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Abstract 
Arrays of surface resonators forming so-called metabarriers are capable of converting seismic Rayleigh 

waves into less dangerous shear waves traveling in the bulk, attenuating the ground motion at the surface. 

However, this phenomenon pertains to resonant materials inserted in homogeneous media which feature 

properties rather different to those of natural soils.  In this work, we experimentally investigate the ability 

of a resonant metabarrier embedded below the surface of an inhomogenous medium, i.e. a granular 

unconsolidated material, to attenuate the incoming surface waves. Although unable to diverge their 

propagation into the bulk, we find that surface resonators in granular media achieve attenuation of 

Rayleigh waves by up to 50 % around their resonant frequency. The findings can be used as a starting 

point for future real-scale implementations for seismic protection systems in stratified soils presenting an 

inhomogeneous stiffness profile at the seismic Rayleigh waves scale. 

1 Introduction 

Locally resonant metamaterials are artificial composites capable of affecting wave propagation at diverse 

wavelengths [1, 2, 3]. They typically comprise structured arrangements of repetitive elements whose size 

and spacing is smaller than the wavelengths they affect. As artificial materials, they exhibit properties that 

do not stem from the properties of the base materials, but instead from the particular geometry and 

arrangement of their units. In particular, it has been shown that resonant metamaterials are capable of 

blocking [4], absorbing [5], focusing [6, 7], or bending elastic waves [8]. A primary challenge lies in 

extending the potential of metamaterials to protect critical civil infrastructures from seismic waves, a task 

that naturally brings forth a question of scale. To date, proposed schemes explore designs of 

metastructures arranged around or underneath the foundations of critical infrastructures to open band gaps 

in the low frequency spectrum of seismic waves and thereby act as a “seismic shield”. Cylindrical 

resonators with four side holes [9], chain of mass-in-mass system consisting of cycloidal pendulum 

swinging in the opposite direction to the seismic oscillation [10] or arrays of iron spheres, each one 

connected to a bulk of concrete through six iron or rubber ligaments [11], form some of the metastructure 

designs proposed for attenuation of seismic waves in homogeneous media. In the context of surface waves 
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mitigation, a proof of applicability of such metamaterials has been offered by a forest, densely populated 

with trees [12], that can act like a “natural” resonant metamaterial for Rayleigh waves. In a forest, the 

surface wave bandgaps originate from the coupling between the vertical component of the incoming 

waves and the trees, which behave like vertical resonators. The same concept has been exploited to design 

a resonant metabarrier comprising meter-size resonant units embedded below the soil surface [13], capable 

of converting seismic Rayleigh waves into less harmful shear bulk waves. In detail, around the resonant 

frequency of the units, the Rayleigh wave energy diverges from the surface due to the classical "avoided 

crossing" behavior between Rayleigh-like solutions and local resonances [14]. This phenomenon can be 

broadened in frequency utilizing arrays of vertical oscillators with smoothly varying natural frequencies, 

exploiting a rainbow trapping (or metawedge) arrangement [15]. 

However, in most cases, seismic waves do not propagate through homogeneous media. In fact, soil is 

typically anisotropic and inhomogenous and exhibits a non-linear elastic behavior even at small level of 

strain [16]. To account for more realistic soil conditions, the homogeneous soil assumption may be 

replaced, at a first step, with an unconsolidated granular material. Granular media feature a stiffness 

profile (i.e. a shear G and bulk B elastic profile), that follows a power-law dependency with the 

compacting pressure 𝑝 =  𝜌𝑔𝑧, where ρ designates the density, g the gravitational constant and z the 

depth. This assumption allows for the consideration of diverse aspects that are typical of soil dynamics, as 

the propagation of multi-modal dispersive surface waves [17]. Unlike the propagation in homogeneous 

media, where non-dispersive Rayleigh waves occur due to the coupling between pressure P and shear 

waves SV at the stress-free surface, in unconsolidated granular media multiple, dispersive surface waves 

arise as a result of the so-called "mirage" effect [18], i.e. the upward bending of the compressional and 

shear rays which couple in each point of the granular material. These surface acoustic waves, guided 

between the surface and deep stiffer layers [19], present a sagittal polarization and resemble the 

fundamental (non-dispersive) Rayleigh solutions for a strong pressure compaction of the granular packing 

[20], hence the term Rayleigh-like waves. Recent studies [19,21] have revealed the existence of an infinite 

number of these acoustic modes propagating within the surface granular layer with very low velocities. 

