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Liquid-filled tanks are effective storage infrastructure for water, oil, and liquefied natural gas (LNG). Many such large-scale tanks
are located in regions with high seismicity. Therefore, very frequently base isolation technology has to be adopted to reduce the
dynamic distress of storage tanks, preventing the structure from typical modes of failure, such as elephant-foot buckling, di-
amond-shaped buckling, and roof damage caused by liquid sloshing. The cost-effective seismic design of base-isolated liquid
storage tanks can be achieved by adopting performance-based design (PBD) principles. In this work, the focus is given on sliding-
based systems, namely, single friction pendulum bearings (SEPBs), triple friction pendulum bearings (TFPBs), and mainly on the
recently developed quintuple friction pendulum bearings (QFPBs). More specifically, the study is focused on the fragility analysis
of tanks isolated by sliding-bearings, emphasizing on isolators’ displacements due to near-fault earthquakes. In addition,
a surrogate model has been developed for simulating the dynamic response of the superstructure (tank and liquid content) to

achieve an optimal balance between computational efficiency and accuracy.

1. Introduction

The safe functioning of liquid storage tanks is of paramount
importance, especially in seismic prone regions, since this
severe natural hazard can lead to large-scale technological
disasters, the so-called NATECH events. In general, cylin-
drical liquid storage tanks are structures that are widely used
to store water, petrochemicals, and liquefied natural gas
(LNG). Many such tanks are located in areas subjected to
strong ground motions, and the seismic risk is higher com-
pared to conventional structures due to devastating conse-
quences. Failures of storage tanks due to earthquakes can
cause leakages and explosions, as shown in many cases in the
past earthquakes (Northridge (1994); Kobe (1995); Chi-Chi
(1999)). In any case, a robust performance-based seismic
design is required, as significant socioeconomical losses and
environmental problems may result from even a minor failure.

Compared to ordinary structures (such as buildings and
bridges), liquid storage tanks present different dynamic
behavior due to liquid-tank interaction, since they are

subjected to inertial earthquake loads and hydrodynamic
pressures. The mechanical model of Housner [1] represents
this behavior in a realistic manner. More specifically, the
hydrodynamic response of the tank-liquid system is di-
vided in two uncoupled components: the impulsive com-
ponent (i.e., the lower part of the liquid that moves
horizontally and follows the tank wall movements) and the
convective component (i.e., the upper part of the liquid that
generates the sloshing motion). Many studies [2-4] have
shown the dominance of impulsive liquid component on
the global tank seismic response. In contrast, the convective
component can be neglected since it is associated to long
periods (which is >6 sec for the examined tanks), that are
substantially higher compared to the fundamental period
of the tank-liquid system (approximately 2sec for the
examined isolated tanks, while it is <0.2 sec for fixed-base
conditions). Thus, typical forms of storage tank failures in
past earthquakes (e.g., “elephant foot” and “diamond
shape” buckling types) are mostly related to the impulsive
component and less caused by liquid sloshing [5].
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Base-isolation technology is considered as an efficient
approach to reduce the seismic vulnerability of liquid storage
tanks. The fundamental concept of base-isolation is the
“decoupling” of structure from ground motions by installing
isolators, i.e., devices with low horizontal and high vertical
stiffness to accommodate the vertical loads of the structure.
Therefore, the stresses and accelerations imposed on the
tank are notably reduced, even if the displacements are quite
high due to the increased deformability of the flexible
bearings [6, 7]. Some large-scale liquid storage tanks isolated
by friction isolators are presented in EPS [8]. Firstly, two
LNG tanks of Revithoussa, Greece, each having a capacity of
65.000 m’, are equipped with totally 424 SFPB isolators.
Secondly, two large LNG tanks located in Melchorita facility
in Peru [9] are isolated by TFPBs, where earthquakes with
magnitude >8 of Richter scale may occur.

Many studies have been devoted to the seismic analysis
and vulnerability assessment of liquid storage tanks base-
isolated with friction isolators. Firstly, Wang et al. [10]
studied the effectiveness of SFPBs installed at the base of
cylindrical tanks using a hybrid structure-hydrodynamic
numerical model. Parameters such as tank aspect ratio,
friction coefficient of SFPBs and earthquake intensity were
examined. It was concluded that the impulsive pressures can
be significantly reduced due to seismic isolation, while the
convective pressures were slightly changed. Jadhav and
Jangid [11] compared the seismic response of liquid storage
tanks isolated by elastomeric bearings and sliding systems,
while the continuous liquid mass of the tank was modeled as
lumped masses, namely, sloshing mass, impulsive mass, and
rigid mass. Using a similar simplified model of the masses,
Panchal and Jangid [12] investigated the seismic response of
liquid storage tanks isolated with variable friction pendulum
system (VEPS). Based on the assumption of the concentrated
masses, the kinematic equations for the VFPS and the
storage tank were formed and solved. It was concluded that
using VFPS as base-isolation system for liquid storage tanks,
their seismic response could be controlled within desirable
limits.

