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A B S T R A C T

The fast growth of railway transport pushed by its sustainability requires all railway stakeholders to work
together to minimise any possible drawbacks that might slow down this positive trend. Among these, the
induced vibrations generated at the wheel–rail interaction during train passage are the most significant,
especially in urban areas where in the form of ground-borne vibrations and/or noise negatively affects the daily
life of the residents. In this direction, the innovative concept of seismic metamaterial can enhance the vibration
attenuation levels of existing mitigation measures and, at the same time, ensure a straightforward application
in the railway environment. This paper uses a combined vehicle/track/soil prediction dynamic model of the
T2000 LRV (Light Rail Vehicle) tram operating in Brussels, based on a two-step approach already validated
in the past, to analyse the effects that the inclusion of seismic metamaterials within the transmission path
has in terms of vibration attenuation. In particular, a four-by-four group of piles is examined with different
material proprieties for the inclusions, considering a range of velocities and distances from the track in order
to quantify the achievable Insertion Loss (IL) for each configuration depending on the distances and the tram
speed, attaining ILs up to 10 [dB]. The study is then extended to other possible arrangements of the group
of piles, providing a direct relationship between the repetitiveness of each row of the primitive unit cell of
the metamaterial and the gained levels of attenuation, in order to give a base for the costs of this type of
mitigation measure. Furthermore, the influence on the attenuation levels of the soil characteristics, is evaluated
by considering an ideal uniform underground, extending the IL to 18 [dB] in the case of steel inclusion. Finally,
the paper gives insights into the use of metamaterials as mitigation measures for railway-induced vibration in
order to understand and evaluate the potential of this novel concept and its benefits.
. Introduction

Modern times are characterised by countries attempting to reduce
he carbon footprint of various different industries. In this vein, for
he transport industry, the target is to make the railway system the
ost used means of transportation because of its sustainability and low

arbon emissions. This growth has led to a denser network across the
lobe that, in turn, has increased the frequency and the levels of the
nduced vibrations generated by the wheel–rail interaction.

The induced vibrations generated at the wheel–rail interface are
ue to different mechanisms, including track and wheel deformation,
ynamic loads and element spacing [1]. The waves created propagate
hrough the soil until they reach the surrounding buildings, and the
inal effects of their excitation are then perceived by the residents as

∗ Corresponding author.
E-mail address: slimane.ouakka@umons.ac.be (S. Ouakka).

the feelable movement through the floors and/or noise caused by the
structural oscillations, named ground-borne vibrations (in the range
1–100 Hz) and ground-borne noise (in the range 20–250 Hz), as de-
picted in Fig. 1. Ground-borne vibrations are generally associated with
surface railways whereas ground-borne noise is more often associated
with trains in tunnels [2]. In addition to the annoyance to building
occupants, low-frequency vibration can also cause relevant problems to
sensitive equipment [3], whereas the impacts on buildings are mostly
cosmetic.

Therefore, it is of relevant interest to develop mitigation mea-
sures that can attenuate these vibrations in order to further boost rail
transport development. These measures can be applied to all three
subsystems of the railway environment. A comprehensive comparison
was presented by Ouakka et al. [2,4], highlighting some of the most
commonly used mitigation measures:
vailable online 20 March 2023
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Fig. 1. Surface and underground railway mechanism effects and transmission paths of air-borne noise and ground-borne vibrations and noise [4].
– On the vehicle, improving wheel roundness, reduction of the un-
sprung mass, reduction of speed and introducing resilient wheels.

– On the track, through rail enhancements, fastener enhancements,
sleeper and ballast enhancements and other track technologies.

– On the transmission path, increasing the distance, introducing an
embankment, protection barriers, and improvement of the soil
through stiffening.

Besides the levels of vibration attenuation of the various available
mitigation measures, railway operators also have to incorporate the
environmental, economic and befitting aspects of each measure before
choosing one measure over another for a specific project. In this direc-
tion, a promising technology that could represent a key point for the
rail industry is that of introducing the novel concept of metamaterial
within the transmission path, because of its straightforward application
in the soil and the range of sustainable materials that could be used as
inclusions, which in turn could reduce the final production cost.

Metamaterials are artificial periodic elastic structures of scattering
inclusions located in a structure or material [5,6], where the periodicity
of these structures is represented by different unit cells with their peri-
odic boundary condition replicated in the geometrical space, see Fig. 2.
When engineering these crystals, it is possible to isolate vibrations
within a certain frequency range, referred to as the bandgap, which is
attenuated by the interference caused by the mechanism of the periodic
system [7]. This concept was originally driven from the very small
scale of the phononic metamaterial from electromagnetism, and has
since been investigated in recent years by researchers and has also been
implemented to attenuate the undesired mechanical vibrations arising
from ground transportation, use of machinery in construction sites
and low-amplitude earthquakes. These types of vibrations propagate
through the soil in the form of seismic waves and have much a higher
scale [8], hence the name seismic metamaterial.

In the civil engineering industry, there are different applications
of seismic metamaterial, especially for building protection from the
action of earthquakes [9,10]. Some recent research has also applied
the expanded concept to the mitigation of vibrations generated by
rail traffic, which has shown promising results. Yet, the available
research is limited in terms of different ranges, such as the case of
train configurations considering just the case of High-Speed trains and
only using one type of material for the inclusions (generally concrete)
2

[11–13]. The concept of artificial metamaterial has recently also ex-
tended to natural configuration [14], yet this is outside the scope of
this research.

