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Abstract: Steel cylindrical tanks are vital structures for storing various types of liquid in industrial
plants or as a component in a water distributing system. As they sometimes are used to store
toxic, flammable, and explosive material, their inapt performance during an earthquake may lead to
catastrophic consequences. Therefore, practicing engineers, researchers, and industry owners are
concerned about their structural safety. Meanwhile, the seismic performance of liquid storage tanks
is rather complex. Thus, this subject has garnered many researchers’ interest in the past decades. This
paper aims to briefly review the most significant studies on the seismic performance of on-ground
steel cylindrical tanks. It focuses on analytical approaches and does not include experimental and
on-site ones. Finally, the new horizons for the seismic performance assessment of such structures are
presented herein.
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1. Introduction

In many process industries, such as oil refineries and petrochemical plants, tanks
are one of the most crucial structures. In such facilities, any interruption in the tank
operation may lead to a work stoppage in the whole system. On the other hand, many
storage tanks are utilized to store hazardous liquids. In such tanks, any failure that leads
to a liquid spill may cause catastrophic consequences, such as explosions, significant
environmental pollution, and life loss. For this reason, the appropriate performance
of tanks during extreme loading conditions, such as seismic events, is a considerable
concern for practicing engineers and the owners of such industries. However, the
inappropriate performance of tanks during past earthquakes around the world has
revealed the notable seismic vulnerability of these structures, especially pre-code ones
and those designed according to the earlier editions of seismic design codes [1]. The
failure of tanks during the 1983 Coalinga, the 2003 Bam, the 2006 Silakhor, and the
2012 Emilia earthquakes, in addition to several other seismic events, are examples of
tank damage during earthquakes [2–7]. Among the many different stories about tank
seismic failure, some are more notable and remembered because of their catastrophic
consequences. For instance, the Niigata earthquake in Japan in 1964 caused a fire disaster
following a tank ignition [8,9]. In addition, the destruction of three tanks caused a fire in
a refinery following the 1999 Izmit earthquake in Turkey [9].

Although the static behavior of the tank is notably simple, its dynamic response is
somewhat complex. When a liquid storage tank is subjected to earthquake excitation, its
content begins oscillating. As a result, the pressure distribution throughout the tank shell
changes from its static condition. During the dynamic response, the upper parts of the
content, known as convective liquid, move in a long-period motion (so-called sloshing
response). Meanwhile, the rest of the liquid (the impulsive part) moves rigidly with the
tank shell. It is worth mentioning that the relative amount of the tank content behaves as
an impulsive or convective fluid, depending on the ratio of the content’s height to the tank
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diameter. The hydrodynamic pressure exerted from impulsive and convective liquid along
the shell height generates an overturning moment in the tank bottom. As a result of the
overturning moment, the tank tends to rock [10].

Based on their supporting condition, on-ground tanks can be categorized into two
classes: unanchored and anchored. While anchored tanks are clamped to their foundation
via mechanical anchors, unanchored ones are simply placed on their foundation without
any restrainer. The overturning moment can cause the tank to uplift in unanchored tanks.
In contrast, adequately designed anchored tanks are not expected to experience uplift.
Hence, globally, researchers are interested in assessing the seismic performance of such
structures.

Because of the remarkable seismic vulnerability of the liquid storage tanks, the poten-
tially catastrophic consequences of their failure, and their complicated behavior during
recent decades, numerous researchers have been attracted to study the seismic performance
assessment of these structures. This paper aims to provide a platform for reviewing the
significant research on the topics related to the seismic performance of liquid storage tanks.
Though essential and valuable experimental studies have been conducted on this issue
so far, this paper only reflects the analytical ones. To this end, it first focuses on the tank
modeling techniques that are the first step for the seismic safety assessment of such struc-
tures. Then, it deals with the seismic response of tanks in Section 3. Section 4 discusses
the earthquake-induced failure of tanks. It presents the most frequent failure modes of
tanks. As buckling is one of the most crucial tank failure modes that attracted numerous
researchers, this section mainly concentrates on this issue. Section 5 reviews the most
significant research on the seismic fragility of tanks, and in Section 6 new horizons to the
seismic safety assessment of tanks are presented.

2. Modeling Techniques
2.1. Mass-Spring Analogy

The basis of early studies on the dynamic behavior of tanks was the assumption that
the tank shell and its foundation are rigid. Jacobsen [11] and Housner [12] were the first
researchers who independently proposed a mechanical mass-spring analogy for such a tank.
They divided the tank’s content into two portions, representing impulsive and convective
liquid. These portions were modeled using lumped masses interconnected to the tank’s
rigid wall via spring and rigid links, respectively (See Figure 1). By employing such a
mechanical model, one can calculate the dynamic response of the liquid storage tanks
in a linear range utilizing the generalized single degree of freedom (SDF) systems. The
structural and dynamical characteristics, such as the natural period, can be calculated using
the procedures presented in [13,14]. Several researchers extended this idea by reducing the
simplified assumptions [14–16]. For instance, Veletsos [14] developed a simple procedure to
extend Housner’s model for flexible tanks. He assumed that the content is incompressible
and tank and its content behave as an SDF system. On the other hand, his proposed
method was an extension of that presented by Chopra [17] for simulating the dam–reservoir
interaction.

Taking the effect of tank shell flexibility into account does not make a significant
change to the convective hydrodynamic effects but leads to breaking the impulsive mass
in the mass-spring model into two portions (See Figure 1b). One is rigid-impulsive,
and the other is flexible-impulsive mass. Therefore, considering the shell deformability
might change the impulsive pressure distribution along the tank height compared to
rigid tanks. However, such differences are insignificant where the content’s height-to-
diameter ratio is less than 1 [10,16]. In other words, shell flexibility effects are negligible
in comparatively broad tanks, especially thicker ones, but they are significant in notably
slender ones [10,18].

Wozniak and Mitchell [19] employed the mass-spring analogy to provide the seismic
design criteria for welded steel liquid storage tanks. They utilized Housner’s model
to calculate the hydrodynamic loads applied to tanks during an earthquake. Later, API
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650 [20] adopted their proposed seismic design procedure for welded steel tanks. Since then,
various seismic design codes and design guidelines included the mass-spring mechanical
models. It is still the basis of the latest editions of seismic design codes and guidelines,
such as API 650 [21], Eurocode 8 [22], NZSEE [23], and the Iranian seismic design code for
oil industries (so-called code 038) [24].
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2.2. Numerical Modeling

In the late 1970s and early 1980s, researchers started to study the linear dynamic behav-
ior of liquid storage tanks using finite element (FE) techniques. Perhaps, Haroun [25] was
the first scholar who implemented the FE to solve the vibration problem of the cylindrical
liquid-filled tank. He discretized the tank wall through linear shell elements and considered
the effect of content using boundary solution techniques. Since then, numerical simulation
approaches were rapidly employed by researchers to investigate the hydrodynamics of
tank-liquid systems [26–31]. So far, a notable number of numerical techniques have been
presented for estimating the seismic behavior of tanks. Among them, FE, boundary element
(BE), and the coupled FE-BE approaches are the most frequently used methods.

2.2.1. FE Techniques

In many of the available numerical studies, the FE method was employed for investi-
gating the dynamic response of cylindrical liquid storage tanks [32–36]. Despite the fact
that the seismic performance of steel cylindrical tanks during large earthquakes can be
significantly nonlinear, early FE-based simulations of cylindrical tanks under the seismic
actions were based on the assumption of linear behavior of the tank. It is evident that the
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main reason for such simplifications was the limitation of computer hardware and software
at that time. Gradually, by increasing the capability of computer systems, nonlinear FE
procedures were significantly developed. Such progresses empowered the researchers to
consider different sources of material and geometric nonlinearities in the FE modeling
of tank-fluid systems under earthquakes. The advancement of nonlinear FE techniques
has brought the ability to simulate the actual performance of liquid storage tanks during
natural earthquakes [37,38]. In recent years, several researchers focused on modeling the
seismic behavior and performance of steel liquid storage tanks [39–44]. Although the tank’s
structural modeling is somewhat the same in available articles, diverse techniques are
utilized for modeling the content.

