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Abstract. Seismic response of liquid storage tanks isolated by elastomeric bearings and sliding system is investigated under

real earthquake ground motions. The continuous liquid mass of the tank is modeled as lumped masses known as sloshing

mass, impulsive mass and rigid mass. The coupled differential equations of motion of the system are derived and solved in

the incremental form using Newmark’s step-by-step method with iterations. The seismic response of isolated tank is studied

to investigate the comparative effectiveness of various isolation systems. A parametric study is also carried out to study the

effect of important system parameters on the effectiveness of seismic isolation for liquid storage tanks. The various important

parameters considered are: (i) aspect ratio of the tank and (ii) the time period of the isolation systems. It was observed that both

elastomeric and sliding systems are found to be effective in reducing the earthquake forces of the liquid storage tanks. However,

the elastomeric bearing with lead core is found to perform better in comparison to other systems. Further, an approximate model is

proposed for evaluation of seismic response of base-isolated liquid storage tanks. A comparison of the seismic response evaluated

by the proposed approximate method and an exact approach is made under different isolation systems and system parameters. It

was observed that the proposed approximate analysis provides satisfactory response estimates of the base-isolated liquid storage

tanks under earthquake excitation.

Keywords: Base isolation, liquid storage tank, elastomeric bearings, sliding system, approximate analysis, earthquake, system

parameters

1. Introduction

Liquid storage tanks are strategically very important

structures, since they have vital use in industries, nu-

clear power plants and other activities connected to the

public life. There have been a number of reports on

damage in liquid storage tanks in past earthquakes [1,

2]. The earthquake damage has been due to several

causes, the most common being buckling of tank wall

due to excessive development of compressive stresses

in the wall, failure of piping system and uplift of the

anchorage system. The integrity of any structure can

be protected from the attack of severe earthquakes ei-

ther through the concept of resistance or isolation. In

designing a structure by resistance, it is assumed that

the earthquake forces can be transmitted directly to the

structure and each member of the structure is required
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to resist the maximum possible forces that may be in-

duced by earthquakes based on various ductility crite-
ria. In the category of earthquake isolation, however,

one is interested in reducing the peak response of the

structure through implementation of certain isolation

devices between the base and foundation of the struc-
ture.

The base isolation techniques have been devel-

oped and successfully implemented to buildings in the

past [3,4]. However, there have been very few stud-

ies to investigate the effectiveness of base isolation
for aseismic design of liquid storage tanks. Chalhoub

and Kelly [5] conducted shaking table test on base-

isolated cylindrical water tanks and compared the re-

sponse with the corresponding response of non-isolated

tanks. A significant reduction in hydrodynamic forces
with slight increase of free-water surface was observed

due to isolation. Liang and Jia-xiang [6] investigated

the seismic response of flexible liquid storage tanks

isolated by lead-rubber bearings. The investigation re-
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Fig. 1. Structural model of base-isolated liquid storage tank.

vealed that isolation was effective in reducing the seis-
mic response of the tanks. Kim and Lee [7] experi-
mentally investigated the seismic performance of liq-
uid storage tanks isolated by laminated rubber bear-
ings under uni-directional excitation and showed that
the isolation was effective in reducing the daynamic
response. Malhotra [8] studied the seismic response of
cylindrical liquid storage tanks, under uni-directional
ground motion, in which the wall of the tank was iso-
lated from the base plate by horizontal flexible rubber
bearings. The numerical results indicated that the iso-
lation was quite effective in reducing the axial stresses
in the cylindrical shell. The numerical results also in-
dicated that the sloshing displacement of base-isolated
liquid storage tank was increased but the decrease in
axial stresses in the cylindrical shell was significant to
avoid the buckling of the shell. Wang et al. [9] ob-
served the seismic performance of liquid storage tank,
isolated by friction pendulum system (FPS) under uni-

directional excitation, and found that the isolation sys-
tem was effective to reduce the response. Recently,
Shrimali and Jangid [10] investigated the earthquake
response of slender and broad liquid storage tanks iso-
lated by sliding bearings and found that the response of
the isolated tanks was reduced significantly.

Here-in, the seismic response of ground-supported
liquid storage tanks isolated by elastomeric bearings
and sliding system is investigated under real earthquake
ground motions. The specific objectives of this study
are: (i) To investigate the comparative effectiveness of
various base isolation systems for aseismic design of
liquid storage tanks; (ii) to study the influence of im-
portant system parameters on the effectiveness of base
isolation for liquid storage tanks; and (iii) to propose
a simplified approximate analysis for evaluation of the
seismic response of base-isolated liquid storage tanks
and study its feasibility considering different parame-
ters of the tank.
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Fig. 2. Various base isolation systems.

