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Highlights

e  Full-scale field tests confirm mass-driven low-frequency band-gap shift on granular-soil sites.

e  Wave-field decomposition reveals modal selectivity: BG2/BG3 respond to both Love
and Rayleigh waves.

e  Mass tuning provides a low-cost, reversible route for in situ site-adaptive band-gap control.

Abstract

Locally resonant seismic metasurfaces can suppress surface waves at sub-wavelength scales,
but their fixed configurations are difficult to adapt to site-specific dominant frequency
spectra. Seismic surface waves carry large seismic energy and decay slowly with distance,
threatening low-rise buildings, lifeline engineering and above-ground infrastructure; site-
adaptive surface-wave mitigation is therefore of clear engineering necessity. This paper
proposes a mass-tunable spring-resonator seismic metasurface that reconfigures band-gaps
in situ by adjusting resonator counterweight mass. Three-dimensional Bloch eigenmode
simulations over 2-6 kg show that increasing mass shifts all band-gaps toward lower
frequencies, and that at 3 kg or above higher-order modes decouple, generating a fourth
band-gap (BG4). Full-scale frequency-sweep testsona 7 x 6 array onan8.0m x 2.0m x 1.0 m
sand bed validate this trend: the measured second band-gap (BG2) shifts from 48-74 Hz at
2 kg to 35-68 Hz at 6 kg. Wavefield decomposition reveals clear modal selectivity: BG2 and
the third band-gap (BG3) respond to both Love and Rayleigh waves, whereas BG4 is excited
only by Rayleigh waves. Resonator mass is thus a reversible, low-cost, engineering-feasible
degree of freedom for in situ band-gap tuning, and wave polarization must be considered
in site-adaptive seismic metasurface deployment.

Keywords: seismic metamaterials; elastic waves; band-gap tuning; energy attenuation;
local resonance

1. Introduction

Seismic surface-wave damage represents a critical threat to above-ground civil infras-
tructure, including low-rise buildings, elevated facilities and lifeline engineering. Surface
waves carry substantial seismic energy and decay slowly with propagation distance; there-
fore, effective mitigation of surface elastic waves remains a long-standing challenge within
geotechnical earthquake engineering and vibration-protection communities. Locally reso-
nant seismic metasurfaces belong to a subclass of artificial seismic metamaterials. A seismic
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metasurface consists of periodic arrays of surface-mounted resonant units placed atop a
soil half-space. It leverages local resonance effects to generate sub-wavelength band-gaps,
within which elastic surface-wave propagation is significantly suppressed. Different from
conventional seismic barriers that rely on Bragg scattering (which requires structural di-
mensions comparable to seismic wavelengths), locally resonant metasurfaces can achieve
wave attenuation at geometric scales much smaller than the target wavelength, breaking the
dimensional limitation of traditional isolation measures and offering a promising technical
pathway for seismic vibration mitigation.

Since the pioneering proposal of locally resonant phononic crystals, elastic-wave ma-
nipulation by artificially engineered periodic resonant media has attracted extensive in-
terdisciplinary research spanning condensed-matter physics, acoustics, civil engineering
and geophysics [1]. Liu et al. [2] first demonstrated that resonant structural units can
produce sub-wavelength band-gaps, whose underlying physical origin can be interpreted as
frequency-dependent negative effective mass density [3]. This unique property matches well
the practical demand for low-frequency seismic-wave suppression, motivating abundant
investigations on discrete mass-spring resonators and composite metastructure designs [4].

Subsequent research extended locally resonant metamaterial concepts toward field-
scale seismic metasurface applications. Briilé et al. [5] performed field tests and verified
that engineered soil configurations are capable of reshaping seismic surface-Wave-fields.
Colombi et al. [6] reported that natural forest arrangements function as intrinsic seismic
metamaterials, generating Rayleigh-wave band-gaps via tree-trunk local resonance; they fur-
ther proposed resonant meta-wedge structures to realize mode conversion between Rayleigh
surface waves and body waves [7]. Further representative developments include embedded
meta-barriers [8], broadband seismic metastructures [9], large-scale seismic metamaterial
prototypes [10], inertial resonator arrays [11], and isochronous mechanical-oscillator sys-
tems [12], greatly enriching the design library of seismic metamaterials. On the theoretical
front, scholars have derived dispersion relations describing coupling effects between surface
resonators and Rayleigh waves [13], extended theoretical frameworks for metasurface-based
anti-plane Love-wave control [14], and incorporated Biot poroelastic theory to account for
fluid-solid coupling within saturated porous foundations [15], which collectively complete
the theoretical foundation for half-space soil-resonator interaction problems [16]. Parallel
research efforts have covered multi-layer composite layouts, multi-mass resonant cells,
periodic foundations and tank-targeted seismic-protection strategies [ 17-23]. More recently,
nonlinear mechanisms have been introduced to obtain amplitude-dependent dispersion
and harmonic-response characteristics for seismic metastructures [24].

Despite the promising wave-attenuation performance demonstrated in existing nu-
merical and laboratory-scale studies, insufficient band-gap tunability constitutes a major
bottleneck that hinders real-world engineering deployment of seismic metasurfaces. Actual
construction sites exhibit highly variable soil stratification, and the dominant frequency
band of incoming seismic surface waves is strongly site-dependent. A metasurface ge-
ometry optimized for one specific site may suffer severe performance degradation when
deployed under different ground conditions. Several tuning strategies have been reported
in the literature to realize reconfigurable band-gaps: modifying boundary constraints for
ultra-low-frequency stop-band generation [25], spatially grading resonator heights to alter
dispersion landscapes [26], point-wise modulation of the refractive index for elastic met-
alens construction [27], and exploiting nonlinear stiffness to achieve amplitude-sensitive
band-gap shifting [28]. Numerical simulations have also explored mass-in-mass periodic
barriers for strong-motion seismic mitigation [29]. Among these competing technical routes,
adjusting the resonator lumped-mass stands out with distinct practical merits: the principle
is physically intuitive, implementation on-site is straightforward, and the reconfiguration
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process is fully reversible. By simply adding or removing counterweight materials, one can
continuously adjust the natural resonant frequency of each unit cell and thus reconfigure the
metasurface band-gap range, which yields attractive application prospects for site-adaptive
seismic protection.

