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Abstract

Metamaterials are typically described as materials with 'unusual’ wave prop-
agation properties. Originally developed for electro-magnetic waves, these
materials have also spread into the field of acoustic wave guiding and cloak-
ing, with the most relevant of these 'unusual’ properties, being the so called
band-gap phenomenon. A band-gap signifies a frequency region where elas-
tic waves cannot propagate through the material, which in principle, could
be used to protect buildings from earthquakes. Based on this, two relevant
concepts have been proposed in the field of seismic engineering, namely:
metabarriers, and metamaterial-based foundations.

This thesis deals with the development of the Metafoundation, a meta-
material-based foundation system for the seismic protection of fuel storage
tanks against excessive base shear and pipeline rupture. Note that storage
tanks have proven to be highly sensitive to earthquakes, can trigger sever
economic and environmental consequences in case of failure and were there-
fore chosen as a superstructure for this study. Furthermore, when tanks
are protected with traditional base isolation systems, the resulting horizon-
tal displacements, during seismic action, may become excessively large and
subsequently damage connected pipelines. A novel system to protect both,
tank and pipeline, could significantly augment the overall safety of industrial
plants.

With the tank as the primary structure of interest in mind, the Metafoun-
dation was conceived as a locally resonant metamaterial with a band gap en-
compassing the tanks critical eigenfrequency. The initial design comprised a
continuous concrete matrix with embedded resonators and rubber inclusions,
which was later reinvented to be a column based structure with steel springs
for resonator suspension. After investigating the band-gap phenomenon, a
parametric study of the system specifications showed that the horizontal
stiffness of the overall foundation is crucial to its functionality, while the
superstructure turned out to be non-negligible when tuning the resonators.

Furthermore, storage tanks are commonly connected to pipeline system,
which can be damaged by the interaction between tank and pipeline during
seismic events. Due to the complex and nonlinear response of pipeline sys-
tems, the coupled tank-pipeline behaviour becomes increasingly difficult to
represent through numerical models, which lead to the experimental study
of a foundation-tank-pipeline setup. Under the aid of a hybrid simulation,
only the pipeline needed to be represented via a physical substructure, while
both tank and Metafoundation were modelled as numerical substrucutres
and coupled to the pipeline. The results showed that the foundation can
effectively reduce the stresses in the tank and, at the same time, limit the
displacements imposed on the pipeline.



Leading up on this, an optimization algorithm was developed in the fre-
quency domain, under the consideration of superstructure and ground mo-
tion spectrum. The advantages of optimizing in the frequency domain were
on the one hand the reduction of computational effort, and on the other hand
the consideration of the stochastic nature of the earthquake. Based on this,
two different performance indices, investigating interstory drifts and energy
dissipation, revealed that neither superstructure nor ground motion can be
disregarded when designing a metamaterial-based foundation. Moreover, a
4 m tall optimized foundation, designed to remain elastic when verified with
a response spectrum analysis at a return period of 2475 years (according to
NTC 2018), reduced the tanks base shear on average by 30%. These results
indicated that the foundation was feasible and functional in terms of con-
struction practices and dynamic response, yet unpractical from an economic
point of view.

In order to tackle the issue of reducing the uneconomic system size, a
negative stiffness mechanism was invented and implemented into the foun-
dation as a periodic structure. This mechanism, based on a local instability,
amplified the metamaterial like properties and thereby enhanced the overall
system performance. Note that due to the considered instability, the device
exerted a nonlinear force-displacement relationship, which had the interest-
ing effect of reducing the band-gap instead of increasing it. Furthermore,
time history analyses demonstrated that with 50% of the maximum admis-
sible negative stiffness, the foundation could be reduced to 1/3 of its original
size, while maintaining its performance.

Last but not least, a study on wire ropes as resonator suspension was
conducted. Their nonlinear behaviour was approximated with the Bouc Wen
model, subsequently linearized by means of stochastic techniques and finally
optimized with the algorithm developed earlier. The conclusion was that
wire ropes could be used as a more realistic suspension mechanism, while
maintaining the high damping values required by the optimized foundation
layouts.

In sum, a metamaterial-based foundation system is developed and stud-
ied herein, with the main findings being: (i) a structure of this type is feasible
under common construction practices; (ii) the shear stiffness of the system
has a fundamental impact on its functionality; (iii) the superstructure cannot
be neglected when studying metamaterial-based foundations; (iv) the com-
plete coupled system can be tuned with an optimization algorithm based on
calculations in the frequency domain; (v) an experimental study suggests
that the system could be advantageous to connected pipelines; (vi) wire
ropes may serve as resonator suspension; and (vii) a novel negative stiffness
mechanism can effectively improve the system performance.
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Chapter 1

Introduction

1.1 Metamaterials and Phononics

Metamaterials are materials with "unusual’ properties. This very broad def-
inition, given by Solymar and Shamonina [1] in their book "Waves in meta-
materials’, does not give insight in what properties those may be. But as the
title of their book already promises, metamaterials are classically related to
the propagation of waves. Originally, the term was coined by Smith et al.
[2], who developed a material with negative permittivity and permeability
in the electro-magnetic regime. However, as pointed out by Zouhdi et al. [3]
the word metamaterial never got defined properly, but can be used to de-
scribe materials with unconventional wave propagation behaviour. Besides
electro-magnetic waves [4], also phononic waves, which are characterized by
mechanical vibrations, can be manipulated with metamaterial like struc-
tures. A comprehensive review of the recent advances in phononic waves
was given by Maldovan [5], who highlighted that the main distinction be-
tween different types of metamaterials is the frequency range of application.
Electromagnetic waves for example are widely used in modern technology,
have a typical frequency range from 10° Hz (e.g. analogue Radio) up to
10%° Hz (PET-scan) and are characterized by the movement of photons and
electrons. Phononic waves on the other hand, range from practically 0 Hz,
where infra-sound and acoustic waves start; and reach up into the Terra-
Hz scale, where thermal waves are located. The frequency range of seismic
waves is, of course, located at the lower end of the phononic wave spectrum
and can be regarded as part of the acoustic wave regime, as illustrated in
Figure 1.1. The first to demonstrate that acoustic waves could be manipu-
lated analogously to electromagnetic waves was Liu et al. [6]. They arranged
centimeter sized lead balls coated with silicon rubber in a periodic array and
showed numerically as well as experimentally that a structured material of
this type can produce interesting wave propagation properties. Of particular
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Figure 1.1: Frequency spectra of phononic waves.

interest, is the so called band-gap property, which prohibits elastic waves to
propagate in a specific frequency region [7].

Band-gaps in acoustic materials can essentially be achieved through Bragg
scattering or local resonance [8]. In particular, Bragg scattering relies on the
obtainable phase shift through arranging unit cells, while local resonance
depends on the local frequency of embedded resonators [9, 10]. For Bragg
scattering, this entails that the frequency region where band gaps can be
achieved is primarily dependent on the unit cell dimension of the structured
medium. Note that the unit cell of a structured medium is the smallest
identifiable component that, when arranged in a periodic manner, consti-
tutes the overall material. For Bragg scattering the unit cell size can be
estimated with,

R= 5 (1.1)
where, R is the lattice constant, or the size of the unit cell, while A denotes
the wave length. For seismic waves, the wave length can reach far beyond
100 m, which renders the application of metamaterials based on Bragg scat-
tering nearly impossible. Local resonance, however, can produce band-gap
like properties with unit cells much smaller than the wave length of the tar-
get waves. Therefore, locally resonant materials are of primary interest to
seismic-metamaterials and, hence, also this thesis. The band-gaps of the
proposed foundations will be calculated with dispersion analyses and dis-
cussed in the relevant chapters where applicable. In order to provide the
reader with a better understanding of what kind of information can be read
from the resulting dispersion diagrams, a short introduction to dispersion
analysis follows here.

1.1.1 Dispersion analysis

The dispersion analysis sheds light on the wave propagation properties of
periodic lattices and is elaborated here on the simplest case, the monoatomic
chain. In order to obtain the dispersion diagram, the classical equations of
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Figure 1.2: Monoatomic lattice.

motion (of one unit cell) need to be subjected to the Floquet-Bloch boundary
condition [11-13]. Figure 1.2 displays a simple chain where, m describes the
mass of the unit cell, in this case an atom, k represents the stiffness of the
connection between the masses, R is the lattice constant as described above,
and u;, uj_1, and uj41 are the displacements of the unit cell under study, the
previous unit cell, and the subsequent unit cell, respectively. The relevant
equation of motion reads,

mii; + k(uj—1 — u;) + k(ujpr —u;) =0 (1.2)

According to the Floquet-Bloch theory, the previous and subsequent dis-
placements can be related to the unit cell under study with,

P A (1.3)
Here ug is the amplitude of the wave, ¢ is the angular wave number, which
is defined as the inverse of the wavelength (27/)), while w is the angular
frequency of the propagating wave, and t denotes time. Furthermore, n
relates to other unit cells with -1 for the previous and +1 for the subsequent
unit cell. For a lattice constant of R = 1, the term ¢gnR degenerates to +gq,
which can range from —7 < g < 7.

To highlight the meaning of this relationship, the oscillation of the cen-
tral unit cell and the neighboring ones is demonstrated in Figure 1.3 via the
complex plain. Note that the displacement of the unit cells develops over
time as the real part of the expressions e*(=7=«) =t and ¢ (9=w! multi-
plied with ug from (1.3), for the previous, central, and subsequent unit cell,
respectively. After applying this relationship (1.3) to the equation of motion
(1.2), and solving the system for the angular frequency w, the dispersion
relation reads,

2k(cos(q) — 1)

w=y - (1.4)

This equation essentially maps traveling waves to their propagation fre-
quency. Figure 1.4 schematically depicts the dispersion branch of the mono-
atomic lattice with normalized mass m = 1 and stiffness £ = 1. From Figure

3
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1.3 it can be deduced that the dispersion relation has to be 27 periodic for
q, since this will include all possible positions on the unit circle in the com-
plex plain. This further entails that only a finite magnitude of wave number
q can be studied for a specific system, which in turn depends on the unit
cell dimension given by R. Moreover, the group and phase velocity v, and
vy, for any given wave, can be studied form Figure 1.4, with the following
relationships,

- W v, — d(JJi
¢ 7 dg

(1.5)

Here, the subscript i corresponds to a generic point on the dispersion branch,
for which the values of ¢;, w; and the derivatives dq; and dw; can be read from
the diagram. Note that the phase velocity gives the speed at which features
of the wave travel through the system, such as peaks and troughs, while the
group velocity is the speed at which energy is transported. Of particular
interest is the fact that at the end of the dispersion branch at values 7
and —7 the group velocity tends towards zero and waves become standing
waves which do not propagate through the system, but remain localized.
Furthermore, with the introduction of additional degrees of freedom more
dispersion branches appear, which represent different modes of vibration.
These, of course, depend on the system under study and will be discussed
for various Metafoudation layouts in the respective chapters. But before
diving into the peculiarities of the proposed foundation, a look at other
technologies and research projects may give an idea about what is being
investigated in the field of seismic metamaterials.

Im

Figure 1.3: Oscillation of neighbouring unit cells in the imaginary plane.
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1.2 Seismic-metamaterials

Two ideas are dominating the field of seismic metamaterials, namely, meta-
material based foundations and seismic metabarriers. Metabarriers essen-
tially consist of resonators that are placed on or in the soil and target the
attenuation of surface waves, while metamaterial-based foundations need
to be placed under the building and have the capacity of attenuating bulk
waves.

In terms of metabarriers, Brule et al. [14] studied the wave propagation
through periodic bore holes in soil, by means of full scale dynamic testing,
and showed that seismic metamaterials are indeed feasible to obtain. Besides
this, Huang and Shi [15] showed how periodic pile barriers could be applied
to produce attenuation zones for plane wave reduction. This concept was
later improved by Achaoui et al. [16], who were able to achieve a much
lower band-gap frequency range (< 10 Hz) by clamping pile foundations
to the bedrock. These investigations were primarily oriented around the
concept of Bragg scattering, which is limited in terms of feasibility due to
the required unit cell dimensions.

Exploiting the concept of local resonance, [17, 18] proposed resonators
embedded in the soil to further improve the obtainable band-gap for surface
wave attenuation. Along these lines, Palermo et al. [19] then studied a real-
istic setup with steel resonators supported by rubber bearings that would be
buried in the soil around a building of interest. The used resonators were de-
signed as cylindrical units with approximate radius and height of 0.4 m and
1.7 m, which were then placed in concrete shells to protect them from the
surrounding soil and potential damage. Arranged in a periodic grid, these
resonators effectively reflected Rayleigh waves back into the ground and sub-
sequently attenuated the seismic action affecting a building. Furthermore,
the necessary equations to design a functional metabarrier dependent on soil
type and desired band-gap were provided in their work.