The work of Abali and Uckan [13] reported the efficiency
of SFPBs in controlling the earthquake response of slender
tanks compared to squat tanks. More specifically, a para-
metric analysis was conducted taking into account isolation
period, tank aspect ratio and coefficient of friction. It was
derived that base shear was reduced for both squat and
slender tanks. Conversely, sloshing displacements of squat
tanks were not significantly changed. The double variable
frequency pendulum system (DVEFPS) that isolated the
liquid storage tank was included in the numerical model of
Soni et al. [14]. The examined DVFPS was analyzed for
different geometry and friction coefficient values. The main
conclusions derived from this study were that DVFPS with
higher initial stiffness from top sliding surface to bottom
presented better behavior for slender tank, while the isolator
having the same initial stiffness and coeflicient of friction
performed better for the squat tank.

Seleemah and El-Sharkawy [15] investigated the dy-
namic response of elevated squat and slender liquid storage
tanks isolated by elastomeric and sliding bearings (SFPB).
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In addition, the behavior of the storage tanks was compared
for the cases where the isolators were placed at the bottom
or at the top of the supporting structure. It was reported
that base isolation affected in a beneficial manner the
slender tanks and less the corresponding squat tanks.
Furthermore, when an elevated tank was isolated with
SFPBs, it presented better seismic performance than with
elastomeric bearings. In addition, the examined tank
presented better seismic behavior when isolators were
placed at the top of the shaft support.

Panchal and Jangid [16] examined the seismic behavior
of liquid storage tanks equipped with variable curvature
friction pendulum system (VCFPS) under near-fault ground
motions. The most important parameters for this in-
vestigation were the fundamental period, the friction co-
efficient, and the tank aspect ratio. It was found that the
VCEPS is a quite effective seismic isolation device in con-
trolling base shear, sloshing displacement, and the impulsive
displacement of liquid storage tanks.

Moeindarbari et al. [17] investigated the efficiency of
SFPB and TFPB installed at elevated liquid storage tanks
subjected to multihazard level excitations. TFPB is capable of
performing multiple level analysis at different hazard sce-
narios, such as Service Level Earthquake (SLE), Design Basis
Earthquake (DBE), and Maximum Credible Earthquake
(MCE). Hence, the results revealed that TFPB outperformed
the SFPB, since the adaptive performance of TFPB played an
important role in decreasing the seismic demand on the
liquid storage tanks. Similarly, the effectiveness of two
isolation systems of elevated storage tanks was studied by
Paolacci [18]. Records from the Kocaeli Earthquake (1999)
were used for the dynamic analysis of high damping rubber
bearing (HDRB) and SFPB installed at the elevated tanks
located in Habas pharmaceutics plant in Turkey. It was
concluded that elevated tanks isolated both by HDRB and
SEPB presented major reductions in base shear as well as
stress levels in the tank’s wall. Due to the limitation of
maximum bearing displacement and the higher value of
sloshing displacement for the HDRB, the SFPB was con-
sidered as the superior isolation scheme for this specific case
study.

Bagheri and Farajian [19] investigated the impact of PGA
level and special characteristics of near-fault impulses on the
earthquake performance of liquid storage tanks isolated by
SEPBs. A mechanical model that accurately estimated the
seismic response of the liquid storage tank was adopted. The
results indicated that SEPB is an effective isolation system,
capable of reducing critical parameters, such as impulsive
displacement, overturning moment, and base shear, while
the sloshing displacement did not present significant
changes. Phan et al. [20] conducted a seismic fragility
analysis of elevated liquid storage tanks isolated by concave
sliding bearings (CSB). For this purpose, a lumped-mass
simplified model was used for the examined tank. The cloud
method was applied for the seismic fragility assessment,
where nonlinear dynamic analysis through a linear re-
gression-based probabilistic model was implemented. CSB
scheme was found to be an effective isolation system for the
reduction of the seismic demand on the tank.
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In the majority of the aforementioned studies, the
seismic response and/or vulnerability assessment of liquid
storage tanks base-isolated by SFPBs or TFPBs was in-
vestigated. The influence of many critical parameters (i.e.,
base shear, aspect ratio, isolation period, etc.) on the results
was examined, and it was proven that single-stage (SFPBs)
and multistage (such as TFPBs) friction bearings were ef-
fective in reducing the seismic response, even when strong
near-fault excitations were imposed. On the other hand, the
newly appeared QFPB is a state-of-the-art seismic isolation
device capable of accommodating very large displacements
and performing complex multistage behavior [21]. It con-
sists of six spherical sliding surfaces with five effective
pendula. To the best of the authors’ knowledge, seismic
vulnerability assessment of liquid storage tanks isolated by
QFPBs has not been reported in the literature.

