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Abstract
Inspired by recent findings in the field of Metamaterials, finite lattice locally resonant
metafoundations represent an innovative solution for the seismic protection of storage tanks. One
of the advantages with respect to traditional rubber bearings is the possibility of protecting the
structure against the vertical component of ground accelerations, which has a significant influence
on the hydrodynamic pressure of tanks. In this respect, we propose feasible configurations for a
finite lattice metafoundation formed by steel columns, concrete slabs and concrete resonators,
which allow for the protection of a slender tank against earthquakes with a significant vertical
component. Based on the acceleration response variance of the liquid mass involved in the
breathing mode, we develop an optimization procedure in frequency domain, which is adopted to
design resonators stiffness and damping ratio. Time history analyses validate the efficacy of the
proposed systems and show that staggering the columns at the second level of the outer frame
allows for a higher attenuation of base pressure; it can decrease by 22.7% and 23.3% for OBE and
SSE earthquakes, respectively. Eventually, we investigate the relationships between seismic
signals frequency content and dynamic properties of coupled foundation-tank systems.

Keywords: earthquake engineering, seismic isolation, finite locally resonant metafoundation,
vertical accelerations, liquid storage tanks

(Some figures may appear in colour only in the online journal)

1. Introduction

1.1. Background and motivation

During the Kocaeli earthquake—Turkey, 1999, Mw=7.4,
the majority of the tanks of Tupras refinery, which accounted
for one third of Turkeyʼs oil production, was made inactive
due to buckling of tank walls, poor performance of floating
roof systems and fire related damages [1]. Through the ana-
lysis of this event and other case histories, Krausmann et al
[2] showed that pipes and storage tanks were the most

vulnerable equipment when subjected to floods, lightning and
seismic events. A possible approach for the seismic protection
of storage tanks consists in base isolation through rubber
bearings. However, the main problem of this solution is the
significant residual horizontal displacement after earthquake.
Moreover, although base isolation technology is efficient in
the horizontal direction, little can be done against the vertical
component of ground accelerations [3]. With regard to tank
protection, the vertical component entails additional hydro-
dynamic pressure on tank walls [4]. This additional contrib-
ution is uniformly distributed in the circumferential direction;
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and with a peak ground acceleration (PGA) of about 1/3 g
[5], it could reach the level of hydrostatic effects. High PGA
is common for near-field records of strong earthquakes [6].
Hence, isolation in vertical direction is quite important for
tanks.

Recently, locally resonant metafoundations are proposed
as an innovative approach for base isolation. Hereinafter, they
are referred to as ‘metafoundations’ or simply ‘foundations’.
The system consists in the periodic arrangement of local
resonators, and is inspired by researches in the field of
metamaterials and phononic crystals. Such a configuration is
able to attenuate or forbid elastic waves propagation within
selected ranges of frequencies, which are called attenuation
zones or band gaps. Locally resonant periodic crystals were
proposed by Liu et al [7]; they realized three-component
composites consisting of hard spheres coated with a soft
cladding and dispersed in a stiff host medium. By taking
advantage of resonators which can store and transfer energy,
band gaps with lattice constants of several orders of magni-
tude smaller than mechanical wavelengths were realized.
Based on the aforementioned and other researches, Jia and
Shi [8] proposed metafoundations to isolate structures against
seismic waves. Their metafoundation consists of unit cells
which are formed of steel cylinders coated by rubber and
embedded in a concrete matrix; it was applied for the isolation
of a six-story building. Xiang et al [9] analyzed a 1D layered
metafoundation formed by the periodic overlapping of strata
of two different materials. Shi and Huang [10] studied a 3D
three-component metafoundation whose unit cell was formed
of a high-density core, a soft coating and a concrete matrix.
They realized a linear elastic soil-foundation FE model and
showed the efficacy of the foundation in reducing the accel-
eration response of a reference point on its surface. In order to
compare the Bragg-scattering and local resonance band gap
generation mechanism, Cheng and Shi [11] examined peri-
odic structures with two- and three-component inclusions.
They showed the efficacy of the proposed systems for the
protection of a nuclear reactor, which was modeled as a SDoF
lumped mass. Field experiments of scaled 2D and 3D meta-
foundations were presented in [12, 13]. Relevant experiments
showed the efficacy in seismic mitigation of metafoundations
and the accuracy of FE models for their characterization. In
order to study the influence of torsional movement on the
band gap mechanism, Huang et al [14] proposed a meta-
foundation composed of a concrete matrix endowed with steel
cylinders connected with rubber linkers. A metafoundation
operating in both horizontal and vertical directions was pro-
posed by Cheng and Shi [15]. Since the frequency content of
a seismic event in the horizontal direction is different from
that in the vertical one, the authors proposed to implement
two types of unit cells. Each unit cell targets to realize the
isolation in one direction. The efficacy of the foundation was
evaluated by comparing the response spectra of SDoF sys-
tems subjected to filtered and not-filtered ground motions.
Casablanca et al [16] studied a foundation composed of
concrete plates with embedded cylindrical steel resonators
and experimentally proved its efficacy against harmonic
excitations. La Salandra et al [17] proposed a metafoundation

whose unit cell was formed of concrete columns, concrete
slabs and concrete resonators connected by means of steel
springs; the system was applied to protect a broad storage
tank against the horizontal components of ground motion.
The authors also proved that the coupling between tank and
foundation modifies the band gap frequency range. In order to
improve the flexibility of the foundation, Basone et al [18]
substituted concrete columns with steel ones. The system was
applied for the protection of a slender and a broad fuel storage
tank. The foundation was designed according to the Italian
standards [19] and resonators were optimized in frequency
domain, taking the feedback of the superstructure into
account. Time history analyses proved the efficacy of the
metafoundation in the reduction of base shear; moreover, they
showed that a higher attenuation can be achieved by reducing
the shear stiffness of the foundation outer frame. Through
research on 1D metamaterials, Geng et al [20] showed that a
low global stiffness of the metamaterial was required for the
isolation against low frequency seismic waves; such a
requirement may prevent the use of locally resonant meta-
materials as underlying foundations against the vertical
component of earthquakes.

In addition to metafoundations, a significant number of
seismic isolation devices and approaches inspired by peri-
odicity and local resonance have been proposed in recent
years. For instance, Palermo et al [21] analyzed a seismic
metabarrier consisting of soil-embedded surface resonators,
which were used to redirect the surface waves into the bulk.
To enlarge band gaps generated by this system, the possibility
of using multi-mass resonators was investigated in [22].
Eventually, in order to analyze the wave dispersion properties
of multi-story buildings, Cheng et al [23] applied periodic
structures theory. They calculated the band gap generated by
the structure and showed that if the main frequency of the
seismic record was in the band gap, the upper structure
response would decrease.