2. Structural model of liquid storage tank

Figure 1 shows the structural model of a base-
isolated circular cylindrical liquid storage tank. The

isolation bearings are installed between the base and

foundation to isolate the tank. The tank liquid is con-
sidered as incompressible, inviscid and has irrotational

flow. The base excitation vibrates the entire tank liquid

in three distinct patterns, namely convective or sloshing
mass (i.e. top liquid mass which changes the free liq-

uid surface), impulsive mass (intermediate liquid mass
vibrating with the tank wall) and rigid mass (i.e. lower

tank liquid which rigidly moves with the tank wall).

There are various modes in which sloshing and impul-
sive masses vibrate, but the response can be predicted

by considering the first sloshing mode and the first im-

pulsive mode, as observed experimentally by Kim and

Lee [7] and numerically by Malhotra [8,10]. There-

fore, the tank liquid is modelled as lumped masses with
flexible tank, according to Haroun’s model [11], as

shown in Fig. 1(b). The sloshing, impulsive and rigid

masses are referred as mc, mi and mr, respectively.
The sloshing and impulsive masses are connected to the

tank wall by corresponding equivalent spring with stiff-
ness constants kc and ki, respectively. The damping

constant of the sloshing and impulsive masses are cc

and ci, respectively. The system has three-degrees-of-

freedom under uni-directional earthquake ground mo-
tion. These degrees-of-freedom are denoted by x c, xi

and xb, which characterize the relative displacements of
sloshing, impulsive and rigid mass, respectively. Fur-

thermore, self mass of the tank is neglected, since it is
very small in comparison to effective mass of the tank

liquid.
The geometrical parameters of the tank considered

are the liquid height, H , the radius, R, and the average
thickness of the tank wall, th. The lumped masses are

expressed in terms of the liquid mass, m as

mc = Ycm (1)

mi = Yim (2)

mr = Yrm (3)

m = πR2Hρw (4)

where ρw is the liquid mass density. The Yc, Yi and
Yr are the mass ratios which are function of the tank

wall thickness and aspect ratio of the tank. For th/R =
0.004, the various mass ratios can be are expressed

as [11]

Yc = 1.01327− 0.87578S + 0.35708S2

(5)
−0.06692S2 + 0.00439S4

Yi = −0.15467 + 1.21716S − 0.62839S2

(6)
+0.14434S3 − 0.0125S4

Yr = −0.01599 + 0.86356S − 0.30941S2

(7)
+0.04083S3

where S = H/R is the aspect ratio (i.e. ratio of the
liquid height to radius of the tank).

The fundamental frequency of the impulsive mass,

ωi, and of the sloshing mass, ωc, are given by following
expressions [11]

ωi =
P

H

√

E

ρs

(8)
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Fig. 3. Approximate proposed model of base-isolated liquid storage tank.

Fig. 4. Time variation of the response of broad tank isolated by LRB system under Northridge, 1994 earthquake motion (S = 0.6, Tb = 2 sec

and ξb = 0.1).

ωc =

√

1.84(
g

R
)tanh(1.84S) (9)

where E and ρs are the modulus of elasticity and den-

sity of the tank wall, respectively, g is the accelera-

tion due to gravity, and P is a dimensionless parameter

expressed by

P = 0.037085 + 0.084302S − 0.05088S2

(10)
+0.012523S3 − 0.0012S4

The equivalent stiffness and damping constants of

the sloshing and impulsive masses are expressed as

kc = mcω
2

c (11)

ki = miω
2

i (12)

cc = 2ξcmcωc (13)

ci = 2ξimiωi (14)

where ξc and ξi are the damping ratios of the sloshing

and impulsive masses, respectively.
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Fig. 5. Time variation of the response of broad tank isolated by N-Z system under Northridge, 1994 earthquake motion (S = 0.6, Tb = 2.5 sec,

F0 = 0.05 and ξb = 0.1).

3. Governing equations of motion

The equations of motion of isolated liquid storage

tanks subjected to uni-directional earthquake ground

motion are expressed for different systems as,

mcẍc + ccẋc + kcxc = −mc(ẍb + ẍg) (15)

m1ẍi + ciẋi + kixi = −mi(ẍb + ẍg) (16)

(mc + mi + mr)ẍb + Fb
(17)

= −(mc + mi + mr)ẍg

where xc and xi are the horizontal displacements of

the sloshing and impulsive masses relative to bearing

displacement, respectively, xb is the displacement of

the bearings relative to ground, Fb is the restoring force

of the isolation bearings andis the earthquake acceler-

ation.

