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Abstract Viewed from the sky, the urban fabric pattern
appears similar to the geometry of structured devices called
metamaterials; these were developed by Physicists to
interact with waves that have wavelengths in the range
from nanometers to meters (from electromagnetic to seis-
mic metamaterials). Visionary research in the late 1980s
based on the interaction of big cities with seismic signals
and more recent studies on seismic metamaterials, made of
holes or vertical inclusions in the soil, has generated
interest in exploring the multiple interaction effects of
seismic waves in the ground and the local resonances of
both buried pillars and buildings. Here, we use techniques
from transformational optics and theoretically validate, by
numerical experiments, that a district of buildings could be
considered as a set of above-ground resonators, purely
elastic, interacting with an incident seismic signal. We
hope that our proposal will contribute to all theoretical and
experimental efforts in design of cities of the future, from a
metamaterial standpoint.
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Introduction

In this short communication, we propose an analysis of the
dynamic response of surface structures. These buildings are
not studied as single elements with their own characteris-
tics and modeled by a single degree of freedom oscillator
(SDOFO) but as an interacting set of above-ground res-
onators clamped in a common slab, at the scale of a district
in a city.

In this article, we analyze a perfect elastic system con-
sisting of soil and buildings. We do not introduce soil—
foundation—structure interaction [4] and damping, which are
major aspects in earthquake engineering. We simply wish to
investigate, given that communities have built highly
structured cities, whether the design of a district could
benefit from results obtained for waves interacting with
structured metamaterials that are built at a smaller scale.

Most of the time in earthquake engineering, the dynamic
response of a building is formulated as an elastic response
spectrum S(7', £), in acceleration S,, velocity Sy, or hori-
zontal displacement S4 of an SDOF system (mass m,
stiffness k) under seismic acceleration of the soil X, (7). This
graph represents all the maximum value of acceleration,
velocity, or displacement, for a relative displacement x(¢)
in time domain, for given damping ratio ¢ and a funda-
mental period T of the structure (Fig. la). xr(¢) is the
overall displacement and x4(7) is the displacement of the
soil recorded at the surface by seismograph.

The novel approach illustrated in this paper suggests to
take into account the effects of the overall dynamic
response of the system composed of a group of buildings
clamped in a common slab (Fig. 1b). The system is not
tested under a true seismic disturbance but by varying the
frequency step by step.
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Fig. 1 Principle of usual single

degree of freedom oscillator

model for a building (a). Global
approach with a set of z
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buildings of different heights

(b) and vibrating in the bending
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The plan of the paper is as follows: First, we show the
similarity of the urban fabric with the geometry of
metamaterials (“The concept of metacity” and “From
urbanism to metamaterials”), and then, we recall the
concept of multi-scale resonant structures and the main
characteristics of seismic ground motion (“Earthquakes
and resonance structures”). This allows us to propose the
concept of a metacity on the basis of resonant structures
having their foundations in a common slab (“Meta city
and analogy with urban fabric”). We make the assump-
tion of elastic behaviour for each component of the
mechanical system (soil, foundation, and buildings). To
illustrate the idea of a city district envisioned as a
megastructure interacting with the seismic signal, we
develop a numerical approach based on finite elements
(implemented in the commercial software Comsol Mul-
tiphysics). Starting with a square network of streets and
buildings, we map it onto a quasi-conformal network of
streets with square buildings (“Meta city and analogy
with urban fabric”), deduced from some spatially varying
(but isotropic) material parameters given by a set of
transformed elastodynamic equations. In “Discussion and
perspectives”, numerical results show Rayleigh waves
(0.5 Hz) detoured around the center of a seismic cloak,
which is 1 km in diameter.

The concept of metacity

The metacity is a concept first put forward in the late 1980s
on the basis of experimental observations of ground
response and its devastating effects. It is known, since the
1950s, that the natural frequencies of any man-made
structure are influenced by soil-structure interaction,

@ Springer

Sl 3 ? 3 (b

Overall dynamic response of the system

especially on soft soils [24, 25, 50], and the presence of
structures at the surface of a homogeneous half-space can
significantly modify the ground motion [12, 20, 47, 51].
Most of the time, the problem of ground response is dis-
connected from that of the resonant response of buildings
or group of buildings.