Although previous research [15] has shown higher costs and carbon
emissions for the metamaterial with steel inclusions compared to other
mitigation measures, such as open trenches, this is the case for only
one type of inclusion, and open trenches require higher costs for
maintenance, as presented by Ouakka et al. [4]. In another investiga-
tion [13], the concept of seismic metamaterial in the case of concrete
inclusions has been briefly compared with other types of mitigation
measures (such as dynamic vibrator absorbers and resilient wheels) and
the metamaterial composed of concrete piles emerged to be the most
suitable for the case of the LRV tram, the model presented in this study.

For this reason, this paper aims to increase the range of applications
of metamaterial towards the vibrations generated by rail traffic, by
extending their application to urban trams, which are the rail systems
that cause the highest levels of vibrations in urban areas. In particular,
the focus is on the T2000 tram running in Brussels on a ballast track.
This is a representative vehicle for the investigation of the induced
vibrations generated by rail traffic, due to its low floor design with a
BA2000 bogie that is characterised by independent rotating wheels and
motors mounted inside the wheels, causing the high level of generated
vibrations when it goes over obstacles like crossings, turnouts, or rail
joints.

The railway environment of the Brussels tram is reproduced us-
ing the numerical model already validated based on a two-step ap-
proach [16]. This approach is organised into two separate and succes-
sive steps. In the first step the vehicle/track subsystems are modelled
with the in-house framework Easydyn to compute the forces applied
by the track to the soil. In the second step, the outputs of the first step
are applied to the soil implemented in the commercial finite element
software ABAQUS. In particular, during the second step related to the
soil modelling, a group of four-by-four piles is introduced in order to
reproduce the metamaterial concept within the model. As previously
mentioned, to implement the available application in the literature, an
extensive parametric investigation was conducted for this study. This
investigation studied four different types of material for the inclusion
of the metamaterial in the soil: concrete, steel, wood and empty.
Additionally, a span of the representative velocities for the T2000 tram
was considered, starting from 10 [km/h] up to 80 [km/h].
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Fig. 2. Graphic representation of the seismic metamaterial: (a) 3D view of a periodic array of barriers, (b) metamaterial bird’s eye view with Perfectly Matched Layers (PML), (c)
3D view of the unit cell and (d) first Brillouin zone with the irreducible part (light grey triangle of vertices 𝛤 , X, M).
Further to this extensive parametric investigation, additional con-
figurations of inserted metamaterial were evaluated in order to have
a clear vision to what extent the number of rows of piles affects the
attenuation, i.e. by considering groups of four-by-one, four-by-two and
four-by-three piles. In this way is possible to have a direct relationship
between the levels of the achieved attenuation and the material usage
(and therefore the costs), allowing possible future applications to select
the best configuration for any specific attenuation target.

Finally, the paper gives an evaluation of the global vibration at-
tenuation levels at different distances and within the selected range of
velocity, by presenting the attenuation levels in terms of the insertion
loss [dB]. It also gives some insights into how this new technology
of metamaterial can be set in order to make the most of it in the
attenuation of railway vibrations in the case of urban areas and beyond.

2. Dispersion theory for periodic barriers

Seismic metamaterials could play a fundamental role in solving
the problem of induced vibrations generated by railway traffic, thanks
to their dispersion characteristics, which can help to enhance the
attenuation levels of the existing mitigation measures.

In general, the attenuation of the induced vibrations can be quanti-
fied through wave dispersion theory inside the periodic metamaterials.
Wave dispersion is illustrated in frequency domain, in which the differ-
ent modes highlight the wave band gaps by considering the wavenum-
ber 𝑘 (along the vertices 𝛤 - X - M) inside the unit cell (Fig. 2(d)),
where the component 𝑘𝑥 and 𝑘𝑦 follow Eqs. (1) and (2) [17], taking
into consideration a circular homogeneous inclusion with perfectly
bonded materials, as highlighted in Fig. 2(b). The obtained band gaps
represent the frequency region where the waves cannot go through the
metamaterial and are therefore reflected. For this reason, it is important
to understand how the seismic waves propagate in the metamaterial
arrays and how these interact with the inclusions.

𝑘𝑥 =

⎧

⎪

⎨

⎪

⎩

(1 − 𝑘)𝜋∕𝑎, if 0 < 𝑘 < 1.
(𝑘 − 1)𝜋∕𝑎, if 1 < 𝑘 < 2.
𝜋∕𝑎, if 2 < 𝑘 < 3.

(1)

𝑘𝑦 =

⎧

⎪

⎨

⎪

⎩

(1 − 𝑘)𝜋∕𝑎, if 0 < 𝑘 < 1.
0, if 1 < 𝑘 < 2.
(𝑘 − 2)𝜋∕𝑎, if 2 < 𝑘 < 3.

(2)

where the value of 𝑘 = 0, 𝑘 = 1, 𝑘 = 2 and 𝑘 = 3 correspond respectively
to the vertices M, 𝛤 , X and M (in Fig. 2(d)) [17].

