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The gravity-induced depth-dependent elastic properties of a granular half-space re-1

sult in multiple dispersive surface modes and demand the consideration of material2

heterogeneity in metabarrier designs to suppress surface waves. Numerous locally3

resonant metabarrier configurations have been proposed in the literature to suppress4

Rayleigh surface waves in homogeneous media, with little focus on extending the5

designs to a heterogeneous half-space. In this work, we propose a metabarrier com-6

prising partially embedded rod-like resonators to suppress the fundamental dispersive7

surface wave modes in heterogeneous granular media known as PSV1 and PSV2. The8

unit-cell dispersion analysis, together with an extensive frequency-domain finite ele-9

ment analysis, reveals preferential hybridization of the PSV1 and PSV2 modes with10

the longitudinal and flexural resonances of the resonators, respectively. The presence11

of the cut-o↵ frequency for the longitudinal-resonance hybridized mode facilitates12

straightforward suppression of PSV1 mode, while PSV2 mode suppression is possi-13

ble by tailoring the hybridized flexural resonance modes. These PSV1 and PSV214

bandgaps are realized experimentally in a granular testbed comprising glass beads15

by embedding 3D-printed resonator rods. We also explore novel graded metabarriers16

capable of suppressing both PSV1 and PSV2 modes over a broad frequency range for17

potential applications in vibration control and seismic isolation.18
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I. INTRODUCTION19

Controlling surface wave propagation is essential to protect critical civil infrastructure20

and urban areas from the disastrous impact of some earthquakes. Locally resonant metama-21

terials, owing to their unconventional material properties of negative e↵ective mass density22

and sti↵ness attained from the hybridization of the incident wave with the local resonances23

of the resonators, o↵er unique capabilities for surface wave control by generating frequency24

bandgaps (Boechler et al., 2013; Colombi et al., 2014; Giraldo Guzman et al., 2024). Partic-25

ularly, Rayleigh surface waves in a homogeneous elastic half-space primarily delocalize into26

shear waves that propagate into the half-space within these bandgap frequencies (Colombi27

et al., 2016; Colquitt et al., 2017). There has been much research on exploiting local res-28

onant metamaterials to control Rayleigh waves, both on understanding the interaction of29

Rayleigh waves with local resonances (Colquitt et al., 2017; Pillarisetti et al., 2022a,b; Pu30

et al., 2021), and on proposing a wide range of metabarrier configurations for low frequency31

applications (Colombi et al., 2016; Lim et al., 2021; Liu et al., 2020; Miniaci et al., 2016;32

Palermo et al., 2016; Wu et al., 2024). The incorporation of soil stratification, involving33

multi-layered soils with varying homogeneous and elastic properties, has also been exten-34

sively explored in the design of locally resonant metamaterials for surface wave suppression35

(Carneiro et al., 2024; Pu et al., 2020; Zeng et al., 2022). However, natural soils are granular36

and inherently heterogeneous, necessitating the consideration of material heterogeneity in37

the design of metabarriers (Lim et al., 2019; Pu and Shi, 2018; Zeng et al., 2022).38
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In granular media, the elastic constants exhibit power-law dependency on the ambient39

pressure, which linearly scales with depth. At small strains, this dependency arises from40

the Hertzian contacts between the grains. The Hertzian contacts exhibit a nonlinear stress-41

strain relation, resulting in a power-law dependence of the elastic modulus µ on the ambient42

pressure p: µ ⇠ p
1/3, with the speed of sound (c) varying as: c ⇠ p

1/6 (Goddard, 1990;43

Gusev et al., 2006; Liu and Nagel, 1992). Unlike the non-dispersive Rayleigh waves, which44

are the only surface wave solutions for a homogeneous and elastic half-space, considerations45

of the material heterogeneity result in an infinite number of surface wave solutions called46

the guided surface acoustic modes (GSAMs) (Aleshin et al., 2007; Gusev et al., 2006). Gu-47

sev et al. demonstrated the existence of a discrete set of GSAMs: PSV modes, which are48

fundamentally a combination of longitudinal (P) and shear-vertical (SV) modes with wave49

polarization in the sagittal plane and SH (shear-horizontal) modes with wave polarization50

perpendicular to the sagittal plane (Gusev et al., 2006). Although there are many notewor-51

thy studies on quantifying the material heterogeneity and attenuation behavior in granular52

media, e.g.; (Bodet et al., 2014, 2010; Zaccherini et al., 2022), only a few studies have ex-53

ploited these material models in designing locally resonant metabarriers for surface wave54

control in granular half-space.55

The hybridization between the local resonance of the resonators and GSAMs was demon-56

strated for the first time by Palermo et al. in an unconsolidated granular media using a57

metabarrier comprising buried spring-mass resonators that exhibit longitudinal resonances58

(Palermo et al., 2018). Only the first order PSV mode (i.e., PSV1) is observed to hybridize59

with the resonators localizing the energy at the resonator base, in contrast to Rayleigh60
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waves, which delocalize into shear waves propagating into the half-space (e.g. (Colombi61

et al., 2016)). The delocalization of the surface waves to shear waves is inhibited due to62

the depth dependency of the longitudinal and shear wave speeds (“mirage e↵ect”). The63

higher-order modes (including PSV2) are observed to propagate almost undisturbed with64

their displacement profiles exhibiting down-conversion to lower-order modes for frequencies65

above the anti-resonant frequencies. Zaccherini et al. demonstrated the applicability of66

the multi-layered resonant metabarriers to attain higher attenuation compared to a single67

layer (Zaccherini et al., 2020b) by confining surface wave energy at the base of the lowest68

layer of resonators, which attenuates significantly before returning to the surface. They69

also introduce graded metabarriers with increasing and decreasing resonant frequencies to70

control SH (shear horizontal) GSAMs (Zaccherini et al., 2020a), building on earlier stud-71

ies of meta-wedges used to control Rayleigh waves in homogeneous media (Colombi et al.,72

2016; Colquitt et al., 2017). In a very recent study, Mora et al. demonstrated the use of a73

non-trivially shaped resonator array, which is found to hybridize with the two lower-order74

(PSV) surface acoustic modes by considering the consolidation of granular media under-75

neath the resonators (Mora et al., 2021). The hybridization is attributed to the hardening76

or consolidation of the medium under the resonators and the local resonances.77

Extending the previously investigated spring-mass resonators (Palermo et al., 2018; Za-78

ccherini et al., 2020b) to low frequencies in granular soil is impractical for suppressing PSV79

surface modes due to additional interactions that compromise the metabarrier e�ciency,80

despite their success in suppressing Rayleigh waves in homogeneous soil (Lim et al., 2021;81

Palermo et al., 2016), as illustrated using a transient finite element analysis in the supple-82
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mentary material. In this paper, we explore metabarriers comprising partially embedded83

rod-like resonators, owing to their simplistic geometry and the existence of only two types84

of resonator hybridizations: longitudinal and flexural. This is a significant consideration be-85

cause while flexural-resonance hybridizations with Rayleigh surface waves in homogeneous86

media are well understood, such interactions with PSV modes have been overlooked in pre-87

vious metabarrier studies in heterogeneous granular media (Palermo et al., 2018; Zaccherini88

et al., 2020a). Understanding the resonance hybridizations of these rod-like resonators holds89

promise for the development of more realistic metabarriers.90

However, the presence of multiple dispersive surface modes (PSV1 and PSV2) poses chal-91

lenges in realizing surface wave bandgaps even with such a simple metabarrier design, as92

the bandgaps are not directly evident from performing transient analysis, as discussed in93

the supplementary material. This limitation arises because the plotted spectral amplitude94

curves, obtained through transient analysis akin to prior literature (Palermo et al., 2018;95

