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Abstract: Large-scale tanks are widely used for storing chemicals and fuels. Their failure due to natu-
ral (e.g., earthquakes) and/or man-made hazards can lead to disastrous consequences. Nonetheless,
they are often constructed in seismic-prone regions. For this reason, base isolation is often used for
the seismic protection of large tanks, aiming to “decouple” the superstructure from the imposed
ground motions. In this study, a combined optimization formulation is presented in order to further
improve the seismic response of a base-isolated tank. The main aim is to optimize both the critical
design parameters and the placement of the minimum number of isolators at the base of the tank. In
particular, a Cuckoo Search (CS) optimizer is used to optimize the dynamic performance of liquid
storage tanks, isolated either via single friction pendulum bearings (SFPB) or triple friction pendulum
bearings (TFPB). The main objective is to minimize the eccentricity between the center of mass and
the center of rigidity of the isolation system, while appropriate constraints are also imposed. Several
cases are examined, while the results are compared with respect to isolator displacement fragility
curves, as well as the reduced accelerations at the base of the tank. According to the findings of this
study, the tank industry can significantly benefit from the proposed approach, as a more cost-efficient
design of the base-isolation system of large-scale tanks can be achieved, i.e., using fewer isolators
with optimal key parameters.

Keywords: liquid storage tanks; dynamic response; seismic isolation; sizing optimization; combined
optimization; Cuckoo Search

1. Introduction

Water, fuels and chemicals are usually stored in large-scale tanks, which are often
constructed in seismic-prone regions. In past earthquakes (e.g., Northridge 1994; Kobe
1995; etc.), leakages and explosions were observed. In general, the main earthquake-
related damages of liquid storage tanks are the following: (a) the “elephant-foot” buckling,
(b) the “diamond-shape” buckling and (c) roof damage due to excessive liquid sloshing.
Undoubtedly, such critical infrastructure should remain safe and functional even after a
severe seismic event. Nonetheless, they behave quite differently to conventional structures
(e.g., buildings, bridges, etc.) during an earthquake, due to the hydrodynamic interaction
of their walls with their liquid content.

Housner [1] developed a mechanical analogue to simulate the hydrodynamic response
of the liquid-tank system by decoupling it from two components: (i) the lower part of the
liquid content that moves together with the tank walls, the so-called impulsive component,
and (ii) the upper part of the liquid content that moves independently and causes sloshing,
i.e., the convective component. Subsequent studies (by Veletsos et al. [2]; Malhotra [3];
among others) have proven that the global tank response is mainly governed by the
impulsive component of the liquid content. Consequently, the convective component can
be neglected, as it is related to high periods (e.g., >6 s for the examined tank in the present
investigation), that are considerably higher compared to the fundamental period of the
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tank-liquid system (e.g., ≈1.5 s for the examined isolated tank, while it is <0.2 s for the
same tank for fixed-base conditions).

In order to diminish the potential detrimental effects of the ground motions on large
and/or important structures and non-structural elements (e.g., statues, sensitive equip-
ment, etc.), several base-isolation schemes have been frequently applied in engineering
practice [4]. The main goal of all base-isolation schemes is to “decouple” the response of the
superstructure from the imposed ground shaking via suitable devices with low horizontal
and high vertical stiffness, which is necessary in order to carry the structural weight. In this
manner, the dynamic distress of the tank is considerably reduced, while the displacements
are increased due to the increased flexibility of the isolators. Such base-isolated tanks with
quite large dimensions have been constructed in many countries.

Many researchers have applied various optimization formulations and techniques
to design isolators that exhibit an optimal dynamic performance. Several studies have
investigated the performance of frictional bearings utilizing an optimization formulation.
Jangid [5] presented the optimization of friction coefficient of a sliding system to minimize
the accelerations of a base-isolated structure under seismic excitations. It was reported that
the damping ratios and the periods of the isolation system and the structure, the ratio of
base to superstructure masses, as well as the frequency content and the intensity of seismic
excitations had a significant impact on the results. Subsequently, Jangid [6] investigated
the behavior of buildings isolated via single friction pendulum bearings (SFPB) under
near-fault excitations. The objective was the minimization of sliding displacements and
top accelerations, while the resulting optimal coefficient of friction values were between
0.05 to 0.15.

Bucher [7] improved the performance of friction-based isolators by developing a
Pareto-type optimization formulation with conflicting objective functions. It was found that
the optimized design parameters are taken from a relatively narrow range of values. A non-
dominated sorting genetic algorithm (NSGA-II) was applied by Calafell et al. [8] to perform
optimization on SFPB isolators installed at a masonry house in Chile. It was found that SFPB
isolators reduced the superstructure demands. Charmpis et al. [9] investigated the optimal
vertical placement of isolators in multi-story buildings. The aim of the optimization was
the minimization of the maximum floor accelerations, while the constraints were related to
interstory drifts, maximum base displacements and the seismic isolation total cost.

Chung et al. [10] obtained the optimal friction coefficient by minimizing the sum of
squares of structural absolute accelerations. The results revealed that the optimization of
friction coefficient depended more on the isolation period than on various other ratios
(mass, damping, etc.). The optimization of isolators parameters installed at multi-story
buildings via harmony search (HS) was examined by Nigdeli et al. [11]. It was shown
that the HS algorithm was an efficient optimization technique considering this application,
and it proved its robustness regarding the variation in the ground motion characteristics.
Moeindarbari and Taghkikhany [12] implemented genetic algorithms (GA) to perform
optimization of structures isolated with triple friction pendulum bearings (TFPB) under
three seismic hazard levels. It was concluded that the outer (i.e., upper and lower) concave
sliding surface parameters (curvature radii, friction coefficients, displacement capacities)
of TFPB isolators had a more significant effect on the structural response compared to the
inner sliding surface properties, while the hazard level had a marginal influence on the
optimization results.