Nevertheless, experimental evidence for mass-tunable seismic metasurfaces remains
scarce in the published literature. Most existing experimental investigations are limited to
small-scale laboratory bench-top tests under ideal boundary conditions [30-32]. The limited
number of reported field-scale experiments either adopt natural resonant scatterers such
as trees [33], or adopt fixed-geometry embedded rigid structures without on-site tunable
capability [5,8]. To our knowledge, full-scale field experiments using artificial spring-mass
seismic metasurfaces with in situ adjustable counterweights deployed on real granular-soil
sites—which additionally enable quantitative decomposition of Love-wave and Rayleigh-
wave attenuation and multi-parameter cross-validation against Bloch-theoretic numerical
simulations—have rarely been documented.

To fill this research gap, the present work selects resonator mass as the core tuning vari-
able and systematically investigates its modulation effects on multi-order locally resonant
band-gaps. First, three-dimensional Bloch eigenmode simulations are performed over a
mass range of 26 kg to reveal the physical mechanisms through which mass variation drives
band-gap downward-frequency shifts and higher-order-mode decoupling that generates
new band-gaps. Following the numerical parametric scan, full-scale frequency-sweeping
field experiments are conducted on an 8.0 m x 2.0 m x 1.0 m sand-filled foundation equipped
with a 7 x 6 resonator array. We quantitatively evaluate total-energy attenuation as well as
separated attenuation contributions from Love waves and Rayleigh waves, and compare
measured responses against simulation predictions. Adopting a research paradigm com-
bining “parametric numerical scanning + full-scale field validation at representative mass
limits”, this study verifies that resonator mass serves as an effective degree-of-freedom for
band-gap tuning. It provides combined theoretical and experimental support for the future
engineering design of site-adaptive seismic metasurfaces. Note that the term “full-scale” in
this manuscript indicates prototype-sized resonators deployed on real soil sites, rather than
implying that ultra-low-frequency seismic band-gaps are achieved.

2. Theoretical Modeling and Numerical Simulation

To interpret the mass-tunable band-gap physics observed in subsequent field exper-
iments, this chapter establishes the theoretical and numerical basis for the investigated
seismic metasurface. We construct a dynamic resonator model that accounts for multi-
modal motion and mass-sensitive soil-structure contact, and perform Bloch eigenmode
simulations to quantify how resonator mass reshapes band-gap features. These numer-
ical predictions will later serve as a baseline reference for comparison against full-scale
experimental measurements presented in Section 3.

2.1. Multi-Degree-of-Freedom Resonator Model and Mass-Tuning Principle

According to the existing literature, each unit cell of surface-mounted seismic meta-
materials can be simplified to a spring-mass dynamic assembly [2,34], as illustrated in
Figure 1. The device consists of a mechanical spring, a mass-tuning cup (MTC) for variable
counterweight filling, and a wooden base plate in contact with the sandy substrate. Its
detailed dimensions are given in Section 2.2.
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MTC

Spring

Base
Figure 1. Spring—oscillator model.

Unlike an ideal single-degree-of-freedom lumped-mass oscillator, the real resonator
unit can undergo both translational and rotational motions. Accordingly, each resonator
unit cell is idealized as a rigid body with six degrees of freedom (six-DOF), possessing
three translational DOFs along x, y, z directions (u,, u,, u.) and three rotational DOFs
(0y,0,,0.) around these axes [16,35]. This multi-DOF model corresponds physically to
our real prototype: translational modes represent horizontal/vertical shaking of the filled
cup-base assembly; rotational modes represent rocking and torsional deformation observed
in physical tests.

The generalized coordinate vector for this rigid-body unit-cell resonator is defined as:

q = [, u,,u,,0,,0,0,1" (1)

where g is the generalized displacement vector (three translational plus three rotational gen-
eralized coordinates). The dynamic governing equation of the unit cell is then expressed as:

Mq + Cq + [ks + kc(m)]q = Fwave (2)

where M = diag(m, m, m, I, Iy, I,) denotes the mass matrix, in which mass m is treated as a
tunable structural parameter; I, Iy, and I, are the inertia about the three orthogonal axes; C
denotes the damping coefficient; k, represents the internal stiffness contributed by springs,
cup components, and connecting structures; k. (m) is the contact stiffness between the base
plate and sand substrate, which varies with structural mass rather than remaining constant;
and F,,,. denotes the generalized forces and moments imposed by substrate surface waves

at the contact interface.
To characterize the mass-dependent contact behavior, a power-law empirical stiffness

model is adopted [36]:
k.(m) = kg + kq (m)?P (3)

where k is the initial contact stiffness under zero preload, k., is the fitting coefficient, and
p is the power-law exponent typically ranging from 0.5 to 1. Physically, an increase in the
lumped-mass enhances the normal pressure exerted by the base plate on the sand surface,
which further alters the interfacial contact stiffness. Accordingly, the modal characteristics
of the resonator can be effectively tuned by adjusting the structural mass.

Based on the Rayleigh quotient principle, the w, order natural angular frequency of
the system is formulated as:

pllks + k.(m)]1g,

witm) = PpEMo,

(4)
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where @, represents the n modal shape vector of the unit-cell system. It should be noted
that the eigenvector @, in the Rayleigh quotient corresponds to the generalized modal
vector of the lumped-parameter six-DOF rigid resonator. The periodically arranged meta-
material excites local resonance through harmonic vibration at the surface; the out-of-
phase coupling between the resonators and the substrate generates negative effective dy-
namic parameters [2,34,37], thereby dissipating seismic wave energy and forming band-
gaps. Thus, altering the surface mass enables tuning of the natural frequency and active
band-gap control.

2.2. Unit-Cell Geometry and Material Parameters

Figure 2 presents the plan view (a), cross-sectional view (b), and schematic diagram of
the spring—oscillator unit (c) for the proposed structure. The lattice constant 4 is 30 cm. The
spring adopted is a standard manganese-steel die spring with a free height of 50 mm, outer
diameter of 40 mm, inner diameter of approximately 20 mm, maximum compression ratio
of 40%, and axial stiffness of 1.059 x 10° N/m. The base is a poplar plate with dimensions of
60 mm x 60 mm x 10 mm. The oscillator consists of a cylindrical polyethylene terephthalate
(PET) cup with a diameter of 100 mm, height of 200 mm, and wall thickness of 2 mm.
Detailed design parameters are summarized in Tables 1 and 2. The spring is rigidly bolted
to both the PET cup and the poplar base plate. The ballast mass (2, 3, 4, 5, and 6 kg)
serves as the sole tuning parameter in this study. The masses of 2 kg and 6 kg are achieved
by filling the cup with river sand and iron sand up to a height of 0.20 m, respectively,
whereas masses ranging from 3 to 5 kg are obtained by mixing river sand and iron sand at
different proportions.
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Figure 2. Design schematics: (a) plan view, (b) cross-sectional view, (c) spring-resonator configuration.
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Table 1. Design parameters.
a (m) L, (m) L, (m) L; (m) H, (m) H; (m) H, (m) Hy (m)
0.3 0.1 0.04 0.06 1.0 0.20 0.05 0.01

Table 2. Material parameters.

