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Abstract: Globally, tanks play a major part in the provision of access to clean drinking water to
the human population. Beyond aiding in the supply of fresh water, tanks are also essential for
ensuring good sanitary conditions for people and for livestock. Many countries have realized
that a robust water supply and a robust sanitation infrastructure are necessary for sustainable
growth. Therefore, there is large demand for the construction of storage tanks. Further, liquid
storage tanks are crucial structures which must continue to be operational even after a catastrophic
natural event, such as an earthquake, to support rehabilitation efforts. From an engineering point
of view, the various forces acting on the tanks and the behaviour of the tanks under various loads
are important issues which need to be addressed for a safe design. Analyses of the tanks are
challenging due to the interaction between the fluid and tank wall. Thus, researchers have conducted
several investigations to understand the performance of storage tanks subjected to earthquakes by
considering this interaction. This paper discusses the historical development of various modelling
techniques of storage tanks. The interaction with the soil also influences the behaviour of the tanks,
and hence, in this paper, various modelling approaches for soil structure interaction are also reviewed.
Further, a brief history of various systems of base isolation and modelling approaches of base-isolated
structures are also discussed in this article.

Keywords: liquid storage tank; dynamic analysis; base isolation; fluid–structure interaction; soil–
structure interaction

1. Introduction

Liquid storage tanks play a crucial role in day-to-day activities, as they are used for
storing not only essential supplies such as water and oil but also to safely store hazardous
chemicals. For the sustainable development of any country, it is necessary to provide
access to fresh water. For this, a vast network of storage tanks is essential. Additionally,
any major sanitary work involves the use of storage containers to temporarily store the
sewage water before it is sent for further treatment. Storage tanks cater to the massive water
demand from the construction industry and are thus essential for any country to build
a robust infrastructure. One of the sustainable development goals (Goal 6) as set by the
United Nations, is to provide access to drinking water, sanitization, and hygiene globally
by 2030 [1]. This target indicates that there will be a huge demand for storage tanks in the
near future. As many countries are working towards this goal, they are building massive
infrastructure which involves a vast network of tanks. Due to industrialization, massive
amounts of hazardous chemicals are stored in storage containers. Be it a water storage tank
or hazardous material storage container, any damage to these structures during a natural
hazard, such as an earthquake, can lead to disastrous consequences. Thus, it is essential
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that these structures are resilient to natural disasters such as earthquakes, cyclones and
tsunamis to ensure the sustainable growth of any country. Thus, engineers must have the
knowledge and tools to design long-lasting tanks capable of resisting natural disasters.

Further, understanding the structural behaviour of the tanks helps the designer to
achieve safety and economy in their design, which ensures sustainability in the long run. In
the event of a natural disaster, there is always a risk of damage to tanks. Any such failure of
a water tank may hamper the rehabilitation work as a continuous water supply is necessary
to manage the possible subsequent fires and also to avoid any disease outbreak post
disaster. Further, natural disasters can lead to the spillage of combustible products from
the damaged tanks and may lead to fire hazards, potentially harming the environment [2].
The tanks are prone to earthquakes mainly due to their large mass. In the event of strong
ground motions, and unlike other structures, such as buildings and bridges, tanks are
also subjected to large hydrodynamic forces, making them critical structures, vulnerable
to earthquake-induced vibrations. A lack of careful evaluation of these forces can lead
to inadequate design, resulting in failure during strong ground motion. Several storage
tanks have failed in the past due to strong earthquakes [3]. Over 30 tanks failed during
the Turkey earthquake in 1999 [4], and 167 failed during the 2011 Tohoku earthquake [5].
Depending on the overturning moment and fluid pressure variation activated through
seismic motion, the tank may undergo elastic–plastic or elastic buckling failure [6].

In structures such as buildings, interaction typically happens with the connected solid
elements, such as between frames and infills or between columns and slabs, which are
solid-to-solid interactions. However, tanks are unique in this sense; in tanks, the interaction
happens between wall structure and liquid, which is a solid and fluid interaction. This fluid–
structure interaction (FSI) is fairly complicated to model due to the interaction between
two highly incompatible materials. Before the 1960′s, and owing to the difficulty involved
with this modelling, tank walls were idealized as rigid and the effects of the interaction
between the liquid and the wall of the tank were ignored [7]. However, the failure of
such tanks during earthquakes between 1960 and 1970 showed that the storage tanks
have much complex behaviour during ground motion, and that the flexibility of the tank
cannot be ignored [2]. Thus, researchers nowadays consider the FSI effects in the modelling
for a realistic analysis of tanks. Due to the evolution of various numerical techniques
and advancements in computer technology, many researchers have been able to develop
new modelling techniques for tanks, such as boundary element methods (BEM) and finite
element methods (FEM), to investigate the response of fluid-filled storage containers
subjected to seismic excitations [8].

Usually, the foundations of tanks are idealized as rigid units in conventional analysis.
However, being made of different materials, there will be an interaction effect between
tank and supporting soil on the tank behaviour. This soil–structure interaction (SSI) has
been investigated by numerous researchers and it was found that ignoring the SSI effects
by assuming the foundation to be rigid leads to unrealistic results [9–12]. It has been found
that the soil stiffness significantly influences the behaviour of tanks subjected to ground
motion [13]. Thus, when the SSI effect is considered, the tank’s overall stiffness changes,
which considerably alters its time period. The realistic analysis of a tank therefore depends
on both FSI and SSI modelling and therefore these effects need to be considered during the
analysis to accurately represent tank behaviour.

Due to the high significance attached to the fluid tanks, many researchers have focused
on developing techniques to make the tanks earthquake resistant. Base isolation is one
such promising and widely used technique for aseismic design [14]. In a base isolation
system, a layer of relatively lesser stiffness is incorporated between the structure and the
ground. This low-stiffness layer offsets the transfer of harmful frequencies to the tanks. To
date, researchers have developed a wide variety of base isolation bearings which can be
used as a standalone devices or can be used in a hybrid configuration with other types of
earthquake resistant devices. A brief discussion on base isolation techniques is carried out
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later, in Section 4. Readers can refer to a number of review articles on various base isolation
techniques and systems in [14–21].