Another interesting approach to seismic barriers was proposed by Colombi
et al. [20], who studied a forest as a natural array of resonators for the

|
I
|
|
T q

Figure 1.4: Dispersion relation of the Monoatomic lattice.
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attenuation of Rayleigh waves. Through numerical simulations and the in-
strumentation of a forest, they found that band-gaps in a frequency range of
tens of Hz can be obtained. More precisely, two band gaps were discovered
for the studied forest ranging from about 30 - 45 Hz and 90 - 110 Hz, where
incoming Rayleigh waves were attenuated. A further study on forests as
metamaterials, namely the metaforet project, confirmed these findings by
means of a large scale experiment, where 1000 seismic sensors instrumented
an area of 120m x 120m [21]. Building up on these developments [22] then
proposed the metawedge, which essentially represented an array of verti-
cal resonators that, due to the varying resonant frequencies, widened the
achievable band-gap.

The clear advantage of metabarriers is that they can be placed next to
the structure of interest, and may therefore be applied to existing struc-
tures. This is particularly interesting for the protection of cultural heritage
sites where other types of seismic mitigation strategies can only be installed
through extensive construction efforts. However, since surface waves are only
one part of the seismic action that may damage a structure, metabarriers can
only be applied in combination with other measures or at far field locations
where primary and secondary body waves have already been attenuated.

Metamaterial-based foundations, on the other hand, have the advantage
of covering any type of plane wave, since they represent the connection of the
superstructure with the ground. Some of the first works in this regard were
carried out by Xiang et al. [23] and Bao et al. [24]. Both studied layered
foundations with alternating stiffness and mass properties and found that
waves propagating inside the frequency regime of the designed band-gap
would be attenuated.

Furthermore Cheng and Shi [25] and Jia and Shi [26] came up with 2D
foundation systems for the seismic protection of nuclear power plants and
traditional buildings, respectively. In their designs they used 1 and 2 com-
ponent cylindrical inclusions consisting of steel and rubber, which provided
low frequency band-gaps in the harmful frequency range of incoming earth-
quakes. Cheng and Shi [27] further developed their foundation concept to
show different band-gaps for orthogonal wave propagation directions. Of
particular interest was the attenuation of the vertical component of the
earthquake, which usually has a different frequency content with respect
to the horizontal one and has proven to be damaging to structures such as
nuclear power plants. By arranging two different asymmetric unit cells in
a periodic manner they showed how the vertical as well as the horizontal
component of a seismic event could be attenuated through their foundation.
However, in their study the foundation was considered as a filtering medium
for the nuclear power plant, which entailed that they neglected the feedback
from the power plant on the foundation. Besides this, also Yan et al. [28]
studied the efficacy of periodic foundations for horizontal as well as vertical
ground motions, and found that metamaterial-based foundations are indeed
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able to address both components.

A seismic metamaterial endowed with isochronous oscillators was pro-
posed by Finocchio et al. [29], where steel balls would roll on cycloidal
surfaces inside a concrete matrix. Casablanca et al. [30] later developed a
similar system comprised of concrete slabs separated by low damping teflon-
steel surfaces; where the concrete slabs housed steel masses held in place with
rubber inclusions, in order to add local resonance to the system. This com-
posite foundation exerted the band-gap property in a low frequency range
of 3.5 Hz - 13 Hz and was analyzed analytically as well as experimentally
with a specimen size of approximately 1 x 1m. They effectively obtained an
attenuation zone where the predicted band-gap was located. But also in this
research effort, the feedback of the superstructure was neglected.

As shown in [31], which constitutes Chapter 4 of this thesis, the su-
perstructure cannot be neglected, due to the feedback it imposes on the
foundation. Furthermore, it was found that the horizontal stiffness is of crit-
ical importance to the effectiveness of the foundation [32], which in turn is
constrained by the engineering design of the foundation according to com-
mon construction practice [31]. Besides this, the size of the resonators play
a vital role for the functionality of the foundation, while at the same time
are a major cost driving factor, due to the amount of required material.

Furthermore, it is worth mentioning that cracks are expected to occur
in concrete structures and that those cracks can have an impact on the
wave propagation [33]. The authors of [32] were inspired by the work of
Mishuris, Movchan and Slepyan [34-36] to investigate the potential effect
of such cracks on the wave propagation. Therefore, In Chapter 2, which
comprises the publication [32], the effect of static cracks on the developed
foundation is investigated. The results show that due to the location and
small size of the expected cracks, no noticeable shift can be expected for the
particular structure discussed herein.

1.3 Fuel storage tanks and seismic engineering

Since fuel storage tanks represent highly sensitive infrastructures that can
have a sever impact on the community and the environment if damaged, they
were chosen as a superstructure for this study. In 1999 the Kocaeli earth-
quake damaged several fuel storage tanks, which caused fires that couldn’t be
extinguished for 3 days [37]. Furthermore, the 2011 Tohoku earthquake and
tsunami, which triggered the Fukoshima accident [38, 39], destroyed 30% of
the Japanese oil industry and initiated fires that took 10 days to extinguish
[40-42]. These scenarios can be described as Natural Technological Events
(NaTech events) [43, 44], where a natural disaster causes an technological
accident, which subsequently increases the severity of the consequences sig-
nificantly. Krausmann et al. [45] showed that storage tanks with connected
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pipelines represent the most vulnerable equipment when it comes to NaTech
events, triggered through earthquakes, floods or lightning.

Besides the consequence intensity of storage tanks, they also show varying
fluid levels over their lifetime time, which significantly alters their fundamen-
tal periods [46, 47]. This is particularly problematic for seismic protection,
since the protective measure has to be effective at every fluid level, and there-
fore, at varying eigenfrequencies. To date traditional seismic protection is
still scarce for fuel storage tanks, due to the cost of seismic isolation and the
difficulty of applying other means such as tuned mass dampers (TMD).

Traditional seismic protection can be split into passive and active control
mechanisms, where active mechanisms require electric power for e.g. the ex-
citation of hydraulic actuators, while passive devices are independent from
external power sources [48]. For this work, only the passive control mecha-~
nisms are of interest, which essentially consist, but are not limited to the fol-
lowing 3 subgroups: (i) seismic isolation; (ii) energy dissipative devices [49];
and (iii) Tuned Mass Dampers (TMDs). Concerning the Metafoundation
discussed herein, seismic isolation as well as TMD concepts are of interest,
since the foundation exerts traits form both fields. Regarding seismic isola-
tion two main technologies come to mind, firstly lead rubber bearings [50]
and secondly the concave sliding bearings [51]. The underlying concept is to
build a foundation that decouples the superstructure form the ground and
thereby shifts the fundamental frequency of the overall structure to a fre-
quency regime, where the seismic action causes less damage. This, however,
is usually accompanied with large horizontal displacements, which can be
particularly damaging to connected structures such as pipelines. TMDs on
the other hand, represent resonators that are placed at critical locations of
the building and oscillate in counter-phase with the eigenmodes of the struc-
ture. The downside of TMDs is that they need to be tuned to the correct
frequency, can detune over time, and are not generally effective at atten-
uating seismic action, due to the wide frequency spectrum of earthquakes
[52].

Besides horizontal ground excitations, also the vertical component of
earthquakes has proven to have a great damage potential [53]. Particu-
larly for structures that can cause severe consequences when failing, such
as nuclear power plants, the vertical component should be taken seriously
[54]. Also for fuel storage tanks, vertical accelerations can induce significant
forces, due to the increased hydrostatic pressure deriving from the breath-
ing mode [55, 56]. Note that classical isolation systems such as lead rubber
bearings are particularly stiff, and therefore, not able to reduce the vertical
excitation [57]. While in the present work, only the horizontal component is
treated, it shall be mentioned here that in future studies, also the vertical
component could be addressed by metamaterial-based foundations.
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1.4 Hybrid simulation

As mentioned earlier, connected pipelines can experience significant damages
due to the horizontal displacement of base isolated tanks during a seismic
event. Since the correct response of pipelines, due to their strongly non-
linear behavior, is difficult to predict by means of numerical simulations,
an experimental study is conducted in Chapter 3. More precisely, a hybrid
simulation (HS) is carried out on a 15 m long pipeline system, where a tank
protected by the Metafoundation and a tank protected by concave sliding
bearings (CSB) serve as numerical substructures. While the experiment it-
self will be discussed in detail in the relevant chapter, an introduction to the
used hybrid simulation setup follows here.

In principle, a HS setup splits a system into multiple substructures, of
numerical or experimental nature and couples them via an appropriate time
integration algorithm [58, 59]. Under the aid of this technique, complex en-
gineering systems can be split up into multiple components, where the highly
nonlinear ones, such as pipelines, are tested in the laboratory; while typically
linear components, such as steel frame structures, are modelled numerically.
The substructures are then coupled by means of a transfer system which
enforces equilibrium and compatibility at their interfaces, which allows the
HS method to accurately represent complex systems with economical testing
setups.

The HS time integration algorithm used in Chapter 3 is based on the
work done by Abbiati et al. [60] and relies on localized Lagrange multipliers
for the coupling of the individual substructures. For instance, let’s imagine
3 different substructures as shown in Figure 1.5, which could be of numerical
or experimental nature, and let them share the generalized interface DOFs
uf and uj. These substructures are then coupled to their interface DOFs
via localized Lagrange multipliers denoted with A, which allow the system
of EOMs to be formulated as,

MOuh 4 ]_:{(l)(u(l)7 u®) = LOTA® _ M(l)T(l)ag (16)
Viel,2,3 '
Here, M, and R are the mass matrix and the restoring force vector of the
[-th substructure, while u, 11 and ii denote the displacement, velocity and ac-
celeration vectors, respectively. Besides this, ag denotes the applied ground
acceleration, whereas T(Y) denotes a Boolean vector that determines the di-
rection of the ground motion. Note that for linear subsystems, R can be
formulated as,

R(u,u) = Ku+ Cu (1.7)

Furthermore, A describes the localized Lagrange multiplier vectors, contain-
ing the Lagrange multipliers (A) of the substructures as depicted in Figure
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Figure 1.5: Three different substructures coupled via localized Lagrange multi-
pliers (figure from [60]).

1.5. In order to enforce compatibility on the various subsystems, the follow-
ing two conditions must be satisfied,

LOa® + E0al) = o
or (1.8)
LOu® + L0y, ® =0

and

STLOTAG =0 (1.9)
=1

here, the single substructure DOF vector u(Y) and the generalized interface
DOF vector ug are collocated by the Boolean signed matrices L and L. To
put the matter more plainly, expression (1.6) contains the system of EOMs
of all substructures, which need to be solved under the constraints of egs.
(1.8) and (1.9). Here, eq. (1.8) makes sure that either the displacements or
the velocities of the coupled DOFs are equal, while eq. (1.9) imposes the
force equilibrium at the interface nodes. The equations (1.6)-(1.9) can then
be solved according to the time stepping algorithms shown in [60] and are
able to couple any number of numerical or experimental substructures in a
HS environment. Note that for the experiment presented in Chapter 3 this
will be done for a pipeline as an experimental substructure, and two differ-
ent numerical models containing a storage tank isolated with CSBs and a
storage tank clamped to the Metafoundation. This setup has the advantage
of yielding realistic results for the coupled foundation-tank-pipeline system
under full consideration of the dynamic interaction between the substruc-
tures, while only the pipeline has to be physically tested in the laboratory.
Additionally, some comparisons between the Metafoundation and tradtional
isolation devices can be drawn.
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1.5 Scope, objective and structure of the thesis

1.5.1 Objective and novelty

The objective of this thesis is to conceive e new type of seismic protection
based on metamaterial concepts for the safety of fuel storage tanks. This
essentially consists of the following two tasks: designing a foundation that
reduces the dynamic effects of an earthquake arriving at a tank; and devel-
oping a system that functions under standard civil engineering requirements.
In pursuit of these goals, a column based foundation layout is developed, as
depicted in Figure 1.6. Note that the tank is separated from the ground via
the foundation, which forces the earthquake to travel through the metama-
terial, thus experiencing filtering effects. In order to design this foundation
an optimization algorithm, for the optimal tuning of the resonators, is es-
tablished, which takes the ground motion and superstructure into account.
While the foundation is targeted at the protection of storage tanks, an ex-
perimental study on the interaction between Metafoundation tank and a
connected pipeline sheds light on the complete coupled behaviour. It is
demonstrated that this type of foundation may have positive effects on con-
nected pipelines, since both tank base shear and horizontal displacement can
be limited. Furthermore, in order to improve the seismic isolation efficiency,
an NSE is developed that effectively reduces the necessary foundation height.
Note that the size reduction of metamaterial inspired seismic structures is
highly desirable, since most proposals in the literature still show excessive
system dimensions. Finally, in order to make the foundation design more
practical, wire ropes are used as resonator suspension devices. It is worth
mentioning that wire ropes can act in all 3 spatial directions and, in future,
may be used to attenuate the vertical component of the earthquake.

