedded rail configuration,

while maintaining the fluid domain in the negative y-plane.

In all the models described, the discretisation of the entire boundary into elements is conducted, ensuring

that κfh = 3 and a nodal density per wavelength dλ = 2πp
κfh

= 12.

A comparative analysis is then performed to evaluate the responses of the different models under a

vertical point load applied at the central point of each railhead. For the 60R1 grooved rail, this corresponds

to the central region where the wheel makes contact as shown in Figure 9(b).

4.1. Point mobility

Figure 10 shows the magnitude and phase of the vertical point mobility of the rail at the load application

point for each track system. As in the previous section, a half-cosine distributed force is applied along the z-
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direction, with an excitation length of β = 9.4mm, following the approach described in [50]. The behaviour

of each type of track is strongly influenced by the stiffness of the support systems, as the rail support stiffness

can vary across a wide range, thereby significantly impacting the track’s dynamic performance.

At low frequencies, the embedded UIC60 track system exhibits higher mobility, whereas the 60R1 grooved

track system shows the lowest one. This behavior is primarily attributed to differences in overall support

stiffness, which are reflected in the frequency shift of the maximum resonance peak for each track type.

Notably, the embedded UIC60 system presents a secondary peak corresponding to torsional vibrations of

the rail, induced by the asymmetry of the support material. The prominent peaks in the system’s response

result from the resonance of the rail mass on the stiffness of its support. Below this frequency, the mobility

is primarily dictated by the support’s stiffness, while at higher frequencies, it is predominantly influenced

by the rail’s bending stiffness.

(a) (b)

Figure 10: Point mobilities (a) magnitude and (b) phase of the different rail configurations: UIC60 railpad system (solid),

UIC60 embedded system (dashed) and 60R1 grooved rail embedded system (dash-dotted).

4.2. Wave dispersion

Figure 11 illustrates the dispersion relations in terms of velocity resulting from vertical excitation for the

track systems under analysis. A similar behaviour can be observed across all three types of track systems,

with the bending wave clearly dominant.

Figures 12, 13, and 14 show the deformed shapes of the three track systems at selected frequency-

wavenumber combinations, corresponding to prominent peaks in the dispersion curves presented in Figure

11. Figure 12 refers to the rail-on-rail pad system, with the main peak corresponding to vertical bending

waves. In the case of the embedded UIC60 system, the deformation primarily develops within the embedding

layer, due to its lower stiffness. The deformed shapes illustrated in Figure 13 correspond to (a) vertical

bending waves and (b) torsional waves. Finally, Figure 14 presents the deformation corresponding to the

embedded grooved rail system. In this case, the system’s complexity leads to a more complicated response.
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(a) (b) (c)

Figure 11: Dispersion relations in terms of rail velocity for (a) the UIC60 rail over a pad, (b) the UIC60 embedded track system

and (c) 60R1 grooved rail embedded system.

Nevertheless, Figure 14(a) still reveals a vertical displacement associated with bending wave propagation,

whereas Figure 14(b) shows a combination of rail torsion and vertical displacement.

Figure 12: Deformed shapes of the UIC60 on a rail pad system at (a) 529Hz with κz = 0 rad/m.
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(a) (b)

Figure 13: Deformed shapes of the UIC60 embedded system at (a) 356Hz with κz = 0 rad/m and (b) 552Hz with κz = 3 rad/m.

(a) (b)

Figure 14: Deformed shape of the 60R1 grooved rail embedded system at (a) 1074Hz and (b) 1882Hz with κz = 0 rad/m.
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4.3. Radiated power

In Figure 15, the sound power of each track system is shown. The embedded UIC60 system exhibits

higher sound power levels at lower frequencies, which is due to the vibration of the upper surface of the

embedding material. Its lower stiffness results in greater deformation of the embedding material under rail

excitation, leading to higher radiated sound power. In contrast, the grooved rail configuration exposes only

a small portion of the embedding material to the air, and the vibration of this surface is less pronounced.

In all cases, a behaviour consistent with the results presented in Subsection 3.2 can be observed, with a

distinct peak occurring near the resonance frequency. The grooved rail configuration exhibits a distribution

broadly consistent with that reported in [51], despite differences in the embedding material properties.