In the literature, there is a lack of analytical models for
fluid-tank interaction subjected to both horizontal and vertical
seismic excitation; thus, the analysis of a 3D metafoundation
performance subjected to both horizontal and vertical ground
motions requires a finite element high-fidelity model of the
coupled metafoundation-superstructure system. Since the
efficacy of a framed metafoundation against horizontal
ground shakings was already investigated by two of the
authors by means of analytical models [18, 24], the afore-
mentioned metafoundations subjected to vertical components
of ground acceleration are further explored hereinafter.

1.2. Scope

Along these lines, the aim of this study is to propose feasible
and efficient configurations which allow an enhancement of
metafoundations suggested by Basone et al [18] for vertical
components of ground acceleration. Thus, to crystallize ideas,
we consider a slender tank as a case study for superstructure.
Therefore: (i) in order to isolate the prototype tank in the
vertical direction, we propose and study different meta-
foundations singled out by number of layers, columns height
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and columns arrangement; (ii) to increase the flexibility of the
foundation system, we propose the staggering of columns at
the second level of the foundation; (iii) in order to reduce the
hydrodynamic base pressure, we optimize the stiffness and
damping of resonators in the vertical direction, considering
the effects of foundation-tank interaction; (iv) to single out the
systems that are not efficient in controlling the superstructure
response, we investigate the spectral properties of ground
motions.

The remainder of the article is organized as follows.
Section 2 describes the proposed metafoundations, the
dynamic model used to study the behavior of the coupled
foundation-tank system, the accelerograms selection and the
foundation seismic design. Section 3 introduces considera-
tions on metamaterials and periodic lattice concepts. Based on
stochastic stationary process theory, resonators parameters are
optimized in section 4. Moreover, in section 5, we evaluate
the performance of the optimized structures subjected to
natural seismic records. Eventually, we draw conclusions and
present future developments in section 6.

2. Description of the coupled foundation-tank
system

2.1. Liquid storage tank modeling

In a liquid-filled storage tank, the vertical component of
ground acceleration induces additional horizontal hydro-
dynamic pressure which increases the hoop stress in the wall.
The hydrodynamic pressure acting on the wall can be divided
into three contributions [25]:

( ) ( ) ( ) ( ) ( )= + +p t p t p t p t . 1v vs vi vb

More precisely: pvs is the long-period component deriving
from the convective fluid motion, also known as sloshing; pvi
is the impulsive fluid pressure component which varies in
synchronism with the vertical ground acceleration; pvb the

short-period component, derives from the tank walls radial,
axisymmetric vibration, which is called breathing mode. As
shown in figure 1(a), it consists of successive radial expan-
sions and contractions.

Experimental studies showed that the sloshing contrib-
ution is negligible when induced by transient vertical motion
[25]. Neglecting the sloshing mass, Veletsos and Tang [5]
proposed a two-mass mechanical analogy to represent the
tank-liquid system and evaluate vertical earthquake-induced
impulsive and breathing pressures. According to this model,
depicted in figure 1(b), a portion of the liquid mass ml,
corresponding to impulsive mode and denoted as mvi, is
rigidly linked to the tank base; the remaining mass, corresp-
onding to breathing mode and denoted as mb, is flexibly
connected thorough a spring kb. The breathing mass can be
calculated as mb=ml·αm, where αm is a nondimensional
factor, tabulated as a function of the tank slenderness (ratio
H/R of liquid height to tank radius). The natural frequency of
the breathing mode is obtained as ωb=ω0·αω, where αω is
tabulated as a function of the tank slenderness and

( )w
r

=
R

E1
2t

t
0

is the natural frequency of the breathing mode for a ring with
same cross section as the tank wall. Et and ρt are the tank
material elastic modulus and density, respectively. The values
of αm=mb/ml and αω=ωb/ω0 suggested in [5] are plotted
against H/R in figure 2. Eventually, the breathing stiffness is
calculated as:

· ( )w=k m . 3b b b
2

The impulsive mass is calculated by = -m m mvi l b. The tank
mass mt is assumed as rigidly attached to mvi. The properties of
the considered tank, which is located in the refinery of Priolo
Gargallo (Italy), are shown in table 1. The viscous coefficient is
taken as cb=2ξ kb ωb, where ξ=0.005.

Figure 1. Vertical dynamic behavior of a liquid-filled storage tank. (a) Breathing mode of vibration; (b) lumped mass model proposed in [5].
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The hydrodynamic pressure can be calculated following
the procedure of EC-8 Part 4 [26]. When the tank is subjected
to a vertical ground motion ̈ ( )z tg , the impulsive fluid pressure
reads:

( ) ̈ ( ) ( )r=p t Hz t , 4vi l g

where ρl is the liquid density. The contribution due to the
radial breathing of the shell is obtained from the following
equation:

( ) [ · ( )] ̈ ( ) ( )r= +p t H R Hz t0.815 1.078 0.274 log , 5vb l b

where ̈ ( )z tb is the acceleration of the breathing mass subjected
to ̈ ( )z tg .

The total hydrodynamic base pressure pv (t) is eventually
obtained from equation (1). According to equations (4) and
(5), the vertical impulsive mass and the breathing mass give a
contribution to the base pressure which is proportional to their
acceleration. The acceleration of mvi equals the ground
acceleration ̈ ( )z t ;g on the other hand, the breathing mass
behaves as a SDoF system which amplifies the base accel-
eration. Figure 2(a) shows that the percentage of breathing
mass increases with the tank slenderness i.e. in a slender tank,

the major part of the contained liquid participates in the
breathing mode. Based on these considerations, the breathing
mass provides the highest contribution to the base pressure.
Therefore, the metafoundation aims at mitigating the breath-
ing mass response.