The restoring force,Fb, depends upon the type of iso-

lation system considered and it is described as follows

for different systems.

3.1. Laminated rubber bearings

The laminated rubber bearings (LRB) is the most

common base isolated system. The basic components

of the LRB are steel and rubber plates built in alter-

nate layers. The dominant feature of the LRB sys-

tem is the parallel action of linear spring and damping

(Fig. 2(a)). Generally, the LRB system exhibits high-

damping capacity, horizontal flexibility and high ver-

tical stiffness. The LRB system is modeled with lin-

ear force-deformation behaviour and viscous damping.

The restoring force is expressed by

Fb = cbẋb + kbxb (18)

where cb and kb are the damping and stiffness constants

of the LRB system, respectively.

The stiffness and damping of the LRB system is

designed to provide specific values of two parameters,

namely the period of isolation, Tb, and the damping

ratio, ξb, expressed as

Tb = 2π

√

M

kb

(19)

ξb =
cb

2Mωb

(20)

where M = mc + mi + mr is the effective mass of

the liquid storage tank and ωb = 2π/Tb is the base

isolation frequency.

3.2. Lead-rubber bearings

These lead-rubber bearings are similar to the LRB

but a central lead core is used to provide an additional

means of energy dissipation and initial rigidity against
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Fig. 6. Time variation of the response of broad tank isolated by FPS system under Northridge, 1994 earthquake motion (S = 0.6, Tb = 2.5 sec

and µ = 0.05).

Fig. 7. Effects of aspect ratio on the peak response of tank isolated by LRB system (Tb = 2 sec and ξb = 0.1).

minor earthquakes and winds [12]. These devices are

widely used in New Zealand and are generally referred

as N-Z system. The energy absorbing capacity by the

lead core reduces the lateral displacements of the iso-

lator. The lead-rubber bearings also provide an addi-

tional hysteretic damping through the yielding of the
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Fig. 8. Effects of aspect ratio on the peak response of tank isolated by N-Z system (Tb = 2.5 sec, F0 = 0.05 and ξb = 0.1).

lead core. The hysteresis loop of a bearing is gener-

ally modelled by bi-linear force-deformationbehaviour

expressed by the Wen’s equation [13]. The restoring

force is expressed by

Fb = cbẋb + αkbxb + (1 − α)FyZ (21)

where cb is the viscous damping of the bearing due to

rubber or due to additional viscous dampers provided in

parallel with the bearings kb is the initial stiffness of the

bearing, α represents the ratio of post to pre-yielding

stiffness, Fy is the yield strength of the bearing and Z is

a non-dimensional hysteretic component satisfying the

following non-linear first order differential equation,

q
dZ

dt
= Aẋb + β|ẋb|Z|Z|n−1 − τẋb|Z|n (22)

where q is the yield displacement of the bearing, β,

τ , A and n are the non-dimensional parameters of the

hysteresis loop. The parameters α, β, τ , A and n

control the shape of the loop and are selected such that

the predicted response from the model closely matches

with the experimental results [14].

The lead-rubber bearings are generally designed to
achieve specified values of three parameters namely:
the isolation period, Tb, the damping ratio, ξb, and the
normalized yield strength, F0. The parameters Tb and
ξb are obtained from Eqs (19) and (20), respectively,
based on the post-yield stiffness of the bearing. The
parameter F0 is defined as

F0 =
Fy

W
(23)

where W = Mg is the effective weight of the tank and g
is the acceleration due to gravity. The other parameters
of the N-Z system are the yield displacement level of
the bearing, q and the parameters of the hysteresis loop
such as β, τ , A and n. However, these parameters are
held constant and the values taken are: q = 25 mm,
β = τ = 0.5, A = 1 and n = 2. The ratio of post to
pre-yielding stiffness is computed using the expression
α = ω2

bMq/Fy.

3.3. Friction pendulum system

The friction pendulum system (FPS) is equipped
with recentring force provided by the gravitational ac-
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Fig. 9. Effects of aspect ratio on the peak response of tank isolated by FPS system (Tb = 2.5 sec and µ = 0.05).

tion, which is achieved by means of an articulated

slider on spherical concave chrome surface [14]. The
schematic diagram of FPS is shown in Fig. 2(c). The

natural period of the isolation bearing is controlled by

selection of the radius of curvature of the concave sur-
face. The resisting force provided by the system is

expressed as

Fb = kbxb + Fx (24)

where kb is the stiffness of the FPS provided through

inward gravity action and Fx is the frictional force

developed in the FPS.