Several review papers on the historical development of tank modelling techniques [14,22,23]
are currently available. The scope of these papers is typically limited to either fixed-base
tanks [22] or base-isolated tanks. This means there is a lack of review articles which address
these different tank types together. Additionally, a specific and detailed discussion on the
SSI effect, which is one of the major influencing factors on tank behaviour, is absent in these
papers. Therefore, the authors of this paper felt the need to address the lack of a recent
comprehensive review paper which collectively discusses the various aspects of modelling
for both fixed and base-isolated tanks. In this regard, the developments in the various
modelling techniques of fluid tanks, including the effects of FSI and SSI, are discussed in
detail in the present paper. Further, Section 4.3 of this article is dedicated to discussions
on the modelling of base-isolated tanks. Thus, this article aims to bridge the gap between
discussions on the advancements in the area of fixed tanks and base-isolated tanks by
collectively addressing the developments in these areas. The main contribution of this
article would be to review various aspects of tank modelling, including the effects of SSI
and FSI, with an emphasis on base isolation techniques used for the seismic resistance
of tanks.

Some researchers have reported that elevated tanks are more vulnerable when com-
pared with tanks that are supported on the ground. This is mainly due to the larger
time period of the elevated tanks when compared with the ground-supported tanks. This
higher time period is attributed to the flexibility provided by the tank staging. Though
the discussions in this article are directed towards ground-rested tanks, the modelling
concepts are also applicable to elevated tanks. The main distinction between the analysis of
ground-rested and elevated tanks is the additional modelling requirements of tank staging.
Therefore, very limited discussion has been carried out regarding elevated tanks.

2. Modelling Techniques for Storage Tanks Considering FSI Effects

For studies before the 1960s, researchers generally used a simplified technique de-
veloped by Westergaard [24] for tank analysis. This technique was initially developed
to evaluate the fluid pressure on rigid dams subjected to harmonic excitation and later
adapted for tank analysis [25]. Since then, researchers have proposed various modelling
techniques exclusive to tanks and these are discussed in the subsequent sections.

2.1. Equivalent Mechanical Models

The equivalent mechanical model was initially proposed by Housner [7,26] for analysing
ground supported and elevated tanks filled with fluid. In this model, the tank walls are
idealized as rigid units. The equivalent mechanical model was derived from the models of
Biot [27] and Housner et al. [28], which were used earlier for a response spectrum analysis.
As shown in Figure 1, in this model, two masses are considered, one for the convective
mass (MC) and the other for the non-sloshing part (MR). The convective mass denotes
the sloshing part of the fluid, and the rigid mass represents the non-sloshing part. These
fluid masses MC and MR are responsible for the forces developed on the tank walls. The
expressions to calculate these masses and stiffness k for a cylindrical tank with radius R
and depth of water h are as follows:

MR = M
tanh(1.7R/h)

1.7R/h
(1)

MC = 0.6M
tanh(1.8R/h)

1.8R/h
(2)

k = 5.4
M2

C
M

gh
R2 (3)
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where M is the total fluid mass. The heights of these masses hR and hC can be obtained by
using the expressions as follows:

hR =
3
8

h

{
1 + 1.33

[
M

MC

(
R
h

)2
− 1

]}
(4)

hC = h

1− 0.185
M

MC

(
R
h

)2
− 1.12

R
h

√(
MR

3MCh

)2
− 1

 (5)

Similarly, the expressions related to rectangular tanks of width 2L are as follows:

MR = M
tanh(1.7L/h)

1.7L/h
(6)

MC = 0.83 M
tanh(1.6L/h)

1.6L/h
(7)

k = 3
M2

C
M

gh
L2 (8)

hR =
3
8

h

{
1 + 1.33

[
M

MC

(
L
h

)2
− 1

]}
(9)

hC = h

1− 1
3

M
MC

(
L
h

)2
− 1.26

L
h

√
0.28

(
ML

MCh

)2
− 1

 (10)

In addition, the author suggested that this approach is applicable to an elevated tank
as well.
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Figure 1. (a) Tank with partially filled water; (b) equivalent two-mass model, as adapted from [7].

The equivalent model proposed by Housner [7,26] was widely used for some time
and even incorporated in the codes and standards of practice of some countries [29,30].
However, many storage tanks which were designed as per the codal provisions of the
1960’s failed during earthquakes. These failures indicated that the codal provisions which
were developed based on the assumption that tank walls are rigid could not realistically
represent the forces on the tanks. Thus, the researcher Veletsos [31] proposed a tank model
including the flexibility aspect of tank walls. In this study, it is only the effect of impulsive
forces that is evaluated with the assumption of single degree of freedom (SDOF) behaviour
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of a tank–fluid system. The hydrodynamic forces are calculated using the method proposed
by Chopra [32,33]. The equation of motion considered by Veletsos [31] is as follows:(

m*
I,S + m*

I,L

) ..
w + c* .

w + k*w = −
(

m*
R,S + m*

R,L

) ..
u(t) (11)

where, m*, k* and c* represent the effective mass, stiffness and damping coefficients of the
system. The subscripts R and I represent the rigid and impulsive components, respectively,
and the subscripts S and L indicate the contribution of masses from structure and liquid,
respectively. The responses of the tank in terms of base moment and base shear are
calculated. The model developed by this approach shows a significant effect on the seismic
response of tanks compared with the seismic response of tanks modelled by assuming rigid
tank walls. However, in this study, the convective component of the response is neglected
based on the assumption that this response depends on the sloshing period, which is
much higher than the tank period. Later, Haroun and Housner [34,35] presented another
model in which the fluid mass is represented with three lumped masses. These masses
comprise three parts representing the rigid (MR), convective (MC), and impulsive (MI)
masses of the fluid. These masses are calculated from the numerical study conducted by
Haroun [2]. Figure 2 shows the mechanical model as proposed by the researchers Haroun
and Housner [34,35]. Several researchers later used this model as a reference in their studies
and validated their results through experimental investigations [36–40].
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Malhotra et al. [41] proposed another model to evaluate the tank’s response using
sloshing and impulsive masses to model the fluid mass. As shown in Figure 3, a dashpot
system is used in the model to represent the damping effects. The convective and impul-
sive natural period for a system with tank height H and radius r is calculated using the
expression as follows:

TC = CC
√

r (12)

TI = CI
H
√
ρ

√
t/r×

√
E

(13)

Here, t is the tank wall thickness, ρ is the liquid mass density, and E is the modulus
of elasticity of the tank material. CI and CC are impulsive and convective coefficients
which depend on the aspect ratio of the tank. These coefficients are derived from the study
conducted by Veletsos and co-workers [42–44]. Interested readers may refer to the table
given by Malhotra et al. [41] to obtain the values of CI and CR and other parameters required
for the seismic design of storage tanks. The model has been found to be efficient, especially
for the analysis of cylindrical containers. The design procedure is also incorporated in the
European code of practice [41].
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The simplified models discussed in this section are useful in studying the global
aspects of tank response, such as base moment or base shear. However, numerical methods
are recommended to conduct a detailed analysis of tanks that include the response even
at the local level [45]. The following section is dedicated to the discussion of different
numerical methods for tank modelling and analysis.