Our previous study on the interaction of sagittal waves travelling in granular media and a metabarrier [22] 

disclosed that the conversion of surface waves into less harmful shear waves, observed in homogeneous 

media, is prevented by the stiffness gradient of the material. In more detail, when surface waves in 

granular materials encounter a resonant metabarrier, the fundamental first order mode strongly couples 

with the surface resonators which swing in phase with the granular medium channeling the energy to the 

surface. The dispersion curve of this hybrid mode is akin to the lower branch of a Rayleigh wave when 

interacting with surface resonators [13,15]. Conversely, no hybridization occurs between the higher order 

surface modes and the vertical oscillators and there is no dispersion branch akin to the upper repelling 

branch of Rayleigh waves when interacting with surface resonators [13,15]. 

The extent of mitigation offered by the metabarrier remains a topic that is open for exploration. To this 

end, we here extend our experimental investigation to characterize the surface wave attenuation offered by 

a small-scale resonant metabarrier in an unconsolidated granular medium. The metabarrier consists of a 

grid of sub-wavelength mechanical oscillators, employed in Ref. [22], embedded under the surface of the 

granular medium. Here, we first examine the interaction between Rayleigh-like waves and the surface 

resonators. Then, we estimate the overall wave mitigation induced by the metabarrier at the surface. In 

particular, we investigate the amount of the particle velocity attenuation produced by the small-scale 

metabarrier at different frequency values, close to the natural resonant frequency of the surface oscillators. 

2 Laboratory setup and Measurements 

The unconsolidated granular medium employed in the small-scale experiment consists of silica micro 

particles with a diameter of 150 µm and density 1600 kg/m3. The material presents compressional and 

shear wave speeds defined through a power-law expression 𝑉𝑃,𝑆 = 𝛾𝑃,𝑆 ∙ (𝜌𝑔𝑧) ∙ 𝛼𝑃,𝑆 [19, 23] where 𝑔 

represents the gravity acceleration, 𝜌 the material density and 𝑧 the depth. We assume the same 

coefficients values obtained in [19] for the same material: 𝛾𝑃 = 14.4, 𝛾𝑆 = 6.42, 𝛼𝑃 = 0.31, 𝛼𝑆 = 0.31. 

Such parameters slightly deviate from those predicted by the Hertz-Mindlin theory due to the strong 
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contact disorders among granular particles caused by little imperfections of their sizes and shapes [20, 21, 

24]. The material is poured inside a wooden box (2000x1500x1000 mm) up to 830 mm in height (see Fig. 

1a), after a paperboard plate is inserted at the bottom to reduce the wave reflections from the crate base. 

We mix the medium and flatten the surface before each data recording to achieve a uniform compaction of 

the material. The same experimental setup has been used to study the interaction between surface 

resonators and guided surface acoustic modes [22]. 

The small-scale metabarrier comprises 102 vertical resonators (height 24 mm, diameter 20 mm) embedded 

under the surface of the granular medium in a triangular lattice arrangement (12 lines, with 8-9 resonators 

alternately per line) with a lattice constant a = 2.5 cm (see Fig. 1c). Such arrangement allows attaining the 

highest resonator density at given lattice constant and, accordingly, the greatest ground motion attenuation 

when embedded in a homogenous medium [13]. Each resonator is made up of a cylindrical steel mass 

(height 12 mm, diameter 12 mm) glued on top of a spring designed with a truss-like geometry. A rigid 

cylindrical shell encloses the internal structure of the resonator (Fig. 1b). Both the spring and the 

cylindrical casing are 3D-printed in Acrylonitrile Butadiene Styrene (𝐸 = 2.5 𝐺𝑃𝑎, 𝜈 = 0.3, 𝜌 =
1400 𝐾𝑔 𝑚3⁄ ). Only the first vertical frequency is taken into account during the resonator design process. 

