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22.1 Introduction

Concrete ground supporting LST is one of the important and widespread civil facility
infrastructures that has been used in the production and transportation of numerous
materials and products in the oil refining, chemical industry, nuclear power station,
wastewater plant, sewage treatment plant, and railway industries. The collapse of
these systems leads to serious hazards in the regional environment and also have a
long-term impact. Control mechanisms are needed to protect against the failure of
LSTs even for the extreme earthquake levels. Damages in the liquid storage tanks
during seismic events were observed.

For long-term and effective control of the responses in LSTs, its behavior needs
a profound understanding. The structural responses of the LSTs under the earth-
quake excitations are different from normal load-bearing structures, as the interac-
tion between two different media is involved, i.e., tank and fluid. Thus, to simplify
the understanding of the LSTs, it is divided into two major components, i.e., impul-
sive and convective. The impulsive component is due to the rigid behavior of the
LSTs wall and the stationary fluid mass which behaves like solid mass during the
earthquake event.

The most common lumped mass approach was presented by Housner [1, 2]; by
extending Housner’s lumped mass approach, several authors studied the behavior of
the LSTs under harmonic and irregular excitations [3, 4].

As the experimental approach gains attention of the researchers, the analytical
results and numerical results for the harmonic motions were verified by many authors
[5, 6]. Due to the infrastructural limitations of the experimental approach and the
inability of the numerical and analytical approaches in solving and capturing the
nonlinear behavior of the fluid, finite element method (FEM) quickly gained attention
as an effective and computationally less expensive method [7-10]. In the recent
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past, Rawat et al. [11] studied the earthquake-induced sloshing and hydrodynamic
pressure developed in the rigid cylindrical storage tanks with the help of commercial
FEM software ABAQUS. The study showed the difference between the two different
FEM approaches, namely coupled acoustic-structural (CAS) and coupled Euler—
Lagrangian method (CEL). It was concluded that CAS provided the faster results
with lower accuracy, whereas CEL proved to be a better option in studying the
low-amplitude sloshing effect. Kirtas et al. [12] investigated the modal response of
liquid storage steel tanks, and the associated prevailing frequencies in the horizontal
impulsive mode of vibration are explored using earthquake recordings.

The use of base isolation in LSTs has drawn the interest of research due to the
successful application of base isolation systems in the seismic regulation of many
structures. Many researchers have explored thoroughly the seismic study of the base-
isolated cylindrical steel LSTs [13—18].

The study of isolated LSTs for bidirectional motion under seismic excitations
is comparatively smaller. Many scholars presented some of the early finite element
studies [19-21]. Recently, Cheng et al. [22] studied the effect of free-surface sloshing
with the help of the velocity potential function that was obtained by the superposi-
tion principle and the Navier-Stokes equation obtained by the principle of the mass
conservation of the fluid movement. It was concluded that free-surface sloshing plays
an important part in estimating the structural responses.

While both steel and concrete LSTs have been studied in the past for a broad
range of controlling variables in the seismic response behavior study, the same is
comparatively fewer for the base-isolated LSTs. In particular, the efficacy of base
isolation in improving the seismic behavior under bidirectional earthquake excitation
of 3D concrete LSTs has not been studied in great detail. In this article, to figure
out the efficacy of base isolation in LSTs under a range of significant parametric
variations, a detailed analysis of a 3D concrete base-isolated LST is performed.
These include the use of base isolation in terms of (i) type of earthquake; (ii) the
reduction of the various amounts of concern in response; (iii) the spillage of fluid;
(iv) the seismic isolation characteristics; and (v) the direction of incidence of seismic
events.