As previously mentioned, the band gaps give the range of fre-
quencies for which the waves are reflected, this reflection could be
3

considered for additional mitigation taking into account the damping
of the material where these propagate. Yet, this is beyond the scope of
this study.

2.1. Wave equation

The wave propagation equation for the incident plane waves in an
isotropic linear material is described by the following Eq. (3) [18].

𝐸
2(1 + 𝜈)(1 − 2𝜈)

∇(∇𝑢) + 𝐸
2(1 + 𝜈)

∇𝑢 = −𝜌𝜔2𝑢 (3)

where 𝑢 is the displacement vector and 𝜔 is the angular frequency. 𝐸,
𝜈 and 𝜌 are Young’s modulus, Poisson’s ratio, and the density of the
constituent materials, respectively.

2.2. Floquet–Bloch theory for periodic systems

In the case of periodic systems, such as seismic metamaterial, Eq. (3)
can be solved for the periodic unit cell using the Floquet–Bloch the-
ory [19]. Considering a periodic system with a square unit cell (i.e. 𝑎 =
𝑎𝑥 = 𝑎𝑦) with a period ‘‘𝑎’’ and the periodic boundary conditions
applied, the dispersion relations in Eq. (3) can be obtained according
to the Floquet–Bloch theory as:

𝑢(𝑟 + 𝑎) = 𝑢(𝑟)𝑒𝑖𝑘𝑎 (4)

where 𝑎 is the lattice vector, and 𝑘 = [𝑘𝑥, 𝑘𝑦] the wave vector, as
reported in Fig. 2(d).

2.3. Dispersion equation

From the combination of Eqs. (3) and (4), the dispersion equation
in terms of eigenvalue is obtained, as in Eq. (5)

(𝛺(𝑘) − 𝜔2𝑀)𝑢 = 0 (5)

where 𝛺(𝑘) and 𝑀 are the stiffness matrix and the mass matrix of the
unit cell, respectively. The dispersion relation reported in Eq. (5) is a
function of the wave vector 𝑘 and the eigenfrequency 𝜔. Therefore, in
order to find the frequency modes, the wave vector should sweep along
the path 𝛤 , X, 𝑀 , 𝛤 (see Fig. 2(d)) in order to see its change across
the boundary of the first irreducible Brillouin zone.

In this study to solve the eigenvalues equation the commercial
software COMSOL was used, as will be presented later, and, by using
some general assumptions available in literature [20], the band gaps
were drawn in terms of dispersion curves.
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Fig. 3. Vehicle/track/soil model, decoupled between the ballast and the soil [21].
3. Numerical model of the railway environment

Different approaches are available to reproduce the railway envi-
ronment to predict the induced vibrations in the soil caused by the
train passage. In this paper, due to the aim of presenting a mitigation
measure inserted within the transmission path, the two-step approach
proposed [16,21] was used, see Fig. 3. The two-step approach consists
of a first step that computes the dynamic behaviour of the vehicle/track
subsystem using the multi-body software Easydyn [22], which uses the
minimal coordinates approach to compute the forces applied by the
vehicle/track subsystem to the soil. In the second step, the calculated
loads were applied to the soil model implemented in the commercial
Finite Element Software ABAQUS. Both simulations were performed in
the time domain.

3.1. Vehicle/track subsystem

The T2000 tram, which runs on a ballast track, is used as a case
study in this paper and is a representative vehicle in terms of the
ground-borne vibrations generated by railway traffic due to its high
level of vibrations [16]. The dynamics of the vehicle-track subsys-
tems are simulated by considering a multi-body rigid vehicle model
(Fig. 4(a)) with viscoelastic suspensions (Fig. 4(b)) moving at the speed
𝑉0 on a flexible track (Fig. 4(c)) including a rail irregularity.

Values of the dynamic properties of the T2000 tram are reported in
Fig. 4(b) with value in Table 1. The two external cars with the BA2000
bogie are composed of a mass car 𝑚𝑐 , linked to bogie mass 𝑚𝑏 with the
moment of inertia 𝐼𝑏 through a secondary suspension (𝑘2, 𝑑2). In turn,
the bogie mass is connected to the two wheel sets, one to the mass
motor wheel 𝑚𝑚 coupled to the bogie at a distance 𝐿𝑚 by a primary
suspension (𝑘𝑚, 𝑑𝑚), and the other to a mass trailer wheel 𝑚𝑑 linked
to the bogie at a distance 𝐿𝑑 by a primary suspension (𝑘𝑑 , 𝑑𝑑). With a
total of six degrees of freedom. On the other hand, the central bogie is
made of two motor wheels, such as the BA2000 motor wheel linked to
the bogie at a distance 𝐿𝑏 from the centre of the car.

