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Einfiihrung

Streuung ist eines der Phanomene, mit denen wir
taglich zu tun haben. Als bekannte Beispiele kbnnen wir
die Streuung von Licht durch alle Objekte (Reflexion), die
blaue Farbe des Himmels, die weilSe Farbe der Wolken
und das Funkeln als relativ kompliziertere Beispiele fiir die
Darstellung des Streuphanomens betrachten.

Vielleicht gibt es kein Thema, das so offensichtlich und
selbstverstandlich ist wie der blaue Himmel. Aber warum
ist unser Himmel blau und nicht griin, rot oder rosa?

Strahlungswechselwirkungen mit Materie kdnnen dazu
flhren, dass die Strahlen ihre Richtung andern oder die
Energie zwischen verschiedenen Ebenen im Atom oder
Molekil verandert wird. Bei der Wechselwirkung von
Licht mit Materie, wenn eine elektromagnetische Welle
auf ein Atom trifft, interagiert sie mit einem gebun-
denen Elektronenpaar im Atom und bringt das Atom in
einen angeregten Zustand, wobei die niedrigste Energie
des Atoms in Schwingung gerat. Tatsachlich durchlauft
das Atom nach der Absorption eines Photons einen an-
geregten Zustand. Das Atom kehrt in einer dichten Umge-
bung wahrscheinlich in den Grundzustand zurlick und
gibt seine zuséatzliche Energie in Form von Warme ab. In
verdiinnten Gasen durchlduft das Atom normalerweise
nach der Emission eines Photons den Grundzustand.

Die Trennung der Energie aus einer einfallenden Welle
und ihre anschlieBende Riickstreuung wird als “Streu-
ung” oder “Scattering” bezeichnet.

Es gibt flnf Arten von Wechselwirkungen zwischen Elek-
tronen und Photonen:

1. Photoelektrischer Effekt: Ein Photon kollidiert mit ei-
nem Elektron und verschwindet; und das Elektron wird
aus seinem Platz geschleudert.

2. Compton-Effekt: Ein Photon kollidiert mit einem freien
Elektron und erzeugt ein weiteres Photon mit geringerer
Energie und stoRt das Elektron zuriick.

3. Paarproduktion: Ein Photon wird in der Nahe eines
schweren Partikels abgelenkt und ein Elektron-Posi-
tron-Paar wird erzeugt.

4. Bremsstrahlung: Ein Elektron wird in der Ndhe eines
schweren Partikels abgelenkt und ein Photon wird erze-
ugt.

5. Paarvernichtung: Ein Positron kombiniert sich mit ei-
nem Elektron und erzeugt ein Photonpaar.




Die Wechselwirkung von Photonen mit einem atomaren

und molekularen System erfolgt auf folgende Weise:

¢ Die eingestrahlten Photonen werden von der Ober-
flache reflektiert.

¢ Die eingestrahlten Photonen durchdringen den Korp-
er.

e Die Photonen werden von Molekilen absorbiert.

e Die Photonen werden von der Oberflache des Mate-
rials gestreut.

Der blaue Himmel und Rayleigh-Streuung:

Nach Newton hangen die sichtbaren Farben natiirlicher
Objekte davon ab, welche Farben sie hauptsachlich in
Richtung des Betrachters reflektieren. Diese Reflexion
hangt auch von der Wellenlange des Lichts der Objek-
te ab. Im Allgemeinen gibt es keine einfache Methode,
um basierend auf der Struktur der Oberflache, der che-
mischen Zusammensetzung und dhnlichen Faktoren vor-
herzusagen, welche Farben ein Material reflektiert oder
streut. Dennoch kann die blduliche Farbe des Himmels
mit einer einfachen Argumentation erklart werden.

Wie Thomas Young mit Experimenten gezeigt hat, haben
verschiedene Lichtwellenlangen unterschiedliche Farben
(Lichtwellenlangen werden in Nanometer oder Angstrom
gemessen.), das sichtbare Spektrum fiir den Menschen
reicht von 400 Nanometer fiir ultraviolettes Licht bis etwa
700 Nanometer fiir rotes Licht. (Es sei darauf hingewi-
esen, dass weilles Licht nach der Zerlegung aus 7 Spek-
tren besteht: Rot, Orange, Gelb, Griin, Blau, Indigo und
Violett, wobei Violett die kiirzeste Wellenlange und Rot
die langste Wellenlange hat.)