Material Density p (kg/m?) Your};g (sl\zfll)(:)iulus Poisson’s Ratio v
River sand 1400 20.0 0.47
Poplar wood 400 200 0.35
PET 1320 253 x 10° 0.35
Iron sand 4400 1.00 x 10° 0.31
Manganese steel 7850 2.05 x 10° 0.25

The geometric dimensions are listed in Table 1. The material parameters of the de-
signed unit cell are listed in Table 2, in which the parameters were determined from field
measurements and engineering handbooks.

2.3. Numerical Results: Band-Gap Evolution and Modal Responses

Based on the propagation wave equation of elastic waves and Bloch’s theorem [38,39],
we obtain the eigenvalue equation for periodic structures.

[D(k) — w*M|u(r,t) =0 (5)

where D(k) is the stiffness matrix, M is the mass matrix, w is the angular frequency, k is the
wave vector, and u(r,t) is the displacement field, which is a function of the position vector
r and time t. Based on this formulation, finite element simulations are conducted using
COMSOL Multiphysics (5.2, COMSOL AB, Stockholm, Sweden).

The dispersion relations, w(k), are computed by sampling wave-vector points along
the irreducible Brillouin-zone high-symmetry path M-I'-X-M. This path covers the critical
high-symmetry directions within the first Brillouin zone of the square lattice. By scanning
wave vectors along these directions, we obtain the upper- and lower-frequency bounds of
complete band-gaps for surface-wave propagation in the 2D periodic metasurface. Band-
gap intervals are identified where no real propagating eigensolutions exist. Using these
dispersion relations, the band-gap characteristics for different structural parameters can be
quantitatively compared.

2.3.1. Modal Characteristics Under Representative Mass Conditions

Guided by the six-DOF rigid-body resonator model established in Section 2.1
(Equations (1)—(4)), three-dimensional Bloch eigenmode analyses were performed for
the two representative masses that corresponding directly to the experimental configura-
tions, namely 2 kg (river-sand filling) and 6 kg (iron-sand filling). Figures 3 and 4 display
the computed eigenmode shapes and corresponding band structures of the 2 kg resonator,
respectively, while Figures 5 and 6 display those of the 6 kg resonator. Within the six-
DOF framework, each eigenmode can be projected onto the generalized coordinate vector
q=[uy, Uy, Uy, 0., Gy, 6,]7, so that its dominant translational or rotational content can be
identified unambiguously.

As shown in Figure 3, the 2 kg resonator exhibits four identifiable modes: the horizontal
translation f, = 8.8 Hz, the mixed mode f,, =48.3 Hz, and two rotational modesf,; = 75.1 Hz
and f, = 109.6 Hz. The latter three open BG1, BG2, and BG3, respectively (Figure 4). The
horizontal mode f, does not open an independent gap: being dominated by the lateral
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spring stiffness, the resonator moves almost in phase with the substrate surface motion at
the wavelengths of interest, so the out-of-phase coupling is too weak to drive the effective
dynamic parameters negative over a finite frequency interval; the mode therefore manifests
only as a resonance adjacent to the passband rather than a complete band-gap.

WY

(@ (®) (© @

¥

Figure 3. Eigenmode shapes of the 2 kg resonator: (a) f, = 8.8 Hz (horizontal translation);
(b) frn = 48.3 Hz (mixed translation—rocking); (c) f,; = 75.1 Hz (rocking); (d) f,, = 109.6 Hz (higher-

order rocking/shear—tilt).
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Figure 4. Band-gap diagram for the 2 kg resonator, showing three complete band-gaps (BG1-BG3).
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Figure 5. Eigenmode shapes of the 6 kg resonator: (a) f, = 7.7 Hz (horizontal translation),
(b) fm = 35.8 Hz (mixed translation-rocking), (¢) f,; = 66.9 Hz (rocking), (d) f,, = 87.2 Hz (higher-
order rocking/shear-tilt), (e) f,; =103.7 Hz (out-of-plane torsional).
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Figure 6. Band-gap diagram for the 6 kg resonator, showing four complete band-gaps (BG1-BG4).

As shown in Figure 5, the 6 kg resonator exhibits five modes—f, = 7.7 Hz (horizontal
translation), f,,, = 35.8 Hz (mixed), f,; = 66.9 Hz, f,, = 87.2 Hz, and f,5 = 103.7 Hz (the
latter three rotational modes)—which collectively open four complete band-gaps, BG1-BG4
(Figure 6). A clear one-to-one correspondence exists between the modal eigenfrequencies
and the upper band-gap edges (2 kg: 47.5, 74.4, and 109.3 Hz versus f,, f,1, and f,;
6 kg: 35.7,65.8, 87.6, and 103.1 Hz versus f ., f 11, f 12, and f 3), confirming the multi-order
locally resonant origin of the band-gaps. Whenever the incident surface-wave frequency
approaches an eigenfrequency of the resonator, out-of-phase coupling between the resonator
and the substrate drives the effective dynamic parameters toward negative values; elastic
traveling waves can then no longer propagate within that frequency range, and a band-gap
forms. Each decoupled higher-order mode contributes one additional attenuation band.

The mass-driven frequency downshift follows directly from the Rayleigh quotient
in Equation (4). Increasing the ballast mass m enlarges both the translational mass m
and the mass moments of inertia I, Iy, and [, in the mass matrix M, whereas the mass-
dependent part of the generalized stiffness stems solely from the baseplate—sand contact
stiffness k.(m) = k. + k. (m)? (Equation (3)), which grows only sublinearly (0.5 <p < 1),
while the internal spring stiffness k, remains unchanged. The denominator of Equation (4)
therefore grows faster than the numerator, and all locally resonant modal frequencies
decrease with increasing mass (f,,: 48.3 — 35.8 Hz; f ;: 75.1 - 66.9 Hz; f ,: 109.6 — 87.2 Hz).
Consequently, BG1-BGS3 all shift toward lower frequencies along M-I'-X-M; in particular,
the upper edge of BG1 decreases from approximately 47.5 Hz to approximately 35.7 Hz,
which markedly enhances the low-frequency suppression capability—the most valuable
improvement for seismic locally resonant metasurfaces. Meanwhile, the low-frequency
acoustic branches, corresponding to the collective motion of the unit cell together with the
substrate, are governed primarily by the soil parameters and remain almost unchanged,
whereas the locally resonant optical-like branches shift downward.