Accordingly, in this study, which is an extension of
a recent conference paper of the authors [22], the seismic
vulnerability assessment of liquid-filled tanks isolated by
different types of friction isolators is examined, following
performance-based design (PBD) principles. More specifi-
cally, the study is focused on the response of single-surface
isolators SFPBs, and the corresponding multiple-surface
isolators: TFPBs and QFPBs. Utilizing peak ground accel-
eration (PGA) as the intensity measure (IM) and isolator
displacement as the damage index (DI) for three earthquake
hazard levels, fragility analysis is performed for each of these
three sliding bearing configurations. Surrogate numerical
models, based on the work of Bakalis et al. [23], have been
developed for modeling both squat and slender liquid storage
tanks. Compared to detailed finite element simulations, such
models combine the minimization of computational cost with
adequate accuracy of the dynamic response calculations. They
consist of a concentrated impulsive mass that is attached to
a vertical beam element supported by rigid beam spokes.
Moreover, they can be implemented utilizing any general-
purpose structural analysis software and can be used for either
static or dynamic analysis.

2. Friction-Based Isolation Devices

2.1. Single Friction Pendulum Bearings. Figure 1(a) depicts
a typical SFPB, which is a device that uses its special geo-
metrical setting to provide seismic isolation [24]. The
pendulum motion is represented by the spherical bearing
surface, while the period of the isolator depends on the
radius of curvature of the concave sliding surface. Addi-
tionally, another critical feature of SFPB is that the center of
resistance coincides with the center of mass. Thus, the
torsion response of the superstructure is limited. Therefore,
parameters such as structural response, ductility, and energy
dissipation can be controlled, and damage to building
structural and nonstructural members and contents can be
minimized or even avoided.

2.2. Triple Friction Pendulum Bearings. TFPB is an adaptive
sliding isolation system that can exhibit different stiffness
and damping properties during its operation [25] and

represents the new generation of friction isolators. It utilizes
multiple spherical concave sliding surfaces, thus, both low
transmissibility of vibration to the superstructure and zero
residual displacements at the sliding structure after an
earthquake are provided [26]. Hence, its operation is dif-
ferent from the conventional sliding bearings that exhibit
constant stiffness and energy dissipation. In TFPBs, different
combinations of curvature and friction of sliding interfaces
can be selected. Moreover, these parameters can be adjusted
depending on the imposed excitation levels. Therefore,
multiple performance objectives can be achieved, which is
ideal from a PBD perspective.

A TFPB consists of three friction pendulum mecha-
nisms, which are activated at different stages as the seismic
demand is amplified. As illustrated in Figure 1(b), these
mechanisms are created via four concave surfaces in a single
bearing. According to Constantinou et al. [27], the two inner
surfaces share the same values for their friction coefficients
(¢2 = u3) and radius of curvature (R, = R3). Analogously, it is
also common that the outer concave surfaces have the same
values (y4; = p4) and (R; = Ry). In a typical TFPB functioning,
sliding occurs in different surfaces as the displacement
demand increases. When TFPB approaches its maximum
displacement capacity, the surfaces change again due to the
fact that the displacement restraints of the sliders are
reached, causing incremental hardening behavior [28].

The calculated values of the force-displacement curve for
the TFPB configuration that has been used in the current
investigation are shown in Figure 2(a). As it can be easily
noticed, it is divided into several parts, depending on the
selection of geometrical and frictional parameters. The hor-
izontal force of TFPB is a combination of the friction force
and the restoring force due to the curvature of the spherical
surfaces. Normalized horizontal force, F/W, is conveniently
used, since the resultant force, F, is proportional to the vertical
force, W. Evidently, TEPB is ideal for PBD, since by selecting
appropriate values for friction coeflicients and radii of cur-
vature for each surface, different behavior under service level
earthquake (SLE), where sliding occurs on surfaces 2 and 3;
design basis earthquake (DBE), where motion stops on
surface 2 and sliding occurs on surfaces 1 and 3; and max-
imum considered earthquake (MCE), where sliding occurs on
surfaces 1 and 4 can be achieved [8, 17].

2.3. Quintuple Friction Pendulum Bearings. According to Lee
and Constantinou [21], the newly developed QFPB is an
extended version of TFPB. In particular, it consists of six
spherical sliding surfaces, five effective pendula, and nine
operation regimes (Figure 1(c)) in a single bearing. The
computed force-displacement curve of the examined QFPB is
depicted in Figure 2(b). The adaptability of isolator behavior is
increased due to the increased number of pendula and sliding
patterns. Thus, although the functioning is similar, it is ca-
pable of a more complex and multistage performance com-
pared to TFPB. Additionally, QFPB is ideal for high
displacement demands due to severe earthquake excitations.