Tatsachlich entstehen die blauen Farben des Himmels
und die rotlichen Farben der Dammerung und des Son-
nenuntergangs durch verschiedene Wechselwirkungen
zwischen Licht und gasférmigen Molekiilen und Par-
tikeln in der Atmosphare (Abbildung 1). Wenn das Licht
durch die Atmosphare hindurchtritt und auf gasférmige
Molekiile trifft, die eine kleinere Wellenlange als sichtba-
res Licht haben, kann ein Teil davon absorbiert werden.
Nach einer Weile streuen die Molekdle das Licht in ver-
schiedenen Richtungen. Die Farbe dieses Lichts entspricht
genau der Farbe, die das Molekil zuvor absorbiert hat.
Die Streuung verschiedener Wellenlangen in verschie-
denen Medien wird als Rayleigh-Streuung bezeichnet.

Alle Farben kdnnen absorbiert werden, aber Farben mit
hoherer Frequenz (zum Beispiel Violett) werden mehr ab-
sorbiert als Farben mit niedrigerer Frequenz (zum Beispiel
Rot). Daher werden in der Streuung von weilRem Licht
kirzere Wellenlangen wie Violett viel starker als langere
Wellenlangen wie Rot gestreut.

Zwei Faktoren flihren zu diesem Phanomen: die Wellen-
lange des sichtbaren Lichts und die GroRRe der Partikel, auf
die das Licht trifft. Die Menge der Streuung hangt von der

Wellenlange ab. Im Allgemeinen wird eine Welle umso
weniger gestreut, je grolRer sie im Vergleich zur GroRe des
Hindernisses ist.

Letztendlich, wenn es keine atmospharische Luft gabe,
wirde der Himmel schwarz erscheinen und Sterne
wiurden tagsliber sichtbar sein. Tatsachlich erscheint der
Himmel ab einer Hohe von 16 Kilometern und hoher, wo
die Erdatmosphare sehr diinn wird, so wie Astronauten
festgestellt haben, schwarz und Sterne sind tagstiber
sichtbar. (Im Gegensatz zur Erde hat der Mond keine At-
mosphdre und daher keine Farbe, und sein Himmel ist
vollkommen schwarz.)

Abbildung 1: Die gelbe Farbe des Himmels bei Sonnenun-
tergang
Arten der Streuung

Streuung basiert auf zwei Arten des Energieaustauschs:

Die elastische Streuung

Die gestreute Strahlung hat die gleiche Energie und Fre-
guenz wie die urspriingliche Strahlung.

1. Die Rayleigh-Streuung oder Thomson-Streuung:
Rayleigh stellte im Jahr 1871 seine Theorie zur Streuung
von Sonnenlicht durch die Gasmolekdle in der Atmo-
sphare vor und beschrieb auf diese Weise die Farbe des
Himmels. Im Allgemeinen beschreibt die Rayleigh-Streu-
ung die elastische Streuung des Lichts durch Partikel, die
viel kleiner sind als die Wellenlange des Lichtstrahls. Die
Rayleigh-Streuung resultiert aus der elektrischen Polari-
sierbarkeit der Partikel. Wenn ein solch kleines Teilchen
elektromagnetischen Wellen ausgesetzt ist, beeinflusst
das oszillierende elektrische Feld eine Lichtwelle auf den
Ladungen innerhalb eines Partikels und bewirkt eine Po-
larisierung der Partikel, sodass die negativen Ladungen
vom positiven Kern entfernt werden. Als Ergebnis entste-
ht ein momentan dipolares Teilchen. Das Teilchen strahlt
dann aufgrund der beschleunigten Ladung ab. Ein oszillie-
render Dipol erzeugt ein oszillierendes elektrisches Feld,
das proportional zum Quadrat der Oszillationsfrequenz
ist.
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Die Mie-Streuung

Wenn die PartikelgrofSe ungefahr oder etwas groRer
als die Wellenlange des einfallenden Lichts ist, wird die
Mie-Streuung flr groRere Partikel im Vergleich zur Wel-
lenlange des Lichts durch die Maxwellschen Gleichungen
fir Randbedingungen definiert. Es handelt sich um eine
theoretische Theorie zur Untersuchung der Lichtstreu-
ung von Partikeln, basierend auf der Form der Partikel
und dem Brechungsindexunterschied zwischen den Par-
tikeln und dem Medium, in dem sie gestreut werden.
GroRere Partikel streuen das Licht in kleineren Winkeln
im Vergleich zu kleinen Partikeln. Die Mie-Streuung tritt
hauptsachlich in den unteren Teilen der Atmosphare auf,
wo grofere Partikel haufig vorkommen und in bewdlkten
Bedingungen vorherrschen.