The emergence of BG4 originates from the decoupling of higher-order modes. At a
mass of 2 kg, f,, and f,5 are closely spaced and strongly hybridized, so the correspond-
ing optical-like branches remain connected and no complete gap exists above BG3. As
the mass increases, the rotational inertia grows in proportion to m, while k (m) increases
only sublinearly; modes with different rotational polarizations therefore possess different
stiffness-to-inertia ratios and downshift at different rates. The modal spacing progres-
sively widens, the hybridization weakens and eventually vanishes, and the previously
near-degenerate f 3 separates out, opening the fourth complete band-gap BG4 from a mass
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of 3 kg onward (Table 3; 88.8-103.1 Hz at 6 kg). Because the generalized stiffness of the
rocking and torsional modes contains a significant contribution from the contact stiffness
k.(m), the higher-order band-gaps BG3 and BG4 are intrinsically sensitive to in situ con-
tact conditions—a property that will reappear in the simulation—experiment comparison
presented in Section 4.

Table 3. Modal frequencies and band-gaps of the six-DOF model for different masses.

2 kg Dominant DOF(s) in the
Modal Mode (Hz) 6 kg (Hz) Six-DOF Model Band-Gap Opened
f 8.8 77 horizontal translation none (near or below the
x ' ' U/, lower edge of BG1)
vertical translation u,
fm 48.3 35.8 coupled with rocking BG1
6./0, (mixed mode)
fa 75.1 66.9 rocking 0,/6, BG2
higher-order
fe 109.6 87.2 rocking/shear-tilt BG3
fa (nearly degenerate 103.7 out-of-plane torsion 6, BG4 (emerging for

with f 12 )

m >3 kg)

Finally, the six-DOF model naturally predicts the modal selectivity of the band-gaps.
Within the experimentally accessible frequency range (Section 4), the rocking/shear-tilt
modes f,; and f,, (BG2 and BG3) can be excited by both horizontally polarized Love waves
and Rayleigh waves, whereas excitation of the out-of-plane torsional mode f 3 requires a
vertical input and can therefore only be triggered by Rayleigh waves possessing vertical
vibration components. BG4 is thus expected to appear only in the Rayleigh-wave attenuation
spectrum—a prediction verified by the full-scale field tests in Section 4. It should also be
noted that increasing the mass lowers the resonance frequencies at the cost of additional
structural self-weight; a trade-off between low-frequency performance and structural weight
is therefore required in practical engineering design.

The identified modes and their correspondence to the band-gaps are summarized in
the Table 3.

2.3.2. Parametric Analysis of Band-Gap Variation

Therefore, with other parameters held constant, the band-gaps for resonator masses
ranging from 2 to 6 kg (achieved by different river sand/iron sand ratios) were computed
via simulation, with results summarized in Table 4.

Table 4. Band-gap variations with resonator mass.

Mass m (kg) BG1 (Hz) BG2 (Hz) BG3 (Hz) BG4 (Hz)
2 9.4-47.5 48.8-74.4 75.8-109.3 —
3 8.7-40.0 40.3-70.5 724928 94.1-107.3
4 8.5-38.1 39.4-69.0 70.9-90.6 91.9-105.1
5 8.3-36.0 37.3-67.5 69.5-89.2 90.5-103.6
6 7.6-35.7 36.7-65.8 67.8-87.6 88.8-103.1

The numerical results demonstrate that increasing the resonator mass shifts all band-
gaps toward lower frequencies, which is beneficial for low-frequency seismic wave control;
however, the bandwidth of the first band-gap narrows accordingly. When the mass reaches
3 kg or above, higher-order locally resonant modes are excited, generating the fourth band-
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gap and further extending the vibration suppression frequency coverage. The responses
of different band-gap orders to mass variation differ significantly; simply increasing the
resonator mass cannot simultaneously optimize the low-frequency onset and broadband
performance across all orders. Therefore, practical engineering design must comprehen-
sively consider the onset frequency, bandwidth, and band-gap order to rationally optimize
the resonator mass.

3. Full-Scale Field Experiment
3.1. Experimental Setup and Test Conditions

A full-scale field experiment was conducted using river sand with a particle size of
1-3 mm, piled into a sand bed of approximately 8.0 m x 2.0 m x 1.0 m (length x width x
height). A 7 x 6 array of resonators was arranged on the sand bed according to the unit cell
configuration shown in Figure 7a. The ambient temperature during the experiment ranged
from 20 to 25 °C, and the site remained dry.

Figure 7. Photographs of the experimental site: (a) site overview, (b) vibration source, (c) sensors.

A variable-speed eccentric rotating mass shaker was used as the vibration source, with
a maximum excitation force of 1 kN and continuously tunable frequency from 20 to 130 Hz,
as shown in Figure 7b. The shaker was buried approximately 50 cm deep in the sand
bed—equivalent to a buried harmonic source in the Lamb problem sense [40]. Considering
that excitation energy at very low frequencies would be indistinguishable from background
noise, the frequency was swept from 21 Hz to 123 Hz at 3 Hz intervals, with a frequency
error of approximately £0.5 Hz. As defined in Figure 2, the horizontal axial direction is
denoted as the x-direction, the horizontal transverse direction as the y-direction, and the
vertical direction as the z-direction. A three-component sensor (bandwidth 0.5-150 Hz,
low-frequency cut-off —3 dB) was placed 0.5 m from the array center at the front-facing
position to record data, as shown in Figure 7c. The sensor and the 24-bit data acquisition
system were powered by 12 V and 24 V DC batteries, respectively. The resonators were
designed with detachable containers for rapid mass replacement.

3.2. Data Processing and Surface-Wave Decomposition

The experimental procedure consisted of: (1) measuring background energy, (2) measuring
the energy under no-structure conditions at different excitation frequencies, and (3) measur-
ing the energy distribution with the surface resonators installed. The excitation frequency
of the eccentric shaker was adjusted; considering the nonlinear effects among sand particles,
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data were considered valid only when the dominant frequency recorded by the sensor
matched the shaker frequency. The average energy per unit time was calculated by nu-
merical integration, and energy exceeding five times the background level was regarded
as effective.