Figure 15: Sound power of the different rail configurations for a unit force: UIC60 rail pad system (solid), UIC60 embedded

system (dashed) and 60R1 grooved rail embedded system (dash-dotted).
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5. Noise barriers

After comparing the different track systems, this section examines the effectiveness of barriers in miti-

gating radiated noise. For this analysis, a UIC60 rail on a railpad is used, maintaining the same material

properties described in Table 2, and subjected to a unit vertical point load applied at the center of the

railhead. The aim is to evaluate the impact of barrier insertion, as well as the influence of the vehicle’s

presence, on radiated noise from the rail. To simplify the analysis and avoid the artificial interference that

would arise from considering both rails, only a single rail is modeled, which is representative and sufficient

to capture the essential characteristics of the problem. To this end, six additional models are developed for

comparative analysis, building upon the reference model previously described.

The reference model consists of the track system without any mitigation measure, providing a baseline

for comparison. The first new model introduces a straight, tall barrier located at 4m from the center of

the outer rail, while the second model considers the same barrier positioned closer, at 2.5m. The third

model instead considers a low-height curved barrier located at 1.70m from the track axis (0.98m from the

center of the analysed rail). The fourth model builds upon this low-height curved barrier by including a

simplified S-103 vehicle [52], allowing assessment of its effect on radiated noise. The fifth model consists of

a low-height straight barrier including the vehicle, designed to assess the influence of the upper curvature

on the encapsulation effect. Finally, the sixth model considers a low-height barrier similar to the curved

barrier, but with the upper part replaced by a single straight segment inclined at 40◦ from the vertical, also

including the vehicle. This configuration allows comparison of an alternative low-height barrier geometry. In

each case, the necessary patches were added to the fluid domain of the model to properly define the barrier

or vehicle boundaries.

The straight barrier, with a height of 3m and a thickness of 0.05m, is used in two separate models:

one with the barrier positioned at 4.0m (first model) and another with it at 2.5m (second model) from the

outer rail. Four linear patches are used to model the barrier in each case, with boundary conditions set to

zero normal velocity for all of them. As a result, the barrier acts as a fully reflective surface, reflecting the

waves generated by the rail vibration and amplifying wave propagation in the region between the rail and

the barrier.

The low-height curved barrier (third model) is defined using six patches. It has a curved shape (Figure

16(a)) in the upper part designed to encapsulate the radiated noise, directing it toward the ground and

thus reducing noise transmission behind it. Similar to the straight barrier, the low-height barrier also has

reflective boundary conditions, causing the acoustic waves to be redirected rather than dissipated.

In the fourth model, the low-height curved barrier is combined with a simplified S-103 vehicle [52]. The

geometry of the vehicle is positioned such that the distance from its lower patch to the railhead is 0.92m,

corresponding to the wheel diameter. This implementation requires a total of 33 cubic patches to accurately
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(a) (b)

Figure 16: Zoom of the geometry for (a) the low-height curved barrier and (b) the S-103 vehicle.

define the vehicle’s boundary. Figure 16(b) illustrates the lower part of the geometry of the vehicle and the

control points required for its implementation. The purpose of this model is to analyse the vehicle’s effect

on sound encapsulation, providing a more realistic approximation of the railway system. However, since the

surface is still considered reflective, the absorption properties of the vehicle material (or the ground) are not

accounted for, simplifying the model by neglecting its potential noise attenuation.

To further investigate the encapsulation effect in the presence of the vehicle and the influence of barrier

geometry, two additional models were developed. In both cases, the vehicle is defined as in the fourth

model, and the barriers are positioned at the same location as the low-height curved barrier. The fifth

model features a low-height straight barrier of the same total height as the curved barrier, represented with

four linear patches, while the sixth model consists of a low-height barrier similar to the curved barrier but

with the upper part replaced by a single straight segment inclined at 40◦ from the vertical, giving a geometry

represented by six linear patches. Reflective boundary conditions are applied to both the barrier and the

vehicle, allowing the influence of barrier geometry on wave propagation to be directly observed.

Figure 17 presents the real part of the sound pressure for four representative models at a frequency of

1400Hz and κz = 0 rad/m, enabling a direct comparison. The selected cases comprise the configuration

without a barrier, the tall straight barrier at x = 4,m, and the low-height curved barrier both without and

with the vehicle. These configurations capture the characteristic behaviour associated with each barrier

type. For the tall barrier, a reduction in sound pressure levels is observed behind the barrier, accompanied

by an increase due to reflected waves in the region between the rail and the barrier. For the low-height

curved barrier, the reduction behind the barrier is more pronounced, while the presence of the vehicle

highlights the encapsulation effect. This wave reflection, combined with the reflective boundary condition of

the track, generates additional reflections, which eventually escape through the gap between the vehicle and

the barrier. Consequently, the resulting acoustic field exhibits a more complex distribution, with increased

sound pressure in certain regions. The additional models not depicted in this figure, namely the tall barrier
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(a) (b)

(c) (d)

Figure 17: Real part of the sound pressure [Pa] at 1400Hz: (a) under initial conditions, (b) with the implementation of a

straight reflecting barrier, (c) with a low-height curved reflecting barrier, and (d) with a low-height curved reflecting barrier

and an S-103 vehicle.

at x = 2.5,m and the low-height barriers with alternative geometries, exhibit qualitatively similar trends,

with variations primarily arising from barrier proximity or geometric differences.