Zaccherini et al., 2020b), only show the cumulative transmission of PSV1 and PSV2 modes,96

obscuring individual PSV1 and PSV2 mode bandgaps due to simultaneous excitation by97

the point-load excitation. Only by fully understanding the distinct hybridizations between98

PSV1 and PSV2 modes with longitudinal and flexural resonances of rod-like resonators can99

these PSV1 and PSV2 mode bandgaps be revealed, which is the primary focus of this paper.100

This objective is addressed by relying on frequency-domain analysis to study individual in-101

teractions of surface modes (PSV1 or PSV2) with resonators and identify associated PSV1102

and PSV2 bandgaps. The formation of these bandgaps is also verified experimentally on a103

granular testbed comprising glass beads using 3D-printed rod-like resonators at higher fre-104
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quencies. We also explore the impact of resonator geometry on critical resonance-hybridized105

surface modes that generate PSV mode bandgaps. This parametric study aids in the rational106

design of metabarrier configurations and identifies geometry limitations for very low frequen-107

cies. Furthermore, we investigate graded metabarriers for the first time in the context of108

PSV mode suppression, featuring arrays of rod-like resonators with increasing and decreas-109

ing height to facilitate wider PSV1 and PSV2 bandgaps through unique mode conversions110

between PSV modes.111

The remainder of the paper is arranged as follows. Section II identifies true resonance112

hybridizations of the PSV1 and PSV2 modes with the metabarrier comprising partially em-113

bedded rod-like resonators to identify the PSV1 and PSV2 bandgaps. Section III presents114

surface wave experiments on a granular testbed of glass beads to realize these bandgaps115

using 3D-printed rod-like resonators. Section IV presents a parametric analysis to study116

the influence of the unit cell geometry on the PSV1 and PSV2 bandgaps. Sections VA and117

VB demonstrate the implications of graded metabarriers on the propagation of PSV1 and118

PSV2 modes. Moreover, a compound metabarrier configuration comprising a combination119

of graded metabarriers is demonstrated in Section VC to exhibit superior PSV mode sup-120

pression capabilities. Finally, Section VI summarizes key findings from the numerical and121

experimental studies on the interaction of PSV modes with rod-like resonators to generate122

bandgaps in granular media.123
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II. PREFERENTIAL HYBRIDIZATION OF THE PSV1 AND PSV2 MODES124

Studying the interaction of the surface modes (PSV1 and PSV2) with longitudinal and125

flexural resonances of rod-like resonators could aid in designing any other non-intuitive126

resonator designs, as most of the earlier proposed metabarriers for Rayleigh waves were based127

on tailoring their longitudinal and flexural-like resonances (Lim et al., 2021; Liu et al., 2020;128

Mora et al., 2021). Fig 1(a) depicts the unit cell schematic of the metabarrier comprising129

rod-like resonators made from concrete, partially embedded in a granular medium composed130

of unconsolidated glass beads. This medium conforms to the depth-dependency of wave131

speeds: cL,S = �L,S(⇢gz)↵L,S , where cL and cS represent the depth-dependent longitudinal132

and shear wave speeds, respectively. The density (⇢=1600 kg/m3) and material constants133

(�L = 14.4 , �S = 6.42, ↵L = 0.31 and ↵S = 0.31) of the granular media are taken from134

previous literature (Aleshin et al., 2007; Palermo et al., 2018). The volume of granular135

media beneath the resonator is considered partially consolidated, as expressed by (cL,S =136

�L,S(⇢g(z + M/⇢S))↵L,S), where (M) represents the mass of resonators applied over the137

contact area (S), following (Mora et al., 2021). Perfectly matched layers with fixed boundary138

conditions are considered at the bottom of the granular half-space to filter unfeasible wave139

solutions that traverse along the bottom surface. Finally, the hybridized dispersion curves140

are obtained by imposing Bloch Floquet BCs on the surfaces of the granular half-space to141

enforce spatial periodicity and sweeping the wavenumber in the wave propagation direction142

(x-direction) within the irreducible Brillouin zone (Palermo et al., 2018).143
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FIG. 1. (a) Unit-cell dispersion analysis of metabarrier comprising partially buried rod-like

resonators in granular media comprising glass beads. The inset illustrates the depth dependency

of the longitudinal and transverse wave speeds in the granular media. (b) Hybridized dispersion

curves of a metabarrier configuration (W = 1 m, A = 1.75 m, HB = 4 m, HR = 10 m) and the

mode shapes of the corresponding (c) first flexural mode, (d) first longitudinal mode, (e) second

flexural mode, and (f) unhybridized mode propagating under the metabarrier.

Following a parametric study on the half-space depth (not shown here), the depth is144

set to 150 m, as further increasing the depth has no discernible e↵ect on the dispersion145

curves. The hybridized dispersion curves for a metabarrier configuration with W = 1 m,146

A = 1.75 m, HR = 10 m, and HB = 4 m are shown for reference in Fig 1(b). Note that147

the Young’s modulus at the resonator footing is around 170 MPa, and the pressure exerted148

on the granular media due to the self-weight of resonators (⇠80 kPa) is well below the149

allowable bearing capacity (> 250 kPa) of typical granular soils (NYC construction codes,150

2014). The color scale (Ūz = max
HB

Uz/max
HHS

Uz) in the dispersion curves helps identify the151

surface modes propagating closer to the surface (Ūz ⇠ 1) from those that propagate under the152
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resonators (Ūz ⇠ 0). These dispersion curves demonstrate hybridization with longitudinal153

and flexural resonances of the rod-like resonators, with wave structures corresponding to the154

first flexural resonance (F1), first longitudinal resonance (L1), and second flexural resonance155

(F2) are shown in Figs 1(c), 1(d), and 1(e), respectively. It is important to note that156

the cut-o↵ frequencies for the longitudinal and flexural-resonance modes in the hybridized157

dispersion curves di↵er from the fixed-free resonance frequencies of the resonator, as the158

resonators are partially buried. Interestingly, we can also observe unhybridized surface159

modes localized below the resonator, as evident from the wave structure shown in Fig 1(f).160

While these dispersion curves encompass all possible surface mode-resonator hybridizations161

without displaying evident bandgaps, it is crucial to identify the specific hybridized modes162

(longitudinal/flexural resonance) to which the incident PSV1 and PSV2 modes preferentially163

hybridize to reveal the PSV1 and PSV2 bandgaps.164

Unlike the time-domain analysis (as detailed in the Supplementary material), frequency-165

domain finite element analysis allows for the preferential excitation of specific guided modes166

of interest (Chillara et al., 2016), facilitating a detailed understanding of the resonator inter-167

actions with PSV1 and PSV2 modes independently. The schematic of the 3D finite element168

model used for the frequency-domain analysis is shown in Fig 2(a). The model is divided169

into two ”bu↵er” regions of length 0.5�, a ”loading” region of length 4�, ”incident” and170

