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Abstract

This work presents a numerical study on the effectiveness of low-height barriers
for railway noise mitigation. A 2.5D coupled solid-fluid formulation based on
the Boundary Element Method is adopted to model the interaction between
the track system and the surrounding acoustic field in an unbounded domain.
The approach allows the simultaneous representation of the rail, the supporting
pad, the fluid medium and additional acoustic boundaries, such as barriers and
simplified vehicle envelopes.

The methodology is applied to a UIC60 rail supported on a rail pad and
excited by a unit vertical point load. Several low-height barrier configurations
are analysed, considering different geometrical layouts and the presence of the
vehicle. The acoustic response is evaluated in terms of sound pressure level and
insertion loss.

The analysed cases highlight the role of low-height barrier shape in the redis-
tribution of the radiated field, as well as the contribution of the vehicle to the
associated noise encapsulation effect. The proposed model provides a suitable



numerical tool for the comparative analysis of near-track railway noise mitigation
solutions.
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1 Introduction

Environmental noise has become a major concern, further intensified by the ex-
pansion of high-speed railway systems and their increasing presence in urban
and peri-urban environments. In this context, accurate prediction of noise levels
is essential for the design of effective mitigation measures. Noise barriers are
widely used to reduce sound propagation from railway sources, although conven-
tional solutions often require significant height and space, leading to increased
land use and the creation of physical and visual discontinuities within the urban
environment. Alternative solutions, such as low-height barriers placed close to
the track, aim to reduce these effects while maintaining noise attenuation by
confining sound radiation near the source and limiting both spatial requirements
and visual impact.

Railway noise arises from different mechanical and aerodynamic sources, al-
though in many practical situations the dominant contribution is rolling noise.
This is generated by the wheel-rail interaction, which induces vibrations in the
track and their subsequent radiation into the surrounding air domain. Conse-
quently, the evaluation of barrier effectiveness involves the resolution of a vibro-
acoustic problem in an unbounded environment.

In order to address this problem, numerical approaches based on the Boundary
Element Method provide an efficient formulation, as they require discretization
only of the boundaries. In this work, a 2.5D coupled solid—fluid formulation
is adopted to model the interaction between the track and the acoustic field,
enabling the simultaneous representation of the railway track, the surrounding
air, and noise barriers within a single model. This formulation is used to analyse
the effectiveness of noise barriers and to evaluate the influence of their geometrical
configuration, with the aim of identifying optimal design solutions.

2 Numerical model

A coupled solid-fluid model () is considered to analyse sound radiation from
railway systems and its interaction with noise barriers. As shown in Figure
the computational domain is divided into subdomains including the solid track
components, such as the rail () and rail pad (£2,), and the fluid domain
(€25) representing the surrounding air. The approach is not restricted to these
components, and additional solid subdomains can be incorporated when required



for a more detailed representation of the track system. Likewise, extra boundaries
such as noise barriers or railway vehicle boundaries can be introduced within the
acoustic domain to evaluate their influence on sound radiation.

Each subdomain is modelled using the Boundary Element Method. Assum-
ing invariance along the z-direction, the problem is solved in the frequency-
wavenumber domain (w — k,) employing a two-and-a-half-dimensional (2.5D)
formulation [1J:

+oo0

a(x,w) = / a(x, k,,w)e " drk, (1)
—00

where a(X, k,,w) is the frequency-wavenumber representation of a variable of

interest such as displacement or sound pressure, w is the angular frequency,

x = (z,y,2) and X = x(z,y,0). The Greek letter  denotes the unit imaginary

number.

The solution of the coupled air-track system is obtained by imposing appropri-
ate 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 I's;. Each subdomain is
directly coupled, and the equations are assembled into a global system.

Figure 1: Boundary subdomains definition: rail (£2g,), rail pad (£s,) and air
medium (£2y).

2.1 Boundary element formulation in elastodynamics

The solid components of the railway system are modelled using the BEM formu-
lation in elastodynamics. Assuming the absence of body forces, the boundary
integral equation for the displacement field at a collocation point X; can be writ-



ten as follows [2]:
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where u(x, k,,w) and f(i, K,,w) are displacement and traction, respectively.
G (X, K, w; X;) and ﬁ(i, K.,w;X;) are the full-space fundamental solution to dis-
placement and traction at the point X due to a point source acting at the col-
location point X;. The integral-free term c¢;(X;) depends only on the boundary
geometry at the collocation point X;.