Das et al. [13] examined the optimal performance of a base-isolated building consider-
ing the limitation on excessive isolator displacements. It was shown that the constrained-
optimal isolation system produced significantly different results compared to the uncon-
strained formulation. Castaldo and Ripani [14] studied the impact of foundation layer
characteristics on the dynamic response of buildings isolated with SFPB. Taking into ac-
count soil–structure interaction, the optimum SFPB parameters were derived from a wide
range of friction bearing properties. Zou et al. [15] presented a performance-based optimiza-
tion formulation for multi-story buildings isolated with multiple-coupling friction dampers.
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The performance parameters of the isolation scheme were used as design variables, the dis-
placements and accelerations were chosen as the objectives and the optimization problem
was solved via sequential quadratic programming.

Recently, Tsipianitis and Tsompanakis [16] presented a study on sizing optimization
of SFPB and TFPB isolators placed at the base of liquid storage tanks, using several nature-
inspired optimizers. The minimization of tank base accelerations was the objective of
this formulation, while the constraints were related to the vibration period and damping
capacity of the isolators. Çerçevik et al. [17] implemented three bio-inspired search meth-
ods in order to achieve the optimization of the isolation period and damping ratio of a
simple four-story, two-dimensional frame isolated with rubber bearings. The results were
compared with those obtained via HS optimizer by Nigdeli et al. [11], while it was reported
that the three algorithms converged to similar optimum values. A limited number of far-
and near-fault accelerograms were used, and it was found that near-fault records are the
most influential ones, resulting in less favorable seismic response parameters during the
optimization process.

The impact of three control systems, namely tuned viscous mass damper (TVMD),
tuned inerter damper (TID) and tuned mass damper (TMD), on improving the seismic
response of base isolated structures was compared by Li et al. [18]. Suitable optimization
formulations were applied to optimize the properties of the three control systems. Accord-
ing to the results of this study, all three optimal control systems effectively reduced the
dynamic distress of the isolated structure. Ocak et al. [19] applied an adaptive harmony
search algorithm to optimize the base isolation system of a structure. Regarding the opti-
mization formulation, the emphasis was placed on determining the optimal parameters
of the isolation period and damping ratio, while the objective function was related to the
minimization of superstructure acceleration. The results show that the total acceleration of
the structure was reduced when the isolator’s ductility was increased.

In most relevant studies, the optimization of the seismic performance of the isolation
system was mainly focused on isolators’ critical parameters, such as the friction coefficient,
radius of curvature, etc. A literature review revealed that there is no relevant study that has
focused on the combined optimization of both the key parameters (i.e., sizing optimization)
and the layout (i.e., optimal placement) of the isolators installed at the base of buildings or
tanks. For this reason, single and dual optimization of liquid storage tanks, isolated either
by SFPB or TFPB, is investigated herein. The computationally efficient nature-inspired
Cuckoo Search (CS) algorithm is used for the solution of the optimization problems. The
optimized configurations are assessed by comparing the fragility curves with respect to
isolators’ maximum displacements when the coupled system (isolators and superstructure)
is subjected to near-fault excitations utilizing an incremental dynamic analysis process. A
base-isolated tank with SFPB or TFPB isolators with identical properties derived from a
standard design approach is used as the reference case for comparison with the optimized
designs. In the first optimization formulation, the number of isolators is kept constant
and the key parameters (friction coefficients and radii of curvature) of the bearings are
optimized. In the dual formulation, the optimization includes both the sizing parameters
in conjunction with the optimal placement of the isolators at the tank base, eliminating
redundant ones. It is proven that the proposed combined approach leads to a more cost-
efficient design, with fewer isolators compared to the conventional design.

2. Examined Friction Bearings
2.1. Single Friction Pendulum Bearings

Single friction pendulum bearings (SFPB) are efficient isolation devices for the seismic
protection of buildings, bridges and tanks, while they can be also used as a retrofit technique
for existing structures [20]. These bearings have an axisymmetric shape and take advantage
of their spherical geometry to provide seismic isolation [21]. Figure 1a presents a typical
SFPB configuration, while it can also be installed with the spherical surface facing down.
The spherical bearing surface with steel–teflon type interface represents a pendulum motion,
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while the period of the isolator is determined by the radius of curvature of this concave
sliding surface. A characteristic feature of SFPB is that the center of stiffness (i.e., rigidity)
coincides with the center of mass. In this manner, the torsional distress of the superstructure
is minimized. Accordingly, the structural response, ductility and energy dissipation can be
efficiently controlled, while damages to structural components—as well as to non-structural
elements and contents in buildings—are minimized even for severe seismic events.
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2.2. Triple Friction Pendulum Bearings

More recently, multi-stage friction isolators, such as triple friction pendulum bearings
(TFPB), have been implemented in engineering practice. A TFPB is a sliding isolation device
with adaptive characteristics, which can exhibit different stiffness, strength and damping
properties depending on the circumstances. A TFPB has multiple spherical concave sliding
surfaces, which enable the transmission of lower vibrations to the superstructure, while
maintaining zero residual displacements at the bearings.

