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Abstract

Low frequency ground-borne vibrations generated by transport infrastructure are one of the
most serious causes of disturbance to the general population. One possibility to reduce this
problem is to use the wave filtering properties of elastic metamaterials. However, their
integration in the soil complicates the prediction of their response, and the influence of
soil-structure interaction needs to be correctly evaluated for an efficient design. The aim of this
work is to experimentally evaluate the efficiency of metamaterial trench barriers set in soil in
attenuating vibrations, using low-frequency local resonance mechanisms. A lab scale model is
proposed comprising different resonating structures and a cylindrical encasement is adopted to
couple the structure to the soil. The influence of various parameters is evaluated, such as
metamaterial structure, geometrical characteristics of the resonator, and constituent materials.
Finite Element simulations are used to develop a suitable design, analysing mode shapes and
resonance frequencies of structures with and without the surrounding encasement. Experimental
modal analysis is then performed on the corresponding fabricated samples, providing both
model validation and out-of-soil mechanical characterization. Finally, vibration transmission
loss measurements are performed in a setup in which different resonant metamaterial barriers
are embedded into the soil sample, allowing the evaluation of barrier performance. Results
indicate that the metamaterial structures provide good attenuation of vibrations in selected
intervals in the low to high frequency range (1-5 kHz), demonstrating the feasibility of the
approach in a scaled sample. Preliminary data regarding the structures providing preferable
design characteristics is also obtained. These results can be useful for the design of trench
barriers scaled to large dimensions in more realistic applicative settings.
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1. Introduction

Transport-induced ground-borne vibrations are one of the
main causes of noise pollution. This is a serious concern
for public health, causing high level of annoyance or even
adverse effects on sleep [1, 2]. During the past decades, con-
siderable efforts have been devoted to developing efficient
and cost-effective solutions for reducing excessive levels of
ground-borne vibrations, especially from railway traffic [3—
6]. Mitigation measures can be taken either at the source [7],
along the propagation path between source and receiver (build-
ing) [8—12], or at the receiver [13, 14]. An advantage of inter-
ventions on the propagation path is that no modifications to
the infrastructure itself are required, while multiple buildings
can be protected simultaneously from vibrations. An innovat-
ive solution to the problem of ground-borne vibration is the
employment of structures enabling passive control of wave
propagation using metamaterials (MMs) and phononic crys-
tals (PCs). MMs and PCs are artificially designed materials
with superior wave control characteristics, which have been
developed in various fields of technology in recent years [15—
17]. MMs have been proposed for the control of large-scale
vibrations, such as seismic (surface) waves, starting from the
theoretical work in [18]. Wang et al were the first to present
an experimental investigation of the concept, using meter-
deep holes in the ground to generate attenuation at 50 Hz for
bulk waves [19], and relatively few other experimental studies
have followed (e.g. [20]). Since the initial works, many MM
designs have been suggested, exploiting both Bragg scattering
and local resonance mechanisms to generate high attenuation
at low frequencies (below 5 Hz) [21-27], while maintaining
technical feasibility. One specific design, termed the ‘resonant
metawedge’, theoretically allows to direct surface waves from
the surface to the bulk through a mode conversion mechan-
ism from surface to body-waves [28]. Other approaches have
been based on the use of single or multiple locally resonant
units [29-32]. Analytical approaches have been recently pro-
posed specifically for the modelling of resonating elements in
the case of tunnel-radiated waves [33]. Techniques to widen
and lower the operational frequency ranges have also been
proposed [34—36]. Miniaci ef al numerically demonstrated the
effectiveness of using a hierarchical structure in the design
of seismic shields to achieve low-frequency bandgaps (BG)
i.e., frequency regions in which wave propagation is inhibited
[37]. Thus, MMs have the potential for use in vibration reduc-
tion on large scale structures and at low frequencies. Their
study and development have become a hot topic in academic
research [38—41]. Despite the interest on the topic, experi-
mental studies, both at lab scale [42, 43] and in situ [44],
have been relatively few, and in some cases, the considered
soil was scarcely representative of real world situations (e.g.