Despite the variety of techniques in fluid modeling in tank FE modeling, one can
categorize them into two main classes: using specific fluid elements and employing the
added-mass method. It is worth mentioning that utilizing fluid finite elements covers a
variety of FE-based procedures. Eulerian and Lagrangian approaches are two classical
descriptions of motion in fluid–structure interaction problems, such as tank hydrodynam-
ics [45]. The crucial drawback of Lagrangian FE procedures is that they are inappropriate
for large deformations [46], whilst Eulerian methods are not sensitive to large movements.
Therefore, for the fluid–structure interaction problem of a tank subjected to seismic actions,
one can also deploy the Eulerian–Lagrangian approach that utilizes an Eulerian mesh for
fluid and Lagrangian one for the tank structure [47]. Utilizing the specific FE mesh for the
tank’s content, one can precisely simulate the tank and its content’s seismic behavior (See
Figure 2). Therefore, numerous researchers have employed this procedure to assess the
seismic performance of tanks [48–50]. However, its most significant shortcoming is that it
is time-consuming and requires considerable memory space. On the other hand, it may
encounter convergence problems. Further, depending on the selected FE procedure, some
may not be appropriate for solving problems in which the large deformation is significant.
Hence, some scholars and practicing engineers prefer to utilize the added-mass procedure.
The idea of effective mass applies to silos and liquid containers [51]. Westergaard [52]
was the first researcher that proposed the added-mass approximation to consider the dam–
reservoir interaction. In this method, the effective liquid mass is added to the tank wall
to account for the inertia of the liquid during the tank vibration. Barton and Parker [27]
implemented added mass approximation in cylindrical tanks. They considered the ef-
fective mass of liquid utilizing two different approaches. In the first approach (so-called
enhanced density model), they artificially increased the density of the tank shell material
up to the level of the liquid surface to consider the mass of the tank’s content. The crucial
drawback of this assumption is that it is attributed to every degree of freedom at the shell
nodes, and not only in the radial direction. This attribution is not consistent with the
actual behavior of the tank-content system [53]. In the second approach, they utilized SDF
mass elements and added them to every node on the tank shell under the fluid surface.
They uniformly distributed 72% of the fluid’s mass to the tank shell. This assumption is
also inconsistent with the actual behavior of the content during the dynamic tank–fluid
interaction, which deals with the non-uniform distribution of the hydrodynamic impulsive
pressure. In recent years, many researchers have utilized mass elements for modeling the
content [54–58]. They connect the nodal masses to the shell nodes using massless rigid
links and restrain all degrees of freedom of the mass element except in the radial direction
(see Figure 3). Through this technique, they are able to attribute the added mass only to
the radial direction. In addition, they derived the value of nodal mass from the impulsive
hydrodynamic pressure. This assumption is significantly more convenient with cylindrical
tank hydrodynamics compared to uniform mass distribution. The impulsive pressure at
a particular node of the tank shell ( Pi) is a function of its distance from the tank base (z)
and the angle between that node and the direction of strong ground motion ( θ). It can be
formulized as follows:

Pi(η, θ, t) = Ci(η).ρ.
..
xg(t).cosθ (1)



Vibration 2023, 6 498

where,
..
xg(t) is the time-dependent acceleration of the excitation, η = z/HL, Ci(η) repre-

sents the impulsive pressure distribution along the tank’s height, and HL is the height of
liquid. One can use Ci can be calculated in terms of the convective pressure distribution
Ccn(η) as follows:

Ci(η) = 1−
∞

∑
n=1

Ccn(η) (2)

The function Ccn(η) can be calculated as follows:

Ccn(η) =
2

λn − 1
cos h[λn(HL/R)η]
cos h[λn(HL/R)]

(3)

where, λn is the nth root of the Bessel function and R is the radius of the cylindrical tank.
Several researchers demonstrated that, using the first three roots of the Bessel function
(λ1 = 1.841, λ2 = 5.311, and λ3 = 8.536) is sufficient to comparatively obtain accurate values
for Ccn [47,52].

The nodal lumped masses corresponding to the tank’s base and the surface of con-
tent ( mi′) can then be calculated using Equation (4). Also, for interior shell nodes, the
corresponding lumped mass can be determined using Equation (5).

mi′ =
Pi′

2
∆h

..
xg(t).cosθ

(4)

mi = Pi
∆h

..
xg(t).cosθ

(5)

∆h is the distance between the adjacent nodes in vertical direction.
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The advantage of the added-mass approximation is that it is faster than specific fluid
elements and requires less memory space. In addition, added-mass-based models often
have a more acceptable convergence rate than those modeled with fluid elements. On the
other hand, they are consistent with large displacement finite elements. This benefit would
be the reason for the spread implementation of the added-mass procedure for the buckling
assessment of tanks. However, the most vital shortcoming of the added-mass method is
that it neglects the effect of convective liquid and is not applicable to simulate the sloshing
behavior of the content.
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2.2.2. BE and Coupled FE-BE Techniques

The boundary element (BE) method is an appropriate alternative to simulate the tank
content numerically. The advantage of this technique is that in BE modeling, one can
discretize the boundaries instead of the whole solution domain and this consequently
reduces the calculation time and the required memory [59]. Despite the magnificent
benefits of BE simulation for the liquid, it is less attractive compared to FE procedures
for modeling the shell structures, especially in the nonlinear range of behavior. Therefore,
some researchers proposed the application of BE and FE in a coupled system. In such
a system, one can model a tank and its content using the FE meshing and BE methods,
respectively [60–62].

2.2.3. Other Approaches

In addition to the abovementioned techniques, several other approaches are available
that take the effect of fluid dynamic-response in liquid storage tanks into account. Compu-
tational fluid dynamic (CFD) methods are a suite of numerical techniques for solving the
fluid flow problem. In general, the basis of most CFD techniques are Navier–Stokes equa-
tions. Researchers have employed CFD techniques to solve several tank-fluid problems,
such as wind and wave effects on tanks that deals with external fluid effects on cylindrical
tanks [63–65]. CFD methods have also been employed to investigate the hydrodynamic
effects of the tank content due to earthquakes [66–68].

3. Seismic Response

On-ground tanks are classified into two categories concerning their supporting sys-
tems: un-anchored and mechanically anchored. While the mechanically anchored tanks
are clamped to their foundation utilizing mechanical connections known as anchors, unan-
chored tanks are simply placed on the foundation without any restrainer. As a result of
the combined action of the hydrodynamic pressure and the inertia of the tank structure,
liquid storage tanks tend to exhibit a rocking motion during an earthquake. Therefore,
unanchored tanks may experience partial base uplifting. Even mechanically anchored
tanks may experience uplift because of anchor failure or inappropriate performance of their
foundations. The tank uplift is not a failure mode for an unanchored tank, but it would be a
reason for several failure modes in liquid storage tanks [10]. When a tank experiences base
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uplifting, its contact between the shell and foundation reduces. As a result, the shell’s axial
compression in non-uplifted portions increases. In addition, the uplifting seismic response
generates significant stresses on the tank bottom plate in uplifted areas. The uplifting
behavior of the tank is a complicated dynamic response. It is geometrically nonlinear
and may be associated with material nonlinearity. Therefore, reliable uplift modeling is a
complex procedure. Researchers started to assess the seismic behavior of uplifting tanks in
the 1970s. All the early models of uplifted tanks were based on the mechanical mass-spring
analogy [69–71]. Some researchers have focused on the behavior of the baseplate and tried
to provide an analytical model to estimate the potential tank uplift in unanchored tanks.
Table 1 presents some significant analytical models for calculating the potential tank uplift.

Table 1. Summary of the significant models for tank uplift.

Provider Description Simplifications and Drawbacks Reference

Wozniak and Mitchell

An analytical model based on the
uplift of a strip baseplate. The

model was adopted by some early
editions of API 650.

Neglecting the effect of membrane action. [19]

Cambra
An empirical–analytical model.

The modified version of the
model was adopted by NZSEE.

Simplifications in the magnitude of the
axial and shearing force. [72]

Malhotra and Veletsos An analytical model based on the
uplift of a beam model

Considering the baseplate as a
semi-infinite beam of constant width

resting on a rigid foundation.
[73]

Malhotra and Veletsos An analytical model based on the
uplift of a beam model

Considering the baseplate as a
semi-infinite beam of constant width

resting on a flexible foundation.
[74]

Malhotra and Veletsos

An analytical model based on the
uplift of a beam model.
Considering the large

deformation effects. A solution
was made based on the Ritz

energy method.

Considering the baseplate as a
semi-infinite beam of constant width

resting on a flexible foundation.
[75]

Ahari et al. An analytical model based on the
uplift of tapered beam.

Considering the baseplate as an ensemble
of tapered beams. Their solution

technique may encounters lead to chaotic
response around the exact solution for

the small uplift lengths.

[76]

As previously mentioned, the uplift modeling is inherently complicated because of the
significant material and geometric nonlinearity. Therefore, although all the above models
provide remarkable advancement in estimating the tank uplift, they are associated with
various levels of simplifications. However, the progress in numerical analysis approaches,
parallel to the recent technological developments in computer hardware, made a notable
mutation in this issue. Several FE-based numerical studies have been conducted to evaluate
the tank uplift during earthquakes. As depicted in Figure 4, employing FE simulations,
one can appropriately monitor the uplifting history of critical nodes. Vathi and Karamanos
employed nonlinear static analysis to study the base uplifting mechanism of two cylindrical
liquid storage tanks [77]. They have also focused on the low-cycle fatigue induced by a
repetitive tank uplift in another project [78]. Bakalis and Karamanos [79] performed detailed
investigations on the mechanism of the tank uplift based on the nonlinear static analysis.
Miladi et al. [55] conducted substantial incremental dynamic analyses on unanchored tanks
and evaluated the effect of random geometric imperfections of tank shells on tank uplift
and showed that tank imperfection do not play a significant role in tank uplift (See Figure 5).
Spritzer and Guzey [80] employed nonlinear FE analysis to estimate the uplift of cylindrical
roofless tanks on flexible foundations. Razzaghi and Eshghi [81,82] classified unanchored
tanks based on their uplift behavior and demonstrated that the uplifting response of tanks
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with H/D < 0.5 notably differs from the others. They categorized such tanks into broad tank
classes and showed that despite slender tanks, their uplift potential remarkably decreases
when the relative amount of content reduces. Some other researchers provide FE-based
simplified methodologies to study the tank uplift [83,84]. In addition to the above studies,
many other articles have provided valuable insight on this subject [85–90].
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Figure 5. Comparison of the average tank uplift of perfect and imperfect tanks obtained from ten sets
of incremental dynamic analyses (regenerated from [53]).