Consequently, its operation is quite different compared to the single sliding bearings
(i.e., SFPB), which exhibit constant stiffness and energy dissipation. In other words, the
various potential combinations of the curvature and friction coefficient of the sliding
surfaces, which can be adjusted according to the imposed seismic levels, increase the
flexibility and effectiveness of TFPB. In this manner, several performance objectives can be
attained, and this is ideal from a performance-based design (PBD) perspective (Figure 1b).
More details regarding the successful implementation of TFPB in liquid storage tanks can
be found in [22].

3. SFPB and TFPB Fragility Function Evaluation

In general, seismic fragility is associated with the probability of exceedance of a limit
state for a given seismic intensity level. Peak ground acceleration (PGA) has been adopted
as a suitable intensity measure (IM) for liquid storage tanks in several relevant studies.
For instance, PGA was used by Salzano et al. [23] for the seismic risk assessment for
atmospheric tanks, based on the recommendations of ALA [24]. Bakalis et al. [25] also
reported that PGA can be used to interpret the dynamic response of tanks due to the
impulsive load pattern of the liquid content. Moreover, Saha et al. [26] stated that PGA is
ideal when assessing the seismic fragility of base-isolated tanks, as it is associated with
peak response quantities.

In the present work, fragility curves for both SFPB and TFPB for standard and for
optimized main parameters are evaluated for the Maximum Credible Earthquake (MCE)
with 2% probability of exceedance in 50 years (as shown in Figure 2). The methodology
presented by Baker [27] has been adopted for the fragility analysis, in which a lognormal
cumulative distribution function correlates the failure probabilities (i.e., in terms of isolator
displacement capacity exceedance) with the selected IM. In this manner, the fragility curves
can be derived via multiple dynamic analyses utilizing the selected accelerograms and
various PGA levels.
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4. Base-Isolated Liquid Storage Tank
4.1. Case Study Models and Design Parameters

In the present investigation, the tank model “Tank B”, initially presented by Haroun [28]
is used, which is a squat cylindrical tank with height-to-radius ratio H/R = 0.67. The thick-
ness of tank wall is t = 0.0254 m, the radius is R = 18.29 m, the height of the liquid is
H = 12.19 m, while the weight of the content is W = 126.27 MN. The fundamental period of
the fixed-base tank-liquid system is Tf-B = 0.162 s. It is noted that a slender storage tank has
not been included in this investigation, since the fragility curves of isolator displacements
are marginally affected by the geometry of the base-isolated tanks [22].

4.2. Surrogate Tank Model

Numerical simulation of tanks is a difficult task due to the complexity of liquid-tank
hydrodynamic behavior [29], since the explicit simulation of the liquid content results
in computationally demanding models. In order to achieve an optimal balance among
computational cost, model complexity and accuracy, valid surrogate models are frequently
developed instead of complicated three-dimensional (3D) models. Konstandakopoulou
and Hatzigeorgiou [30] stated that simulating liquid storage tanks as mechanical analogs is
suggested in contemporary seismic norms, e.g., Eurocode 8 [31], API 650 [32], NZSEE [33]
and IITK-GSDMA [34]. Related studies have also shown that such simplified models can
be effectively used in dynamic analyses of base-isolated tanks (e.g., Christovasilis and
Whittaker [35]).

Consequently, the examined tank is represented by modifying the “Joystick model”,
developed for fixed-base tanks by Bakalis et al. [29]. Due to the cylindrical geometry of
the tank, the isolators are arranged following a symmetrical radial layout, as shown in the
surrogate model of Figure 3. As displayed in Figure 3, the surrogate model consists of a
vertical beam that carries the impulsive mass and it is supported by an adequate number
of rigid beam spokes (e.g., 12 spokes in this investigation), which are placed on top of the
sliding bearings. The beam spokes of the Joystick model are used to simulate the rigid
base of the tank. Additionally, the guidelines of Eurocode 8—Part 4 [31] have been used
to calculate the impulsive mass and the properties of the vertical elastic beam using the
equivalent stiffness, ki, (equal to 7.8× 109 N/m) which corresponds to the impulsive period,
Ti, (equal to 0.16 s) and mass, mi (equal to 5067 t). More details regarding the employed
“Joystick model” can be found in [36]. This surrogate numerical model is quite reliable, as
it accurately matches the impulsive fundamental period. Regarding the damping of the
tank, it is set equal to 5%, as stated in Eurocode 8—Part 4 [31] recommendations for the
ultimate limit state of liquid tanks. In the developed surrogate models, the lumped masses
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represent the weight of the content, applied at the base beam spokes of the tank, i.e., the
vertical loads are imposed on the bearings. It is noted that the weight of the tank walls can
be neglected, as it is only a small percentage (≈5%) of the total weight [37].
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As mentioned, the impulsive liquid component dominates the hydrodynamic response
of the tanks. On the other hand, the convective liquid mass can be neglected, based on
relevant studies (e.g., Christovasilis and Whittaker [35]; Rawat et al. [38]), in which it is
presented that although the impulsive pressure is reduced due to seismic isolation, the
convective pressure remains practically constant. Furthermore, the impact of the convective
part of liquid content can be estimated separately [29]. Figure 4 compares the predominant
periods of the selected accelerograms with the periods of the impulsive and convective
liquid components of the examined squat tank. It has to be stressed that the fundamental
period of the examined tank isolated with different bearing configurations ranges from
2.29 s to 3.23 s. As shown in Figure 4, the convective period is close to 7 s; thus, it is evident
that the dynamic response of the tank is mainly influenced by its impulsive period, while
sloshing phenomena are not expected to occur.

