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Seismic metamaterials have been the subject of much recent interest, with notable conceptual advances
and the demonstration of possible full-scale effectiveness in earthquake protection. Here, through a fine
analysis of the dispersion properties and behavior of resonators introduced in a laboratory scale setup,
we propose a strategy for the design of an efficient metaseismic barrier. When positioned onto an uncon-
solidated granular layer, rigid masses of nontrivial shape become elastic resonators by coupling with the
relatively soft propagation medium. Additionally, they affect the mechanical boundary conditions and
subsurface medium properties through the added weight. We demonstrate that all these ingredients can be
rationally combined to improve the shielding effect and control the seismic waves.
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I. INTRODUCTION

Seismic metamaterials have emerged in the last decade
as strategies to control elastic waves propagating close to
the surface of large-scale mechanical systems [1]. Simi-
lar to metamaterials in various wave systems, the use of
local resonators, achieving noticeable effects on traveling
waves even with engineered structures of subwavelength
dimensions, is particularly appealing for seismic waves or
even soil vibrations, which deal with typical wavelengths
ranging from meters to kilometers [2]. In this context, var-
ious types of resonator arrangements have been proposed
to attenuate or convert waves propagating in elastic lay-
ers, either at large scale [2], including forests [3,4], for
experiments at the lab scale [5—7], or using theoretical and
numerical approaches [8—13].

Of particular relevance for laboratory-scale experiments
on seismic metamaterials is the implementation of uncon-
solidated granular layers, which add complexity in the
elastic propagation layer [14—18]. Indeed, due to the con-
tact nonlinearity between grains and the hydrostatic pres-
sure increase with depth, an elastic property gradient forms
in unconsolidated granular layers [19-21]. As a result, the
wave-propagation velocities increase with depth.

Such inhomogeneity of the elastic layer, whose charac-
teristics are now reasonably known in the form of an in-
depth power law for both the longitudinal and shear-wave
velocities, leads to the propagation of guided modes called
guided surface acoustic modes (GSAMs) or Rayleigh-
Hertz modes [14,22]. These modes have been extensively
studied in laboratory configurations with granular models
composed of spherical glass beads of size approximately
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100 pm, offering a good fit between theory, simulations,
and experiments [5,14—18]. The interest to study seismic
metamaterials with granular layers in the laboratory comes
from the existence of these GSAM modes. Indeed, in a
real geological environment, the inhomogeneities, stratifi-
cations, also give rise to the existence of guided modes,
to in-depth refraction, in other words, to a complexity
that is not present in a homogeneous elastic half-space,
supporting only the Rayleigh wave together with bulk
modes. Thus, taking into account an elastic inhomogene-
ity requires the design of advanced seismic metamaterials,
capable of operating on several propagation modes, for
example, to create a metaseismic barrier.

In this paper, we study experimentally and numerically
a metaseismic barrier composed of a line of elastic res-
onators of simple design, but operating on the two main
guided modes polarized in the sagittal plane of an inhomo-
geneous granular layer. These resonators are rigid masses
of nontrivial shape added to the granular surface, which
become elastic resonators by coupling with the relatively
soft propagation medium. We show, through compar-
isons between experiments and numerical simulations, and
based on elements of theory, that the processes leading to
the hybridization of the first two GSAMs are due to the
joint effects of the hardening of the medium under the res-
onators (effect of the added stress on a column of nonlinear
granular media) and of two distinct resonances, dependent
on the geometry of the mass, which induce a Neumann
to Dirichlet transition for the boundary condition on both
components of the dynamic surface displacement. Finally,
we demonstrate experimentally a significant attenuation
effect of the first two modes of propagation, achieved by
a single line of resonators and propose possible extensions
of this work.
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II. INITIAL CONCEPT AND WAVE
PROPAGATION WITHOUT THE METABARRIER