Similar to TFPBs, QFPBs can also be implemented
within a PBD framework. Although the number of sliding
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FIGURE 1: (a) Section view of SEPBs, (b) TFPBs, and (c) QFPBs, where numbers correspond to different sliding surfaces (adopted from [21]).
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FIGURE 2: (a) Computed force-displacement curves for the examined bearing configurations: (a) TFPBs and (b) QFPBs.

surfaces is increased (six for QFPBs vs. four in the case of
TFPBs as shown in Figures 2(a) and 2(b), respectively), the
performance levels remain the same in this investigation, in
particular, service level earthquake (SLE), where sliding
occurs on surfaces 3 and 4; design basis earthquake (DBE),
where motion stops on surface 6 and sliding occurs on
surfaces 2 and 5; and maximum considered earthquake
(MCE), where sliding occurs on surface 1.

2.3.1. Model Validation. In this section, the analytical and
experimental validation of QFPBs utilizing finite element
software SAP2000 [29] is presented, following the recom-
mendations of Lee and Constantinou [21]. The isolator is
simulated in the software as a series model, combining one
triple friction pendulum (FP) element with one double FP
element. The double FP isolator is actually a “condensed”
triple FP element. This is achieved by specifying arbitrary
values of the radius of curvature and friction coefficient that
lead to motion initiation of the inner sliding surfaces. In this
manner, the double FP isolator operation is performed
utilizing SAP2000 (Figure 3(a)). The configuration examined
has friction coefficient values: pi3 = py < ps <y < g < Y.

Figures 4 and 5, respectively, illustrate the force-dis-
placement curves taken from a recent study [21] for the
experimental (tested in the experimental setup at the Uni-
versity at Buffalo [30]) and the analytical QFPB models,
which are compared to the numerical results of the same
configurations obtained herein utilizing SAP2000 software.
Firstly, the experimental model of one QFPB (Table 1) based
on the multistage experimental setup of the isolator tested at
the University at Buffalo [30] is validated numerically via
SAP2000 software. A harmonic excitation with frequency
equal to 0.005 Hz was imposed to the tested QFPB, together
with a constant vertical load of W=288964.4N. The dis-
placement amplitude of the imposed harmonic motion was
equal to 127 mm, since this was the displacement capacity of
the testing device. Figure 4 illustrates the validation of QFPB
with respect to the experimental model. As it can be noticed
in this plot, there is an excellent matching of the force-
displacement curves of the experimental model and the
corresponding isolator model developed in SAP2000.

The second validation is performed by comparing the
obtained numerical results with the corresponding ones of
the analytical QFPB model for another case study [21]. In
this example, a sinusoidal harmonic excitation is imposed to
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FIGURE 4: Comparison of current numerical QFPB model with experimental results derived from Lee and Constantinou [21].

the isolator, having an amplitude of approximately 1 m, equal
to the displacement limit of the analytical model. Further
information considering the force-displacement expressions
used for the current validation can be found in the detailed
study of [21]. By observing Figure 5, it can be noticed that the
numerical isolator model developed utilizing SAP2000 cap-
tures exactly the behavior of the analytical model. Hence, the
QFPB configuration presented in Figure 5 has been con-
sidered suitable for the fragility analysis of the examined
liquid storage tanks. Consequently, after the successful vali-
dation of the present numerical implementation of the ex-
amined isolators, a detailed parametric study has been
performed regarding their implementation for the seismic
isolation of liquid storage tanks, as it will be presented in the
sequence.

3. Multistep Dynamic Analysis

For such critical infrastructures as liquid storage tanks, a wide
range of ground motion records should be taken into account
for the reliable implementation of performance-based design.

Consequently, a huge number of nonlinear dynamic analyses
need to be executed in an incremental manner. Incremental
dynamic analysis (IDA) and multiple-stripe dynamic analysis
(MSDA) are the most frequently applied methods [31]. Such
methods are widely used in earthquake engineering for
seismic performance assessment of various types of struc-
tures. They are based on the simple concept of scaling each
ground motion until it leads to the collapse of the examined
structure. MSDA is ideal for performance-based evaluation of
structures using a set of ground motion records at multiple
performance levels. Many sets of analyses are performed for
multiple peak ground acceleration (PGA) levels, where at each
analysis (stripe) a number of structural analyses are per-
formed for a group of ground motion records, which are
scaled every time to a specific PGA value. In this way, a set of
intensity measure and damage index values is produced.
Therefore, obtaining the relation between the seismic
intensity level and the corresponding maximum response
quantity of the base isolation system is the main objective of
these multistep procedures. A suitable intensity measure
(IM) and an engineering demand parameter (EDP) describe
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TABLE 1: Parameters of the QFPB model (taken from [21]).

Radius (m) Height (m) Coefficient of friction Dlspla‘cement
capacity (m)
R, =0.4572 h, =0.03556 =012 d, =0.0381
R,=0.2032 h,=0.03048 U>=0.085 d,=0.03302
Ry=0.0508 s =0.02286 43=0.015 dy=0.01397
R;=0.0508 h,=0.02286 4s=0.015 d,;=0.01397
Rs=0.2032 hs=0.03048 45 =0.035 ds =0.03302
Re=0.4572 hg=0.03556 pe=0.11 ds=0.0381

the seismic intensity level and the friction isolators response,
respectively. Generally, the following steps are implemented
for both MSDA and IDA procedures: (a) create an efficient
nonlinear finite element model for performing repeated
nonlinear dynamic analyses, (b) select an appropriate group
of natural or artificial accelerograms, (c) choose proper IM
and EDP, and (d) select scaling factors in order to run the
analyses and obtain the IM-EDP curves.