”transmission” regions of length 6�, and a metabarrier region comprising an array of 40171

partially embedded rod-like resonators with the same dimensions as considered earlier in172

the dispersion analysis, where � represents the wavelength of the incident PSV1 or PSV2173

mode at any desired frequency. Perfectly matched layers of thickness � are employed on174
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all the exterior boundaries of the model to minimize boundary reflections with periodic175

boundary conditions imposed on the lateral surfaces (in the y-direction) of the model to176

impose periodicity in the resonator arrangement along the lateral direction. 3D brick and177

tetrahedral elements with a maximum element size of �/10 are used in the analysis. To178

ensure the excitation of pure PSV1 or PSV2 modes at a given frequency, we apply the corre-179

sponding stress distribution of the surface mode with depth as a body load to the ”loading”180

region. Simulations are repeated at several selected frequencies within the frequency range181

(8-40 Hz) for both PSV1 and PSV2 mode excitations. To demonstrate the e�cacy of the182

body load excitation approach, the wavenumber spectra computed from the complex-valued183

displacement data (Ux + Uz) on the surface of the metabarrier region, in the absence of the184

metabarrier, are overlaid on the PSV1 and PSV2 mode dispersion curves for all excitation185

frequencies. As expected, Figs 2(b) and 2(c) demonstrate preferential excitation of pure186

PSV1 and PSV2 modes, respectively, as the peaks in all the wavenumber spectra align with187

the corresponding modes across the intended frequency range.188

To identify the true resonance hybridizations of PSV1 and PSV2 modes, the wavenumber189

spectra computed in the presence of the metabarrier for PSV1 and PSV2 excitations are190

overlaid on the hybridized dispersion curves within the desired frequency range (8-40 Hz),191

as shown in Figs 3(a) and 3(d), respectively. The wavenumber spectrum at each excitation192

frequency is normalized with the maximum spectral amplitude in the wavenumber spectrum193

obtained without the metabarrier to eliminate discrepancies caused by variable excitation194

amplitudes during body load excitation. Furthermore, the transmitted PSV1 and PSV2195

modes are analyzed in the transmission spectra panels in Figs 3(a) and 3(d) by normalizing196
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FIG. 2. Frequency domain finite element analysis to study the individual hybridization of the

incident PSV1 and PSV2 modes with the metabarrier.(a) Schematic of the finite element model

employed for frequency-domain simulation. The wavenumber spectra extracted over the metabar-

rier region in the absence of the metabarrier for di↵erent excitation frequencies overlaid on the

PSV mode dispersion curves in granular media for (b) PSV1 mode and (c) PSV2 mode body load

excitations.

the spectral amplitude of the PSV1 and PSV2 modes in the wavenumber spectra computed197

over the transmission region to the spectral amplitude of the incident surface mode (PSV1198

or PSV2) in the wavenumber spectra computed over the incident region.199

The wavenumber spectra for PSV1 mode excitation demonstrate a strong hybridization200

of the incident PSV1 mode with the longitudinal resonance (L1) of the resonators and a201

weaker hybridization with the second flexural resonance (F2) present in the same frequency202

range. This is evident from the pronounced peaks along the longitudinal-resonance hy-203

bridized mode for all excitation frequencies. This strong longitudinal resonance hybridiza-204
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FIG. 3. Hybridization of the PSV1 and PSV2 modes with the longitudinal and flexural resonances of

the metabarrier. The wavenumber spectra extracted over the metabarrier region in the presence of

the metabarrier for di↵erent excitation frequencies overlaid on the hybridized PSV mode dispersion

curves in granular media for (a) PSV1 mode and (d) PSV2 mode body load excitations. The out-

of-plane displacement fields (Real(Uz)) demonstrate the interaction of the PSV1 mode with the

metabarrier for frequencies (b) within and (c) outside the PSV1 mode bandgap, as well as the

interaction of the PSV2 mode with the metabarrier for frequencies (e) within and (f) outside the

PSV2 mode bandgap. 13
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tion aligns with previous studies on PSV1 mode interaction with spring-mass resonators205

(Palermo et al., 2018; Zaccherini et al., 2020b), though these studies did not account for206

flexural-like resonances. Despite potential flexural resonance hybridizations, the presence of207

a cut-o↵ frequency (fL) for the longitudinal-resonance hybridized mode initiates a bandgap208

for the PSV1 mode above this cut-o↵ frequency, as highlighted in red in Fig 3(a) and ev-209

ident in the transmission spectra. Below the cut-o↵ frequency, the transmission spectra210

reveal some mode conversion of the incident PSV1 mode to the PSV2 mode throughout the211

frequency range. The out-of-plane displacement fields (Real(Uz)) before (Fig 3(b)) and af-212

ter (Fig 3(c)) the longitudinal resonance cut-o↵ frequency indicate suppression of the PSV1213

mode after the cut-o↵ frequency, primarily due to reflection of the incident PSV1 mode.214

In contrast, for PSV2 mode excitation, we observe a strong hybridization of the incident215

PSV2 mode with the second flexural resonance (F2) and a notably weaker hybridization216

with the longitudinal resonance (L1) in the same frequency range. This is evident from the217

wavenumber spectra showing strong peaks along the flexural-resonance hybridized mode218

for all excitation frequencies. This unique hybridization initiates the PSV2 mode bandgap219

in the absence of the hybridized flexural resonance mode, highlighted in the transmission220

spectra (Fig 3(d)). Outside the bandgap, there’s a slight mode conversion from the incident221

PSV2 mode to PSV1 mode, as observed in the transmission spectra. Comparing the out-of-222

plane displacement fields (Real(Uz)) for frequencies outside (Fig 3(e)) and within (Fig 3(f))223

the PSV2 mode bandgap reveals PSV2 mode suppression by localizing the incident PSV2224

mode into the half-space, similar to the mechanism behind bandgaps for Rayleigh waves in a225

homogeneous half-space (Colombi et al., 2016; Colquitt et al., 2017). Therefore, achieving a226
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strong PSV2 mode bandgap requires more resonators compared to the PSV1 bandgap, where227

mode suppression is mainly achieved through reflection. To further validate the presented228

numerical findings, we demonstrate the presence of these PSV1 and PSV2 bandgaps in a229

laboratory-scale setup in the subsequent section.230

III. EXPERIMENTAL VALIDATION OF THE PSV1 AND PSV2 MODE BANDGAPS231

Surface wave experiments are conducted in a steel tank measuring 122 cm ⇥ 61 cm ⇥232

45 cm, filled with unconsolidated glass beads of 150 µm diameter up to a height of 40 cm,233

achieving a packing density of 1600 kg/m3, as depicted in Fig 4(a). To minimize boundary234

reflections, all tank boundaries are covered with 5 mm corrugated cardboard sheets. Glass235

beads are poured into the tank using a mesh sieve, with the sides of the tank gently shaken236

at multiple fill levels, following the filling protocol described in previous studies (Bodet et al.,237

2014). Cardboard ba✏es are inserted 20 cm deep on the side boundaries to scatter sidewall238

reflections and a flat cardboard piece is used to manually level the surface without apply-239

ing excessive pressure that could otherwise cause consolidation. A low-frequency magnetic240

shaker (Vibration Test Systems) excites a broadband Ricker waveform centered at 700 Hz241

into the granular medium, aided by a 150 mm long, 4.76 mm diameter stainless steel con-242

necting rod buried 2 mm within the granular medium, positioned approximately 2 cm from243

one tank edge at a 35-degree inclination from vertical, as illustrated in Fig 4(a). Particle244

velocity on the granular media surface is measured using a laser Doppler vibrometer (Poly-245

tec, OFV-525) mounted on a 25 cm scan length micro-precision scanning stage (Newport,246