4.3. Numerical Modeling and Selected Records

The dynamic analyses of the Joystick model supported on the various SFPB and
TFPB isolator configurations have been performed using the finite-element software
SAP2000 [39]. The suite of the near-fault ground motions derived from FEMA/SAC
Steel Project [40] is used to test and optimize the performance of the isolators under strong
impulses (https://nisee.berkeley.edu/elibrary/files/documents/data/strong_motion/sa
csteel/motions/nearfault.html, accessed on 10 April 2017). The first ten acceleration time
histories refer to natural records, while the remaining were derived artificially (as presented
in Table 1). The special frequency content of these accelerograms is displayed in Figure 5,
where all elastic response spectra for 5% damping are shown. Due to their scattering the
mean spectrum is also shown and compared with Eurocode 8 (EC8) spectrum for Soil
A. These accelerograms result in quite high displacements that can cause failure of the
bearings [41]. This ground motion set is a well-established suite of impulsive excitations
with very high PGA values (ranging from 0.45 g to 1.07 g) that is frequently used in seismic
fragility analysis studies (e.g., Billah and Allam [42]).

https://nisee.berkeley.edu/elibrary/files/documents/data/strong_motion/sacsteel/motions/nearfault.html
https://nisee.berkeley.edu/elibrary/files/documents/data/strong_motion/sacsteel/motions/nearfault.html
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Table 1. Selected near-fault excitations.

SAC Reference Record Moment
Magnitude Distance (km) PGA (g) PGV (m/s)

NF01 Tabas, 1978 7.4 1.2 0.90 1.13
NF03 Loma Prieta, 1989, Los Gatos 7 3.5 0.72 1.36
NF05 Loma Prieta, 1989, Lex. Dam 7 6.3 0.69 1.54
NF07 C. Mendocino, 1992, Petrolia 7.1 8.5 0.64 1.41
NF09 Erzincan, 1992 6.7 2 0.43 0.85
NF11 Landers, 1992 7.3 1.1 0.71 0.95
NF13 Northridge, 1994, Rinaldi 6.7 7.5 0.89 1.38
NF15 Northridge, 1994, Olive View 6.7 6.4 0.73 1.01
NF17 Kobe, 1995 6.9 3.4 1.09 1.68
NF19 Kobe, 1995, Takatori 6.9 4.3 0.79 1.70
NF21 Elysian Park 1 7.1 17.5 0.86 1.01
NF23 Elysian Park 2 7.1 10.7 1.80 3.16
NF25 Elysian Park 3 7.1 11.2 1.01 1.93
NF27 Elysian Park 4 7.1 13.2 0.92 2.40
NF29 Elysian Park 5 7.1 13.7 1.16 3.11
NF31 Palos Verdes 1 7.1 1.5 0.97 2.71
NF33 Palos Verdes 2 7.1 1.5 0.97 2.64
NF35 Palos Verdes 3 7.1 1.5 0.87 2.15
NF37 Palos Verdes 4 7.1 1.5 0.79 1.71
NF39 Palos Verdes 5 7.1 1.5 0.92 2.26

Regarding base-isolated storage tanks, the use of a suitable ground motion set is
required when implementing a performance-based design (PBD) framework. For this
reason, a considerably large number of non-linear dynamic analyses have to be incremen-
tally performed. According to Vamvatsikos and Cornell [43], the incremental dynamic
analysis (IDA) process is implemented herein as follows [22,36]: (a) an efficient computa-
tional model is developed for performing IDA, (b) a suitable ground motion set is selected,
(c) appropriate IM and engineering demand parameter(s) (EDP) are selected, and (d) scal-
ing factors to perform the dynamic analyses and form the IM-EDP curves are selected. By
implementing IDA methodology, the twenty selected time histories are suitably scaled to
several intensity levels, and in turn are applied at the base-isolated surrogate models until
isolator displacement limit is reached for the considered performance level [36].
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Fast Non-linear Analysis (FNA) is adopted for the dynamic analyses, as it is suitable
for structural systems in which the non-linear behavior is observed at the isolation system,
while the superstructure response remains elastic [39]. Lastly, the global damping of the
structural system is 5% for the ultimate limit state [31], while for the impulsive liquid
component, it is 2% [44].
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Regarding the SFPB isolators, the “Friction isolator” non-linear link element available
in SAP2000 is used. This is a biaxial isolator, in which the two shear displacements as
well as the friction parameters constitute a coupled system. A distinctive property of
this link element is its post-slip stiffness along the horizontal directions due to the radius
of curvature of the sliding surface. Moreover, it exhibits a gap behavior along the axial
direction, while linear-effective stiffness is used for the three moment deformations. In
addition, there is a proportional relationship between the compressive axial force and
both friction and pendulum forces [39]. Accordingly, the following parameters need to be
defined in the “Friction isolator” link element in SAP2000 for each SFPB isolator: effective
stiffness and damping, non-linear stiffness, friction coefficient (slow/fast), rate parameter
and the radius of curvature.