sandbox experiments). To address this challenge, this study
examines the feasibility and effectiveness of trench-like MM
structures in reducing soil-coupled bulk waves, focusing on
a novel scaled experiment in clay soil. The considered MM
unit cells (UC), are based on designs enabling large BG deriv-
ing from previous work by the authors [21, 22], including
hierarchical designs [45], which were found in some cases to
enable widening of the BG and their shifting to lower frequen-
cies. Investigations are conducted on a lab-scale model, requir-
ing a rescaling of sample dimensions and frequency ranges.
While full-scale buried trench barriers in literature are typic-
ally around 10 m, with operating frequencies of tens of Hz [46,
47], the samples in this work are approximately 10 cm in size
and 3 mm thick, shifting the frequency range from 10-50 Hz
to 0.1-5 kHz. Due to lab constraints, the problem is simpli-
fied to normal wave incidence on the barrier. Only propagation
through soil is considered, excluding surface modes. Although
the experimental conditions differ from real-world scenarios,
this setup offers valuable insights into inertial soil-structure
interaction effects (i.e. how the soil alters resonance properties
[48]), validates numerical models, and assesses the solution’s
effectiveness in reducing soil-coupled vibrations.

The outline of the paper is as follows. Section 2 introduces
the simplifications and the scaling considered to manufacture
a lab scale setup. The design and fabrication of the samples
and experimental setup is presented in section 3. The results of
the numerical simulations are shown in section 4. In section 5
experimental results are compared to numerical simulations
and further discussed. Section 6 is dedicated to soil fabrica-
tion and characterization. Experimental results of the designed
trench barrier in contact with the soil are presented and dis-
cussed in section 7. The scaling of results to large dimensions
and realistic structures is discussed in section 8.

2. Sample design and manufacturing

MMs are artificial structures whose properties can be derived
from those of its representative UC, which are periodically
arranged to form a ‘crystal’ [49]. Here, the starting idea of
the UC design was to exploit coupled ‘resonance-Bragg’ BG
[50-52] and to employ this mechanism for the attenuation of
bulk waves in soil. Two structures are selected, based on previ-
ous studies in which favourable BG characteristics were found
[21] (see figure 1). The first, named central resonator (CR), dis-
plays alow frequency BG due to the resonance-Bragg mechan-
ism, similarly to the second geometry named four-leaf clover
(FLC). To illustrate in general their vibrational characterist-
ics, in view of their potential use in trench barriers where they
can be arranged periodically in an array, we first calculate their
dispersion diagrams using finite element (FE) simulations for a
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Figure 1. (a) Schematic of the characteristic sizes of a typical UC and (b) the first Brillouin zone with the irreducible part (light grey
triangle of vertices I'-X-M-R-I") for a cubic UC. (c) Dispersion diagrams for CR and FLC structures: points in blue correspond to the

eigenmodes of the UC with free—free boundaries.

3D cubic irreducible Brillouin zone (IBZ, figure 1(b)) applying
the Bloch—Floquet boundary conditions only in the xy plane,
due to the geometry of the problem. No periodicity is assumed
in the normal direction (perpendicular to the barrier).

The dispersion diagrams shown in figure 1 are calculated
for a lattice size of @ =126 mm, and a/t =3 for CR and
FLC geometries. The materials properties are Young’s mod-
ulus E =1 GPa, density p = 1.1-10° kg m—?, and Poisson’s
ratio v = 0.4.