ILS250PP). The Newport XPS-RL motion controller and Polytec OFV-500 vibrometer con-247
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troller control the scanning stage and vibrometer, respectively. Two amplifiers are utilized248

- one for transmission (Techron, 5530) and the other for reception (Olympus, 5077PR). Fi-249

nally, a National Instruments data acquisition system (chassis: PXIe-1071) with arbitrary250

waveform generator (PXIe-5423) and oscilloscope (PXIe-5172) cards, controlled via Python251

commands, simultaneously manage excitation, reception, and scanning motion.252

LDV scanning is performed in steps of 0.5 cm along the direction of wave propagation over253

a distance of 1 m (201 points), starting from 18 cm from the source. At each scanning point,254

the out-of-plane particle velocity is recorded for 40 ms at a 100 kHz sampling frequency255

and averaged 32 times to enhance the signal-to-noise ratio. The normalized waterfall plot256

without any metabarrier (baseline), after applying a bandpass filter (100 - 1000 Hz), demon-257

strates the propagation of PSV surface modes (Fig. 4(b)). Fast-moving quasi-longitudinal258

P-waves, along with low-amplitude scattered sidewall reflections and strong backwall re-259

flections near the end of the scanning region, are also observable in the waterfall plot. To260

mitigate the influence of sidewall reflections and quasi-P-waves in visualizing surface modes,261

a wavenumber-frequency dispersion spectrum is constructed by performing a 2D fast Fourier262

transform (FFT) over the waterfall data between two border lines (marked in white dashed263

lines) where surface waves are expected to propagate (Fig 4(c)). The dispersion spectrum264

reveals the propagation of PSV1 and PSV2 surface modes, with the numerical dispersion265

curves derived from the measured properties of glass beads (�L = 21, �S = 8.8, ↵L = 0.3,266

and ↵S = 0.33) through curve-fitting plotted for reference.267

Two metabarrier configurations comprising a 2D array of 3D-printed rod-like resonators268

made of Polylactic acid (PLA) material are investigated, as shown in Fig 4(a). Configuration269
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FIG. 4. (a) Experimental setup for surface wave experiments on a granular testbed with close-up

views of the excitation sources and two tested metabarrier configurations (configuration #1 and

configuration #2) to illustrate the formation of PSV1 and PSV2 bandgaps. (b) Vertical particle

velocity along the surface in the direction of wave propagation without the metabarrier for a

700 Hz Ricker waveform excitation, and the (c) 2D space-time Fourier transform illustrating the

propagation of PSV1 and PSV2 modes, with the numerical PSV mode dispersion curves plotted

for reference.

#1 features a 4⇥6 arrangement with dimensions W = 2 cm, HR = 6 cm, HB = 2 cm, and A270

= 3.75 cm to illustrate the formation of the PSV1 mode bandgap. Configuration #2 features271

a 20⇥12 arrangement with dimensions W = 0.5 cm, HR = 8 cm, HB = 5 cm, and A = 1.25272

cm (Fig 1(a)) to illustrate the formation of the PSV2 mode bandgap. In both configurations,273

the resonators are buried 33 cm from the source, allowing the PSV1 and PSV2 modes to274
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FIG. 5. Experimental demonstration of PSV1 and PSV2 mode bandgaps. Hybridized dispersion

curves of metabarrier (a) configuration #1 and (d) configuration #2. Waterfall plots showing the

vertical particle velocity along the surface for the metabarrier (b) configuration #1 and (e) con-

figuration #2, and the corresponding wavenumber-frequency dispersion spectrum for metabarrier

(c) configuration #1 and (f) configuration #2, computed from the waterfall data within the trans-

mission region (TR). The numerical PSV mode dispersion curves are plotted for reference in (c)

and (f). The experimental and numerically obtained transmission loss for the incident PSV1 and

PSV2 modes for metabarrier (g) configuration #1 and (h) configuration #2.
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separate before interacting with the resonators, leaving transmission regions of about 55 cm275

and 45 cm for configurations #1 and #2, respectively. The resonator dimensions, buried276

depth, and spacing are carefully chosen through a parametric study to yield bandgaps within277

the 600-1000 Hz frequency range, as highlighted in the corresponding hybridized dispersion278

curves (Figs 5(a) and 5(d)). The analysis frequency range in experiments is limited by the279

transmission region length (less than two wavelengths of the PSV2 mode below 500 Hz) and280

the magnetic shaker’s inability to excite above 1000 Hz. For configuration #1, with the281

cut-o↵ frequency of the hybridized longitudinal resonance mode at 750 Hz, the PSV1 mode282

bandgap is expected to initiate above 770 Hz (Fig 5(a)). For configuration #2, the absence283

of the hybridized flexural resonance mode between 710-870 Hz is expected to initiate the284

PSV2 mode bandgap (Fig 5(d)).285

The waterfall plots obtained in the presence of metabarrier configurations #1 and #2286

are shown in Figs 5(b) and 5(e), with the metabarrier region and transmission region (TR)287

marked for reference. Surface mode attenuation is evident in both configurations in the288

transmission region. Configuration #1, which targets the PSV1 mode bandgap, exhibits289

more pronounced wave reflection, consistent with our frequency domain analysis (Fig 3(b)).290

The normalized dispersion spectra for configurations #1 and #2, computed from the wa-291

terfall data over the transmission region, are shown in Figs 5(c) and 5(f), respectively. The292

dispersion spectrum of configuration #1 clearly shows PSV1 mode attenuation above 750293

Hz, while configuration #2 shows a notable PSV2 mode attenuation from 650 to 800 Hz294

(marked in Figs 5(c) and 5(f)).295
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Finally, the transmission loss for PSV1 and PSV2 modes within the 600-1000 Hz frequency296

range in the presence of a metabarrier is shown in Figs 5(g) and 5(h) for configurations #1297

and #2, respectively. The transmission loss is assessed by normalizing the spectral am-298

plitudes (averaged over two experiments) obtained along the PSV1 and PSV2 dispersion299

curves in the dispersion spectrum evaluated over the transmission region when a metabar-300

rier is present, with corresponding spectral amplitudes (averaged over three experiments)301

extracted without a metabarrier. For e↵ective normalization, the time series and spectral302

content across the 600-1000 Hz frequency range are ensured to be similar at the initial scan303

point (before the metabarrier region) for all experiments. To ensure reliability, the steel304

tank is gently shaken before each experiment, and the magnetic shaker is remounted; if305

shaking causes consolidation of the glass beads, the tank is refilled using a mesh sieve to306

restore the material properties. To account for minor discrepancies in the numerical and307

experimental dispersion curves, which may arise from variations between experiments due308

to the consolidation of glass beads as the tank is shaken between trials, we consider a bound309

of ±7.5 rad/m for each frequency around the numerical dispersion curves of PSV1 and PSV2310

to compute the maximum spectral amplitude between the bounds and obtain the trans-311

mission spectra for the PSV1 and PSV2 modes. The shaded region in the transmission312

plots depict fluctuations in the estimated PSV1 and PSV2 spectral amplitudes across var-313

ious baseline experiments, underscoring the measurement sensitivity, as observed similarly314

in prior studies (Mora et al., 2021). Additionally, to corroborate the experimental findings,315

the transmission loss derived from full-scale 3D time-domain simulations performed over a316

finite element model replicating the experimental setup for both metabarrier configurations317
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is plotted in Figs 5(g) and 5(h). Details concerning the transient analysis are presented in318

the supplementary material.319

The experimentally estimated transmission loss for both PSV1 and PSV2 modes closely320

aligns with those obtained from transient finite element simulations for both configurations,321

thereby demonstrating the reliability of experiments in identifying the PSV1 and PSV2322

bandgaps (Figs 5(g) and 5(h)). A notable drop in the PSV1 mode transmission (-15 dB) oc-323

curs after 770 Hz in both experiments and the time-domain simulation for configuration #1,324

e↵ectively validating the presence of the PSV1 mode bandgap; meanwhile, the PSV2 mode325

transmission oscillates around a 3 dB loss (Fig 5(g)). Conversely, a notable transmission dip326