In sum, the following original scientific contributions to the field of seis-
mic metamaterials are obtained: (i) conception of a new column based foun-
dation designed under common construction requirements; (i) development
of an optimization algorithm for the optimal tuning of the localized res-
onators, under consideration of ground motion and superstructure; (iii) ex-
perimental demonstration of the potential effects the foundation may have
on a connected pipeline; (iv) design and study of a novel NSE targeted at
the implementation in periodic foundations; and (v) study of wire ropes for
a more practical resonator suspension.

1.5.2 Scope

Chapters 2-4 are devoted to conceiving a foundation that exerts the band-gap
phenomenon and complies with common construction standards. In partic-
ular, Chapter 2 shows the initial design of the continuous concrete matrix
with embedded resonators and demonstrates that the shear stiffness plays a
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Figure 1.6: View of the Metafoundation placed under a tank.

vital role for locally resonant foundations. Based on these findings a column
based foundation is proposed, which represents the basis for all future devel-
opments in the later chapters. Furthermore, a static analysis on the system
ensures the structural integrity under gravity loading and reveals potential
cracks in the periodic structure, which are then analyzed on their impact on
the dispersion relation. As indicated in the introduction, the protection of
pipelines connected to tanks represents an ongoing issue for petrochemical
plants, and is therefore studied experimentally in Chapter 3. By means of
a hybrid simulation setup, the coupled tank-foundation system is simulated
numerically and coupled to a 15 m long pipeline. The Metafoundation setup
is compared to a classical isolation setup with concave sliding bearings and
the advantages and disadvantages are pointed out. Additionally, Chapter
3 also investigates the coupled foundation tank behaviour for varying fluid
levels in the frequency domain and shows a 3D finite element model to test
the representativeness of the discretized analytical model. Following up on
these studies, Chapter 4 treats the engineering design and the optimization
of the foundation. After dimensioning the components of the foundation
according to Italian and European standards, the foundation is optimized
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in the frequency domain under consideration of the ground motion and the
superstructure. More precisely, the complete dynamic system is represented
via its transmission matrix, while the ground motion is approximated with
a Kanai-Tajimi filtered power spectral density fitted to a set of response
spectrum compatible ground motions. Optimal layouts are presented for 4
different foundations and studied for the application to two different tanks,
i.e. broad and slender fuel storage tanks. Due to the large system dimen-
sions found in Chapter 4, Chapter 5 develops a negative stiffness mechanism
that can be implemented in periodic foundations and significantly amplifies
their functionality and metamaterial like properties. Simulations in the time
and frequency domain show how the attenuation effect of a finite medium
can be augmented for seismic applications, under the consideration of the
full inevitable nonlinearity due to the local instability. Besides this, the re-
sulting change in the band-gap is studied analytically, under the aid of the
harmonic balance method, and later verified with numerical simulations to
show the trend of the band-gap with increased nonlinearity. Moreover, in
Chapter 6 wire ropes are investigated as resonator suspension mechanisms,
in order to render the resonator motion more physical. Note that the non-
linear behavior of the wire ropes is approximated with a Bouc Wen model
and subsequently linearized by means of stochastic linearization to obtain
an equivalent linear dynamic system. The linear system is then optimized
with the previously developed optimization algorithm and used to choose
appropriate wire rope setups for the foundation. Furthermore, multiple res-
onators are tuned to different frequencies and damping ratios, in order to
further increase the system performance.

1.5.3 Structure of the thesis

The 5 main chapters of this thesis each contain one journal article, sum-
marizing the main research output of the author. A brief statement of the
contents follows herein:

e Chapter 2 contains the publication: V. La Salandra, M. Wenzel,
G. Carta, O. S. Bursi and A. B. Movchan, ”Conception of a 3D
Metamaterial- Based Foundation for static and seismic Protection of
Fuel storage Tanks”, Frontiers in Materials, vol. 4, no. 30, 2017.
Here, the Metafoundation is introduced for the first time as a contin-
uous concrete matrix with embedded resonators. A parametric study
shows the importance of the horizontal stiffness for the functionality
of the foundation and leads to a new design with columns as the pri-
mary load bearing system. Additionally, a study on small static cracks
shows no significant impact on the band-gap properties.

e Chapter 3 contains the publication: M. Wenzel, F. Basone and O.
S. Bursi, "Design of a Metamaterial-Based Foundation for Fuel Stor-

13



1.

INTRODUCTION

14

age Tanks and Ezxperimental Evaluation of Its Effect on a Connected
Pipeline System”, Journal of Pressure Vessel Technology, vol. 142,
no. 021903, 2020. In this work, the foundation is further developed
and an experimental study on a connected pipeline system conducted.
The results suggest that the foundation could potentially reduce tank
base shear, while at the same time limit pipeline stresses, which is a
multi-functionality that traditional isolation system are not able to of-
fer. Furthermore, an analysis on various liquid heights shows that the
foundation reduces tank stresses even at reduced fluid levels.

e Chapter 4 contains the publication: Basone, M. Wenzel, O. S. Bursi

and M. Fossetti, ”Finite locally resonant Metafoundations for the seis-
mic protection of fuel storage tanks”, Earthquake Engineering and
Structural Dynamics, vol. 48, mo. 2, pp. 1-21, 2019. This paper
presents the first iteration of the optimization algorithm, based on lin-
ear computations in the frequency domain, which clearly highlighted
the non-negligibility of the superstructure as well as the ground motion
when designing metamaterial-based foundations. We further found
that the foundation under study can be built according to common
construction requirements, which on the flip side, imposes significant
restrictions on the foundation size.

e Chapter 5 contains the article under revision: M. Wenzel, O. S.

Bursi and 1. Antoniadis, ”Optimal finite locally resonant metafounda-
tions enhanced with nonlinear negative stiffness elements for seismic
protection”, Journal of Sound and Vibration, under revision, 2020. A
negative stiffness element (NSE), for the implementation in the pe-
riodic foundation and subsequent amplification of its metamaterial
properties, is conceived and studied in this work. Additionally, the
previously established optimization algorithm is generalized, in order
to cope with any linear system, including one with negative stiffness.
From a seismic performance point of view the foundation improves
substantially, with a height reduction from 3 m to 1 m with only 50%
of the admissible NSE value. Furthermore, the wave propagation in
the nonlinear material showed that the band gap range would reduce
with an increase in nonlinearity.

e Chapter 6 contains the article in preparation: F. Basone, O. Bursi

and M. Wenzel, ”Optimal design of finite locally resonant metafoun-
dations with linear and nonlinear devices for seismic isolation of fuel
storage tanks”. The final paper treats the implementation of wire ropes
in the foundation as resonator suspension. The wire ropes are approxi-
mated with the Bouc Wen model and subsequently linearized by means
of stochastic linearization. The linear parameters are then optimized
with the previously developed optimization procedure and used to find
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functional wire rope setups. While the performance of the foundation
did not improve, the wire ropes still add to the feasibility from a struc-
tural view point. Additionally, a study with multiple frequencies for
various resonators shows that only a minimal advantage over a single
frequency can be obtained in terms of base shear reduction. However,
when using different frequencies the damping ratios of the individual
resonators can be reduced, which may further improve the feasibility.

e Chapter 7 closes the thesis with conclusions and future developments.
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Chapter 2

Conception of the
Metafoundation

Overview. Fluid-filled tanks in tank farms of industrial plants can ex-
perience severe damage and trigger cascading effects in neighboring tanks
due to large vibrations induced by strong earthquakes. In order to reduce
these tank vibrations, we have explored an innovative type of foundation
based on metamaterial concepts. Metamaterials are generally regarded as
manmade structures that exhibit unusual responses not readily observed in
natural materials. If properly designed, they are able to stop or attenu-
ate wave propagation. Recent studies have shown that if locally resonant
structures are periodically placed in a matrix material, the resulting meta-
material forms a phononic lattice that creates a stop band able to forbid
elastic wave propagation within a selected band gap frequency range. Con-
ventional phononic lattice structures need huge unit cells for low-frequency
vibration shielding, while locally-resonant metamaterials can rely on lattice
constants much smaller than the longitudinal wavelengths of propagating
waves. Along this line, we have investigated 3D structured foundations with
effective attenuation zones conceived as vibration isolation systems for stor-
age tanks. In particular, the three-component periodic foundation cell has
been developed using two common construction materials, namely concrete
and rubber. Relevant frequency band gaps, computed using the Floquet-
Bloch theorem, have been found to be wide and in the low-frequency region.
Based on the designed unit cell, a finite foundation has been conceived,
checked under static loads and numerically tested on its wave attenuation
properties. Then, by means of a parametric study we found a favorable cor-
relation between the shear stiffness of foundation walls and wave attenuation.
On this basis, to show the potential improvements of this foundation, we in-
vestigated an optimized design by means of analytical models and numerical
analyses. In addition, we investigated the influence of cracks in the matrix
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material on the elastic wave propagation, and by comparing the dispersion
curves of the cracked and uncracked materials we found that small cracks
have a negligible influence on dispersive properties. Finally, harmonic anal-
ysis results displayed that the conceived smart foundations can effectively
isolate storage tanks.

2.1 Introduction

In 1999 the Izmit earthquake damaged the largest Turkish petrochemical
plant and set it on fire. The fire took five and a half days to extinguish and
almost spread to other industrial sites [37]. Such events can be described as
natural technological events or NaTech events. It is of critical importance
for the community and the environment to prevent such incidents from hap-
pening. Fuel storage tanks in petrochemical plants need to be regarded as
high risk structures, due to their fragility to earthquakes and their potential
for cascading effects [61]. Their low impulsive frequencies can fall within
the excitation frequencies of earthquakes and significant effort is required to
isolate them against seismic vibrations. A very innovative solution for isolat-
ing tanks at low frequencies is constructing a foundation based on phononic
crystals. These crystals can create stop bands, which stop waves from prop-
agating in certain frequency regions [7]. Various applications could benefit
from these properties, for example, noise protection [6], seismic isolation [62]
or coastal protection [63]. The present work is dedicated to the feasibility of
such metamaterial-based structures for the seismic isolation of fuel storage
tanks. Three- and two-component new foundations were conceived by [25].
A two- dimensional (2D) array of steel cylinders coated with rubber and
embedded in a reinforced concrete matrix constituted the three-component
foundation. Conversely, the two-component design was based on the same
geometry, but replacing the steel cylinders inside the rubber with homoge-
neous rubber inclusions. By comparing these two designs, they showed that
a three-component periodic foundation can generate useful band gaps for
seismic vibration isolation. Furthermore, they concluded that the reinforce-
ment of the concrete matrix has a negligible influence on the band gaps.
However, it is important to underline the two-dimensional nature of their
proposed designs, which would have to be improved for an omnidirectional
wave. Another 2D approach was studied by [26], while a three-dimensional
(3D) approach for a phononic crystal-based structure was proposed by [64].
The latter design showed the possibility for a 3D foundation to generate stop
bands in the low frequency region. Furthermore, they carried out a para-
metric study on the structural components and their influence on the band
gaps. The mass of the resonator core, the thickness of the rubber coating
as well as the stiffness of the rubber have proven to be of special impor-
tance for the frequency range of the stop bands. In order to validate the
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effects of stop bands in periodic structures, [65] conducted field experiments
on scaled 2D periodic foundations. The comparison between experimental
outcomes and numerical results showed that periodic foundations are able to
mitigate seismic waves. Furthermore, they found good agreement between
experimental tests and dispersion analysis. The work by [66] provides addi-
tional insight on filtering waves propagating through a foundation made of
inertial resonators. The recent work by [67] has addressed the suppression
of vibrations in fuel tanks via specially tuned systems of many multi-scale
resonators attached to the tanks. In the present paper, we introduce a smart
foundation based on metamaterial concepts that can both attenuate seismic
waves and withstand static loads. More precisely, the foundation is capable
of attenuating waves in targeted frequency ranges. In our analyses, we are
particularly interested in the influence that both geometrical and mechani-
cal properties of a foundation inspired by phononic crystals can have on its
dynamic performance as well as its capabilities of bearing gravity loads. In
fact, for its practical use, it is of outmost importance to design a foundation
that can both attenuate seismic waves and withstand static loads relevant to
the coupled structure. Therefore, a broad fuel storage tank, which poses a
significant threat to the community and the environment, was considered as
a case study for the present design. The materials employed in the founda-
tion are concrete and construction grade silicon, which are commonly used in
construction industry. With regard to the design process of the foundation,
an iterative procedure was employed. Given the critical frequency region of
seismic vibrations for the structure of interest, a unit cell is designed with
the aid of a frequency dispersion analysis to cover critical frequencies by
means of a stop band. Then, a finite lattice structure is extracted from
the infinite lattice of unit cells and is checked on its static behavior at the
ultimate limit state [68]. Furthermore, the coupled (foundation+structure)
system is numerically tested on its wave attenuation properties. Since the
proposed smart foundation was still excessive in size, we also investigated
an optimized design endowed with improved performance and reduced di-
mensions. Therefore, an analytical study was performed to derive the wave
propagation properties of the design, while numerical simulations assessed
its performance. Although the proposed design is still in an early research
stage, it already shows a great potential in optimizing such a foundation.
As pointed out by [33] in the analysis of the dynamic behavior of strongly
damaged beams, cracks due to static loading can exert marked effects on
band gap formation. For this reason, the influence of cracks on the dynamic
properties of the proposed foundation is also investigated. Finally, Section
2.4 discusses main results, draws conclusions and future perspectives.
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2.2 DMaterials and methods