A. Initial concept

The idea of the design presented here is that when a mas-
sive body is deposited at the surface of the half-space, the
granular medium is slightly compressed and turns into a
soft elastic solid below the contact area with the mass. The
expected behavior is then that of a mass-spring-dashpot
system—the role of the spring being played by the granular
medium itself and the attenuation being due to the radia-
tion of waves into the half-space. Several resonances can
be expected in relation to the different inertial characteris-
tics of the body (mass and angular momenta) and interface
stiffnesses (normal, shear, torsion). Among those, two are
of particular relevance since they involve free components
of the boundary condition and are hence prone to hybridize
the propagation of guided waves: a piston mode in which
the mass moves vertically, and a shear mode in which the
contact area is mostly polarized in the plane of the sur-
face. If properly tuned, the parameters defining the added
solid object can lead to a simple resonant system able
to affect the boundary conditions seen by all wave com-
ponents simultaneously. Although approximate analytical
expressions of contact resonances are known for homoge-
neous half-spaces (see Refs. [23,24] for reviews and Refs.
[25,26] for examples of applications to metasurfaces), our
case is significantly more complex due to the strong het-
erogeneities in the stratum and their interplay with the
mass, so that this work of parameter tuning is entirely done
numerically. Our experimental setup is presented in Fig. 1
and described in details in Appendix A.

B. Wave propagation in the granular layer
without scatterers

At large wavelengths compared to the size of the beads,
a granular medium may be described as an elastic medium
whose stiffness depends on the applied pressure as a
power law (see Refs. [14,19,20,22]). Due to the increase
of the hydrostatic pressure with depth, a granular half-
space is then described with a strong gradient of bulk-wave
velocities:

cps(z) = yp.s(pgz)™Ps, (D

in which cp (cs) is the longitudinal (shear) wave veloc-
ity, z the depth coordinate (z = 0 is a stress-free interface),
g = 9.81 m/s? the standard gravity, and ap s and yps are
characteristic constants of the power law. In this paper
we take ap = g = o = 0.31, yp = 14.4, and y5 = 6.4 in
accordance with previous experimental works (see Refs.
[5,14—18]). This slow-to-fast gradient has a guiding effect.
In contrast to other heterogeneous half-spaces supporting
surface modes, this power-law medium has the peculiar
feature not to possess any characteristic length scale. As a

consequence, no cutoff frequency exist and an infinite
number of channels of surface waves are open at any given
frequency. Furthermore, the eigenfrequencies scale with
wave number as [19,20]
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in which 7 is the modal order, so that it is enough to obtain
them at one wave number and then post-treat the results
using Eq. (2) to obtain the eigenfrequencies and mode
shapes at other wave numbers, or conversely to obtain
the eigen-wave-numbers and mode shapes as a function
of the frequency. The first two fundamental modes n = 1
and n = 2 are of particular interest in this work, as the
energy they carry is most strongly localized at the surface.
Higher-order modes propagate faster and with a deeper
localization. Figure 2 depicts typical experimental signals,
as well as theoretical dispersion relations and mode shapes
for the first three modes—obtained with a finite-element
software.

III. NUMERICAL MODELING OF THE
METABARRIER

A. Model of the consolidation caused by a
massive object

The basic assumption we make to model this interac-
tion is that the granular medium consolidates only within
a cylindrical region below the object whose cross section
is constant and equal to the contact area. The magnitude
of this consolidation is assumed to follow the constitutive
law given in Eq. (1). In this consolidated region, the bulk
velocities express as

cps = vrslpg(z + 20)1°7%, 3)

with the consolidation depth
z0= —, “)

where M is the mass of the solid and S the contact area
with the granular medium. Away from this region, the bulk
velocities are kept unchanged and are given by Eq. (1).
Of course, this is a coarse description of what really hap-
pens as one expects the actual response of the substrate
to be rather conical. However, we find out via parametric
studies that the shape of the consolidation is a parameter
of minor influence relatively to others, so that we decide to
rely on this simplistic description. In addition, there is no
current knowledge about the shape and characteristics of
this affected area and how this depends on the preparation
procedure.
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FIG. 1.