The two geometries are similar, in that both correspond to
a CR connected by four lateral springs to an external frame
(see also figure 2). As a result, the modal behaviour is sim-
ilar, apart from a larger number of vibration modes in the FLC
geometry due to the non-circular geometry of the CR. In addi-
tion, it is possible to compute a bandgap coverage (BGC) [53,
54] as BCG = FngBF -100, where SBG is the sum of the
BG bandwidths and F,y is the highest frequency of the cal-
culated dispersion relation. The values of the BGC for the CR
and FLC are 9.9% and 8.1% respectively. As already invest-
igated in [21], the lateral size to thickness ratio is one of the
main parameters determining the ranges in which this type of
BG occurs. Together with the dimensions of the systems, the
mechanical properties of the medium influence the dispersion
relation of the MM, as investigated carrying out a parametric
study on the FE model of the samples (see figure SM1 in the
supplementary material).

For the remainder of the work, the geometries of these UCs
are implemented in a lab-scale cylindrical geometry with a
diameter of D = 126 mm (figures 2(a) and (b)), due to experi-
mental and fabrication constraints, while the other dimensions
are chosen so as to maintain the proportions with the original
UCs [21]. This implies a scaling of the BG frequencies from
tens of Hz (required in applications) to the kHz range (see
discussion in section 7). Also, the use of a cylindrical geo-
metry instead of the square-section UC analysed in figure 1
leads to some variation in the modal spectrum of the structure.
However, as discussed in the supplementary material, differ-
ences are negligible for the lowest eigenfrequencies, and the

BGs in figure 1 can be considered indicative of the frequency
ranges where vibration transmission is also inhibited in the
cylindrical geometry. We also notice that, for both cases, the
highlighted BGs are persistent with respect to all wave vectors
(i.e. full BGs), also indicating that partial BGs are present for
waves propagating in the thickness direction (i.e. outside of
the I'X and XM direction).

A first set of locally resonant plates is designed with a UC
size equal to the diameter of the plate to target low resonance
frequency eigenmodes, while two additional designs are con-
ceived to explore the possibility of scaling local resonance of
the considered structures and extend their working frequency
(figures 2(d) and (c), since previous studies have shown that
implementing hierarchical UC design can in some cases widen
BG and shift them to lower frequencies [45]. To couple the
structures to the soil vibration while allowing their free vibra-
tion, an encasement is designed, as shown in figure 2(e). The
bulk waves in the soil impinge perpendicularly on the barrier
and propagate along the axis of the cylinder (figure 2(f)).

The two sets of samples were fabricated with different
thicknesses, due to the manufacturing constraints, of 10 and
3 mm for the polymeric (PLA) and metallic samples, respect-
ively. The set of PLA samples was fabricated in the labor-
atories using 3D printing with fused filament fabrication
on a Dremel DigilLab 3D45 printer. The process paramet-
ers included a 100% filling factor and a layer thickness of
0.34 mm. A second set of samples, made of steel, was fab-
ricated using a laser cutting technique.

3. Numerical modelling of locally resonant plates

A FEM study of the eigenmodes of the fabricated samples
with clamped boundary conditions on the external UC bound-
ary was first performed to determine the resonance frequen-
cies of the resonating structures. To explore the behaviour
of the structures for the selected range of frequencies, a for-
cing term is added to the elastodynamic problem through the
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Resonant plate
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Figure 2. Unit cell design and experimental configuration: (a) adapted UCs design for CR and (b) a modified version of the FLC resulting

from a translation of the UC by a half lattice parameter. (c) CR and (d) FLC with five UCs arranged in a cross-like array to fill the diameter
with the largest possible number of UCs of lattice parameter of 1/3 of the diameter. (e) Exploded view of the assembly formed by the case

parts and the inclusion. (f) Schematic of the experimental design setup in which the resonant plate and encasing are embedded in soil

portions.