2.2. Direct Modelling Approaches

The advancement in computer technologies has enabled researchers to develop various
numerical approaches, such as FEM and BEM, which can be used for the direct modelling
of tanks. Unlike the mechanical models, which are limited only to tanks with regular
geometries, numerical methods can also be used for tanks of arbitrary geometries [46].
The researcher Edwards [8] proposed one of the earlier numerical techniques to study
a short (aspect ratio of less than 1) cylindrical tank. For this study, Edwards [8] used a
refined shell theory to evaluate the displacements and stresses in a tank. Several researchers
used this approach later with minor modifications to study the various aspects of storage
tanks [47–49].

The FEM-based methods used to solve FSI problems are classified as added mass [24],
Lagrangian (displacement based), and Eulerian (pressure based) formulations [50]. In
the added mass technique, a part of the fluid mass is added to the structure’s wall at the
interface of the wall and fluid elements. This added mass (MA) moves along with the wall
during the seismic vibrations. The equation of motion for tanks inclusive of added mass
can be considered as follows:

M* ..
u + C

.
u + Ku = −M* ..

ug (14)

where, M* is a matrix representing the combination of tank mass (M) and added mass
(MA). K and C are the stiffness and damping matrices of the tank, respectively. Addition-
ally,

..
ug in Equation (6) represents the ground acceleration. From Equation (6), it can be

observed that part of the fluid mass is also added to the tank’s mass for the total mass
calculation. However, only the tank walls are considered when calculating the damping
matrix, ignoring the contribution of the fluid. The researchers found that this method
leads to conservative results [51]; therefore, several investigators used this approach in
their storage tank analysis [24,52–56]. Because the damping effect is ignored, this method
generally leads to higher force calculation. Though conservative, the forces calculated are
not realistic as the damping effect is a major aspect, one which significantly affects the tank
behaviour under the action of earthquakes.

In the generalized Lagrangian method used earlier for the dams, the liquid is dis-
cretized as a solid element with a negligible shear modulus [57,58]. The general form of
equation of motion applicable to this approach is as follows:

M
..
u + C

.
u + Ku + fI + f0 = 0 (15)
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where fI and f0 are the interface forces between the tank wall and fluid. This method yields
symmetric matrices, resulting in narrow bandwidth matrices during the analysis [59]. This
reduction in bandwidth is one of the major benefits this method offers, as it significantly
reduces the computational time when used in computers. Due to this benefit of reduced
computational effort, many researchers later proposed different forms of finite elements to
model a fluid suitable for the Lagrangian approach [51,60–63]. The Lagrangian formulation
since then has been used by several researchers to study storage tanks [64–66]. Though
the Lagrangian approach leads to the reduction of computational efforts, some researchers
have suggested that it leads to less accurate results [67,68].

The generalized Eulerian approach is based on the pressure formulation method [69]
in which the motion of a liquid is directed by the continuity relation and the Navier–Stokes
equation [61]. The general form of the equation of motion used for this approach, which
couples the tank–fluid system, is as follows:[

K S
0 H

][
u
p

]
+

[
C 0
0 A

][ .
u
.
p

]
+

[
M 0
ST E

][ ..
u
..
p

]
= [f(t)] (16)

where H, A, and E are matrices for the fluid domain, u and p are displacement and fluid
pressure, respectively, f(t) is the external force on the system, and S is the interaction matrix
for a tank–fluid system, and which can be obtained based on boundary conditions between
them. Although this approach leads to an unsymmetrical matrix and subsequent increase
in computational cost [70], the method has wide application due to the lesser number of
variables when compared with the Lagrangian approach. Moreover, the method becomes
computationally efficient when the compressibility effect of fluid is neglected [61]. Hence,
several researchers favour the Eulerian approach when assessing the behaviour of storage
containers [71–73].

Another approach to evaluate storage tank behaviour is with the use of BEM [74].
Unlike FEM where the entire fluid is discretised into different finite elements, in this
approach the fluid is discretized only at the boundary using surface elements. This method
is computationally efficient as it reduces the number of elements required considerably
compared with completely FEM-based tank models. Moreover, BEM and FEM can be
used together for a tank’s analysis, here the liquid can be modelled using BEM, and the
tank walls are modelled using FEM, thus providing the benefits of both approaches. This
advantage has prompted several researchers to use this method to solve the FSI problem in
dams [75–77] and tanks [78–82]. The governing equation of motion for a coupled tank–fluid
system based on FEM–BEM is as follows:Moo Moc 0

Mco Mcc + MA
cc MA

cf
0 MA

fc MA
ff


..
uo..
uc..
ξe

+

Koo Koc 0
Kco Kcc 0

0 0 Kff


uo
uc
ξe

 = {0} (17)

where M and K are mass and stiffness matrices respectively, u indicates the horizontal
motion, ξe indicates the sloshing vector, subscript ‘o’ indicates the degrees of freedom of
the tank which is not in contact with fluid, subscript ‘c’ indicates the degrees of freedom of
the tank which is in contact with fluid and MA denotes the added mass matrix of the fluid.

3. Modelling Approaches for Storage Tanks Considering Combined FSI and
SSI Effects

In many of the earlier studies, the tanks resting on the ground were assumed to be
supported by a rigid surface, and accordingly, the analyses were carried out by idealizing
the tank foundation as fixed [43]. However, soil conditions significantly affect the behaviour
of structures when subjected to ground vibrations, as the response of a structure varies
with the stiffness of soil. The effect of support conditions on the response of a structure
was first recognized by Martel [83], based on the observations of the failure of structures
during many earthquakes in Japan [84]. Later, many researchers would go on to conduct
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numerical and experimental investigations on the SSI effect on the behaviour of building
structures [11,85–92]. Since tanks are also supported on the ground, it is logical to assume
the presence of interaction effects between tanks and the supporting soil. Therefore, for the
analysis of tanks, both FSI and SSI effects need to be incorporated for a realistic analysis.
The research carried out by Chopra et al. [93] represents one of the early attempts to address
the combined effects of FSI and SSI on tank behaviour. These authors proposed a general
technique to study the response of gravity dams considering the interaction effect between
the water and dam wall. Further, several such investigations on gravity dams and bridges
have been conducted by investigators considering the combined effects of FSI and SSI on
dams [93–99]. Taking a cue from this research in the area of dams, Veletsos and Tang [100]
proposed a simplified FSI–SSI combined model exclusively for tanks. As shown in Figure 4,
the researchers used a two degree of freedom (2DOF) model in which the mass of the
foundation, the tank, and the portion of the non-sloshing mass are represented together
as M0′ and sloshing fluid mass as M1 for the investigation. In the model, the effect of
SSI is considered by a spring and dashpot system. The governing differential equation
considered by Veletsos and Tang [100] is as follows:

D
∂4w
∂z4 +

Eh
a2 w + ρh

∂2w
∂t2 = p(z, t) (18)

where D is the flexural rigidity of the tank wall and p(z,t) is the hydrodynamic wall pressure
which is a function of the axial component of the coordinate system (z) for the tank and
time (t), a is the tank radius, and h is the wall thickness. This model was later to be used by
many researchers in their studies [101,102].
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Although the method presented by Veletsos and Tang [100] was simple and easy to
apply, for their study they considered only harmonic loading, and the effect of random
vibration was not included. Seismic excitation belongs to the random vibration domain,
and hence the response of the tanks to these vibrations is probabilistic in nature. Hence,
Chatterjee and Basu [103] presented another method to estimate the SSI effect on the
performance of a tank by applying random vibration theory. As shown in Figure 5, the
tank and liquid are represented by the spring–mass dashpot system, and the foundation is
modelled as a spring–mass system with mi as the impulsive mass of the fluid and mf as the
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foundation mass. These masses are connected with a spring of stiffness K and a viscous
damper of coefficient C. The foundation mass is connected with a complex impedance
function Kx. The governing equation of motion for the system considered is as follows:

mi
( ..
xi(t) +

..
x(t)

)
+ mf

..
x(t) + Kx

(
x(t)− xg(t)

)
= 0 (19)

Here, double overdot represents the second derivative of displacement with respect to
time, and xg is the ground motion. From the study, the authors concluded that the effect
of SSI increases the response of tanks. Additionally, the SSI effect is found to be greater in
slender tanks compared with broad tanks.
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The researcher, Larkin [104] proposed a frequency domain approach to evaluate the
seismic performance of storage tanks supported on the soil stratum. As shown in Figure 6,
the system in the proposed model is assumed to have a single mass M with lateral stiffness
of K and damping coefficient C. This model is capable of simulating both rocking and
translational motions of the tanks subjected to ground motions. This study suggested that
the SSI effect is prominent for slender tanks resting on soft soil. It is also shown in the study
that the impulsive period of the tank increases with a decrease in soil stiffness.
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Meng et al. [105] proposed a time domain approach to investigate the seismic be-
haviour of storage containers resting on elastic soil. As shown in Figure 7, a tank–liquid
system is modelled using three masses—rigid, convective, and impulsive—to form a spring–
mass system, as proposed by Haroun and Ellaithy [37], while the soil is modelled using a
second-order lumped parameter model as proposed by Wu and Lee [106]. The governing
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equations of motion are obtained using kinetic energy T, potential energy V and the energy
absorbed by dampers δW. These parameters are calculated as follows:
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In these equations, the superscripts h and r represent the horizontal and rocking
degrees of freedom, respectively. From this study it has been observed that the SSI has a
negligible effect on the convective component of responses; however, the effect is prominent
for impulsive responses.
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Though the spring–mass model used by many investigators represents the effect of
SSI effectively, some investigators realized that the simplified model tends to generate
overly conservative results [107] and that a reasonable representation of the system can be
obtained by using FEM [92]. In this regard, several researchers used FEM in their analysis
of tanks [108–111]. Irrespective of the modelling approach used, it can be seen that the
effect of SSI is prominent for tanks resting on soft soil.

4. Base Isolation Techniques for Storage Tanks

Due to the high importance attached to storage tanks as discussed in Section 1, it is
necessary to mitigate the harmful effects of ground vibrations on tanks. Several earthquake
resistant techniques have been proposed by researchers for the building of structures such
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as bracing systems, viscous fluid dampers and base isolation bearings. Out of these systems,
base isolation systems are now widely used around the world for earthquake-resistant
buildings. Apart from buildings, base isolation systems can also be used in tanks to improve
earthquake resistant capabilities. In this section, an overview of various types of isolation
systems and modelling techniques of isolated structures is presented.

4.1. Types of Base Isolation Systems

The primary purpose of base isolators is to decrease the frequency of structures to a
value lesser than that of earthquakes, avoiding the transfer of harmful vibrations to the
structure. Base isolation bearings also provide a means to mitigate seismic energy, reducing
the force transferred to the structure. The isolation systems are broadly categorized as
elastomer-based bearings and friction bearings. The elastomer bearings are manufactured
using natural rubber as a main ingredient. Due to their elastic property, the bearings
provide the restoring mechanism by default. Friction isolators work by the principle of
sliding friction or rolling friction. In sliding isolators, the restoring capacities are provided
either by changing the sliding surface geometry or by connecting to external restoring
mechanisms. The usage of natural rubber blocks as base isolators in a school in Skopje in
1969 is regarded as one of the earlier known applications of elastomeric bearings [112]. Due
to the low vertical stiffness, these rubber blocks later bulged sideways due to lack of vertical
stiffness. This issue was later resolved by increasing the vertical stiffness through the usage
of steel plates embedded within the rubber blocks [17]. The damping capacity of elastomer
isolators can be controlled by adding some fillers, resins or oils to the natural rubber. The
hysteretic behaviour of a damper plays a significant role in seismic energy dissipation.
To enhance their energy dissipation, some researchers proposed elastomer bearings with
lead cores [113] known as lead rubber bearings (LRB). As shown in Figure 8a, the lead
core is inserted at the centre of an elastomer bearing. The behaviour of LRB is nonlinear,
accordingly the hysteresis loop is idealised as a bilinear curve as shown in Figure 8b. Due
to this arrangement, a single damper can provide vertical load carrying capacity, as well as
restoring and damping capacities, improving their value [114].

Sustainability 2023, 15, x FOR PEER REVIEW 11 of 31 
 

4. Base Isolation Techniques for Storage Tanks 
Due to the high importance attached to storage tanks as discussed in Section 1, it is 

necessary to mitigate the harmful effects of ground vibrations on tanks. Several 
earthquake resistant techniques have been proposed by researchers for the building of 
structures such as bracing systems, viscous fluid dampers and base isolation bearings. 
Out of these systems, base isolation systems are now widely used around the world for 
earthquake-resistant buildings. Apart from buildings, base isolation systems can also be 
used in tanks to improve earthquake resistant capabilities. In this section, an overview of 
various types of isolation systems and modelling techniques of isolated structures is 
presented. 