4. Earthquake-Induced Failure Analysis

Tank failure can occur in several forms, such as shell buckling (including elastic and
inelastic buckling), local shell wrinkling, bottom-plate rupture, and damage to appurte-
nances. Razzaghi [10] listed the tank’s most frequent failure modes, their reasons, and
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potential aftermaths. Since shell buckling is the most frequent failure mode that may lead
to catastrophic consequences, it has been the subject of numerous research projects in recent
decades.

4.1. Buckling Analysis

Since steel cylindrical tanks are generally thin-walled structures, shell buckling is
one of their most frequent failure modes. Therefore, several researchers have focused on
the buckling assessment of steel cylindrical tanks because of earthquakes. As indicated
in Figure 6, depending on the relative thickness of the tank’s shell, they may buckle
in any of two forms: inelastic (elephant’s-foot buckling) and elastic (diamond-shaped
buckling). While inelastic buckling that usually takes place in relatively thicker shells,
elastic buckling often occurs in comparatively thinner ones [10,55]. It is worth noting that
the main difference between the elastic and inelastic forms of buckling is that before the
elastic buckling, no plastic strain is generated in the buckled areas of the shell [10].
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4.1.1. Analytical Relations

In the early years of the 20th century, Lorenz, Timoshenko, and Southwell indepen-
dently studied the buckling of cylindrical shells under purely axial loads [91–93]. Their
attempts led to the derivation of a formula to estimate the buckling stress of a perfect elastic
steel cylindrical shell (so-called classical buckling stress) as follows:

σcl = 0.605E
t
R

(6)

where, t is the shell thickness, E is the Young’s modulus, and R is the shell’s radius. However,
subsequent studies showed that for several reasons, in practice, the buckling strength is
less than the classical stress [94]. Further studies revealed that shell imperfections were
the most significant factor that made the difference in the buckling strength in the classical
buckling stress [95–97]. The modified form of Equation (6) is the basis of practical relations
for the elastic buckling of cylindrical shells in some seismic design codes [98].

Elephant’s-foot buckling usually occurs because of the combined axial stress and local
bending. For this reason, it usually takes place in the lower parts of the liquid storage tanks
near the baseplate. The bending moment generates in lower parts, and appears because of
the cantilever behavior of the tank in a vertical direction. Some forms of inelastic buckling
(so-called elephant’s-knee buckling) may appear in the thickness-changing locations, where
the local bending moment is generated because of the possible eccentricity of the thrust
line in thickness-changing portion.

In the 1980s, Rotter [99] presented a relation for the inelastic buckling stress in steel
cylindrical tanks that has been one of the most essential formulas for evaluating the inelastic
buckling of such tanks. NZSEE and Eurocode8 are two of the seismic design codes that
adopted Rotter’s formula for estimating the inelastic-buckling capacity of a steel cylindrical
tank as follows:

σ = σcl

(
1−

(
P R
fy t

)2
)(

1− 1
1.12 + r1.5

)
(

r + fy
250

r + 1
) (7)

where, r = R/(400t), P is the total internal pressure and fy is the yielding stress of steel.

4.1.2. Numerical Studies

Following the progress in computer hardware and numerical solving techniques,
significant numerical studies were performed to investigate the buckling of cylindrical
tanks. The basis of some of them were static approaches, and others were based on a
dynamic standpoint.

Static Buckling Assessment

Several numerical studies are available on the static buckling of steel tanks.
Virella et al. [100] proposed a static nonlinear procedure for buckling assessment in cylin-
drical tanks. They considered geometric and material nonlinearity in their study. Sob-
han et al. [101] employed the pushover analysis to investigate buckling in anchored tanks.
Miladi and Razzaghi [102] performed substantial analyses to evaluate the buckling of
steel cylindrical shells with circular cutouts. They utilized the nonlinear incremental static
procedure considering large-deformation effects. They studied the influence of various
arrangements of circular cutouts on the buckling and post-buckling behavior of cylindrical
shells. In addition to the above studies, several others provide significant insight into the
buckling of tanks via the static numerical procedures [103–105].

Dynamic Buckling Assessment

The tank’s shell buckling during a seismic event is a dynamic phenomenon highly
dependent on the dynamic properties of the tank alongside the earthquake characteris-
tics. Although the abovementioned studies were comprehensible and easy to employ,
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they ignore the dynamic nature of buckling during an earthquake. Budiansky and Roth
proposed a methodology to investigate the dynamic buckling of spherical shells [106].
Later, their procedure was adopted for dynamic buckling assessment of various types
of thin-walled structures, such as cylindrical tanks. The basis of this approach is incre-
mental dynamic analysis (IDA) and successive measurement of the radial deformation
of the tank shell in control nodes for every stage of IDA. The purpose of this procedure
is to monitor the shell nodes for a sudden jump in one of the IDA steps. The smallest
peak ground acceleration (PGA) that creates such a jump is a critical PGA. In recent
years, the Budiansky–Roth procedure has been implemented in many studies to eval-
uate the dynamic buckling of liquid storage tanks [107–110]. For instance, Miladi and
Razzaghi employed it to assess a buckling in an existing tank damaged during a natural
earthquake [38]. They adopted the same procedure to investigate the effect of random
imperfection on the dynamic buckling of cylindrical tanks in another study [55]. Bu-
ratti and Tavano [56] utilized the Budiansky–Roth method to develop buckling fragility
curves for liquid storage tanks.

4.2. Other Failure Modes

Comparatively, a few articles are available on the earthquake-induced failure modes
other than buckling. Vathi et al. [111] presented a performance criteria for various types of
local failure modes, such as damage to the attached pipe and failure of the shell-to-pipe
connection. Cubrinovski et al. [112] investigated the seismic response of pile-supported
tanks subjected to liquefaction. Prinz and Nussbaumer studied the capacity of radial
baseplate welds [113]. In addition, some researchers focus on the low-cycle fatigue of the
shell-to-baseplate connection of the unanchored tanks [114–116].

5. Fragility Analysis

In the late 20th century, the idea of evaluating the seismic performance of structures
through a probabilistic approach was gradually expanded. Soon, fragility curves were
developed for diverse structural systems, such as tanks. Fragility curves are statistical
functions that could estimate the probability of reaching a certain level of damage state
or higher versus an intensity measure (IM). Hence, derivation of them requires a dataset
of the seismic performance of that structure. One can assemble such a dataset through at
least four methods: utilizing expert judgment, employing empirical data, using numerical
analysis, and the hybrid technique. The problem that existed at that time as a limitation
for the derivation of these functions for tanks was the lack of sufficient data on their
seismic performance. On one hand, there was not a reliable database with adequate data
on tank performance during natural earthquakes, and on the other hand, using numerical
techniques required substantial analyses for a significantly nonlinear system. Therefore,
early seismic fragility curves for liquid storage tanks were developed by HAZUS based
on expert opinions [117]. Soon, O’Rourke and So [118] prepared a valuable dataset of
the seismic performance of the liquid storage tanks during the pre-1995 earthquakes to
develop the first empirical fragility curves for steel cylindrical tanks. Although their
database includes many uncertain data, they provided fragility functions reasonable for
engineering purposes. In addition, they brought valuable insights into two crucial sources
of uncertainty in the seismic fragility assessment of tanks: the relative amounts of content
and the height-to-diameter ratio of tanks. Razzaghi was the first researcher who presented
analytical fragility curves for steel cylindrical tanks [10,81,82]. He developed IDA-based
fragility curves for unanchored liquid storage tanks. Since then, several seismic fragility
curves have been developed for liquid storage tanks [119–126]. Table 2 presents some of
the most significant curves.



Vibration 2023, 6 505

Table 2. A summary of the significant fragility curves for steel tanks.

Provider/Reference Category Description IM

NIBS (1999) [117] Judgmental
Separate expert opinion-based
fragility curves for anchored and
un-anchored tanks.

PGA

O’ Rourke andand So (2000) [118] Empirical
Empirical fragility curves for
unanchored and anchored tanks
pre-1995 US seismic events.

PGA

Razzaghi (2007) [81,82] Judgmental–
Empirical–Analytical

Separate judgmental, empirical and
analytical fragility curves for
unanchored tanks in terms of H/D
and %Full.

PGA

Berahman and Behnamfar (2007) [119] Hybrid
Bayesian-based fragility curves for
unanchored tanks using historical
data and ALA database.

PGA

Berahman andBehnamfar (2009) [120] Hybrid

Fragility curves for elephant’s foot
buckling and welding failure of
shell-to-bottom plate junction using
numerical analysis and Bayesian
updating technique.

Sa(Ti)

Buratti and Tavano (2014) [56] Analytical
Analytical fragility curves for shell
buckling using incremental
dynamic analysis.