On the basis of studies carried out on the interaction of
cities with the seismic signal [2, 5, 6, 21, 22] and on the
interaction of buildings with each other [46], we propose
further extensions of this concept (Fig.2) based on
analogies with electromagnetic and seismic metamaterials
[11]. Actually, the field of transformational optics, which is
10 years old [41], can help explain metamaterial-like
urbanism: When viewed from the sky, some cities look
similar to invisibility cloaks. Numerical simulations
backup our claim of control of seismic waves via artificial
anisotropy in metacities.

The high density of deep foundation or ground rein-
forcement techniques in the urban area leads researchers
to believe that there is a significant interaction of these
buried structures with a certain component of the seismic
signal. A promising way to cause a modification of the
seismic disturbance is to create complete artificial aniso-
tropy by implementing geometrical elements, full or
empty, in the soil [11]. The physical process is the
interference of waves (body or surface waves) scattered
from surfaces or objects. The effects of the anisotropy are
reinforced by the local resonance of implemented ele-
ments which are placed along a grid according to trans-
formation elastodynamics and morphing tools; these could
theoretically lead to an ideal cloak detouring waves
around a protected area. In these periodic or non-periodic
media, the desired effects are total reflection (Bragg’s
effect), bandgaps, wave-path control, and mitigation by
energy-dissipation, amongst others.
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Fig. 2 From left to right (arbitrary scale): a buried columns of deep
foundation (piles) or rigid inclusion or holey-ground. b Phononic
above-ground structure made of vertical metallic elements, inspired
from the sculpture of Eusebio Sempere in Madrid. Meseguer and his

From urbanism to metamaterials

In urbanism, the urban fabric (Fig. 3) is the physical form
of towns and cities and the urban grain defined as the
combined pattern of blocks and streets, taking into account
the character of street blocks and building height and size,

Fig. 3 Above illustration of the
urban fabric of Paris and New
York (sky view). Below plan of
the ideal and virtual city of
Chaux in France [35]

co-authors demonstrated in 1998 the first acoustical band-gap
structure in the audible frequency range [38]. Analogy of b for
seismic waves illustrated by a diagram of a neighbourhood with
different heights of building and various underground levels (c)

and how they all work together in an interrelated manner to
enable movement and access. If we describe in a factual
way these structures, observed from the sky, we note a
distribution of constructions reminiscent of many man-
made structures at different scales, and in particular,
metamaterials. An early example, going back in the

Vil
de Sena ns,_t
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Fig. 4 Schematic view of principle (side view) of vertical columns
buried within a soft soil (soil 1) and clamped within a bedrock (soil
2). These columns undergo bending (a) and longitudinal (b) motions
under earthquake. These local resonances create elastic stop bands at

Fig. 5 Deformation of building
(a). Elastic deformation for the
first fundamental mode (b).
Ductile deformation (c) and
brittle deformation (d)

historical record, is the Royal Saltworks (1779) at Arc-et-
Senans in France, designed and built by the visionary
Architect Claude-Nicolas Ledoux (1736-1806); this semi-
circular complex of buildings (Unesco World Heritage)
formed the starting point for his project of a utopian city
never built [35].

In 2001, the word “metamaterial” was coined by
Walser, who gave the following definition: macroscopic
composite having a man-made, three-dimensional,
periodic cellular architecture designed to produce an
optimized combination, not available in nature, of two
or more responses to specific excitation [49]. The
concept of metamaterial arose from the nano-scale
world and the scientific field of electromagnetism.
Typically, a metamaterial uses periodic arrangements of
elements with size much smaller than the considered
wavelength (typically hundreds of nanometers) that
acquire effective properties of materials with negative
optical index [40], or highly anisotropic materials such
as hyperbolic metamaterials [28] or invisibility cloak-
ing devices [41].