2.2. Foundation description and modeling

The metafoundation we consider was proposed by Basone
et al [18] for the isolation of fuel storage tanks against hor-
izontal ground motions and is showed in figure 3. Its hor-
izontal section consists of nine square shaped unit cells of 3 m
side, composed by steel hollow columns and 200 mm thick
concrete slabs; material properties are shown in table 2.
Single-layered and two-layered configurations were examined
in depth. In each unit cell, a concrete cube (resonator) is
connected to both the upper and lower slab by means of
special devices called wire ropes; their indicative layout in
sketched in figure 4(a). They consist of a stainless steel cable
that is spirally wrapped and blocked by two steel bars as
shown in figure 4(b) [27, 28]. Thanks to the mechanical
flexibility and spatial configuration of the cable, they can
achieve high flexibility in both the horizontal -roll and shear-
and vertical -tension-compression- directions. Moreover,
because of friction between wires forming the cable, vibra-
tional energy can efficiently be wiped out [29]. So far, in
order to characterize both stiffness and strength properties
along their principal directions, several experimental and
analytical studies were conducted [29–31] One can easily
deduce that whilst the horizontal force–displacement rela-
tionship is symmetric, their tension-compression behavior
exhibits hardening in tension and softening in compression,
thus highlighting high asymmetry. Nonetheless, for small
relative displacements a linearly elastic symmetric behavior
can be assumed, see figure 4(c). Moreover, it is also worth to
notice that stiffness values in the three directions are not
independent; in particular, roll and shear stiffnesses show a
decreasing trend with the increase of the vertical load. Herein,
we aim at minimizing the breathing mass response and,

Figure 2. Ratios a = m mm b l and αω=ωb/ω0 against tank slenderness H/R. The values of αm and αω are tabulated in [5].

Table 1. Main characteristics of the storage tank.

Tank radius R 4.00 m
Tank height L 14.00 m
Shell thickness h 6.00 mm
Liquid height H 12.00 m
Tank slenderness H/R 3.00 \
Tank elastic modulus Et 210.00 GPa
Tank density ρt 7.85 ton m−3

Liquid density ρl 1.00 ton m−3

Mass of the tank mt 18.94 ton
Mass of the liquid ml 603.19 ton
Breathing mass mb 468.68 ton
Vertical impulsive mass mvi 134.51 ton
Natural frequency of the breath-
ing mode

ωb 42.28 rad s−1

Breathing stiffness kb 837.91 kN mm−1
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therefore, we focus on the optimization of wire ropes’ vertical
stiffness and damping in the tension-compression direction.

In accordance with base isolation theory and the results of
[18], a low stiffness connection between the superstructure and
the soil reduces the seismic response. In the analyzed case, this
requires the reduction of the foundation outer frame vertical
stiffness, which is controlled by the axial stiffness of the columns.
A possible way to achieve this goal is to take advantage of the
slabs flexural stiffness, which is lower than the columns axial
stiffness. To this end, columns at the first level are located at the
vertex of the square projection of every unit cell, while those at
the second level are staggered with respect to the previous ones.
Table 3 compares the aligned-columns and the staggered-col-
umns cases. We study five possible configurations, distinguished
by the number of layers (‘L1’=single-layered, ‘L2’=two-
layered), the total foundation frame height (‘H3’=3m height,
‘H4’=4m height) and the columns arrangement (‘a’=aligned,
‘s’=staggered): L1H3, L2H4a, L2H3a, L2H4s, L2H3s. Their
properties are summarized in table 4.

The dynamic modeling of the foundation is carried out by
condensing both masses and stiffnesses of resonators, slabs and
columns at each layer to one stack of unit cells. Staggered
solutions vertical stiffness depends on the in-series combination
of columns axial stiffness and slabs flexural stiffness: it is
determined by applying Force Method to the FE model described
in section 2.5. The main properties of the condensed model are

summarized in table 5, where: m11 and m12 are the condensed
masses (columns and slab) at the first and second level, respec-
tively; k1 is the condensed stiffness of the columns at the first
level; k1s is the condensed stiffness of the columns (or in-series
column slab elements, for the staggered configuration) at the
second level; m2 and k2 are the condensed masses and stiffnesses
of the resonators. It can be observed that the staggered stiffnesses
are about one order of magnitude smaller than the aligned ones.

2.3. Coupled systems and equations of motion (EOM)

The condensed dynamic models of coupled foundation-tank
systems are shown in figure 5. The vertical impulsive mass
and the mass of the tank are rigidly attached to the foundation
superior slab; resonators are connected to slabs through
springs k2 and dashpots x=c k m22 2 2 2 . The system of EOM
for the coupled structure subjected to a vertical ground motion

̈ ( )z tg can be written as:

̈ ( ) ( ) ( ) ̈ ( ) ( ) t+ + = -Mw Cw Kw Mt t t z t , 6g

where M , C and K denote the mass, damping and stiffness
matrices; ̈ ( )w t , ( )w t and ( )w t represent the relative acceleration,
velocity and displacement vectors with respect to the ground
motion ̈ ( )z t ;g t is the dragging vector, which equals the unitary
vector because the inertial acceleration is applied to each mass of

Figure 3. Coupled foundation-tank system proposed in [18]. (a) Isometric view; (b) horizontal section. Dimensions in meters.

Table 2. Mechanical properties of materials.

Material Density (kg m−3) Elastic modulus (N mm−2) Poisson ratio Strength (N mm−2)

Concrete C40/50 2500 30 000 0.20 40
Steel 7860 200 000 0.28 275
Reinforcement 7850 210 000 0.28 550
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the model. For the single-layered configuration:

( ) [ ( ) ( ) ( )] ( )=w t w t w t w t, , , 7b
T

1 2

⎡

⎣
⎢⎢

⎤

⎦
⎥⎥

⎡

⎣
⎢⎢

⎤

⎦
⎥⎥ ( )

=
+ +

=
+ + - -
-
-

M

K

m m m
m

m

k k k k k
k k
k k

0 0
0 0
0 0

;

0
0

. 8

t vi

b

b b

b b

1

2

1 2 2

2 2

For the two-layered systems:

( ) [ ( ) ( ) ( ) ( )] ( )=w t w t w w t w t w t, , , , , 9b
T

11 12 21 22
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⎤

⎦
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11

s s

s s b b

b b

1 1 2 1 2 2
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2 2

2 2 2

In the configuration with aligned columns, =k ks1 1. Regarding
the matrix C, we adopted a non-classical damping model in
which damping and stiffness matrices have the same shape. This
allows for direct assignation of damping to the resonators and
simplifies the design.

2.4. Site-specific seismic hazard and accelerograms selection

The tank investigated in this research is located in the refinery
of Priolo Gargallo, Italy, where the soil is classified as Type B
according to the Italian standards [19]. In order to evaluate the
seismic activity at the construction site, we consider: (i) a set
of natural accelerograms with 10% probability of exceedance

Figure 4. Wire ropes used to link resonators: (a) arrangement in a unit cell; (b) geometrical and kinematic details; (c) hysteretic behavior
under tension-compression loading (after [29]).
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in 50 years, i.e. the operating basis earthquakes OBE (Acc1-
Acc7); (ii) a set of natural accelerograms with 5% probability
of exceedance in 50 years, i.e. the safe shutdown earthquakes
SSE (Acc.8-Acc.13). The two sets of signals are listed in

table 6. They were selected so that their mean spectrum fits in
a leastsquare sense the horizontal uniform hazard spectrum
(UHS) of the site. In section 4.2.2, they are used to obtain Soil
Model #2; moreover, in section 5, they are implemented to
evaluate the response of the superstructure in time domain.