PGA, PGV, PGD, PSA

Razzaghi and Eshghi (2015) [1] Analytical–Empirical

Analytical fragility curves for
pre-code unanchored tanks in terms
of H/D and %full as well as an
empirical fragility curve using data
collected following three major
earthquakes in Iran.

PGA

Cortez and Prinz (2017) [121] Analytical
Seismic fragility curves for
unanchored tanks considering
fatigue and local instability

PGA

D’Amico and Buratti (2019) [122] Empirical
Empirical fragility curves based on
observed seismic performance of
tanks and Bayesian approach.

PGA

Phan et al. (2019) [123] Analytical

Analytical fragility curves for shell
buckling and shell-to-bottom plate
rotation using pushover analysis of
simplified models.

Sa(Ti)

Mayorga et al. (2019) [124] Analytical Natech-based parametric fragility
curves PGA

Yazdanian et al. (2021) [125] Empirical

Empirical fragility curves for
stainless steel wine tanks based on
the dataset of the seismic
performance of approximately 3400
wine tanks in New Zealand.

PGA

ALA = American lifeline alliance, PGV = Peak ground velocity, PGD = Peak ground displacement, PSA = Pseudo
spectral acceleration, Sa(Ti) = Spectral acceleration corresponding to the period of impulsive mass.

6. New Horizons

All of the above studies have played a vital role in generating approaches to under-
stand the seismic behavior and performance of a structure as complex as liquid storage
tanks. But, several unclear aspects of this issue still exist.

6.1. Modeling the Random Defects and Imperfections

Steel cylindrical tanks may suffer from defects, such as corrosion. As defects can
change the tank’s dynamic properties and the strength of its structural components, it is
crucial to consider their effects on the seismic performance of tanks. Several researchers
took the effects of corrosion on the seismic performance of tanks into account [127–129].
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However, the corrosion pattern of tanks is random, and in the above studies, deterministic
patterns of corrosion are considered. Such simplifications usually lead to conservative
results. Therefore, to obtain more reliable estimations about the tank’s seismic performance,
one shall focus on the random characteristics of corrosion. Based on the author’s literature
survey, random simulation of the corrosion in tanks does not investigate in the articles
related to the seismic performance of tanks.

On the other hand, tanks include different types of imperfections. Some inherently
exist in curved shell elements of the tanks, and others are created at the junction of those ele-
ments during the welding procedure. In recent years, Miladi and Razzaghi have performed
comprehensive research on the effect of different imperfections on the seismic performance
of unanchored tanks [38,55]. However, further substantial research is required to achieve a
comprehensive conclusion about the imperfection effects on the seismic performance of
tanks.

6.2. Employing Artificial Intelligence

Nonlinear response history analyses are widely used to estimate the seismic perfor-
mance of tanks, and they often require notable analysis time and a considerable amount
of computer memory. Also, during nonlinear analyses, one may encounter unwanted
situations, such as convergence difficulties. Hence, nonlinear response history analyses are
costly and time-consuming. On the other hand, the empirical data from the performance of
the tanks during an earthquake are not enough to obtain comprehensive information about
the seismic performance of tanks. In this situation, one can employ artificial intelligence-
based approaches to improve the abovementioned problems. However, only a few studies
are available on this issue [130].

6.3. Novel Techniques to Improve Tank Seismic Performance

Recently, several researchers have focused on novel techniques to improve the seismic
performance and behavior of tanks. Najmabad et al. [131] proposed the application of shape
memory alloys (SMA) as mechanical anchors. They compared their effects on the shell
buckling with those of regular anchor bolts and showed that SMA anchors could improve
the buckling performance of unanchored tanks. Several other researchers have focused on
the active and passive control of storage tanks. Providing seismic based-isolation systems
has garnered the attention of many researchers till now [132–135]. However, in recent years
a new generation of seismic isolating systems has been proposed. For instance, Rawat
and Mastagar investigated the application of oblate spheroid base isolators on the seismic
response of tanks [136,137]. Some other researchers studied the application of different
arrangements of inerter base isolators to control the seismic response of liquid storage
tanks [138–141]. In addition, several other researchers have focused on utilizing various
types of dampers on base-isolated liquid storage tanks [142–145].

7. Conclusions

This paper has outlined an overview of the seismic performance assessment of liquid
storage tanks by presenting a review of current knowledge on different aspects of the
analytical and numerical approaches. The seismic performance assessment of tanks is
associated with considerable complexities. The seismic performance of tanks during devas-
tating earthquakes includes geometric and material nonlinearity. In addition, the tank’s
seismic performance is dependent on diverse parameters, such as random imperfections.
Although the basis of early studies was restricting simplifications, the recent advancement
in numerical analysis techniques and computer technology developments have indicated
new horizons to evaluate the seismic safety of tanks. In other words, as different aspects of
the seismic performance of tanks still require development, this field of study is strongly
active.

Funding: This research received no external funding.



Vibration 2023, 6 507

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The author would like to appreciate Sina Miladi for his valuable supports.

Conflicts of Interest: The author declare no conflict of interest.

References
1. Razzaghi, M.S.; Eshghi, S. Probabilistic seismic safety evaluation of precode cylindrical oil tanks. J. Perform. Constr. Facil. 2015, 29,

04014170. [CrossRef]
2. Manos, G.C.; Clough, R.W. Tank damage during the May 1983 Coalinga earthquake. Earthq. Eng. Struct. Dyn. 1985, 13, 449–466.

[CrossRef]
3. Eshghi, S.; Razzaghi, M.S. Performance of industrial facilities in the 2003 Bam, Iran, earthquake. Earthq. Spectra 2005, 21

(Suppl. S1), 395–410. [CrossRef]
4. Eshghi, S.; Razzaghi, M.S. Performance of cylindrical liquid storage tanks in Silakhor, Iran earthquake of March 31, 2006. Bull. N.

Z. Soc. Earthq. Eng. 2007, 40, 173–182. [CrossRef]
5. Brunesi, E.; Nascimbene, R.; Pagani, M.; Beilic, D. Seismic performance of storage steel tanks during the May 2012 Emilia, Italy,

earthquakes. J. Perform. Constr. Facil. 2015, 29, 04014137. [CrossRef]
6. Zareian, F.; Sampere, C.; Sandoval, V.; McCormick, D.L.; Moehle, J.; Leon, R. Reconnaissance of the Chilean wine industry affected

by the 2010 Chile offshore Maule earthquake. Earthq. Spectra 2012, 28 (Suppl. S1), 503–512. [CrossRef]
7. Tang, A.K.; Eng, P.; Eng, C.; Asce, F. Lifelines performance of the Mw 8.8 off shore Biobío, Chile earthquake. Procedia Eng. 2011,

14, 922–930. [CrossRef]
8. Watanabe, T. Damage to oil refinery plants and a building on compacted ground by the Niigata earthquake and their restoration.

Soils Found. 1966, 6, 86–99. [CrossRef]
9. Chang, J.I.; Lin, C.C. A study of storage tank accidents. J. Loss Prev. Process Ind. 2006, 19, 51–59. [CrossRef]
10. Razzaghi, M.S. Seismic performance of liquid storage tanks. In Above Ground Storage Tank Oil Spills; Gulf Professional Publishing:

Houston, TX, USA, 2023; pp. 89–131.
11. Jacobsen, L.S. Impulsive Hydrodynamics of Fluid Inside a Cylindrical Tank and of Fluid Surrounding a Cylindrical Pier. Bull.

Seismol. Soc. Am. 1949, 39, 189–203. [CrossRef]
12. Housner, G.W. Earthquake Pressures on Fluid Containers; California Institute of Technology: Pasadena, CA, USA, 1954.
13. Sogabe, K.; Shigeta, T.; Shibata, H. On the aseismic design of liquid storages. Bull. JSME 1976, 19, 1467–1477. [CrossRef]
14. Veletsos, A.S. Seismic effects in flexible liquid storage tanks. In Proceedings of the 5th World Conference on Earthquake Engineering,

Rome, Italy, 25 June 1974; Bulletin of the Seismological Society of America: McLean, VA, USA; Volume 1, pp. 630–639.
15. Edwards, N.W. A Procedure for the Dynamic Analysis of Thin Walled Cylindrical Liquid Storage Tanks Subjected to Lateral Ground

Motions; University of Michigan: Ann Arbor, MI, USA, 1969.
16. Veletsos, A.S.; Shivakumar, P. Hydrodynamic effects in tanks with different conditions of support. In Proceedings of the Third

DOE Natural Phenomena Hazards Mitigation Conference, Atlanta, GA, USA, 19–22 October 1991; pp. 578–587.
17. Chopra, A.K. Reservoir-dam interaction during earthquakes. Bull. Seismol. Soc. Am. 1967, 57, 675–687. [CrossRef]
18. Jaiswal, O.R.; Rai, D.C.; Jain, S.K. Review of seismic codes on liquid-containing tanks. Earthq. Spectra 2007, 23, 239–260. [CrossRef]
19. Wozniak, R.S.; Mitchell, W.W. Basis of Seismic Design Provisions for Welded Steel Oil Storage Tanks; Chicago Bridge & Iron Company:

Hague, The Netherlands, 1978.
20. API Standard 650; Welded Tanks for Oil Storage. American Petroleum Institute: Washington, DC, USA, 1988.
21. API Standard 650; Welded Tanks for Oil Storage. American Petroleum Institute: Washington, DC, USA, 2020.
22. EN 1998-4, Eurocode 8: Design of Structures for Earthquake Resistance Part 4: Silos, Tanks and Pipelines. European Commission,

2006. Available online: https://eurocodes.jrc.ec.europa.eu/EN-Eurocodes/eurocode-8-design-structures-earthquake-resistance
(accessed on 25 June 2023).