The “Triple-pendulum isolator” element is suitable for the accurate representation
of TFPB [39]. It is modeled as a biaxial SFPB isolator, consisting of four concave sliding
surfaces, i.e., two outer and two inner surfaces. The motion of the two inner surfaces can
be considered as coupled due to kinematic conditions; this is represented as a series of
three “Friction isolators”. The shear force–displacement curve can be adjusted by choosing
different friction coefficients and radii of curvature. For this reason, different responses
can be provided for various excitation levels, which are suitable when implementing a
performance-based design (PBD) approach [12]. The following parameters are required
in the “Triple-pendulum isolator” element in SAP2000: effective stiffness and damping,
and separately for outer and inner surfaces, non-linear stiffness, friction coefficient, sliding
rate parameter (slow/fast), radius of each sliding surface and related stop distance, i.e.,
the permitted transverse displacement along each sliding surface before encountering a
stiff barrier [39]. Due to the more complex function of the “Triple-pendulum isolator” link
element, the computational cost of the dynamic analyses for TFPB isolators is approximately
65% higher compared to SFPB.
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5. Cuckoo Search Optimizer

The Cuckoo Search (CS) algorithm [45] programmed in MATLAB [46] (https://www.
mathworks.com/matlabcentral/fileexchange/29809-cuckoo-search-cs-algorithm, accessed
on 15 January 2018) is adopted to perform the required optimization calculations. Other
evolutionary optimizers could also have been used and compared. However, it is noted that
the focus of this study is not on the optimization algorithm, but on the novel optimization
formulations. In complex and demanding engineering problems, the top priority is to
use a robust and efficient optimization method, and certainly CS can be considered as
such. Recently, Tsipianitis and Tsompanakis [47] presented improved CS algorithmic
variants for constrained non-linear optimization benchmark problems. In that study, CS
and its variants were compared with well-known metaheuristic optimizers (e.g., Particle
Swarm Optimization, Fish Swarm Optimization, etc.) in several benchmark problems. In
addition, modified versions of CS have been recently presented in the literature (e.g., Cuong-
Le et al. [48]; Minh et al. [49]). Nonetheless, a detailed comparison of CS variants with
other optimizers for the examined optimization problem is beyond the scope of the current
study, although it could be examined in future extensions. Generally, such comparisons are
useful in engineering optimization applications [47]; however, there are CS-based studies
that have supported their scientific findings solely based on the CS optimizer, i.e., without
comparing CS with other optimizers (e.g., [50]).

CS consists of a nature-inspired optimizer, which imitates the parasitic behavior of
certain cuckoo species, while its performance is enhanced via Levy flights [51]. In general,
three basic rules are used in CS formulation [45]:

• Each cuckoo bird lays only one egg (i.e., new design solution) and places it in a
randomly selected nest.

• The best nests, i.e., with high-quality eggs, are maintained in the next generation.
• A constant number of available host nests is used, while there is a probability pa ∈ (0,

1) that the egg laid by a cuckoo is discovered by the host bird. In this case, the host
bird can either discard the egg or simply abandon the nest and build a new one.

Certainly, the efficiency of evolutionary optimizers depends on the selection of their
key parameters. However, for optimizers that are used for several years in various applica-
tions, the optimal range of values for the most crucial parameters has been well established.
The most crucial parameters in CS are the number of nests, n, and the probability pa.
Relevant studies have examined the impact of the values of these two variables in the
performance of CS (e.g., [50,52]). In particular, Buaklee and Hongesombut [50] performed
two sensitivity analyses: a) in the first case, the value of probability pa ranged from 0.05
to 0.5, while the number of nests was kept constant, i.e., n = 25; b) in the second case, the
number of nests ranged from 10 to 50, while the discovering probability was kept constant,
i.e., pa = 0.25. The results illustrated that the variation of the discovering probability and
the number of nests did not hinder CS from obtaining the global optimum. Moreover,
the results of such studies illustrated that the convergence rate is not very sensitive to the
values of these two key parameters ([50,52]).

In this study, based on the recommendations of Yang and Deb [45], the number of
nests is set equal to 25, while pa is 0.25. In addition, the replacement of a fraction pa of the
n host nests with new nests, i.e., with new random design solutions, can be applied [45].
The objective is to use the new and probably superior solutions (cuckoos) to replace
inferior solutions in the current nests. It is noted that CS can be extended to more complex
formulations, in which each nest can contain multiple eggs that correspond to a set of
solutions. In the present formulation, the simple approach is adopted, i.e., each nest has
one egg. Regarding the selection of additional CS parameters, the following values have
been used: Levy exponent β = 1.5 and step size a = 1 [45].

In the sequence, the basic steps of the CS algorithm are presented for a better under-
standing of the adopted optimization process. It should be mentioned that the MATLAB
code of the standard CS optimizer has been properly structured into several functions in or-

https://www.mathworks.com/matlabcentral/fileexchange/29809-cuckoo-search-cs-algorithm
https://www.mathworks.com/matlabcentral/fileexchange/29809-cuckoo-search-cs-algorithm
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der to achieve higher computational efficiency. The main steps of the CS-based optimization
process for all optimized SFPB and TFPB isolation schemes are as follows:

1. Determination of the matrix nest (n × z) initially compiled from random numbers
at each position, where n is the number of nests and z is the number of positions at
the matrix. These numbers are integers in the range [1, B], where B is the number
of isolators.

2. Determination of the matrix fitness (n × 1), defining an initial random large number
depending on the characteristics of the problem.

3. Implementation of the function get best nest that aims to define the best solution of the
objective function and its corresponding nest.

4. Performing the iterative process, in which the objective function is compared with the
determined bounds.

5. Implementation of the function get cuckoos. The aim of this function is the determina-
tion of the step that results in a new nest via Levy flights.

6. Implementation of the function simple bounds, where the content of matrix positions
is checked.

7. Implementation of the function get best nest, similar to step (3).
8. Implementation of the function empty nests, where the probability of the alien egg to

be found by the host bird is applied.
9. Implementation of the function get best nest, similar to step (3).
10. Check if the objective function is minimized at the specified bounds. When the condi-

tion is false, the algorithm returns to step (d). Otherwise, the algorithm converges.
The convergence tolerance has been set equal to 0.001, while the maximum number of
iterations is 5000.