application of a normal unit force F = Ae'“’, withA = I N, on
a specified area at the centre of the plate, mimicking the loc-
ation of the piezoelectric actuator in the experimental setup.
The response of the structure is measured as the surface aver-
age of the normal velocity amplitude on the opposite surface
to where the force is applied. This type of study allows to
determine the expected spectrum of the response of the res-
onating structure to a wide band excitation (frequency sweep
or burst), highlighting the location of the maxima (resonating
frequencies). The frequency response function (FRF) of the
resonant plate connected to the case can be correlated with
the resonance frequencies of the corresponding isolated UC
plate clamped at its edges, which mimics the effect of a rigid
encasement. As a consequence, the frequencies in which an
effective excitation of the plate is achieved (i.e. its resonance
frequencies) are linked with the transmission of energy along
the encasement, resulting in significant displacements of the
internal UC, and generating overall plate-case system anti-
resonances (minima in the computed FRF). Results are shown
in figure 3 for the PLA CR structure, chosen as an example.

While there is matching for the first eigenmode (indicated with
(1)), other plate resonances do not exactly coincide with the
anti-resonances of the plate-case system. This coupling can
be explained due to the more efficient excitation of the cor-
responding vibration mode of the resonator, which occurs for
modes that involve transverse displacement of the central mass
of the structure, while other types of resonances (bending or
torsional) present less significant out-of-plane displacements
in the resonator central mass. It is also interesting to notice that
a reasonable dip in the FRF is observed around the frequency
of 3.6 kHz, which corresponds to the centre of the BG high-
lighted in figure 1(c) (left panel). This system is subsequently
coupled to the soil in experiments.

4. Experimental characterization of meta-resonator
samples

To validate the numerical model, the resonant structures are
tested performing an experimental modal analysis with the
setup shown in figure 4. The plates are excited on the bottom
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Figure 3. Frequency response function (FRF) of the CR plate in the cylindrical case, compared to the simple CR (clamped) plate modal
shapes and frequencies, indicated with letters from (i) to (ix).
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Figure 5. Comparison between the experimentally measured and
numerically calculated FRFs averaged over the whole top surface of
the sample for (a) PLA FLC and (b) steel CR.

surface using a piezoelectric transducer placed in the centre
of the plate with a linear sweep signal (duration At =2 s),
over a frequency range from 0.1 to 5 kHz. The acquisition
is performed scanning the top surface with a Laser Doppler
Vibrometer (LDV).

The measured input and output signals are analysed calcu-
lating the average of the square FRF magnitude, i.e. analysing
the average energy of the signal for a unit energy input:

15V Y, 2
[FRE ()| = ¥ 2= )" W

X ()1*

where Y; (f) is the Fourier transform of the output signal in
the ith point, N the total number of scanned points, and X (f)
is the Fourier transform of the input signal. This quantity is
indicative of the energy of the measured response. The aver-
age value of the function over all scanned points is taken as
reference. Although some modes in which nodal points occur
at the centre of the plate are not excited efficiently due to the
location of the source, the FE model can be calibrated with
sufficient accuracy using non-axisymmetric modes. The amp-
litude of the FRF function for the numerical simulation is
computed using the force (N) as input and velocity (m/s) as
output, while for the experimental one the input and output
are the signals in volts (V) from the piezo-patch and LDV,
respectively. Fair agreement is found for PLA samples, as
shown in figure 5(a), in which the resonance peaks in the
frequency range between 1.5 and 2.5 kHz are correctly pre-
dicted, together with some minor peaks at lower and higher
frequencies. The imperfect match can be due to the numer-
ical reproduction of boundary conditions, and possibly to a
frequency mismatch due to the viscoelastic behaviour of the
material arising in experiments [55]. For the steel samples,
the numerical results of modal shapes and respective reson-
ances are compared to an experimental measurement of the

respective sample performed scanning the response in just one
point. Here, excellent agreement is found between the experi-
mental and numerical FRF functions at all resonance frequen-
cies (figure 5(b)).