Die Mie-Streuung hangt nicht stark von der Wellen-
lange ab, und wenn groRere Partikel (x ungefahr gleich
1) mit der Welle interagieren, wird normalerweise eine
matt helle Farbe gesehen. Zum Beispiel sehen Sie um die
Sonne herum eine matte weifSe Farbe am Himmel, weil
die Mie-Streuung auftritt, wenn das Licht fast direkt auf
den Betrachter trifft. Oder wenn die Luft triib ist, sehen
Sie eine matte weiRe Farbe, weil die Partikel gro sind
und die Streuung stattfindet.

Die unelastische Streuung

Die Frequenz der gestreuten Strahlung entspricht nicht
der Frequenz der einfallenden Strahlung.

Raman-Streuung: Im Jahr 1922 verdffentlichte Ra-
man seinen ersten Artikel zu diesem Thema mit dem
Titel “Molekulare Lichtstreuung”. Die Raman-Wirkung
wurde erstmals 1928 von Krishnan und Raman im Labor
berichtet. Raman erhielt den Nobelpreis fiir Physik im
Jahr 1930 fiir diese Entdeckung.

Die Wechselwirkung von Licht mit Materie im Infrarot-
bereich kann in Form von Absorption und Streuung erfol-
gen. Wenn Strahlen auf Materie treffen und auf nichtelas-
tische Weise gestreut werden, tritt Raman-Streuung auf.
Diese Art der Streuung geht mit einem Energieaustausch
zwischen Molekil und einfallendem Photon einher, so
dass die Wellenldange des Photons verandert wird und
ein Teil seiner Energie auf die Materie Ubertragen wird.
Die Unterschiede in den Wellenlangen hangen von der
molekularen Struktur der Verbindungen ab, und durch die
Analyse dieser Energiedanderungen wurde die Moglich-
keit geschaffen, die molekulare Struktur verschiedener
Verbindungen zu untersuchen. Diese beiden Phanomene
bilden die Grundlage fiir die Identifizierung und Messung
von Verbindungen durch die beiden Methoden der infra-
rotspektroskopischen Absorptionsspektroskopie und Ra-
man-Streuung.

Verweise
1. https://en.wikipedia.org/wiki/Scattering
2. https://stemlearning.in/what-is-scattering-of-light/




Holografi

Cevirmen
Soudabeh Bagdeli Ebu Talebi /yiiksek lisans 6grencisi
Fotonik / Tebriz Universitesi/ Giris 2023

Giriig

Holografi, Yunanca kokenli bir kelime olup holo ve grafi
bolimlerinden olusmakta olup tamami anlamina gelme-
ktedir. Holografi, optigin alanlarindan biri olan hologram
yapimi bilimi ve uygulamasini icermektedir. Hologra-
fi, fotografciliktan farkh bir goriintli kayit tir( olmasina
ragmen, holografinin kullaniminin anlaml olabilmesi icin
fotografin varlig gerekli kabul edilmektedir. Temelde ho-
lografi, lic boyutlu bir gériintlinin iki boyutlu bir fotograf
filmine kaydedilmesini ifade etmektedir. iki boyutlu ekra-
na kaydedilen goriintuler anlasilabilir olsa da, farkli acilar-
dan fotografin incelenmesi mumkiin degildir. Holografi
olarak da adlandirlan bu teknik, gercek dinyanin isik
dalga desenlerinin kaydedilmesini saglar; sonuc olarak
Uc boyutlu bir i1sik alaninin kirnnimi elde edilir ve derinlik
ile perspektif gibi 6zelliklerde farklik yaratir. Bu sayede
bakis aciniz degiserek fotografin ve diger acilarin nasil
degistigine taniklik edebilirsiniz. Kredi kartlarindan akill
kartlara, CD’lerden DVD'’lere kadar cesitli yerlerde gortilen

hologramlar bu yontemle Uretilmektedir. Goriintilerinin
netlik ve dogrulugu konusunda eksiklik olsa da, bu holo-
gramlar oldukca faydali ve etkilidirler. Hologram Gretimi
aslinda bir tiir fotografeilik pratikleri arasinda yer alsa da,
kullanilan araclar tamamen farklidir ve bu iki alan arasin-
da temel farklliklar bulunmaktadir ki bunlara ilerleyen
yazilarda deginecegiz.
Fotografcilk