In recent years, one of the objectives of researchers has
been to translate these concepts from the nano- to the
meter-scale world. This transition from electromagnetic to
acoustic and mechanical waves was made possible thanks

@ Springer

low frequencies (i.e., long wavelengths get reflected by arrays of
columns with a deeply subwavelength cross section). Inspired from
[10]
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to phononic crystals, which are artificial man-made struc-
tures whose size ranges from a few meters down to hun-
dreds of nanometers or less.

Briefly, the first application suggested by Kushwaha
et al. [32, 33] was for acoustic insulation for human hearing
which is sensitive to frequencies between 20 and
20,000 Hz. In 2005, Hu and Chan [26] proposed a break-
water device for surface ocean waves as a potential
application of photonic crystals at the meter-scale domain.

In the same spirit, some of us envisioned in 2008 an
approach to reroute ocean waves around a region of still
water surrounded by concentric arrays of pillars [18]; non-
overtopping dykes for ocean waves can also be envisaged
with meter-scale invisibility carpets for water waves [17].
The theoretical concept of a seismic 2D grid of inclusions
in the soil interacting with a part of the earthquake signal
was translated to reality thanks to full-scale experiments on
structured soil by means of empty holes [7, 8, 11, 45].
Researchers have recently been working to improve the
concept of structured soil and its effectiveness to counter-
act the most devastating component of the seismic signal.
They act on the densification of the soil itself [9, 10] and on
the dynamic anisotropy of the medium compounded of soil
and vertical rigid elements that could be concrete or steel
piles for example (Fig. 4).
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Fig. 6 View of a cluster of buildings (leff) suggesting the schematic representation of these buildings clamped on a common concrete slab (right)

The effects of dynamic anisotropy are reinforced by the
local resonance of implemented concrete columns, which
are placed along a grid according to transformational
elastodynamics and morphing tools that could theoretically
lead to an ideal cloak detouring waves around a protected
area [3, 13, 15, 16, 19]. Interestingly, forests of trees nat-
urally behave like locally resonant structures, and can
shield Rayleigh waves thanks to stop bands above 50 Hz
[14] which is, however, at frequencies higher than those
primarily present in earthquakes.

Another way to act on the seismic signal is to investigate
the effects of a 3D grid of specifically tuned resonators in
the soil [1, 30, 31]. For instance, these resonators could be
spheres connected to a bulk of material via ligaments and
moving freely within a surrounding air cavity [1]. The
objective is to obtain stop bands for seismic waves aiming
to avoid resonance of the soil with the main vibration
modes of the buildings. Finally, a promising avenue is
study using extreme properties materials: For example,
auxetic metamaterials, characterized by their negative
Poisson’s ratio v [34], buried in the soil [48], bring band-
gaps 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.

Earthquakes and resonance structures

Devastating earthquakes are not necessarily located near
the faults. Indeed, in the case of the Mexico Earthquake on
19 September 1985, the epicenter was several hundreds of
kilometers away from the Mexico City (more than
350 km). However, this event caused the loss of 10,000
human lives due, in particular, to damage and settlements
on buildings, worsened by so-called “seismic site effects”
and induced effects such as soil-liquefaction. Seismic site
effects are related to the amplification of seismic waves in
superficial geological layers. The surface ground motion

may be strongly amplified if the geological conditions are
unfavourable (e.g., soft layers of sediments); the latest
generation of seismic building codes is based on taking into
account these site effects.

We place our study in the case of far-field earthquakes
inducing significant ground amplification in alluvium
basins. Soils and structures remain in the “small-strain”
range that is to say we assume that these materials are
strictly in the elastic domain (Fig. 5b).

We do not study the case of the complete change of the
topography due to very strong, but rare, earthquakes, i.e.,
uplift of several meters of the tectonic block (the AD 365
Crete Earthquake, for example).

