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S. Guenneau, Institut Fresnel, Marseille

Earthquake Damages : High Social & Human impact 

Taiwan (1999)

Two possibilities:

- Predicting major seismic events : 
dense seismic arrays and continuous 
ambient noise

- Preventing damages from seismic 
events :
Control of seismic waves with seismic            
metamaterial (1 Hz - 5 Hz)



Concept : Manipulating the Wavefield (1)

Metamaterial

Target

! Hot Topic ! : > 70 « Science Magazine » papers since 2001

Metamaterials are artificial materials engineered to
have properties that have not yet been found in nature.WIKIPEDIA



Schurig et al., Science (2006)

Electromagnetic waves

Simulation Experiment

Concept : Manipulating the Wavefield (2)

They are assemblies of multiple individual elements fashioned from conventional materials
such as metals or plastics, but the materials are usually constructed into repeating
patterns, often with microscopic structures.

WIKIPEDIA

Unitary cell



Frahat et al, Institut Fresnel, Marseille

Numerical
simulation

Laboratory 
experiment 10

 c
m

Wavelength

Acoustic waves

Unitary cell

Concept : Manipulating the Wavefield (3)



Guiding / Multiplexing

1- Bragg scattering and Phononic crystals

Khelif et al., Applied Physics Letters (2004)

Negative Index of Refraction

Sukhovich et al., Physical Review B (2008)

Snell-Descartes

How to Manipulate the Wavefield ?



1- Phononic crystal and Multiple scattering theory

Lagarrigue et al., JASA (2012)

How to Manipulate the Wavefield ?



How to Manipulate the Wavefield ?
2- Multi-resonators at the sub-wavelength scale



Lemoult et al, PRL, 2010

Wavelength

How to Manipulate the Wavefield ?
2- Multi-resonators at the sub-wavelength scale



At Larger Scale : Cancellation of Seismic Waves?

S. Guenneau, Institut Fresnel, Marseille



Cluster of buildings : locally-resonant metamaterial?

A City : Macroscopic Arrangement of Resonating Elements ?

l

Tall building : subwavelength resonator
for ~1 Hz seismic wave



Cluster of buildings : locally-resonant metamaterial?

A City : Macroscopic Arrangement of Resonating Elements ?

l

Tall building : subwavelength resonator
for ~1 Hz seismic wave

5300 sensors 2500 sensors

Density ~ 75 sensors per 
square-km

l



Résultats

Arrangement aléatoire

resonators

resonators

Laboratory set-up Simulation setup

Z

1.5 m x 2 m plate

Vibrator

Ricker 4 kHz

20 cm

Experimental / Theoretical / Numerical
Approach at ISTerre

Coupling Surface wave (Geophysics) 

and 

Multi-Resonators (Acoustics)



Experimental Configuration

Random
configuration



Periodic / Random Distribution of Beams

Periodic
configuration

Random
configuration

Cowan et al. Phys. Rev. B, 2011

Meta
Meta



Temporal Evolution of the Wavefield

1,1m0,18 m
Metamaterial

0,18 m Vertical Displacement filtered in [2100Hz - 2800Hz]

Data available at https://isterre.fr/annuaire/pages-web-du-
personnel/philippe-roux/article/laboratory-data-available



Outside the Bandgaps : 
Sub- or Supra-Wavelength Modes

Inside bandgap

Outside bandgap

Rupin et al., PRL 2014; APL, 2015

wavelength



Metamaterial description through Dispersion relation

• 2-D Frequency-Wavenumber projection

x

y

2D antenna
(NxN receivers)

x-y field
representation

ki

kx-ky field
representation

f-k

f-k-1

Plane 
Wave



Metamaterial description through Dispersion relation

Examples of experimental F-K

[d
B]