B. Dispersion analysis for a periodic arrangement
of scatterers

The numerical results presented below are obtained
from a two-dimensional (2D) finite-element (FE) model,
after transposition and validation from a three-dimensional
(3D) model. The geometrical dimensions of the 3D model
directly represent the scatterers used in the experiments,
with the assumption that the spacing between neighboring
scatterers is (almost) zero. Corresponding rules are used to

Time (ms)

Experimental setup showing one line of heavy scatterers [(a),(b)]. A light (c) and a heavy (d) scatterer.

define the 2D model, which we now describe. A schematic
representation is shown in Fig. 3(a). All FE models are
built using comMsoL Multiphysics®, with the Structural
Mechanics module.

The 2D model consists in a unit cell of size lyc X hyc =
1.2 x 70 cm? filled with an elastic medium of mass density
p = 1560 kg/m> and space-dependent elastic constants
deduced from Eq. (3) on a column below the contact
with the added solid, and from Eq. (1) elsewhere. The
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FIG. 2. Vertical velocity at the surface of the granular medium generated by a Ricker impulse, in the absence of scatterers. (a)
Space-time signals, (b) experimental and the first three theoretical dispersion curves, (cl), (c2), and (c3) corresponding theoretical
mode shapes at 700 Hz: (solid) longitudinal v, and (dashed) vertical v,/i components. A, (700 Hz) = 4.7 cm, 1,(700 Hz) = 7.1 cm,

and A5(700 Hz) = 8.7 cm.
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Scheme of the FE modeling. (a) Unit cell for 2D dispersion analysis. (b) 2D configuration for the reflection and transmission

analysis through one resonator line. The dimension parameter A refers to the wavelength of the lowest-order mode n = 1 at the

operating frequency. BC, boundary conditions.

mesh is refined near the surface to follow the strong vari-
ations of properties—element sides are there required to
be no larger than 4% of the shortest wavelength, giving
a total of roughly 2 x 10* degrees of freedom. Floquet
periodic boundary conditions are applied on lateral bound-
aries, while the (fictitious) bottom end is clamped and
the top interface is stress-free. The scatterer is an elastic
solid of rectangular shape of size L x D®P, with a length
L =5 cm and a height D@D that we specify further, and
with mechanical constants that are typical of steel (density
of 7800 kg/m?, Young’s modulus of 200 GPa, Poisson’s
ratio of 0.3). From these latter constants only the density
really matters as the frequency range lies far below the
first elastic resonances of the object, which indeed behaves
as a rigid body. A thin layer made of a light, stiff ficti-
tious material is inserted between the steel cylinder and the
granular medium in order to ensure a contact length that
does not depend on the geometry of the massive object.
The contact length / is defined such that the contact filling
ratio of the 2D unit cell matches that of the 3D unit cell:
I/luc = S/Bc, with S = [ /4, which gives [ ~ 0.94 cm.
The height DD is taken such that the consolidation mag-
nitude z is kept constant: D®) = [ for the heavy case and
D@D = [/4 ~ 0.24 cm for the light case. Finally, when
taken into account, the roots are modeled as a single steel
central pillar, with a height of 4 cm and a width wyoo Such
that wyoot/! is equal to the ratio of the cross section of all
wires to the contact area: we take wyyo// = 1/25.

From this 2D model, dispersion analyses are run by
sweeping the Floquet wave number % in the longitudi-
nal direction in the range k € (0, 7 /lyc) and obtaining the
eigenfrequencies at each step. A typical result for a heavy

object is represented in Fig. 4. One can clearly see in Fig.
4(a) that the first two modes hybridize and asymptotically
tend to flat frequency curves, while higher-order modes
are less affected. As highlighted by insets (b1) and (b2),
these hybridizations are associated with resonances involv-
ing a rigid body motion of the massive solid: mode no. 1
is linked to the vertical motion while mode no. 2 is linked
to the longitudinal one. Parametric studies show that these
asymptotic values can be tuned independently by changing
the mass and angular momentum of the solid.