6. Single and Dual Optimization Formulations

Generally, depending on its main aim, structural optimization can be classified into
three main types [53]: sizing, shape and topology or layout optimization. There are
numerous engineering applications based on single optimization formulations, while
there are also dual approaches that combine the main types. For instance, a combined
optimization approach was implemented by Jawad et al. [54] to simultaneously optimize
the layout and members’ size of several benchmark truss structures. As mentioned in the
introduction, the literature review revealed that there is no relevant study that has focused
on the combined optimization of both the key parameters (i.e., sizing optimization) and
the layout (i.e., optimal placement) of the isolators installed at the base of buildings or
tanks. For this reason, single and dual optimization formulations for base-isolated tanks are
presented herein, which can be considered a significant novelty compared to the authors’
recent study on sizing optimization of friction bearings [16].

In the proposed single and combined optimization formulations, the CS optimizer
is used for the minimization of the eccentricity (i.e., the distance between the centers of
mass and rigidity of the isolation system) of liquid storage tanks isolated either by SFPB or
TFPB. In this manner, the dynamic response of the system is not influenced by the higher
modes and the torsional distress is minimized. In order to assess the effectiveness of the
optimized isolation schemes, a comparison is performed with a reference design with
standard parameters for the isolators, referred to as SFPB1 and TFPB1, which are derived
using the equivalent linear force (ELF) procedure shown in Figure 6.

ELF is a process often applied for the preliminary design of base-isolation systems.
More specifically, it is a repetitive procedure in which initial isolator parameters are selected.
After the calculations, the isolator capacity should be equal to the target displacement.
Otherwise, different design parameters are selected, and the process is repeated. This is
schematically illustrated in Figure 6, where µi denotes the friction coefficient, Ri is the radius
of curvature, dcd is the target displacement, Keff and Teff denote isolators effective stiffness
and period, Sa is the spectral acceleration and dcd-new is the current displacement capacity.



Appl. Sci. 2022, 12, 9879 11 of 20

For the examined tank, the following conditions are assumed, according to Eurocode 8:
Soil type A, importance factor, γi = 1.4, and bedrock acceleration, ag = 0.36 g.

The first optimization approach, namely SFPB2 and TFPB2, focuses on the sizing
optimization of the main parameters (i.e., radius of curvature and friction coefficients) of
the two types of friction-based devices. In addition, combined optimization formulations,
denoted as SFPB3 and TFPB3, have been developed. These approaches achieve the optimal
placement of the minimum number of required bearings in conjunction with the sizing
optimization of the friction coefficient and radius of curvature of sliding surface(s). More
specifically, in each optimization cycle of the dual optimization formulations, CS randomly
assigns isolators with zero parameters to assess if their placement is fully necessary to best
serve the problem needs, according to the objective and constraints functions which are
presented in the sequence. This process is repeated in every iteration and results in the
minimum possible number of isolators for the specific prearranged layout, as shown in
Figure 7.
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It should be noted that both single and dual optimization approaches result in isolators
with different parameters (i.e., µi, Ri). When friction coefficients are not the same for all
friction devices, the center of superstructure mass may not coincide with the isolator center
of rigidity [55]. In general, variations of isolator properties can cause accidental torsion
of the superstructure. For instance, Matsagar and Jangid [56] stated that eccentricities
related to different isolator parameters can affect the response of the system. In addition,
the placement of the isolators—in conjunction with structural irregularities—can affect
the torsional response of the superstructure [57]. These important issues are taken into
account in the proposed optimization formulations via the minimization of the isolators’
eccentricity, as described in the sequence.
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In the current study, a realistic range of values is used for the design variables in the
optimization calculations, which are treated as continuous parameters. More specifically,
the values of the friction coefficient and the radius of curvature range between 0.03 and 0.08
and 1 to 5 m, respectively, for SFPB [58] as well as the outer sliding surfaces of TFPB. With
respect to the inner surfaces of TFPB isolators, the following values are considered, e.g.,
R1,4 = 3·R2,3 and µ1,4 = 3·µ2,3, as recommended by Fadi and Constantinou [59]. Subscripts
correspond to the sliding surface of the bearings, as shown in Figure 1. Certainly, in
engineering projects, additional technical/economical constraints could be imposed on
these parameters due to budget limitations, availability and ease of implementation (e.g.,
grouping of isolators with small variations, using discrete values for design variables, etc.).

As previously mentioned, when isolators’ parameters are different, adverse torsional
effects can affect the superstructure. In order to minimize the torsional response of the tank,
the objective function is set in both formulations as follows:

emin =

√
(xcw − xcr)

2 − (ycw − ycr)
2 (1)

in which emin refers to the minimum eccentricity of the base-isolated tank, since xcw and ycw
denote the coordinates of the center of mass, while xcr and ycr are the coordinates of the
center of rigidity, which are calculated as follows:

xcw =
∑ xi · Pvertical,i

∑ Pvertical, i
(2)

ycw =
∑ yi · Pvertical, i

∑ Pvertical, i
(3)

xcr =
∑ Ke f f , i · xi

∑ Ke f f , i
(4)

ycr =
∑ Ke f f , i · yi

∑ Ke f f , i
(5)

where xi, yi are the coordinates of the selected nodes at the tank’s base, Pvertical,i refers to the
applied vertical load and Keff,i denotes the effective stiffness of each isolator.
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The constraints in both optimization schemes are related to the isolated system re-
sponse, according to the recommendations of Kelly [60], CEN [31] and Bisch et al. [61]:

Te f f > 3 · T (6)

1.5 s < Te f f < 3.5 s (7)

10% < βe f f < 30% (8)

in which T is the fundamental period of the fixed-base system, Teff refers to the effective
period and βeff denotes the effective damping of the isolation system. Lastly, an additional
constraint is imposed on the load capacity of each isolator, as follows:

Pcritical
Pvertical, i

> 1 (9)

where Pcritical is the critical load defined by Constantinou et al. [62]. This constraint is vital
to the dual optimization process; as the number of “zero” isolators is reduced, the load on
the remaining active bearings is increased up to the critical limit.