4.1. Types of Base Isolation Systems 
The primary purpose of base isolators is to decrease the frequency of structures to a 

value lesser than that of earthquakes, avoiding the transfer of harmful vibrations to the 
structure. Base isolation bearings also provide a means to mitigate seismic energy, 
reducing the force transferred to the structure. The isolation systems are broadly 
categorized as elastomer-based bearings and friction bearings. The elastomer bearings are 
manufactured using natural rubber as a main ingredient. Due to their elastic property, the 
bearings provide the restoring mechanism by default. Friction isolators work by the 
principle of sliding friction or rolling friction. In sliding isolators, the restoring capacities 
are provided either by changing the sliding surface geometry or by connecting to external 
restoring mechanisms. The usage of natural rubber blocks as base isolators in a school in 
Skopje in 1969 is regarded as one of the earlier known applications of elastomeric bearings 
[112]. Due to the low vertical stiffness, these rubber blocks later bulged sideways due to 
lack of vertical stiffness. This issue was later resolved by increasing the vertical stiffness 
through the usage of steel plates embedded within the rubber blocks [17]. The damping 
capacity of elastomer isolators can be controlled by adding some fillers, resins or oils to 
the natural rubber. The hysteretic behaviour of a damper plays a significant role in seismic 
energy dissipation. To enhance their energy dissipation, some researchers proposed 
elastomer bearings with lead cores [113] known as lead rubber bearings (LRB). As shown 
in Figure 8a, the lead core is inserted at the centre of an elastomer bearing. The behaviour 
of LRB is nonlinear, accordingly the hysteresis loop is idealised as a bilinear curve as 
shown in Figure 8b. Due to this arrangement, a single damper can provide vertical load 
carrying capacity, as well as restoring and damping capacities, improving their value 
[114]. 

  
(a) (b) 

Figure 8. (a) Lead Rubber bearing (LRB), as adapted from [113]; (b) hysteresis loop for LRB. 

Sliding bearings are another class of isolation systems used to dissipate energy 
through friction. The simplest form of sliding bearing system is the pure friction (PF) 
system which can be achieved by a layer of sand, Teflon bearings, or rollers between the 
foundation and superstructure [112]. Some researchers have also proposed a combination 

Figure 8. (a) Lead Rubber bearing (LRB), as adapted from [113]; (b) hysteresis loop for LRB.

Sliding bearings are another class of isolation systems used to dissipate energy through
friction. The simplest form of sliding bearing system is the pure friction (PF) system which
can be achieved by a layer of sand, Teflon bearings, or rollers between the foundation and
superstructure [112]. Some researchers have also proposed a combination of PF systems
with elastomeric bearings known as the “Electricité de France” (EDF) system [115]. Another
type of system called resilient-friction base isolator (RFBI) was presented by Mostaghel and
Khodaverdian [116] and consists of layers of sliding metal plates with a rubber core. The
sliding elements provides base isolation, and the rubber core provides restoring capabilities.
In PF isolation systems large residual displacements are typically observed; thus, some
authors have proposed elliptical rolling rods at the base to overcome this issue [117].
Similarly, to address the issue of a lack of restoring mechanism in PF systems, Zayas
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et al. [118] proposed a curved geometry known as a friction pendulum (FP) isolator. As
shown in Figure 9a, the curved geometry of the isolator helps restore the structure resting
on the bearing to its original position after ground motion. The hysteresis loop of the FP
system is shown in Figure 9b. k represents the post elastic stiffness and keff represents
the effective stiffness of the isolator. The FP system is an extensively studied system and
is commonly used, mainly due to its simplicity and the relative ease of its manufacture.
Though FP bearings are efficient in a wide range of earthquakes, they show large sliding
displacements under earthquakes with pulse-like frequencies.
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To address the drawback of FP bearings, researchers have proposed several solutions.
Pranesh and Sinha [119] presented a bearing known as a variable frequency pendulum
isolator (VFPI) that has a non-spherical (elliptical) surface. Due to the elliptical geometry,
the frequency of the isolator varies along the sliding surface, avoiding the resonance issues
which are observed in FP bearings. Another isolator system called the variable curvature
friction pendulum system (VCFPS) was presented by Tsai et al. [120], wherein the radius of
the curved surface is lengthened as the isolator displacement increases. The conical friction
pendulum isolator (CFPI) is another system that has modified an FP bearing geometry [121].
Within a certain threshold region, the bearing behaves in a similar way to that of an FP
bearing; however, beyond this threshold, the surface is flat and inclined. This isolator
has shown a low residual displacement for near-fault earthquakes compared with FP. A
further system was introduced by Krishnamoorthy [122], called a variable frequency and
variable friction pendulum isolator (VFFPI), to solve the resonance issue in FP bearings.
The shape of this isolator surface and its friction coefficients vary along a sliding surface.
Due to the varied geometry the resonance issue is avoided in VFFPI. Further, the residual
displacement of VFFPI has been found to be less than that of PF systems. Various additional
isolation bearings with multiple sliding surfaces have been introduced in recent years. A
detailed review of the advancements in isolation systems with sliding bearing can be seen
in [19].

4.2. Base Isolated Tanks

The system of base isolation is effective not only for buildings and bridges but also for
tanks. Several investigations have been conducted to assess the effectiveness of base isola-
tion systems for tanks [123–125]. Studies conducted by the researcher Malhotra [126,127]
on tanks isolated at base using elastomers show that the isolation scheme is effective when
these tanks are subjected to the vertical component of ground motion. Similar investiga-
tions conducted later also found that the elastomer isolators are effective in reducing the
seismic response of tanks [128–136]. In these investigations tanks were assumed to be full
i.e., the liquid level in the tank remains fixed. However, in reality the weight of a tank varies
due to the fluctuating liquid levels; as a result, the effectiveness of an elastomeric system
varies, adversely affecting the reliability of isolation systems. Sliding isolation bearings,
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such as FP bearings, however, do not have the pitfalls of the elastomers as these bearings
maintain a constant isolation period which is independent of a structure’s weight. Thus,
the liquid level in storage tanks does not affect the effectiveness of such bearings. In this
regard, Wang et al. [137] proposed a procedure to evaluate the behaviour of the isolated
tanks by considering FP bearings. Though the performance of FPS bearings is not affected
by the level of water in the tank, due to their fixed isolation period, they do not perform
satisfactorily under near-fault earthquakes as discussed in Section 4.1. Thus, in some
studies, tanks isolated using a variable friction pendulum system (VFPS) were considered
to investigate their performance under various near-fault ground motions [138,139]. It
was concluded that the VFPS can be used effectively to control the response of fluid-filled
containers under near-fault earthquakes. Similarly, many other researchers have considered
different types of sliding isolation systems based on the modified geometry of FP bearings
to evaluate the effect of base isolators in controlling the response of tanks subjected to
ground motions [140–147]. In all of these studies, investigators found that isolators had
been effective in regulating the storage tank responses.