The vertical frequency of the resonators, which depends on the diameter, the length and the angle values 

of the truss elements, is set to 500 Hz. This value is experimentally calculated and verified by exciting the 

resonators by means of a piezo actuator. However, after inserting the resonators in the granular medium, 

we register a significant shift of the natural frequency to 𝑓𝑟 = 410 𝐻𝑧, ascribable to the soft behavior of 

the granular material that acts as a further spring in series with the resonator truss-like spring. 

The medium is mechanically excited by an 8-mm diameter metallic rod attached to an electromagnetic 

shaker and buried in the granular material with an angle of 20° from the normal to the free surface, 375 

mm distance from the box edge. The shaker is driven by a waveform generator, which produces a Ricker 

waveform centered at 500 Hz, as the frequency of the resonators. We record the surface velocity field 

generated by the point source by means of a Laser-Doppler vibrometer mounted on a scanning stage 

moving in a two-dimensional plane parallel to the surface. A very thin layer of a powdered sand (150-250 

𝜇𝑚-diameter Glasperlen) is spread at the surface in order to enhance the laser signal quality. At each 

measurement point, 32 signals are averaged by means of an oscilloscope in order to decrease the signal to 

noise ratio. The employed processes are controlled via a MATLAB interface. 

We measure, by means of the vibrometer, the particle velocity at the surface along the 1000 mm-long 

middle line of the box with constant step of ∆x=6 mm (line measurement) and over a 330x600 mm area 

with constant steps of ∆x=8.5 mm (area measurement). To investigate the attenuation properties of the 

resonant metabarrier, identical measurements are performed with and without the resonators. 

3 Underlying Physics 

3.1 Interaction between a resonant metabarrier and guided surface acoustic 
modes in granular media 

We recall the fundamentals of the dynamics of guided surface acoustic modes interacting with an array of 

vertical resonators. The reader may refer to Ref. [22] for a more exhaustive explanation of such 

interaction.  

Guided surface acoustic modes (GSAMs) arise from the combination of compressional (P) and shear (SV) 

waves [20], bent and driven toward the surface by the depth-increasing stiffness profile of the granular 

medium. Recent experimental observations reveal the existence of an infinite number of these surface P-

SV waves, characterized by very low propagation speeds due to the drop in granular packing rigidity near 

the free surface [21]. 

To predict the dispersive properties of surface P-SV waves travelling in the experimental setup, we model 

a portion of the granular medium with a Bloch wave–finite element (FE) approach. In particular, we 

develop a 2D model of the unit cell, a vertical stripe of the granular medium in plane-strain conditions 
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using COMSOL Multiphysics©. The Bloch form wave solution is obtained by applying periodic Bloch-

Floquet boundary conditions (BCs) at sides of the unit cell. The properties of the material are defined by 

means of its density and its compressional and shear velocities. The unit cell has a height ℎ = 3𝑚 and a 

width 𝑑 = 0.012𝑚, which allows the wavenumber to reach the value 𝑘𝑚𝑎𝑥 = 260 𝑟𝑎𝑑 𝑚⁄ . We impose 

free boundary conditions at the surface and clamped condition at the bottom. Moreover, we insert a 

Perfectly Matched Layer (PML) at the bottom region to avoid wave reflection. In accordance with the 

findings of recent studies on GSAMs traveling in unconsolidated granular media [19], an infinite number 

of surface modes arise from the dispersion relation. Fig. 2a shows the dispersion curves of the first five 

low-order GSAMs. It is worth pointing out that the order of these modes corresponds to the number of 

zeros in their vertical displacement profiles along the depth, including the one at 𝑧 → ∞, or the number of 

“phases” [19,22] (see fig. 2b). 