The recording duration was set to 120 s, with the stable middle interval from t; =40s
to t, = 80 s selected for analysis. The average energy E; per unit time in each direction was

calculated as:
E = N 1mvzdt (i=xY,z) (6)
o —hdy 27 7
where m; is the sensor mass and v; is the instantaneous velocity recorded in each direction.
The energy attenuation characteristics were then computed by comparing the energy at
different frequency components at the same measurement point. The energy without
surface resonators (no-structure condition) is denoted as E, and the energy with resonators

as E,, with corresponding components Ey; and E; (i = x,y,z).

Il
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wll’

(i=x9,2z2) (7)
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The total-energy attenuation coefficient k, and component energy attenuation coeffi-
cients k; are defined as:

ko =10 x1g(£)

{ . 8(F @®)

kg =10 x lg(E—;i) (i=xY,2)

Considering that Love waves result from the superposition of horizontally polarized
shear waves (SH) after multiple reflections from resonators, they are contained in the y-
direction measurements [41,42]; Rayleigh waves result from the superposition of horizontal
progressive waves (P) and vertical shear waves (SV) through the resonators, and are
thus contained in the sum of x- and z-direction measurements [40,43,44]. The Love- and
Rayleigh-wave attenuation coefficients, k; and kg, are accordingly defined as:

ES
kL =10 x lg( Eﬂ‘y

ES{r+Esz (9)
kg = 10 x lg(EU'XJrEOZ)

4. Results and Discussion
4.1. Total-Energy Attenuation Performance

Figure 8 presents the simulated and full-field measured results for total-energy attenu-
ation. To verify the reliability of the experimental results, the simulations in this section
are based on the actual experimental structure shown in Figure 7. Using Equation (8),
the transmission coefficients of the resonators with masses of 2 kg and 6 kg are calculated
separately to analyze the variation in the band-gaps.

Owing to experimental limitations, the low-frequency BG1 is difficult to observe in the
tests; therefore, we begin our discussion with BG2. In terms of total-energy attenuation,
the simulation results show that for the 2 kg resonator, the main attenuation band, BG2,
is located at approximately 48-73 Hz. When the mass is increased to 6 kg, BG2 shifts
downward to approximately 35-72 Hz, with decreases of about 13 Hz and 1 Hz at the
lower and upper boundaries, respectively, indicating a clear mass-driven low-frequency
shift trend. The measured results are highly consistent with this trend: the measured
attenuation intervals are approximately 48-74 Hz for the 2 kg resonator and 35-68 Hz
for the 6 kg resonator. As the mass increases, the attenuation band overall shifts toward
lower frequencies, and the suppression capability at the low-frequency end is enhanced.
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This indicates that using the resonator mass as a tunable degree of freedom can indeed
provide control over the position of the attenuation band under actual site conditions, and
the tuning direction agrees with the simulation predictions based on actual parameters.

30

10 . T T T T ipneron DR UL
= —=—m =2kg-Exp| | ‘o\
=—m =2kg-Sim (a)_ 20 H —eo—m =6kg-Exp | o
*  m_ =6kg-Sim 2 J.\ "“\
sL ] 10 | Nay/ \
b m 8" N .\
I St o -
e T P 2 Py e a |
S 0 fReeet ot e e e A -10 - b .\.{g‘{.\)‘i :
= o . . : ; «— BG2 &> <BG
220 F <«— BG2 —
o ! |/
5t . 30 \/ .
¢ . . | \
< BQ2E < BG3——~ -40 - . 7
-10 1 p" L - BG3 A 50 1 1 1 1 1 1 1 1 1 1
20 40 60 80 100 120 20 30 40 50 60 70 80 90 100 110 120
Frequency/Hz Frequency/Hz

Figure 8. Total-energy attenuation: (a) simulation results, (b) experimental results.

In the high-frequency range (BG3), the simulated attenuation intervals are 85-121 Hz
for the 2 kg resonator and 87-120 Hz for the 6 kg resonator, whereas the measured inter-
vals are approximately 90-106 Hz and 93-113 Hz, respectively, indicating generally good
agreement. Under the 6 kg condition, the high-frequency attenuation band does not shift
monotonically downward with increasing mass as in the idealized model; instead, it shifts
slightly upward. This phenomenon can be attributed to the sensitivity of the higher-order
torsional/rocking modes to the base plate—sand contact stiffness: the contact stiffness evolves
with the resonator mass, and the real sand interface exhibits pronounced nonlinearity and
discreteness. Consequently, the measured positions of the higher-order band-gaps deviate
from the idealized simulation predictions. In contrast, the low-frequency attenuation band
(BG2), dominated by the fundamental translational mode, is mainly controlled by the spring
stiffness and is less affected by contact conditions; therefore, the measured low-frequency
shift agrees well with the simulation trend.

In addition, a finite 7 x 6 periodic array cannot support a strict complete Bloch band-
gap; the measured attenuation is essentially a combined result of local resonance, scattering,
and soil damping. Quantitative deviations from the idealized infinite-periodic model are
therefore expected, which accounts for the differences between the measured attenuation
bands and the simulated band-gaps listed in Table 4. In particular, soil-resonator contact
nonlinearity can shift band-gap boundaries and mainly causes quantitative deviations of
the higher-order band-gaps (BG3 and BG4) from Bloch predictions, whereas BG2 retains a
robust mass-driven frequency-shift trend. A detailed characterization of soil nonlinearity is
left for future work. Separately, owing to the frequency limit of the vibration exciter and
environmental noise, the present experiment cannot yet resolve a measurable ultra-low-
frequency band-gap to verify BGI.

4.2. Attenuation of Separated Surface-Wave Components

For Love waves (Figure 9a), BG2 of the 2 kg resonator spans 39-60 Hz. Increasing
the mass to 6 kg lowers the lower bound to 36 Hz while the upper bound remains at
approximately 60 Hz, broadening the bandwidth by 3 Hz. An ultra-broadband attenuation
band (BG3), spanning 60-118 Hz for 2 kg and 60-121 Hz for 6 kg, is also observed, indicating
excellent Love-wave suppression. This result is consistent with the prediction of the six-
DOF model in Section 2: increasing the mass enlarges the mass matrix and moments of
inertia, whereas the baseplate—sand contact stiffness increases only sublinearly with mass
(Equation (3)). According to the Rayleigh quotient (Equation (4)), the frequencies of the
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rocking/shear-tilt modes shift downward overall. Since Love waves are dominated by
horizontally polarized SH components, they can effectively excite in-plane rocking and
shear—tilt modes but cannot excite the out-of-plane torsional mode; therefore, their high-
frequency attenuation mainly originates from BG3. The downward shift in the lower bound
of BG2 and the slight broadening of its bandwidth indicate that mass tuning offers practical
tunability for low-frequency Love-wave suppression.