Numerical methods have also been used recently to evaluate the behaviour of iso-
lated tanks [81,82]. In these studies, the fluid and isolation system effects are modelled
by coupling boundary and finite elements. Comparative studies conducted by Christo-
vasilis and Whittaker [148] and Kalantari et al. [149], between FEM models and simplified
mechanical models for isolated tanks, suggest that the simplified models could only be
used for preliminary analysis and design but that FEM modelling is a better choice for
detailed study. Krishnamoorthy [150] proposed a procedure for analysing a tank resting
on FP bearings by using FEM. As shown in Figure 10 the fluid is discretized into four
noded elements with one pressure degree of freedom, and the wall is modelled as frame
elements with two translational degrees and one rotational degree of freedom at every node.
The sliding–non sliding phases of the FP bearings are modelled with a fictitious spring
as proposed by Yang et al. [151]. It was found that the FPS was efficient in considerably
reducing the base shear and hydrodynamic pressure without greatly affecting the sloshing
displacement. Several other studies have also been conducted to study the performance of
isolated storage containers subjected to earthquakes considering various other numerical
methods, interested readers may refer to [152–157].
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Kumar and Saha [158] investigated the effect of SSI on the seismic performance of
isolated storage tanks. For this study, both ground-supported and elevated tanks are
considered. Further, the effect of SSI on the effectiveness of laminated and lead rubber
bearings is also discussed in this paper. The tank liquid is idealized as a three lumped
mass approach [37] as discussed in Section 2.1, and the soil is discretized using finite
elements. For the elevated tank, the staging is represented using a spring and dashpot
arrangement. The researchers found that considering the SSI effect reduces the response of
both ground-supported and elevated tanks fixed at the base. However, when isolated tanks
are considered, the effect of SSI depends on the earthquake characteristics, the geometry of
tank and soil flexibility.

Although the response of the tank reduces when it is isolated using elastomers or
friction-based isolators, it was found that, when the isolation period is near to the sloshing
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period, a large sloshing of fluid is observed, leading to the failure of the tank [159]. Al-
ternative methods, such as the use of baffles [160–162], which act as dampers and reduce
the sloshing effect, have been proposed. Though flexible tank wall models are widely
used, for tanks with baffles the wall flexibility has been found to be very low. Thus, sev-
eral researchers have used rigid tank models in their study [160–162]. Some researchers
have proposed rigid tank models resting on isolators to study the seismic behaviour of
base-isolated tanks [161]. It has been found that the base isolation typically increases the
sloshing height and therefore increases the damping ratios. However, studies conducted
by Maleki and Ziyaeifar [163] have shown that the baffles were less effective in reducing
the sloshing height in tanks with a lower aspect ratio. In recent years, several hybrid
systems [159,164–167], wherein friction-based isolators or elastomers are combined with
energy dissipating devices such as viscous fluid dampers or friction dampers, have been
proposed and their effect on the reduction of sloshing has been investigated. These systems
have been found to be effective in solving the sloshing resonance problem in isolated
storage tanks. A summary of the models discussed so far is highlighted in Table 1.

4.3. Modeling Techniques of Base Isolated Structures

A discussion on various modelling techniques used for structures isolated at base is
carried out in this section. Though the modelling techniques discussed in this section are
developed for building structures, they also apply to tank structures. In one of the earliest
studies on sliding friction, Hartog [168], developed a solution to the response of a sliding
SDOF system with Coulomb damping at the interfaces between the base and structure. The
proposed model was for an undamped system represented as a spring mass system. A
similar study conducted by Hundal [169] provided a solution to an SDOF system which
consists of viscous and Coulomb damping (Figure 11).
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A solution to the response of a 2DOF system with sliding surface was proposed by
Qamaruddin et al. [170]. As shown in Figure 12, the structure is modelled as a spring–
dashpot system with top mass (m1) and a base mass (m2). A constant friction coefficient is
assumed between the sliding surfaces throughout the motion.

Yang et al. [171] proposed a base-isolated 2DOF model similar to the model of Qa-
maruddin et al. [170]. However, here the isolation system comprises lead rubber bearings
instead of friction bearings (Figure 13).

Though several investigations have been conducted on isolated systems subjected to
harmonic excitation [172–176], and random or seismic excitation [177–181], these studies
idealize the structure as a 2DOF system. Yang et al. [151] presented a method to evaluate
the response of a multi-degree-of-freedom system (MDOF) (Figure 14). The sliding device
is idealized considering a fictitious spring which has no stiffness during the sliding stage
and a large value during the static stage.
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Table 1. Summary of the tank models discussed in the present article.

Reference Type of Tank Tank Wall Type
(Rigid/Flexible)

SSI Effect
Considered

Isolated
Tank Tank Model Description Characteristics of Elements Type of Dynamic

Excitation Type of Analysis

[7,26] Ground supported,
elevated rigid × × Two mass system - Seismic -

[31] Ground supported flexible × × SDOF system - Seismic -

[34,35] Ground supported flexible × × Three mass system
derived from FE analysis - Seismic -

[41] Ground supported flexible × ×

Spring–dashpot system
with impulsive and

convective masses of fluid
considering

- Seismic Linear

[52,53] Ground supported flexible × ×
Liquid–tank system is
modelled using added

mass technique
- Seismic Linear, nonlinear

[54] Ground supported flexible × ×
Liquid–tank system is
modelled using added

mass technique
- Seismic Nonlinear

[55] Ground supported flexible × ×
Liquid–tank system is
modelled using added

mass technique
- Seismic Linear, nonlinear

[56] Ground supported flexible × ×
Liquid–tank system is
modelled using added

mass technique
- Seismic Nonlinear

[64,65] Ground supported flexible × ×
FE discretization with

Lagrangian method for
FSI effect

Linear Seismic Linear static and
linear dynamic

[66] Ground supported flexible × ×
FE discretization with

Lagrangian method for
FSI effect

Linear, four noded element
with 3 DOF at all nodes Seismic Nonlinear

[71,72] Ground supported flexible × ×
FE discretization with

Eulerian approach for FSI
effect

Two noded ring element with
four DOF at each node for

tank wall. Eight noded
rectangular element for fluid

Seismic, harmonic Linear
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Table 1. Cont.