The UHS is obtained as the envelope of spectral amplitudes
of accelerograms at all periods that are exceeded with a certain
probability for a certain number of years [32]. More precisely,
2% probability in 50 years for the SSE. Therefore, the UHS is
often overly conservative because it combines the hazard from
different sources and does not reflect a realistic spectrum that can
be expected to occur during a single earthquake at a certain
period. As a result, when seismic records derived from a UHS

Table 3. Comparison between aligned-columns and staggered-columns system.

Table 4. Geometrical characteristics of the studied metafoundations.

Foundation L1H3 L2H4a L2H3a L2H4s L2H3s

Layers 1 2 2 2 2
Height of one layer (m) 3 2 1.5 2 1.5
Slab thickness (mm) 200 200 200 230 230
Column side (mm) 250 230 200 230 200
Column thickness (mm) 30 30 30 40 35
Columns at layer 1 24 24 24 16 16
Columns at layer 2 0 24 24 24 24

Table 5. Properties of the metafoundations dynamic models.

Foundation L1H3 L2H4a L2H3a L2H4s L2H3s

m11 (ton) 57.48 50.91 47.29 54.67 51.86
m12 (ton) ⧹ 50.91 47.29 58.72 54.50
m2 (ton) 267.91 178.61 133.95 178.61 133.95
k1 (kN mm−1) 144 000 66 240 57 600 51 520 44 800
k1s (kN mm−1) ⧹ 66 240 57 600 5389 4578
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are considered in the optimization process of section 4 and for
time history analysis in section 5, it is not deemed necessary to
use a conditional mean spectrum that matches the UHS level

only at the fundamental period of a system. Both the vertical
response spectra of the selected accelerograms and the relevant
UHS of Priolo Gargallo are shown in figure 6.

Figure 5. Coupled foundation-tank systems. (a) L1; (b) L2a; (c) L2s.
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2.5. Seismic design of the metafoundation

As stated in section 2.2, to reduce vertical stiffness and
improve seismic isolation performance, we propose a stag-
gered-columns arrangement. Because of the high dead load
exerted by the tank, a complex stress distribution is expected in
the two slabs, especially at the first level, where the second
level columns act as point loads. The slabs thickness was
increased to 230mm, as shown in table 4. In order to evaluate
stress distributions, we set a FE model with the software
ETABS [33]. Columns and slabs were modeled by means of
frame elements and thin-shell elements, respectively. In
accordance with the indications provided in [34, 26], in order
to take into account concrete cracking under seismic loading,
the elastic modulus of concrete shells was reduced by 50%.
The tank was modeled as a shell load of -122 kN m 2 acting
within the perimeter of its base slab. Moreover, every resonator
of weight WR was modeled by means of four concentrated

loads with magnitudeWR/4 acting in the vertical direction. The
response spectrum method was used to model the seismic
action in the vertical direction, considering a return period
TR=2475y and the parameters prescribed by NTC 2018 [19].
As a result, columns were designed to remain elastic.

Figures 7(a), (b) depict the myy resultant moment dis-
tribution in the two slabs. The required bending reinforcement
in the x direction was calculated considering 1.5 m width
strips and is shown in figures 7(c), (d). Because of the sym-
metry of the problem, the same amount of reinforcement was
required in the y direction. With reference to figure 7(e) and
table 7, patterned circles and squares represent the required
punching shear reinforcement and drop panels, which were
designed according to EC-2 [34]. Details #1, #2 and #3
refer to the geometric properties shown in figure 8. More
precisely, to realize the connection between columns and
concrete slabs, a plate with shear studs was welded at the
columns head. The enlarged plate depicted in figure 8(a) was

Figure 6. Response spectra and mean spectrum of the selected accelerograms and vertical UHS of Priolo Gargallo: (a) OBE signals; (b) SSE
signals.

Table 6. List of natural accelerograms for OBE and SSE events.

Acronym Event Country Magnitude Mw PGA (m s−2) Type

Acc1 South Iceland Aftershock Island 6.4 3.71 OBE
Acc2 South Iceland Island 6.5 1.78 OBE
Acc3 Ano Liosia Greece 6.0 1.93 OBE
Acc4 L’Aquila Mainshock Italy 6.3 4.35 OBE
Acc5 L’Aquila Mainshock Italy 6.3 2.35 OBE
Acc6 L’Aquila Mainshock Italy 6.3 3.55 OBE
Acc7 L’Aquila Mainshock Italy 6.3 4.87 OBE

Acc8 Northridge-01 USA 6.7 2.43 SSE
Acc9 South Iceland Island 6.5 6.54 SSE
Acc10 Landers USA 7.3 4.12 SSE
Acc11 L’Aquila Mainshock Italy 6.3 4.35 SSE
Acc12 L’Aquila Mainshock Italy 6.3 2.35 SSE
Acc13 L’Aquila Mainshock Italy 6.3 4.87 SSE
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used in locations where the punching load was particularly
high, while figure 8(b) shows the detail for other cases.
Figure 8(c) shows the connection between the second level
staggered columns and the first level slab; there, a plate was
welded to the column base and connected to the slab by
means of studs. Finally, stiffeners allowed a better distribution
of punching load so as to avoid drop panels.

3. Metamaterials and periodic lattice concept

Locally resonant metafoundations are inspired by metama-
terials, which act as band pass filters on propagating signals
by suppressing elastic wave propagation in band gaps. Band
gaps can be determined by means of dispersion analysis using
Bloch’s Theorem.

Figure 7. Slabs design. Resultant bending moment myy on first (a) and second (b) level slab; bending reinforcement in first (c) and second
(d) level slab; (e) legend for punching shear reinforcement, which refers to table 7.
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Consider the infinite periodic 1D lattice shown in
figure 9(a). A unit cell consists of an external mass m1 and an
internal resonator with mass m2 and stiffness k2. The external

masses are connected by means of springs k1 and unit cells are
uniformly placed with a periodic distance constant L. The
EOM of the jth unit cell in vertical direction can be written as:

Table 7. Punching shear reinforcement. Detail 1, 2 and 3 are depicted in figure 8.
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Figure 8. Details of drop panels and slab-to-column connections.