22.2 Theory

For the combination of dead and seismic loads, the concrete LST is designed. The LST
base is protected by base isolators resting on the hardened surface. The laminated
rubber bearing lacks the high dissipation properties of energy; thus, in the New
Zealand lead core rubber bearing, a more efficient isolator device is chosen (LRB).
Additional energy dissipation properties are pumped into the isolation system due
to the central lead center, which results in a greater volume of the isolator system’s
hysteresis loop. The nonlinear behavior of the LRB isolation system (LRB) has been
idealized by various models [23, 24]. Wen’s bilinear hysteretic model is shown in
Fig. 22.1.
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There are three salient parameters in the bilinear curve, namely (i) yield strength
Fy; (ii) characteristic strength Qy; and (iii) post-yield rigidity ratio (K 4/K, or K»/K 1).
At the displacement value of zero, the characteristic strength is the intercept of force.
The characteristic strength of the LRB isolator is determined by the yield strength

of lead in shear, f,,, as shown in Eq. 22.1 for a given area of A,,.
(22.1)
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Equation 22.2 gives the relation between the post-yield stiffness K, and effective

stiffness K¢ at the stated design displacement D and Q
Qa (22.2)

Ky = Kefr — 3
The effective damping B of the isolator is calculated for the displacement D,

by Eq. (22.3)
(22.3)
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With the LRB isolator, the time history analysis of the concrete LST is very costly
and poses many challenges. An eight-node linear brick element (C3D8R) is defined
for the LST, with hourglass control and reduced integration scheme available in
ABAQUS. The fluid is also modeled by the same brick element as the tank to grasp
and mimic the sloshing in the LST. It provides a combined hourglass regulation with

a factor of 0.85 to provide the brick components with fluid behavior. Because the
fluid simulation takes the distortion of the mesh to a large factor, an effective mesh
control technique is needed. The analysis of finite elements provides a few methods to
analysis, generally known as Lagrangian and Eulerian approaches. The material will
move through the defined mesh boundaries in the Eulerian analysis while preventing
any distortion of the element, whereas in the Lagrangian analysis, the material stays
in the closed boundaries of the elements that do not cause the elements to be strongly
distorted. The arbitrary Lagrangian—Eulerian (ALE) solution is used in the current
simulation of the FSI to prevent high distortion in the finite elements. The material
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flow and movement caused in the mesh were controlled by the use of ALE to control
the distortion in the study, resulting in a reduced disruption in the mesh. In the
analysis, this lower distortion of the mesh ensures continuity. For the current case
study, the ALE formulation used by the ABAQUS uses second-order advection and
element center projection momentum advection that requires fewer iterations.

22.3 Numerical Study

The LST for the present study is taken up for the study of the dimension 6 m x 6 m
x 4.8 m with a wall thickness of 0.3 m. The various constitutive material properties
of the LST and fluid are shown in Table 22.1. For the present study of the LST, a
total of five isolators are used that are attached to the rigid base. For an extensive
review of the behavior of the LST under the seismic event, four different types of
earthquakes are used for the nonlinear response history analysis in ABAQUS. The
four different earthquakes are Kern County (1952), Parkfield (2004), Imperial Valley
(1940), and Kocaeli (1999). The earthquakes are scaled to the three different PGA
levels, namely 0.2 g, 0.4 g, and 0.6 g. The ratio between the horizontal components
of the earthquakes is taken as 1:0.67.

For the analysis, the isolators are modeled by the connector elements which are
available in the ABAQUS element library. For an effective isolator model, elasticity,
damping, and bilinear behavior are selected. The connector element used in the
analysis is built by Cartesian and align boundary conditions. The bottom node of the
connector elements is joined to the fixed base, whereas the top node is connected to
LST.

The effect of the directionality of the earthquake is an important and influential
parameter that can alter the critical response in the LSTs. For the present study,
five different angles of incidence are taken which are zero degrees, fifteen degrees,
thirty degrees, forty-five degrees, sixty degrees, and seventy-five degrees. For base
isolation of the LSTs, as there are no such recommendations for an optimum period,
therefore, seven different isolation time periods are used to find out the optimum
time period for response control. Different isolation properties are shown in Table
22.2.

Table 22.1 Proper‘tles of 3D Concrete Fluid (water)
square tank and fluid
Modulus of elasticity, E; = | Density, p,, = 983.204 kg/m3
24.86 GPa
Density, p; = 2450 kg/m3 Equation of state: ¢y = 1450, s
=0,y0=0
Poisson’s ratio, v = 0.17 Dynamic viscosity =
0.001 N s/m?
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Table 22.2 Properties of isolators designed for different time periods

Isolation period, | Effective Elastic stiffness, | Post-yield Characteristic
Tiso (8) stiffness, Keir | Ko (KN/m) stiffness ratio, y | strength, Q4 (kN)
(kN/m) =K4/K,