In addition, the configuration of the resonant plate within
the case is compared with the experimental FRF, as shown
in figure 6. Here, we observe a good overall match between
the experimental and numerical results due to the introduction
of damping for the PLA parts. However, viscoelastic effects
are neglected, and this results in a mismatch for frequencies
above 2 kHz. For this reason, higher frequencies are not repor-
ted. As shown in greater detail in the supplementary mater-
ial, we observe that ‘hierarchical’ configurations (5 UCs) do
not display significant advantages in the simulated/measured
spectra, in terms of lower/wider resonances, compared to the
non-hierarchical ones. This is due to insufficient degrees of
freedom in modifying the geometry of the samples to enable
sufficient reduction in the effective flexural stiffness while
maintaining similar inertial effects in the resonating elements
[45] Therefore, only results relative to non-hierarchical geo-
metries are discussed in the remainder of the paper.

With the same acquisition method described in the previ-
ous paragraph, in many cases, it is possible to prove the pres-
ence of structural attenuation in the transmission spectra of the
resonator-case with case in correspondence with (w/) the res-
onating frequencies of the structures without (w/0) the case.
This is noticeable because the maxima of the spectra for the
specimens without case coincides with the minima of those
for the specimens with case. This is shown for example in
figure 7, for the FLC and CR 5UCs geometries in PLA and
steel, respectively. It is also important to notice that there is
a substantial decrease in the FRF in the FLC case due to the
losses associated with the PLA material. In the case of the CR
geometry, such significant losses are not observed when using
a steel casing. The complete results for all UC configurations
are shown in the supplementary materials (figures SM1 and
SM2).

5. Characterization of the soil sample

Experimental tests are performed on meta-resonators embed-
ded in a soil sample to evaluate the performance of the dif-
ferent designed systems when including inertial soil-structure
interaction effects. The soil sample is a reconstituted White
China Clay Kaolinite (78.5% of clay, 21.5% of silt). The spe-
cimen is prepared in a consolidometer (diameter D = 15.5 cm
and total height H = 20.0 cm) under a vertical effective pres-
sure of 100 kPa. At the end of consolidation process, the spe-
cimen is extruded and sampled to obtain two homogenous
samples with a diameter of 13 cm and a height of 4 cm. The
main characteristics of both samples are reported in table 1.
One of the two soil samples was transferred in a non-
standard oedometer (shown in figure 8) for a preliminary geo-
physical characterization in terms of compression and shear
wave velocities. The apparatus was specifically designed to
perform 3D electric resistivity tomography and to measure the
velocity of compressional (P) and shear (S) waves together
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Figure 6. Experimentally measured and numerically calculated FRFs for (a) the PLA CR 5UCs and (b) steel FLC.
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steel CR geometries. The correspondence between the resonance
frequencies of the structure (w/0) and the transmission loss of the
encased structure (w/) is highlighted by the black vertical dashed
lines.

with conventional external measurements [56]. In this test,
the device is only used to confine the sample laterally and
to measure wave velocities. In this respect, the wave velo-
cities are measured on the base of a time of flight (ToF)
approach, as shown in figure 8. For both P- and S-wave gener-
ation, the material is excited using a periodic sinusoidal burst

Table 1. Main physical characteristics of soil sample.

Water content, w (%) 48.5 Liquid limit, wi, (%) 53.85
Density of soil, p (kg m~>) 1645 Plasticity index, PI (%) 22.8
Void ratio, ey (—) 1.378 Specific gravity, Gs (—) 2.62