Figure 9. Infinite periodic 1D lattice. (a) Mass-spring model; (b) dispersion relation.
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According to Bloch’s theorem [35], the harmonic wave
solution for the ( j+n)th unit cell reads:

· ( )( ) ( )=g g
w+ + -u B e , 13j n i qx nqL t

where Bγ is the complex wave amplitude, i the imaginary unit, q
the wave number, ω the circular frequency and γ=1, 2. By
substituting equation (13) into equation (12) and applying
Euler’s formula, the eigenproblem ( )w- + =M K B 02 is
obtained. Its characteristic polynomial results:

[( ) ( )]
( ) ( )

w w- + + -
+ - =
m m m m k m k qL

k k qL
2 1 cos

2 1 cos 0. 14

4
1 2

2
1 2 2 2 1

1 2

The positive solutions of equation (14) yield the dispersion
relation, which relates the frequency of wave propagation across
the lattice to the wave number q. As an example, by substituting
condensed parameters of the configuration L2H3a into
equation (14), the dispersion relation of the corresponding infi-
nite lattice can be obtained, as shown in figure 9(b). A band gap
is observed within 6.56 and 12.85 Hz. The lower and the upper
bounds of the band gap are defined lower bound frequency
(LBF) and upper bound frequency (UBF), respectively.

4. Metafoundation optimization in frequency domain

4.1. General considerations

In this section, we develop an optimization procedure aiming
to minimize the variance of the breathing mass absolute
acceleration response. With reference to section 2.2, the
invariant parameters of the model are the masses m11, m12 and
m2, the stiffnesses k1 and k1s and the damping coefficient c1;
we optimize the natural frequency w = k m2 2 2 and the
damping factor ξ2 of the resonators. In order to compute the
breathing mass response’s variance, we need a power spectral
density (PSD) function Sg(ω), such as to simulate the filtering
properties of a soil layer. Among the filters available,
section 4.2.1 suggests Soil Model #1 which relies on the
Kanai–Tajimi filter; its parameters are selected to broadly
represent soil properties in the presence of the vertical
component of seismic acceleration. Therefore, the influence
of soil properties on the performance of metafoundations can
be taken into account. Moreover, we propose Soil Model #2
in section 4.2.2; it assumes that soil properties depend only on
the contribution to the vertical acceleration provided by
P-waves. The aforementioned models are adopted for the
definition of PSDs functions for OBE and SSE earthquakes at
the location of Priolo Gargallo. Therefore, given the use of the
vertical component of site-specific accelerograms, meta-
foundations optimized by means of Soil Model #2 are
expected to be more accurate. The Performance Index PI for
the optimization is defined in section 4.3 and, finally, optimal

parameters of the metafoundations are presented in
section 4.4.

4.2. Soil models

4.2.1. Soil model #1: Kanai–Tajimi. Kanai and Tajimi [36]
proposed an analytical formulation able to simulate a
sitespecific PSD as stationary Gaussianfiltered white noise
random process with zero mean and spectral intensity S0. In
detail, to model the properties of the soil layer, they suggested
the following filter formulation:

⎜ ⎟
⎛
⎝

⎞
⎠

( )
·

·
( )w

x

x
=

+

- +

w
w

w
w

w
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1 2

1 2
, 15KT

g
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g
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2

2

where ωg, ξg represent the natural frequency and damping
ratio of the soil layer, respectively. Multiplying the filter with
a white noise process S0, which represents excitation at the
bedrock, the PSD model at the surface reads:

( ) · ∣ ( )∣ ( )w w=S S H . 16g KT KT, 0
2

In order to represent the PSD of vertical ground motions, we
chose the parameters of table 8 from [37].

4.2.2. Soil model #2: 1D pressure waves. In order to take
into account the geotechnical properties of soil and rock and
the seismic hazard at the construction site, the PSD of a
natural accelerogram vertical component ( )wSg real i, , is
multiplied by the transfer function of the soil layer. This
approach is valid under the hypothesis that the ground motion
vertical component is generated only by pressure waves,
which propagate from the bedrock to the surface of a
horizontal soil stratum. This assumption is justified from the
fact that a seismogram contains three components and, among
them, one can find a major contribution of P-waves to the
vertical component. In the other two components, one can
observe major contributions from both S-waves and surface
waves. For the case of a uniform damped soil layer of
thickness L which lays on an elastic bedrock, the transfer
function can be expressed as [37]:

( ) ( )( ) ( )w =
+w r

r
w

H
i

1

cos sin
, 17P

L

c

c

c

L

c2

2 2

1 1 2

where: c1 and c2 are the propagation speeds of the P waves in
the bedrock and in the soil layer, respectively; ρ1 and ρ2 are the
volume densities of the corresponding materials. Based on the
analysis of [38, 39], we considered the following parameters:

Table 8. Parameters of the Kanai–Tajimi filter.

Soil type S0 ωg (rad s
−1) ξg

Dense 0.013 38.80 0.46
Medium 0.018 29.10 0.46
Loose 0.020 26.20 0.46
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c1=1559m s−1, ρ1=2300 kgm−3, c2=814m s−1, ρ2=
2000 kgm−3, L=30m.

The variance of the response is calculated in the
assumption of stationary process. Hence, the previously
mentioned ( )wSg real i, , , that is to be multiplied by the filter
HP(ω), should be the PSD of a stationarized real accelero-
gram. The non-stationary PSD function can be written as:

( ) ( ) · ( ) ( )‐ w f w=S t t S, , 18non st st
2

where ( )f t is a time modulating function and Sst(ω) is the
stationary PSD. Considering a set of N natural accelerograms

̈ ( )z tg i, , i=1, 2, ... N, an estimate ˜ ( )f t of f(t) is:

˜ ( ) ˜ ( )
{˜ ( )∣ [ ]}

( )f
s

s
=

Î
t

t

t t Tmax 0,
. 19

In this equation, ˜ ( )s t represents the estimate of the standard
deviation of the recorded signals, while T is the time duration
of the process. A set of pseudostatioary signals can then be
evaluated by means of the following formulation:

̈ ( )
̈ ( )
˜ ( )

( )
f

=z t
z t

t
. 20g st i

g i
, ,

,

Eventually, each pseudostationary PSD function is calculated
as the Fourier transform of the autocorrelation of each signal

̈ ( )z tg st i, , , as follows [18]:

( ) [ ̈ ( ) · { }]
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S
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21
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p k
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g st i k p k, , 2
1

, ,

2

where ωp is the sampled frequency with frequency increment
Δ ω and M is the total amount of time steps tk of the signal.