The two-and-a-half-dimensional Green’s function is obtained by means of the
potentials A, and A for the irrotational and equivoluminal parts of the displace-
ment vector, respectively [3]:
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where ko = (/K2 — K2 and kg = /K2 — K2, and K, and k, represent the wavenum-
bers for dilatational and shear waves, respectively. HéQ) is the Hankel function

of the second kind. Thus, the displacement kal(i, K., w;X;) in the k direction at
x due to a point load with acting in the [ direction at X; is obtained from:
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2.2 Boundary element formulation in fluid-acoustics

The surrounding air is represented by the fluid domain, where additional bound-
aries such as noise barriers and the railway vehicle envelope can be incorporated.
The integral representation of the sound pressure in the frequency-wavenumber
domain for a point X; located at the boundary I'sf can be written as [I]:
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where p(X, k,,w) and ¥(X, k,,w) are the sound pressure and the particle normal

velocity at the boundary Iy, respectively. (X, k., w;X;) represents the velocity
potential at point X due to a point source located at x;:

(6)
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where k= \/(w/cr)? — k2 is the fluid wavenumber, ¢ is the sound propagation
velocity, and H(()Q) is the Hankel function of the second kind.

2.3 Geometry and element approximation

An accurate definition of the geometry is essential for the description of complex
track systems and for the evaluation of their contribution to noise radiation. It
is also particularly relevant when analysing noise barriers, since their acoustic
effect is strongly influenced by their shape and position.

In this work, the BEM formulations are implemented in the Bézier-Bernstein
space [I], where the Bézier-Bernstein polynomial form is used as a common
basis to represent both the exact CAD-based geometry and the independently
approximated field variables. The Bézier curve r, () is expressed as:

r(t) = 3 buBy (1) ®)
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where by 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 of
a Bézier curve r, (), which defines a multiaffine transformation satisfying:

by = R(0,...,0,1,...,1) 9)
k k
where R(ty,...,t,) is computed as:
R(t,. ... ta)= Y, JJa=t)]]tbu (10)
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Thus, a Bernstein polynomial can be formulated in polar form substituting Equa-
tion (9) into Equation (§) as follows:
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The Bézier-Bernstein space is used to describe the exact element geometry as
[V(x) = r/(t). Hence, the element integrals can be written on an univariate
basis ¢ € [0, 1] as [1]:
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where f(X, k,,w;X;) 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
to an element. The field approximation given by the shape function interpolates
(n + 1) nodal values through the element shape functions ¢’ of order n, for

1 =20,...,n. Then, the field approximation becomes:
alt) =Y ¢'(t)a' =) {Z C;B;;(t)} o' =) Ri(t,....t)a',  (13)
i=0 i=0 (k=0 =0

where the evaluation of the element shape function ¢'(¢) also benefits from the
computational advantages of using the polar form R'(ty,...,t,) according to
Equation (10)).

After introducing the geometry and field approximations from Equations
and into each subdomain’s boundary integral equation, integrals are com-
puted using standard Gauss-Legendre quadrature with (p + 1) points when the
collocation point is sufficiently far from the element. For singular or weakly sin-
gular integrals, numerical evaluation is performed using the quadrature method
described in [11, 4].

Then, Equations and @ are rewritten as follows:

H, (X, k., w; )UK, ks, w) = Gy(X, ks, w; X)X, Kz, w) (14)
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where ﬁs, (N}S, ﬁf and G ¢ 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 imposing equilibrium
of forces and compatibility of displacements at solid interfaces. Equilibrium of
forces at the interface is fulfilled integrating nodal tractions according to the
element shape function N = [¢y, ..., ¢,]:

f= | NTtNdl =Tt (16)
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Substituting Equation into Equation yields the following.
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f=TG, H,u (17)

Then the coupled system for solid subdomains is obtained imposing the equi-
librium and compatibility conditions at the interface:

K, (X, k., w; X)U(X, ks, w) = (X, k2, w) (18)



The solid and fluid subdomains are assembled by coupling Equations and
through the enforcement of equilibrium and compatibility conditions of nor-
mal pressure and displacement at the interface I'sy between the track system
and the air medium, and null shear stresses. This coupling yields the following
system of equations [5]:
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where R is the coupling fluid—solid matrix which relates force and pressure at
the interface I'sy:

f=— / N'ncpdl = R™p (20)
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where n is the outward normal vector at I'yy.

3 Numerical example

In this section, the proposed methodology is applied to analyse the effectiveness of
low-height barriers for railway noise mitigation. The reference track configuration
consists of a UIC60 rail supported on a 10 cm thick rail pad, as shown in Figure 2]
The material properties of the track components are listed in Table[I} The system
is excited by a unit vertical point load applied at the centre of the railhead. In
order to simplify the analysis and avoid the additional interference associated
with a two-rail configuration, only a single rail is considered.