The limiting value of the frictional force, Fs, to
which the sliding system can be subjected (before slid-

ing) is expressed as

Fs = µMg (25)

where µ is the friction coefficient of the sliding system.

The stiffness of the system or curvature of sliding

is adjusted such that it provides the specified value of
the isolation period, Tb based on Eq. (19). Thus, the

parameters of the FPS system requires the specification

of Tb and µ

4. Solution of equations of motion

The governing equations of motion of the structure
isolated by different isolation systems cannot be solved
using the classical modal superposition technique as (i)
the damping in the isolation system and superstructure
is different in nature because of material characteristics

and (ii) the force-deformationbehaviour of the N-Z and
sliding systems is non-linear. As a result, the govern-
ing equations of motion are solved in the incremental
form using Newmark’s step-by-step method assuming
linear variation of acceleration over small time inter-
val, ∆t. The time interval for solving the equations
of motion is taken as 0.02/20 sec (i.e. ∆t = 0.001
sec). The incremental governing equations of motion
of the tank with N-Z system are solved using the iter-
ative technique. The iteration are required due to de-
pendence of incremental hysteretic displacement, ∆Z ,
on the response of the system at the end of time step.
The detailed solution procedure of above method for
one-story building supported on N-Z system are given

in Reference [16], which can easily be extended for the
liquid storage tanks.
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Fig. 10. Effects of isolation period on the peak response of broad tank isolated by LRB system (S = 0.6 and ξb = 0.1).

For structures with sliding systems, at the end of

each time interval of sliding phase the condition for

sliding/non-sliding phase are duly checked and only

the relevant equations of motion are considered in the

analysis. The system remains in the non-sliding phase

(ẋb = ẍb = 0) if the frictional force mobilized at the

interface of the sliding system is less than the limiting

frictional force (i.e. |Fx| < |Fs|). However, the system

starts sliding (ẋb �= 0 and ẍb �= 0) as soon as the

frictional force attains the limiting frictional force (i.e.

|Fx| = Fs). During the sliding phase, whenever the

relative velocity of the base mass becomes zero (i.e.

ẋb = 0), the phase of the motion checked in order to

determine whether the system remains in the sliding

phase or sticks to the foundation.

The total base shear generated due to earthquake

ground motion in horizontal direction, is expressed as

Fs = mc(ẍc + ẍb + ẍg) + mi(ẍi + ẍb + ẍg)
(26)

+mr(ẍb + ẍg)

5. Approximate model base-isolated tanks

The mathematical model of isolated tanks as shown

in Fig. 1(b) has typical characteristics. In particular,

the period of sloshing and impulsive masses are sig-

nificantly larger and shorter as compared to the period

of isolation, respectively. As a result, are can assumes

that the sloshing mass vibrates independently and the

impulsive mass rigidly moves along with the rigid tank

mass associated with the bearing degree-of-freedom.

Keeping the above in view, an approximated model

for the base-isolated liquid storage tank is presented in

Fig. 3. This simplified model consists of the analysis

of two single degree-of-freedom systems. The slosh-

ing mass is subjected to a base acceleration of and the

impulsive mass is combined with the rigid mass as-

sociated to the isolation degree-of-freedom. The base

shear generated due to earthquake ground motion in the

isolated tank is evaluated by

Fs = (mi + mr)(ẍb + ẍg) (27)
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Fig. 11. Effects of isolation period on the peak response of broad tank isolated by N-Z system (S = 0.6, F0 = 0.05 and ξb = 0.1).

6. Numerical study

The response of liquid storage tanks isolated by
different isolation systems is investigated under real
earthquake ground motions. The earthquake motions
considered are: S00E component of Imperial Val-
ley, 1940 (El-Centro), S00E component of Northridge,
1994 (Sylmar) and N90E component of Kobe, 1995
(JMA) earthquake. The peak acceleration of Imperial
Valley, Northridge and Kobe earthquake motions are
0.35g, 0.59g and 0.63g, respectively. The response
quantities of interest are base shear (Fs), relative slosh-
ing displacement (xc) and bearing displacement (xb).
The response of the isolated tank system is compared
with the corresponding response of non-isolated tank
in order to study the effectiveness of various base iso-
lation systems (i.e. LRB, N-Z and FPS). Further, the
response of the isolated tank model given in Fig. 1 (re-
ferred as “Exact”) is also compared with the response of
the model proposed in Fig. 2 (referred as Approximate)
to study the feasibility of the proposed model.