(⇠ 10 dB) is observed in the PSV2 mode between 650 - 875 Hz for configuration #2, slightly327

less pronounced than observed in simulations ( 15 dB), e↵ectively illustrating the presence of328

the PSV2 mode bandgap (Fig 5(h)). The slight compromise in the PSV2 mode transmission329

dip may be attributed to the slightly varying buried depths across the metabarrier, expected330

due to manual resonator placement. Additionally, the obtained PSV2 mode transmission331

dip, computed both numerically and experimentally, is slightly wider than the expected dip332

from the dispersion analysis (710 - 870 Hz), as the wave speed decreases with the gradual333

decrease in the slope of the flexural resonance mode in the dispersion curves closer to the334

cut-o↵ frequencies (Fig 5(d)). The experimental and numerical PSV1 mode transmission335

loss for configuration #2 oscillates around -4 dB throughout the frequency range without336

exhibiting any notable wide bandgap, except for a very narrow dip observed around 900 Hz337

in experiments. The presented experimental investigations confirm the formation of PSV1338

and PSV2 mode bandgaps, which arise due to their preferential hybridization with longitudi-339
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nal and flexural resonances, respectively, as demonstrated earlier through frequency-domain340

analysis (Fig 3). However, it is worth noting that these bandgaps are distinct, requiring a341

comprehensive understanding of the influence of geometric parameters of the metabarrier to342

motivate a rational design aimed at suppressing both PSV1 and PSV2 modes, as discussed343

in the subsequent section.344

IV. PARAMETRIC ANALYSIS345

The influence of geometric parameters on two critical factors governing the PSV1 and346

PSV2 bandgaps is investigated: (i) the longitudinal-resonance mode cut-o↵ frequency, de-347

termining the PSV1 mode bandgap, and (ii) the absence of the flexural resonance mode in348

the hybridized dispersion curves (referred to as the ”flexural-resonance bandgap”), governing349

the PSV2 mode bandgap. Inspired by the analysis of partially buried prismatic resonators350

for Rayleigh wave suppression in the homogeneous media (Liu et al., 2020), we define a new351

parameter � as the ratio of the buried depth (HB) to the resonator height (HR). To un-352

derstand the combined influence of the geometric parameters on the longitudinal resonance353

cut-o↵ frequency, we vary the parameters � from 0.25 to 0.75, resonator height (HR) from 4354

m to 10 m, and resonator width (W ) from 1 m to 4 m while maintaining the filling fractions355

(FF = W
2
/A

2) at 0.11 (Fig 6(a)), 0.25 (Fig 6(b)), and 0.44 (Fig 6(c)). The lower limit for �356

(0.25) ensures the resonator is buried at least one-fourth of its length for stability, while the357

upper limit (0.75) provides a substantial range for parametric analysis. This analysis reveals358

� as a useful tuning parameter for the longitudinal-resonance mode cut-o↵ frequency; lower359

22



JASA/Sample JASA Article

� values correspond to lower longitudinal-resonance cut-o↵ frequencies, enabling e↵ective360

suppression of the PSV1 mode at lower frequencies.361

(a) (c)(b)

FF = 0.44

HR = 10mHR = 8m

W = 4mW = 3m

∗ HR = 4m × HR = 6m

W = 1m W = 2m

FF = 0.25FF = 0.11

FIG. 6. Influence of the unit-cell geometry: resonator height (HR), resonator width (W), buried

depth (HB), lattice length (A) on the longitudinal resonance mode cut-o↵ frequency (fL) for filling

fractions (W
2
/A

2
) (a) 0.11, (b) 0.25 and (c) 0.44.

It is crucial to note that while the initiation of the PSV1 mode bandgap is ensured above362

the longitudinal resonance mode cut-o↵ frequency (as in Fig 3(a)), the full extent of the363

PSV1 mode bandgap is not accurately reflected in these results. This is because complex364

higher-order modes tend to initiate at higher frequencies, which can enable PSV1 mode365

transmission, as documented in the supplementary material in the section on frequency-366

domain analysis to identify the upper limit of the PSV1 mode bandgap. Additionally,367

the influence of � on the longitudinal resonance mode cut-o↵ frequency diminishes with368

increasing resonator width, particularly noticeable for lower filling fractions. Further, the369

resonator height is demonstrated to have little influence on the variation of the cut-o↵370

frequency with �, especially for a larger resonator width. In conclusion, the analysis suggests371
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that the cut-o↵ frequency can be reduced to initiate PSV1 bandgaps at frequencies as low372

as 7 Hz (Fig 6(a)). However, this comes at the expense of larger resonator width (W ) and373

spacing (lower filling fraction), as well as reduced buried depth (lower �) that enable weaker374

constraints on the cantilever-like beam imposed by the granular media (Liu et al., 2019,375

2020).376

Moving forward with identifying the geometric parameters contributing to the PSV2377

mode bandgap, we observe that increased resonator width (not shown here) counteracts378

the formation of the flexural resonance bandgap necessary to suppress the PSV2 mode.379

Therefore, we restrict the analysis to metabarriers with a resonator width (W ) of 1 m and380

study the influence of the buried depth (HB), resonator height (HR), and filling fraction381

(FF ) on the flexural-resonance bandgaps. We examine buried depths (HB) of 2 m, 4 m,382

and 6 m, adjusting the resonator heights (HR) for each depth to vary � (HB/HR) from383

0.75 to 0.25 and present results for the filling fractions (FF) of 0.25 and 0.44, similar to the384

previous analysis. No evident bandgaps are observed for the filling fraction of 0.11 and are385

therefore ignored. For reference, the lower (� = 0.25) and upper (� = 0.75) � limits are386

represented as vertical lines in Figs 7(a) and 7(b), for each buried depth.387

We observe that for a lower filling fraction (FF = 0.25) and buried depth (HB = 2 m),388

flexural-resonance bandgaps are absent for smaller resonator heights (Fig 7(a)). With in-389

creasing the buried depth, though these bandgaps initiate for all the considered resonator390

heights, they occur at higher frequencies. Obtaining the flexural-resonance bandgap at391

lower frequencies requires longer resonators, as evident in Figs 7(a) and 7(b), making it392

challenging to suppress the PSV2 mode. However, a higher filling fraction of the metabar-393
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(a) (b)

HB = 2m HB = 6mHB = 4m

FF = 0.25 FF = 0.44

FIG. 7. Influence of the unit-cell geometry i.e., resonator height (HR) and buried depth (HB) on

the flexural-resonance bandgaps for a resonator width of 1 m and filling fractions: (a) 0.25 and