The track (reported in Fig. 4(c) with respective values in Table 2) is
defined as a flexible rail (Young’s modulus 𝐸𝑟, a geometrical moment
of inertia 𝐼𝑟, a section 𝐴𝑟 and a density 𝜌𝑟), laying in the lumped mass 𝑚
that plays the dynamic role of sleeper. The link between the rail-sleeper
(rail pad) and sleeper-soil (ballast) is represented by a spring–damper
system, respectively defined by its stiffness (𝑘 , 𝑘 ) and its damping (𝑑 ,
4

𝑝 𝑏 𝑝
Table 1
Dynamic properties of the T2000 tram.
𝑚𝑐 𝑚𝑏 𝐼𝑏 𝑚𝑚 𝑚𝑑

7580 [kg] 1800 [kg] 300 [kgm2] 945 [kg] 160 [kg]

𝑚𝑡 𝑘2 𝑑2 𝑘𝑚 𝑑𝑚
80 [kg] 960 [kN/m] 56.25 [kNs/m] 44 [MN/m] 18 [kNs/m]

𝑘𝑑 𝑑𝑑 𝐿𝑑 𝐿𝑚 𝐿𝑏

5.876 [MN/m] 6 [kNs/m] 1.13 [m] 0.57 [m] 0.85 [m]

Table 2
Dynamic properties of the ballast track.
𝐸𝑟 𝐼𝑟 𝐴𝑟 𝜌𝑟 𝐿

210 [GN/m2] 1988 [cm4] 0.00638 [m2] 7850 [kg/m2] 0.72 [m]

𝑐𝑝 𝑘𝑝 𝑚 𝑐𝑏 𝑘𝑏
30 [kNs/m] 90 [MN/m] 90.84 [kg] 40 [kNs/m] 25.5 [MN/m]

𝑑𝑏). The wheel–rail forces are defined using non-linear Hertz’s theory
including the geometry of the potential defects, that allows the vertical
coupling between the vehicle model and the track.

3.2. Soil subsystem

The second step is characterised by the simulation of the soil
subsystem with a finite element model. The soil is designed as a half-
space composed of a central part made up of classical finite elements,
surrounded by infinite elements, which help to reproduce the behaviour
of an unbounded domain as depicted in Fig. 4(d). A 6-layered soil,
with the characteristics presented in [23], and a uniform soil with
the properties of layer 1 for a further investigation, see Table 3, are
considered. For the present study, the induced vibrations transmit-
ted from the train foundation are simulated using the finite-element
software ABAQUS, which adopts the needed mapping formulation to
link the central (finite) domain to the external (infinite) one [24], to
avoid any reflection and to compensate any possible weakness of the
mapping [25].
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Fig. 4. T2000 Brussels tram details: (a) dimensions and axial loads, (b) rear, central ‘‘smaller’’ and front bogie, (c) track/foundation coupling and (d) half-sphere finite element
model of the soil.
3.3. Seismic metamaterials

The considered seismic metamaterial mitigation measure can be
seen as a group of piles inserted in an array disposition in order to re-
produce the basic concept of the phononic material where the unit cell
is repeated a range of times, as presented previously in this manuscript.
In particular, a group of four-by-four pile arrays was considered within
5

the second step of the utilised approach, i.e. by inserting it into the
ABAQUS soil finite element model. The geometrical characteristics and
material proprieties of the different configurations considered in the
parametric investigation are summarised in Fig. 5, with the values
reported in Table 4, with E, 𝜌 and 𝜈 refereeing to Young’s modulus,
density and Poisson’s ratio respectively. The geometrical dimensions of
the three-dimensional unit cell are selected in accordance with [10,11].
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Fig. 5. Distribution of the piles array in the model, with details of the seismic metamaterial units.
Table 3
Soil proprieties and layering [23].

E [MPa] 𝜌 [kg/m3] 𝜈 h [m] Viscous damping [ms]

Layer 1 61 1876 0.13 1.2 0.4
Layer 2 84 1876 0.13 1.8 0.4
Layer 3 287 1876 0.13 1.0 0.4
Layer 4 373 1876 0.27 1.0 0.4
Layer 5 450 1876 0.33 1.0 0.4
Half-space 465 1992 0.48 – 0.4

Table 4
Geometrical characteristics and material proprieties of the embedded seismic
metamaterial.

Geometrical characteristics D [m] H [m] a [m] r[m]

10 15 2 0.65

Material proprieties E [MPa] 𝜌 [kg/m] 𝜈 Viscous damping [ms]

Concrete 40000 2500 0.2 0.4
Steel 210000 7850 0.3 0.4
Wood 1670 450 0.24 0.4
Empty // // //

To notice that the distance ‘D’ of 10 [m] from the centre of track
is selected since is the most appropriate for the application of this
measure, in order to prevent any opposite effect on the track that might
be caused by the refraction of the waves exercised by the measure,
likewise not to far to permit its applicability in urban areas.

4. Numerical validation of the models

Numerical models are certainly the appropriate solution to improve
and conceptualise the new ideas of mitigation measures in the railway
environment, as used in this research, to remain within feasible costs.
Yet to achieve reliable results for the final field implementations,
numerical models have to be validated against field measurements
or other numerical results. In particular, in this section, the different
validations for the numerical tool used in the paper will be presented.
Starting from the validation of the vehicle/track/soil model against
field results, then the validation of these results after the introduction of
the geometry of the inserted piles in order to check that this does not
alter the wave propagation within the soil. Finally, the metamaterial
is validated with a previous numerical model to predict the level of
attenuation for the selected geometrical and material proprieties.
6

4.1. Previous validation of the T2000 model

Field measurements have been conducted to validate the complete
model in terms of the generation and propagation of the vibrations
within different representative situations [16,26]. In particular, here
the validation of the reference case without any mitigation measure
is taken into consideration, by comparing the vibration time history
of the numerical reference case of the T2000 tram and the in-situ
measurements.