Similarly, to evaluate the dispersive properties of surface waves while interacting with the metabarrier, we 

consider a 2D model of the unit cell consisting of a vertical stripe of the granular medium with a resonator 

modelled as a truss-mass point element (of mass 𝑚𝑒𝑞 ∙ 𝑑 = 𝑚𝑟 ∙ 𝐴 and frequency 𝑓𝑟, where 𝑚𝑟 is the 

resonator mass and 𝐴 is the surface area over which the resonator stress is considered distributed 

uniformly). Fig. 3a shows the dispersion curves of the first five low-order GSAMs when interacting with 

the resonant metabarrier and fig. 3b their displacement depth profiles. The dispersion curve of the first-

order mode (P-SV1_m) becomes completely flat around the natural frequency of the resonators (410 Hz) 

due to the hybridization occurring between the first-order P-SV1 wave and the resonators (see Fig. 3a). 

This mode resembles the lower branch of a Rayleigh wave when coupling with the resonators [13,15]. The 

other GSAMs (P-SV2_m, P-SV3_m, P-SV4_m, P-SV5_m) are not hybridized but they undergo a so-called 

down-conversion mechanism at the antiresonance (460 Hz) [21]: their displacement depth profile loses 

one of its phases and is transformed into the profile of the previous-order mode (see Figs. 2b-3b). The 

absence of the repelling upper branch, typical of Rayleigh waves when interacting with surface resonators, 

confirms that GSAMs do not withstand the Rayleigh-to-shear conversion phenomenon observed in 

homogeneous media, here prevented by the gravity-induced stiffness gradient of the granular medium 

[22]. 

4 Results and Discussion 

4.1 1D Seismograms and Dispersion Relations 

The seismograms with (Fig. 4b) and without (Fig. 4a) the metabarrier computed from the line 

measurement illustrate the dispersive behavior of the granular medium. Although several acoustic modes 

occur, only two wavetrains dominate the seismogram without the resonators (Fig. 4a), carrying most of the 

energy: a quasi-compressional (P) wave and a packet of Rayleigh-like (P-SV) waves, traveling at lower 

velocities. In the seismogram with the resonators (Fig. 4b), the wavetrains previously identified appear 

together with new surface modes, direct and reflected, generated by the interaction between resonators and 

waves. The six vertical lines, located from 0.22 to 0.52 m, represent the oscillations of the resonators. 

Surface waves coming out from the metabarrier exhibit reduced amplitudes, whereas higher particle 

velocities occur in front of the resonant region (from 0.1 to 0.22 m from the source) due to the wavefield 

reflection. It is worth noting that the overall wave mitigation detected at further distances from the source 

depends not only on the interaction between resonators and waves, but also on the geometric spreading 

and material damping. Since these two phenomena affect our experimental data, and in order to rule out 

the portion of attenuation ascribable to the geometric spreading and the material damping, we will next 

compare the particle velocity spectra with and without the resonators at the same positions. 

We compute the dispersion relations with (Fig. 5b) and without (Fig. 5a) the metabarrier from the linear 

Radon transform of the seismograms, restricting our analysis to the P-SV modes. The blue dotted curves 

in Figs. 5a-b represent the dispersion curves of the first two order surface waves obtained from the 

numerical models. The experimental dispersion relation without the metabarrier (Fig. 5a) displays the 

frequency content and the phase velocity of the first two order P-SV modes dominating the seismograms. 
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The first order P-SV1 wave travels at 60-80 m/s, the second order P-SV2 at 50 m/s. The numerical curves 

are in excellent agreement with the experimental ones. The experimental dispersion relation of P-SV 

waves travelling within the metabarrier confirms the hybridization between the first order P-SV1 wave and 

the metabarrier resonance (Fig. 5b). The hybrid mode P-SV1_m presents a close-zero phase velocity around 

the resonant frequency (410 Hz), which results from the energy confinement of the resonators. In fact, the 

P-SV1_m carries most of the energy, thus saturating the spectrum, and, consequently, no trace of the second 

P-SV2_m mode can be detected from the experimental data. Nonetheless, the numerical prediction (blue 

dotted lines in Fig. 5b) reveals the absence of the hybridization phenomenon between the second order 

surface mode and the metabarrier, as already explained in the “Underlying Physics” section. 