23. Ministry of Petroleum. Iranian Seismic Code for Petroleum Facilities; Publication No. 038; Ministry of Petroleum: Tehran, Iran, 2016.
24. Haroun, M.A. Dynamic Analyses of Liquid Storage Tanks; Report No. EERL 80-04; Earthquake Engineering Research Laboratory,

California Institute of Technology: Pasadena, CA, USA, 1980.
25. Haroun, M.A.; Housner, G.W. Dynamic characteristics of liquid storage tanks. J. Eng. Mech. Div. 1982, 108, 783–800. [CrossRef]
26. Barton, D.C.; Parker, J.V. Finite element analysis of the seismic response of anchored and unanchored liquid storage tanks. Earthq.

Eng. Struct. Dyn. 1987, 15, 299–322. [CrossRef]
27. Peek, R. Analysis of unanchored liquid storage tanks under lateral loads. Earthq. Eng. Struct. Dyn. 1988, 16, 1087–1100. [CrossRef]
28. Hwang, I.T.; Ting, K. Boundary element method for fluid-structure interaction problems in liquid storage tanks. J. Press. Vessel

Technol. 1989, 111, 435–440. [CrossRef]
29. Nakayama, T.; Washizu, K. The boundary element method applied to the analysis of two-dimensional nonlinear sloshing

problems. Int. J. Numer. Methods Eng. 1981, 17, 1631–1646. [CrossRef]
30. Fischer, D.F.; Rammerstorfer, F.G. The stability of liquid-filled cylindrical shells under dynamic loading. In Proceedings of the

Buckling of Shells: Proceedings of a State-of-the-Art Colloquium, Universität Stuttgart, Stuttgart, Germany, 6–7 May 1982; Springer:
Berlin/Heidelberg, Germany; pp. 569–597.

https://doi.org/10.1061/(ASCE)CF.1943-5509.0000669
https://doi.org/10.1002/eqe.4290130403
https://doi.org/10.1193/1.2098810
https://doi.org/10.5459/bnzsee.40.4.173-182
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000628
https://doi.org/10.1193/1.4000048
https://doi.org/10.1016/j.proeng.2011.07.116
https://doi.org/10.3208/sandf1960.6.2_86
https://doi.org/10.1016/j.jlp.2005.05.015
https://doi.org/10.1785/BSSA0390030189
https://doi.org/10.1299/jsme1958.19.1467
https://doi.org/10.1785/BSSA0570040675
https://doi.org/10.1193/1.2428341
https://eurocodes.jrc.ec.europa.eu/EN-Eurocodes/eurocode-8-design-structures-earthquake-resistance
https://doi.org/10.1061/JMCEA3.0002870
https://doi.org/10.1002/eqe.4290150303
https://doi.org/10.1002/eqe.4290160710
https://doi.org/10.1115/1.3265701
https://doi.org/10.1002/nme.1620171105


Vibration 2023, 6 508

31. Balendra, T.; Ang, K.K.; Paramasivam, P.; Lee, S.L. Free vibration analysis of cylindrical liquid storage tanks. Int. J. Mech. Sci.
1982, 24, 47–59. [CrossRef]

32. Balendra, T.; Ang, K.K.; Paramasivam, P.; Lee, S.L. Seismic design of flexible cylindrical liquid storage tanks. Earthq. Eng. Struct.
Dyn. 1982, 10, 477–496. [CrossRef]

33. Aslam, M. Finite element analysis of earthquake-induced sloshing in axisymmetric tanks. Int. J. Numer. Methods Eng. 1981, 17,
159–170. [CrossRef]

34. Cho, J.R.; Song, J.M.; Lee, J.K. Finite element techniques for the free-vibration and seismic analysis of liquid-storage tanks. Finite
Elem. Anal. Des. 2001, 37, 467–483. [CrossRef]

35. Cho, J.R.; Lee, J.K.; Song, J.M.; Park, S.H.; Lee, J.N. Free vibration analysis of aboveground LNG-storage tanks by the finite
element method. KSME Int. J. 2000, 14, 633–644. [CrossRef]

36. Hamdan, F.H. Seismic behaviour of cylindrical steel liquid storage tanks. J. Constr. Steel Res. 2000, 53, 307–333. [CrossRef]
37. Miladi, S.; Razzaghi, M.S. Failure analysis of an un-anchored steel oil tank damaged during the Silakhor earthquake of 2006 in

Iran. Eng. Fail. Anal. 2019, 96, 31–43. [CrossRef]
38. Sezen, H.; Livaoglu, R.; Dogangun, A. Dynamic analysis and seismic performance evaluation of above-ground liquid-containing

tanks. Eng. Struct. 2008, 30, 794–803. [CrossRef]
39. Maheri, M.R.; Karbaschi, M.E.; Mahzoon, M. Analytical evaluation of dynamic characteristics of unanchored circular ground-

based steel tanks. Thin-Walled Struct. 2016, 109, 251–259. [CrossRef]
40. Kildashti, K.; Mirzadeh, N.; Samali, B. Seismic vulnerability assessment of a case study anchored liquid storage tank by

considering fixed and flexible base restraints. Thin-Walled Struct. 2018, 123, 382–394. [CrossRef]
41. Goudarzi, M.A.; Sabbagh-Yazdi, S.R. Investigation of nonlinear sloshing effects in seismically excited tanks. Soil Dyn. Earthq. Eng.

2012, 43, 355–365. [CrossRef]
42. Hosseinzadeh, N.; Kazem, H.; Ghahremannejad, M.; Ahmadi, E.; Kazem, N. Comparison of API650-2008 provisions with FEM

analyses for seismic assessment of existing steel oil storage tanks. J. Loss Prev. Process Ind. 2013, 26, 666–675. [CrossRef]
43. Estekanchi, H.E.; Alembagheri, M. Seismic analysis of steel liquid storage tanks by endurance time method. Thin-Walled Struct.

2012, 50, 14–23. [CrossRef]
44. Mandal, K.K.; Maity, D. Pressure based Eulerian approach for investigation of sloshing in rectangular water tank. Procedia Eng.

2016, 144, 1187–1194. [CrossRef]
45. Donea, J.; Giuliani, S.; Halleux, J.P. An arbitrary Lagrangian-Eulerian finite element method for transient dynamic fluid-structure

interactions. Comput. Methods Appl. Mech. Eng. 1982, 33, 689–723. [CrossRef]
46. Ozdemir, Z.; Souli, M.; Fahjan, Y.M. Application of nonlinear fluid–structure interaction methods to seismic analysis of anchored

and unanchored tanks. Eng. Struct. 2010, 32, 409–423. [CrossRef]
47. Razzaghi, M.S.; Eshghi, S. A parametric Study on Seismic Behavior of Unanchored Oil Storage Tanks Using Numerical Analysis.

J. Seismol. Earthq. Eng. 2008, 9, 221–228. (In Persian)
48. Compagnoni, M.E.; Curadelli, O. Experimental and numerical study of the response of cylindrical steel tanks under seismic

excitation. Int. J. Civ. Eng. 2018, 16, 793–805. [CrossRef]
49. Mir, F.U.; Yu, C.C.; Whittaker, A.S. Experimental and numerical studies of seismic fluid-structure interaction in a base-supported

cylindrical vessel. Earthq. Eng. Struct. Dyn. 2021, 50, 1395–1413. [CrossRef]
50. Silvestri, S.; Mansour, S.; Marra, M.; Distl, J.; Furinghetti, M.; Lanese, I.; Hernández-Montes, E.; Neri, C.; Palermo, M.; Pavese,

A.; et al. Shaking table tests of a full-scale flat-bottom manufactured steel silo filled with wheat: Main results on the fixed-base
configuration. Earthq. Eng. Struct. Dyn. 2022, 51, 169–190. [CrossRef]

51. Westergaard, H.M. Water pressures on dams during earthquakes. Trans. Am. Soc. Civ. Eng. 1933, 98, 418–433. [CrossRef]
52. Virella, J.C.; Suarez, L.E.; Godoy, L.A. Effect of pre-stress states on the impulsive modes of vibration of cylindrical tank-liquid

systems under horizontal motions. J. Vib. Control. 2005, 11, 1195–1220. [CrossRef]
53. Virella, J.C.; Godoy, L.A.; Suárez, L.E. Fundamental modes of tank-liquid systems under horizontal motions. Eng. Struct. 2006, 28,

1450–1461. [CrossRef]
54. Miladi, S.; Razzaghi, M.S.; Ghasemi, S.H. Seismic performance of imperfect unanchored tanks. Proc. Inst. Civ. Eng.-Struct. Build.