Reference Type of Tank Tank Wall Type
(Rigid/Flexible)

SSI Effect
Considered

Isolated
Tank Tank Model Description Characteristics of Elements Type of Dynamic

Excitation Type of Analysis

[73] Ground supported flexible × ×
FE discretization with

Eulerian approach for FSI
effect

Eight-noded isoparametric
element Seismic Linear

[78–81] Ground supported flexible × ×
Coupled BE and FE

discretization of
tank–fluid system

Shell element for tank, BE for
fluid Seismic Linear

[82] Ground supported flexible × X
Coupled BE and FE

discretization of
tank–fluid system

Shell element for tank, linear
boundary element for fluid,

Bilinear isolator
Seismic Nonlinear

[100] Ground supported flexible X ×

Two-DOF system model.
Effect of SSI is modelled

using spring–dashpot
system

- Harmonic Linear

[103] Ground supported flexible X ×
Two-DOF linear

mass–spring–dashpot
system

- Seismic Linear

[104] Ground supported flexible X ×

SDOF linear
mass–spring–dashpot for
tank–fluid system which
is attached to soil using

two springs and two
dampers

- Harmonic, seismic Linear

[105] Ground supported flexible X ×

Fluid is idealized as three
mass system. Foundation

and soil system is
modelled using

second-order lumped
parameter model

- Seismic -
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Table 1. Cont.

Reference Type of Tank Tank Wall Type
(Rigid/Flexible)

SSI Effect
Considered

Isolated
Tank Tank Model Description Characteristics of Elements Type of Dynamic

Excitation Type of Analysis

[108] Ground supported flexible X X

Coupled BE and FE
discretization of

tank–fluid system. Soil is
represented by

spring–dashpot system

Nine-noded shell element
with 5 DOF at each node for

the structure, BE for fluid,
nonlinear base isolator

Seismic Nonlinear

[109] Ground supported flexible X ×
FE discretization with

Lagrangian method for
FSI effect

Four-noded shell element
with 6 DOF at each node. Seismic Linear

[110,111] Ground supported flexible X ×
FE discretization with

Eulerian approach for FSI
effect

Two-noded frame element
with 3 DOF per node for tank

wall and base, four-noded
element with 2 DOF per node

for foundation, four-noded
element with SDOF for fluid.

Seismic Linear

[126,127] Ground supported flexible × X

Two-DOF system to
model liquid–tank system

isolated at base using
elastomers

Nonlinear rubber bearing Seismic -

[137] Ground supported flexible × X

MDOF system to model
liquid–tank system

isolated with FP isolator
at base

- Seismic Nonlinear

[138,139] Ground supported flexible × X

Three mass system to
model liquid–tank system

isolated at base using
VFPS

- Seismic Linear

[141] Ground supported flexible × X

Three mass system to
model liquid–tank system

isolated at base using
double VFPS

- Seismic Nonlinear
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Table 1. Cont.

Reference Type of Tank Tank Wall Type
(Rigid/Flexible)

SSI Effect
Considered

Isolated
Tank Tank Model Description Characteristics of Elements Type of Dynamic

Excitation Type of Analysis

[142] Ground supported flexible × X

Three mass system to
model liquid–tank system

isolated at base using
multiple FPS

- Seismic -

[150] Ground supported flexible × X
FE discretization of

tank–liquid system with
FP isolator at base.

Two-noded frame element
with 3 DOF per node for tank

wall and base, four-noded
element with SDOF for fluid.

Seismic Linear

[158] Ground supported,
elevated flexible X X

Three mass system to
model liquid–tank system

isolated at base using
laminated and lead

rubber bearings modelled
using spring–dashpot

system.

Linear and nonlinear
isolation bearings Seismic -

[159] Ground supported rigid × X

Three mass system to
model liquid-tank system

with hybrid isolation
system.

- Seismic Linear

[160] Ground supported rigid × X

BE discretization of
isolated tank. Baffles are

provided to reduce
sloshing effect

Constant boundary elements Seismic Linear

[161–163] Ground supported rigid × X

Lumped mass model for
the isolated tank. Baffles
are provided to reduce

sloshing effect.

- Seismic Linear

[165–167] Ground supported Flexible, rigid × X

Three mass system to
model liquid-tank system

with hybrid isolation
system.

- Seismic Linear
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Though the model proposed by Yang et al. [151] is simple, a very low velocity was ob-
served during the static phase. Hence, a modified model was proposed by Vafai et al. [182]
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which assumed the stiffness during the static phase as infinity. Accordingly, these authors
replaced the fictitious spring with a rigid plastic link (Figure 15).
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5. Forces and Factors Influencing the Seismic Behaviour of Tanks

In the past, researchers have observed many types of tank failures during earthquakes;
some of the important failures that have been observed in steel tanks are “elephant foot”
failure and diamond-shaped buckling [22,158]. Elephant footing failure is a result of the
combined action of the axial force and the hoop tension reaching their critical stress values.
In “elephant footing”, walls fail by an elastoplastic buckling failure mode. In some cases,
“diamond-shaped” failures in tank walls have been observed. This failure is a result of
effects induced by the vertical acceleration of earthquakes on storage fluid. The fluid inside
the tank provides a stabilizing effect against the axial buckling of tank walls. However,
the vertical acceleration generated by an earthquake destabilizes the fluid and tank wall
equilibrium, resulting in local buckling.

The typical failures observed in reinforced concrete (RC) tanks are different from the
failure modes of steel tanks. As the walls of steel tanks are slender, they are prone to
buckling failure. However, in the case of RC tanks the walls are quite thick and hence
buckling failures are rare. The failures of RC tanks are mainly due to the bending and shear
failure of staging beams, cracking of the connections, failure of shafts, and torsion failures
of the staging system [183,184]. The toppling and sliding failures are global failures which
are common in both steel and RC tanks. The failures of tanks are dependent on various
parameters, such as the aspect ratio of tanks, types of supports, characteristics of seismic
excitation and size of tanks. To avoid failures of tanks, it is therefore essential to identify the
major factors which influence tank failures. In this regard, a brief discussion on the various
parameters influencing a tank’s behaviour is carried out in this section. The following are
the factors which influence the seismic behaviour of tanks.

