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Field reports from past earthquakes indicate that liquid storage tanks are quite susceptible to earthquake
related damages due to the sloshing motion of the contained liquid and that the failure of these structures can have
catastrophic impacts on the environment in addition to significant financial losses. Recently, the use of seismic
response modification strategies such as base isolation and energy dissipation systems have been extended to liquid
storage tanks, particularly large liquified natural gas tanks, in order to protect them from the damaging effects of
earthquakes. Base isolation involves the installation of horizontally flexible base isolation bearings under the liquid
storage tanks to extend the vibration period of the structure and to provide an additional mechanism for energy
dissipation. This paper investigates the effects of the variation of mechanical properties of lead-core elastomeric
base isolation bearings on the dynamic response of liquid storage tanks through a comprehensive parametric study
which was conducted with a script that uses the Matlab state-space solvers. The paper begins by outlining the
mechanical analogue system to be used for calculating the overturning moment and the base shear in tank wall as
well as the free surface displacements for a cylindrical liquid storage tank subjected to horizontal base excitation.
The nonlinear force-displacement characteristics of the bearings are modelled with the Bouc—Wen hysteresis model.
Results of the parametric study show that base isolation can be effective at decreasing the base shear and that
special attention must be paid to the increases in the sloshing displacements in determining the freeboard height.
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1. Introduction

Aboveground cylindrical liquid storage tanks are
widely used to store water, fuel, and industrial chem-
icals. Field reconnaissance reports suggest that these
structures perform poorly during earthquakes and the
failure of these critical infrastructural system components
can result in significant damages to the environment in
addition to financial losses [1-5].

Recently, implementations of seismic isolation and en-
ergy dissipation systems have been extended to liquid
storage tanks, especially large capacity liquefied natural
gas (LNG) storage tanks, in order to improve their per-
formance during earthquakes. Seismic isolation works by
installing horizontally flexible bearings under a structure
which serves to extend its vibration period beyond the
predominant vibration period of the ground motion and
by increasing its energy dissipation capability. A combi-
nation of elastomeric seismic isolation bearings and lead-
-core elastomeric seismic isolation bearings is a widely
used approach for the seismic isolation of liquid storage
tanks [6].

A serious issue with the use of seismic isolation bear-
ings is that a slight change in their mechanical prop-
erties due to various factors such as aging, changes in
temperature and contamination can have a strong im-
pact on the seismic response of the supported structure.
Therefore, it is vital to investigate the implications of the
likely changes in mechanical properties of seismic isola-
tion bearings in the estimation of design forces of liquid
storage tanks.

This paper investigates the effects of the variation of
mechanical properties of lead-core elastomeric base isola-

tion bearings on the dynamic response of liquid storage
tanks through a comprehensive parametric study which
was conducted with a script that uses the Matlab state-
-space solvers.

2. Lead-core elastomeric seismic
isolation bearings

Elastomeric seismic isolation bearings are composed of
alternating layers of rubber and steel shims. The total
thickness of the rubber layers is used to adjust the hori-
zontal stiffness of the bearing whereas the steel shims are
used to provide vertical rigidity to the bearings. A cylin-
drical lead-core may be inserted into elastomeric bearings
to increase energy dissipation [7].

A lead-core elastomeric isolator can be modeled as
bilinear spring with an elastic horizontal stiffness of k.
and a post-yielding stiffness of k,. Equation (1) can be
used to calculate the restoring force on a lead-core elas-
tomeric isolation bearing where D, represents the yield
displacement; ag,rp represents the ratio of the horizontal
post-yield stiffness to the elastic stiffness and v}, repre-
sents the horizontal displacement of the bearing. The
nondimensional parameter Z which controls the transi-
tion between the elastic stiffness and the post-yield stiff-
ness can be obtained by using the Bouc—Wen plasticity
model [8, 9] given in Eq. (2), where 8, v, A, and 7 are
dimensionless variables used for describing the shape of
the hysteresis loop of the bearing shown in Fig. 1. The
values of 8 =0.50, v = 0.50, A =1 and n = 1 have been
selected to describe the shape of the hysteresis loop of the
lead-core elastomeric isolation bearings in this study [10]:
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Fig. 1. Hysteresis loop of a lead-core elastomeric iso-
lation bearing.

3. Mechanical model of the isolated liquid
storage tank

The mechanical analogue system for liquid storage
tanks with rigid walls proposed by Veletsos (1984) was
used to estimate the hydrodynamic response of the con-
tained liquid. Continuous mass of the contained liquid is
represented with a series of discrete single degree of free-
dom systems, mechanical properties of which can be ob-
tained using analytical expressions [11]. Figure 2 shows
the mechanical model of the seismically isolated liquid
storage tank resting on lead-core elastomeric isolation
bearings. Impulsive component of the contained liquid
which moves in unison with the tank is represented with
mass mg connected rigidly to the tank wall. Convective
component of the contained liquid which is associated
with sloshing is represented with masses m, to ms con-
nected to the tank wall with springs of stiffness k1 to k5.
Mass of the base my, includes the impulsive mass mg and
the mass of the base plate my. Impulsive and convective
masses are assumed to be attached to the wall at heights
ho to h5 [6]
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Fig. 2. The mechanical model of the seismically iso-
lated liquid storage tank.