T
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Figure 9. Energy attenuation for different wave types: (a) Love waves, (b) Rayleigh waves.

For Rayleigh waves (Figure 9b), BG2 shifts from 35-73 Hz (2 kg) to 28-67 Hz (6 kg),
with the lower and upper bounds decreasing by 7 Hz and 6 Hz, respectively, while the
bandwidth remains largely unchanged, consistent with the simulation results. This band
is dominated by the rocking mode, whose generalized stiffness is mainly governed by the
spring stiffness and is relatively less affected by contact-stiffness perturbations; hence, the
measured downward shift agrees well with the mass-driven low-frequency shift predicted
in Section 2. In the high-frequency Rayleigh band (BG3), the 2 kg and 6 kg cases exhibit
intervals of 90-106 Hz and 93-113 Hz, respectively. Unlike Love waves, Rayleigh waves
possess a vertical vibration component and can also excite the out-of-plane torsional mode.
When the mass reaches 3 kg or above, higher-order modes decouple to form BG4; therefore,
the high-frequency attenuation band at 6 kg may include a contribution from BG4. Higher-
order band-gaps are highly sensitive to the baseplate—sand contact stiffness k. (m); the
nonlinearity and discreteness of real sand cause the measured positions to deviate from
the idealized infinite-period Bloch prediction, leading to the 6 kg high-frequency band not
shifting monotonically downward as in the idealized model.

Overall, the Love/Rayleigh decomposition results validate the theoretical predictions
of the six-DOF model in Section 2 regarding mass-driven band-gap downshift and modal
selectivity, and further indicate that the tuning of higher-order band-gaps in real sites must
account for wave polarization and contact nonlinearity.

5. Conclusions

This study combines Bloch simulations with full-scale field tests on a 7 x 6 mass-tunable
spring-resonator array to investigate band-gap tuning for surface waves. Key findings are:

Mass-driven low-frequency shift and BG4 emergence: Increasing resonator mass
(2 — 6 kg) shifts all band-gaps toward lower frequencies. When the mass reaches >3 kg,
higher-order modes decouple, generating a fourth band-gap (BG4) in simulations. Experi-
mentally, the total-energy attenuation band BG2 shifts from 48-74 Hz at 2 kg to 35-68 Hz at
6 kg, confirming this trend. Love/Rayleigh decomposition further shows that BG2 of Love
waves shifts from 39-60 Hz to 36-60 Hz, while that of Rayleigh waves shifts from 35-73 Hz
to 28-67 Hz.
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Modal selectivity: BG2 and BG3 respond to both Love and Rayleigh waves. BG4,
corresponding to an out-of-plane torsional mode, can only be excited by Rayleigh waves
via their vertical component, not by Love waves. This polarization-dependent behavior
implies that the additional attenuation band from BG4 is available only for Rayleigh-wave-
dominated sites; Love-wave-dominated sites still rely primarily on BG2 and BG3. The
high-frequency attenuation of Love waves mainly originates from BG3, whereas that of
Rayleigh waves may include contributions from BG4.

The resonator-mass tuning approach offers a reversible, low-cost, and practically feasi-
ble strategy for in situ band-gap reconfiguration tailored to site-specific spectra. Overall,
mass tuning effectively enables band-gap adaptation, and this full-scale dataset provides a
valuable experimental reference for designing tunable seismic metasurfaces under realistic
soil conditions.

Author Contributions: Conceptualization, X.Z. and Q.S.; methodology, C.J. and Y.L.; software, X.Z.;
validation, X.Z. and Q.S.; formal analysis, X.Z. and C.J.; resources, Y.L. and Q.S.; data curation,
X.Z.; writing—original draft preparation, X.Z. and Q.S.; writing—review and editing, X.Z. and Q.S,;
visualization, C.J.; supervision, Y.L. and Q.S.; project administration, Y.L.; funding acquisition, Y.L.
and Q.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spark Program of the China Earthquake Administration,
grant number XH26050A, and National Natural Science Foundation of China, grant number 11974044.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors acknowledge the support from the Spark Program of the China
Earthquake Administration, grant number XH26050A, and National Natural Science Foundation
of China, grant number 11974044. We gratefully acknowledge the artificial intelligence models
DeepSeek and Doubao for their assistance with translation and language polishing during the writing
of this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

BG(1-4) band-gap(1-4)

MTC mass-tuning cup

six-DOF  six degrees of freedom
PET Polyethylene terephthalate

References

1. Hussein, M.I.; Leamy, M.].; Ruzzene, M. Dynamics of phononic materials and structures: Historical origins, recent progress, and
future outlook. Appl. Mech. Rev. 2014, 66, 040802. [CrossRef]

2. Liu, Z.Y.; Zhang, X.X.; Mao, YW,; Zhu, Y.Y.; Yang, Z.Y.; Chan, C.T,; Sheng, P. Locally resonant sonic materials. Scienice 2000, 289,
1734-1736. [CrossRef] [PubMed ]

3. Huang, H.H.; Sun, C.T.; Huang, G.L. On the negative effective mass density in acoustic metamaterials. Int. J. Eng. Sci. 2009, 47,
610-617. [CrossRef]

4, Matlack, K.H.; Bauhofer, A.; Krodel, S.; Palermo, A.; Daraio, C. Composite 3D-printed metastructures for low-frequency and
broadband vibration absorption. Proc. Natl. Acad. Sci. USA 2016, 113, 8386-8390. [CrossRef] [PubMed ]

5. Bralé, S.; Javelaud, E.H.; Enoch, S.; Guenneau, S. Experiments on seismic metamaterials: Molding surface waves. Phys. Rev. Lett.
2014, 112, 133901. [CrossRef] [PubMed ]

6. Colombi, A.; Roux, P; Guenneau, S.; Gueguen, P; Craster, R.V. Forests as a natural seismic metamaterial: Rayleigh wave band-gaps
induced by local resonances. Sci. Rep. 2016, 6, 19238. [CrossRef] [PubMed ]

https://doi.org/10.3390/ma19214734


https://doi.org/10.1115/1.4026911
https://doi.org/10.1126/science.289.5485.1734
https://www.ncbi.nlm.nih.gov/pubmed/10976063
https://doi.org/10.1016/j.ijengsci.2008.12.007
https://doi.org/10.1073/pnas.1600171113
https://www.ncbi.nlm.nih.gov/pubmed/27410042
https://doi.org/10.1103/physrevlett.112.133901
https://www.ncbi.nlm.nih.gov/pubmed/24745420
https://doi.org/10.1038/srep19238
https://www.ncbi.nlm.nih.gov/pubmed/26750489
https://doi.org/10.3390/ma19214734

Materials 2026, 19, 4734 150f 16

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.
28.