(b) 0.44. The shaded regions denote the extent of the flexural resonance bandgap, and the vertical

lines denote the lower (� = 0.75) and upper (� = 0.25) limits of � for the corresponding buried

depth HB. The colors of the shaded regions match the corresponding legend for HB.

rier (FF = 0.44), though increases the design complexity, is observed to initiate bandgaps394

even for shorter resonators buried at shallow depths and generate wider bandgaps compared395

to metabarriers with a lower filling fraction (FF = 0.25). While the intrinsic mechanism396

behind generating flexural-resonance bandgaps for PSV2 modes is complex, the presented397

parametric analysis indicates that wider flexural-resonance bandgaps at lower frequencies398

necessitate smaller resonator width, longer resonators, and higher filling fraction. This re-399

quirement contrasts with the need for a large resonator width in metabarriers to achieve400

lower longitudinal-resonance mode cut-o↵ frequencies necessary to suppress the PSV1 mode401

at lower frequencies (Fig 6(a)). Consequently, designing metabarriers capable of simul-402

taneously suppressing both PSV1 and PSV2 modes over a wide frequency range becomes403
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challenging and requires new innovative approaches, such as exploiting graded metabarriers404

as studied in the subsequent section.405

V. GRADED METABARRIERS406

Despite their demonstrated potential to enhance bandgaps for Rayleigh waves in ho-407

mogeneous media (Colombi et al., 2016), graded metabarriers (GMs) with varying reso-408

nance frequencies have not yet been explored for suppressing PSV modes in granular media.409

The steady decrease in the flexural-resonance bandgap frequencies with increasing resonator410

height (Fig 7) motivates the application of GMs with varying resonator heights to widen411

the PSV2 mode bandgap. While it is not immediately intuitive to use GMs to suppress the412

PSV1 mode, this section aims to demonstrate the ability of GMs to induce mode-conversions413

between the PSV1 and PSV2 modes that can be leveraged to simultaneously suppress both414

modes. To illustrate this application, consider two GMs (GM #1 and GM #2), each con-415

sisting of 40 partially embedded rod-like resonators. The other tunable parameters, except416

the resonator height, are kept constant in these two metabarriers: W = 1 m, A = 1.75 m,417

and HB = 4 m, as previously used for frequency-domain analysis in Fig 3. In GM #1, the418

resonator heights (HR) range from 7 m to 11 m, utilizing the flexural resonance bandgap419

between the first (F1) and second (F2) flexural resonance modes, which spans the desired420

8-40 Hz frequency range, as illustrated in Figs 8(a) and 8(b). In contrast, resonator heights421

(HR) are considered to vary from 12 m to 20 m in GM #2 to utilize the flexural resonance422

bandgap between the second (F2) and third (F3) flexural resonance modes, also spanning423

the desired 8-40 Hz frequency range, as illustrated in Figs 8(b) and 8(c).424
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(a)

Graded metabarrier (GM #2): HR = 12 m – 20 mGraded metabarrier (GM #1): HR = 7 m – 11 m

(b) (c)
No mode coupling

!!
0 1 0 1

Mode coupling

!!

1st flexural resonance bandgap

2nd flexural resonance bandgap

L1

F1

F2

F2

F1

L1

F1

F2

L1 F2
L1

F3

FIG. 8. Finite element model of graded metabarrier configurations with varying resonator heights

designed to exploit the (a) first flexural resonance bandgap and (c) second flexural resonance

bandgap, along with the hybridized dispersion curves for the shortest and longest resonators within

the metabarriers. (b) Variation of flexural resonance bandgaps across the resonators for both graded

metabarriers.

A notable contrast between these two GMs is the existence of a mode coupling frequency425

in GM #2 within the desired frequency range (8-40 Hz), where the first longitudinal res-426

onance mode (L) intersects with the second flexural resonance mode (F), evident across427

the hybridized dispersion curves for all the resonator heights considered in the metabarrier428

(Fig 8(c)). Due to the preferential hybridization of the PSV1 and PSV2 modes with the429

longitudinal and flexural resonances (Figs 3(a) and 3(d)), respectively, a significant mode430

conversion between these modes is anticipated at this mode-coupling frequency. In GM431

#2, the mode coupling frequency shifts up or down within the 10-30 Hz range, depending432

on whether the resonator heights increase or decrease in the direction of the incident wave433

(see the hybridized dispersion curves for the shortest and longest resonator in Fig 8(c)).434
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This broad frequency range for mode conversion can be exploited to suppress both PSV1435

and PSV2 modes simultaneously, as will be illustrated in this section. To that front, we436

individually explore the interaction of PSV1 and PSV2 modes with the GMs #1 and #2,437

considering both the increasing and decreasing resonator heights, to highlight the nuances438

in the mode conversions between the PSV1 and PSV2 modes.439

A. Graded metabarriers with increasing resonator height440

The interaction between the incident PSV1 and PSV2 modes and GMs #1 and #2,441

featuring increasing resonator height, is depicted in Fig 9 through frequency-domain finite442

element analysis, analogous to the analysis performed earlier in Section II. In addition to the443

transmission spectra, we include the reflection spectra in the analysis to comprehensively444

evaluate the metabarrier e�ciency against the incident PSV1 or PSV2 modes. In GM #1,445

where no mode coupling frequency exists, the transmission spectra for the incident PSV1446

mode, owing to its a�nity towards longitudinal resonance mode hybridization, reveal sig-447

nificant PSV1 mode transmission across the frequency range until reaching the minimum448

longitudinal resonance mode cut-o↵ frequency fL(min) = ⇠ 34 Hz (marked in Figs 9(a) and449

9(c)) attributed to the longest resonator in the metabarrier. This substantial PSV1 mode450

transmission is further evidenced by the out-of-plane displacement field depicted at one of451

the excitation frequencies, as shown in the inset of Fig 9(a). Although the mode conver-452

sions to transmitted (and reflected) PSV2 modes remain relatively low, consistent with the453

uniform resonator height metabarrier (Fig 3(a)), we note significant PSV1 mode reflection454

across the frequency range, particularly for frequencies closer to and above fL(min) (Fig 9(a)).455
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PSV2 mode excitation

Graded metabarrier (GM #1): HR = 7 m → 11 m Graded metabarrier (GM #2): HR = 12 m → 20 m

PSV1 mode excitation

Graded metabarrier (GM #1): HR = 7 m → 11 m Graded metabarrier (GM #2): HR = 12 m → 20 m

(a) (b)

(d)

PSV1 (transmitted) PSV2 (transmitted) PSV1 (reflected) PSV2 (reflected)

(c)

PSV1

PSV1

PSV1

PSV1

PSV2

PSV2

PSV2

PSV1

fL (min)

fL (min)

fL (min)

fL (min)

FIG. 9. Frequency domain finite element analyses to study the interactions of PSV1 and PSV2

modes with graded metabarriers (GMs #1 and #2), featuring increasing resonator height in the

wave propagation direction. Transmission and reflection amplitude coe�cients of PSV1 and PSV2

modes for an incident PSV1 mode over (a) GM #1 and (b) GM #2, and for an incident PSV2 mode

over (c) GM #1 and (d) GM #2. Insets in each subfigure illustrate the out-of-plane displacement

field (Real(Uz) at the marked frequency to visualize the mode interactions.
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On the other hand, as expected with the flexural-resonance bandgap spanning the 8-40456