The parameters, which characterize the model of liq-
uid storage tank, are the height of liquid in the tank (H),

the aspect ratio (S), the damping ratio of the sloshing

mass (ξc) and the damping ratio of the impulsive mass

(ξi). The height of the liquid in the tank, H = 10 m, is

kept constant throughout the study. The damping ratios

for the sloshing and impulsive masses are taken as 0.5

and 2 percent, respectively. For the tanks with steel

wall, the modulus of elasticity is taken as E = 200 GPa

and the mass density ρs = 7, 900 kg/m3.

The time variation of various response quantities of

a broad tank isolated by the LRB system is shown in

Fig. 4 under Northridge, 1994 earthquake ground mo-

tion. The parameters of the LRB system considered

are: Tb = 2 sec and ξb = 0.1. It is observed from

the figure that due to base isolation there is significant

reduction in the base shear implying that the base iso-

lation is effective for liquid storage tanks. However,

there is slight increase in the sloshing displacement due

to base isolation. Further, the exact response of iso-

lated tanks is well comparable with the approximate

response obtained from the proposed model in Fig. 2.

Thus, it can be concluded that satisfactory response can

be obtained by using the proposed approximate anal-
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Fig. 12. Effects of isolation period on the peak response of broad tank isolated by FPS system (S = 0.6 and µ = 0.05).

ysis of the base-isolated liquid storage tanks. Similar

effects of base isolation and comparison of exact and

approximate response of isolated broad tank are de-

picted in Figs 5 and 6 showing the response of the tank

isolated N-Z (Tb = 2.5 sec ξb = 0.1 and F0 = 0.05)

and FPS (Tb = 2.5 and µ = 0.05), respectively.

The peak response for broad tank (S = 0.6) and

slender tank (S = 2) is shown in Tables 1 and 2, re-
spectively under different earthquake motions. The re-

sponse of three isolation systems is shown for both non-

isolated and isolated (exact as well as approximate)

conditions. It is observed from these tables that there is

good agreement between the exact and approximate re-

sponse of base-isolated tank under different earthquake

motions. Further, the reduction in base shear is found

to be more significant for the slender tank in compari-
son to the broad tank. Thus, the base isolation is more

effective for slender tanks as compared to broad tanks.

From Tables 1 and 2, it is also observed that the N-Z

and FPS system performs better than the LRB systems.

These systems provide more reduction in the base shear

with less sloshing and bearing displacements.

The variation of peak response of the tank isolated by

LRB, N-Z and FPS against aspect ratio, S is shown in

Figs 7, 8 and 9, respectively. The aspect ratio is varied

from 0.25 to 2 to obtain the response of non-isolated

and isolated tanks. It is observed that the base shear is

effectively reduced due to isolation and as the aspect

ratio increases the base shear, bearing displacement and

convective displacement increases. It shows that the
base shear and bearing displacement in case of broad

tank is less compared to slender tank. The base shear

obtained from exact and approximate analyse closely

matches for all the earthquake motions and isolations

systems. Further, there is not in general a very signif-

icant difference between the sloshing displacement for

isolated and non-isolated condition. The sloshing dis-

placement due to isolation increases with the increase
of the tank aspect ratio. The difference in the slosh-

ing displacement evaluated by exact and approximate

method increase with the increase of the aspect ratio.

This is expected due to fact that, as the aspect ratio

increases, the sloshing and isolation frequency occurs

closer leading to strong coupling between the sloshing
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Table 1

Peak response of broad tank for different isolation systems (S = 0.6)

Earthquake Response quantities Non -isolated Isolated Tank

LRB N-Z FPS

Exact Approximate Exact Approximate Exact Approximate

Northridge, 1994 Fs/W 0.341 0.191 0.203 0.157 0.169 0.160 0.176

xc (cm) 22.00 32.43 34.27 30.24 31.96 28.07 29.74

xb (cm) – 18.24 19.42 18.05 19.91 17.23 19.59

Imperial Valley, 1940 Fs/W 0.304 0.078 0.086 0.074 0.080 0.072 0.073

xc (m) 31.20 27.63 31.20 28.64 30.88 30.35 31.26

xb (cm) – 7.43 8.27 5.85 6.77 3.52 3.66

Kobe, 1995 Fs/W 0.385 0.155 0.156 0.123 0.129 0.129 0.138

xc (cm) 31.87 26.20 27.63 24.86 26.38 25.03 26.28

xb (cm) – 14.00 14.36 12.07 13.17 12.42 13.81

Table 2

Peak response of broad tank for different isolation systems (S = 2)