Fig. 6 presents the vertical velocity of the ground of the used model
compared with the in-situ measurements conducted at the Haren site, in
the Brussels Region [27,28], considering a tram velocity of 30 [km/h],
with a local defect. In particular, Fig. 6(a) presents the vertical velocity
2 [m] from the track, while Fig. 6(b) shows it 8 [m] from the centre of
the track. Although at both distances the numerical peaks are slightly
lower than the field ones, the velocity time history is well captured
showing a reasonable agreement between the numerical model used
in this study and the field data. Additionally, the frequency domain
validation for the in-situ results in the case of a single car bogie was
presented by Kouroussis et al. [28].

4.2. Inclusion of metamaterial in the FE soil

Before moving to the vibration history results for the different
metamaterials, it is crucial to have a validation of the model as it is
very sensitive to meshing. The mesh map of the soil model is changed
because of the introduction of the inclusion in the geometry, which
considers the edges of the group of piles. The validation of the new
mesh map (where the inclusion is considered) is shown in Fig. 7 where
the time history acceleration has a good agreement with the original
mesh (without inclusion).

4.3. Transmission of the phononic material

In addition to the mesh validation of the inserted seismic metama-
terial illustrated in the previous Subsection, it is important to have a
prior evaluation of the level of attenuation of the specific metamaterial
before introducing it into the finite element soil developed in ABAQUS.
The evaluation of the attenuation of the investigated seismic metamate-
rial is identified through the drawing of the dispersion curves obtained
in turn by solving the wave equation presented in Section 2.1.

In order to do this, two models of the unit cell were built us-
ing the commercial finite element software COMSOL, which allows
the wave dispersion equation to be solved and the dispersion curves
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Table 5
Reference material proprieties and geometric characteristics.

Metamaterial Density [kg/m3] Young’s Modulus [MPa] Poisson’s ratio a [m] r [m] H [m]

Concrete [8] 2500 40000 0.20 3 1.20 6
Soil 1800 20 0.30
Steel [10] 7850 200000 0.33 2 0.60 15 + 0.8 (in bedrock)
Soil 1800 153 0.30 15
Bedrock 2500 30000 0.30 5
Fig. 6. Vertical ground velocity during the passing of the T2000 tram at speed 𝑣0 = 30 [km/h] on a rough rail with a local defect: (a) 2 [m] from the track and (b) 8 [m] from
the track.
Fig. 7. Mesh validation after the introduction of the inclusion, vertical acceleration at
18 [m] with a tram speed of 60 [km/h].

to be drawn. This then is validated against the results presented in
previous research [8,10], with the material proprieties summarised in
Table 5, with the nomenclature in accordance with Fig. 5. The same
assumptions as in the references were considered i.e. perfectly matched
layers (PMLs) are applied at the two edges of the soil parts to prevent
reflections by scattering waves from the domain boundaries.

In particular, for the first Ref. [8] with concrete inclusion the top
and bottom faces are considered simply as free edges in order to allow
their free movement, resulting in Fig. 8 showing the perfect match.
Where the band-gap (between 26.5 [Hz] and 29 [Hz]) is a consequence
of the two eigenmodes, A and B, which are below and above the
identified band-gap. On the other hand, for the second Ref. [10] with
steel inclusion, a rigid bottom part is included where the pillar is
embedded with a length of 0.8 [m] to create a bandgap starting from
zero with the first enginemode (C) at 4.6 [Hz], as depicted in Fig. 9,
where the dispersion curves are reported. In the developed model, some
displacements can be seen from the reference case close to the 𝛤 the
centre of the unit cell, these are negligible.

Before moving to the analysis of the attenuation levels within the
soil propagation, it is worth moving forward from the references by
considering a realistic case where the model is no longer clamped, as
7

presented the in literature [10]. A third numerical model composed of
a line of four pillars was built in COMSOL (as shown in Fig. 10(a)) by
considering a stiffer layer below the substrate to prevent any reflection
of the bottom waves to the surface, with an unclamped pile [10]. In
particular, the developed model consists of one row of piles in the 𝑥
direction. In the 𝑦 direction, the phononic crystal (PnC) was assumed
to be periodic, therefore periodic boundary conditions are used in this
direction. Given that the soil is semi-infinite in the z direction and
infinite in both the 𝑥 and 𝑦 directions, in the simulation, the soil was
considered to be of finite size and, to avoid the reflection of elastic
waves at the boundaries of the soil, the PML condition was used at the
bottom as well as on both sides of the soil. The excitation of the surface
acoustic waves at the entrance of the PnC was performed by applying a
force in the vertical direction of the soil surface and the detection was
done at the detector of the PnC (position in Fig. 10(a)). To solve the
associated wave equation, triangular was applied for the piles and the
soil domains and a mapped mesh was applied for the PML domains.
The maximum element size was fixed to 0.5 [m] at the surface of the
soil and was increased to 2 [m] towards the bulk of the soil, and the
complete mesh consisted of 229,970 elements. At the same time, the
same geometrical characteristics and material proprieties in Table 4
were used in order to be able to later compare the attenuation levels
with the full analysis obtained using the two-step approach that will be
presented later in this manuscript, in Section 5. The final model was
validated against the results of [29].