Hz frequency range (Fig 8(a)), we observe the PSV2 mode suppression across all excita-457

tion frequencies, emphasizing its superiority over a uniform resonator height metabarrier458

(compare Figs 9(c) and 3(b)). The displacement field in the inset of Fig 9(c) illustrates459

a notable localization of the incident PSV2 mode into the granular half-space beneath the460

resonators, indicating a similar mechanism of PSV2 mode suppression observed with the461

uniform resonator height metabarrier (Fig 3(d)). Furthermore, we note a relatively weak462

mode conversion (reflected and transmitted) to the PSV1 mode across the frequency range463

in the transmission/reflection spectra, accompanied by a substantial reflection as a PSV2464

mode at higher frequencies. In conclusion, while this metabarrier configuration is ine↵ective465

for PSV1 mode suppression, it is highly e↵ective in attenuating the PSV2 mode across a466

wide frequency range.467

The GM #2, exhibiting a mode coupling frequency across the 10-30 Hz frequency range,468

demonstrates unique interactions with the incident PSV1 and PSV2 modes, as depicted469

in Figs 9(b) and 9(d). Although the longitudinal-resonance mode persists throughout the470

frequency range until fL(min) = 25.5 Hz (marked in Figs 9(b) and 9(d)), the incident PSV1471

mode is predominantly reflected upon encountering the resonator whose mode coupling472

frequency in its hybridized dispersion curves matches the excitation frequency. This behavior473

is illustrated in the transmission/reflection spectra in Fig 9(b) and the inset showing the474

out-of-plane displacement field. We also observe an anomaly in the transmission/reflection475

spectra around 20 Hz with considerable transmission. While the cause of this phenomenon476

is unknown, we speculate that the e�cacy of the mode coupling in reflecting the incident477
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PSV1 mode diminishes as frequencies approach the fL(min) frequency. Additionally, mode478

conversions to transmitted and reflected PSV2 modes are weak across the frequency range.479

Remarkably, for an incident PSV2 mode, we observe a broadband suppression of the PSV2480

mode due to its conversion to the PSV1 mode for frequencies below fL(min), as illustrated481

in Fig 9(d) and the inset showing the simulation snapshot. This ”down-conversion” in482

the surface mode order (PSV2 to PSV1) is attributed to the mode coupling exhibited by483

the resonators within the graded metabarrier. After surpassing the fL(min), most of the484

incident PSV2 mode is observed to be significantly reflected back as PSV2 mode with a485

weak mode-converted PSV1 mode, as illustrated in the transmission/reflection spectra. In486

conclusion, while the GM #2 with increasing resonator heights e↵ectively suppresses the487

PSV2 mode, albeit through a distinct mechanism from GM #1, and e�ciently reflects the488

incident PSV1 mode, the mode conversion of the incident PSV2 mode to PSV1 compromises489

the metabarrier’s e�cacy in suppressing the PSV1 mode.490

B. Graded metabarriers with decreasing resonator height491

The interaction of the incident PSV1 and PSV2 modes with the GMs #1 and #2, fea-492

turing decreasing resonator heights, is illustrated in Fig 10. As expected, the performance493

of GM #1, with decreasing resonator heights, towards incident PSV1 and PSV2 modes494

closely resembles that of increasing resonator heights (compare Figs 10(a) and 9(a) and495

Figs 10(c) and 9(c)), owing to the absence of mode coupling frequency among resonators496

within the frequency range of interest (Fig 8(a)). Therefore, the conclusions drawn for the497

metabarrier with increasing resonator heights, namely, their e↵ectiveness in predominantly498
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suppressing the PSV2 mode across a broad frequency range, apply to the case of decreasing499

resonator heights. Hence, in the absence of mode coupling, the behavior of graded metabar-500

riers towards surface modes in granular media remains una↵ected by the choice of grading501

(increasing or decreasing), which contrasts with their behavior towards surface waves in a502

homogeneous medium (Colombi et al., 2016).503

In GM #2 with decreasing resonator heights, PSV1 mode suppression is attained through504

a notable mode conversion (”up-conversion” in the surface mode order) of the incident PSV1505

mode to PSV2 (Fig 10(b)). This mechanism of PSV1 mode suppression contrasts with that506

exhibited by the same metabarrier configuration but with increasing resonator heights, where507

the incident PSV1 mode is significantly reflected without any mode conversion (compare508

Figs 10(b) and 9(b)). However, above the fL(min) (marked in Figs 10(b) and 10(d)), the509

metabarriers with increasing and decreasing height behave similarly, with the incident PSV1510

mode predominantly reflected. We also observe a similar anomaly with enhanced PSV1511

mode transmissions around 20 Hz, as seen in the case of increasing resonator height (Fig512

9(b)). On the other hand, unlike the mechanism where PSV2 mode suppression is achieved513

by mode converting to the PSV1 mode for the GM #2 with increasing resonator heights, in514

the case of decreasing resonator heights, PSV2 mode suppression predominantly occurs by515

localizing the PSV2 mode into the half-space without significant mode conversions, similar516

to the GM #1 (compare Figs 10(d) and 9(d)). At higher frequencies beyond the fL(min),517

most of the incident PSV2 mode is observed to be reflected, similar to that demonstrated518

for the GM #2 with increasing resonator heights.519
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PSV2 mode excitation

Graded metabarrier (GM #1): HR = 7 m → 11 m Graded metabarrier (GM #2): HR = 20 m → 12 m

PSV1 mode excitation

Graded metabarrier (GM #1): HR = 11 m → 7 m Graded metabarrier (GM #2): HR = 20 m → 12 m

(a) (b)

(c) (d)

PSV1 (transmitted) PSV2 (transmitted) PSV1 (reflected) PSV2 (reflected)

PSV1 PSV1

PSV2PSV1

PSV2

PSV2

PSV2

PSV2

fL (min)

fL (min) fL (min)

fL (min)

FIG. 10. Frequency domain finite element analyses to study the interactions of PSV1 and PSV2

modes with graded metabarriers (GMs #1 and #2), featuring decreasing resonator height in the

wave propagation direction. Transmission and reflection amplitude coe�cients of PSV1 and PSV2

modes for an incident PSV1 mode over (a) GM #1 and (b) GM #2, and for an incident PSV2 mode

over (c) GM #1 and (d) GM #2. Insets in each subfigure illustrate the out-of-plane displacement

field (Real(Uz) at the marked frequency to visualize the mode interactions.
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In conclusion, while GM #2 with decreasing resonator heights e↵ectively suppresses the520

PSV1 mode and e�ciently localizes the incident PSV2 mode within the half-space, the mode521

conversion of the incident PSV1 mode to PSV2 compromises the metabarrier’s e�cacy in522

suppressing the PSV2 mode, which is strikingly opposite to the behavior observed with523

increasing resonator heights. Overall, these investigations on graded metabarriers suggest524

that while these structures can generate wider bandgaps for either PSV1 or PSV2 modes525

individually, achieving broadband suppression of both modes simultaneously using graded526

metabarriers alone remains challenging. However, the distinctive mode-conversions demon-527

strated by these graded metabarriers o↵er a pathway to simultaneously suppress the PSV1528

and PSV2 modes through compound metabarriers, which involve appending two distinct529

metabarriers, as discussed in the subsequent section.530

C. Compound metabarriers531

Suppressing the PSV1 mode poses a greater challenge compared to the PSV2 mode be-532

cause graded metabarriers can achieve wider PSV2 mode bandgaps using shorter resonators533