From a dynamic viewpoint, broad tanks like the one under study can be
thought of being composed of an impulsive mass that vibrates in phase with
the tank walls at a higher frequency (e.g. 3-5 Hz) and a sloshing mass that
vibrates not in phase with the tank walls at a lower frequency (i.e. about 0.3
Hz), [69]. The relevant eigenvalue analysis was carried out with the FE soft-
ware Comsol Multiphysics (version 5.2). The smart foundation under study
is conceived for the higher frequency, since sloshing frequencies can be easily
suppressed or mitigated with baffles [70]. Therefore, the design of the unit
cell focused on the first impulsive frequency of the fully filled tank, i.e. 4.05
Hz. In fact, this is the eigenfrequency with the largest participant mass in
the radial direction. A horizontal excitation at this frequency results in both
the largest stresses and accelerations in the tank walls, and thus governs the
requirements for the seismic resilience. After disregarding sloshing frequen-
cies, it was possible to model the liquid as an acoustic medium, as shown
by [67] and [71]. This approach significantly reduced the computational cost
of the model. As a result, in all forthcoming analyses the liquid inside the
tank is assumed to have the same properties as water. The tank itself has
a cylindrical shape with a radius, height, liquid height and wall thickness of
24 m, 16 m, 15 m and 20 mm, respectively. A steel plate with a thickness
of 50 mm was used as bottom plate. In order to simulate the traditional
foundation system, the whole tank was set on a 1 m thick concrete slab, as
depicted in Figure 2.1(A). Moreover, a damping ratio of 5 % was imposed
at both 3 Hz and 5 Hz by means of proportional Rayleigh damping on all
FE models to hand [72]. Furthermore, an additional modal analysis has
been carried out to determine the modal frequencies of the coupled (tank
+ smart foundation) system. The geometry of the proposed smart founda-
tion is presented in Section 2.3 Results and is shown in Figure 2.1(B). In
order to further improve the foundation performance in terms of geometry
and dynamic properties, we conceived and analysed a new unit cell. The
optimized design was modelled by means of shell and beam elements and
the assembly is depicted in Figure 2.1(C). The relevant cell dimensions are
shown in Figure 2.3(A) in Subsection 2.3.5.2, respectively. Since the fluid
level height is not a constant parameter in a storage tank, the impulsive
frequency of the structure changes accordingly. Thus, the variable fluid level
results in a frequency region, which is considered governing the foundation
design. Clearly, we take into account that the varying fluid level height will
change the eigenfrequencies of the coupled foundation-tank system.

2.2.1 Floquet-Bloch theorem and Brillouin zone

Periodic structures can be designed in order to suppress the propagation of
seismic waves in a certain frequency regions. These regions are called band
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Figure 2.1: (A): Broad tank on a standard foundation; (B): Broad tank on a
smart foundation; (C): Broad tank on a smart foundation with optimized unit
cells.

gaps and can be determined with the Floquet-Bloch theorem [73]. This
theorem reduces the study to an infinite lattice of unit cells to the analysis
of a single unit cell with Floquet-Bloch quasi-periodicity conditions. After
imposing these conditions, a frequency dispersion analysis can be carried out
and the band gaps of the unit cell can be found as shown in Figure 2.5(B). In
order to obtain the frequency dispersion diagram, we consider the equation
of motion for an elastic medium in an Eulerian description,

3 2
O‘U 8 U;
E —|— 6‘t2 (2.1)

where, the stress-strain relationship reads,

oij = p(x) (gz; + gz_z> + A(x)d;;div(u (x)) (2.2)

In particular, F; (i = 1,2, 3) are the components of the body force, p the
mass density, u(x) displacement vector, u (x) and A (x) Lame constants, x
position vector and 6;; the Kronecker delta function, respectively. Time t
has been omitted for brevity. According to the Floquet-Bloch theorem the
solution u(x, t) for a periodic system can be expressed as,

u(x, 1) = we (=t (2.3)

where ¢ = [¢z, gy, qz]T represents the wave vector in (2.3), while w denotes
the corresponding frequency in rad/s. As a consequence,

u(x+R) =u(x)eaR (2.4)

with R being the lattice vector. By imposing these boundary conditions
on a system and solving the discrete eigenvalue problem of a typical cell,
which takes on the following form,

(K- w’M)u=0 (2.5)
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it becomes possible to calculate the frequency dispersion curves. In Equa-
tion (2.5), K and M are the stiffness and mass matrix, respectively. The
wave vector q can be expressed in the reciprocal lattice. Due to the peri-
odicity of the direct as well as the reciprocal lattice, it is possible to reduce
the wave space to the first Brillouin zone [9]. Therefore, in order to find
the desired band gaps of the frequency dispersion diagram, it is sufficient
to calculate ¢ along the boundaries of this irreducible Brillouin zone [10].
For clarity, the Brillouin zone for the unit cell considered is depicted in the
bottom left of Figure 2.5(A), where ¢, and g, assume values between 0 and
bz, while remaining on the contour of the Brillouin zone.

2.2.2 Static analysis

For the unit cell to work properly as an element of the foundation, it is
necessary to build a static system from the infinite lattice of unit cells. A
two-layered grid of unit cells was chosen as a starting point for the founda-
tion. Due to the cubical shape of the cells, it is easy to conceive a framework
of walls and slabs suited for the derivation of the static loads. The dispersion
analysis of the unit cell resulted in a 4 by 4 meters cube with an outer wall
thickness of 10 cm, as shown in Subsection 2.3.2. When these cells are set
adjacent to each other, the outer walls can be combined as a rectangular grid
with a wall thickness of 20 cm and a spacing of 4 m. The same holds true
for the slab between the two layers of unit cells, which results in a thickness
of 20 cm for the intermediate slab, while the static analysis resulted in a
slab thickness of 35 cm for the top slab. Figure 2.2 shows the conception of
the static system and its dimensions. Details of the foundation are shown
in the bottom right of Figure 2.2(A), where the increased top slab and the
soil-structure interface are represented. For the present work, the soil was
assumed to be bedrock, which allows the foundation to be sustained by line
supports along the walls. Since the compression of the rubber, due to static
loading, could influence the dynamic behavior of the system, the inner con-
crete cubes and the rubber coatings were considered as dead loads. A sketch
of the FE model of the static system is shown in both Figure 2.2(B) and
Figure 2.2(C). The calculation of both stresses and governing forces has been
carried out with the FE software RFEM. All walls and slabs were modelled
as shell elements with rigid connections to each other. The supports were
modelled as simple line supports along the bottom edges of the walls. Once
the static system was established, the loads of the tank, rubber and inner
cubes were applied. The liquid was assumed to have the same density as
water with a maximum liquid level of 15 m. The tank was modelled as a
simple face load of 150 kN/m? and imposed on the foundation. A similar ap-
proach was chosen for the rubber and the inner concrete cubes. The weight
of both the rubber and inner cubes corresponded to a total gravitational
force of 1040 kN per cell. This force was then spread evenly across the slab
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Figure 2.2: (A): Conception of a static system [Dimensions in mm]; (B): FE
model of the foundation including the tank weight as a surface load [kN/m?];
(C): two unit cells on line supports including the weights of the rubber and inner
concrete cubes as surface loads [kN/m?].

between the layers of unit cells, which resulted in a face load of 65 kN/m?.
In order to comply with Eurocode 0 [68] requirements for the ultimate limit
state of the foundation, all dead loads (including gravitational forces of walls
and slabs) were multiplied by the partial load safety coefficient v = 1.35.
Finally, all dimensions and steel reinforcements were checked according to
the Eurocode 2 [74]. Shear walls were verified for their compressive strength,
while the slabs were reinforced with steel rebars. With reference to the op-
timized unit cell design depicted in Figure 2.3(A), dimensions have been
significantly reduced with respect to the original design. In particular, line
moments decreased with the reduction of the span width by the power of
two and the new slabs 200 mm thick suffice the Eurocode 2 [74] require-
ments. The columns of the optimized design need to be checked for their
compressive strength. The relevant checks are presented in Subsection 2.3.3.

2.2.3 Materials

The first proposed model for the foundation consists of three components:
the concrete resonator cubes, the rubber coatings and the reinforced concrete
framework. For the concrete parts the strength grade was assumed to be
C30/37 in agreement with Eurocode 2 [74], while the rubber was assumed
to be construction grade silicon. Fuel storage tanks are commonly made of
welded construction steel. For all FE models, the materials were considered
homogeneous and linear elastic, and their main mechanical properties are
collected in Table 2.1. The design of the optimized solution uses the same
concrete as the original one, but replaces the rubber with steel springs as
indicated in Figure 2.3(B). The spring stiffness ks has been tuned to provide
a band gap with a lower bound at 2.4 Hz as discussed in Subsection 2.3.1.
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Table 2.1: Mechanical properties of materials

Material ~Density Elastic mod. Bulk mod. Possion Strength

[ [kg/m?]  [N/mm?| [N/mm?] [l [N/mm?]
Concrete 2500 30000 - 0.35 30
Rubber 1300 1.375 - 0.463 -
Steel 7860 210000 - 0.3 235
Liquid 1000 - 2200 - -
Rebars 7860 195000 - 0.3 550

It was found that ko= 3.7 MN/m.

2.2.4 Functionality evaluation of the original design

Due to the finite dimensions of the original foundation and the necessary re-
design for its static behaviour, the foundation can no longer be treated as an
infinite lattice of perfectly equal unit cells. In order to determine the wave
propagation properties, it is crucial to carry out additional computations,
since the appearance of a stop-band in a finite structure is unrealistic. How-
ever, an attenuation zone is expected to appear in the frequency region of
the predicted stop-band. In order to understand the behaviour of the finite
structure, two models are investigated: i) the first model of the foundation
does not include the tank; ii) the second one contains the complete system,
including the tank and the fluid inside. The optimized design was carried
out similarly and is described in Subsection 2.2.5. A horizontal harmonic
acceleration was imposed at the bottom of the foundation. When comparing
the response of the top of the foundation to the imposed wave, it becomes
possible to show the effectiveness of the attenuation at a certain frequency.
This results in a frequency response function of the type shown in Figure 2.8.
The analysis was then carried out for a foundation with one, two and three
layers. Furthermore, the foundation has also been analyzed with a thinner
concrete wall thickness, in order to see whether the horizontal stiffness of
the structure has an influence on the attenuation behavior. The FE model
of the complete system, including foundation, tank and liquid as an acoustic
medium, has 531684 DoFs. In order to minimize the computational effort
due to the transient nature of seismic waves, all calculations were carried
out in the frequency domain; accordingly, the steady-state response of the
coupled system was checked for the frequencies of interest. In order to show
the effectiveness of the attenuation, the steady state response of the broad
tank on a traditional concrete slab foundation was compared to that of the
tank sitting on the smart foundation. In particular, maximum accelerations
of the uncoupled/coupled system were considered to be of special interest,
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since they correlate with the highest stresses appearing in the system.