Until now, and except for particular buildings, earth-
quake design is rarely a strictly “dynamic problem”.
Indeed, the dynamic seismic motion is converted into an
equivalent static load applied to the structure. This remains
a rather simple approach and the main contribution of
researchers on “seismic metamaterials” [11, 45] is the
exploration of periodic media, the global modal analysis.
The “complete mechanical system” consists of the build-
ing, its foundations (deep or shallow foundation), and the
soil. This approach makes it possible to study and point out
interesting effects similar to those already explored in the
domain of composite materials at smaller scales in Optics
and Crystallography.

Metacity and analogy with urban fabric

By our observation of certain amalgams of buildings in the
urban area (Fig. 6), following the inspirational review
article of Wegener’s team [29], and ideas put forward by
Philippe Guéguen in his visionary work in 2004 [23],
where his team observed that seismic noise is reduced or
enhanced in cities depending upon the specific arrangement
and designs of skyscrapers, we propose here a new way to
design urbanism, for self-protecting cities: transformed
metacities. The latter are deduced from geometric trans-
formations in the governing equations of elastodynamics
that help assemble buildings and streets on transformed
city maps, in a way consistent with designs of invisibility
cloaks in optics at much smaller scale. What makes this

@ Springer
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work is the fact that using some quasi-conformal grid along
which buildings are placed, and consistently with Navier
equations of linear elasticity, in the transformed city map,
seismic waves would be guided along the paths of mini-
mum length, i.e., geodesics, which would be curved streets
or blocks of buildings, according to Fermat’s principle of
least action. The salient consequence is that some of the
seismic waves would be rerouted around most sensitive
areas in the city, say power plants, hospitals, stadia,
schools, city council, etc. Note also that we could use lakes
and underground water tanks, and life lines, etc., to help us
design transformed metacities.

The concept of smart cities has been aired for about two
decades, a number of geophysicists, notably at University
Joseph-Fourier in Grenoble, have already pointed out
specific configurations of megalopolis which according to
ambient seismic noise display local resonances during
earthquakes [23, 42]. We would like to bridge this concept
with the pattern of urban fabric, but with the perspective of
side view.

Introduction to quasi/conformal elastodynamics
and city maps

Description of the model

Following the earlier proposal by Ulf Leonhardt of an
invisibility cloak [36] with spatially varying refractive
index without anisotropy (conformal optics), we now pro-
pose to generate isotropic spatially varying elastic media
that greatly simplifies the seismic cloak design. To do this,
we need to extend the mathematics of conformal optics to
elastodynamic waves. One way to do this is starting from
the Navier equations in isotropic elastic medium, to apply
the Helmholtz decomposition theorem that splits the dis-
placement field into scalar and vector Lamé potentials that
satisfy Helmholtz’s equations. One can then apply the
coordinate changes to the latter, form invariant, partial
differential equations. In 2D, complex analysis allows
using conformal mappings which ensure that the trans-
formed parameters remain scalar valued. The propagation
of elastic waves is governed by the Navier equations (1):

0 0
o <C§/kza_x;(“§> + p_;lwzug =0, (1)

where the body force is assumed to be zero, C = (Cyjxy), is
the fourth-order elasticity tensor, p’ = (p'); the second-
order density tensor, w is the angular wave frequency, and
u = (uy, up, uz) is the displacement field. In isotropic
homogeneous medium, the solution u# of (1) can be
decomposed, using the Helmholtz decomposition theorem,
into the following equation:

@ Springer

u=Veo+Vx WV, (2)

with a scalar acoustic potential @ and a vector elastic
potential ¥ = (¥, ¥,, ¥3) which satisfy the Helmholtz
equations (3):

A+k)®=0, (A+k)P,=0, ge{1,2,3}, (3)

where the quantities k, = w/up and ks = @), are velocities

of the dilatational and shear waves, respectively. In terms
of the Lamé coefficients A and p, we can write the equation
as follows:

(UP) = I
P

(vy)? = (4)

T I=

In conformal cloaking, one introduces a conformal
(plane) transformation f(x,y) having components
(fi(x,y), fo(x,y)). Thanks to Cauchy-Riemann conditions,
we write (5):

o o d 9 oh

Under these conditions, Eq. (3) retains their form.
Namely, their transformed equations read

/ 123 /o / n” !
(A +kp)<P =0, (A +k )'I’q =0, qe{1,2,3},
(6)
where A’ is the Laplacian in the transformed coordinates

and ki, = @ o ko= @y, with

Ao e M
=— () == (7)
P P

The transformed Lamé parameters /', 4 and density p’
are spatially dependent, as they are related to the trans-
formation’s Jacobian. Therefore, the resulting transformed
elastic medium is isotropic with a symmetric elasticity
tensor, which is inhomogeneous. Thus, a further engi-
neering process is needed to obtain a heterogeneous med-
ium with desired properties.