0.85 2250 17,690 0.09 30

1.0 1600 12,780 0.09 25

1.5 725 5700 0.09 18

2.0 400 3200 0.09 16

2.25 320 2525 0.09 14

2.5 250 1980 0.09 12

3.0 180 1420 0.09 9.5

22.4 Results and Discussions

The effectiveness of the LRB isolator for the LSTs under seismic ground motion is
evaluated against the effective isolation period, type of ground motion, peak ground
acceleration (PGA), and angle of incidence. The response quantities under investi-
gation are shear force, overturning moment, hydrodynamic pressure, and sloshing
height.

22.4.1 Shear Force

Figure 22.2 shows the effect of the variation of the effective isolation period on the
shear force. It is seen from the estimates that with the increase in the T, the decrease
in the shear force usually increases. However, after the value of T, = 2 s, the rate
of increase in the percentage reduction of the shear force is not very important. The
curve becomes almost horizontal after a value of T}, = 2.5 s. The overall decrease in
effective stress is 75% of the order.

For various types of earthquakes, the pattern variation of the percentage reduction
of shear force with Ty, is different before 7, = 1.5 s; after that, for all types of
earthquakes, the pattern of variation is observed to be almost the same.

The variation between the percentage reduction of the shear force and the angle
of earthquake incidence is seen in Fig. 22.3. The figure reveals that the percentage
of reduction in shear force stays the same for all angles of incidence for most earth-
quakes, beginning from 15° to 75°, except for the Imperial Valley earthquake, which
shows further reduction at 15° and 60°, but the percentage reduction rise is not very
important.
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Fig. 22.2 Variation of percentage reduction in shear force with the time period of LRB isolator

—=—0.60g,+0.40g,

—4—0.20g,+0.13g,
90° o 90°

100%
80%

75°

30° 60% 30° 60%
40% 9
15° ) OURRE 40% H
20% [/ “ 20%(
0° 0% 0° 0%

Kern County Earthquake Parkfield Earthquake — Kocaeli Earthquake  Imperial Valley Earthquake

Fig. 22.3 Variation of percentage reduction in shear force with the angle of incidence

22.4.2 Overturning Moment

Figure 22.4 shows the effect of the variation of the effective isolation period on the
overturning moment with the effective time period of the isolator. From Fig. 22 .4, it
can be seen that after the particular value of the isolator time period, the responses are
no longer get affected. Like the pattern in the shear force reduction, the overturning
moment shows similar behavior. Except for the Parkfield earthquake (near field with



22 Response Reductions in Base-Isolated Liquid Storage ... 335

150 150
— Parkfield Earthquake Kern County Earthquake
Q:: 120| —=—0.609,+0.40g, 120 —=— 0.60g,+0.40g,
~ ——0.409,+0.27g, go| —° 0409,+027g,
S 90| —+0.20g+0.13g, —4—0.20g,+0.13g,
I
© 60 [
8 60 -
© 30
> 30
] ot
<
© oF
% -30
q -30- 60
1.0 1.5 2.0 25 3.0 1.0 1.5 2.0 25 3.0
150 150
"; Kocaeli Earthquake Imperial Valley Earthquake
QL 120§ —=—o0 60g,+0.40g, 120| —=—0.609,+0.40g,
[} —o—0.409 +0.27g, —o— 0.40g +0.27g
> x v x y
S 901 —+—0.209+0.13g, 90| —a—0.209+0.13g,
S \—Ap——A
S eof / 60}
S
$ 30+ 30+
®
o 0 0
[
QL 30t 30}
1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 25 3.0
Time Period of LRB-IS (sec.) Time Period of LRB-IS (sec.)

Fig. 22.4 Variation of percentage reduction in the overturning moment with the time period of
LRB isolator

directivity effect), the rate of change in the reduction in response is very little in the
overturning moments, and the maximum percentage reduction is on the order of 70—
75%. The pattern of variation of the percentage reduction of the overturning moments
with the T, is distinct for different types of earthquakes up to T, = 1.5 s; after that,
the pattern of variation for all types of earthquakes does not change substantially.