In Figs. 10(b) and 10(c) the surface wave transmission curves for
the 𝛤X and 𝛤M direction respectively (calculated according to Eq. (6))
are plotted against the frequency in the range from 0 to 50 [Hz]. In the
𝛤X direction the highest drop in the propagation can be seen above
20 [Hz] for three of the inclusions (concrete, steel and empty) with
empty presenting a significant peak around 46 [Hz], as depicted in
Fig. 10(b). Whereas, in the 𝛤M direction in Fig. 10(c) the drop for the
steel inclusions is above 27 [Hz] and after 44 [Hz] for the concrete. In
the same plot the raise of the transmission for the wood with respect
to the empty inclusions can be noted. For the empty inclusion, the
transverse branch is folded at low frequency (at 20 Hz in 𝛤X direction)
contrary to that of the wooden inclusion.

𝑇 𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝑢𝑝.𝑐. (6)

𝑢𝑠𝑢𝑏𝑠𝑡.
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Fig. 8. Concrete model validation compared with the reference case [8].
Fig. 9. Steel model validation compared with the reference case [10].
where 𝑢𝑝.𝑐. is the propagated velocity when the phononic crystal is
considered and 𝑢𝑠𝑢𝑏𝑠𝑡. is the velocity without the mitigation measure
where the wave propagation in the substrate (in our case the soil) is
taken into account.

5. Vibration time history results and discussion

In this section, the vibration time history of the model with the
seismic metamaterial introduced is compared with the case without
any mitigation measures in order to evaluate the possible advantages in
terms of the vibration reduction obtained by using this new technology.

5.1. Reference case

The reference setup considered to compare the different character-
istics has a lateral distance of 18 [m] from the centre of the track (in
order to take into consideration the effects after the group of piles) and
a tram speed of 60 [km/h] (which is the most representative speed).
The vibration time history analysis is shown in Fig. 11 for the different
inclusions: concrete (Fig. 11(a)), steel (Fig. 11(b)), wood (Fig. 11(c))
and empty (Fig. 11(d)), with the proprieties of each inclusion reported
in Table 4. A good level of attenuation was obtained for all the filled
inclusions, reaching a reduction of the peak velocities of 55%, 46% and
8

54% for the concrete, steel and wood respectively. This also meets the
prediction for the case of empty inclusion where the smallest reduction
was seen.

Furthermore, from the evaluation of the distribution of velocity
amplitudes depicted in Fig. 10, a good reduction in terms of amplitude
velocity can be noted, where the most attenuated frequencies were the
ones above 10 [Hz] for all four of the inclusions, with a very strong
minimisation in the range of 20 to 30 [Hz] for the case of inclusions.
The noticeable reduction from the latter vibration velocity time history
is explained by the refraction that the metamaterial exerts against the
wave propagation. It can be seen well from the velocity propagation in
the finite element soil model developed in ABAQUS. In particular, for
the reference case, the maximum velocity was reached around the time
2.7 [s] (as can be seen in Fig. 11) approximately when the centre of the
tram was at around 28 [m] from the left edge of the 50 [m] model. By
comparing the FE plan view at this instant (2.7 [s]) of the case without
inclusions in Fig. 12(a) and the four cases of different metamaterial
inclusions in Figs. 12(b)–12(e), there is a further confirmation that
for the case of concrete and steel inclusions, in Figs. 12(b) and 12(c)
respectively, there is strong refraction of the waves exercised by the
metamaterial. A smaller deflection of the waves can be seen for the
case of wood inclusions, in Fig. 12(d), yet this is not the case of
empty inclusions where no evident alteration in propagation is seen,
as reported in Fig. 12(e).
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Fig. 10. Developed pile array model in COMSOL: (a) COMSOL 3D model dimensions, (b) transmission 𝛤X direction and (c) transmission 𝛤M direction.
Although the performed simulation is in the time domain, by apply-
ing a Fourier Transformation of the vibration velocity, for the represen-
tative speed of 60 [km/h], it is possible to see how the amplitudes are
affected by the introduction of the investigated mitigation measures, as
depicted in Figs. 13 and 14 for the lateral distances of 8 [m] (just before
the metamaterial) and 18 [m] (just after the group of piles). From
these results, it is straightforward to notice, as expected, an increase
in the amplitudes just before the metamaterial due to the refraction of
the waves exerted by the group of piles (Fig. 13) especially at high
frequencies, i.e. above 30 [Hz], with an increase of the maximum
amplitude in the case of empty inclusion. Conversely, in the case after
the group of piles (Fig. 14), a decrease of the amplitude is notable
with a strong reduction of the maximum amplitudes for all the filled
inclusions.