4. Fragility Function Evaluation

Seismic fragility is associated to the probability of exceed-
ance of a limit state for a given seismic intensity level.
Typically, a fragility function is defined by a lognormal
cumulative distribution function (CDF) [32]:

ln(x/G))
B )

where P(C|IM =x) is the probability that a ground motion
with IM =x will lead to structural collapse, ® denotes the
standard normal CDF, 6 is the median of the fragility
function and f is the standard deviation of Inf. Regarding

P(C|IM = x) =d>( (1)

the selection of IM, the PGA is a valid choice for liquid
storage tanks due to the impulsive load pattern [20, 33, 34].

In the current study, fragility curves related to SFPBs,
TFPBs, and QFPBs displacements are calculated for different
performance levels, namely, 50% probability of exceedance
in 50 years (i.e., SLE), 10% probability of exceedance in 50
years (i.e., DBE), and 2% probability of exceedance in 50
years (i.e., MCE). In the present investigation, the meth-
odology for fragility function fitting proposed by Baker [32]
has been adopted, in which by performing repeated dynamic
analyses for all ground motions and for each IM level
anumber of failures (i.e., in terms of isolators’ displacement)
is determined. The probability of z; failures being observed
out of n; ground motions having IM = x; is represented by the
following binomial distribution [32]:

. . n] Zj
P(zj collapses in n; ground motlons) =1 . Py
j
(1-p))"7,
(2)

in which p; is the probability that a ground motion with
IM = x; will cause failure of the structure.

When analysis data are obtained at multiple IM levels,
the product of the binomial probabilities at each level
provides the likelihood for the entire data set:

n; z; nj=z;
( zj. >P/(1 -p)"

where m is the number of IM levels and IT is a product over
all levels. Substituting Equation (1) for pj, the fragility pa-
rameters are explicitly included in the likelihood function:

likelihood = [ | (3)

j=1
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While the maximization of the likelihood function
produces the estimates of the fragility function parameters as
follows:

{9/3} = argop maxi {1n< " ) +2z; lnq><_ln(73]'/9)>
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5. Base-Isolated Liquid Storage Tanks

(5)

5.1. General Details. The storage tank models presented by
Haroun [35] (Tank B and T types) are used in this work.
More specifically, Tank B (Figure 6(a)) is a squat cylindrical
tank with height to radius ratio H/R = 0.67. The radius of the
first tank is R=18.29m, the height of liquid surface is
H=12.192 m, the tank wall thickness is t = 0.0254 m, and the
total weight of the liquid content is W=126273.45kN. The
second model (Figure 6(b)) is a slender cylindrical tank with
height to radius ratio H/R = 3. Tank T has radius R=7.32m,
height H = 21.96 m, width ¢ = 0.0254 m, and the liquid weight
is W =36245.4kN. The fundamental periods of the two tank-
liquid systems are T;p=0.162sec and T.;=0.188sec, for
Tanks B and T, respectively.

5.2. Surrogate Models. Modeling of liquid storage tanks is not
an easy task due to the hydrodynamic response of the tank-
liquid system [13, 19, 23]. In general, detailed finite-element
models are computationally demanding [36]. To reduce the
computational load and model complexity, one common
approach is to develop valid simplified models to effectively
replace the complicated three-dimensional (3D) models [37].
Therefore, a simplified representation of the liquid storage
tank is adopted herein, based on the so-called “Joystick
model” of fixed-base tanks [23]. The developed Joystick model
consists of a vertical beam element carrying the impulsive
mass that is supported by fully rigid beam-spokes, which in
turn are supported by the sliding bearings (Figure 6). The two
examined models are validated by accurate matching of the
impulsive fundamental period (T;) provided by Eurocode 8-
Part 4 [38] recommendations for liquid storage tanks.

As aforementioned, the hydrodynamic response is
mainly affected by the impulsive liquid component. The
convective liquid mass is neglected since several studies
[18, 39, 40] have proven that although the impulsive pressure
is reduced due to seismic isolation, the convective pressure
remains practically unchanged. Moreover, the effects of the

convective part of liquid content can be separately estimated
[23]. In the developed surrogate model, the weight of the
water is represented as lumped masses at the base beam-
spokes of the tank (Figure 6). Therefore, the vertical load is
directly applied to the friction isolation devices. The self-
weight of the tank can be omitted as it is only 5% of the total
tank mass [12, 16, 29, 34].

5.3. Design of Isolation Bearings. Generally, the design of
structural isolation systems is an iterative process, since the
bearing properties are influenced by the structural prop-
erties. Firstly, the maximum bearing displacement has to be
evaluated, which is mostly affected by the target period of the
isolated system, the weight of the superstructure, and the
intensity level of the imposed seismic excitation.