As discussed in section 2.4, we considered: (i) a set of
NOBE=7 accelerograms whose mean response spectrum fits
the OBE spectrum of Priolo Gargallo; (ii) a set of NSSE=6
accelerograms whose mean response spectrum fits the SSE
spectrum of Priolo Gargallo. Figure 10 depicts the resulting
time modulating functions ˜ ( )f t and the two accelerograms
sets. From them, we obtained the pseudostationary PSD

functions ( )wSg real i, ,OBE, and ( )wSg real i, ,SSE, . They can be
averaged to calculate the average pseudostationary PSDs:

{ }∣
( )

=
=

S S

i N

mean ,

1, 2 ,... 22
g real g real i i, ,OBE , ,OBE,

OBE

{ }∣
( )

=
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S S

i N

mean ,

1, 2 ,... . 23
g real g real i i, ,SSE , ,SSE,

SSE

Multiplying the average pseudostationary PSDs by the filter
HP(ω), the PSD models for 1D P waves read:

∣ ( )∣ · ( )w=S H S , 24g P P g real, ,OBE
2

, ,OBE

∣ ( )∣ · ( )w=S H S . 25g P P g real, ,SSE
2

, ,SSE

Figure 11(a) compares the soil filters ∣ ( )∣wHP
2 and ∣ ( )∣wH ;KT

2

the resulting PSD models for the optimization (equations (16),
(24) and (25)) are shown in figure 11(b).

4.3. Optimization procedure

By assuming an excitation accelerogram to be a limited
duration segment of a stationary random function with PSD
Sg(ω), the PSD of the structure response measured at the ith
DoF results [40]:

( ) ( )∣ ( )∣ ( )w w w=S S H , 26i g i
2

where Hi(ω ) is the transfer function of the considered DoF.
As stated above, the breathing mass gives the highest
contribution to the base pressure of a slender tank. Hence, we
develop the optimization procedure with reference to its
absolute vertical acceleration, whose transfer function is

̈ ( )wZb . By assuming a zero-mean process, the integral over
frequency of the PSD represents the average total power, or
variance of the absolute acceleration response:

( ) ( )∣ ̈ ( )∣ ( )̈ ò òs w w w w w= =
¥ ¥

S d S Z d . 27Z b g b
2

0 0

2
b

Figure 10. Accelerograms sets and estimate of the time modulating function ˜ ( )f t . (a) OBE signals; (b) SSE signals.
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When the system is subjected to an harmonic excitation
̈ ( ) = wz t eg

i t, the steady state structural response results
( ) ( )w= ww Wt ei t, where ( )wW is the transfer function of the

relative displacement. Substituting in equation (6) and solving
with respect to ( )wW , the following formulation is obtained:

( ) ( · ) ( ) ( )tw w w= - + + --W M C K Mi . 282 1

Deriving the relative displacement ( )w t with respect to time,
the relative acceleration results ̈ ( ) ( )w w= - =ww Wt ei t2

̈ ( )w wW ei t, in which ̈ ( )wW defines the relative acceleration
transfer function. The absolute acceleration transfer function
is obtained by summation of relative and ground accelera-
tions:

̈ ( ) ( ) ( )tw w w= -Z W . 292

Eventually, we defined PI as:

( )
( )

( )
̈

̈
w x

s w x

s
=PI ,

,
, 30

Z

Z

2 2

2
2 2

2

b c

b u

,

,

where: ̈sZ
2

b c,
is the variance of the absolute vertical accelera-

tion response of the breathing mass controlled by one of the
metafoundations described in section 2.2; ̈sZ

2
b u,
is the variance

of the absolute vertical acceleration response of the breathing
mass when the tank lays on the free field (fixed base tank).
The optimal parameters are those which minimize PI, that is:

( ) ( ) [ ( )] ( )w x w x=, min PI , . 31opt opt2 2 2 2

4.4. Optimization results

PI is numerically computed as a function of the tuning fre-
quency ω2 and the damping ratio ξ2 of resonators. Figure 12
depicts the PI surface for the foundation L2H3s on dense soil
and the corresponding contour lines. The optimal parameters
for all analyzed systems and minimum values of PI are listed
in table 9. In particular, it shows that the PI can be lower than
1 and, therefore, it is possible to design a vertically-efficient

metafoundation; hence, these foundations are able to mitigate
the vertical response of superstructures. The natural periods of
the optimized coupled foundation-tank systems are collected
in table 10. Since L1H3 is a 3DoF system, it is endowed with
only three periods; conversely, all remaining metafoundations
are characterized by five natural periods. In order to confirm
the effectiveness of the accelerograms selected in section 2.4,
for the considered coupled foundation-tank systems, both the
1st and the 5th period of L2H3s are plotted in figure 6. In this
respect, a careful reader can note that the mean response
spectrum is conservatively higher than the vertical UHS in the
relevant range of periods. The same consideration applies for
the remaining coupled foundation-tank systems.

Figure 12(b) shows that contours are elongated in the ξ2
axis direction; this points out that the parameter ξ2 is less
influential than the tuning frequency of resonators. Softer
systems require higher optimal damping. Moreover, these
results show that optimal frequencies of resonators are
directly coupled to the foundation frequency.

The optimal parameters of a certain configuration slightly
depend on the soil type because of the high stiffness of the
foundation outer frame in the vertical direction, which allows
for a limited decoupling between the breathing frequency of
the tank and the main eigenfrequency of the ground. Better
performances are achieved on stiffer soils, where the decou-
pling is maximum. The nomenclature ‘Dense’, ‘Medium’,
‘Loose’, ‘OBE’ and ‘SSE’ of table 9 refer to the PSD models
defined in equations (16), (24) and (25), respectively. For
each of them, the minimum value of PI exhibits a decreasing
trend from the single-layered design to the staggered-columns
one. This reduction shows that, for a given soil type, the outer
frame stiffness reduction improves the vertical waves
attenuation capacity of the metafoundation. In fact, a soft
foundation on stiff soil accomplishes the maximum decou-
pling between soil frequency content and breathing frequency
of a tank. The lowest PI values are achieved with the para-
meters calculated by means of 1D P-waves PSD model, see

Figure 11. (a) Soil layer filters ∣ ( )∣wHKT
2 and ∣ ( )∣wH ;P

2 (b) PSD models.
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equations (24) and (25). As a result, the relevant optimal
parameters are considered herein.