C. Transmission analysis through a single line
of scatterers

The dispersion analysis is complemented with a study
on the modal insulation capabilities of a single line of peri-
odically spaced scatterers, as a function of frequency. To
this purpose, a finite-element model is built with the fol-
lowing characteristics [see Fig. 3(b)]. An object is placed
at the middle of a region of interest, which is large
enough to include a dozen wavelengths of propagation
on each side and is surrounded with perfectly matched
layers (PML). The massive object and its induced consol-
idation have the same characteristics as in the dispersion
analysis. Waves are generated by a time-harmonic line
source e §(x — x5)8(z — zg)F with a force vector F =
(Fy,0,F.)T and depth location zg chosen to selectively
excite one mode. This solution is not as elegant as insert-
ing the exact modal shape as excitation distribution, but
is realistic to implement experimentally and proves to be
effective enough for the first three modes. Based on an
elementary analysis of the location of the nodes of the
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FIG. 4. Numerical study on a 2D model of a heavy scatterer: (b1)~(b4) first four mode shapes for a periodic arrangement of scatterers
displayed at a quarter-wavelength scale (d/A = 4) and (a) dispersion curves (solid) compared to the reference medium (dashed),
showing a high hybridization of modes no. 1 and no. 2 with longitudinal and vertical rigid-body-like resonances of the massive object.
(b4) shows that at higher frequencies the medium behaves as a waveguide with clamped surface. (c1)—(c3) analysis of transmission
through a single scatterer for (quasi) pure modal incidence, at 700 Hz.

lowest-order mode shapes at 700 Hz, we identify that
mode no. 1 can be reasonably selectively excited by tak-
ing {zs, F}no.1(700 Hz) = {1.7 cm, (0,0, 1)7}, mode no. 2
with {zg, F}no.2(700 Hz) = {1.2 cm, (1,0,0)”} and mode
no. 3 with {zg, F}yo. 3(700 Hz) = {7.1 cm, (0,0, 1)7}. We
use the spatial scaling given in Eq. (2) to extrapolate these
recipes at other frequencies: zs(f' ) = z5(700 Hz) x r with
r = (700 Hz/f)!/1~% the scaling factor. All dimensions
relative to the propagation window are also multiplied by
r to follow the frequency scaling, so that the number of
nodes remains under control over a wide frequency range
(about 2 x 10° degrees of freedom) and calculations can
be run routinely on a personal computer at moderate costs.
A 2D model is validated against a 3D model that relies
on periodic conditions in the transverse direction (so that
only one slice is meshed) and then exploited for parametric
studies. As represented in Figs. 4(c1)—4(c3), the outcomes
confirm that the hybridization of modes no. 1 and no. 2
observed with the dispersion analysis indeed result in a
low transmission, while modes no. 3 and higher transmit
most of their energy without scattering significantly. These
transmission ratios are measured by averaging the ampli-
tude of the vertical motion at the surface over a window
long of several wavelengths and located behind the line of
scatterers (see Fig. 3), and by normalizing by the ampli-
tude obtained in the absence of scatterers. Variations of

this model are also implemented to analyze separately the
roles played by the different constituents: the roots may be
included or not, the object may be replaced by a clamping
boundary condition acting over a pillar that may be consid-
ered consolidated or not. Results are presented in the next
section in a comparison with experiments.

IV. EXPERIMENTAL RESULTS

Experiments are conducted for the two sets of scatter-
ers described above, labeled “light” and “heavy” further
on (their mass ratio is of 1 to 4). A typical result for a line
of heavy objects is presented in Fig. 5. One can clearly
recognize qualitatively the behavior expected from the
numerical analysis, namely that fast (high-order) modes
are well transmitted while slow (the first two) modes are
efficiently stopped. Down-conversion from fast to slow is
visible, although because fast modes are essentially local-
ized in a deep channel this interaction is actually largely
inefficient from an energetic point of view. Concerning
the significant transmission occurring around ¢ = 14 ms,
a time-frequency analysis shows that it is a too early event
to be a no. 2 — no. 2 transmission, and is indeed mostly a
no. 3 — no. 2 down-conversion. More quantitative insight
can be gained with a deeper data processing as performed
below (see Appendix B for more details).
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signals, (b),(c) experimental dispersion curves obtained from the first (120 to 420 mm) and second (420 to 720 mm) halves of the data,

together with theoretical curves (dashed) of the first three modes.