2.2.5 Optimization of the unit cell

In order to reduce the foundation’s size while maintaining its performance,
the foundation was redesigned according to the results obtained in the Sub-
section 2.3.4 “Functionality evaluation”. We found that: i) the shear stiffness
plays an important role for the effectiveness of the foundation, see Figure
2.8; ii) the rubber, due to its fixed Elastic Modulus, constrains our design
in terms of variability of the band gap. The two main advantages of the
redesign are the reduction in stiffness, by replacing the walls with columns,
and attaching the resonators to the columns with steel springs instead of
rubber as indicated in Figure 2.3(B). As evident from Figure 2.8, the re-
duction of stiffness leads to a more pronounced attenuation zone, while the
steel springs provide the option of tuning the boundaries of the unit cell’s
band gap. As a result, see Figure 2.3(A), the new dimensions of the unit
cell are 3x3x1.5 m, 0.3x0.3 m column thickness, 0.2 m slab thickness and
2.5x2.5x1 m resonator size. Note that due to the reduction of the overall
stiffness of the coupled system, the first impulsive frequency observed, de-
creased to 2.4 Hz, see Table 2.2, and, therefore, a band gap has to be tuned
to this lower frequency. Furthermore, we assumed that the resonators move
on a frictionless surface in the horizontal direction. This is a necessary as-
sumption in order to keep the calculations linear for the frequency domain
analysis. The functionality evaluation of the optimized design followed the
same steps presented in Subsection 2.3.4. However, in contrast to the model
of the original design, the optimized cell variant was discretized with beam
and shell elements, which further reduced the computational effort.

2.2.5.1 Analytical model of the optimized design

In order to investigate the metamaterial-like properties of the new design,
we conceived an analytical model of the foundation and calculated both
the frequency response and the dispersion analysis of unit cells. The main
dimensions of the unit cell, the horizontal shear model and the 1D MDoF
system are depicted in Figure 2.3(A), (B), and (C), respectively. This model
allows only shear type waves that act in the horizontal and propagate in the
vertical direction. As can be seen in Figure 2.3(C), the j*" unit cell can be
repeated in order to achieve as many layers as desired. The equations of
motion read,

- d2q? o . : . ; .
mjl d;él - kl’U/]l ! + k’lu{ + kzu{ + k‘lu]l — k/’gué — klu]l'H =0 (26)
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and,

d24d , .

where, m; denotes the mass of a slab between two layers of foundation
including half the columns of the layer below and half the columns of the
layer above; mo denotes the mass of the resonator; k; denotes the horizontal
stiffness of two columns, which represents the equivalent stiffness of the
columns pertaining to each resonator; ko represents the equivalent stiffness
of the steel springs holding the resonator; and u describes the horizontal
displacement. In order to relate the state variables across the system, the
equations of motion must contain the displacement of the j — 1*" and j + 1"
unit cell. Therefore, u is endowed with a subscript (1,2) that describes the
corresponding mass, while the unit cell is determined by the superscript
(j—1,4,741). For a finite system these equations can be written in matrix
form. The generalized stiffness and mass matrix for a system with n unit
cells reads,

K=
[1 | ki+ka+hkr —ke -k |
2 | —ko ko 0
D : : -
jth | —k1 0 ki+ke+ki —k2 -k
P : : —ks ka 0
S : : -
nth ki 0 Kkit+ks —ko
_nth | —kz k’z i
(2.8)
i 1 | mi1 ]
2 | m2
i |
i mi
M = 2.9
th | mo ( )
S
,nth | mi
| m]

The relevant dispersion relation of the system can be found by imposing the
Floquet-Bloch boundary conditions (2.3) on the equations (2.6) and (2.7),
imposing a time-harmonic solution and looking for non-trivial solutions. The
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Figure 2.3: (A): Top-section and cross-section of the optimized foundation; (B):
Simplified model for shear-wave propagation; (C): 1D mass-resonator chain model.

dispersion relation is given by,

mimaw® — [(m1 + ma) ka + 2mok; (1 — cos (qL))] w?

+2k1ky (1 —cos(gqL)) =0

(2.10)

A similar solution has been found by [75], who analyzed the negative
effective mass effect in an acoustic metamaterial. Here, w denotes the circular
frequency; L the length of the column or height of one layer; and q the wave
number with dimension 1/m. The values for my, ma, k1, ko, and L are 5850
kg, 15625 kg, 12e7 N/m, 3.6e6 N/m, and 1.5 m, respectively. In order to
compare the results provided by the numerical models, also quantitatively,
damping ratios of 1, 3, and 5 % were imposed to 3 and 5 Hz by means of a
Rayleigh model. Furthermore, a model with 1, 2, and 3 layers with damping

of 5 % between 3 and 5 Hz was analysed too.
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Table 2.2: First impulsive eigenfrequency of broad-tank-foundation systems with
various liquid heights

Foundation type Liquid level [m] Imp. freq. of tank [Hz|

.. 15 4.15
Traditional 12 195
15 3.95

Smart 12 4.80
.. 15 2.40
Optimized 19 370

2.3 Results

2.3.1 Modal analysis of a coupled broad-tank-foundation
system

The analysed broad tank with the maximum fluid level of 15 m anchored to
a standard foundation has its first impulsive frequency at 4.15 Hz. On the
other hand, for the same tank on the proposed smart foundation, the first
impulsive frequency appears at 3.95 Hz. The corresponding impulsive mode
shapes for the two foundation typologies are shown in Figure 2.4(A) and
(B), respectively. The coupled system obtained from the optimized design
exhibits its first impulsive frequency at 2.4 Hz and is depicted in Figure
2.4(C). It is apparent that the impulsive frequency for a tank on the smart
foundation is lower than for one on a standard foundation, and decreases even
further for the optimized design. The impulsive frequency of the structure
increases as the fluid level decreases. For this reason, the tank with a liquid
level of 12 m was also studied. Relevant outcomes of the modal analysis for
the two tank configurations are reported in Table 2.2. On the basis of these
results, a frequency region that covers both frequencies for each tank would
be desirable. Due to the fact that the fluid level can drop below 12 m, band
gaps that stretch even beyond the increased impulsive frequency of the 12
m fluid level constellation were chosen for all the designs. For the standard
tank this resulted in an aspired frequency region between 3.5 Hz and 6 Hz,
while the optimized design was aimed at a frequency range between 2.40 Hz
and 4.5 Hz.

2.3.2 Unit cell design of the original smart foundation

The unit cell was studied as a 2D problem in Comsol Multiphysics. When
applying the Floquet Bloch boundary conditions introduced in Subsection
2.2.1, the dispersion relation can be obtained by calculating the eigenfre-
quencies of the system for different values of the wave vector q. Therefore,
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Figure 2.4: (A): first impulsive mode at 4.15 Hz for a broad tank on a traditional
foundation; (B): first impulsive mode of a broad tank on the proposed smart
foundation at 3.95 Hz; (C): first impulsive mode at 2.4 Hz for a broad tank on the

optimized foundation.

it is sufficient to calculate the eigenfrequencies along the boundaries of the
Brillouin zone, depicted for clarity, in the bottom left of Figure 2.5(A). Here,
T, X, M mark the corners of the Brillouin zone, while bz denotes the edge
length, which amounts to 7/a = 0.7854 1/m, where a defines the size of the
unit cell. Our parametric study shows that a unit cell with side length, outer
wall thickness, rubber coating and inner concrete cube size equal to 4 m, 0.1
m, 0.4 m and 3 m, respectively, see Figure 2.5 (A), creates a band gap with a
lower bound of 3.5 Hz and an upper bound of 6.4 Hz as highlighted in Figure
2.5(B). By looking at the results in Table 2.2, this configuration represents
the optimal design to reduce tank vibrations in the frequency range where
waves can cause the greatest damage. Note that the shear wave velocity
is very close to the pressure wave velocity for the diagonal path M to T of
the Brillouin zone. Therefore, the shear wave branch is almost coincident
with the pressure wave branch in both Figure 2.5(B) and 2.12(B). The effec-
tiveness of the proposed solution in the low frequency range is in line with
the results presented by Achaoui et al. [66], who proposed iron spherical
resonators endowed with ligaments embedded in soil. However, the actual
feasibility of their interesting design proposal has yet to be investigated.

2.3.3 Static analysis

Three essential components have to be verified under static loads for the
original design: the top slab, the walls and the intermediate slab. When
the system is subjected only to static loads, the walls need to resist only
compressive stresses. According to Eurocode 2 [74], it is sufficient to verify
that the compressive stress is lower than the design strength of concrete. As
stated in Section 2.2.3 Materials, a strength grade of C30/37 was assumed.
Since the maximum stress of 3.6 N/mm? shown in Figure 2.6(A) is below
the design strength of 20 N/mm?, the walls are checked for gravity loads.
The slabs, on the other hand, need to sustain the flexural moments produced
by static loads. This results in tension regions in the concrete matrix, see
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Figure 2.5: (A): The unit cell and its Brillouin zone (dimensions in cm); (B):
Dispersion analysis of the unit cell.

Figure 2.6(B), which need to be reinforced in order to offer sufficient load-
bearing capacity. Additionally, for corrosion protection a minimum concrete
cover of the reinforcement bars is needed. Since the present work considers a
general case, the concrete cover was chosen to be 5 cm, which satisfies most
exposition classes mentioned in Eurocode 2 [74]. Given the negative line
moment of -164.84 kNm/m at the ultimate limit state in the top slab above
the walls, see Figure 2.6(B), the final chosen dimensions are 35 cm for the
plate thickness and 12.12 cm?/m for the reinforcements depicted in Figure
2.7(A) top left. A grid of 8 rebars with a diameter of 14 mm is sufficient
for this part of design. Due to the symmetry of the system, the moments
are the same in x and y direction. Therefore, the selected grid has to be
set in both directions. The lower layer of reinforcements needs to cover a
maximum moment of 75.22 kNm/m in the slab, which results in a minimum
reinforcement area of 5.39 cm?/m indicated in Figure 2.7(B) top right. A
grid of 11 reinforcement bars per meter with a diameter of 8 mm fulfills the
requirement.

The intermediate slab shows bending moments of -76.63 kNm/m above
the walls and 31.97 kNm/m in the fields. When setting the slab thickness
to 20 cm, the necessary reinforcement has to be 11.89 ¢cm?/m for the top
layer, see Figure 2.7(C) bottom left, and 4.64 cm?/m for the lower layer of
reinforcements, look at Figure 2.7(D) bottom right. Thus, the same rein-
forcement grid chosen for the top slab was also sufficient for the intermediate
slab.

The preliminary static evaluation of the optimized cell has been carried
out as before. For the sake of brevity, only the design of columns is pre-
sented, while the remaining checks have been omitted. More precisely, the
compressive concrete stresses in the columns of dimension 0.3x0.3 m amount
to 18 N/mm?. This figure must be compared with a design strength of 20
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Figure 2.6: (A): compressive stresses in the walls at the ultimate limit state
[N/mm?]; (B): line bending moments in slabs at the ultimate limit state [kNm/m].
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Figure 2.7: (A): compressive stresses in the walls at the ultimate limit state
[N/mm?]; (B): line bending moments in slabs at the ultimate limit state [kNm/m].

N/mm? and, therefore, the optimized design is statically valid.

2.3.4 Functionality evaluation

The frequency response function at the top of the foundation for a sinusoidal
excitation of amplitude 1 m/s?, plotted in Figure 2.8, shows a clear attenu-
ation zone in the frequency region from 3.5 Hz to 6.4 Hz. In this frequency
region, a reader can observe that the acceleration output at the top of the
foundation is smaller than the input at its bottom. An amplification area
appears in the frequency region below 3.5 Hz, which is not relevant for the
seismic protection of the tank. Furthermore, the influence of the number
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Figure 2.8: (A): acceleration response at the top of the foundation with a wall
thickness of 20 cm; (B): acceleration response with a wall thickness of 10 cm.

of unit cell layers has been studied. The diagrams of Figure 2.8 show that
the number of layers is clearly connected to the attenuation effectiveness.
Moreover, the effectiveness of another model with a decreased concrete wall
thickness from 20 cm to 10 cm has been evaluated. The comparison of Figure
2.8(A) with Figure 2.8(B) highlights that a smaller wall thickness enhances
the attenuation behaviour and increases the intensity of the amplification
area.