(figure 8(b)). Due to several disturbances affecting the signal
recorded at the receiver (e.g. electromagnetic coupling and
crosstalk between the piezoelectric transducer, reflection, and
refraction phenomena), the wave velocities are computed by
selecting both the first arrival and the peak value correspond-
ing to the third reflection, for the P-wave (figure 8(c)), or the
fifth one, for the S-wave (figure 8(d)). For the S-wave, the first
arrival does not correspond to the actual start of the signal.
This phenomenon is identified as a directivity issue due to the
bender element transducer used and described in [57]. A com-
parison of different approaches for evaluating wave velocities
is therefore necessary. Tables 2 and 3 report the P-wave (cy.)
and S-wave (cr) velocities, respectively, computed using the
two different ToF estimates, and an evaluation of the uncer-
tainty in the results applying the two different approaches.
While for the P-wave the uncertainty is small, and thus the two
approaches to estimate the velocity of waves are equivalent,
in the S-wave case there is a larger uncertainty due to a sig-
nal bias corresponding to the arrival of the reflected P-wave,
which makes the first arrival of the other component difficult to
read. Therefore, we use the value of the S-wave velocity (cr)
determined with the fourth reflection and the P-wave velocity
(cL) evaluated with reference to the first arrival for the calcula-
tions of mechanical parameters of soil. The obtained mechan-
ical properties of soil are y = 134 MPaand A = 252 MPa, cor-
responding to a Young’s modulus £ = 356 MPa and v = 0.33.
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Figure 8. Soil characterization: (a) Experimental set-up for the geophysical characterization of soil (R: receiver—S: Source). (b) input burst
excitation of soil where #y,, is the reference time instants to determine the ToFs for both mentioned cases. (c) output response for the P-wave
signal where #14 and #3,q are the assumed first arrival and third reflection time, respectively. (d) output signal related to the S-wave were 75
and s, correspond to the first arrival and second reflection respectively.

Table 2. ToF data for the S-wave characterization.

First arrival Third reflection

Ar=160 x 10~ %s
L=900x10"2m
cr =563 ms~!

Ar=550x107s
L=300x10"2m
¢ =545 ms™!
%e=1320%

Table 3. ToF data for the P-wave characterization.

First arrival Fifth reflection

Ar=779x 107 *s
L=102x10"'m
cr =285 ms~!

Ar=172x107*s
L=340x 107> m
cr =206 ms™!
%e =2772 %

6. Experimental test of meta-resonator embedded
in a soil sample

Tests for the evaluation of the performance of meta-resonators
in contact with the soil are performed by adopting a ‘sand-
wich’ experimental setup, in which the resonating plate/case
is placed between the two soil samples, prepared as described
above. This simplified setup allows to simplify measurements
and ensure a clear interpretation of results. The entire system
is encased in the modified oedometer cell to provide lateral
confinement. At the bottom of the soil, a piezo buzzer element
is placed as an excitation source. The adopted input signal is
a sweep (duration Ar =2 s) with a frequency spectrum ran-
ging from 0.1 to 5 kHz. Frequencies above 5 kHz are not con-
sidered due to the high damping regime observed in the soil
samples above this value. The output is recorded using a laser
Doppler vibrometer on the top surface of the soil. The data is
then analysed calculating the FRF function of the input and
output signals. The setup is illustrated in figure 9.

Results for PLA and steel samples are illustrated in
figure 10, in which the FRF of the resonant plate/case systems
is reported for in and out of soil tests. The complete results for

all UC configurations is shown in the supplementary material
(figures SM3 and SM4). Attenuation regions emerge in differ-
ent specific frequency ranges for all MM designs. Although the
attenuation of bulk waves by the metabarriers should be valid-
ated by relative comparisons with experiments in soil without
the barriers, data from [5] indicates that the frequency response
for the type of considered soil is relatively flat in the frequency
range of interest. This suggests that any features appearing in
the FRF spectrum can be attributed to the metabarrier itself,
rather than to the soil.

To verify if these attenuation ranges coincide with the
resonances of the UC structures, the FRF comparison plot
between the resonant plate and resonant plate/case shown in
the previous section was used. In particular, for the CR geo-
metry there is a relatively good match between the central
attenuation range in the out- and in-soil configuration, whereas
the other two frequency attenuation ranges do not appear in the
in-soil results (figure 10(a)). For the FLC geometry, there is a
partial coincidence between two regions of attenuation in- and
out of-soil, as shown in figure 10(b). In the two cases, the atten-
uation occurs at a wavelengths of approximately A =27 mm
for P-waves and A = 13 mm for S-waves.