Equations of motion of the seismically isolated tank in
terms of relative displacements are presented in Egs. (3)
to (8) where Egs. (3) through (7) describe the motion of
the convective modes

maiy + ki (ug —up) =0, (3)
malia + ko (ug — up) = 0, (4)
maiiz + ks(us —up) =0, (5)
myiiy + kg(ug — up) =0, (6)
msiis + ks (us — up) = 0, (7)
5
muii, + Y myii; + Fip, = 0. (8)
j=1

Variation of the base shear, overturning moment act-
ing on the tank wall and overturning moment acting on
the tank foundation are calculated by Egs. (9), (10), and
(11) where A;(t) represents the acceleration response of
the j-th convective oscillator. Heights of the impulsive
and convective masses to be used in the calculation of
the overturning moment acting on the foundation are de-
noted by hg and h, respectively [6, 11]:

Q(t) = moiin(t) + > m;A;(t), (9)
j=1

M (t) = mohoiin(t) + Y m;h;A;(t), (10)

M'(t) = mohfin(t) + > m;h}A;(t). (11)

Sloshing displacement at the tank wall in the direction
of the ground motion is calculated with Eq. (12) where ),
represents the j-th root of J{(A) = 0 and g represents the
gravitational acceleration. Peak values of the base shear,
overturning moment and liquid surface displacements are
calculated using the SRSS method [11]:

2 A1)
; 1 . (12)

g

4. Parametric study

A parametric analysis has been conducted with a Mat-
lab script developed by the author, which calculates the
maximum base shear, overturning moments, sloshing dis-
placements, as well as the isolator displacements and cre-
ates normalized plots which facilitate the evaluation of
the effects of the changes in the mechanical properties of
the isolator bearings on the seismic response of the tank.

The cylindrical aboveground liquid storage tank used
in the parametric analysis has a radius of 42 m and a
liquid height of 36 m and is supported by lead core elas-
tomeric seismic isolators with a target seismic isolation
period of 3 s calculated from the post yield stiffness of
the bearings. East-West component of the 1992 Erzin-
can (Turkey) earthquake has been used as the horizon-
tal earthquake acceleration time-history record for this
study.

The effect of the variation of the ratio of the post-
-yield stiffness to elastic stiffness and the normalized yield
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strength (F, /W) on the peak horizontal isolation system
displacements are presented in Fig. 3.
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Fig. 3. Effects of the variation of normalized yield force
and ke /kp ratio on isolator displacements.

Effects of the variation of the ratio of the post-yield
stiffness to elastic stiffness and the normalized yield
strength (F, /W) on the hydrodynamic forces and over-
turning moments exerted on the tanks as well as the
sloshing displacements are presented in Fig. 4.
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Fig. 4. Effects of the variation of normalized yield
strength and k./k, on the tank design parameters (a)
ke/kp =6, (b) ke/kp =8, (¢) ke/kp = 6.

An evaluation of Figs. 3 and 4 shows that lead-core
elastomeric isolators were quite effective at reducing the
hydrodynamic base shear and overturning moments act-
ing on the tank wall and tank foundation as these values
are less than the 20% of the corresponding values for the
fixed based tank. Sloshing displacements, on the other
hand, have increased up to 200% of the corresponding
value for the fixed based tank. Therefore, there is a need

to increase the freeboard height of isolated liquid storage
tanks in order to avoid spilling of contents or damages
to the roof. Increasing the normalized yield strength be-
yond 9% of the tank weight generally helped to reduce
the hydrodynamic base shear and overturning moments
in the liquid storage tank as well as the bearing displace-
ments. Variation of the ratio of the elastic stiffness to
the post-yield stiffness did not have significant effect on
changing the hydrodynamic forces and overturning mo-
ments but had a more pronounced effect on reducing the
bearing displacements.

5. Results and conclusions

Lead-core elastomeric isolation bearings can be quite
effective in reducing the hydrodynamic loads acting on
the tank due to the sloshing action of the contained liquid
during earthquakes. However, it should also be noted
that there is a need to increase the freeboard heights
of seismically isolated tanks in order to accommodate
increased sloshing displacements.

Parametric analysis of the isolated tank within the
limits of potential variations of components’ mechanical
properties and evaluation of the fluctuations in the levels
of change in hydrodynamic loads with respect to the val-
ues obtained for the ground supported tank through nor-
malized graphics as prescribed in this study significantly
facilitates the design of the seismic isolation system and
the estimation of the hydrodynamic loads used in tank
design.
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