2022, 175, 551–560. [CrossRef]
55. Buratti, N.; Tavano, M. Dynamic buckling and seismic fragility of anchored steel tanks by the added mass method. Earthq. Eng.

Struct. Dyn. 2014, 43, 1–21. [CrossRef]
56. Tarinejad, R.; Hosseinjani, A. Evaluation of the Seismic Behavior of Steel Liquid Storage Tanks under Near and Far Fault

Earthquakes. J. Struct. Constr. Eng. 2021, 8, 204–220.
57. Kildashti, K.A.; Mirzadeh, N.E. Seismic behavior of anchorage in diverse liquid storage steel tanks by added-mass method.

Implementing Innovative Ideas in Structural Engineering and Project Management. In Proceedings of the International Structural
Engineering and Construction, Sydney, Australia, 23–28 November 2015; pp. 325–330.

58. Firouz-Abadi, R.D.; Haddadpour, H.; Ghasemi, M. Reduced order modeling of liquid sloshing in 3D tanks using boundary
element method. Eng. Anal. Bound. Elem. 2009, 33, 750–761. [CrossRef]

59. Koh, H.M.; Kim, J.K.; Park, J.H. Fluid–structure interaction analysis of 3-D rectangular tanks by a variationally coupled BEM–FEM
and comparison with test results. Earthq. Eng. Struct. Dyn. 1998, 27, 109–124. [CrossRef]

https://doi.org/10.1016/0020-7403(82)90020-0
https://doi.org/10.1002/eqe.4290100310
https://doi.org/10.1002/nme.1620170202
https://doi.org/10.1016/S0168-874X(00)00048-2
https://doi.org/10.1007/BF03184439
https://doi.org/10.1016/S0143-974X(99)00039-5
https://doi.org/10.1016/j.engfailanal.2018.09.031
https://doi.org/10.1016/j.engstruct.2007.05.002
https://doi.org/10.1016/j.tws.2016.09.022
https://doi.org/10.1016/j.tws.2017.11.041
https://doi.org/10.1016/j.soildyn.2012.08.001
https://doi.org/10.1016/j.jlp.2013.01.004
https://doi.org/10.1016/j.tws.2011.08.015
https://doi.org/10.1016/j.proeng.2016.05.098
https://doi.org/10.1016/0045-7825(82)90128-1
https://doi.org/10.1016/j.engstruct.2009.10.004
https://doi.org/10.1007/s40999-017-0218-3
https://doi.org/10.1002/eqe.3402
https://doi.org/10.1002/eqe.3561
https://doi.org/10.1061/TACEAT.0004496
https://doi.org/10.1177/1077546305057221
https://doi.org/10.1016/j.engstruct.2005.12.016
https://doi.org/10.1680/jstbu.19.00180
https://doi.org/10.1002/eqe.2326
https://doi.org/10.1016/j.enganabound.2009.01.005
https://doi.org/10.1002/(SICI)1096-9845(199802)27:2&lt;109::AID-EQE714&gt;3.0.CO;2-M


Vibration 2023, 6 509

60. Saghi, H.; Ketabdari, M.J. Numerical simulation of sloshing in rectangular storage tank using coupled FEM-BEM. J. Mar. Sci.
Appl. 2012, 11, 417. [CrossRef]

61. Czygan, O.V.; Von Estorff, O. Fluid-structure interaction by coupling BEM and nonlinear FEM. Eng. Anal. Bound. Elem. 2002, 26,
773–779. [CrossRef]

62. Ikesue, S.; Kushioka, K.; Kumagai, N.; Hadano, T.; Sakakiyama, T.; Morikita, T. Study on wave force of tsunami on cylindrical
tanks. Effect of multiple arrangement and applicability of 3D-CFD. Doboku Gakkai Ronbunshu B3. Kaiyo Kaihatsu 2015, 71, 1–575.

63. Bernier, C.; Padgett, J.E. Fragility and risk assessment of aboveground storage tanks subjected to concurrent surge, wave, and
wind loads. Reliab. Eng. Syst. Saf. 2019, 191, 106571. [CrossRef]

64. Huang, M.; Chen, G.; Yang, P.; Hu, K.; Zhou, L.; Men, J.; Zhao, J. Multi-hazard coupling vulnerability analysis for buckling failure
of vertical storage tank: Floods and hurricanes. Process Saf. Environ. Prot. 2022, 161, 528–541. [CrossRef]

65. Kang, T.W.; Yang, H.I.; Jeon, J.S. Earthquake-induced sloshing effects on the hydrodynamic pressure response of rigid cylindrical
liquid storage tanks using CFD simulation. Eng. Struct. 2019, 197, 109376. [CrossRef]

66. Rawat, A.; Mittal, V.; Chakraborty, T.; Matsagar, V. Earthquake induced sloshing and hydrodynamic pressures in rigid liquid
storage tanks analyzed by coupled acoustic-structural and Euler-Lagrange methods. Thin-Walled Struct. 2019, 134, 333–346.
[CrossRef]

67. Yazici, G.; Aksel, M.; Koroglu, A. Sloshing Displacements of an Above Ground Cylindrical Liquid Storage Tank Subjected to a
Near-Fault Earthquake Ground Motion. In Proceedings of the 11th International Conference on Hydroscience & Engineering,
ICHE 2014, Hamburg, Germany, 28 September–2 October 2014; pp. 313–320.

68. Kobayashi, N. An Effective Method of Analyzing Rocking Motion for Unanchored Cylindrical Tanks Including Uplift. J. Press.
Vessel Technol. 1988, 110, 77.

69. Taniguchi, T. Rocking behavior of unanchored flat-bottom cylindrical shell tanks under action of horizontal base excitation. Eng.
Struct. 2004, 26, 415–426. [CrossRef]

70. Malhotra, P.K.; Veletsos, A.S. Uplifting response of unanchored liquid-storage tanks. J. Struct. Eng. 1994, 120, 3525–3547.
[CrossRef]

71. Malhotra, P.K. Seismic response of soil-supported unanchored liquid-storage tanks. J. Struct. Eng. 1997, 123, 440–450. [CrossRef]
72. Cambra, F.J. A Study of Liquid Storage Tank Seismic Uplift Behavior; No. CONF-830607-; Chevron USA, Inc.: New Orleans, LA, USA,

1983.
73. Malhotra, P.K.; Veletsos, A.S. Beam model for base-uplifting analysis of cylindrical tanks. J. Struct. Eng. 1994, 120, 3471–3488.

[CrossRef]
74. Malhotra, P.K. Base uplifting analysis of flexibly supported liquid-storage tanks. Earthq. Eng. Struct. Dyn. 1995, 24, 1591–1607.

[CrossRef]
75. Malhotra, P.K.; Veletsos, A.S. Energy method for base uplifting analysis of liquid-storage tanks. J. Press. Vessel Technol. 1996, 118,

332–335. [CrossRef]
76. Ahari, M.N.; Eshghi, S.; Ashtiany, M.G. The tapered beam model for bottom plate uplift analysis of unanchored cylindrical steel

storage tanks. Eng. Struct. 2009, 31, 623–632. [CrossRef]
77. Vathi, M.; Karamanos, S.A. Simplified model for the seismic performance of unanchored liquid storage tanks. In Proceedings of the

Pressure Vessels and Piping Conference, Boston, MA, USA, 19–23 July 2015; American Society of Mechanical Engineers: New York,
NY, USA, 2015; Volume 56987, p. V005T09A014.

78. Vathi, M.; Karamanos, S.A. A simple and efficient model for seismic response and low-cycle fatigue assessment of uplifting liquid
storage tanks. J. Loss Prev. Process Ind. 2018, 53, 29–44. [CrossRef]

79. Bakalis, K.; Karamanos, S.A. Uplift mechanics of unanchored liquid storage tanks subjected to lateral earthquake loading.
Thin-Walled Struct. 2021, 158, 107145. [CrossRef]

80. Spritzer, J.M.; Guzey, S. Nonlinear numerical evaluation of large open-top aboveground steel welded liquid storage tanks excited
by seismic loads. Thin-Walled Struct. 2017, 119, 662–676. [CrossRef]

81. Razzaghi, M.S. Development of Seismic Fragility Curves for On-Ground Cylindrical Oil-Storage Tanks. Ph.D. Thesis, International
Institute of Earthquake Engineering and Seismology, Tehran, Iran, 2007.

82. Razzaghi, M.S.; Eshghi, S. Development of analytical fragility curves for cylindrical steel oil tanks. In Proceedings of the 14th
World Conference on Earthquake Engineering, Beijing, China, 12–17 October 2008.

83. Colombo, J.I.; Almazán, J.L. Simplified 3D model for the uplift analysis of liquid storage tanks. Eng. Struct. 2019, 196, 109278.
[CrossRef]

84. Karbaschi, M.E.; Maheri, M.R. Static Uplifting Analysis of Unanchored Ground-Based Cylindrical Steel Tanks. Iran. J. Sci. Technol.
Trans. Civ. Eng. 2022, 46, 3591–3607. [CrossRef]

85. Phan, H.N.; Paolacci, F.; Mongabure, P. Nonlinear finite element analysis of unanchored steel liquid storage tanks subjected to
seismic loadings. In Proceedings of the Pressure Vessels and Piping Conference, Waikoloa, HI, USA, 16–20 July 2017; American Society
of Mechanical Engineers: New York, NY, USA, 2017; Volume 58035, p. V008T08A040.