Earthquake Response quantities Non -isolated Isolated Tank

LRB N-Z FPS

Exact Approximate Exact Approximate Exact Approximate

Northridge, 1994 Fs /W 0.503 0.271 0.286 0.161 0.229 0.168 0.257

xc (cm) 63.52 94.83 110.12 87.46 111.33 80.99 119.24
xb (cm) – 26.20 27.68 18.90 29.46 18.40 32.15

Imperial Valley, 1940 Fs /W 0.417 0.101 0.126 0.082 0.086 0.076 0.088

xc (m) 29.05 42.43 49.23 36.44 40.98 29.49 32.64

xb (cm) – 9.86 12.16 7.16 7.91 4.05 5.97

Kobe, 1995 Fs/W 0.662 0.171 0.175 0.123 0.125 0.130 0.133

xc (cm) 59.45 84.32 101.28 69.57 98.57 60.90 81.81

xb (cm) – 16.82 17.11 13.48 13.16 12.47 12.90

and isolation mode. Since the approximate analysis

ignores this coupling, the error is more significant for

higher aspect ratio. The bearing displacement obtained

from exact and approximate analyses closely matches,

in general, and the approximate analysis gives slightly

conservative estimate (although the difference is rela-

tively higher in case of Northridge, 1994 earthquake

motion). The proposed approximate analysis performs

better for broad tanks in comparison to slender tanks.

The effect of isolation period of LRB, N-Z and FPS

on the peak response of base-isolated tank is shown in

Figs 10, 11 and 12, respectively. The isolation time

period, Tb, is varied from 1.25 sec to 4 sec for a broad

tank with aspect ratio S = 0.6. These figures confirm

good comparison between the exact and approximate

response of isolated tank for all earthquakes and isola-

tion systems. Further, it is also observed from Figs 10

to 12 that the base shear decreases with the increase of

isolation period. Thus, the effectiveness of base iso-

lation increases with the increase of its flexibility. On

the other hand, the bearing displacements are also rel-

atively higher for the higher values of isolation period.

Thus, the earthquake forces transmitted to the tank sys-

tem can be reduced at the expense of increasing dis-

placement of the isolation system. However, the dis-

placement of the isolation systems has a practical lim-

itation. Therefore, in designing the isolation system a

compromise shall be made between transmitted earth-

quake forces and relative bearing displacements. Fur-

ther, the comparison of response of the isolated tanks

with different earthquake motion in Figs 10 to 12 im-

plies that variation of response against the period of

isolator. Tb is sensitive to the specific characteristic

of these types of earthquake motion. The variation of

the response is in accordance to the variation of the re-

sponse spectrum of the earthquake motions (refer Ref-

erence [17] for the displacement and acceleration spec-

tra of all the three earthquake motions).

7. Conclusions

The seismic response of liquid storage tanks isolated

by LRB, N-Z and FPS systems is investigated under

real earthquake ground motion. In order to investigate

the effectiveness of base isolation, the response of the

isolated tank is compared with the corresponding re-

sponse of tank without isolation system. An approxi-
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mate model is also proposed for evaluation of the seis-

mic response of base-isolated liquid storage tanks. A

parametric study is conducted to investigate the effects

of important parameters on the effectiveness of base

isolation and the accuracy of the proposed approximate

method. From the trends of the results of the present

study, the following conclusions can be drawn:

1. All the three base isolation systems are found

to be effective in reducing the earthquake forces

of the liquid storage tanks. However, the N-Z

system is found to be better in comparison to the

LRB and FPS systems.

2. The base isolation is found to be more effective

for slender tanks in comparison to broad tanks for

all isolation systems. There is also increase in

the sloshing displacement for slender tanks due

to base isolation.

3. The base shear, sloshing displacement and bear-

ing displacement obtained from exact and ap-

proximate analysis are closely matches. Thus,

the proposed approximate analysis of the base-

isolated liquid storage tanks provides satisfactory

response under earthquake excitation.

4. The proposed approximate analysis is found to

perform better in case of broad tanks in compari-

son to slender tanks.

5. The effectiveness of seismic isolation systems in-

creases with the increase in the time period of iso-

lation systems. However, the bearing displace-

ments are also relatively higher for the higher

values of isolation period.
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