Figure 13 shows the absolute acceleration transfer func-
tions of the uncontrolled and controlled breathing mass. Sha-
dow areas depicts the expected Band Gap regions, calculated in

the assumption of an infinite periodic metafoundation without
superstructure, as explained in section 3. In the staggered-
columns cases, the parameters of the unit cell were obtained by
averaging their values at the first and second level. The
resulting LBF and UBF are listed in table 11. All considered
systems are able to reduce the breathing mass response var-
iance, see equation (27); in addition, as expected from the
analysis of PI, the transfer function peak reduces with the
decreasing stiffness of the foundation outer frame; in particular,
a 75% reduction with L2H3s is achieved.

Moreover, it is worthy to observe that all the LBFs listed
in table 11 are close to the breathing frequency of the
uncontrolled tank ωb=42.28 rad s−1. Hence, ωb can be taken
as a reference value of LBF for the preliminary design of the
foundation, so as to decrease the time required for the

Figure 12. Performance index PI for the foundation L2H3s on dense soil. (a) Optimization surface against resonator parameters; (b) contour
lines.

Table 9. Optimal parameters and corresponding minimum values of the performance index.

Type of soil Optimal parameters Single-layered Aligned-columns Staggered-columns

L1H3 L2H4a L2H3a L2H4s L2H3s
Dense ( )w -, rad sopt2

1 41.44 41.28 41.24 38.28 37.82
(ξ2)opt 0.01 0.01 0.01 0.02 0.02
min{PI} 0.968 0.718 0.739 0.337 0.344

Medium (ω2)opt, rad s
−1 41.44 41.27 41.24 38.25 37.79

(ξ2)opt 0.01 0.01 0.01 0.02 0.02
min{PI} 0.972 0.736 0.759 0.398 0.414

Loose ( )w -, rad sopt2
1 41.44 41.27 41.24 38.24 37.79

(ξ2)opt 0.01 0.01 0.01 0.02 0.02
min{PI} 0.972 0.739 0.761 0.408 0.426

OBE (ω2)opt, rad s
−1 41.45 41.28 41.25 38.34 37.87

(ξ2)opt 0.01 0.01 0.01 0.02 0.02
min{PI} 0.961 0.693 0.711 0.268 0.265

SSE (ω2)opt, rad s
−1 41.44 41.28 41.25 38.33 37.86

(ξ2)opt 0.01 0.01 0.01 0.02 0.02
min{PI } 0.962 0.698 0.717 0.278 0.276

Table 10. Natural periods of the optimized coupled foundation-tank
systems.

Foundation L1H3 L2H4a L2H3a L2H4s L2H3s
period (s) (s) (s) (s) (s)

1st 0.152 0.153 0.153 0.168 0.170
2nd 0.149 0.152 0.152 0.164 0.166
3rd 0.008 0.150 0.151 0.159 0.161
4th — 0.016 0.017 0.038 0.040
5th — 0.004 0.004 0.006 0.006
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optimization process. In this respect, previous researches, see
for instance [41], showed that the LBF of locally resonant
metamaterials corresponds to the resonance frequency of the
resonator:

( )w= =
k

m
LBF . 322

2
2

Therefore, in view of the vertical optimization of locally reso-
nant metafoundations, the resonators optimal tuning frequency
should be searched in an interval [ ]w w w w wÎ - D + D,b b2 ,
where Δω can be safely chosen as 10 rad s−1.

Eventually, in order to ascertain the feasibility of the
proposed metafoundations, wire rope devices have been
selected from a catalog [42] that is based on linearly elastic
design values. More precisely, based on the optimal fre-
quencies (ω2)opt of table 9 and their vertical stiffness and
bearing strength properties, their number per horizontal face
of each resonator, see figure 4(c), has been computed. A
maximum discrepancy in terms of stiffness of 6% with
respect to optimal values and an exceeding load-carrying
capacity has been achieved. Relevant values are collected in
table 12 and their behavior, also in agreement with section 5,
is limited to the elastic regime.

5. Time history analyses

5.1. Base pressure history

In order to assess the efficacy of the proposed isolation sys-
tems when the structure is subjected to natural accelerograms,
we study the time history of the hydrodynamic base pressure.
To this end, EOM are solved by means of Newmark method
[43], while the base pressure is calculated from equation (1).

Consider the jth accelerogram ̈ ( )z tg j, and let pv j, be the
total base pressure it entails. We define the base pressure root
mean square (rms) as:

∣ ( )∣ ( )å=
=

p
n

p t
1

. 33v j
i i

N

v j i,
rms

1
,

2
i

In this equation, ti are the discrete points in time domain at
which the accelerogram was recorded and ni is the number of
recorded points. These values are plotted against the Vertical
PGA of the corresponding signals. Moreover, in order to
evaluate the base pressure reduction on the wall of a con-
trolled tank, we define an index α as ratio of the controlled
rms to the uncontrolled rms:

( )a =
p

p
. 34j

v c j

v u j

, ,
rms

, ,
rms

A value of αj less than 1 indicates that the metafoundation
attenuated the superstructure response to the accelerogram;
conversely, if αj is greater than 1, a response amplification is
pointed out.

Figure 13. Breathing mass acceleration transfer functions. Shadow areas represent the expected band gap in the assumption of infinite
periodic metafoundation without superstructure.

Table 11. Expected band gap limits in the assumption of infinite
periodic matafoundation without superstructure.

L1H3 L2H4a L2H3a L2H4s L2H3s

LBF (rad s−1) 41.40 41.26 41.23 38.28 37.82
UBF (rad s−1) 99.17 87.74 80.78 78.15 71.02
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5.2. Results

Figure 14 shows two examples of base pressure time histories
relevant to OBE and SSE accelerograms. Results of both
uncontrolled tanks and tanks isolated by L2H3a and L2H3s
are shown. A higher effectiveness of the staggered-columns
foundation is evident.

In figure 15, the rmss of the base pressure are plotted
against the PGA for the foundations L2H3 -aligned and
staggered-, L2H4 -aligned and staggered- and L1H3. The
plots in the left column refer to OBE events while the right
ones to SSE events. In order to provide better comparisons of
structural responses, linear regression lines are also plotted.
The aligned-column configurations present a trend of average
base pressure values similar to that of the uncontrolled case.
For OBE events, they reduce the response to low PGA
accelerograms and exhibit a small amplification for high PGA
values; for SSE events, they slightly amplify the response.
The staggered-column configuration base pressures, instead,
are considerably lower than the uncontrolled and aligned-
columns cases thus confirming the efficacy of the proposed
solution. The slopes of regression lines of SSE events are
greater than those of the OBE counterparts: this highlights a
stronger dependence on PGA. The single-layered foundation
exhibits the same trend as the two-layered case with aligned
columns, because of their similar and high outer frame
stiffness.