(vp)°

Concept of quasi/conformal grid for transformed
metacities with carpet cloaks

Since we are now on safe ground with the governing
equations of linear elastodynamics obeying precise trans-
formational rules, we can start designing cities of the future
using the concept of quasi-conformal city maps. Following
the advent of conformal optics, a broadband plasmonic
carpet has been designed and realized with small pillars
(about 200 nm in diameter and height) placed at the nodes
of a quasi-conformal map thanks to nanotechnology tech-
niques on a metallic surface [43]. This carpet cloak
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operates for electromagnetic wave wavelengths from 650
to 950 nm (from visible to near-infrared light). In what
follows, we follow the same route towards design of a
carpet cloak for surface Rayleigh waves, scaling up the
plasmonic cloak design by a factor of one hundred thou-
sand. This can be done thanks to the similarity of trans-
formed elasticity Eqgs. (6) and (7) with transformed
plasmonic equations in [43].

In Fig. 7, we illustrate the first step of the design process
towards transformed metacity through a conformal map.
Following Li and Pendry’s proposal of an invisibility

carpet with a quasi-conformal grid to minimize artificial
anisotropy [27], we consider a square network of streets
and buildings (Fig. 7—upper panel) which we map it onto
a quasi-conformal network of streets with square buildings
(Fig. 7—lower panel). One can note that curved streets
meet at a right angle (which ensures the weak anisotropy of
the carpet cloak) and buildings of square cross section have
sides parallel to these streets.

In Fig. 8, we illustrate the step 2 in the design of a
transformed metacity through a conformal map. Here, we
consider a more realistic city map along a sea shore (upper

Fig. 7 Concept of quasi-
conformal transformed city map S0 1SN 50 50 50 50 G50 0 S0 0 0 0 1= 0 A el Al o 0 0 0 0 A0 0 0 0 R D T
(sky view) gle|ojo|o|E|e|e|o|e|jeE|E|n|m|m|n|m|n|e|e|o|o|ojo|e|e|o|E|E|E|=]|e
plem|e|m|m|o|n|e|n|m|n|n|e|e|e|e|e|o|e|n|o|o|o|e|o|n|n|n|m|m|e
pinjm|n|m|n|n|m|e|n|(n|m|o|e|o|e|o|e|w(n|mn|m|n|m|w|m|o|m]o|m|m
pinje|oje|o|n|m|e|e|eje|e|e|o|jE|o|e|m(a|E|o|e|o|m|w|e|o|e]|a|m|m
S0 S0 051 051 S0 050 0 0 0 =1 Al 0 D A T ] D
mlw
'.'Il‘:\:..l:::l..
] o ]
aln|n\®)® S\l 5o T JUIEINE
wm\B L ) ‘III.II. ¥, o
ML et Cecinnns s YOS NE ¥y
B8 o O Q) @ Bly|w
glm|® o C "lalagla
u\® N < ¥y
mlulml|® ® ¢ .llll
plelalminl® ¥ (nlw|n|uln
Fig. 8 Concept of quasi- |
conformal transformed city map ’ ID:IH:FI_ I \:I I_ : - _:q ‘ IIHZII_ I —
e [ R R N e e N e e i I e I e e 5 e
| e e M 2 = =
0 [ (| | 1|l |
I I | |} | | [ |
(I I,_ Ll ] Ly P I | | |
j—n | LI || L
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Fig. 9 Concept of quasi-
conformal transformed city map
(3D view). Final result of
designing a metacity via
conformal mapping

Fig. 10 Concept of quasi-conformal transformed city map (sky
view). Illustration of the first step in the design of a metacity through
a conformal map for an invisibility cloak like in [36]. The distribution
of buildings (made of concrete) within this seismic cloak which is

panel), which is then conformally mapped onto a trans-
formed city map, with buildings of trapezoidal cross sec-
tion. Such a design might be difficult to implement in
practice, see Fig. 8 for an alternative. The illustration of
step 3 in the design of a simplified transformed metacity
through a conformal map is presented in Fig. 9. One can
now see the final result of designing a metacity via con-
formal mapping.