In terms of attenuation, these results are comparable to
others reported in the literature. In [6], the assessment of
wave barriers for ground borne application was conducted
in a ‘sandbox’ test for a combined solid and empty trench,
showing a 40% decrease in acceleration amplitude. Instead,
in [11] a locally resonant MM array testedina 3 x 3 x 0.8 m
sandbox showed a decade of acceleration decrease in a fre-
quency range spanning from 160 to 400 Hz. An in-field test
result was studied in [31], where a 40 m long locally res-
onant meta barrier provided an insertion loss of 10 dB at
the resonance frequency of 32 Hz up to a distance of 32 m
far from the trench. The metabarrier proposed in this work
should provide similar performances at the designed work-
ing frequencies, although we are considering a simplified
setup in which surface waves, resonant scattering or geomet-
ric scattering effects, wave conversion, etc. do not play a
role.
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(a)

(b)

Wave trasducer

Figure 9. Experimental setup: (a) disassembled oedometer cell for in-soil tests with (A) resonant plate/case system and (B) soil samples.
(C) Steel sampling ring here used to ensure plane strain boundary condition on lateral sides of the top soil portion. (D) Modified oedometer
cell and assembled oedometer cell for in-soil tests. (b) Schematic of the experimental setup.
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Figure 10. FRF functions for the output signal of in soil (red line) and out of soil (blue line) test for (a) the PLA FLC and (b) CR samples.

7. Scaling

A comparative analysis of the dependence of sample dimen-
sions on the natural frequencies of the system is finally per-
formed to assess how the considered structures should be
scaled to address the low-frequency ground-borne vibration
problems cited in the Introduction. Due to the complex mech-
anisms involved in the inertial soil-structure interaction, we
refer to the correlation between FRF and the internal reson-
ator behaviour (figure 3), considering the transverse vibration
of the internal UC as the fundamental mechanism respons-
ible for the attenuation of impinging waves on the system.
Additionally, the casing is considered as a rigid substrate com-
pared to the stiffness of its attachment to the internal UC. As

a result, we approximate the internal UC using lumped para-
meters to represent its effective stiffness and mass. Although
simplified, this model still allows to compute the first trans-
verse resonance frequency of our system. As an example,
the PLA CR sample is chosen (figure 11(a), top row), which
can be approximately modelled as a spring-mass structure
(figure 11(a), bottom row), with the four connecting beams
playing the role of the springs (orange in figure 11(a)) and the
internal cylinder (light blue in figure 11(a)) that of the mass.
The first resonance frequency can then be calculated as

Wy = ,/%“, where kis the total stiffness of each beam and

mis the mass of the suspended central disk. The stiffness
of each beam is given by % = t + ki, where k;, = 3L—€I is the
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Figure 11. Investigation of the effects of scaling parameters on the first resonant frequency of the resonator. (a) Considered polymer CR
sample, with internal diameter (D), width (b) and length (L) of the supporting structures, and thickness t. (b) Effect of the scaling factor (s).
The first resonant frequency, calculated analytically and numerically, is associated with the longitudinal (out-of-plane) vibration.

bending stiffness, with E the beam material’s Young modulus,
I the moment of inertia of its cross-section, and L its length;
k, = 1,9 is the beam’s shear stiffness, with #;the shear factor,
G= 3040 the elastic shear modulus for the material and
Poisson’s coefficient v; b and ¢ are, respectively, the width and
height (thickness) of a beam with rectangular cross-section, in

. 3 . . .
which case, I = % and t, = g. The mass of the disk is given

2 . . . .
by m = p%t, where p is the material specific mass density
and D the disk diameter, having a thickness equal to that of
the beams. Substituting these quantities gives the approxim-