To extend the previous comparison, an analysis was conducted by considering various points along the

positive x-direction, at a height of 1.20m above the railhead (with z = 0m) considering all the defined

models. This analysis, illustrated in Figures 18(a) and 18(b), evaluates the sound pressure levels as a

function of frequency at two specific distances: 2.0m and 6.75m from the rail axis, considering the full 2.5D

solution.

At x = 2.0m, the observation point lies between the rail and the tall barriers. As a result, no attenuation

is achieved; instead, due to the fully reflective boundary condition of the barriers, an amplification of the

sound pressure occurs at certain frequencies. This effect is particularly pronounced for the barrier located

at x = 2.5m, where the proximity of the reflective surface intensifies the re-radiated waves, while for the

barrier at x = 4.0m the effect is less marked. For the low-height barriers, a similar behaviour is observed
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across the different configurations at this location. When the vehicle is included, the encapsulation effect

introduces additional reflections which, combined with those from the barrier, lead to higher sound pressure

levels at this observation point. In contrast, for the low-height curved barrier without the vehicle, the sound

pressure remains lower, even at higher frequencies. This behaviour is linked to the shorter wavelengths,

which can more easily pass through the gap between the vehicle and the barrier, thereby limiting the overall

attenuation capacity. At x = 6.75m, located behind all the barriers, the tall configurations show clear

attenuation, with reductions in sound pressure comparable to those of the low-height curved barrier when

the vehicle is not included. When the vehicle is present, the sound pressure level at this point is higher

due to additional reflections from the encapsulation effect. As frequency increases, the gradual decrease in

attenuation occurs for the same reasons discussed previously.

The effect of the low-height barriers is better illustrated in the insertion losses shown in Figures 18(c) and

18(d). At x = 2,m and low frequencies, the most effective configurations are those with the upper section

inclined towards the vehicle, which encapsulate the noise, whereas the straight low-height barrier exhibits

slightly lower insertion losses. At higher frequencies, as the wavelength decreases, the gap between the vehicle

and the barrier allows waves to pass, resulting in higher insertion losses for the configuration without the

vehicle. In all vehicle-including cases, the insertion losses fluctuate with frequency. At x = 6.75,m, located

behind the barriers, the tall configurations generally yield greater insertion losses, particularly at higher

frequencies, with values comparable to those of the low-height barrier without the vehicle. The low-height

barriers with the vehicle exhibit a behaviour similar to that observed at the previous observation point. A

more realistic assessment would require a parametric study at multiple distances and the consideration of

the absorptive properties of the materials and the ballast.
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(a) (b)

(c) (d)

Figure 18: (a,b) Sound pressure levels (Lp) and (c,d) acoustic insertion losses (IL) at 1.20m above the railhead under different

conditions: (solid black) no barrier, (dashed) tall straight barriers at (grey) x = 2.5m and (red) x = 4.0m, (dash-dotted)

low-height barriers: (green) curved, and including S-103 vehicle: (yellow) curved, (purple) two-segment inclined, and (blue)

straight. Results correspond to (a,c) x = 2m and (b,d) x = 6.75m.
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6. Conclusions

A numerical model is presented based on a 2.5D Boundary Element Method (BEM) formulated in the

Bézier-Bernstein space to predict vibration and radiated noise from railway systems. The 2.5D formulation

computes the 3D solution in the wavenumber-frequency domain, assuming invariance of the problem along

the longitudinal direction z and linear elastic behaviour. Unlike most existing methods that employ a coupled

FEM-BEM formulation, the proposed approach consistently applies BEM to both the track system and the

surrounding acoustic domains. This enables meshing only the boundary of the track system. Moreover,

the method enables an exact representation of the track geometry using Bézier-Bernstein basis functions, a

technique commonly employed in CAD models. Consequently, it can effectively address problems involving

complex geometries that are typically not well captured by standard FEM and BEM formulations. Radiated

noise is calculated from the normal displacements on the track surface according to the integral representation

of sound pressure. Furthermore, the application of the QUEEN quadrature rule [41] facilitates efficient and

accurate numerical integration of the boundary integral equations. This approach supports arbitrary high-

order elements, thereby improving both computational efficiency and accuracy, particularly in predicting

high-frequency noise.