86. Bohra, H.; Azzuni, E.; Guzey, S. Seismic analysis of open-top storage tanks with flexible foundation. J. Press. Vessel Technol. 2019,
141, 041801. [CrossRef]

87. Ormeño, M.; Larkin, T.; Chouw, N. The effect of seismic uplift on the shell stresses of liquid-storage tanks. Earthq. Eng. Struct.
Dyn. 2015, 44, 1979–1996. [CrossRef]

https://doi.org/10.1007/s11804-012-1151-0
https://doi.org/10.1016/S0955-7997(02)00048-6
https://doi.org/10.1016/j.ress.2019.106571
https://doi.org/10.1016/j.psep.2022.03.037
https://doi.org/10.1016/j.engstruct.2019.109376
https://doi.org/10.1016/j.tws.2018.10.016
https://doi.org/10.1016/j.engstruct.2003.10.013
https://doi.org/10.1061/(ASCE)0733-9445(1994)120:12(3525)
https://doi.org/10.1061/(ASCE)0733-9445(1997)123:4(440)
https://doi.org/10.1061/(ASCE)0733-9445(1994)120:12(3471)
https://doi.org/10.1002/eqe.4290241204
https://doi.org/10.1115/1.2842196
https://doi.org/10.1016/j.engstruct.2008.10.011
https://doi.org/10.1016/j.jlp.2017.08.003
https://doi.org/10.1016/j.tws.2020.107145
https://doi.org/10.1016/j.tws.2017.07.017
https://doi.org/10.1016/j.engstruct.2019.109278
https://doi.org/10.1007/s40996-022-00886-x
https://doi.org/10.1115/1.4043373
https://doi.org/10.1002/eqe.2568


Vibration 2023, 6 510

88. Zhang, R.; Chu, S.; Sun, K.; Zhang, Z.; Wang, H. Effect of the directional components of earthquakes on the seismic behavior of an
unanchored steel tank. Appl. Sci. 2020, 10, 5489. [CrossRef]

89. Bakalis, K.; Fragiadakis, M.; Vamvatsikos, D. Surrogate modeling for the seismic performance assessment of liquid storage tanks.
J. Struct. Eng. 2017, 143, 04016199. [CrossRef]

90. Hernandez-Hernandez, D.; Larkin, T.; Chouw, N. Simultaneous effect of uplift and soil-structure interaction on seismic per-
formance of storage tanks. In Proceedings of the Earthquake Geotechnical Engineering for Protection and Development of
Environment and Constructions 2019, Rome, Italy, 17–20 June 2019; CRC Press: Boca Raton, FL, USA, 2019; pp. 2851–2858.

91. Lorenz, R. Buckling of a cylindrical shell under axial compression. Z. Des Ver. Dtsch. Ing. 1908, 52, 1706–1713. (In German)
92. Timoshenko, S. Some stability problems of the theory of elasticity. Mag. Math. Phys. 1910, 58, 337–357. (In German)
93. Southwell, R.V. On the general theory of elastic stability. Philos. Trans. R. Soc. Lond. Ser. A 1914, 213, 497–508.
94. Teng, J.G.; Rotter, J.M. Buckling of thin shells: An overview. Buckling Thin Met. Shells 2006, 28, 25–65.
95. Hutchinson, J.W.; Amazigo, J.C. Imperfection-sensitivity of eccentrically stiffened cylindrical shells. AIAA J. 1967, 5, 392–401.

[CrossRef]
96. Teng, J.G.; Rotter, J.M. Buckling of pressurized axisymmetrically imperfect cylinders under axial loads. J. Eng. Mech. 1992, 118,

229–247. [CrossRef]
97. Song, C.Y.; Teng, J.G.; Rotter, J.M. Imperfection sensitivity of thin elastic cylindrical shells subject to partial axial compression. Int.

J. Solids Struct. 2004, 41, 7155–7180. [CrossRef]
98. European Convention for Constructional Steelwork (ECCS). Buckling of Steel Shells—European Recommendations, 4th ed.; ECCS:

Brussels, Belgium, 1988.
99. Rotter, J.M. Local collapse of axially compressed pressurized thin steel cylinders. J. Struct. Eng. 1990, 116, 1955–1970. [CrossRef]
100. Virella, J.C.; Suárez, L.E.; Godoy, L.A. A static nonlinear procedure for the evaluation of the elastic buckling of anchored steel

tanks due to earthquakes. J. Earthq. Eng. 2008, 12, 999–1022. [CrossRef]
101. Sobhan, M.S.; Rofooei, F.R.; Attari, N.K. Buckling behavior of the anchored steel tanks under horizontal and vertical ground

motions using static pushover and incremental dynamic analyses. Thin-Walled Struct. 2017, 112, 173–183. [CrossRef]
102. Miladi, S.; Razzaghi, M.S. A parametric study on inelastic buckling in steel cylindrical shells with circular cutouts. Int. J. Adv.

Struct. Eng. 2014, 6, 47. [CrossRef]
103. Vasquez Munoz, L.E.; Dolšek, M. A risk-targeted seismic performance assessment of elephant-foot buckling in walls of unanchored

steel storage tanks. Earthq. Eng. Struct. Dyn. 2023. [CrossRef]
104. Musa, A.; El Damatty, A.A. Capacity of liquid-filled steel conical tanks under vertical excitation. Thin-Walled Struct. 2016, 103,

199–210. [CrossRef]
105. Bakalis, K.; Kazantzi, A.K.; Vamvatsikos, D.; Fragiadakis, M. Seismic performance evaluation of liquid storage tanks using

nonlinear static procedures. J. Press. Vessel Technol. 2019, 141, 010902. [CrossRef]
106. Budiansky, B. Axisymmetric dynamic buckling of clamped shallow spherical shells. NASA TN 1962, 1510, 597–606.
107. Virella, J.C.; Godoy, L.A.; Suárez, L.E. Dynamic buckling of anchored steel tanks subjected to horizontal earthquake excitation. J.

Constr. Steel Res. 2006, 62, 521–531. [CrossRef]
108. Djermane, M.; Zaoui, D.; Labbaci, B.; Hammadi, F. Dynamic buckling of steel tanks under seismic excitation: Numerical

evaluation of code provisions. Eng. Struct. 2014, 70, 181–196. [CrossRef]
109. Chikhi, A.; Djermane, M. Dynamic buckling of cylindrical storage tanks during earthquake excitations. Asian J. Civ. Eng. 2017, 18,

607–620.
110. Roopkumdee, W.; Mamaghani, I. Seismic Analysis of Perfect and Imperfect Cylindrical Liquid Storage Tanks. Int. J. Civ. Infrastruct.

2021, 4, 173–179. [CrossRef]
111. Vathi, M.; Karamanos, S.A.; Kapogiannis, I.A.; Spiliopoulos, K.V. Performance criteria for liquid storage tanks and piping systems

subjected to seismic loading. J. Press. Vessel Technol. 2017, 139, 051801. [CrossRef]
112. Cubrinovski, M.; Ishihara, K.; Kijima, T. Effects of liquefaction on seismic response of a storage tank on pile foundations. In

Proceedings of the Fourth International Conference on Recent Advances in Geotechnical Earthquake Engineering and Soil
Dynamics 2001, San Diego, CA, USA, 26–31 March 2001.

113. Prinz, G.S.; Nussbaumer, A. Effect of radial base-plate welds on ULCF capacity of unanchored tank connections. J. Constr. Steel
Res. 2014, 103, 131–139. [CrossRef]

114. Chatzopoulou, G.; Karamanos, S.A.; Zervaki, A.D. Low-cycle fatigue of fillet-welded steel plate connections. J. Constr. Steel Res.
2021, 176, 106379. [CrossRef]

115. Prinz, G.S.; Nussbaumer, A. On the low-cycle fatigue capacity of unanchored steel liquid storage tank shell-to-base connections.
Bull. Earthq. Eng. 2012, 10, 1943–1958. [CrossRef]

116. Colombo, J.I.; Herrera, R.A.; Almazán, J.L. Low cycle fatigue capacity of shell-to-base connections in stainless steel thin-walled
tanks. Eng. Struct. 2021, 245, 112949. [CrossRef]

117. FEMA. Earthquake Loss Estimation Methodology—HAZUS 99; Federal Emergency Management Agency and National Institute of
Buildings Sciences: Washington, DC, USA, 1999.

118. O’Rourke, M.J.; So, P. Seismic fragility curves for on-grade steel tanks. Earthq. Spectra 2000, 16, 801–815. [CrossRef]
119. Berahman, F.; Behnamfar, F. Seismic fragility curves for un-anchored on-grade steel storage tanks: Bayesian approach. J. Earthq.