Glnimuzde teknolojinin ilerlemesi géz 6niine alindigin-
da, fotografcilik ve goriintli kaydi gibi en temel gorevle-
rden birinin ne kadar kolaylastigl konusunda duistinmek
mumkiindir. Fotografeilik alani glinimizde o kadar basit
ve anlagilir hale gelmistir ki, isleyis mekanizmasi genel-
likle sorgulanmamaktadir. Ancak bu meslegin éncilerinin
karsilastig) zorluklar gz ardi edilemez. Fotografcilik, optik
biliminin evrimi ve holografi gibi disiplinlerle iligkilendir-
ilerek ele alinabilir. Fotografin icad, bir dizi blyiik teknik
kesfin sonucudur. ilk olarak gercek diinyadaki nesnelerin
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sanal bir konumda tam olarak nasil gorsellestirilebilecegi
Uzerine odaklanan fotograf yakalama fikri ortaya cikmustr.
Cesitli medeniyetler ve daha sonra Yunanlilar tarafindan,
sahnelerin goriintulerini gorsellestirmek amaciyla karanlik
odalar kullanilmistir. ibn Heysem ve diger bilim insanlari,
nesnelerin daha etkili bir bicimde resmedilmesine katkida
bulunmuslardir. Gergek nesnelerin sanal ortamda basarili
bir sekilde temsil edilmesini saglayan en 6nemli gelismel-
erden biri lenslerin kullaniminin benimsenmesidir. Kimya
alanindaki ilerlemeler ve glimusun kesfiyle Nirat Albertus
Magnus, gorintilerin kalicihigi ve netligi icin 6zel kagitlarin
kullanimini gelistirmistir ve Fransiz mucit Joseph Nicefort
Niepce'nin ilk siyah-beyaz fotografi biylk bir doniim nok-
tasi olmustur; bu eser, fotografciligl kokli bir degisime
ugratmis ve uzun yillar sliren arastirmalarin temelini at-
misti. Daha sonra Maxwell isimli fizikgi, Gic renkten her
birine duyarli olan Ui¢ tabakal plakayi kullanarak renkli fo-
tograflar elde etmis ve Zengi fotografciligl alaninda 6nemli
adimlar atmistir. Bu gelisme sayesinde holografi gibi yeni
bilim dallariile optige yonelik calismalara olan ilgi artmistr.

Holografinin tarihi

Holografi biliminin énciilerinden biri olarak ingiliz Denis
Gabor, sliphesiz saygiyla anilmalidir. Elektron mikroskop-
larinin dogrulugunu artirmaya yonelik calismalari sirasinda
1947 yilinda 6nemli bir kesfe imza atmis ve bu basarisiyla
1971 yilinda Nobel Fizik Odiili'ne layik gériilmistiir. Bul-
gulari, lazer 1si8Inin icat edildigi 1960’larin baslarina kadar
beklemis olsa da, Gabor’'un 1940’larin sonlarinda yaptig
arastirma, Michestaw Wolfe gibi diger bilim insanlarinin
X-1sini mikroskobu alanindaki 6nci ¢alismalarindan ilham
alarak elektron mikroskobunun gelisimine buylk kat-
ki saglamistir. Deneyleri sirasinda 3 boyutlu fotografcilik
ve holografi kavramlarini 6neren Gabor, o donemde bu
fikirleri hayata gecirmek icin gerekli araglara sahip degildi.
Ancak lazer teknolojisinin gelisimiyle birlikte, 1962 yilinda
optik hologram tiretiminde 6nemli bir adim atmis ve ilk
pratik 3 boyutlu nesneleri kaydeden hologrami ortaya
koymustur. Bu teknoloji, Sovyetler Birligi'nde Yuri Deni-
siuk ve Amerika Birlesik Devletleri’nde Michigan Univer-
sitesi’nden Emmett Litt ve Joris Opatniks tarafindan da

gelistirilmistir. ik hologramlarda kullanilan giimiis halo-
jenit fotografik emiilsiyonlar verimli olmamalarinin yani
sira gelen 15181 etkili bir sekilde absorbe edememekteydi;
ancak zamanla teknoloji ilerlemis ve glinimiizde holo-
gramlar ve onlarin teknolojisi yaygin olarak kullanilabilir
hale gelmistir. Hologramlar genellikle a¢i degistirilerek
statik ekranlarda goriintulenirken, hareketli ekranlar tze-
rinde ¢alismalar da devam etmektedir.