[a
.u

]
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Isotropic Wavenumber Distribution = Diffuse Field

low freq high freqlate reverb late reverb



Metamaterial description through Dispersion relation

• Dispersion relation inside the Metamaterial

S0 A0 Sub-λ modes

Supra- λ modes 

Band-gap

Band-gap

Band-gap



Metamaterial description through Dispersion relation

Role of the resonances : the hybridation phenomenon

Anti-bending
branch

Bending branch

Milieu libre



Mutli-wave + Multi-resonance problem

Two types of resonancesTwo types of waves

S0 wave

A0 wave

Displacement is
mostly horizontal 

Displacement is
mostly vertical 

In one resonator…In the plate…

Royer & Dieulesaint, 1996



First (scalar) approximation : 
A0 wave + Compression resonance

Two types of resonancesTwo types of waves

S0 wave

A0 wave

Displacement is
mostly horizontal 

Displacement is
mostly vertical 

In one resonator…In the plate…

Vertical displacement (A0 mode) interacting with compressional resonance



Theoretical (scalar) approach through Bloch Theorem

Account for boundary conditions at the bar-plate interface

Account for propagation accross the unit cell

Transfer matrix between two cells

Dispersion curves are obtained from the 
solution of an eigenvalue problem

1-D model



Theoretical (scalar) approach through Bloch Theorem

Mb = rod mass
Lb = rod length
M= local plate mass

Williams et al., Phys. Rev. B, 2015



When is the scalar approach no longer valid?

Plate 2 mm

Fr
eq

[k
H

z]

2

4

6
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10

Flexural resonances

Scalar wave + resonator interaction

Elastic multi-wave + multi-
resonances interaction

Plate 6 mm

Rupin et al., Scientific Reports, 2016

Plate stiffness varies as h3



(b) Scalar approach(a) Full-wave approach

Colquitt et al., JMPS, 2017

Compressional resonances

Flexural resonances

The dispersion curves for the plate + rod system

with flexural resonances without flexural resonances



Impedance and mechanical coupling of a single 
rod attached to the plate

Single-rod motion 
spectrum

Single-rod
impedance model

Single-rod modal 
representation

(COMSOL)



What happens inside the bandgap at a 
flexural resonance?

Source inside the Meta

Monopole source away from
flexural resonances

Dipole source at a flexural
resonance



Amp (a.u.) Amp (a.u.)(b)(a)
Source outside of the metamaterial Source inside the metamaterial

What happens when the flexural resonance
occurs at the start of the bandgap?

wavelength

Random Metamaterial

Localized mode



Seismo-Acoustic Cloaking using a 
numerical approach

Some Degrees of Freedom:
- Length of the Beams
- Spatial Distribution of the Beams



Numerical approach : Spectral Element 
Method with 3-D Adaptive Meshing

Colombi et al., JASA-EL, 2014



Numerical Results (Filtered in the Bangap)

A few snapshots of the wavefield…

Roux et al., Handbook of Metamaterial, 2017



Toward Acoustic Cloaking (Numerical Results)



Effective Speed inside the Meta-Material



Metalens
Fz

Plate

1.5 m

4 
m

15-mm-spaced 
rods circularly 
arranged

0.
36

 m

0.
6 

m

500

v e
ff

[m
/s

]
H

ei
gh

t [
m

]

0

250

r [m]
0.6

0.7

0.8

0.9

−0.1 0 0.1
0.6

0.65

0.7

0.75

0.8

0.85

0.9

He
ig

ht
 [m

]

r [m]

−0.1 0 0.10

100

200

300

400

500

v ef
f

r [m]

−0.1 0 0.1
0.6

0.65

0.7

0.75

0.8

0.85

0.9

He
igh

t [m
]

r [m]

−0.1 0 0.10

100

200

300

400

500

v eff

r [m]

90° Rotating Eaton

−0.1 0 0.1
0.6

0.7

0.8

H
ei

gh
t [

m
]

r [m]

−0.1 0 0.1300

350

400

450

500

v ef
f

r [m]

v e
ff

[m
/s

]
H

ei
gh

t [
m

]

500

300

400

r [m]

−0.1 0 0.1
0.6

0.7

0.8

He
igh

t [m
]

r [m]

−0.1 0 0.1300

350

400

450

500

v eff

r [m]

0.6

0.7

0.8

0.9

Luneburg

0 0.18-0.18 

0 0.18-0.18 

v e
ff

[m
/s

]
H

ei
gh

t [
m

]

−0.1 0 0.1
0.6

0.65

0.7

0.75

0.8

0.85

H
ei

gh
t [

m
]

r [m]

−0.1 0 0.1200

250

300

350

400

450

500

v ef
f

r [m]

−0.1 0 0.1
0.6

0.65

0.7

0.75

0.8

0.85

He
igh

t [m
]

r [m]