A. Comparison with models

The comparison of the transmission ratios extracted
from the experiments with those predicted by the 2D
numerical models is presented in Fig. 6. The good agree-
ment proves the relevance of the simplification assump-
tions made to account for the role of additional consoli-
dation and roots. The achieved effect is a low-pass filter
on modes no. 1 and no. 2. The ratio of contact area to
wavelength is a key parameter, but significant blocking
is obtained at a moderately subwavelength scale: the con-
tact area diameter is 1.2 cm while A;(700 Hz) = 4.7 cm
and A,(1000 Hz) = 4.25 cm, so that transmission ratios
about 25% (—12 dB) are reached at 1/4 — A /3. Though
broadband, the effect arises from a resonant origin as high-
lighted by the model without roots. Above resonance,
which for the heavy object occurs at 230 Hz (longitudinal)
and 260 Hz (vertical), the boundary condition schemati-
cally changes from free to clamped, which, together with
the additional consolidation, results in a mismatch of mode
shapes and in an accordingly high modal impedance bar-
rier whenever the incident wave is localized near the
surface. Of course such an idealized massive object with-
out roots would not stand in practice without sinking.
The solution retained here to add roots has the conse-
quence to damp the resonance to such a low-quality factor
that its peak is no longer noticeable, but preserves the
broadband high frequency effect. Nevertheless, recover-
ing a higher quality factor—by improving the device with,
for instance, a spring between the mass and the roots—is
attractive as transmission of mode no. 1 could be kept
at low levels from much deeper subwavelength scales

[here 1;(260 Hz) ~ 20 cm, so the scale of the interac-
tion is about D/A; &~ A;/15 while the numerical model
reaches —11 dB transmission]. The extra effect brought by
a higher quality factor is less obvious for mode no. 2. We
believe that the principal reason is that the configuration
involves a too extremely deep subwavelength scale [here
A2(230 Hz) =~ 35 cm, so D/A; =~ 11 /30].

V. CONCLUSIONS

A metabarrier is introduced, featuring a low-pass fil-
ter like transmission properties at subwavelength scales
for the two fundamental modes guided at the surface of
an unconsolidated granular half-space. It relies on a rigid,
massive object standing at the surface of the soft, locally
compressed substrate, the coupling of both resulting in
a mass-spring system on longitudinal and vertical com-
ponents with low-quality factors. The practical solution
adopted to build such scatterers and make them stand on
the fragile surface involves roots, which do not hinder
the transmitting to insulating transition, but whose adverse
effect is to lower the quality factors to such a point that
no noticeable deeply subwavelength effect occurs at the
resonance frequencies. Based on numerical models show-
ing good agreement with an experimental realization, two
essential ingredients are identified to jointly contribute
to the broadband insulation effect. The first element is
the effective clamping of the surface at high frequencies,
which is in turn a consequence of the resonant mass-soil
coupling. The second element is the consolidation of the
soil below the barrier, which is a consequence of the added
pressure at the surface. This extra consolidation induces
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FIG. 6. Transmission ratio of vertical motion at the surface through one line of light (blue) and heavy (orange) scatterers, for incident
modes (a) no. 1 and (b) no. 2: (symbols) experimental values against numerical models (dotted) with or (dashed) without account of

roots.

a change of scale in the depth profiles below the bar-
rier and ensures that the clamping of the surface indeed
results in a low motion over the entire energy distribu-
tion of incoming, weakly penetrating modes, which then
undergo a high impedance mismatch. The role of each res-
onance is highlighted: mode no. 1 hybridizes principally
with a vertical clamping, as already reported, while mode
no. 2 requires a longitudinal one to be efficiently affected.
As suggested by a model, an attractive improvement to this
study—although at the cost of the extreme simplicity of the
scatterers—would be to add springs between the mass and
the roots so as to recover strong hybridization around the
resonant frequencies and achieve low transmission prop-
erties starting from deeper subwavelength scales and with
lighter masses.