In order to compare foundation typologies, the response of the complete
coupled (foundation+tank) system has been studied. The model is depicted
in Figure 2.1(B) and was analyzed with a concrete wall thickness both of 20
cm and 10 cm. For the sake of brevity, only the results corresponding to the
wall thickness of 10 cm are reported herein, due to its increased effectiveness.
Since the maximum acceleration does not appear at the top of the tank, the
maximum acceleration along the full height of the tank wall was plotted.
The comparison in terms of maximum acceleration in the frequency domain
between the smart and a traditional foundation is shown in Figure 2.9(A);
the attenuation and advantages of using the smart foundation become clearly
visible. Finally, the analysis of the tank with a fluid level of 12 m has been
performed. Relevant outcomes in terms of accelerations are reported in
Figure 2.9(B). A careful reader can note that the attenuation due to the
smart foundation is still clear but less pronounced than in the case of a fully
filled tank.

2.3.5 Results for the optimized unit cell
2.3.5.1 Numerical analysis of the optimized cell

Based on the results obtained for the original foundation design and in order
to further reduce the horizontal stiffness, we investigated an optimized design

32



2.3. Results

— Trad. —Trad.

4
(A) flH?] (B) fIH?]

Figure 2.9: (A): maximum acceleration response function of the tank wall for
traditional and smart foundation; (B): acceleration responses for a tank with a
reduced liquid height of 12 m.
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Figure 2.10: (A): Frequency response function of the optimized foundation alone
subjected to a base acceleration of 1 m/s?; (B): Tank response for a fully filled tank,
on the optimized foundation, for a base acceleration of 1 m/s?; (C): Tank response
with a liquid level of 12 m, on the optimized foundation, for a base acceleration of

1 m/s?.

that employs columns instead of shear walls. When observing Figure 2.10(A)
in contrast to both Figure 2.8(A) and Figure 2.8(B), it becomes evident that
the performance of the foundation improves significantly due to the column
design. The results shown in Figure 2.10(A) can also be compared to the
analytical solution of Subsection 2.3.5 and the same conclusion holds. As
done in Subsection 2.3.4, we also analyzed the coupled system in terms of
frequency response function for a base-excitation of 1 m/s?. Figure 2.10(B)
shows the results of the analysis of a full tank and Figure 2.10(C) depicts
the results for a tank with a liquid level of 12 m. It is apparent that in
both cases the proposed isolation system can reduce vibrations in the tank
significantly, in particular when the tank is totally filled with fluid and,
hence, when seismic loads can produce the most severe damage.

33



2. CONCEPTION OF THE METAFOUNDATION

2.3.5.2 Analytical model of the optimized cell

In order to ascertain the results of our numerical study, we carried out var-
ious calculations on the analytical model introduced in Subsection 2.3.5.2.
Firstly, we performed a frequency response analysis on the model with 1, 5,
and 25 layers. Also in this case, a base excitation ii;, of amplitude 1 m/s?
was selected and compared to the output ii,,: at the top of the foundation.
As shown in Figure 2.11(A), the foundation exhibits a distinctive attenuation
zone that increases with the amount of layers. This calculation was carried
out without damping and is depicted in decibel dB (20 * log(tiout/iin))-
Furthermore, we were interested whether a dispersion analysis of the system
would yield a band gap in the predicted attenuation zone. Figure 2.11(B)
shows the dispersion relation and the corresponding band gap of an infinite
stack of unit cells, calculated with (2.10). In order to check how well the ana-
lytical model represents the numerical one and whether the analytical model
can be used for further optimization investigations, we also conducted cal-
culations on a damped system. Relevant results are shown in Figure 2.11(C)
and 2.11(D) for Rayleigh damping of 1, 3, and 5 % imposed to both 3 Hz
and 5 Hz. Moreover, an analytical study on the damped system (5 % of
Rayleigh damping for both 3 Hz and 5 Hz) with a variation of the layers is
reported in Figure 2.11(D). Relevant results are discussed in Section 2.4.

2.3.6 Influence of small cracks

In order to assess the influence of small cracks on elastic wave propagation,
a cracked cell of the smart foundation was investigated. In fact, as shown in
Figure 2.6(B) of Subsection 2.3.3, the maximum bending moment is located
where the slabs join the walls. Due to the resulting tension in concrete, small
cracks appear in the area close to the internal boundaries of the walls. There-
fore, the cracks were modeled as 5 cm-deep and 1 cm-wide physical gaps with
no stiffness as indicated Figure 2.12 (A). This was considered a conserva-
tive approach, since the presence of reinforcement bars was neglected in the
cracks. In particular, two adjacent cubes along the vertical direction were
endowed with small cracks and modeled in Comsol imposing Floquet-Bloch
conditions. The relevant dispersion analysis, shown in Figure 2.12 (B), must
be compared to the results depicted in Figure 2.5(B) that corresponds to
the uncracked unit cell. The comparison shows that the presence of small
cracks slightly modifies the group velocity of propagating elastic waves.

2.4 Discussion

In Subsection 2.3.2, we showed the dispersion relation of a unit cell that
suits the needs for the isolation of a broad tank introduced in Subsection
2.3.1, with the first foundation design. Based on this unit cell, we designed a
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Figure 2.11: (A): Undamped frequency response function for 1, 5, and 25 layers
of foundation for a base excitation of 1 m/s?; (B): Dispersion relations for the
optimized unit cell; (C): Frequency response function of the analytical model for
two layers and Rayleigh damping of 1, 3, and 5 %; (D): Frequency response function
of the analytical model with 5 % Rayleigh damping and 1, 2, and 3 layers.

8 — -
178 —
18 [
7 |
187 /
1847
| 635 === ==
186
18871 ipper bound 6.4 Hz
50 3 |= = —lower bound 35 Hz
Ly —]
192 <4l
194
196
087

Cracks J| 202
7 ™K by -2.04
< ) 2.06

normalized wave vector|~

(A) (B) ©)

Figure 2.12: (A): Position of cracks in the unit cell; (B): Crack modeled as a
physical gap in the slabs due to static loads (dimensions in m); (C): Dispersion
analysis of the cracked foundation sector.
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foundation and checked its static and dynamic properties in Subsection 2.3.3
and 2.3.4, respectively. The static analysis proved that the design is feasible,
while the functionality evaluation showed that the metamaterial concept is
applicable even for a finite foundation. The construction practice is assumed
to be in situ for the present study. Furthermore, the first design of the foun-
dation was rather excessive in size and needed to be reduced. Based on the
functionality evaluation, where in Subsection 2.3.4 we found a correlation
between the shear stiffness of foundation walls and the attenuation effective-
ness, we introduced a new design that improves the isolation performance of
the foundation and reduces its size. The optimized design includes columns
instead of walls, in order to reduce its shear stiffness, and replaces the rub-
ber with uniaxial steel springs, which make the structure more versatile.
The new design discussed in Subsection 2.3.5 showed promising results by
steady state analyses with a reduction of the foundation from 8 m to 3 m in
height, while improving its performance. Besides this, we verified the results
with an analytical model that returned very similar outcomes compared to
numerical calculations and showed that the new design still exhibits band
gaps. The small discrepancy between the results with the damped analyti-
cal model shown in Figure 2.11(C) and 2.11(D) and those of the numerical
model presented in Figure 2.10(A) are mainly due to the difference between
the two models, continuous and discrete, as well as the consequences of the
imposed Rayleigh damping.

2.4.1 Conclusion

In order to check the feasibility of a metamaterial-based foundation for seis-
mic application we conceived a smart foundation that was also designed and
checked for gravity loads. As a result, we found that such a structure can
be realized in accordance with the Eurocode standards while maintaining
favorable band-gap like properties against seismic waves. In particular, we
designed two versions of the smart foundation bearing a fuel storage tank
with a varying fluid level and we showed that the proposed designs can at-
tenuate the resulting frequency range. In addition, we found that the shear
stiffness of the foundation due to lateral concrete walls has a significant
impact on the attenuation efficiency, and, subsequently, we proposed an op-
timized design where the walls were replaced with less stiff concrete columns.
Though the proposed smart foundation was able to attenuate the impulsive
frequencies of the fuel storage tank under different liquid levels, it cannot
yet be considered as a fully optimized solution. In particular, the dynamic
behavior of the system with other liquid levels needs to be investigated, as
well as the performance of the coupled system under several seismic waves.
Finally, given the main drawback of standard isolators, i.e. the inherent high
vertical stiffness, we expect that the use of the investigated foundation for
large structures characterized by rocking motion can reveal great innovative
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potential and undiscovered advantages.

Upcoming developments Since fuel storage tank are typically connected
to pipeline systems and can exert varying fluid levels, the next chapter treats
the coupled tank foundation system in an experimental set-up. Furthermore,
the efficiency of the foundation for varying fluid levels will be elaborated
through various numerical studies in the frequency domain.

37






Chapter 3

Metafoundation development
and Experimental Study on a
coupled Pipeline

Overview. The recent advance of seismic metamaterials has led to various
concepts for the attenuation of seismic waves, one of them being the locally
resonant metamaterial. Based on this concept, the so-called metafounda-
tion has been designed. It can effectively protect a fuel storage tank from
ground motions at various fluid levels. In order to show the effectiveness of
the proposed design, the response of the metafoundation is compared to the
response of a tank on a traditional concrete foundation. The design process
of conceiving the metafoundation, optimizing it for a specific tank, and its
seismic response are described herein. Furthermore, the response of a tank
during a seismic event can cause severe damages to pipelines connected to
the tank. This phenomenon can be of critical importance for the design of
a seismic tank protection system and must be treated with care. Since the
coupled structure (tank + foundation + pipeline) exerts highly nonlinear
behaviour, due to the complexity of the piping system, a laboratory exper-
iment has been conducted. More precisely, a hybrid simulation (HS) that
uses the metafoundation and a tank as a numerical substructure (NS) and
a piping system as a physical substructure (PS) was employed. To make
the results relatable to the current state of the art, additional experiments
were performed with concave sliding bearings (CSBs) as an isolation system
in the NS. The metafoundation offered a clear attenuation of tank stresses
and, in some cases, also reduced the stresses in the piping system.
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3.1 Introduction

Natural hazards such as earthquakes can cause significant damages to the en-
vironment and the community. Of special interest to many studies on natural
hazards are NaTech events (natural technological events) [43, 44, 76], which
can be caused by the interaction of a seismic incident with the failure of crit-
ical technical components. These events include loss of containment (LOC)
of fuel storage tanks, pipelines, and other components of, e.g., petrochemical
plants and nuclear power plants. LOC events of such critical infrastructures
need to be avoided at the highest priority, as past NaTech disasters have
displayed their potential in causing substantial damage to the community
and the environment [37, 40]. In order to protect structures from seismic
effects, various strategies have found application in the field of earthquake
engineering. The standard form of seismic isolation uses lead-rubber bear-
ings [50] or spherical bearing devices [77]. This type of seismic protection
is able to isolate a structure of interest from the ground motion, and hence,
reduce the stresses appearing in the structure induced by seismic waves at
a wide range of frequencies. It has been shown by Jadhav and Jangid [78]
that these types of isolation devices can effectively reduce the stresses in fuel
storage tanks. In this work, we investigate a new type of seismic protection
based on metamaterial concepts that may offer an alternative to classical
isolators in the future. Many different types of metamaterials exist with in-
teresting wave propagation properties for elastic as well as optical waves [1].
Only recently it has been discovered that a particular type of metamaterial,
namely, phononic crystals, may be feasible to construct at a reasonable size
for the isolation of structures against seismic waves. These phononic crystals
exhibit so-called band gaps that prohibit waves from propagating through
the material when their frequency falls within that gap [7]. Several studies
tried to harvest this property for the design of a foundation for the seismic
isolation of a superstructure, but none have taken the feedback coming from
the structure into account [25-27, 63, 65]. In this work, a foundation is
developed and optimized, based on the aforementioned concept, for the dy-
namic protection of a fuel storage tank, while considering realistic feedback
from a superstructure. The developed system shows promising results for
the reduction of the demand on the tank in the frequency and time domain
and will be referred to as metafoundation. Furthermore, this work evaluates
the effect that the proposed foundation may have on a connected piping sys-
tem and compares the system to a system endowed with classical isolators.
Due to the high nonlinearity of the studied piping system, the evaluation
has been carried out under the aid of a hybrid simulation (HS), which can
capture the interaction of the coupled system in a realistic manner [79, 80].
In particular, the piping system will be constructed in a laboratory as the
physical substructure (PS) of the system, while the tank and the founda-
tion are modeled as numerical substructures (NSs) that are coupled to the
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Table 3.1: Material parameters

Material Density Elastic mod. Bulk mod. Possion Strength

[l [kg/m®]  [N/mm?| [N/mm?] [ [N/mm?]
Concrete 2500 30000 - 0.35 30
Steel 7860 210000 - 0.3 235
Liquid 1000 - 2200 - -
Steel 7860 210000 - 0.3 355

experimental setup. In summary, the metafoundation reduces stresses in a
tank as a superstructure, while exhibiting a similar demand as a standard
isolator on a connected piping system.