−0.1 0 0.1200

250

300

350

400

450

500

v eff

r [m]
200

500

300
400

r [m]0.6

0.7

0.8

0.9

Maxwell

-0.18 0.18

Metalens
detail view

Gradient Index Lenses with Plate Waves

Lens type:Numerical model

Colombi, JASA-EL, 2016



A0 mode

h

Bandgap
10 cm

A0 mode

Rerouting

10 cm

Focusing

A0 mode

h

10 cm

Plate Wave Manipulation with Gradient Index Lenses

Colombi, JASA-EL, 2016



Geophones

Vibrator « shaker » 
source

can potentially also behave as coupled resonators at much lower
frequencies (Guéguen et al., 2002; Guéguen and Bard, 2005;
Guéguen and Colombi, 2016). The long-term objective of the
METAFORET project is to determine whether buildings can
form underground lenses for the bending or deflection of dam-
aging seismic surface-wave motion below 5 Hz.

The unaliased spatial sampling of the complex forest wave-
field across a wide range of frequencies includes the 40–50 Hz
band gap target range that was suggested in a preliminary

numerical study (Colombi, Guenneau, et al.,
2016). This sampling requires a dense seismic
network that consists of > 1000 seismic instru-
ments in area of just 120 m × 120 m (Figs. 1
and 2a,b). In the following, we describe the
two-week deployment of the METAFORET
experiment in October 2016 in the Landes for-
est (southwest France). We discuss all relevant
aspects of the dense array continuous recording
systems, the seismic vibrator source used to ex-
cite high-frequency transient wavefields (Fig. 2c;
hereafter, the shaker), and the ground-penetrat-
ing radar (GPR) survey for high-resolution im-
aging of the top 2 m. We show the preliminary
results of the ambient noise and active-source
seismic wavefield analysis, in comparison with
records of the tree-mounted velocimeters
(Fig. 3), to illustrate the characteristic aspects of
the frequency-dependent propagation regimes.
We also introduce the numerical approach to
investigate the details of the interaction be-
tween the trees and the seismic waves that
propagate in the complex soil structure. Finally,
we indicate where the publicly available data,
metadata, processed data, and additional infor-
mation on the METAFORET experiment can
be retrieved.

THE EXPERIMENT

Seismic Network and Sensors
The site of this experiment is adjacent to the
municipal airfield of the town of Mimizan, along
the French Atlantic coast, about 100 km south-
west of Bordeaux (Fig. 1). The experiment covers
a square area of 120 m × 120 m (Fig. 4a). The
geophones cover 90 m of state-managed pine-
tree forest and 30 m of an adjacent agricultural
field where small canola plants were being grown
at the time of the deployment (15–31 October
2016). The coordinate x is oriented parallel to
the forest edge, and y is perpendicular to the for-
est edge (Fig. 4a). The trees grow along regular
lines in the x direction, with a 4-m line interval
in the y direction (Fig. 4b). The intraline tree
distances δx are less regular, but are ∼2:5 m on
average. Each tree location within the area of in-

terest was logged. To facilitate the seismic deployment and the
GPR subsurface investigation, the interline brush was cleared by
the state authorities using heavy equipment, and the experimen-
tal team continued this with the manual clearing of the remain-
ing vegetation.

The seismic network consists of 995 Z-land vertical-
component geophones (FairField Nodal Inc., see Data and
Resources), 100 three-component geophones (Geophysical In-
strument Pool Potsdam [GIPP]; see Data and Resources), and

▴ Figure 1. Aerial view of the seismic deployment (yellow dots) at the interface
between a canola field and a dense forest and localization of the experiment near
Mimizan, France.

▴ Figure 2. Pictures of the METAFORET experiment seismic deployment: (a) the
2D geophone array made of 31 × 31 Z-land sensors positioned on a 4-m spacing
x–y grid marked with yellow flags before they were buried in the ground on the first
day of the deployment stage. (b) The 1D line array of Geophysical Instrument Pool
Potsdam (GIPP) three-component geophones made of 100 sensors with 1-m spac-
ing (blue flags) deployed perpendicular to the forest–field boundary. (c) The vibra-
tor source (so called shaker) was positioned at 122 different locations during the
METAFORET experiment to create controlled seismic sources. The shaker is a con-
tinuous surface-wave system from GDS Inc. that is composed of 70 kg vibrator
powered by a power generator and controlled by a PC. The source signal was
a 60-s-long frequency sweep from 10 to 100 Hz.