These results contribute to a better understanding of
the control of seismic waves by metamaterials placed on
the surface of elastic layers. The concept of adding a
rigid mass with an appropriate design on the granular

elastic system is shown to be suitable for the realization
of an efficient seismic barrier, and adds to the previously
studied strategies. It is therefore possible to imagine the
design of relatively simple seismic metamaterials, capable
of operating advanced effects on the propagation of com-
plex subsurface modes, such as trapping, focusing, total
shielding, refraction, etc.
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APPENDIX A: EXPERIMENTAL SET-UP

The experimental setup shown in Fig. 1 derives from the
ones of Refs. [14—18,20]. The dimensions of the sand box
are 100 x 55 x 30 cm, with a filling height of 25 cm. The
granular medium is composed of calibrated silica beads
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of diameter 180 wm and has a packing density of p =
1560 kg/m?>. Beads are frequently stirred between exper-
iments to limit accumulation of consolidation with time,
and roughly leveled to ensure a reasonably flat surface.
For the elastic wave source, a B&K V201 shaker driven
by an Agilent 33120A function generator connected to a
B&K LDS LPA100 power amplifier, excites a screwed rod
embedded into the granular medium with a vertical motion
of'a few millimeters’ amplitude. The chosen excitation sig-
nal is a Ricker pulse, centered in frequency at 2 kHz. The
source is located at a distance of 1 cm to a wall of the box
so as to avoid impulse echos and to produce a radiation
pattern which is close to cylindrical for the involved wave-
lengths (around 4 cm for the shortest one). We measure
the vertical particle velocity at the surface with a Polytech
laser Doppler velocimetry head. The head is moved with a
Newport XPS-RL Motion Controller along an axis within
a range of 60 cm starting from a distance to the source of
about 12 cm. The vertical velocity is measured at 230 steps
(Ax = 2.6 mm) along this axis and digitized with a Zurich
MFLI card, each 130 ms long signal being averaged 20
times and sampled at a rate of 29.3 kHz.

The metabarrier is made of steel rods (density pg ~
7800 kg/m?, length 5 cm, diameter 1/4 in. for light and
1/2 in. for heavy objects, i.e., masses of, respectively, 11
and 45 g) arranged in a row, which splits the measurement
line in two parts of 30 cm each. The rods stand on the sand
on a controlled area of 1.2 cm diameter by means of an
attached washer, itself connected to thin roots made of a
metallic wire to avoid sinking. The rods are lain horizon-
tally on the washers to maximize the inertial momentum.
To prevent newly deposited scatterers from strongly dis-
turbing the fragile medium and making previously located
ones sink, this preparation relies on first protecting the sur-
face with two sheets of paper, inserting the objects between
both, and finally carefully removing the sheets.

APPENDIX B: DATA PROCESSING

The objective of the data processing described here
is to extract transmission ratios of pure modal incidence
from the recorded signals. Each x — ¢t map of signals is
split along the abscissa of the interface xs into a map of
incident and reflected waves for x < xg, and a map of
transmitted waves for x > xg, which are then processed
independently. We first clean outliers with a median filter
on the x — ¢t maps with a patch size 3 x 3. We then proceed
to a mode selection in the 2D-Fourier-transformed domain
by windowing the w — k plane around the dispersion rela-
tion meant to be isolated. Finally, we select the wave
train of appropriate arrival by time windowing the phase-
compensated signals. This way, maps of no. 1 — no. 1,
no. 1 — no. 2, no. 2 — no. 1 and no. 2 — no. 2 transmis-
sions are obtained and combined into maps of no. 1 —
(no. 1 +no. 2) andno. 2 — (no. 1 + no. 2) transmissions.

From these latter maps, we measure the incident and trans-
mitted amplitudes by averaging the power spectrum over
spatial windows close to either sides of the interface. As
this procedure is rather sensitive to the dispersion rela-
tion used for Fourier windowing and phase compensation,
wi (k) and w, (k) are carefully adjusted for each new set of
acquisitions. This is especially true for mode no. 2, which
is not easily separated from mode no. 3. In order to account
for biases due to this processing, to dissipation, and to
geometrical attenuation of the beams, the same procedure
is applied to reference maps of signals measured without
scatterers, and the obtained transmission ratios are used
as normalization factors. Finally, confidence intervals and
average values are estimated from repeated measurements.

[1] S. Bralé, S. Enoch, and S. Guenneau, Emergence of seis-
mic metamaterials: Current state and future perspectives,
Phys. Lett. Sect. A: Gen. At., Solid State Phys. 384, 126034
(2020).