29.

30.

31.

32.
33.

34.

35.

36.

Colombi, A.; Colquitt, D.; Roux, P.; Guenneau, S.; Craster, R.V. A seismic metamaterial: The resonant metawedge. Sci. Rep. 2016,
6,27717. [CrossRef] [PubMed ]

Palermo, A.; Krodel, S.; Marzani, A.; Daraio, C. Engineered metabarrier as shield from seismic surface waves. Sci. Rep. 2016, 6,
39356. [CrossRef] [PubMed ]

Krédel, S.; Thomé, N.; Daraio, C. Wide band-gap seismic metastructures. Extrem. Mech. Lett. 2015, 4, 111-117. [CrossRef]
Miniaci, M.; Krushynska, A.; Bosia, F.; Pugno, N.M. Large scale mechanical metamaterials as seismic shields. New J. Phys. 2016,
18, 083041. [CrossRef]

Achaoui, Y.; Ungureanu, B.; Enoch, S.; Briilé, S.; Guenneau, S. Seismic waves damping with arrays of inertial resonators. Extrem.
Mech. Lett. 2016, 8, 30-37. [CrossRef]

Finocchio, G.; Casablanca, O.; Ricciardi, G.; Alibrandi, U.; Garesci, F.; Chiappini, M.; Azzerboni, B. Seismic metamaterials based
on isochronous mechanical oscillators. Appl. Phys. Lett. 2014, 104, 191903. [CrossRef]

Colquitt, D.J.; Colombi, A.; Craster, R.V.; Roux, P.; Guenneau, S.R.L. Seismic metasurfaces: Sub-wavelength resonators and
Rayleigh wave interaction. J. Mech. Phys. Solids 2017, 99, 379-393. [CrossRef]

Palermo, A.; Marzani, A. Control of Love waves by resonant metasurfaces. Sci. Rep. 2018, 8, 7234. [CrossRef] [PubMed ]

Pu, X.; Palermo, A.; Cheng, Z.; Shi, Z.; Marzani, A. Seismic metasurfaces on porous layered ground: Surface resonances and
fluid-solid interaction effects on the propagation of Rayleigh waves. Int. J. Eng. Sci. 2020, 154, 103347. [CrossRef]

Pu, X.; Palermo, A.; Marzani, A. Lamb’s problem for a half-space coupled to a generic distribution of oscillators at the surface. Int.
J. Eng. Sci. 2021, 168, 103547. [CrossRef]

Palermo, A.; Vitali, M.; Marzani, A. Metabarriers with multi-mass locally resonating units for broad band Rayleigh waves
attenuation. Soil Dyn. Earthq. Eng. 2018, 113, 265-277. [CrossRef]

Cheng, Z.; Shi, Z. Composite periodic foundation and its application for seismic isolation. Earthq. Eng. Struct. Dyn. 2018, 47,
925-944. [CrossRef]

Basone, F.; Wenzel, M.; Bursi, O.S.; Fossetti, M. Finite locally resonant metafoundations for the seismic protection of fuel storage
tanks. Earthq. Eng. Struct. Dyn. 2019, 48, 232-252. [CrossRef]

Chen, Y,; Hu, T.; Guo, E; Chen, X,; Hu, G. Harnessing multi-layered soil to design seismic metamaterials with ultralow—Frequency
band-gaps. Mater. Des. 2019, 175, 107813. [CrossRef]

Zeng, Y.; Du, Q.J.; Xu, Y.; Wang, L.; Li, B.; Deng, P.; Assouar, B. A Matryoshka-like seismic metamaterial with wide band-gap
characteristics. Int. J. Solids Struct. 2020, 185186, 334-341. [CrossRef]

Lim, C.W.; Reddy, J.N. Built-up structural steel sections as seismic metamaterials for surface wave attenuation with low—Frequency
wide band-gap in layered soil medium. Eng. Struct. 2019, 188, 440-451. [CrossRef]

Mu, D.; Shu, H.; Zhao, L.; An, S. A review of research on seismic metamaterials. Adv. Eng. Mater. 2020, 22, 1901148. [CrossRef]
Lou, J.; Ma, J.; Zhang, X.; Huang, Y. Propagation of fundamental and third harmonics along a nonlinear seismic metasurface. Int.
J. Mech. Sci. 2022, 221, 107189. [CrossRef]

Achaoui, Y.; Antonakakis, T.; Bralé, S.; Craster, R.V.; Enoch, S.; Guenneau, S. Clamped seismic metamaterials: Ultra-low—
Frequency stop bands. New J. Phys. 2017, 19, 063022. [CrossRef]

Colombi, A.; Ageeva, V.; Smith, R].; Clare, A ; Patel, R.; Clark, M.; Colquitt, D.; Roux, P.; Guenneau, S.; Craster, R.V. Enhanced
sensing and conversion of ultrasonic Rayleigh waves by elastic metasurfaces. Sci. Rep. 2017, 7, 6750. [CrossRef] [PubMed]
Colombi, A. Resonant metalenses for flexural waves. J. Acoust. Soc. Am. 2016, 140, EL423-EL429. [CrossRef] [PubMed]
Palermo, A.; Yousefzadeh, B.; Daraio, C.; Marzani, A. Rayleigh wave propagation in nonlinear metasurfaces. J. Sound Vib. 2022,
520, 116599. [CrossRef]

Dertimanis, V.K.; Antoniadis, I.A.; Chatzi, E.N. Feasibility analysis on the attenuation of strong ground motions using finite
periodic lattices of mass-in-mass barriers. J. Eng. Mech. 2016, 142, 04016060. [CrossRef]

Palermo, A.; Krodel, S.; Matlack, K.H.; Daraio, C. Hybridization of guided surface acoustic modes in unconsolidated granular
media by a resonant metasurface. Phys. Rev. Appl. 2018, 9, 054026. [CrossRef]

Zaccherini, R.; Colombi, A.; Palermo, A.; Marzani, A. Locally resonant metasurfaces for shear waves in granular media. Phys. Rev.
Appl. 2020, 13, 034055. [CrossRef]