4.2 Surface wave spectra 

To get further insight into the amplitude reduction at the surface, we analyze the particle velocities 

computed from the line measurement with (Fig. 6b) and without (Fig. 6a) the resonators in the frequency 

domain, as a function of both the distance from the source and the frequency. The medium appears mainly 

excited in the frequency range 200-500 Hz (Fig. 6a). This is expected since the excitation signal used, the 

Ricker wavelet, is centered at 500 Hz and because the surface modes carrying more energy present a 

frequency content within that range [22]. Moving away from the source, the amplitude decreases due to 

geometric spreading and material damping. When analyzing the surface wave spectrum with the 

resonators (Fig. 6b), the particles located before the metabarrier, which is placed between 0.22-0.52 m 

from the source, show larger amplitudes, particularly for frequency values beyond 410 Hz, confirming the 

wave reflection previously observed in the seismogram (Fig. 4b). The six red vertical lines represent the 

oscillations of the resonators going in resonance. Conversely, the particles located behind the metabarrier, 

beyond 0.55 m from the source (Fig. 6b), present lower velocity amplitudes due to the interaction between 

resonators and surface waves. The largest attenuation occurs within the frequency range from 400 to 550 

Hz, nearby the resonator resonant frequency 410 Hz. To this reason, we deepen our study to the 

experimental data within the frequency range 400-550 Hz, where we expect to measure the highest 

attenuation. 

4.3 Surface area attenuation and Surface Attenuation along the symmetry axis 
of the sandbox 

To quantify the wave attenuation at the surface, we analyze the frequency domain data recorded over the 

area (area measurement) with and without the resonators. In particular, for each position in the surface 

area, we evaluate the ratio (𝑉𝑤𝑖𝑡ℎ/𝑉𝑤𝑖𝑡ℎ𝑜𝑢𝑡) between the maxima of the particle velocity with (𝑉𝑤𝑖𝑡ℎ) and 

without (𝑉𝑤𝑖𝑡ℎ𝑜𝑢𝑡) the resonators computed between 400 and 550 Hz. Results, shown in Fig. 7, clearly 

highlight the wave mitigation produced by the metabarrier. The color intensity scale is set from 0 to 2 to 

better show the attenuation of the particle motion. A significant portion of energy is gathered on the 

resonators (round red dots) going in resonance: the Laser-Doppler vibrometer records amplitudes five 

times greater when passing on them. The red wavefront, located in front of the metabarrier, proves that a 

part of surface waves is reflected backward. As a whole, we measure a reduction of particle motion up to 

50% (blue color) behind the metabarrier and by around 25% at sides (light-blue color).  

To better highlight the dependence of the attenuation intensity on frequency, we display the particle 

velocities recorded along the symmetry axis of the sandbox at three different values of frequency: 425 Hz 

(Fig. 8a), 475 Hz (Fig. 8b) and 525 Hz (Fig. 8c), between 400 and 550 Hz, namely the frequency range of 

the detected attenuation zone. The velocity values are displayed as a function of the distance from the 

source with (red dots) and without (green dots) the resonators. The two grey dotted vertical lines mark the 

position of the metabarrier. At the front of the metabarrier (0.1-0.22 m from the source), the particle 

velocity when the resonators are embedded (red dots) exceeds the one (green dots) without the 

metabarrier. The amount of wave reflection does not change significantly in the three panels at different 

frequency values, suggesting that the reflection mechanism stems from the pure coupling between P-SV 

modes travelling respectively in the pristine granular material and in the granular material endowed with 
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vertical resonators. Conversely, the attenuation detected both within the metabarrier and behind it, is 

reduced for increasing frequency values beyond the resonator frequency 410 Hz. In particular, the velocity 

particle reduction produced by the metabarrier is higher at 425 Hz, the frequency value closest to the 

resonant frequency (410 Hz). This decrease in particle motion may be primarily attributed to the 

interaction between the surface modes and the resonators. In all the three panels, right after the end of the 

metabarrier (0.52 m from the source), we detect a slight increase of the particle velocity, which reveals 

that part of the surface waves is driven under the resonator array when encountering the resonant region, 

and eventually re-emerge at the surface. 