In this study, the equivalent linear force (ELF) procedure
according to Eurocode 8 (Soil A, y;=1.4, a,=0.36g) is
applied for the preliminary design of tank isolation system
[41]. The selected SFPB has friction coeflicient y=0.08,
radius of curvature R = 1.88 m, theoretical period of 2.75 sec,
and displacement limit of 0.305 m. The TFPB properties are
listed in Table 2 and the total displacement limit for MCE
level is 0.762 m, which is the sum of all partial displacement
limits. Finally, a QFPB with the properties is shown in
Table 3, while the total displacement limit of 1.04 m (i.e., the
sum of all displacements in Table 3) for MCE level is
computed following the methodology developed by Lee and
Constantinou [21]. The vertical load on the bearings is equal
to 2.9 MN for the squat tank and 2.7 MN for the slender tank,
respectively.

5.4. Numerical Modeling and Earthquake Selection. As
previously mentioned, each Joystick tank model, which is
supported either on SFPBs, TFPBs, or QFPBs, is simulated
utilizing the finite element software SAP2000 [29]. This
simplified tank model consists of a vertical beam element
carrying the impulsive mass and is supported by fully rigid
beam-spokes that represent the tank base. The properties of
the vertical beam were determined using simple structural
analysis calculations following the recommendations of
Eurocode 8-Part 4 [38]. In order to test the isolators under
strong excitations, the near-fault earthquake ground mo-
tion set produced within the FEMA/SAC Project [42] is used
in this investigation (www.nisee.berkeley.edu/elibrary/files/
documents/data/strong_motion/sacsteel/motions/nearfault.
htm). Time-histories derived from natural and simulated
records are included in this suite of accelerograms. The use
of a sufficient number of properly selected excitations (i.e.,
exhibiting certain characteristics to avoid using an excessive
number of records and maintaining an optimal balance
among computational cost and accuracy) in conjunction
with a huge number of MSDA/IDA analyses is imperative in
order to achieve reliable fragility analysis results. The specific
suite of acceleration time-histories consists such a case, since
it is a well-established set of impulsive ground motions, with
epicentral distances less than 10km and very high PGA
recorded values ranging from 0.45g to 1.07g, which is
usually used in fragility analysis studies [43].
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FIGURE 6: Joystick models for a squat (a) and a slender tank (b).

TaBLE 2: Design parameters for the TFPB isolated squat tank.

Friction coefficient Radii of curvature (m) Height (m) Effective radii (m) Displacement limit (m)
11 stow = Haslow = 0.09 R, =R,=2.235 hy =h, =0.102 Ryef=Ryer=2.133 d=d; =034
U slone = 3 slone = 0.071 R, =R;=0.406 h,=hs=0.076 Ryeir=Ryeq=0.33 di =d =0.041

TaBLE 3: Design parameters for the QFPB isolated squat tank.

Sliding surface Effective radius of curvature (m)

Coefficient of friction Displacement limit (m)

Surface 1 Ry g=5.84
Surface 2 Ry =112
Surface 3 R; .¢=0.508
Surface 4 Ry =0.508
Surface 5 Rs =112
Surface 6 Rgeq=3.76

p=0.1 di =0.344
12 =0.06 d; =0134
4t3=0.01 d; =0.047
14 =0.01 d; =0.047
ps=0.03 d: =0.134
e =0.07 di =0.337

More specifically, for each of the three performance
levels, the selected twenty earthquake records are suitably
scaled and then they are imposed at the isolated Joystick
models until displacement limits are reached. Regarding
the numerical analyses, the fast nonlinear analysis (FNA) is
ideal for structural systems in which the nonlinear re-
sponse is concentrated at the base isolation system, while the
superstructure remains elastic [29]. FNA is a computation-
ally efficient approach and is often preferred than direct-
integration schemes. The damping for the structural system
is taken equal to 5% and for the impulsive liquid component
equal to 2% [44, 45].

6. Numerical Results

6.1. Fragility Curves. As aforementioned, maximum dis-
placement of the different TFPBs and QFPBs sliding
schemes is associated to three hazard levels. Accordingly,
using the data listed in Tables 2 and 3 and the isolator
configurations previously described, the values presented in
Table 4 were computed. For instance, for the TFPB and DBE
level, the resulting displacement is derived by adding d; to
d;, which gives a displacement limit equal to 0.699 m.
Figure 7 illustrates the adopted performance-based ap-
proach for the three examined isolator schemes. More
specifically for the examined three hazard levels: dotted blue

TaBLE 4: PBD levels of friction pendulum isolators.

Isolator type SLE DBE MCE

SFPB - - 0.305m
TFPB 0.084 m 0.423 m 0.762 m
QFPB 0.095m 0.699 m 1.04m

curves represent SLE, continuous red curves denote DBE,
and dashed black curves correspond to MCE. A similar
correlation of isolators’ performance with respect to the
three hazard levels has been adopted by Moeindarbari et al.
[17] for TFPBs.