Lazer, holografik evrimin temeli
Lazerlerin icadi, holografi ve hologram teknolojisinin

gelisimine oncllik etmisti. Bu, fotografla temel bir
farkllik gosterir; zira fotografta goriintli olusturmak icin
gorlnur isik kullanilirken, holografi alaninda lazer 1181 ter-
cih edilir. Holografide, lazer 15181 kullanilarak hologramlarin
hazirlanmasi ve gorintdlerin fotograf filmine kaydedilme-
si islemleri gerceklestirilir. Bu iki yontem arasindaki fark-
lari anlamak icin 151gIn dogas! lizerine detayli bir inceleme
yapmak gereklidir. Gorinir 1sik, elektromanyetik rady-
asyonun bir formudur. Dalga hareketindeki tepe nokta-
lari arasindaki mesafeye dalga boyu denirken saniyedeki
salinim sayisina frekans adi verilir. Frekans ile dalga boyu
¢arpiminin sonucuna yayllma hizi denir ve isi8in yayllma
hizinin sabit oldugu dustndildigiinde yiiksek frekansta
dalga boylari daha kisadir. Geleneksel fotografcilikta kul-
lanilan aydinlatma kaynaklari genis frekansa sahiptir ve
ultraviyole ile kiziltesi araligindaki isiklari icerir. Beyaz
II8In rastgele dogasi nedeniyle bu tiir aydinlatma, holo-
gramda derinlik bilgisini tutmaya uygun degildir. Derinlik
bilgisinin dogru sekilde kaydedilebilmesi icin tek frekansa
(monokromatik) sahip olan ve diger dalgalarla ayni fazda
olan bir 1sik kaynagi gereklidir. Lazer 1siginin bu 6zelliklere
sahip olmasi da dolayisiyla 6nemlidir.
Holografinin uygulamalari

Holografinin sayisiz 6zelligi, sanayi ve miihendislik alan-
larinda gesitli uygulamalara olanak tanimaktadir. Bu uygu-
lamalar arasinda sunlar yer almaktadir:

J CD ve DVD Uretimi

] Kredi ve akilli kartlar

J Ug boyutlu gorsellestirme

J Bazi optik parcalarin yapimi gibi ag bilesenleri



Ug boyutlu mikroskop
Biyomedikal mihendisligi
Isik emisyonu ve projeksiyon sistemlerinin kul-

lanimi

Nano yapllar

Antik eserlerin korunmasi

Sanal modellerin olusturulmasi

Tip ve ilag enddstrileri

Bilgilerin depolanmasi ve yonetimi

interferometri

Tahribatsiz testlerde N.D.T. (Non-Destructive Test-

ing) metotlar
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Application of metamaterials in Civil Engineering

Amir Mohammad Jambor /PhD student
Photonics/ Tabriz University/ Entry 2022

Abstract

Materials engineered at the micro- and nanometer
scales have had a tremendous and lasting impact in pho-
tonics and photonics. At much larger scales, natural soils
civil engineered at decimeter to meter scales may interact
with seismic waves.

Following the advent of electromagnetic metamaterials,
researchers working in wave physics have translated con-
cepts of engineered media to acoustics, elastodynamics
and diffusion processes. In elastodynamics, seismic meta-
materials have emerged in the last decade for soft soils
structured at the meter scale, and have been tested with
full-scale experiments on holey soils. Born in the soil, seis-
mic metamaterials have emerged from the field of tuned
resonators buried in the soil, around building’s founda-
tions or near the soil-structure interface as local seismic
isolators.