2 Seismological Research Letters Volume XX, Number XX – 2018

SRL Early Edition

Geophone array

Trees as resonators

- Compressional and Flexural motion for the trees
- Sources inside and outside the forest

Roux et al., SRL, 2018

Application at the geophysics scale : can we 
consider a forest as a natural Metamaterial?



52
Chapitre 2. Une expérience originale permettant l’étude de résonateurs élastiques

sub-longueur d’onde et multi-résonants

33

11

2

(a)

(b)

(c)

(d)

Figure 2.1 – Dispositif expérimental. a) Un pot vibrant (1) excite la plaque en flexion
(mode A0) et l’on scanne le champ (composante verticale de la vitesse) au dessus des réso-
nateurs (2) via des vibromètres lasers pointés sur des miroirs motorisés (3). b) Couplage
par point de colle, plaque/résonateurs sub-longueur d’onde. c) Photo d’un des 4 supports
ponctuels. d) Pot vibrant en contact vertical avec la plaque, afin de générer des ondes de
flexion A0.

Ørèsonateurs + 5mm (cf. figure 2.2(b)).

Côté source, la génération d’ondes dans la plaque est réalisée par
un pot vibrant travaillant du continu jusqu’à 11kHz. Le signal d’émission
est un sweep modulé en amplitude, dont il est question plus en dé-
tail au §2.1.2.2. Le mouvement d’excitation est perpendiculaire à la plaque
afin de favoriser les modes de flexion (mode de Lamb A0) (cf.figure 2.1(d)).

La mesure du champ est effectuée à l’aide de deux vélocimètres
laser doppler (LDV en anglais) OMETRON VQ-500-D, qui permettent
de travailler sur une large gamme de fréquence : [0, 5 Hz 22 kHz]. Le
fonctionnement de tels capteurs repose sur une mesure interférométrique
entre un faisceau incident de référence et un faisceau sonde. Ce der-
nier subit un décalage en fréquence par effet Doppler, proportionnel à
la vitesse vibratoire vertical de la surface. Le LDV transforme cet écart

Transposition from Laboratory study to Geohysics

ground plate

Tree Beam

Surface waves
Freq : 10-100 Hz

A0 Lamb waves
Freq : 1-10 kHz

Compression/flexion

Rupin et al. PRL 2014 

Forest of rods on 
A0 Lamb wave

Frequency band-gap

Hybridization-like
dispersion curve



First experimental / numerical demonstration 
at the geophysics scale (2015) 

Colombi et al., Scientific Reports, 2016

Isterre



Rayleigh wave interacting with resonating trees?

32 Hz - 42 HzReference

Forest



Data available at htpps://metaforet.osug.fr



10 cm

50 cm

2 to 5 m

Choice of the forest area

Collaborations with CNPF, 

INRA BIOGECO & ISPA

Role of roots, soil properties, …

Preparation of the METAFORET Experiment (2016)



Seismic array & seismic sources
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The METAFORET project : experimental configuration 

Velocimeters in trees

- 1000 vertical geophones (Z-land sensors, Geokinetics)
- 100 geophones (3-C, GFZ cubes, Postdam)
- 9 velocimeters (3-C, ISTerre)
- 150 active sources (vibrometer 15-90 Hz, ISTerre)
- Ambient noise (10 days, continuous recording)

Average tree properties 
(measured on 50 trees)

- Diameter ~ 20 cm
- Height ~ 10 m
- Weight ~ 250 kg / tree
- Tree density ~ 900 trees / ha

Seismic configuration

Field
Forest



(a) (b) (c)2D Seismic array with Z-land geophones Line array with GFZ geophones Vibrometer source (> 15 Hz)

The METAFORET experiment



(a) (b)
Tree instrumented
with 6 velocimeters Ground Penetrating Radar survey

The METAFORET experiment



(c)
(a)

(b)

(d)

The METAFORET data : The tree spectral response



Frequency : 20 Hz - 50 Hz : below the tree compressionnal resonances

Frequency : 50 Hz - 80 Hz : above the tree compressionnal resonances
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The METAFORET data : Active Source on 2-D Surface Array



direct P-wave

reflected P-wave

surface wave

The METAFORET data : 

Active Source for Average Seismic Section



The METAFORET data : 

Active Source for Surface Wave Tomography

Role of the 
tree roots ?