5.1. Effect of Mass

The mass of the fluid has a direct effect on the dynamic behaviour of tanks. As
discussed in Section 2, the fluid in the tanks is idealized into different masses based on their
contribution to hydrodynamic pressures. Further, the mass of the fluid in the tank varies
due to the fluctuating fluid levels during its usage. The liquid in the tank may vary from
empty to full with a partially filled condition in between. This effect of fluid fluctuation
needs to be accounted for in the tank analysis for a realistic analysis. A tank’s full and empty
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conditions can be easily modelled by idealizing the tank as SDOF, however modelling tanks
for a partially full condition is quite challenging. Moreover, the partial full condition is the
most realistic case in an actual scenario. Therefore, most of the researchers use partially full
conditions in their study to account for the sloshing, convective and impulsive effects.

5.2. Effect of Base Shear

Base shear is the maximum horizontal force developed at the tank bottom during
earthquake forces. If the base shear exceeds the frictional force at the base, there can be
slippage between tanks and the foundation. The base shears should be evaluated accurately
to ensure the safe performance of buildings. Many researchers have used the base shear as a
basis for the evaluation of tank behaviour under seismic excitation; as an example, Haroun
and Abou-Izzeddine [185] studied the effect of SSI on the base shear of tanks. Engineers try
to reduce the base shear for the safe design of buildings by either using the fundamental
structural analysis principles or using some innovative techniques. Base isolation systems,
especially sliding systems, have been found to be very effective in reducing base shear.
Many countries have recognized the importance of estimating the base shear and include
simplified formulae for its calculation [186,187].

5.3. Effect of Overturning Moment

It has been found that tall tanks are much more prone to overturning than short tanks
during a seismic event [158]. It is, therefore, essential to ensure that the tanks provide
sufficient resistance to the rotation about the vertical axis. This resistance is measured in
terms of base moments. The base overturning moments are induced due to the combined
effects of sloshing, part of the liquid moving with the tank wall and fluid–wall interactions.
It has been found that the impulsive portion of the liquid contributes significantly to
the overturning moments [188]. The estimation of overturning moments is essential for
the design of the connections of the anchored tanks. Furthermore, overturning forces
lead to uplifting of the tanks, damaging the pipe connections. It has been found that the
overturning moments are influenced by SSI effects and are reduced when the effect is
considered in the analysis [158]. Liquid sloshing effects can impart significant damage to
the freeboard section of the tank wall, and also have a tendency to amplify the overturning
moment.

5.4. Effect of Stiffness

As discussed in Section 2, the tank walls had previously been assumed to be rigid
in their analysis. However, investigations have shown that it is essential to consider the
tank walls as flexible. The assumption of rigid walls in tanks led to an underestimation of
seismic forces. This assumption led to the failure of many tanks in the past. Therefore, in
all the recent studies the flexibility of the tank walls is taken into account. It has been found
that higher stiffness results in reduced roof responses. At the same time, this additional
stiffness leads to higher base shear demand.

6. Conclusions

This paper briefly discusses the historical development of various tank modelling
techniques, various factors influencing the modelling techniques, and the benefits and
limitations of different methods. Different modelling approaches of support conditions
and their effect on the responses of tanks are also discussed. Further, this paper focuses
on the brief history of different base isolation systems, modelling approaches, and their
application in storage tanks. Based on the discussions so far, the main conclusions are:

(1) Analysis of liquid storage containers differs from that of typical structures such as
buildings and bridges due to the additional interaction effects between the tank walls
and liquid. Parameters such as the properties of the liquid, the shape of the tank and
the flexibility of the tank walls, the soil properties, and the type of support condition,
determine the seismic performance of tanks.
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(2) In the past, many tanks had been analysed and designed with the assumption that their
walls were rigid. However, the failure of tanks that had been designed on the basis of
these analyses to withstand earthquakes motivated researchers to take the flexibility of
the tank wall into consideration when analysing and designing future tanks.

(3) Many researchers have proposed various simplified models of tank–fluid systems to
study the FSI effect on the performance of storage containers. However, most of these
methods are limited to circular or rectangular tanks.

(4) The development of numerical methods, such as the added mass approach and the
finite and boundary element methods, have enabled the analysis of tanks of irregular
shape without significant loss in the accuracy of results.

(5) Along with FSI, the response of tanks also depends on the flexibility of the tank
walls and on the soil. Thus, researchers have proposed several methods to model the
SSI effects to evaluate the seismic performance of storage tanks subjected to ground
motions.

(6) Though the simplified methods proposed using the mass–spring–dashpot system
effectively represent the SSI effects, they have been found to produce overly conserva-
tive results. Hence, numerical methods can be used to model the soil–tank system for
realistic responses.

(7) The base isolation technique is an innovative and practical technique to produce an
earthquake-resistant tank.

(8) Base isolation systems generally tend to reduce the base shear demand when com-
pared with the base shear response of fixed base tanks.

(9) Base isolation systems have also been found to reduce the top displacement demand
as the tank moves as a rigid unit due to the high flexibility of the isolators in the
horizontal direction.

(10) The SSI effect has a significant influence on the behaviour of base-isolated tanks.
However, depending on the characteristics of the earthquake, the SSI effect could be
either beneficial or detrimental to the tank response [158].

(11) Several studies have shown the effectiveness of elastomeric bearings for tanks with
fixed liquid storage levels. However, some studies have shown that the effectiveness
of the elastomer isolation system reduces with the fluctuation in the liquid levels
inside tanks.

(12) Some researchers have favoured FP bearings over elastomer bearings as the period of
isolation of FP bearings is independent of the structure’s weight and stiffness.

(13) The resonance problem of FPS under pulse-like vibrations led investigators to develop
alternative isolators with various geometrical surfaces, such as VFPI, VCFPS, VRFPS,
CFPI, and VFFPI, which have non-fixed isolation periods.

(14) Analysis of isolated structures is quite challenging compared with conventional fixed
base structures due to the presence of static and sliding phases. In this regard, models
such as fictitious springs and rigid plastic links have been developed.

(15) For the analysis of isolated tanks due considerations are to be given to the combined ef-
fects of FSI and SSI. Thus, numerical methods have been found to be more appropriate
for the accurate analysis of isolated tanks.

(16) Though base isolation systems are effective in reducing the seismic demand of storage
tanks, it has been observed that the sloshing period has a tendency to match the
isolation period, leading to the sloshing resonance problem.

(17) Several alternative techniques can be used to solve the sloshing resonance issue,
such as using baffles which act as dampers or incorporating hybrid systems with a
damper–isolator combination.
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