In this article, we are going to review the application of
these materials in Civil Engineering.
1.Introduction

Léon Brillouin (1946) emphasized that “All waves behave
in a similar way, whether they are longitudinal or trans-
verse, elastic or electric”. However, to illustrate the inter-
action of seismic wave with structured soils, researchers
had to adopt specific theoretical and original experimen-
tal approaches in particular because of the complexity
of the wave propagation within the Earth’s surface lay-
ers. a metamaterial is that of a medium engineered to
acquire one (or more than one) property not found in
naturally occurring materials; these composites are usu-
ally designed using a combination of multiple elements
arranged in repeating patterns, at one or multiple scales,
that need to be smaller than the typical wavelength of the
wave they aim to control. Clearly, this poses a techno-log-
ical challenge for fabrication of metamaterials in optics as
the wave wavelength ranges from 350 to 700 nanome-
ters for visible light and thus typical size of structural el-
ements needs to be sub-wavelength. This is the reason
why electromagnetic metamaterials have been mostly
engineered to work for microwaves.

The term “periodic structure” is used to describe an ar-
rangement of units with similar properties in space that is
endlessly repeated in accordance with a predetermined
pattern. One-dimensional, two dimensional, and three-di-

mensional are the three types of periodic structures that
are mainly classified based on the spatial arrangements
of typical units. According to this argument, one dimen-
sional periodic structure typically takes the form of layers
or rods made of two or more materials, whereas two
dimensional periodic structures often consist of lattice
nodes, periodic arrays, or rows of piles; furthermore,
periodic lattice structures, which are also known as 3D
periodic structures, often have the shape of a body or a
simple, centered cubic lattice (fig.1).
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Figure 1: Photonic crystal types based on dimensions

The first idea of periodic structures appeared in engi-
neering recently, in the last decade of the last century; it
was within the principles of MMs and photonics crystal,
which were then were commonly used in the fields of sol-
id physics, especially in the microscopic fields. After that,
many techniques were developed based on the concepts
of MMs, which aim to obstruct EWs and absorb the wave
energy in some bands of frequencies (bandgaps).

As a result, interests have turned toward the discovery
of MMs with resonant properties for use as a seismic
shield; this has particular relevance because it has the po-
tential to protect entire sites and groups of buildings from
ground vibrations and well-designed source interventions
above the ground surface. Buried structures can provide
some solutions for the same purpose, but there are some
challenges regarding their performance because their ef-
ficiency is largely dependent on their depth, especially at
low frequencies.

The qualities of the MMs and their initial material, shape,
dimensions, and properties are the focus of previous
studies. On the other hand, all of those structures are set
at a distance from the sources of vibration and are con-
structed in a continuous manner to protect specific areas.
In recent years, photonics crystals have been investigated
for their potential as periodic structures to reduce vibra-
tions. These structures were first investigated as acoustic



barriers, and they are a relatively new invention. This con-
cept’s application in mitigating and controlling vibrations
is considerably more concerning than the topics that are
still in the study’s interests. Castan-heira Pinto et al. eval-
uated the impact of continuous barriers of periodic struc-
tures buried parallel along the railway and discovered a
very complex response pattern. They also confirmed that
the efficiency of the presence of periodic structures is af-
fected by their distribution in the form of groups. By ex-
tending the periodic structure from the nanoscale to the
macroscopic scale and replacing the periodically arranged
atoms with elastic scatterers, the effect of the periodic
structure on the elastic wave has a similar effect to that of
the atomic periodic potential field on electrons. Because
of this similarity, it is appropriate to use lattice theory in
solid-state physics to directly describe the frequency of
the scattering structure. Periodic structures have numer-
ous practical applications in a variety of fields, including
elastic response, electromagnetism, waveguiding, and
sound sensors, among others. Periodic structures, such as
an array of periodic barriers and in filled trenches, have
the ability to enhance elastic wave absorption (fig.2) ,
thereby enhancing the performance of applications such
as seismic wave attenuation, efficiency, and absorbing in-
terfaces. In addition, research into periodic structures is
an ongoing undertaking, within which innovative meth-
odologies and analyses might be sought for related appli-
cations.
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Figure 2: Absorption of seismic waves by trees

2.Similarity of seismic metamaterials with optical meta-
materials

Earthquakes form relatively rare events with, however,
likely devastating consequences for built infrastructure
and potential occurrence of human toll. The uncertain
nature of these events renders their effective mitigation a
non-trivial task. In addressing this issue, isolation systems
have been developed and applied for protecting structur-
al systems, by permitting relative motion with respect to
the base. Nonetheless, the design of these systems is not
straightforward, and a number of bottlenecks have been
identified and reported including reduced resistance
to vertical deformation, and large horizontal displace-
ments, which call for additional damping elements, with
increased costs and no guarantee of adequacy. In very re-

cent years, an alternative approach has emerged, relying
on exploitation of the properties of metamaterials.