Firstly, SLE level with 50% in 50 years probability
of exceedance (resulting to displacement limits equal to
0.084 m for TFPBs and 0.095 m for QFPBs) is represented
by the inner pendulum mechanism of the bearings;
secondly, DBE level with 10% in 50 years probability of
exceedance, which results to displacement limits of
0.423m for TFPBs and 0.699m for QFPBs; and lastly,
MCE level with 2% in 50 years probability of exceedance
of the maximum allowable displacement, which are equal
to 0.762 m for TFPBs and 1.04 m for QFPBs. Additionally,
the simple SFPB scheme is compared with the two
multistage isolators, which is designed only for MCE level
(with corresponding displacement limit of 0.305 m) with
2% in 50 years probability of exceedance [8].
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FIGURE 7: PBD levels in terms of isolator displacements for (a) SFPB, (b) TFPB, and (c) QFPB isolation schemes.
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Accordingly, the probability of collapse considering the
isolators” displacements for TFPBs and QFPBs different
sliding mechanisms (depending on the hazard level) and
SFPBs, is displayed in the fragility curves presented in
Figure 8. Extreme PGA values are used to demonstrate the
high capabilities of modern multistage isolators, while for
fixed-base tanks the maximum PGA is much less (i.e.,
usually up to 1g) [20, 34]. The embedded plot in Figure 8
shows the performance of all isolators within the range of
more realistic expected PGA values, where the differences
among the “truncated” fragility curves, especially for the

F1Gure 8: PBD fragility curves for SFPB, TEPB, and QFPB isolation schemes.

lower PGA levels is more evident. It can be seen that for the
case of the minor earthquake hazard scenario of SLE (where
sliding occurs at the inner sliding surfaces), TFPBs presents
better results than QFPBs. This is attributed to the values of
friction coefficients, since TFPBs have higher values
(42=0.06, u3=0.071) compared to QFPB (y3=p4=0.01).
Thus, it is reasonable that sliding surfaces with lower values
of friction coefficients will reach the displacement limit
earlier than corresponding surfaces with higher values. On
the other hand, for the more severe seismic scenarios of
DBE and, especially, in MCE, it is evident that the QFPBs
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FIGURE 9: Base accelerations of storage tanks equipped with SFPB, TFPB, and QFPB isolators.

present significantly better results with respect to the ob-
tained fragility estimates.

Hence, both TFPBs and QFPBs can withstand high
displacement amplitudes, achieving thus lower failure
probabilities even at higher seismic levels. It can be noticed
that the multistage bearings of TFPBs and especially QFPBs
play an important role, since they assist liquid storage tanks
to maintain their structural integrity and functioning. It is
also evident that these devices provide much better pro-
tection to the superstructure under severe seismic excita-
tions compared to simple SFPBs.

6.2. Comparison of Tank Accelerations. When a fixed-base
liquid storage tank is considered, then its probability of failure
presents high values even for medium intensity levels (as
expressed in terms of PGA values), which is not the case for
base-isolated tanks [20, 34]. Base-isolation reduces the ac-
celeration levels transmitted to the superstructure, and it can
be assumed that due to isolation the tank behaves linearly
even for quite high seismic intensity levels; thus, damages are
avoided in the superstructure for the usually expected range of
PGAs. Consequently, the emphasis related to failure of the
whole system is given in the present investigation on the
isolator displacements; thus, the probability of failure actually
refers to the exceedance of the allowable isolators™ displace-
ment limits for various performance levels.

Nonetheless, when the imposed PGA reaches extreme
values as examined herein, the transmitted acceleration, i.
e., the acceleration that is measured at tank’s base above the
isolators, can also reach significant values, depending on
the special characteristics of the excitation. This is in-
dicatively illustrated in Figure 9, which depicts the maxi-
mum accelerations values (i.e., maximum value of the
reduced acceleration transmitted to the superstructure) at
the tank base level above the isolators for each of the twenty
near-fault records. As it can be easily noticed, the storage
tank equipped with TFPBs presents the highest values of

base accelerations, especially for three records (9, 16, and
18). The superstructure isolated with SFPBs presents lower
values, but as shown in the fragility analysis (Figure 8),
these isolators exhibit higher collapse probabilities. In most
cases, the base accelerations of storage tanks isolated with
QFPBs are lower compared to those obtained by TFPBs and
close to the ones corresponding to SFPBs. Therefore, it is
derived that overall QFPBs present better results compared
to TFPBs and SFPBs, since it is an effective isolator con-
figuration that combines lower probabilities of collapse in
terms of sliding displacements and low values of base
accelerations transmitted to the superstructure.