Some shifts between the FE model in Fig. 14 and the case of
transmission obtained with COMSOL reported in Fig. 10 arise from the
fact of the consideration of an ideal infinite metamaterial in COMSOL
that does not precisely reflect the superposition of the effects that
can arise from the four-by-four pile modelled in ABAQUS. Yet, the
predicted trend is preserved for each of the four inclusions, where the
concrete and the steel inclusions show the best attenuation with the
predominance of the steel around 20 to 30 [Hz]. Therefore, the use of
COMSOL analysis is justified as a preliminary parametric investigation
that can help in setting the best geometrical and material proprieties
for a given range of frequencies.
9

5.2. Comprehensive parametric investigation

To consider the additional parameters that could affect the atten-
uation levels, a further parametric investigation was conducted, by
considering a range of material proprieties for the inclusions, as well as
considering a range of velocities from 10 [km/h] to 80 [km/h], which
represents the characteristics of the T2000. It is worth introducing
the standard evaluation in terms of insertion loss (𝐼𝐿) which gives
a standard evaluation of the attenuation in [dB], and is obtained as
the difference in vibrations, between the original configuration and
the application of the measure. In other words, the IL is obtained as
shown in Eq. (7) from the ratio of the particle displacement of the
configuration without and with the mitigation measure [4]:

𝐼𝐿 = 20 log10
𝑢𝑟𝑒𝑓

𝑢
(7)

By considering the different distances (range from 2 [m] to 20 [m]),
it is also possible to investigate how the group of piles affects the time
history of the propagation of vibration waves, as depicted in terms of
IL, for all four types of inclusion. From Fig. 15 it is straightforward
to understand the negative insertion loss at 8 [m] is caused by the
refraction of the metamaterial that leads to a higher velocity. However,
the positive effects can already be seen inside the group where an IL of
10 [dB] is reached (case of steel inclusion).

Furthermore, by taking into consideration different distances (from
2 [m] to 20 [m]) and a range of velocities (from 10 [km/h] to 80
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Fig. 11. Vibration time history analysis in the case of metamaterial 18 [m] from the centre of the track with a tram speed of 60 [km/h]: (a) concrete inclusions, (b) steel
inclusions, (c) wood inclusion and (d) empty inclusion.
[km/h]), it is possible to have the whole picture of the effect of the
metamaterial, as reported in Fig. 16. In the case of the unique speed of
60 [km/h], there is the presence of a negative IL just before the group
of piles and a positive IL already from inside the array for all three
filled with inclusions (concrete, steel and wood). Whereas, in the case
of empty inclusion the negative IL was also noticeable inside the array
because no material is there to produce the scattering effect, as also
emerged in the velocity time history analysed previously.

5.3. Additional parametric investigation

In addition to the results illustrated previously for the compre-
hensive parametric investigation, it is worth extending the range of
the latter to better evaluate the obtained results and assess them to
drive the physical behaviour of this technique. In particular, the first
extension will be on the soil characteristics going from a layered soil
to a uniform one, followed by a second enlargement in which different
row layouts of the metamaterial are considered.

5.3.1. Different soil characteristics
The role of the hosting material (i.e. soil in the present study)

of the inclusion is very important in understanding the feasibility of
metamaterial in the railway industry. Indeed, the underground soil
characteristics change randomly through the length of the rail grid.
Even though this variation can be revealed with an in-situ geotechnical
test it is usually limited to specific points of the surrounding areas due
to the high cost entailed, which is not justifiable for the whole area.

Therefore, to understand how the shifting of the soil characteristic
can affect the level of attenuation, the same parametric investigation
10
was repeated for the case of steel inclusions (being the one showing
the best levels of attenuation) by considering a uniform soil with the
first layer characteristic of the previous investigation (as reported in
Table 3 [23]) for the complete soil model.

Firstly, by comparing how the propagation of wave changes from
the more realistic layered case to the uniform one (without the miti-
gation measure), a comparison in terms of IL was done, as depicted in
Fig. 17. From the figure, it can be noticed that the uniform case has
a relevant increase in the IL because the deeper layer, in the case of
layered soil, is stiffer and drives the vibration waves to propagate on
the surface rather than in the bulk.

Therefore, as also expected in the case of the mitigation the IL is
higher for the uniform soil, as reported in Fig. 18. Yet, the trend of the
IL can be seen following the same uniform path, if the distance of 20
[m] is considered, and this decreases with the increase in the velocity.

5.3.2. Supplementary metamaterial layouts
For this case of considering different rows of metamaterial the

reiterated representative velocity of 60 [km/h] is examined, as well
as the case of inclusions made of steel, to evaluate the magnitude of
changes when the number of rows changes. As such, the primary four-
by-four metamaterial will be compared with the case of one, two and
three rows of four piles with the distance of the first row of each always
kept at 10 [m]. These layouts are reported in Fig. 19. The consideration
of fewer rows is interesting, not only in terms of costs but also in terms
of space usage since the reduction of a row for the present case means
2 [m] less where it is possible to find existing buildings or to be able
to build others, especially for urban areas.
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Fig. 12. Plan view of the outlines of the velocity wave propagation at time 2.7 [sec] (centre of the T2000 28 [m] from the left corner): (a) reference case, (b) concrete inclusion,
(c) steel inclusions, (d) wood inclusion and (e) empty inclusions.
Fig. 13. Frequency distribution at a lateral distance of 8 [m]: (a) concrete inclusions, (b) steel inclusions, (c) wood inclusions and (d) empty inclusions.
Fig. 20 shows the different IL at the different lateral distances for the
three new configurations. In particular Figs. 20(a) and 20(b) consider,
as a reference, the model without any measures and the model with
the inclusion of the four-by-four group of piles respectively. These
show important alterations before, inside and after the metamaterial
inclusions. At the beginning of the group of piles (at a lateral distance of
11
8 [m]) the vibration attenuation in terms of IL is inversely proportional
to the row of the piles, in other words, the attenuation increases when
the number of rows decreases, as reported in Fig. 20(b), and this can
be due to the lower strength of all the blocks of piles. Whereas inside
the group of piles (from 10 to 18 [m]) the attenuation does not follow
a general trend, due to the difference in the ending of each layout that
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Fig. 14. Frequency distribution at a lateral distance of 18 [m]: (a) concrete inclusions, (b) steel inclusions, (c) wood inclusions and (d) empty inclusions.
Fig. 15. Insertion loss at different distances for the embedded metamaterial, speed of
60 [km/h].