3.2 Design of the Foundation

3.2.1 Materials

The metafoundation consists of two components, namely, the structural ma-
trix and the internal resonators. Both parts are made of concrete of strength
grade C30/37 with material parameters given by Eurocode 2 [74] and are
connected to each other with ideal steel springs. Furthermore, a fuel storage
tank was chosen as a superstructure for the system and is considered to be
made of common welded construction steel with a strength grade of S235.
For the laboratory experiments, a welded piping system with a strength
grade of S355 and a yield strain limit at 0.2% has been used. Table 3.1
shows the material parameters for density, elastic modulus, bulk modulus,
Poisson ratio, and yield strength, for all components used in this work. Note
that linear elasticity was assumed for all calculations.

3.2.2 Fuel storage tank modelling

Fuel storage tanks can be reduced to two fundamental modes, which are
the impulsive and the convective mode. More precisely, the impulsive mode
represents that part of the liquid that resonates in phase with the tank walls
and appears to move mainly in the horizontal direction, while the convective
mode embodies the sloshing motion of the liquid and moves mainly in the
vertical direction. A simplified procedure for the modelling of storage tanks
has been proposed by Malhotra et al. [69], where the tank is reduced to
these two main modes under the aid of design coefficients dependent on the
height to radius ratio. When applying the equations below to typical fuel
storage tanks, it can be found that the impulsive frequency is commonly
situated between 3 and 7 Hz, while the convective mode embodies a much
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Figure 3.1: Modeling of a fuel storage tank: (A) drawing of a generic fuel storage
tank; (B) representation of a fuel storage tank with two S-DOFs for the impulsive
and convective modes (figure from [69])

lower frequency around 0.3 Hz. However, for the tank under investigation,
the impulsive mode takes up a value of 6.84 Hz, while the sloshing mode
resonates at 0.338 Hz. Figure 3.1(A) displays a sketch of storage tank with H
and R denominating the height and radius of the tank, respectively. The two
single degree of freedom point masses (S-DOFs) that simulate the impulsive
and convective modes are denoted with the subscript i, and c, respectively,
and can be seen in Figure 3.1 (B). Here, they are connected to a rigid frame
that contains the remaining mass of the tank.

According to the procedure proposed by Malhotra et al. [69] the vibration
periods of the impulsive and convective mode T; and 7., and modal masses
m; and m, can be calculated with,

T = C.y |22

T, = 1
5 T C.VR (3.1)

mi =Yy, Me = Y (3.2)

here, ¢ and c are describing the impulsive and convective mode, while F,
p, and m; denote the elastic modulus of the tank wall, the density of the
liquid, and the total mass of the liquid, respectively. The parameters C;,
and C,, are empirical parameters while ~; and ~, are the ratios between the
impulsive and convective mass, m; and m,, with respect to the total liquid
mass m;. All of these parameters are given by Malhotra et al. [69] and
are dependent on to the slenderness of the tank H/R. Note that ¢ is the
thickness of the tank wall. Based on these values the stiffness coefficients
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can be evaluated as,

21\ ? om\?

It has been shown by Belakroum et al. [70] and Maleki and Ziyaeifar
[81] how baffles can increase the damping of the convective mode. Due to
the possibility of using such baffles against resonance in the convective mode
and the fact that the impulsive mode contains the highest participant mass,
especially for slender tanks, the metafoundation has been designed for the
attenuation of the impulsive mode solely. Furthermore, a storage tank can
experience varying fluid levels, thus, increasing its impulsive frequency with
a decrease in fluid height. In order to address this peculiarity, the band gap
like properties of a locally resonant metamaterial are exploited. By tuning
the lower bound of the band gap to the frequency of the full tank and the
upper bound to a frequency a bit higher than the impulsive frequency of a
3/4 filled tank, an attenuation of both frequencies can be achieved. From
here onward, the tank with the full liquid height of 12 m shall be referred
to as slender tank full (STF), while the tank with a liquid height of 9 m
shall be referred to as slender tank not full (STnF). As mentioned in the
Introduction section, it is necessary to take the feedback from the super-
structure into account. One of the major impacts that this feedback has is
the alteration of the modes of the tank. Due to the softening of the overall
dynamic system for the coupled case, the new eigenfrequency, at which the
impulsive mode gets excited most, appears to be smaller than for the tank
alone. For all analyses in this work, a tank with height H, radius R, and
tank wall thickness ¢ of 12 m, 4 m, and 6 mm, respectively, has been used.
Furthermore, Table 3.2 depicts the various impulsive frequencies caused by
the STF and STnF setups in combination with and without the metafoun-
dation. Here, the metafoundation, was considered without the resonators,
as they will be tuned to the frequency resulting from this modal analysis.
Note that the impulsive frequency is where the impulsive mode of the tank
shows the strongest response, which depends on the liquid height and the
coupled foundation system. Based on these results, a band gap with a lower
bound of 1.1 Hz is desired, while the upper bound was found at 2.2 Hz for
the proposed design.

3.2.3 Description of the structure and dynamic system

The foundation consists of slabs that differentiate the layers, while columns
provide the vertical stability. Between the slabs, resonators will be attached
to the columns via steel springs and are assumed to slide on a friction less
surface, see Fig. 3.2. These layers are perfectly equivalent and can be
regarded as the unit cells of the foundation, which can be repeated in the
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Table 3.2: First impulsive eigenfrequencies of tank—foundation systems with var-

ious liquid levels

Foundation type Tank type Liquid lvl. (m) Impulsive freq. (Hz)
.. STF 12 6.84
Traditional STuF 9 10.05
. STF 12 1.26
Metafoundation STHF 9 1.48
Side view Layout of 1 Layer
Slender Tank (not to scale) 916
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Figure 3.2: Drawings of the structure: (A) side view of tank and metafoundation;
(B) layout of one layer (dimensions in cm).

vertical direction. Furthermore, a tank shall serve as a superstructure to
evaluate the wave attenuation performance.

The dimensions of the components on the other hand, were chosen with
common values for engineering practices. More precisely, a cross section of
15 by 15 cm was used for the columns, which are being spaced apart 3 m in
a square grid. The slabs on the other hand were fixed to 20 cm thickness
and 150 cm of vertical spacing, while the resonators consist of cuboids that
are 210 by 210 cm wide and 120 cm high. For the exact geometry see Figure
3.3.
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Figure 3.3: Geometry of the unit cell as part of the concrete matrix; (A) cross
section of the foundation; (B) layout of one unit cell (dimensions in cm).

3.2.4 Analytical model and Floquet-Bloch theorem

When assuming that the horizontal displacement is governed by the flexibil-
ity of the columns, while the slabs move as rigid bodies, the system can be
simplified to a one-dimensional (1D) model that propagates only shear type
waves in the vertical direction (Fig. 3.4). This entails that the total shear
stiffness of one layer can be calculated with the combined horizontal stiffness
of all 24 columns. Furthermore, in this model, the layers can be regarded
as the unit cells of the system and be repeated periodically in the vertical
direction.

Band gaps can be found in periodic structures under the aid of the Flo-
quet—Bloch theorem [73]. These gaps represent frequency regions where
elastic waves cannot propagate through the material, and therefore, shall
be used to attenuate the response of a superstructure that exerts a varying
eigenfrequency. In order to estimate the behaviour of the system, the com-
plete coupled structure will be analysed on its wave propagation behaviour.
More precisely, frequency and time domain analyses will be carried out on
the system, with and without tank, and compared with the dispersion rela-
tion of a single unit cell. For these analyses, it is necessary to formulate the
equations of motion in a general form, so that the unit cell can be repeated
in the vertical direction. This can be achieved by formulating the equations
for the jth unit cell as,

A2 . . , ‘ .
my dtlél — kyud ™t 4 2k1ud + ol — koud — kyud TN =0 (3.4)
d24 . ,
m} dt22 — kou? + koud, =0 (3.5)
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Figure 3.4: Dynamic system.

here, the mass of the columns is lumped to the slabs and the combined
mass is denoted with my; the mass of the resonators (9 per layer) is described
with mo; 24 columns per layer provide the equivalent horizontal stiffness for
one cell, which is denoted with kp; the stiffness of the steel springs that
provides the resonators with their resonance frequency is denoted with ko;
while the horizontal displacement is described with u. Since the jth unit
cell is connected to the previous j-1th and subsequent j41th unit cell, it is
necessary to include the displacements of these cells in the equations. This is
taken into account by the superscript (j 1, j, j+1) for u, while the subscript
(1, 2) determines the corresponding mass. In principal, these equations are
sufficient for analyzing the uncoupled structure. However, since the coupled
response of the system is also of interest, the tank will be modeled with
2DoF's according to the Malhotra procedure and attached to the top layer of
the foundation. In order to find the metamaterial like properties of the unit
cell under study, it is necessary to extend the system to an infinite stack of
unit cells. According to the Floquet-Bloch theorem, the study of an infinite
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lattice of cells can be reduced to the study of a single cell with Floquet-Bloch
quasi periodicity conditions. In line with this, u(x,t) can be expressed as,

u (x,t) = ue' @t (3.6)

where the frequency is represented by w, while ¢ = [q., gy, ¢-]T denotes the
wave vector in (3.6). As a consequence,

u(x+R) =u(x)e®R (3.7)

with R being the lattice vector. Furthermore, the eigenvalue problem for a
dynamic system can be formulated as:

(K-—w’M)u=0 (3.8)

here, mass and stiffness matrix are denoted by K and M. In order to
achieve the dispersion relation, it is necessary to apply the boundary condi-
tion (3.7) to equations (3.4) and (3.5), and successively solve the eigenvalue
problem as described in (3.8). When searching for non-trivial solutions for
this problem, the dispersion relation can be found as,

mimaw® — [(m1 4+ ma) ks + 2mak; (1 — cos (q))] w?

+2k1ko (1 —cos(q)) =0 (3.9)

3.2.5 Results for the uncoupled foundation

The configuration depicted in Figure 3.2 and Figure 3.3 resulted in values
for my, mo, and k;, of 4838 kg, 13230 kg, and 7.5e6 N/m, respectively.
Note that these values are given by the geometric design of the foundation,
thus leaving only ko, the stiffness of the steel springs, for tuning the system.
When considering the foundation as a metamaterial, the layers of resonators
and slabs become the unit cells. This arrangement has the capability of at-
tenuating elastic waves, if its parameters are chosen correctly. To evaluate
this effect, the transmission of an imposed signal will be measured in the fre-
quency domain and the results will be compared to the dispersion relation of
the unit cell. For a slender fuel storage tank, a band-gap with a lower bound
of approximately 1.1 Hz was chosen resulting in ks equal to 6.22e6 N/m and
an upper bound for the band gap of 2.2 Hz. After establishing the geometry
and fixing the parameters of the system, the following analyses were carried
out on the foundation and the unit cell: (i) A frequency response analysis of
a foundation with 1, 5, and 25 layers without damping (Figure 3.5); (ii) The
dispersion relation of the unit cell as part of an infinite lattice (Figure 3.6).
Furthermore, the frequency response analysis was carried out by imposing a
base excitation of ii;, = 1m/s? at the bottom of the foundation and measur-
ing the output acceleration ii,,; at the top of the foundation. For a linear
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elastic undamped system, this can be achieved by writing the equations of
motion,

Mii (¢) + Ku () = F(t) (3.10)

and transforming them into the frequency domain with, u(t) = ug(w)e™?,
i(t) = —wup(w)e™?, and F (t) = MlIu;,e™? (with I being the identity

vector). After dividing by ¢** and rearranging the terms we obtain,
2 -1
uf (w) = (—w’M+K)  Mlu;, (3.11)

Where uy (w) describes the vector containing the response amplitude
functions in the frequency domain for the individual DOFs, while wu;, is
the ground acceleration, which was set to a constant amplitude of 1m/s2.
Furthermore, w is the circular frequency of the excitation and the response
and is converted to Hz for Figure 3.5 and Figure 3.6. Figure 3.5 displays
the signal amplification in dB, where the output acceleration is compared
to the input acceleration with (20 * log(tieut/iin)). When observing Figure
3.5, a clear attenuation zone becomes apparent between 1.1 Hz and 2.2 Hz.
Here the signal amplification drops to the negative dB regime, resulting in
a decreased output at the top of the foundation. The dispersion relation
depicted in Figure 3.6 yields a band gap between 1.1 Hz and 2.2 Hz, which
is in line with the predicted attenuation zone of Figure 3.5. Note that the
dispersion diagram maps the frequency of a wave traveling through a system
to the resulting wavelength in that system. If no frequency-wavelength pair
can be found, a wave at this frequency cannot propagate unhindered. There-
fore, in the range from 1.1 Hz to 2.2 Hz, where there are no solutions for the
dispersion equation, the system is expected to attenuate waves. For a more
exhaustive explanation of this property see [22]. These results imply that,
indeed, an attenuation zone is present in the foundation when regarded as
an uncoupled system. However, in order to make a judgment on the viability
of this concept, it is necessary to conduct analyses on the coupled system,
as discussed in the following chapters.

