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a b s t r a c t

We investigate stop band properties of a theoretical cubic array of iron spheres connected
to a bulk of concrete via iron or rubber ligaments. Each sphere moves freely within a sur-
rounding air cavity, but ligaments couple it to the bulk and facilitate bending and rota-
tional motions. Associated low frequency local resonances are predicted by an asymptotic
formula. We find complete stop bands in the range [16, 21] Hz (resp. [6, 11] Hz) for 7.4 m
(resp. 0.74m) diameter iron sphereswith a 10m (resp. 1m) center-to-center spacing,when
they are connected to concrete via steel (resp. rubber) ligaments. The scattering problem
shows that only bending modes are responsible for damping: rotational modes are totally
overwritten by bending modes. Regarding seismic applications, we consider soil as a host
medium, in which case the low frequency stop band can be enlarged through ligaments
of different sizes that allow for well separated bending and rotational modes. We finally
achieve some damping of elastodynamic waves from 8 to 49 Hz for iron spheres 0.74 m in
diameter, connected to soil with six rubber ligaments of optimized shapes. These results
represent a preliminary step in the design of seismic shields placed around, or underneath,
foundations of large civil infrastructures.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Inserting stone blocks between a structure and its foun-
dation is one of the first attempts to reduce vibrations and
this can be traced back to the sixth century BC. In 1950,
the first specialized damping devices for earthquakes were
developed and civil engineers started to implement dif-
ferent mechanisms to mitigate seismic damage to build-
ings, but with relatively weak and non-earthquake resis-
tant structures [1]. Nowadays civil engineers protect build-
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ings in particularwithmetal springs, ball bearings and rub-
ber pads, all of them designed to mitigate the energy from
seismicwaves [1]. In earthquake engineering, the structure
could be designed with additional passive energy dissipa-
tion systems integrated in the frame structure (dampers,
rubbers) or semi-active dampers [2]. However the objec-
tive of this article is to illustrate that buried structures in
the soil (foundations, buried levels of the buildings, etc.),
could directly act, in the near future, on the seismic signal
itself coming at the base of the buildings. In that sense, we
preliminary demonstrate with numerical models, that we
achieve filtering of frequencies by means of a buried de-
vice made of resonating iron spheres. This capability of the
device to filter frequencies offers wide range of applica-
tions in soil–structure interaction (ISS), particularly if the
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foundations are designed both for their bearing capacity
and as local resonant elements.

2. Concept of seismic protection

In general, seismic waves are vibrations that travel
through the Earth carrying energy released during an
earthquake. Seismic waves transport energy from the fo-
cus and when their longitudinal (P) and transverse (S)
components meet the surface, their energy is partly con-
verted into waves that propagate along the Earth surface.
Such Rayleigh waves, which have one compressional and
one shear components, are characterized by wavelengths
ranging from meters to decameters what corresponds to
frequencies from a few tens of Hertz to less than 1 Hz,
where the velocity of the wave is decreasing, since the
higher frequency components are more effectively atten-
uated during wave propagation. The fact that these sur-
face waves have a lower speed, hence typical wavelengths
much smaller thanunderground (bulk)waves,makes them
themost destructive seismicwaves for civil infrastructures
built on sedimentary soils, due to the well-known phe-
nomenon of resonance disaster [3,4]. Indeed, when seismic
waves propagate through soft superficial alluvial layers or
scatter on strong topographic irregularities, refraction or
scattering phenomena may strongly increase the ampli-
tude of ground motion. At the scale of an alluvial basin,
seismic effects involve various phenomena, such as wave
trapping, resonance of whole basin, propagation in hetero-
geneous media, and the generation of surface waves at the
basin edge [3,4]. Due to the surface wave velocity in su-
perficial and under-consolidated recentmaterial (less than
100–300m s−1), wavelengths of surface waves induced by
natural seismic sources or construction work activities are
shorter than those of earthquake generated direct P (pri-
mary, i.e. longitudinal compressional) and S (secondary, i.e.
transverse shear) waves (considering the 0.1–50 Hz fre-
quency range), from a fewmeters to a few hundreds ofme-
ters. These are of similar length to that of buildings, there-
fore leading to potential building resonance phenomena in
the case of earthquakes [3,4].