affects the interaction of the wave propagation. For example, the lateral
distance of 14 [m] is behind the configurations of one and two rows of
piles but still inside the case of three and four rows.

Furthermore, if a distance of 20 [m] behind the four-by-four is con-
sidered, this allows the final effects of all the layouts to be considered.
It can be noticed that for the case of one and two rows, as expected,
there is a decrease in the IL, whereas, the three-by-four shows a high
IL, as represented in the bar graphs in Fig. 21. This odd enhancement of
the three rows layout is due to the interaction that the waves have with
the two arrays inside the lattice structure and the particular frequency
that this is able to manipulate.

6. Conclusions

Induced vibrations generated by rail traffic is an important subject
of concern among the residents of urban areas, and the main drawback
which might slow down the development of the railway system as a
principal means of transport. Indeed, this could be problematic for the
goal to reduce global carbon emission. For this reason, over the past
few years, different researchers have focused their attention on possible
mitigation measures to attenuate these effects. In spite of this fact,
few of these measures can be found in actual projects in the railway
industry, as they are often not attractive to investors due to their costs
12
of construction and/or maintenance and the difficulty of application.
Therefore, the development of a new concept that could overcome
these limitations could be the right direction for the attenuation of the
induced vibrations.

Seismic metamaterial represents an example of a possible new
concept for which the application is well known in civil engineering,
and has relatively low costs of application and maintenance. In this
study, the possible levels of attenuation which can be reached have
been investigated through a comprehensive parametric investigation by
introducing them in a validated numerical model based on the two-step
approach of the T2000 tram running in Brussels. Various parameters
have been considered in the analysis. Four types of material for the
inclusions have been considered, as have a range of representative ve-
locities ranging from 10 [km/h] to 80 [km/h]. In addition, these were
implemented by taking into account different layouts of the groups
of piles and different materials for the transmission path. From the
exhaustive parametric investigation the different aspects that emerged
can be summarised as follows:

– The different levels of attenuation obtained by using the seismic
metamaterial in the transmission path, after the array of the group
of piles, justify its implementation and further research on the
concept of metamaterials in the railway industry. These attenua-
tions have shown an agreement, for the frequency affected, with
the preliminary investigation based on the dispersion theory for
periodic barriers simulated with COMSOL.

– The type of material used for the inclusions has a direct rela-
tionship, in terms of insertion loss, with the attenuation of the
peak velocity, independently from the value of the velocity of the
train. The order of reductions showed that the inclusions made
of concrete and steel have the highest levels, followed by the
inclusions made of wood. On the contrary, the empty one has,
as expected, a negative value.

– The material of the hosting transmission path has a relevant im-
portance in the propagation of the waves, including before reach-
ing the metamaterial array, yet the insertion loss obtained after
the inclusion had the same influence on the surface wave reaching
that point, which is obviously not with the same amplitude due
to the difference in the media of propagation.

– The different layouts considered in the extension of the paramet-
ric investigation conducted showed a direct improvement as a
consequence of introducing additional rows to the metamaterial
block. However, the configuration of three rows has a higher IL
with respect to the original block of four rows, presumably caused
by the response of the whole block to the propagation of the

induced waves.
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Fig. 16. Insertion loss parametric investigation: (a) concrete inclusions, (b) steel inclusions, (c) wood inclusions and (d) empty inclusions.
Fig. 17. Insertion loss from the layered to the uniform soil without inclusion.
13
Fig. 18. Insertion loss from the layered to the uniform soil with steel inclusion.
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Fig. 19. Different metamaterial layouts: (a) one-by-four, (b) two-by-four and (c) three-by-four.

Fig. 20. Insertion loss for the different layouts, lateral distance from 2 to 20 [m] and tram speed of 60 [km/h]: (a) with respect to the reference model and (b) with respect to
the 4 × 4 layout.

Fig. 21. Insertion loss for the different layouts, lateral distance of 20 [m] and tram speed of 60 [km/h]: (a) with respect to the reference model and (b) with respect to the 4 × 4
layout.
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This study represents one of the first investigations of the novel con-
cept of seismic metamaterials applied to the railway environment. With
the positive outputs described in this manuscript, it can be concluded
that the new concept of seismic metamaterials has great potential for
the mitigation of induced railway vibrations. Certainly, this needs to
be refined and implemented to cover a wider range of applications
depending on the different train technologies available in the industry.
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