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ABSTRACT: This paper presents an overview of the concept of periodic materials, based on the theory 
of solid-state physics, which can be applied to earthquake engineering. The periodic material is a material 
that possesses distinct characteristics that prevent waves with certain frequencies from being transmitted 
through it; therefore, this material can be used in structural foundations to block unwanted seismic waves 
with certain frequencies. The basic theory of periodic foundations are introduced first to find the band 
gaps; then the finite element methods are used, to perform parametric analysis, and obtain attenuation 
zones. This procedure shows that the periodic foundation is a promising and effective way to mitigate 
structural damage caused by earthquake excitation. 
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DE LA CRISTALE FONONICE LA METAMATERIALE SEISMICE – REZUMAT: 
Lucrarea prezintă o imagine de ansamblu a conceptului de peridicitate în structura materialelor, 
bazat pe teoria  fizicii stării solide, care poate fi aplicat în ingineria seismică. Materialele cu o 
structura periodică sunt materiale care posedă caracteristici distincte și care împiedică undele cu 
anumite frecvențe de a fi transmise, prin urmare, aceste materiale pot fi utilizate în fundații 
structurale pentru a bloca undele seismice cu anumite frecvențe. Teoria de bază a fundațiilor 
periodice este utilizată pentru a găsi benzile interzise, apoi este utilizată metoda elementului finit, 
pentru a obține zonele de atenuare. Această procedură arată că fundația periodică este o 
modalitate promitătoare și eficace pentru a atenua daunele structurale cauzate de cutremure. 

Cuvinte cheie: managementul riscului seismic, cristale fononice, metamateriale. 

1. INTRODUCTION 

The purpose of the present paper is to highlight the 
mechanisms offered by a new class of elastodynamic 
metamaterials based on sub wavelength inclusions 
that may enable a drastic attenuation of earthquakes. 
This can be achieved by engineering the frequency 
stop bands dedicated to seismic waves by converting 
the latter to evanescent waves in order to protect the 
sensitive area. Seismic wave dampers are based here 
on resonators connected to the soil surrounding the 
area to be protected. 

The basis terms for studying this phenomenon were 
used for the first time in optics. 

Photonic crystals are composed of periodic dielectric, 
metal-dielectric or even superconductor microstructures 
or nanostructures that affect the propagation of 
electromagnetic waves in the same way as the periodic 
potential in a semiconductor crystal affects the electron 
motion by defining allowed and forbidden electronic 
energy bands. Photonic crystals contain regularly 
repeating regions of high and low dielectric constant. 
Photons (behaving as waves) propagate through this 
structure – or not – depending on their wavelength. 

Wavelengths that are allowed to travel are known as 
modes; groups of allowed modes form bands. 
Disallowed bands of wavelengths are called photonic 
band gaps. This gives rise to distinct optical phenomena 
such as inhibition of spontaneous emission, high-
reflecting omni-directional mirrors and low-loss-wave 
guiding. 

The periodicity of the photonic crystal structure must 
be around half the wavelength of the electromagnetic 
waves that are to be diffracted. The repeating regions 
of high and low dielectric constant must therefore be 
fabricated at this scale. 

2. SEISMIC WAVES 

The Seismic waves are vibrations that travel through the 
Earth carrying energy released during an earthquake. 
The waves transport the energy from the focus. When 
the longitudinal waves (P waves) and transverse waves 
(S waves) meet the surface, part of their energy is 
converted into waves that propagate along the Earth’s 
surface. Rayleigh waves, which have one compressional 
component and two shear components, are characterized 
by wavelengths from meters to decameters in the 
frequency range of less than 1 Hz to a few tens of Hz, 
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where the velocity of the wave is decreasing, since the 
higher frequency components are more effectively 
attenuated during wave propagation. The fact that these 
surface waves have a slower speed, hence a much 
smaller wavelength than underground waves, makes 
them the most destructive seismic waves and the main 
reason which leads to the well-known phenomenon of 
resonance disaster. 