3.2.6 Frequency response analysis of the coupled system

To evaluate the performance of the Metafoundation, two different types
of analyses were carried out on the coupled system (tank clamped to the
Metafoundation) as well as on the tank clamped to a concrete plate. In par-
ticular, a frequency response analysis showed the performance of the struc-
ture for a harmonic excitation, while a time history analysis gave insight in
the performance for realistic seismic events. Note that for all analysis form
here on forth a Rayleigh damping model of 5% between 1 Hz and 5 Hz has
been used. The system, designed for a slender tank with a diameter of 8 m
and 12 m height, comprises two layers with nine unit cells each. This system
can have varying fluid levels, and therefore, was studied for the STF and the
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Figure 3.7: Geometrical characteristics: (A) slender tank including the
Metafoundation META; (B) slender tank on a traditional foundation TRAD (di-
mensions in m).

STnF case. The relevant parameters, my, mq, k1, and ke for the foundation
and my;, me, k;, and k. for the impulsive and convective modes of the tank,
are represented in Table 3.3.

Figure 3.7 shows the configuration of the slender-tank—foundation system
with the full liquid height (META) and the reference system of a tank with a
solid concrete slab as a foundation (TRAD). Furthermore, Figs. 3.8 and 3.9
show the frequency response functions of the impulsive mode for the STF
and STnF case, respectively.

The graphs depict the displacement response of the impulsive mode rela-
tive to its foundation and the absolute acceleration response of the impulsive
mode. Clearly, the STF shows the most effective attenuation with respect
to the traditional foundation, while the STnF performs a little less efficient.
However, it is worth noting that in terms of magnitude of response the STnF
still performs on a similar level as the STF does. Furthermore, the frequency
of the resonator has been tuned to produce a lower bound of 1.1 Hz for the
band gap, which also corresponds to the optimal tuning of the two spikes
of the frequency response (see Figure 3.8 META curve). These results were
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Figure 3.8: Frequency response function of the impulsive mode of a slender tank
with full liquid height (STF); (A) displacement of impulsive mass compared to
foundation; (B) absolute acceleration of the impulsive mass.

Table 3.3: Parameter values for the analysis of two tank—foundation systems with
various fluid levels

System  my (kg) meo (kg) ki (N/m) ke (N/m)
Meta 4.35e4 1.19e5 6.75e7 6.22e6
System m; (kg) m. (kg) ki (N/m) k. (N/m)
STF 4.52e5 8.58¢e4 8.35e8 3.86e5
STnF 3.16e5 8.69e4 1.26e9 3.92eb5

expected, since firstly, the attenuation zone for a finite foundation has dif-
ferent levels of effectiveness in its frequency range, and secondly, a tank with
a reduced fluid level experiences less demand due to the reduced mass.
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Figure 3.9: Frequency response of a slender-tank—foundation system for a reduced
fluid level of 3/s4; fill (STnF); (A) displacement of impulsive mass compared to
foundation; (B) absolute acceleration of the impulsive mass.

3.2.7 Seismic response analysis for the coupled system

For the assessment of the functionality of the structure, it is not sufficient
to consider only calculations in the frequency domain. Therefore, additional
analyses were carried out in the time domain for various earthquakes (Table
3.4) extracted from the European Strong-Motion Database (ESM). Here,
R;; is the epicentral distance with M, being moment magnitude, while
PGA represents the peak ground acceleration of that record.

Note that the set of seismic records is compatible for a site in Priolo
Gargallo in Sicily, Italy with soil type B and a return period of 2475 years
(according to Eurocode 8 [82]). For the time integration, we employed a
classical Newmark-beta scheme with a time-step of 0.001 s and values for g
and 7y of 0.25 and 0.5, respectively. Figures 3.10 and 3.11 present the response
of the system for an earthquake that occurred in South Iceland on the 21st of
June 2000 with a magnitude of 6.4 and a PGA of 7.07 m/s . In order to judge
the results of the time history simulations, the base shear and overturning
moment of the tank were considered as governing for the limit state. More
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Table 3.4: Set of EC 8 compatible ground motions for the site Priolo Gargallo
(soil type B) with a return period of 2475 years

Event (component) Event ID M, Rj, (km) PGA (m/s?)
Erincan (X) 000535 6.6 13 3.81
South Iceland (X) 006263 6.5 7 6.23
South Iceland Aftersh. (Y) 006334 6.4 11 7.07
L’Aquila Mainshock (X) IT0789 6.3 5 4.34
L’Aquila Mainshock (X) IT0790 6.3 4 4.79
L’Aquila Mainshock (X) IT0792 6.3 5 5.35

precisely, Fig. 3.10 depicts the absolute time evolution of the base shear and
overturning moment for STF, while Fig. 3.11 shows the results for STnF.
Clearly, the amplitudes of the base shear and the overturning moment are
significantly smaller for the Metafoundation variant. For the sake of brevity,
only the maximum values of the base shear and overturning moment are
presented for the rest of the ground motions ordered by PGA (Figure 3.12).
Note that the time history analysis was carried out for particularly strong
ground motions, in order to estimate the performance of the foundation in
extreme scenarios. When comparing the maximum values of base shear and
overturning moment of the two tank setups, it becomes apparent that the
Metafoundation greatly attenuates the forces in the tank with respect to a
traditional concrete base plate.

3.2.8 Validation of the 1D model through FE-modelling

In order to numerically validate that our analytical model represents a real
system, we studied an FE-model of the Metafoundation coupled with a slen-
der tank in the frequency domain. The model was built in COMSOL Multi-
physics 5.2 according to the geometry shown in Figures 3.2, 3.3, and 3.6 and
contains the Metafoundation with resonators as lumped masses and a slender
fuel storage tank. Note that in this section, the COMSOL specific names of
the relevant FE-model elements is written in parenthesis. In particular, the
columns were modelled with beam elements (Euler-Bernoulli beam), while
the slabs and tank shells were modelled as shell elements (shell). The liquid
inside the tank, on the other hand, was modeled as an acoustic medium
with 3D elements (acpr) for the frequency domain, as this represents a good
approximation when sloshing motions are neglected [67, 71]. The interac-
tion between the tank shell and the acoustic medium was modeled with a
boundary condition of the type sound hard boundary condition (asb). Fur-
thermore, all beam and shell elements were considered to be linear elastic
and endowed with 5% Rayleigh damping between 1 and 5 Hz, which is equiv-
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Figure 3.10: Absolute time evolution of the (A) base shear and the (B) over-
turning moment for STF.

alent to the damping used in the 1D model. The acoustic medium on the
other hand was endowed with the properties of water and modelled with
3D tetrahedral elements. In sum 5313 tetrahedral elements, 2478 triangu-
lar elements, 672 edge elements, and 172 vertex elements were created with
the finite element mesh. Figure 13 (A) shows the FE-model of the coupled
system, while Figure 3.13 (B) gives an indication on the refinement of the
mesh.

Analogous to the procedure for the analytical model, the coupled tank-
foundation system has been studied in the frequency domain and compared
to the response of a tank modeled with a traditional foundation. For this
purpose, an harmonic excitation of constant acceleration was applied to the
bottom of the foundation, while the maximum absolute acceleration of the
tank shell was recorded. When comparing the results presented in Figure
3.14 to Figure 3.8, it becomes clear that the 1D model shows , qualitatively,
a very similar response with respect to the finite element model. However,
since the impulsive mode according to the Malhotra procedure is supposed
to model the tank response in terms of base shear rather than displacement,
the amplitude of the tank wall in the FE simulation is not equal to the
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Figure 3.11: Absolute time evolution of the (A) base shear and the (B) over-
turning moment for STnF.
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Figure 3.12: Maximum values of (A) base shear and (B) overturning moment in
a full slender tank for all studied ground motions.
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3. METAFOUNDATION DEVELOPMENT AND EXPERIMENTAL STUDY ON A
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Figure 3.13: FE-model: (A) Side view of FE-model; (B) Isometric view of FE-
model with finite element mesh.
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Figure 3.14: Frequency response function of the FE-Model of the coupled system.
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3.3. Experimental Study

simplified 1D model. Furthermore, due to the acoustic medium, the damping
of the overall system becomes much more complicated than a simple Rayleigh
model could do justice. In conclusion, the 1D system is considered to be a
good approximation for the evaluation of the Metafoundation and may serve
as a basis for an optimization procedure. Once a feasible system has been
found, more detailed FE-simulations will need to be carried out in future
studies.

3.3 Experimental Study

3.3.1 Experimental performance of the coupled
tank-foundation-pipeline system

Pipelines are critical components of petrochemical plants and can be sub-
jected to extreme loading conditions during earthquakes. Their potential
to cause LOC events, and thus, trigger cascading effects must be treated
with care. Furthermore, due to their slender nature, complicated geometry
and complex boundary conditions, they are difficult to model in a realistic
manner and often exert highly non-linear behaviour. As a consequence, it
becomes reasonable to carry out experiments for the verification of their
performance. In the present work, the interaction of a tank+foundation
structure coupled with a realistic piping system is investigated. This type
of coupling for laboratory experiments can be achieved with a hybrid sim-
ulation (HS), where the tank and the foundation are modeled as Numeri-
cal Substructures (NS), while a piping setup in a laboratory represents the
Physical Substructure (PS). The setup for the studied experiment is based
on the theoretical work of Abbiati et al. [60], where m substructures are
coupled with localized Lagrange multipliers resulting in the following set of
differential algebraic equations:

. . T
MOEO 4 cOR® £ KOu® — LOTAO _ MOTO, (t)

Viel,...,m (3:12)
LOW0 £ L0 = 0 (3.13)
S LOTAD =0 (3.14)

=1

Here, M®, C®, and K" are the mass, damping and stiffness matrix
of the Ith substructure, respectively, while @), u”, and u®® denote accel-
eration, velocity and displacement of the [th substructure. Moreover, the
interface DoFs are collocated by the signed Boolean matrices L) and L")

to the substructure DoFs 1) and the generalized interface DoF's 1'1(gl). In
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order to enforce compatibility between multiple substructures, localized La-
grange multiplier vectors A?) are used in (3.12) and (3.14) [83]. For more
details on this procedure refer to [60]. Note that this technique can couple
several numerical and/or physical substructures. Furthermore, in order to
make the results relatable to the current state of the art, the Metafounda-
tion will be compared to a system protected with concave sliding bearings
(CSBs). Be aware that this system is different to the tank clamped to a
traditional foundation. This change of reference system is necessary, since
a tank subjected to very strong ground motions is unlikely to sustain its
integrity when clamped to a concrete slab, while at the same time exhibiting
very small deformations to a possible connected piping system. Therefore, a
more realistic comparison was aspired by using a tank isolated with CSBs.

3.3.2 Physical substructure PS

The PS consists of a piping system with its main line having a diameter of
8 in (outer diameter: 219.08 mm, thickness: 8.18 mm) and its secondary
line showing a diameter of 6 in (outer diameter: 168.28 mm, thickness: 7.11
mm). Furthermore, the system comprises two elbow elements, one t-joint,
and one bolted flange joint, and is based on the U.S.NRC report from 2008
[84]. Here, a large-scale shaking table test was carried out on a piping system
common for the nuclear industry. As discussed in the report, masses have
to be added to the structure at specified positions, in order to take valves
and other components into account. The exact geometry of our system is
depicted in Figure 3.15, while the actual specimen is represented in Figure
3.16. When observing these figures, it becomes clear that the real boundary
conditions of the system are rather complex and that the dynamic response
may be difficult to predict with an FE model. Additionally, the piping
system was filled with pressurized water (32 bar), in order to represent a
realistic scenario. Of particular interest for the present study are the strains
in the critical elbow element, since, as shown by Bursi et al. [85], elbow
elements are highly vulnerable to seismic excitation and may lead to LOC
events when damaged. Therefore, th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>