Cao, L.; Wan, Y.; Yang, Z.; Wang, Y.; Assouar, B. Disordered elastic metasurfaces. Phys. Rev. Appl. 2020, 13, 014054. [CrossRef]
Lott, M.; Roux, P.; Garambois, S.; Guéguen, P.; Colombi, A. Evidence of metamaterial physics at the geophysics scale: The
METAFORET experiment. Geophys. J. Int. 2020, 220, 1330-1339. [CrossRef]

Boechler, N.; Eliason, ] K.; Kumar, A.; Maznev, A.A.; Nelson, K.A,; Fang, N. Interaction of a contact resonance of microspheres
with surface acoustic waves. Phys. Rev. Lett. 2013, 111, 036103. [CrossRef] [PubMed ]

Sahin, M. 3-D Analytical Treatment of Base Isolation For Mechanical Testing Systems. Gazi Univ. ]. Sci. Part A Eng. Innov. 2018, 5,
1-15.

Otsubo, M.; O’Sullivan, C.; Hanley, K.J.; Sim, W.W. The influence of particle surface roughness on elastic stiffness and dynamic
response. Géotechnique 2017, 67, 452-459. [CrossRef]

https://doi.org/10.3390/ma19214734


https://doi.org/10.1038/srep27717
https://www.ncbi.nlm.nih.gov/pubmed/27283587
https://doi.org/10.1038/srep39356
https://www.ncbi.nlm.nih.gov/pubmed/27996051
https://doi.org/10.1016/j.eml.2015.05.004
https://doi.org/10.1088/1367-2630/18/8/083041
https://doi.org/10.1016/j.eml.2016.02.004
https://doi.org/10.1063/1.4876961
https://doi.org/10.1016/j.jmps.2016.12.004
https://doi.org/10.1038/s41598-018-25503-8
https://www.ncbi.nlm.nih.gov/pubmed/29740063
https://doi.org/10.1016/j.ijengsci.2020.103347
https://doi.org/10.1016/j.ijengsci.2021.103547
https://doi.org/10.1016/j.soildyn.2018.05.035
https://doi.org/10.1002/eqe.2999
https://doi.org/10.1002/eqe.3134
https://doi.org/10.1016/j.matdes.2019.107813
https://doi.org/10.1016/j.ijsolstr.2019.08.032
https://doi.org/10.1016/j.engstruct.2019.03.046
https://doi.org/10.1002/adem.201901148
https://doi.org/10.1016/j.ijmecsci.2022.107189
https://doi.org/10.1088/1367-2630/aa6e21
https://doi.org/10.1038/s41598-017-07151-6
https://www.ncbi.nlm.nih.gov/pubmed/28754967
https://doi.org/10.1121/1.4967179
https://www.ncbi.nlm.nih.gov/pubmed/27908026
https://doi.org/10.1016/j.jsv.2021.116599
https://doi.org/10.1061/(asce)em.1943-7889.0001120
https://doi.org/10.1103/physrevapplied.9.054026
https://doi.org/10.1103/physrevapplied.13.034055
https://doi.org/10.1103/physrevapplied.13.014054
https://doi.org/10.1093/gji/ggz528
https://doi.org/10.1103/physrevlett.111.036103
https://www.ncbi.nlm.nih.gov/pubmed/23909341
https://doi.org/10.1680/jgeot.16.p.050
https://doi.org/10.3390/ma19214734

Materials 2026, 19, 4734 16 of 16

37.
38.

39.
40.
41.
42.
43.

44.

Maznev, A.A.; Gusev, V.E. Waveguiding by a locally resonant metasurface. Phys. Rev. B 2015, 92, 115422. [CrossRef]

Zhao, C.; Chen, C.; Zeng, C.; Bai, W.; Dai, J. Novel periodic pile barrier with low-frequency wide bandgap for Rayleigh waves. Int.
J. Mech. Sci. 2023, 243, 108006. [CrossRef]

Wang, X.; Wan, S.; Nian, Y.; Zhou, P.; Zhu, Y. Periodic in-filled pipes embedded in semi-infinite space as seismic metamaterials for
filtering ultra-low-frequency surface waves. Constr. Build. Mater. 2021, 313, 125498. [CrossRef]

Lamb, H. On the propagation of tremors over the surface of an elastic solid. Philos. Trans. R. Soc. A 1904, 203, 1-42. [CrossRef]
Love, A.E.H. Some Problems of Geodynamics; Cambridge University Press: Cambridge, UK, 1911.

Pu, X.; Shi, Z. Broadband surface-wave attenuation in periodic trench barriers. J. Sound Vib. 2020, 468, 115130. [CrossRef]
Zhang, X.C; Zheng, N.; Ji, C.Y,; Lu, Y.L,; Shi, Q.F. Attenuation of seismic waves using resonant metasurfaces: A field study on an
array of rubber oscillators. Mater. Today Commun. 2024, 41, 110659. [CrossRef]

Zhang, X.C.; Zheng, N.; Ji, C.Y,; Lu, Y.L.; Shi, Q.F. First full-scale 2D field experiment on semi-embedded rubber column
metamaterials: Enhanced attenuation of Love waves and mechanistic insights. Materials 2025, 18, 5517. [CrossRef] [PubMed ]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ma19214734


https://doi.org/10.1103/physrevb.92.115422
https://doi.org/10.1016/j.ijmecsci.2022.108006
https://doi.org/10.1016/j.conbuildmat.2021.125498
https://doi.org/10.1098/rsta.1904.0013
https://doi.org/10.1016/j.jsv.2019.115130
https://doi.org/10.1016/j.mtcomm.2024.110659
https://doi.org/10.3390/ma18245517
https://www.ncbi.nlm.nih.gov/pubmed/41470290
https://doi.org/10.3390/ma19214734

	Introduction 
	Theoretical Modeling and Numerical Simulation 
	Multi-Degree-of-Freedom Resonator Model and Mass-Tuning Principle 
	Unit-Cell Geometry and Material Parameters 
	Numerical Results: Band-Gap Evolution and Modal Responses 
	Modal Characteristics Under Representative Mass Conditions 
	Parametric Analysis of Band-Gap Variation 


	Full-Scale Field Experiment 
	Experimental Setup and Test Conditions 
	Data Processing and Surface-Wave Decomposition 

	Results and Discussion 
	Total-Energy Attenuation Performance 
	Attenuation of Separated Surface-Wave Components 

	Conclusions 
	References