First, it is meaningful to elaborate on the nature of meta-
materials, which effectively comprise a special class of
periodic materials characterized by a dynamic filtering
effect when placed along the path of propagating waves;
when the frequency of the incoming waves falls into their
‘blind’ zone, their propagation is arrested, thus forming a
band-gap. This idea has been exploited for diverse types
of waves such as ultrasound, acoustic, elastic, and even
electromagnetic and thermal, resulting in structures
known as photonics or acoustic metamaterials.

As reported in Brilé et al. (2013), Yablonovitch (1987)
and John (1987) exploited the idea of periodic structures,
the so-called photonics crystals, forming band-gaps for
light. Since then, numerous developments have been re-
ported both for photonics crystals, as well as their equiva-
lents in the acoustic domain, i.e., acoustic metamaterials.
Of particular interest are composite materials comprising
locally resonant microstructures, periodically placed in
the substrate. The resulting interlaced structure forms a
photonics lattice generating a stop-band, which prohibits
the propagation of elastic waves within the band-gap fre-
guency range. employed hard spheres coated with a soft
cladding and dispersed in a stiff host medium for devel-
oping three dimensional sonic crystals, exhibiting spectral
gaps with lattice constants two orders of magnitude low-
er than the relevant sonic wavelengths. Motivated from
the concept of localized resonant structures for elastic
wave propagation, the concept of invisibility via so-called
acoustic cloaks has emerged, for protecting an object
from long wavelength acoustic waves.
3.How to use metamaterials in Civil Engineering

Localized resonant structures for elastic waves propagat-
ing within three-dimensional cubic arrays of thin coat-
ed spheres and fluid filled Helmholtz resonators paved
the way towards acoustic analogues of electromagnetic
metamaterials, including elastic cloaks. The control of
elastic wave trajectories in thin plates was reported nu-
merically and experimentally in 2012 and extended to the
realm of sur-face seismic waves in civil engineering appli-
cations in 2014.

Indeed, the incoming seismic signal could generate sev-
eral types of surface waves and guided modes especially
when waves are trapped in sedimentary basins (so-called
basin resonance and seismic site effects). Finally, given the
strong motion that usually accompanies seismic events,
the role of the soil-metamaterial interactions and the
effect played by non-linearity and attenuation remain
largely unknown.

The surface wave is the main component of wave energy
in ground vibration, so researchers recently suggested the
use of layered periodic structure to mitigate ground vibra-
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tions propagating in the soil. the structured soil is layered
with two different engineered materials. Let us consider
an alternation of layers with concrete and soil’s parame-
ters.

The response of a structure to earthquake shaking is af-
fected by interactions between three linked systems: the
structure, the foundation, and the soil underlying and sur-
rounding the foundation. Soil-structure interaction anal-
ysis evaluates the collective response of these systems
subject to a specified ground motion.

For an elastic approach of the structure, engineers
usually introduce frame ductility, seismic insulators or
soil-structure interaction, to reduce the pseudo-static
loads applied or to improve the mechanical response of
the structure(fig.3).
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Figure 3: Structure designed to absorb seismic waves. Gray
color indicates soil. Gray color indicates rubber. Black color
represents metal

4.Materials used in seismic metamaterials
4.1. Seismic Soil-Metamaterials

The first type of seismic metamaterial includes struc-
tured soils made of cylindrical voids or rigid inclusions.
This first group in order of chronological appearance can
be named “Seismic Soil-Metamaterials” or SSM.

In the continuity of these first experiments on structured
soils, a promising way to cause a modification on any seis-
mic disturbance is to create a complete dynamic artificial
anisotropy by implementing geometrical elements, full or
empty, in the soil.

The physical process is the interference of waves (body
or sur-face waves) scattered from surfaces or objects. The
effects of the dynamic anisotropy are reinforced by the lo-
cal resonance of implemented, which are disposed along
a grid according to trans-formation elastodynamics and
morphing tools that could theoretically lead to an ideal
cloak detouring waves around a protected area.

In this periodic or non-periodic media, the desired effects
are total reflection (Bragg’s effect), band-gaps, wave-path
control via specially designed anisotropy, attenuation by
energy-dissipation (e.g. heat conversion), etc.