We remark that the noticeable oscillations, present in all the three panels both with and without the 

resonators, are a characteristic of the surface modes travelling in a vertically heterogeneous medium [16].  

To rigorously determine the amount of attenuation that the small-scale metabarrier is capable of 

producing, we evaluate the particle velocity reduction detected when the metabarrier is embedded below 

the soil surface at 425 Hz (see Fig. 8a) as follows: 

 𝐴𝑡𝑡(𝑟) = 100 ∙
𝑈(𝑟)−𝑈𝑟𝑒𝑠(𝑟)

𝑈(𝑟)
 (1) 

where 𝑈(𝑟) and 𝑈𝑟𝑒𝑠(𝑟) represent the particle velocity without and with the resonators, respectively, and 

𝑟 is the distances from the source. The result is displayed in Fig. 8d: within the resonant region, we detect 

an attenuation up to 90 %, behind it up to 60 %, on average. The major attenuation perceived within the 

resonant region suggests the most effective location to place these metastructures is under the foundations 

of building. 

5 Conclusions 

We experimentally analyzed the attenuation produced in a small-scale experiment comprising a seismic 

metabarrier composed of 102 sub-wavelength resonators arranged under the surface of an unconsolidated 

granular material in a triangular lattice arrangement. Although the particular depth-increasing stiffness 

profile of the medium prevents the delocalization mechanism of surface waves observed in homogeneous 

media, a significant attenuation is detected, especially in the frequency range 400-550 Hz, around the 

natural frequency of the resonators. Such wave mitigation is induced by the hybridization mechanism 

involving surface waves and resonators. We find that the largest attenuation is obtained within the 

metabarrier, meaning that the best place to arrange the metastructure would be underneath the foundations 

of buildings. In order to enhance the performance of the metabarrier, the so-called rainbow-trapping 

mechanism [24] could be exploited by varying the frequency of each resonator line along the 

metastructure. 

The findings are further valid in stratified soils featuring a power-law elastic profile at the seismic wave 

scale [25] and can be used as a starting point of metamaterial-inspired future actual-scale implementations 

for seismic protection systems. 
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6 Figures 

 

Figure 1: (a) Photo of the experimental setup used in the small-scaled experiment at the IBK structure 

laboratory at ETH Zurich. (b) Drawing of the 3D resonator model. (c) Sketch of the metabarrier 

arrangement. 

 

Figure 2: Numerical dispersion curves of the GSAMs traveling in the granular medium (a) and mode 

shapes at the antiresonance frequency (b). Data reproduced from [22], with permission from the publisher. 

 

Figure 3: Numerical dispersion curves of the GSAMs traveling in the granular medium with the 

metabarrier (a) and mode shapes at the antiresonance frequency (b). Data reproduced from [22], with 

permission from the publisher. 
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Figure 4: (a) Seismogram without the metabarrier. Data reproduced from [22], with permission from the 

publisher. (b) Seismogram with the metabarrier. 

 

Figure 5: (a) Dispersion relation phase velocity – frequency without the metabarrier. Data reproduced 

from [22], with permission from the publisher. (b) Dispersion relation phase velocity – frequency with the 

metabarrier. 

 

Figure 6: Surface wave spectrum with (b) and without (a) the metabarrier. 
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Figure 7: 2D Scan of the surface: ratio between the maximum values of particle velocities with (𝑉𝑤𝑖𝑡ℎ) and 

without (𝑉𝑤𝑖𝑡ℎ𝑜𝑢𝑡) the resonators computed between 400 and 550 Hz. 

 

 Figure 8: Regression of particle vertical velocity at surface as a function of the distance from the source at 

425 Hz (a), 475 Hz (b), 525 Hz (c). (d) Particle velocity attenuation at 425 Hz. 
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