When seismic waves propagate through soft superficial 
alluvial layers or scatter on strong topographic 
irregularities, refraction or scattering phenomena may 
indeed strongly increase the amplitude 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 heterogeneous 
media, and the generation of surface waves at the basin 
edge (Brûlé et al., 2012a, b). Due to the surface wave 
velocity in superficial and underconsolidated recent 
material (less than 100 m/s to 300 m/s), wavelength of 
surface waves induced by natural seismic sources or 
construction work activities are shorter than those of 
earthquake generated direct P (primary, i.e. longitudinal 
compressional) and S (secondary, i.e. transverse shear) 
waves (considering the 0.1 to 50 Hz frequency range), 
from a few meters to a few hundreds of meters. These 
are of similar length to that of buildings, therefore 
leading to potential building resonance phenomena in 
the case of earthquakes (Brûlé et al., 2014). 

3. SEISMIC PHONONIC CRYSTAL 

The first experiment in situ of deflection shield for 
seismic waves led by the Fresnel Institute and 
Ménard company near the Alpine city of Grenoble in 
2012 have shown the similarities between acoustic 
and seismic phenomena and make natural to envision 
the large-scale analogs of acoustic metamaterials, 
called seismic metamaterials. This seismic shield can 
be obtained by phonon crystals which are based on a 
periodic distribution of inclusions (scatterers such as 
boreholes) embedded in a matrix (e.g. soil), designed 
to control dispersion of the seismic waves through 
Bragg scattering, that is the scattering of the waves 
by a periodic arrangement of scatterers with 
dimensions and periods comparable to their 
wavelength (in this situ experiment the source was 
monochromatic at 50 Hz). However, one noticeable 
disadvantage of this approach is that stop bands occur 
at frequencies (near 50 Hz) slightly higher than the 
most interesting frequency range [0.1-20] Hz. This 
experiment project opened a new direction of 
research on seismic protection/wave propagation. 

4. SEISMIC METAMATERIALS 

Seismic metamaterials are artificially structured 
composite materials that enable manipulation of 
dispersive properties of vibrational waves. According to 
the previous experiments this can be obtained by two 
principles: a) Phononic crystals which are based on 
periodic distribution of inclusions (scatterers) embedded 

in a matrix, designed to control dispersion of the waves 
through Bragg scattering, the scattering of the waves by 
a periodic arrangement of scatterers with dimensions 
and periods comparable to the wavelength; b) Seismic 
metamaterials which have the added feature of local 
resonance, their properties do not rely on periodicity, 
but on the collective effect of a large array of small 
resonators. The structural features of seismic metamate-
rials can be significantly smaller than the wavelength of 
the wave they are affecting. Local resonance may lead 
to negative effective dynamic mass density and bulk 
modulus and therefore to their unusual dispersion 
characteristics (Liu et al., 2000 & Fang et al., 2006). 

Whether these materials impact waves dispersion (band 
structure) trough Bragg’s scattering or local resonances, 
they can achieve a wide range of unusual spectral (ω – 
space), wave vector (k – space) and phase (φ – space) 
properties. For instance, under certain conditions, 
absolute seismic band gaps can form. These are bands 
where propagation of waves is forbidden independently 
of the direction of propagation. 

5. EXPERIMENTAL NUMERICAL 
MODELS 

The present work is a numerical demonstration that 
seismic waves can be molded by changing the field 
propagation properties, by an array of resonators in the 
wave propagation path. Our numerical experiment starts 
by analyzing propagation of bulk waves through a 
continuum homogeneous and isotropic medium (fig. 1), 
with Comsol Multi-physics software, applying in our 
finite element algorithm Floquet-Bloch boundary 
condition on either sides of a periodic cell of side length 
a=10m in order to compute the dispersion diagrams. In 
this case, from the Brillouin zone, we can observe the 
compressional and shear waves; the curves are not 
dispersive, they start from zero and go linearly from the 
origin. The propagation velocity directly depends on 
frequency. These periodic conditions are applied for all 
the directions. This is an infinite system which is like a 
Phononic Crystal. 