Figure 16 depicts the RMS ratios αj for the OBE and SSE
accelerogram sets. The circular-shaped points are obtained
from equation (34), while dotted lines identify each seismic
record. The foundations listed on the x axis are ordered
according to the vertical stiffness of the outer frame, which
decreases from the left to the right. An attentive reader can
notice that the staggered-columns configurations show a lar-
ger attenuation with respect to their aligned counterpart and
with respect to the single-layered configuration in most of the
cases (5/7 for OBE and 4/6 for SSE). In this respect, the best
performance is achieved with the foundation L2H3s, with an
average reduction of 22.7% for OBE signals and 23.3% for

SSE signals. Moreover, it is possible to identify some accel-
erograms for which the superstructure response is amplified
with any type of metafoundation; the amplification is higher
when the superstructure is isolated by means of a staggered-
columns design. These effects are investigated herein.

5.3. Effect of the frequency content of the signals

In this subsection, we analyze the frequency content of the
OBE accelerograms for which the metafoundations amplified
the base pressure and we investigate its relationship with the
foundations dynamic properties. Besides, we explain why the
amplification was higher when the staggered-columns con-
figurations were applied.

Figure 17(a) shows the rms ratios α for the coupled
foundation-tank systems with L2H3s and L2H3a. It can be
observed that the amplification occurred for the accel-
erograms Acc4 and Acc7. The Fourier amplitude spectra of
the seven OBE earthquakes are presented in figure 17(b); in
order to better analyze their frequency content, they were
smoothed by means of convolution with a normalized
Gaussian window. Here, we assume the frequency
ω=100 rad s−1 to define a threshold between low and high
frequency. Thus, the main property distinguishing Acc4 and
Acc7- highlighted by red lines- from the other signals is their
large frequency content in the high frequencies range.

The normalized natural modes of the considered foun-
dations are plotted in figures 18(a), (b) for L2H3a and L2H3s,
respectively. Each arrow represents the normalized modal
displacement in the Z direction of the corresponding DoF,
which is identified on the vertical axis. The values on the
horizontal axis identify the natural circular frequencies of the
two systems. Two groups of modes can be distinguished: (i)
Group #1: the first three modes, whose frequency is lower
than the breathing frequency ωb of the uncontrolled tank; (ii)
Group #2: modes with frequency higher than ωb. Modes of
Group #1 present a high participation of at least one local
resonator, which stores the seismic energy in the form of
kinetic and potential energy. Hence, it is reasonable to expect

Figure 14. Comparison between the base pressure time histories for uncontrolled tank and tank isolated by means of the 3 m height two-
layered foundation. (a) OBE signal Acc3; (b) SSE signal Acc12.

18

Smart Mater. Struct. 29 (2020) 055017 A Franchini et al



Table 12. Selection of type and number of wire ropes per horizontal face of resonators based on [42].

Metafoundation L1H3 L2H4a L2H3a L2H4s L2H3s
Wire rope type WR36-400-08 WR36-200-08 WR28-400-08 WR36-600-08 WR36-600-08

Wire rope number per horizontal face of resonator 10 6 8 10 8

Figure 15. Base pressure RMS against PGA for uncontrolled tank and tank isolated by means of metafoundations. 3 m height two-layered
foundation: (a) OBE records and (b) SSE records; 4 m height two-layered foundation: (c) OBE records and (d) SSE records; 3 m height
single-layered foundation: (e) OBE records and (f) SSE records.
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that seismic signals with a large energy concentration in the
range of Group #1 are efficiently controlled by adopting a
metafoundation. For instance, the peak frequency of Acc1
amplitude spectrum is at 48 rad s−1, close to the breathing
frequency; nevertheless, its energy content above the
100 rad s−1 is low, so that the metafoundation is very efficient
in reducing the hydrodynamic pressure (α=0.28 with
L2H3s). Natural modes in Group #2 present a small nor-
malized modal displacement of the resonators and a large
participation of the two slabs. Therefore, most of the seismic
energy in the range of Group #2 propagates through the
foundation frame and the superstructure. Because the signals
Acc4 and Acc7 exhibit a large frequency content above the
100 rad s−1, the metafoundation is not efficient in controlling
the hydrodynamic base pressure.

Since slabs flexural stiffness is less than columns axial
stiffness, the natural frequencies of the staggered-columns
configuration are lower than those of the aligned-columns
configuration: we observe that the 4th natural frequency
equals 373.57 rad s−1 for L2H3a and 157.18 rad s−1 for
L2H3s. Therefore, the fourth mode of the second system lays

at a frequency range where Acc4 and Acc7 present a large
energy. This mode, which belongs to Group #2, involves the
highest displacement of the slab at the second level, to which
the vertical impulsive mass is rigidly connected. Moreover,
the breathing mass modal displacement in the fourth mode of
L2H3s is higher than the one in L2H3a (0.078 versus 0.013).
For these reasons, the amplification observed in the staggered-
columns system subjected to Acc4 and Acc7 is higher than
the corresponding amount in the aligned-columns configura-
tion. Eventually, the same characteristics can be found by
comparing the 4 m height foundations L2H4a and L2H4s.

6. Summary and conclusions

In this article, we designed feasible locally resonant meta-
foundations to attenuate the hydrodynamic pressure induced
by vertical components of earthquakes in slender storage
tanks. According to the obtained results, we draw the fol-
lowing conclusions: (i) metafoundations can be designed to
protect slender storage tanks against vertical components of

Figure 16. Base pressure rms ratios a = p pj v c j v u j, ,
rms

, ,
rms .

Figure 17. (a) Values of αj for the foundations L2H3a and L2H3s; (b) amplitude spectra of OBE earthquakes.
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earthquakes; (ii) a significant performance improvement can
be achieved by staggering the columns at the second level of
the metafoundation frame. The best results were obtained
with the 3 m height two-layered foundation L2H3s, which
reduced the base pressure by 22.7% and 23.3% for OBE and
SSE earthquakes, respectively; (iii) because of the high
stiffness of the metafoundation outer frame in the vertical
direction, the optimal parameters slightly depend on soil type;
(iv) regardless of the frequency content at low frequencies,
metafoundations revealed more efficient in reducing the base
pressure induced by signals with a small energy content in the
high frequencies range.

In-depth researches are still needed to control the
response of broad tanks, in which both the breathing and the
impulsive mass provide significant contributions to base
pressure. Eventually, further studies are also required to
experimentally characterize mechanical properties of wire
ropes in the nonlinear regime and to consider more refined
models for soil-structure interaction.
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