Most common technical solutions for structural protec-
tion are dampers, wave scatterers, resonators, rubber iso-
lation etc. [2]. Here, we propose a radically different con-
cept based on low frequency stop bands associated with
meter-scale inertial resonators that might help with pre-
ventive measures of earthquake risk management in civil
engineering and building structures. Indeed, recent scien-
tific advances in total or partial reflection band gaps (due to
periodicity) and invisibility (artificial anisotropy via trans-
formation physics) for elastic waves in plates, as well as
wave magnitude damping (using Helmholtz’s resonators),
have opened new avenues in seismicmetamaterials. Away
to counteract the devastating effect of seismic waves is to
design the shape of inclusions in the soil in order to tune
stop bands in accordance with building’s fundamental pe-
riod and its harmonics. Although it is illuminating to draw
analogies with control of elastic waves in plates, we have
to take into consideration that seismic protection is much
more complex than the dispersion/molding of the Lamb

waves in thin, heterogeneous plates whose elastic prop-
erties are more straightforward to model and character-
ize. This, in particular, is due to the complex properties of
the soil (viscoelastic, anisotropic and irregular propagation
medium).

Mechanical resonance is the tendency of a building to
respondwith a larger amplitudewhen the frequency of the
incoming seismic wave oscillations matches the building’s
natural frequency of vibration (called resonant or natural
frequency). It may cause violent swaying and even
catastrophic failure - a phenomenon known as resonance
disaster [1]. These resonant frequencies of the buildings
can be calculated and are indeed taken into account in the
design of their structures. The analysis could be carried
out for free vibrations with an idealized single degree of
freedom oscillator (S.D.O.F.O with oscillators). The global
matrix expression describing the displacement of a multi-
oscillator system, neglecting the dampingmatrix for a pre-
design study, leads to the equation | K − ω2

nM |= 0 with
K the stiffness matrix in a linear case of the lateral force,
M , the mass matrix and ωn = 2π/Tn the eigenfrequencies
associated with the building’s periods Tn [3,5–7]. Using
S.D.O.F.O typical eigenfrequencies of a five storey concrete
building are found to be in the range 1–100 Hz.

The first in situ experiment of a deflection shield for
seismicwaves led by theMénard company in collaboration
with the Fresnel Institute near the Alpine city of Grenoble
in 2012 has unveiled some similarities between acoustic
waves in plates and surface seismic waves [8,9] and this
prompted researchers to envision the large-scale analogs
of acoustic metamaterials [10–23], with a coined name
seismic metamaterials [8]. Similarly to multiple scatter-
ing and locally resonant effects experimentally observed
in microsonic and hypersonic phononic crystals around 1
GHz [24–26], experimental results in [4,8,27] have vali-
dated the possibility to prohibit frequencies around 50 Hz
i.e. at the upper frequency range of interest as suggested by
the S.D.O.F.O. model and further paved the way to explore
locally resonant subwavelength structures that might im-
prove such Bragg-based seismic shields.

The purpose of the present letter is to highlight the
mechanisms offered by a new class of seismic metamate-
rials based on subwavelength inclusions that may enable a
drastic attenuation of earthquakes. These can be achieved
by engineering the frequency stop bands dedicated to seis-
mic waves by converting the latter to evanescent waves
in order to protect a sensitive area (schematics shown in
Fig. 1). We numerically demonstrate that seismic waves
can be molded by changing the field propagation proper-
ties, by placing a cubic array of resonators in the seismic
wave path.

3. Low frequency stop bands with inertial resonators

We start by analyzing propagation of bulk waves
through a homogeneous and isotropic elastic medium,
with Comsol Multiphysics, applying in this finite element
software Floquet–Bloch boundary conditions on either
sides of a periodic cell of side length a = 10 m in order
to compute band diagrams. In this case, it is well-known
that compressional and shearwaves display non dispersive
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