(such as the GM #1) without relying on mode coupling frequencies (see Figs 9(a), 9(c),534

10(a), and 10(c)). One way to design a compound metabarrier capable of simultaneously535

suppressing both PSV1 and PSV2 modes is to combine this graded metabarrier with PSV2536

mode suppression capability with another metabarrier capable of suppressing the PSV1537

mode. There are two feasible options in metabarriers for suppressing PSV1 modes at low538

frequencies. First, the uniform resonator height metabarriers achieve this by tuning the539

longitudinal resonance mode cut-o↵ frequencies (fL) to very low values. However, this ap-540
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proach requires larger resonator widths (W > 2m) to obtain a cut-o↵ frequency below 15 Hz541

(Fig 6(a) and 6(b)). Second, the GMs with decreasing resonator heights and mode-coupling542

frequencies (GM#2) can suppress the PSV1 mode by mode-converting to PSV2 mode, which543

requires thinner but longer resonators (Fig 10(b)). In this paper, we selected the latter op-544

tion as a case study for a compound metabarrier. It merges GM #2, featuring decreasing545

resonator heights, as previously discussed for its e�cacy in suppressing the PSV1 mode by546

mode converting to the PSV2 mode (Fig 10(b)), with an appended GM #1 featuring in-547

crease resonator heights, which e↵ectively suppresses both the incident PSV2 mode and the548

mode-converted PSV2 mode transmitted from the former metabarrier (Fig 9(c)).549

PSV1 mode excitation

PSV1 (transmitted) PSV2 (transmitted)

(a)

fL (min)

(b)

fL (min)

PSV1 (reflected) PSV2 (reflected)

PSV1

PSV2

PSV2 mode excitation

PSV2

PSV2

FIG. 11. Frequency domain finite element analyses to study the interactions of PSV1 and PSV2

modes with compound metabarriers. Transmission and reflection amplitude coe�cients of PSV1

and PSV2 modes for an incident (a) PSV1 and (b) PSV2 modes over the compound metabarrier.

Insets in each subfigure illustrate the out-of-plane displacement field (Real(Uz) at the marked

frequency to visualize the mode interactions.

35



JASA/Sample JASA Article

The performance of this compound metabarrier over the incident PSV1 and PSV2 modes550

is illustrated through the transmission/reflection spectra in Figs 11 (a) and 11(b), respec-551

tively. For the incident PSV1 mode, as depicted in the displacement field inset (Fig 11(a)),552

the majority of the energy undergoes mode conversion to the PSV2 mode at the first graded553

metabarrier (GM #2), which is then directed into the half-space by the subsequent metabar-554

rier (GM #1). A notable suppression (>75%) of the incident PSV1 mode is evident in the555

transmission spectra across the frequency range of 8-40 Hz, except for frequencies nearer to556

the fL(min), where the mode conversion from the incident PSV1 mode to the PSV2 mode is557

compromised, as previously highlighted for GM #2 in Fig 10(b). Most of the incident PSV1558

mode energy after the fL(min) is significantly reflected following the observations from Fig559

10(b).560

Similarly, we observe significant suppression of the incident PSV2 mode (> 50%) for the561

incident PSV2 mode throughout the frequency range (10 - 40Hz). A substantial reflection562

as a PSV2 mode at higher frequencies is observed, similar to that observed for GM #1 in563

Fig 9(c). The residual transmission of the PSV2 mode observed at lower frequencies for564

compound metabarrier (Fig 11(b)) is attributed to the slight recovery of PSV2 mode energy565

localized into the half-space, which resurfaces due to the mirage e↵ect (Palermo et al., 2018),566

as similarly observed for GM #1 in Fig 9(c). By increasing the number of resonators or567

employing multiple, spaced, compound metabarriers, we can further enhance the suppression568

of both PSV1 and PSV2 modes over a wider frequency range. This is because the mode-569

converted PSV2 mode in the case of incident PSV1, mode and the transmitted PSV2 mode in570
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the case of incident PSV2 mode can be gradually localized into the half-space by employing571

multiple metabarriers.572

VI. CONCLUSION573

A comprehensive understanding of the interactions of the surface modes with a partially574

buried metabarrier in granular media is crucial for the rational design of metabarriers. In575

contrast to the hybridization of the non-dispersive Rayleigh surface waves with both the576

longitudinal and flexural resonances of the surface resonators in an isotropic and homoge-577

neous half-space, which result in the formation of surface wave bandgaps, the hybridization578

behavior of the PSV dispersive surface modes in heterogeneous granular media with the local579

resonances (longitudinal/flexural) is complex and requires extensive numerical analysis. In580

this study, the e�cacy of a metabarrier comprising partially buried rod-like resonators in581

suppressing the relevant surface modes (PSV1 and PSV2) in granular media is numerically582

and experimentally evaluated. The dispersion analysis of the unit cell comprising a par-583

tially buried resonator and granular half-space reveals multiple hybridizations between the584

PSV surface modes and the longitudinal and flexural resonances of the resonators with no585

discernible bandgaps contrary to the well-studied hybridization of Rayleigh waves with the586

longitudinal and flexural resonances of the resonator.587

The frequency domain analyses employing body load excitation reveal preferential hy-588

bridization of PSV1 and PSV2 modes with longitudinal and flexural resonances, respectively.589

The preferential hybridization of the PSV1 mode with the longitudinal resonance facilitates590

PSV1 mode suppression after the longitudinal-resonance cuto↵ frequency. In contrast, the591
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preferential hybridization of the PSV2 mode with the flexural resonances enable PSV2 mode592

suppression at frequency ranges where no possible hybridized flexural-resonance modes ex-593

ist (flexural-resonance bandgaps). Unlike the incident PSV1 mode, which predominantly594

reflects from the metabarrier above the longitudinal-resonance cuto↵ frequency, the incident595

PSV2 mode is observed to localize and propagate under the metabarrier with significant596

suppression at these flexural resonance bandgaps. The presence of PSV1 and PSV2 mode597

bandgaps is experimentally validated in a granular media testbed comprising glass beads598

at scaled frequencies (600-1000 Hz) using 3D-printed PLA rod-like resonators. We present599

an extensive parametric analysis to understand the influence of unit cell geometry on the600

positioning of the PSV1 and PSV2 mode bandgaps. Exploiting the dependency of the flex-601

ural bandgap positioning on resonator length and the intriguing mode-coupling behaviors,602

we demonstrate an innovative application of graded metabarriers as broadband filters for603

PSV2 mode and as mode-conversion filters that facilitate conversion between PSV1 and PSV2604

modes. Finally, using the mode-conversion capability of the graded metabarriers, we propose605

to simultaneously suppress both PSV1 and PSV2 modes at low frequencies (8-40 Hz) using a606

compound metabarrier configuration, a combination of two distinct graded metabarriers. It607

is apparent that these initial metabarrier designs have quite large dimensions; nonetheless,608

they o↵er valuable insights into the hybridization of the surface modes in granular media609

with longitudinal/flexural resonances and establish a foundation for more optimized designs.610

The natural next steps include considerations of soil’s non-elastic behavior, stratification,611

etc. for more realistic metabarrier designs.612
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