. 2 .
ate expression w, = /%W. The corresponding
2ty \L

lowest resonant frequencies are compared with FE simula-
tions considering the scaling factor s equally applied to all the
dimensions of the resonator. Figure 11(b) shows the corres-
ponding frequency values of the first vibration mode obtained
using FE models (red dots) considering clamped conditions for
the outer edges (i.e. including the grey part in figure 11(a)),
while the analytical expression for the approximated reson-
ant frequency (blue curve) confirms the locally resonant beha-
viour of all computed frequencies. For the initial size (s = 1),
the resonator of thickness # = 10 mm and external diameter of
126 mm has a first resonant frequency at 933 Hz. This fre-
quency is scaled down to 466 Hz for an external diameter
251 mm (s = 2), 187 Hz for 631 mm (s = 5), and 93 Hz for
1.26 m (s = 10). The overestimation of the analytical curve
with respect to the FE results (figure 11(b)) is probably due
to the lower stiffness associated with the casing, when com-
pared to infinitely rigid endings for the beams considered in
the analytical solution. The trend of both curves, however,
is clearly correlated. This scaling relation is consistent with
laboratory model (1 g) scaling laws, and may also be useful to
evaluate the considered design for applications in other fields,
such as the design of locally resonant structured panels [58],
subwavelength metasurfaces [26], or seismic metastructures

[34], whose typical working frequencies are also shown in
figure 11(b).

8. Conclusions

In summary, this work has discussed the possibility of using
soil-coupled MM barriers for the attenuation of bulk waves.
The effectiveness of using a relatively thin obstacle perpen-
dicular to the direction of vibration propagation at low fre-
quencies (large wavelengths) has been assessed. To aid this
evaluation, we have performed a numerical and experimental
study of a lab-scaled model on the effect of resonant bar-
riers on the propagation of bulk elastic waves in soil. The
scaled model comprised various resonating structures origin-
ating from two main MM designs, based on local coupling
of resonance and Bragg BGs. A cylindrical encasement was
adopted to couple the structures to the soil, while allowing the
resonators to freely vibrate. The work analysed the influence
of various parameters on the chosen solution: resonating struc-
tures were fabricated in PLA and steel materials with (different
thicknesses) and two different UCs were tested, with two dif-
ferent lattice parameters and filling fractions. This allowed to
consider periodically repeated UC for two of the designs.

The chosen overall cylindrical geometry allowed to sim-
plify the geometrical aspects of the problem of ground-
borne vibrations, eliminating surface effects related to the half
space geometry, and thus the presence of surface (Rayleigh)
waves and mode conversion effects. This allowed to evalu-
ate the performance of the barrier configuration in a simpli-
fied manner, facilitating the correlation between the MM struc-
ture, vibration properties, and the overall barrier transmission
characteristics.

In general, the numerical-experimental investigation
allowed to demonstrate the presence of structural attenuation
in the transmission spectra in correspondence with some of
the resonating modes of the MM structures, in relatively low
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frequency ranges. Some influence of MM design emerged in
the effective frequency attenuation regions, especially where
local resonance effects were more pronounced. Thicker PLA
barriers also seem to be more promising, due to the enhanced
inertial effect, coupled with viscoelastic damping.

Further work is required to evaluate the efficiency of the
solution compared to other designs in more realistic setups,
e.g. in a half-space configuration, considering surface wave
propagation, scattering and wave conversion effects. However,
from these preliminary results, the proposed barrier concept
for soil vibration mitigation appears to be feasible and would
allow frequency tunability in low-frequency attenuation. From
an applicative point of view, it could be particularly attractive,
since the barriers could be fully buried in the ground alongside
the infrastructure generating the vibrations, at a distance of a
few metres, thus providing a non-invasive solution. Progress
in this field could lead to significant benefits in terms of sus-
tainability of transport infrastructure, particularly in densely
populated urbanized areas.
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