@ Springer

1 km in diameter, with building’s height ranging from 10 to 100 m,
which are partially buried in the soil (with a depth of 40 m), mimics
the spatially varying refractive index in a conformal invisibility cloak

Concept of quasi/conformal grid for transformed
metacities with invisibility cloaks

Thus far, we have used quasi-conformal grids following the
lead of Li and Pendry, by taking the carpet cloaks which
they originally designed for control of light at the nano-
scale and implementing them for cities located near a sea
shore (or a mountain) at the meter scale. We would now
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Fig. 11 Numerical simulation (Comsol Multiphysics) for the proof of
concept of the seismic cloak of Fig. 10. Representative snapshots
(increasing time steps clockwise from upper left to lower left panel)
for a Rayleigh wave coming from the left at frequency 0.5 Hz (color
scale with arbitrary unit of energy)

like to propose a city which has self-protection features
against earthquakes coming from all directions. Here, we
use some analogies with the seminal work of Ulf Leon-
hardt, who proposed a route towards invisibility cloaks
using some spatially varying (but isotropic) material
parameters [36]. We show in Fig. 10 the design of a seis-
mic cloak, which is 1 km in diameter and whose buildings

Electromagnetic Waves

have increasing height towards the center, just like the
refractive index in Leonhardt’s optical cloak. The region in
the center of the metacity (e.g., a park) is protected against
Rayleigh waves, as demonstrated by the numerical simu-
lations in Comsol Multiphysics for an incoming wave of
0.5 Hz, see Fig. 11. Here, we do not take into account the
pounding of buildings, because they are far apart.

Discussion and perspectives

In this article, we put forward the new concept of trans-
formational urbanism and metacities.

The novelty of this paper is the introduction of the
dynamic response of a megastructure, as a whole district
rather than as distinct individual buildings.

These new tools for Architects may lead in the future to
another way of thinking about structuring cities and thence
the urban fabric. Indeed, a major point is that this chal-
lenges the “passive-approach” of seismic design, i.e.,
where the building has to be adapted to the “imposed”
seismic input, into an approach where a group of structured
buildings, capable of reacting together, at the district scale
in the event of seismic disturbance, are considered
together.

To conclude, we comment that there are yet further
potential analogies between electromagnetic metamaterials
displaying artificial magnetism, so-called split-ring res-
onators introduced by Sir John Pendry in the late 1990s
[37, 39], and metacities with buildings or building blocks
displaying a cross section like split-ring resonators, see
Fig. 12. The subwavelength nature of the frequency stop

Seismic Waves

Metamaterials

Fig. 12 Analogies between electromagnetic (nano-scale) metamate-
rial and (decameter scale) metacity. Pendry’s split-ring resonators for
artificial magnetism and negative refractive Index (left panel) bear
some resemblance with a metacity viewed from sky (right panel).

eta Ci

Subwavelength local resonances of buildings shaped as split-ring
resonators create low-frequency stop bands which can be used to
reflect seismic waves

@ Springer
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band responsible for magnetic activity in electromagnetic
metamaterials can be used as a seismic shield via low-
frequency elastic stop band in the metacity.

For seismic waves interacting with a structured surface,
that is a city, it is essential to recognise that established
concepts from optics and electromagnetic waves, used
there to design and create desired behaviour, can be
adapted or interpreted to the seismic context. Our purpose
here has been to highlight the main concepts and analogies
and implement them into the seismic context thereby to
motivate and inspire future studies.
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