Eng. 2007, 11, 166–192. [CrossRef]

https://doi.org/10.3390/app10165489
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001667
https://doi.org/10.2514/3.3992
https://doi.org/10.1061/(ASCE)0733-9399(1992)118:2(229)
https://doi.org/10.1016/j.ijsolstr.2004.05.040
https://doi.org/10.1061/(ASCE)0733-9445(1990)116:7(1955)
https://doi.org/10.1080/13632460701672714
https://doi.org/10.1016/j.tws.2016.12.022
https://doi.org/10.1007/s40091-014-0047-4
https://doi.org/10.1002/eqe.3903
https://doi.org/10.1016/j.tws.2016.02.012
https://doi.org/10.1115/1.4039634
https://doi.org/10.1016/j.jcsr.2005.10.001
https://doi.org/10.1016/j.engstruct.2014.03.037
https://doi.org/10.11159/ijci.2021.021
https://doi.org/10.1115/1.4036916
https://doi.org/10.1016/j.jcsr.2014.08.004
https://doi.org/10.1016/j.jcsr.2020.106379
https://doi.org/10.1007/s10518-012-9382-7
https://doi.org/10.1016/j.engstruct.2021.112949
https://doi.org/10.1193/1.1586140
https://doi.org/10.1080/13632460601125722


Vibration 2023, 6 511

120. Berahman, F.; Behnamfar, F. Probabilistic seismic demand model and fragility estimates for critical failure modes of un-anchored
steel storage tanks in petroleum complexes. Probabilistic Eng. Mech. 2009, 24, 527–536. [CrossRef]

121. Cortes, G.; Prinz, G.S. Seismic fragility analysis of large unanchored steel tanks considering local instability and fatigue damage.
Bull. Earthq. Eng. 2017, 15, 1279–1295. [CrossRef]

122. D’Amico, M.; Buratti, N. Observational seismic fragility curves for steel cylindrical tanks. J. Press. Vessel Technol. 2019, 141, 010904.
[CrossRef]

123. Phan, H.N.; Paolacci, F.; Alessandri, S. Enhanced seismic fragility analysis of unanchored steel storage tanks accounting for
uncertain modeling parameters. J. Press. Vessel Technol. 2019, 141, 010903. [CrossRef]

124. Mayorga, S.Z.; Sánchez-Silva, M.; Olivar, O.J.; Giraldo, F.M. Development of parametric fragility curves for storage tanks: A
Natech approach. Reliab. Eng. Syst. Saf. 2019, 189, 1–10. [CrossRef]

125. Yazdanian, M.; Ingham, J.; Sadashiva, V.; Cutfield, M.; Kahanek, C.; Dizhur, D. Seismic fragility curves for stainless-steel wine
storage tanks. In Structures; Elsevier: Amsterdam, The Netherlands, 2021; Volume 33, pp. 4766–4780.

126. Wang, M.; Sun, Z.; Sun, J.; Cui, L.; Wu, Y. Probabilistic seismic fragility assessment of vertical storage tank with a floating roof. In
Structures; Elsevier: Amsterdam, The Netherlands, 2023; Volume 48, pp. 318–330.

127. Tavakoli Joorabi, A.; Razzaghi, M.S. Seismic fragility analysis of retrofitted steel tanks considering corrosion. Proc. Inst. Civ.
Eng.-Struct. Build. 2019, 172, 712–720. [CrossRef]

128. Manshadi, S.D.; Maheri, M.R. The effects of long-term corrosion on the dynamic characteristics of ground based cylindrical liquid
storage tanks. Thin-Walled Struct. 2010, 48, 888–896. [CrossRef]

129. Maheri, M.R.; Abdollahi, A. The effects of long term uniform corrosion on the buckling of ground based steel tanks under seismic
loading. Thin-Walled Struct. 2013, 62, 1–9. [CrossRef]

130. Razzaghi, M.S.; Mohebbi, A. Predicting the seismic performance of cylindrical steel tanks using artificial neural networks (ANN).
Acta Polytech. Hung. 2011, 8, 129–140.

131. Najmabad, S.J.; Razzaghi, M.S.; Alahi, F.N. Retrofitting of a damaged liquid storage tank using steel and SMA anchor bolts. Int. J.
Press. Vessel. Pip. 2021, 194, 104530. [CrossRef]

132. Malhotra, P.K. Method for seismic base isolation of liquid-storage tanks. J. Struct. Eng. 1997, 123, 113–116. [CrossRef]
133. Matsagar, V.A.; Jangid, R.S. Base isolation for seismic retrofitting of structures. Pract. Period. Struct. Des. Constr. 2008, 13, 175–185.

[CrossRef]
134. Shekari, M.R.; Khaji, N.; Ahmadi, M.T. On the seismic behavior of cylindrical base-isolated liquid storage tanks excited by

long-period ground motions. Soil Dyn. Earthq. Eng. 2010, 30, 968–980. [CrossRef]
135. Sun, J.; Cui, L. Seismic response for base isolation of storage tanks with soil-structure interaction. Phys. Numer. Simul. Geotech.

Eng. 2015, 18, 64.
136. Rawat, A.; Matsagar, V. Seismic analysis of liquid storage tank using oblate spheroid base isolation system based on rolling

friction. Int. J. Non-Linear Mech. 2022, 147, 104186. [CrossRef]
137. Rawat, A.; Matsagar, V. An oblate spheroid base isolator and floating surface diaphragm for seismic protection of liquid storage

tank. J. Earthq. Eng. 2022, 26, 5447–5475. [CrossRef]
138. Zhang, R.; Zhao, Z.; Pan, C. Influence of mechanical layout of inerter systems on seismic mitigation of storage tanks. Soil Dyn.

Earthq. Eng. 2018, 114, 639–649. [CrossRef]
139. Jiang, Y.; Zhao, Z.; Zhang, R.; De Domenico, D.; Pan, C. Optimal design based on analytical solution for storage tank with inerter

isolation system. Soil Dyn. Earthq. Eng. 2020, 129, 105924. [CrossRef]
140. Ul Islam, N.; Jangid, R.S. Seismic Performance of Isolated Liquid Storage Tanks Supplemented with Negative Stiffness and Inerter

Based Dampers. In Proceedings of the 17th East Asian-Pacific Conference on Structural Engineering and Construction, 2022: EASEC-17,
Singapore, 14 March 2023; Springer Nature: Singapore, 2023; pp. 169–186.

141. Zahedin Labaf, D.; De Angelis, M.; Basili, M. Multi-objective optimal design and seismic assessment of an inerter-based hybrid
control system for storage tanks. Bull. Earthq. Eng. 2023, 21, 1481–1507. [CrossRef]

142. Tsipianitis, A.; Tsompanakis, Y. Improving the seismic performance of base-isolated liquid storage tanks with supplemental linear
viscous dampers. Earthq. Eng. Eng. Vib. 2022, 21, 269–282. [CrossRef]

143. Khansefid, A.; Maghsoudi-Barmi, A.; Khaloo, A. Seismic protection of LNG tanks with reliability based optimally designed
combined rubber isolator and friction damper. Earthq. Struct. 2019, 16, 523.

144. Zhu, H.P.; Tang, Z.A.; Luo, H. Feasibility analyses of negative-stiffness dampers for seismic performance enhancement of a
base-isolated liquid storage tank. Soil Dyn. Earthq. Eng. 2023, 164, 107575. [CrossRef]

145. Gazi, H.; Kazezyilmaz-Alhan, C.M.; Alhan, C. Behavior of seismically isolated liquid storage tanks equipped with nonlinear
viscous dampers in seismic environment. In Proceedings of the 10th Pacific Conference on Earthquake Engineering (PCEE 2015),
Sydney, Australia, 6–8 November 2015; pp. 6–8.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.probengmech.2009.03.005
https://doi.org/10.1007/s10518-016-9984-6
https://doi.org/10.1115/1.4040137
https://doi.org/10.1115/1.4039635
https://doi.org/10.1016/j.ress.2019.04.008
https://doi.org/10.1680/jstbu.18.00068
https://doi.org/10.1016/j.tws.2010.05.003
https://doi.org/10.1016/j.tws.2012.06.004
https://doi.org/10.1016/j.ijpvp.2021.104530
https://doi.org/10.1061/(ASCE)0733-9445(1997)123:1(113)
https://doi.org/10.1061/(ASCE)1084-0680(2008)13:4(175)
https://doi.org/10.1016/j.soildyn.2010.04.008
https://doi.org/10.1016/j.ijnonlinmec.2022.104186
https://doi.org/10.1080/13632469.2021.1875939
https://doi.org/10.1016/j.soildyn.2018.07.036
https://doi.org/10.1016/j.soildyn.2019.105924
https://doi.org/10.1007/s10518-022-01457-1
https://doi.org/10.1007/s11803-022-2083-6
https://doi.org/10.1016/j.soildyn.2022.107575

	Introduction 
	Modeling Techniques 
	Mass-Spring Analogy 
	Numerical Modeling 
	FE Techniques 
	BE and Coupled FE-BE Techniques 
	Other Approaches 


	Seismic Response 
	Earthquake-Induced Failure Analysis 
	Buckling Analysis 
	Analytical Relations 
	Numerical Studies 

	Other Failure Modes 

	Fragility Analysis 
	New Horizons 
	Modeling the Random Defects and Imperfections 
	Employing Artificial Intelligence 
	Novel Techniques to Improve Tank Seismic Performance 

	Conclusions 
	References