The model is validated using both experimental results and numerical data from other authors [42, 43],

showing generally good agreement with experimental data and other numerical models. In this study, three

types of track systems are analysed: rail-on-slab configurations and two embedded rail designs. A compar-

ative analysis is conducted to assess their acoustic performance. The results show that embedded systems

radiate less noise at high frequencies; however, at lower frequencies, noise levels can increase depending on

the design and materials used in the track system.

Additionally, this methodology enables the incorporation of mitigation measures, such as noise barriers,

to assess their effectiveness in reducing noise emissions generated by railway systems. By modelling various

barrier geometries, the approach provides detailed insights into how variations in shape, size, and position

influence acoustic performance. Furthermore, by incorporating the railway vehicle in the case of low barriers,

it is possible to observe the noise encapsulation capabilities of the barrier, highlighting its impact on noise

reduction.
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[47] Cruz-Muñoz FJ, Romero A, Galv́ın P, Tadeu A. Acoustic waves scattered by elastic waveguides using a spectral approach

with a 2.5D coupled boundary-finite element method. Engineering Analysis with Boundary Elements. 2019;106:47-58.

Available from: https://www.sciencedirect.com/science/article/pii/S0955799718307732.

[48] Thompson DJ, Zhao D, Ntotsios E, Squicciarini G, Cierco E, Jansen E. The influence of reflections from the train

body and the ground on the sound radiation from a railway rail. Railway Sciences. 2024;3(1):1-17. Available from:

https://doi.org/10.1108/RS-11-2023-0041.

[49] Wu TW. Boundary Element Acoustics Fundamentals and Computer Codes. Advances in Boundary Elements. WIT Press;

2000.

[50] Nilsson CM, Jones CJC, Thompson DJ, Ryue J. A waveguide finite element and boundary element approach to calculating

the sound radiated by railway and tram rails. Journal of Sound and Vibration. 2009;321(3):813-36. Available from:

https://www.sciencedirect.com/science/article/pii/S0022460X08008754.

[51] Sun W, Thompson D, Toward M, Zeng Z. Modelling of vibration and noise behaviour of embedded tram tracks

using a wavenumber domain method. Journal of Sound and Vibration. 2020;481:115446. Available from: https:

//www.sciencedirect.com/science/article/pii/S0022460X20302789.

[52] Renfe. S-103: Flota de trenes; n.d. Accessed: April 2025. https://www.renfe.com/es/es/grupo-renfe/grupo-renfe/

flota-de-trenes/s-103.

33

https://www.sciencedirect.com/science/article/pii/S0955799717300930
https://www.sciencedirect.com/science/article/pii/S0955799720303167
https://www.sciencedirect.com/science/article/pii/S095579972200145X
https://www.sciencedirect.com/science/article/pii/S095579972200145X
https://www.sciencedirect.com/science/article/pii/S0003682X20307349
https://www.sciencedirect.com/science/article/pii/S0003682X20307349
https://www.sciencedirect.com/science/article/pii/S0022460X25003979
https://www.sciencedirect.com/science/article/pii/S0022460X25003979
https://www.sciencedirect.com/science/article/pii/S0307904X19302720
https://www.sciencedirect.com/science/article/pii/S0307904X19302720
https://onlinelibrary.wiley.com/doi/abs/10.1002/nme.4801
https://onlinelibrary.wiley.com/doi/abs/10.1002/nme.4801
https://www.sciencedirect.com/science/article/pii/S0955799718307732
https://doi.org/10.1108/RS-11-2023-0041
https://www.sciencedirect.com/science/article/pii/S0022460X08008754
https://www.sciencedirect.com/science/article/pii/S0022460X20302789
https://www.sciencedirect.com/science/article/pii/S0022460X20302789
https://www.renfe.com/es/es/grupo-renfe/grupo-renfe/flota-de-trenes/s-103
https://www.renfe.com/es/es/grupo-renfe/grupo-renfe/flota-de-trenes/s-103

	Introduction
	Numerical formulation
	Boundary element formulation in elastodynamics
	Boundary element formulation in fluid-acoustics
	Geometry and element approximation
	Subdomains coupling procedure

	Experimental and numerical validation
	Comparison with experimental test and numerical results
	Comparison with a 2.5D FEM-BEM model

	Track systems comparison
	Point mobility
	Wave dispersion
	Radiated power

	Noise barriers
	Conclusions