7. Numerical Results
7.1. Conventional Design Results

As previously mentioned, the SFPB1 and TFPB1 configurations are derived via the
heuristic ELF design procedure (Figure 6) without implementing any optimization. They
result in more conservative solutions and they are used for comparison with the proposed
single- and dual- optimized schemes. Due to the geometry of the tank, the process resulted
in 60 identical isolators, symmetrically placed in both schemes, as shown in Figure 3. It
is noted that rectangular isolator grids are usually used in buildings, while, based on
engineering experience and problem characteristics, non-identical isolators can be applied.
For instance, Mazza and Mazza [63], based on axial load variation, heuristically selected
SFPB with different properties to more efficiently isolate a six-story reinforced concrete
building, with an L-shaped plan under near-fault excitations.

The ELF process results in an SFPB1 scheme with 60 SFPB isolators with identical
properties, i.e., µ = 0.03 and R = 3.2 m. The fundamental period of the system is 3.23 s,
the effective damping is 24.4% and the displacement capacity is 0.29 m. Analogously, the
uniform parameters of the 60 isolators in TFPB1 scheme are: friction coefficient values
for the outer sliding surfaces, µ1 = µ4 = 0.09 and the inner sliding surfaces, µ2 = µ3 = 0.03,
radius of curvature values for the outer surfaces, R1 = R4 = 3.2 m, and the inner surfaces,
R2 = R3 = 1.07 m. The fundamental period of the system is 2.87 s, the effective damping is
22.84% and the displacement capacity is 0.784 m, much higher compared to SFPB1, which
enables them to withstand higher PGA levels, as will be shown in the sequence.

7.2. Optimization Results

In this section, both single and dual optimization results using a CS algorithm for
the examined squat tank isolated either by SFPB (SFPB2 and SFPB3) or TFPB (TFPB2 and
TFPB3) are presented. The main results are summarized in Table 2. It can be easily observed
from Table 2 that only 39 isolators are derived from the dual optimization process SFPB3
(Figure 7a) compared to the conventional design and sizing optimization approaches, where
60 SFPB are installed at the base of the tank. The requirements regarding the eccentricity
minimization and isolators constraints are fully satisfied. Analogously, when the tank is
protected via TFPB isolators, the TFPB3 optimization formulation leads to 36 bearings
(Table 2 and Figure 7b). It should be noted that for both single and dual optimization
schemes, the basic parameters (i.e., µi, Ri) can be different for each isolator, while bearings
with small differences can be grouped as mentioned earlier. Hence, the displacement
capacity of the whole system is bounded by the isolator(s) with minimum displacement
capacity.
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Table 2. Optimization results for all optimized isolations configurations.

SFPB2 SFPB3 TFPB2 TFPB3

Number of isolators 60 39 60 36
Effective Period 2.55 s 3.11 s 2.29 s 2.73 s

Effective Damping 19.8% 18% 21.9% 16.9%
Effective Stiffness 53,805.6 kN/m 30,810 kN/m 97,802.7 kN/m 68,096 kN/m

Displacement capacity 0.28 m 0.28 m 0.72 m 0.72 m
Eccentricity 0.0007 m 0.0007 m 0.0001 m 0.0007 m

In addition, the capacity of each bearing has a direct effect on its cost and, consequently,
the total cost of the whole system. Nonetheless, the differences of the bearings’ proper-
ties in dual configurations (with reduced numbers, i.e., 39 and 36 for SFPB3 and TFPB3,
respectively) are small compared to the corresponding ones in the other two schemes with
a constant number (i.e., 60). This is verified by the fact that the displacement capacity in
Table 2 is the same for the two optimization schemes (0.28 m and 0.72 m for single and
triple bearings), while there are small differences from the slightly higher values of the
conventional design approach (0.29 m and 0.784 m, respectively). Therefore, the overall
cost for the optimized designs derived utilizing the dual optimization process is much
smaller compared with those of single optimization and conventional design procedures
for both bearing types.