[2] S. Brilé, E. Javelaud, S. Enoch, and S. Guenneau, Experi-
ments on Seismic Metamaterials: Molding Surface Waves,
Phys. Rev. Lett. 112, 133901 (2014).

[3] A. Colombi, P. Roux, S. Guenneau, P. Gueguen, and R. V.
Craster, Forests as a natural seismic metamaterial: Rayleigh
wave bandgaps induced by local resonances, Sci. Rep. 6, 1
(2016).

[4] P. Roux, D. Bindi, T. Boxberger, A. Colombi, F. Cotton, 1.
Douste-Bacque, S. Garambois, P. Gueguen, G. Hillers, D.
Hollis, T. Lecocq, and I. Pondaven, Toward seismic meta-
materials: The METAFORET project, Seismol. Res. Lett.
89, 582 (2018).

[5] A. Palermo, S. Krodel, K. H. Matlack, R. Zaccherini,
V. K. Dertimanis, E. N. Chatzi, A. Marzani, and C.
Daraio, Hybridization of Guided Surface Acoustic Modes
in Unconsolidated Granular Media by a Resonant Metasur-
face, Phys. Rev. Appl. 9, 054026 (2018).

[6] Y. Chen, F. Qian, F. Scarpa, L. Zuo, and X. Zhuang,
Harnessing multi-layered soil to design seismic metamate-
rials with ultralow frequency band gaps, Mater. Des. 175,
107813 (2019).

[7] R. Zaccherini, A. Colombi, A. Palermo, V. K. Dertima-
nis, A. Marzani, H. R. Thomsen, B. Stojadinovic, and
E. N. Chatzi, Locally Resonant Metasurfaces for Shear
Waves in Granular Media, Phys. Rev. Appl. 13, 034055
(2020).

[8] A. Colombi, D. Colquitt, P. Roux, S. Guenneau, and R. V.
Craster, A seismic metamaterial: The resonant metawedge,
Sci. Rep. 6, 1 (2016).

[9] M. Miniaci, A. Krushynska, F. Bosia, and N. M. Pugno,
Large scale mechanical metamaterials as seismic shields,
New J. Phys. 18, 083041 (2016).

[10] Y. Achaoui, B. Ungureanu, S. Enoch, S. Brilé, and S.
Guenneau, Seismic waves damping with arrays of inertial
resonators, Extreme Mech. Lett. 8, 30 (2016), nanomechan-
ics: Bridging Spatial and Temporal Scales.

[11] Y. Achaoui, T. Antonakakis, S. Brilé, R. V. Craster, S.
Enoch, and S. Guenneau, Clamped seismic metamaterials:

044002-8


https://doi.org/10.1016/j.physleta.2019.126034
https://doi.org/10.1103/PhysRevLett.112.133901
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1785/0220170196
https://doi.org/10.1103/PhysRevApplied.9.054026
https://doi.org/10.1016/j.matdes.2019.107813
https://doi.org/10.1103/PhysRevApplied.13.034055
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1088/1367-2630/18/8/083041
https://doi.org/10.1016/j.eml.2016.02.004

SEISMIC METASHIELDING BY A LINE OF RESONATORS...

PHYS. REV. APPLIED 16, 044002 (2021)

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Ultra-low frequency stop bands, New J. Phys. 19, 063022
(2017).

A. Maurel, J.-J. Marigo, K. Pham, and S. Guenneau, Con-
version of love waves in a forest of trees, Phys. Rev. B 98,
134311 (2018).

K. Pham, S. Maurel, A. Félix, and S. Guenneau, Hybridized
love waves in a guiding layer supporting an array of plates
with decorative endings, Materials 13, 1632 (2020).

X. Jacob, V. Aleshin, V. Tournat, P. Leclaire, W. Lauriks,
and V. E. Gusev, Acoustic Probing of the Jamming Tran-
sition in an Unconsolidated Granular Medium, Phys. Rev.
Lett. 100, 158003 (2008).

L. Bodet, X. Jacob, V. Tournat, R. Mourgues, and V. Gusev,
Elasticity profile of an unconsolidated granular medium
inferred from guided waves: Toward acoustic monitoring
of analogue models, Tectonophysics 496, 99 (2010).