4.2. Buried Mass-Resonators

The second type of seismic metamaterial consists of
resonators buried in the soil in the spirit of tuned-mass
dampers (TMD) like those placed atop of skyscrapers. We
call this group “Buried Mass-Resonators” (BMR).

We do not consider here the resonators not buried or
forming part of the structure. We consider these concepts
to be in line with the technologies of seismic isolators.

TMD or BMR is a device consisting of a mass, a spring,
and a damper that is attached to a structure for the TMD
or in the soil for BMR, in order to respectively reduce the
dynamic response of the structure or the soil. The fre-
quency of the damper, or the set of oscillators, is tuned
to a particular structural frequency so that when that fre-
quency is excited, the damper will resonate out of phase
with the structural motion. The energy is dissipated by
the damper inertia force acting on the structure.

Interestingly, some authors propose using cross-shaped,
hollow and locally resonant (with rubber, steel and con-
crete), cylinders to attenuate both Rayleigh and bulk
waves in the 1-10 Hz frequency range. Although this
metamaterial seems difficult to implement at a reason-
able cost with currently available civil engineering tech-
niques, it certainly opens an interesting route for seismic
wave protection.

Unfortunately, the main drawback of this type of locally
resonant structure is the difficulty in obtaining very large
efficient stop bands; there is always a trade-off between
the relative bandwidth and the efficiency of the attenu-
ation, which is directly linked to the quality factor of the
resonators. The frequency bandwidth of wave protection
can be enlarged by considering arrays of resonant cylin-
ders with different eigenfrequency for two-dimensional
stop-bands, or cubic arrays of resonant spheres for 3D
stop-bands, but such mechanical metamaterials would
be hard to implement at the civil engineering scale. Bur-
ied isochronous mechanical oscillators based on spheres
rolling over cycloidal trajectories in cavities buried in soil
have been also envisaged to filter the shear waves of an
earthquake. This proposal makes use of analogies with
spring-mass systems.



4.3. Above-Surface Resonators

The third type of seismic metamaterial consists of sets of
Above-Surface Resonators (ASR), typically, but not exclu-
sively, these are forests of trees.

A complementary approach to buried inertial resonators,
employed in is to draw upon the metamaterials literature
that utilizes subwavelength resonators arranged, in this
case, upon the surface of an elastic half-space; this results
in surface Rayleigh wave to bulk shear wave conversion,
and surface wave filters with band-gaps but again at high-
er frequency than those re-quired for seismic protection.
Care needs to be taken with the implementation of such
a meta wedge as depending upon the incidence of the
incoming wave, it might be deleterious for building locat-
ed on the wrong side of the forest, for instance in a urban
environment. Nonetheless, if implemented thoughtfully,
this approach might be useful for attenuation of ground
vibration caused by human activity such as traffic (fig.4).

Figure 4: The effect of tree planting in reducing seismic
waves
4.4. Auxetic materials

The fourth type of seismic metamaterials is based on
extreme properties of structured media such as auxetic
metamaterials, characterized by their negative Poisson’s
ratio and buried in the soil bring bandgaps at frequencies
compatible with seismic waves when they are designed
appropriately. As a reminder, Poisson’s ratio is the ratio
of transverse contraction strain to longitudinal extension
strain in a stretched bar. Since most common materials
become thinner in cross section when stretched, their
Poisson’s ratio is positive and so negative Poisson ratio
materials are unusual. The typical bow-tie element is de-
signhed to achieve tunable elastic stop bands for seismic
waves.
4.5. Other dissipative structures

By another way but with the aim of reducing the effect
of the waves on the structure, recent research on gyro
beams implemented in the structure itself has opened a
new perspective on chiral metamaterial design and in a
wide range of ap-plications in earthquake wave filtering.
It has been demonstrated that the role of gyro beams is
primarily to create low-frequency ‘energy sinks’, in which
waves generated by external excitations are channeled.
As a consequence, energy is diverted away from the main
structure, which undergoes smaller displacements and
smaller stresses.

5.Conclusion

Seismic metamaterials can use the same concepts that
are proposed in physics and photonics (including Bragg’s
law, etc.), play an important and key role in civil engineer-
ing and play an effective role in reducing earthquakes and
other vibrations caused by human activities (fig.5).

o RN
Figure 5: The use of metamaterial structure in the facade
of the building to reduce seismic waves
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