Figure 8 depicts the convergence histories of the optimization process using a CS
optimizer for the different optimization formulations that have been examined in this
study. A “truncated” plot is also added into the main graph for a better representation
of the results. As can be noticed, the combined optimization formulations (SFPB3 and
TFPB3) required more iterations to converge compared to the single sizing optimization
formulations (SFPB2 and TFPB2) due to the additional complexities of the design space.
Regarding the isolator type, TFPB3 required more iterations to converge compared to
SFPB3, while TFPB2 converged faster than SFPB2.
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7.3. Isolator Fragility Curves

The fragility curves of storage tanks isolated via SFPB and TFPB with either standard
design or optimized parameters are presented in Figure 9. They have been calculated in
terms of isolator displacements for various PGA levels. As mentioned earlier, the maximum
displacement of SFPB and TFPB is related to the Maximum Credible Earthquake (MCE)
hazard level, with probability of exceedance of 2% in 50 years. In particular, the results
for the three approaches are illustrated for each isolator type (i.e., SFPB1, SFPB2, SFPB3
and TFPB1, TFPB2, TFPB3, respectively). It can be observed from Figure 9a that in the
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case of single bearings, the fragility curves of the conservative SFPB1 design are identical
to those of SFPB2 and SFPB3 single- and dual-optimized- schemes although the SFPB3
scheme contains significantly fewer isolators. On the other hand, the fragility curves of the
tank isolated with triple bearings shown in Figure 9b illustrate that TFPB1 presents slightly
better results compared to the other two more cost-efficient approaches, TFPB2 and TFPB3,
which result in almost identical results.
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7.4. Superstructure Accelerations

In contrast with base-isolated tanks, the probability of failure for fixed-base liquid
storage tanks presents high values even for medium intensity levels [26]. This can be
attributed to the significantly reduced accelerations transmitted to the superstructure due
to base isolation; thus, the isolated tank exhibits a linear response. In this manner, tank wall
damages and liquid content leakages can be avoided for the usually expected range of PGA
values, while any system failure (i.e., for the tank and the isolation) is mainly associated
with the exceedance of the allowable SFPB and TFPB displacement capacity, as presented
in the form of the fragility curves in Figure 9.

To illustrate the beneficial role of the isolation, Figure 10 presents the base accelerations
transmitted to the superstructure (i.e., measured just above the isolators) for all schemes.
More specifically, the results for all the examined approaches and isolator types are depicted
for the maximum imposed values for every accelerogram, i.e., at the last step of the fragility
curve generation process. As expected, the accelerations transmitted to the superstructure
are notably reduced for all isolation configurations. This is more pronounced in the case of
triple bearings, which, due to their increased capacity, can withstand much higher PGA
levels compared to the single bearings, as can be seen by comparing the PGA values used
to obtain the fragility curves in the two plots of Figure 9. Analogously, triple bearings
exhibit much higher maximum acceleration values in Figure 10, in which the presented
results correspond to the ultimate scaled values for each excitation. It can also be observed
that for both isolator types, the dual optimization approach (i.e., SFPB3 and TFPB3) pro-
vides slightly better results compared to the other two approaches, especially for extreme
acceleration values for certain accelerograms, e.g., #9 (Kobe, 1995), #16 (Palos Verdes 1) and
#19 (Palos Verdes 4).
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8. Conclusions

The present study aims to improve the dynamic response of isolated tanks in a cost-
efficient manner by optimizing both the isolator layout and critical parameters, i.e., the
friction coefficient and radius of curvature of each (single or multiple) sliding surface.
According to the review of the relevant literature, there is no relevant study that has
focused on the combined optimization of both the key parameters (i.e., sizing optimization)
and the layout (i.e., optimal placement) of the isolators installed at the base of buildings or
tanks. For this purpose, the constrained optimization of SFPB and TFPB isolators installed
at the base of liquid storage tanks has been investigated herein. More specifically, the
dynamic performance of tanks isolated by SFPB or TFPB has been optimized firstly with
respect to the properties of the isolators and then together with their optimal placement at
tank’s base. For this purpose, the seismic vulnerability—in terms of isolators displacements
and superstructure accelerations—has been examined for each optimized configuration.
In order to achieve an optimal balance between computational accuracy and efficiency, an
efficient surrogate model has been used for the realistic representation of the hydrodynamic
response of the tank.

According to the presented results, the main findings of this preliminary investigation
can be summarized as follows:

1. The dual optimization approach (SFPB3, TFPB3) leads to a substantially more cost-
efficient design for both isolator types. More specifically, SFPB3 and TFPB3 resulted in
39 and 36 isolators, respectively, for the examined squat cylindrical tank. On the other
hand, the conventional design (SFPB1, TFPB1) and the single optimization (SFPB2,
TFPB2) procedures required 60 isolators, regardless of the bearing type. Moreover,
despite this significant reduction in the required isolators, the differences in the
isolators’ properties—and cost—are small compared to full configurations. Thus, the
total cost of the isolation system in dual schemes is much less for both bearing types.

2. Regarding the fragility curves of the isolators, marginal differences were noticed only
in the case of TFPB, while for SFPB, the results were identical to the conservative
design approach for both single and dual optimization formulations.
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3. A significant reduction in accelerations transmitted to the superstructure was observed
for all isolation schemes, especially in the case of TFPB, which is slightly increased in
the case of dual optimization configurations and extreme PGA levels.

4. For both isolator types, the single (i.e., only sizing) optimization converged faster
than the dual formulations due to the additional complexity related to the optimal
placement of the bearings.

Consequently, by applying the proposed optimization methodology, optimal config-
urations with reduced number of isolators could be used in large-scale projects, leading
to a more cost-effective design of base-isolated structures. Certainly, further investigation
must be performed, including a more detailed cost analysis regarding the topology of
the isolators (grid type and/or non-constant locations) and their sizing parameters. In
addition, the optimization problem could be formulated with discrete design variables
and/or by grouping isolators with similar properties, since such alternative optimized
designs would be more viable from a practical point of view. Furthermore, a multi-objective
optimization formulation of hybrid isolation systems—consisting of friction-based isolators
and supplemental dampers [64], tuned mass dampers [65,66] or semi-active/active control
devices [67]—can also be examined as an extension of this work.
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