 

Fig.1. Reference concrete unit cell: a) Comsol Multiphysics 
image of the magnitude of the displacement; b) schematics 
Comsol Multiphysics image of the unit cell; c) The unit cell 
dimensions; d) Dispersion curves band diagram; 
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If we engineer some holes in the continuum we open 
Bragg band gaps (fig. 2), which are polarizated and 
directional dependent gaps (this is the case that was 
experimented – the case of the Phononic Crystals, the 
same principle as in Photonics in optics – where to 
achieve Bragg band gaps the size of the unit cells have to 
be on the same order as the wavelength) – This can’t 
protect the buildings from the damages of the seismic 
waves. *(the polarizated  and directional dependent gap 
that we opened in this case stops just shear waves with 
frequency more than 50 Hz, and wavelength smaller than 
2m, due to the local wave velocity. The seismic waves we 
would like to stop are on the order of decameters). 

 

Fig.2. Hollow cell: a) a) Comsol Multi-physics image of the 
magnitude of the displacement; b) slice schematics Comsol 
Multi-physics image of the unit cell; c) The unit cell dimensions; 
d) Dispersion curves band diagram; 

In the simply hollow case we can observe on the graphic 
that the curves starts to be dispersive and we find 
polarizated and directional dependent band gaps. 

By engineering the basic cell we introduce an iron ball, R 
radius, with 6 straight ligaments, d the ligaments width, l 
the ligaments length.  

In the first iron ball case we found on the graphic 
resonances that must be verified if they correctly couple 
with the continuum or not (if they intersect each other on 
the graphic it not couples, so it’s not resonating). 

 

Fig.3. Dispersion curves band diagram of the unit cell with low 
frequency resonances 

We can find polarizated band gaps, which we can 
engineer to make a total band gap. 

After studying many configurations of the unit cells we 
chose to discuss one particular case of particular interest, 
which is showed in fig. 4. This unit cell consist in a block 
of concrete 10x10x10m3, with an central hollow, 4m 
radius which represents the host of an iron ball.  

In the first case the iron ball, R = 3.5m radius, connected 
by a straight cylindrical iron ligament, diameter d = 0.6m 
and height l = 0.8m, to the continuum.  On the dispersion 
curves band diagram, fig 4.d, we can observe first 
resonances at very low frequency, around 1 and 2 Hz and 
two Bragg band gaps, one for shear waves which is 
between 75 and 110 Hz and one for compressional waves 
which is between 145 and 180 Hz, both of these band 
gaps are polarizated, directional dependent gaps and the 
fact that they cross above 50 Hz makes them 
uninteresting for seismic waves protection. In this 
particular case, around 19 Hz, the curves don’t intersect 
and there it opens a total gap, low frequency complete 
stop band, which is polarizated and directional 
independent and stops seismic waves to propagate at this 
specific frequency irrespective of the direction of wave 
propagation. In conclusion we can speak about first 3D 
seismic local resonator, which represents the unit cell of 
our seismic meta-material. 

 

Fig.4. The unit cell: a) Comsol Multiphysics image of the 
magnitude of the displacement hold in a 3D local resonator at 
eigenfrequency 18.07 Hz; b) Cross section of the unit cell; c) 
First Brillouin zone for simple cubic crystal. Symmetric k-points 
and axes are indicated; d) Dispersion curves band diagram; 

The first step of the research is reached, but now we start 
tuning this cell for going down on the scale of the 
frequency and to enlarge the gap for better protection, 
without modifying the dimensions of the unit cell (to 
avoid making it too large). 

6. CONCLUSIONS 

Different models of resonators may cover different types 
of resonant frequencies for seismic waves. Numerical 
results suggest their potential application in dissipation of 
seismic wave energy for wavelengths ranging from a few 
meters to tenths of meters. 
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Seismic resonators may become in the future an 
alternative solution to prevent disasters due to the 
impact of earthquakes on sensitive areas.  

But for this, designing, modeling and experimentally 
testing metamaterials with a shielding role for seismic 
waves in the frequency range 0.1 to 50 Hz is necessary. 
Collaborations between physicists, geophysicists and 
civil engineers makes such a goal achievable. 
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