Four barrier configurations are analysed, all of them located at 1.70 m from
the track axis, which corresponds to 0.98 m from the centre of the analysed rail.
The first configuration consists of a curved low-height barrier with a total height
of 1.60m. The second configuration corresponds to the same curved barrier
combined with a simplified Renfe S-103 vehicle envelope. The third configuration
considers a low-height barrier with the same base geometry, but with the upper
part replaced by a single straight segment inclined at 40° from the vertical, while
the fourth one consists of a straight low-height barrier with the same total height.
The configurations including the vehicle are especially relevant, since one of the
main features of low-height barriers is their ability to take advantage of the noise
encapsulation effect produced by the presence of the vehicle. In all cases, the
barrier and vehicle boundaries are treated as reflecting surfaces, imposing zero
normal velocity conditions.

The acoustic response is evaluated in terms of sound pressure level and inser-
tion loss, comparing each mitigation configuration with the reference case with-
out barrier. Particular attention is given to the influence of barrier geometry and
vehicle presence on the radiated acoustic field.

Figure [3[ shows the insertion loss obtained at 1400 Hz for the analysed barrier
configurations. The results highlight the influence of the vehicle on the acoustic



Rail Rail pad
Young’s modulus [MPa] 210 x 10° 3.2

Density [kg/m®] 7860 1000
Poisson’s ratio [-] 0.3 0.45
Damping loss factor [-] 0.02 0.25

Table 1: Material properties for the track system.
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Figure 2: Model geometry and load application point for the track system.

field, since its presence promotes a partial encapsulation effect. However, as both
the barrier and the vehicle have been modelled as fully reflective boundaries, the
wave field is redistributed and, in some cases, the attenuation behind the barrier
is reduced due to additional reflections. The results reveal clear similarities
between the curved barrier and the two-segment configuration, which suggests
that both geometries lead to a comparable redirection of the radiated field. By
contrast, the straight barrier exhibits lower insertion loss levels, mainly due to
the gap between the vehicle and the barrier, which facilitates wave propagation
towards the region behind the barrier.

The sound pressure levels and insertion loss obtained at a receiver located
2m from the rail axis and 1.20m above the railhead are shown in Figure 4l A
reduction in sound pressure level is observed in all mitigation cases, although
its magnitude depends strongly on frequency. At low frequencies, the configu-
rations including the vehicle generally provide greater insertion loss, since the
gap between the barrier and the vehicle is less effective in transmitting long
wavelengths and the encapsulation effect becomes more noticeable. A similar
behaviour is observed for the curved and two-segment barriers at low frequen-
cies, due to the similarity of their upper geometry. At higher frequencies, the
differences between both configurations become more pronounced, highlighting
the importance of barrier shape in the scattering and redistribution of the acous-
tic field. The straight barrier shows the lowest insertion loss at low frequencies
and, at higher frequencies, exhibits similar reflective behaviour as the other cases.

The results confirm the strong influence of barrier geometry and vehicle pres-
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Figure 3: Insertion loss (dB) at 1400 Hz: (a) with a low-height curved barrier,
and including Renfe S-103 vehicle: (b) with a low-height curved barrier, (¢) with
a low-height two-segment inclined barrier and (d) with a low-height straight
barrier.

ence on the acoustic performance of low-height barriers. The proposed model
provides a suitable tool for the comparative analysis of these mitigation concepts.
A more complete assessment would require extending the study to include absorp-
tive boundary conditions, different material properties and additional distances
from the rail axis.

4 Conclusions

This work has presented a 2.5D coupled solid-fluid formulation based on the
Boundary Element Method for the analysis of railway noise barriers. The pro-
posed approach allows the track system, the surrounding acoustic field and ad-
ditional boundaries, such as noise barriers and railway vehicle envelopes, to be
represented within the same numerical model.

The methodology has been applied to the study of several low-height barrier
configurations, with particular attention to the influence of barrier geometry and
vehicle presence on the radiated acoustic field. The results show that both factors
have a significant effect on the spatial distribution of sound pressure and on the
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Figure 4: (a) Sound pressure levels (L,) and (b) acoustic insertion loss (IL) at
1.20m above the railhead under different conditions: (solid black) no barrier
and (dash-dotted) low-height barriers: (green) curved, and including Renfe S-
103 vehicle: (yellow) curved, (purple) two-segment inclined, and (blue) straight.
Results correspond to x = 2m.

resulting insertion loss.

The analysed cases indicate that low-height barriers can provide an effective
mitigation mechanism, especially when combined with the vehicle, due to the
associated noise encapsulation effect. At the same time, the results highlight
that this effect strongly depends on the barrier geometry, since different upper
shapes lead to different reflection and scattering patterns. In this regard, the
curved and two-segment configurations show a similar behaviour in part of the
analysed frequency range, whereas the straight barrier generally provides lower
insertion loss.

These results confirm that the geometrical design of low-height barriers plays
a key role in their acoustic effectiveness. The proposed formulation therefore
provides a suitable tool for the comparative assessment and design of near-track
mitigation solutions. Further work should include absorptive boundary condi-
tions, more realistic material properties and an extended parametric analysis
including other receiver positions and barrier layouts.
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