The METAFORET data : Active Source on 1-D Line Array

120 m

90 m



The METAFORET data : Spectral ratio in / out of the forest



The METAFORET data : Two-point correlation analysis

( )
( ) ( )

( ) 2
*

r

r

,r ,r dr
C ,dr

,r

w w
w

w

Y Y +
=

Y

!

!

! ! !
!

! ( ) ( )C ,dr C ,dr
q

w w=
!

source
receiver

receiver

dr
125 sources 
961 receivers

Effective medium approximation



The METAFORET data : Two-point correlation

( )C ,drw



Other Attempts with Seismic Metamaterials

- The Metawedge configuration

- Seismic wave cancellation using buried resonators

- Seismic wave cancellation using buried beams



Trees with different height : The seismic rainbow

40 Hz

70 Hz



Trees with different height : The inverse wedge effect



Other Attempts with Seismic Metamaterials:

- The Metawedge configuration

- Seismic wave cancellation using buried resonators

- Seismic wave cancellation using buried beams



Engineered Metabarrier as Shield
from Seismic Surface Waves (1) Palermo et al., Scientific Reports, 2017

5-8 Hz



m ~ 1000 kg

S-H Kim and M. Das, 2017

Engineered Metabarrier as Shield
from Seismic Surface Waves (2)



Other Attempts with Seismic Metamaterials:

- The Metawedge configuration

- Seismic wave cancellation using buried resonators

- Seismic wave cancellation using buried beams



Mesh of cylindrical 
concrete columns

Soil Reinforcement using Buried 
Vertical Concrete Beams

Brule et al, PRL, 2014

Local change of 
refraction index



Luneberg Lens applied to Geophysics

Vs

250 m/s

500 m/s
Vs

250 m/s

500 m/s

Continuous version Discrete version



Building on soft sedimentary ground

30 x 30 x 30 m (f0=4 Hz)

250
Engineered surrounding surface4 Luneburg lenses (r=75 m)

Application to Seismic Protection (1 – 5 Hz)



E-W response 
spectra (roof drift)

Reference Cloaked and protected

Frequency (Hz)

Am
pl

itu
de

 (m
)

• Plane Rayleigh waves at 2-6 Hz
• Soft sedimentary soil

Application to Seismic protection (1 – 5 Hz)

Colombi et al., Scientific Reports, 2016



Reference Cloaked and protected

Energy 
distribution

Application to Seismic protection (1 – 5 Hz)



Work for the Future
A City : Macroscopic Arrangement of Resonating Elements ?

Quito 
downtown

wavelength l

Colombi et al., BSSA, 2017



Perspectives for Seismic Metamaterial (2020)

Wind turbine fields

Saccorotti et al., 2011 

high wind

low wind
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4 Hz 6 Hz 8 Hz(a) (b) (c)

The METAFORET data : Ambient noise on 2-D Surface Array

Dispersion curve from ambient noise (<20 Hz)

Anomalous ground velocity

Tree flexural resonances



Fig. 
9

4m (average)

30 m

PML
PML

(a) Dispersion curves (b) Soil shear-wave speed

(c) 2D dynamic simulation (d) Typical one isolated tree response



120 m

90 m

Active source 
outside of the forest

Active source 
inside the forest



a

b

(a) Particle motion @ 45 Hz
(b) 





Dispersion curve

Averaged two-point correlation C(r,w)
Inside the Metamaterial

l ~ l (mean free path) ~ 2a (distance between rods) = 
4 cm

Mean free path

Field-Field correlation inside the Metamaterial
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Signature of Anderson localization inside the Metamaterial
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Toward Acoustic Cloaking (Numerical Results)

Without Metamaterial With Metamaterial



Intermediate Result : optimal Cloak for 
Backscattered field

Colombi et al., JASA, 2015

Configuration c1 Configuration c2

Scattered Field
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Colombi et al., Scientific Reports, 2016

h=14 m

classic metawedge

inverse metawedge

« acoustic » approach



Experimental
Demonstration of the 

Resonant Meta-Wedge
at the Ultrasonic Scale

(~500 kHz)

Applied Optics lab, University of Nottingham, 
U.K.

Matt Clark’s group

Colombi et al., Scientific Reports, 2017



Classic Metawedge

t =10 µs

t =20 µs

t =60 µs



Inverse Meta-wedge

t=20 µs t=30 µs

t=40 µs t=50 µs