The variations of the percentage decrease in the overturning moments with
different PGAs do not show any definite pattern, like for the instance of the shear
forces. As regards the difference of the reduction of the overturning moment with
the angle of incidence, the percentage decrease, as shown in Fig. 22.5, is not sensi-
tive to the variation of the angle of incidence of earthquake for all the cases under
examination.

22.4.3 Hydrodynamic Pressure

The effect of the variation of the isolator time period on the reduction of the hydrody-
namic pressure can be seen from Fig. 22.6. It can be seen from the figure that reduction
in hydrodynamic pressure reaches a constant reduction value after a 7, = 2.5 s. In
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Fig. 22.5 Variation of percentage reduction in the maximum overturning moment with the angle
of incidence
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Fig. 22.6 Variation of percentage amplification in sloshing height with the time period of LRB
isolator

comparison, it is shown that the magnitude of the difference depends to a greater
degree on the type of earthquake relative to other response quantities. Compared to
other response quantities, the influence of PGA on hydrodynamic pressure reduction
is also prominent.

The effect of the angle of incidence of the earthquake on the reduction of the
hydrodynamic pressure can be from Fig. 22.7. It can be seen from the figure that at
an angle of incidence of fifteen degrees, the reduction is slightly more, whereas at an
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Fig. 22.7 Variation of percentage reduction in maximum hydrodynamic pressure with the angle of
incidence

angle of incidence of forty-five degrees in all four cases of earthquakes, percentage
reduction becomes reduced. Again, the effect of the PGA variation can be seen in
the results of the angle of incidence variations.

22.4.4 Sloshing Height

In the base-isolated LSTs, the sloshing height is amplified in comparison to the other
response quantities. The variation of the sloshing height percentage amplification
with the effective time period (T'y) for various earthquake types is seen in Fig. 22.8.
It can be seen from the figure that as the isolator time period is increased, the amplifi-
cation in the sloshing height becomes constant, and even after the value of Ty, =2 s,
there is a very small amplification in the response. The maximum amplification in
the sloshing height is for the Kern County earthquake which is a far field earthquake.
It can also be seen from the figure that the effect of the PGA on the amplification is
also significant.

The effect of the angle of incidence of the earthquake on the amplification of the
sloshing height can be seen in Fig. 22.9. It can be seen from the figure that the angle
of incidence of the earthquake has little effect on the variation of the amplification
in the sloshing height. The amplification in the sloshing height gets lesser as the
angle of incidence of earthquake reaches the range of thirty to sixty degrees. The
maximum variation of amplification can be seen for the Kocaeli earthquake which is
a near field earthquake with fling step effect, whereas the minimum variation is for
the Imperial Valley earthquake.
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Fig. 22.8 Variation of percentage amplification in sloshing height with the time period of LRB
isolator
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Fig. 22.9 Variation of percentage amplification in sloshing height with the time period of LRB
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22.5 Conclusions

The effectiveness of lead rubber bearing (LRB) in mitigation of the structural
response and amplification of the sloshing height is studied by varying several impor-
tant parameters. They include (i) effective time period of LRB isolator, (ii) the type
of the ground motion, (iii) angle of incidence of the earthquake, and (iv) PGA. The
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reductions in the response quantities are shear force, overturning moment, and hydro-
dynamic pressure. Also, it is known fact that seismic isolation tends to amplify the
sloshing height which is also taken in the consideration for the present study. For the
numerical study, a concrete LST with dimensions of 6m ® 6 m ® 4.8 m is studied
with a fluid height of 3.6 m and having five LRB base isolators attached to the base
of the LST. The study reveals the following notable conclusions:

1.

With the increase in the effective time period up to 2.5 s, decreases in the
response quantities of interest and the enhancement in sloshing height usually
increase, after which they appear to become stationary.

The maximum reduction of the order of 60—70% can be seen for the shear force
and overturning moment at the optimum time period of the isolator system.
There is an ideal effective time period in which it is possible to obtain rela-
tively high reductions in response quantities with much less amplification of
the sloshing height; this effective time period is observed to be 2 s for the given
study.

The effect of the type and PGA of ground motion are found to be an important
factor for governing the responses.

Except for the drop in maximum hydrodynamic pressure and sloshing height
amplification, the decrease in other response quantities is indifferent to the
difference in the angle of incidence of the earthquake.
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