6.3. Influence of Tank Slenderness Ratio. The plots in Figure 10
illustrate the influence of tank slenderness ratio (H/R) in the
fragility curves. It is reminded that three bearing types were
examined, the single-stage SFPBs and the multistage TFPBs
and QFPBs. As it can be seen in this plot, due to the presence of
the isolators, the fragility curves are not influenced by slen-
derness ratio, since there is not any significant difference
among squat and slender tanks. In contrast to this finding,
unanchored slender tanks are more susceptible to uplifting
phenomena than the corresponding squat tanks [46]. Re-
garding TFPBs, for DBE and MCE levels, squat tanks are
slightly less vulnerable compared to slender tanks at low to
medium PGA values. For increased seismic intensity and
higher probability of collapse, the fragility curves are almost
identical. For SLE level, there is not any observable difference.
In the case of SFPBs and for MCE scenario, squat tanks are
slightly less vulnerable than slender tanks for PGA values
between 0.5g and 1.0 g. For the case of QFPBs, SLE and DBE
levels do not present any difference, while for the MCE level,
the slender tanks are marginally less vulnerable compared to
squat tanks at low PGA values.

6.4. Influence of A,,,,, Factor. A fragility analysis considering
performance deterioration due to aging, contamination, etc.
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F1GURE 10: PBD fragility curves of squat and slender tanks using SFPBs, TFPBs, and QFPBs isolators.

11

of isolators is performed for the squat tank, by incorporating
Amax factor in the design of TFPBs friction isolators. This
parameter is directly applied to the nominal value of the
coefficient of friction to forecast aging and deterioration
phenomena that will affect the performance of friction
isolation bearings [47]. According to the recommendations
of Constantinou et al. [27], the value of 1.1 is selected for
aging and 1.05 for contamination, and A, factor is cal-
culated as the product of these two values.

As it can be noticed from Figure 11, the incorporation of
Amax in the design of friction isolators for the squat tank
affects the results for the more severe hazard levels. Espe-
cially for the higher seismicity intensity levels (DBE), the
TFPBs designed with the factor A, present better per-
formance, while for the low seismicity intensity level (SLE),
there are only marginal differences.

7. Conclusions

2In this paper, the seismic vulnerability of liquid storage
tanks isolated with three types of sliding bearings, namely,

SFPBs and the multistage TFPBs and QFPBs were in-
vestigated. More specifically, the displacement capacity of
SFPBs and of the different pendulum mechanisms of TFPBs
and QFPBs were associated to three PBD levels (SLE, DBE,
and MCE) by performing repeated dynamic nonlinear an-
alyses. A high displacement capacity is a very crucial pa-
rameter for the isolators used to protect such critical
infrastructures, especially against severe near-fault earth-
quakes. Additionally, the resulting base accelerations
transmitted at the storage tanks isolated with the afore-
mentioned devices were compared. In order to achieve
optimal balance between computational efficiency and ac-
curacy, simplified models were developed for the realistic
representation of the hydrodynamic response of liquid
storage tanks.

The following conclusions can be derived from the
present investigation:

(a) Friction isolation bearings with multistage and
adaptive behavior (TFPBs and mostly QFPBs)
present superior seismic performance compared to
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single bearings (SFPBs). Thus, they have the ability of
accommodating much larger displacements (i.e.,
higher PGA demand levels).

(b) In general, as expected, the QFPB is the superior
isolator device due to its ability to withstand higher
displacements at different PBD levels.

(c) Regarding the base accelerations of storage tanks
isolated with different friction bearings, the best
results are derived from the superstructure equipped
with QFPBs. A QFPB is an eficient base-isolation
scheme that can combine the accommodation of
large displacement amplitudes of near-fault excita-
tions with low base acceleration values. Thus, it can
protect the structural integrity of such critical in-
frastructure even at high seismic demand levels.

(d) The slenderness ratio of the cylindrical base-isolated
storage tanks via SFPBs, TFPBs, and QFPBs do not
significantly affect the fragility estimations when
maximum isolator displacements are considered.

(e) The future performance deterioration in the design
of sliding bearings, represented by the factor A,,.x
can influence the fragility analysis results. More
specifically, when this factor is incorporated in the
analysis, the base-isolated liquid storage tanks
present a slightly less vulnerable performance for the
higher seismic demand levels.
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3D: Three-dimensional

CDF: Cumulative Distribution Function
CSB: Concave Sliding Bearing

DBE: Design Basis Earthquake

DI Damage Index

DVEPS:  Double Variable Frequency Pendulum System
EDP: Engineering Demand Parameter
ELF: Equivalent Linear Force

EPS: Earthquake Protection Systems
FNA: Fast Nonlinear Analysis

FP: Friction Pendulum

HDRB: High Damping Rubber Bearing
IDA: Incremental Dynamic Analysis
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LNG: Liquefied Natural Gas

MCE: Maximum Credible Earthquake
MEPS: Multiple Friction Pendulum System
MSDA:  Multistripe Dynamic Analysis
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PBD: Performance-Based Design
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QFPB: Quintuple Friction Pendulum System
SFPB: Single Friction Pendulum Bearing
SLE: Service Level Earthquake
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