L. Bodet, A. Dhemaied, R. Martin, R. Mourgues, F. Rejiba,
and V. Tournat, Small-scale physical modeling of seismic-
wave propagation using unconsolidated granular media,
Geophysics 79, T323 (2014).

P. Bergamo, L. Bodet, L. V. Socco, R. Mourgues, and V.
Tournat, Physical modelling of a surface-wave survey over
a laterally varying granular medium with property con-
trasts and velocity gradients, Geophys. J. Int. 197, 233
(2014).

S. Pasquet, L. Bodet, P. Bergamo, R. Guérin, R. Martin, R.
Mourgues, and V. Tournat, Small-scale seismic monitoring
of varying water levels in granular media, Vadose Zone J.
15, vzj2015.11.0142 (2016).

[19]

[20]

[21]

[23]

[24]

[25]

044002-9

V. Gusev, V. Aleshin, and V. Tournat, Acoustic Waves in an
Elastic Channel Near the Free Surface of Granular Media,
Phys. Rev. Lett. 96, 214301 (2006).

V. Aleshin, V. Gusev, and V. Tournat, Acoustic modes prop-
agating along the free surface of granular media, J. Acoust.
Soc. Am. 121, 2600 (2007).

V. Tournat and V. Gusev, Acoustics of unconsolidated
“model” granular media: An overview of recent results and
several open problems, Acta Acust. United Acust. 96, 208
(2010).

L. Bonneau, B. Andreotti, and E. Clément, Evidence
of Rayleigh-Hertz Surface Waves and Shear Stiffness
Anomaly in Granular Media, Phys. Rev. Lett. 101, 118001
(2008).

G. Gladwell, The calculation of mechanical impedances
relating to an indenter vibrating on the surface of
a semi-infinite elastic body, J. Sound. Vib. 8, 215
(1968).

K. L. Johnson, Contact Mechanics (Cambridge University
Press, Cambridge, 1987).

N. Boechler, J. K. Eliason, A. Kumar, A. A. Maznev, K. A.
Nelson, and N. Fang, Interaction of a Contact Resonance
of Microspheres with Surface Acoustic Waves, Phys. Rev.
Lett. 111, 036103 (2013).

M. Hiraiwa, M. Abi Ghanem, S. P. Wallen, A. Khanolkar,
A. A. Maznev, and N. Boechler, Complex Contact-Based
Dynamics of Microsphere Monolayers Revealed by Res-
onant Attenuation of Surface Acoustic Waves, Phys. Rev.
Lett. 116, 198001 (2016).


https://doi.org/10.1088/1367-2630/aa6e21
https://doi.org/10.1103/PhysRevB.98.134311
https://doi.org/10.3390/ma13071632
https://doi.org/10.1103/PhysRevLett.100.158003
https://doi.org/10.1016/j.tecto.2010.10.004
https://doi.org/10.1190/GEO2014-0129.1
https://doi.org/10.1093/gji/ggt521
https://doi.org/10.2136/vzj2015.11.0142
https://doi.org/10.1103/PhysRevLett.96.214301
https://doi.org/10.1121/1.2714923
https://doi.org/10.3813/AAA.918271
https://doi.org/10.1103/PhysRevLett.101.118001
https://doi.org/10.1016/0022-460x(68)90228-9
https://doi.org/10.1103/PhysRevLett.111.036103
https://doi.org/10.1103/PhysRevLett.116.198001

	I. INTRODUCTION
	II. INITIAL CONCEPT AND WAVE PROPAGATION WITHOUT THE METABARRIER
	A. Initial concept
	B. Wave propagation in the granular layer without scatterers

	III. NUMERICAL MODELING OF THE METABARRIER
	A. Model of the consolidation caused by a massive object
	B. Dispersion analysis for a periodic arrangement of scatterers
	C. Transmission analysis through a single line of scatterers

	IV. EXPERIMENTAL RESULTS
	A. Comparison with models

	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX A: EXPERIMENTAL SET-UP
	B. APPENDIX B: DATA PROCESSING
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


