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Abstract
Damage of liquid storage tanks (LSTs) due to earthquakes has increased the base isolation systems' demand. As base isolation 
is a proven control system for mitigating the damages in typical load-bearing structures, its implementation in LSTs is undoubt-
edly of interest. In the current study, the seismic performance of the base-isolated 3D model of concrete LSTs is investigated 
under two-component earthquakes as not much literature is available on the subject. The ABAQUS software is used for non-
linear analyses of the base-isolated LST in which liquid and isolators are modeled by the arbitrary Lagrangian–Eulerian and 
connector elements. For the numerical study, two concrete LSTs of the square and rectangular plans are considered with five 
lead rubber bearing isolators. The change in response quantities of interest is evaluated under parametric variations, includ-
ing the type of earthquake, peak ground acceleration, the angle of incidence of the earthquake, and the effective period of 
the isolator. The response quantities of interest considered are shear forces, overturning moments, top board displacements, 
hydrodynamic pressure, sloshing height, and Von-Mises stress. The results of the numerical investigation show that the efficacy 
of base-isolated 3D LST should be assessed at least under a two-component earthquake. Further, the study shows that base 
isolation is highly effective in controlling seismic stresses developed in LST under two-component earthquakes.

Keywords  Liquid storage tank · LRB · Bi-directional ground motion · Sloshing height · FEM

1  Introduction

Concrete ground supporting LSTs are among the critical 
and widespread civil structures used for storage and sup-
ply purposes in oil refineries, chemical industries, nuclear 
power plants, drainage facilities, sewage treatment plants, 
and railway industries. Failure of these structures results in 
severe disaster to the nearby surrounding environment, and 
their repercussions can last up to a long time. To protect 
from such shortcomings, control mechanisms are required 
to ensure LSTs' fail-safe operations under the design and 
extreme level of earthquakes [1–6].

To successfully implement any control mechanism in the 
LST, its seismic behavior needs more understanding, as it 
may behave differently from a regular load-bearing structure. 
The responses of LSTs are divided into two major parts, 
namely impulsive and convective. The impulsive response 
helps determine the shear force, overturning moment, hydro-
dynamic pressure, and Von-Mises stress. On the contrary, 
the contribution of the convective response is most notable 
for the sloshing height. Thus, to mitigate the seismic forces 
induced in the LST, both impulsive and convective responses 
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must be controlled to such an extent that they can operate 
even after a significant seismic event [1, 4, 7, 8].

The most commonly accepted analytical model of LSTs 
was given by Hounser [9, 10]. Extending Housner's study, 
several researchers provided the behavioral understanding of 
the LSTs for the harmonic and irregular support base excita-
tions [11–14]. The analytical solutions were further extended 
in numerical methods and closed-form solutions [13, 15, 
16]. With the significant numerical complexities, and the 
inability of the above-mentioned numerical approaches 
for nonlinear behavior of fluid sloshing, the finite element 
method (FEM), becomes famous for the seismic analysis of 
LSTs [5, 17–21]. With the availability of the standard finite 
element software, the study of LSTs under earthquake exci-
tations becomes less computationally demanding [22–27].

Many researchers have extensively studied the seismic 
response control by base isolation in many load-bearing struc-
tures [28–32]. Similarly, base isolation implementation in LSTs 
also attracted the attention of many researchers [33, 34]. Jing 
et al. [35] studied the effect of a sliding base-isolated system 
for a concrete rectangular liquid tank at various liquid heights. 
The results concluded that by applying the isolation measures, 
the horizontal displacement of the tank wall was controlled.

The analysis of the isolated LSTs under seismic excita-
tions for multicomponent ground motion is relatively new. 
More recently, Hashemi and Aghashiri [36] examined seismic 
responses of a pool-sized rectangular base-isolated LST for 
the bi-directional earthquake ground motions. The lead rubber 
bearing (LRB) and friction pendulum system (FPS) isolator 
systems were taken for the study. It was concluded that the 
shear force, wall deflection, and hydrodynamic pressure get 
reduced due to seismic isolation. Jing et al. [35] described the 
importance of considering the bi-directional earthquakes in 
place of unidirectional earthquakes to analyze LSTs with fric-
tion isolation. It was concluded that sliding isolation devices 
can significantly decrease the risk of failures. Rawat et al. 
[37] studied the behavior of the cylindrical base-isolated steel 
LSTs under the bi-directional earthquake excitation by the 
FEM in the ABAQUS. The FPS and LRB isolation systems 
were modeled with the help of the connector elements.

Although the seismic response behavior analysis of both 
steel and concrete LSTs has been investigated in the past 
for a broad spectrum of influencing variables, the same for 
the base-isolated concrete LSTs is relatively more minor 
[25, 36, 38, 39]. In particular, the effectiveness of base 
isolation in improving the seismic behavior of 3D concrete 
LSTs under bi-directional earthquake excitation has not 
been investigated through an exhaustive parametric study. 
In this paper, a comprehensive study of two 3D concrete 
base-isolated LSTs is conducted to determine the effective-
ness of the base isolation technique in LSTs under a set 
of critical parametric variations. This includes the effec-
tiveness of base isolation in terms of (i) the type of earth-
quake; (ii) the reduction in different response quantities of 
interest; (iii) the spillage of liquid; (iv) the characteristics 
of isolators; and (v) the earthquake incidence angle.

Fig. 1   Bilinear behavior of the LRB Isolator

Table 1   Properties of 3D LSTs 
and fluid

Concrete Liquid (water)

Modulus of elasticity, Ec = 24.86 GPa Density, ρw = 983.204 kg/m3

Density, ρc = 2450 kg/m3 Equation of state: c0 = 1450, s = 0, γ0 = 0
Poisson’s ratio, υ = 0.17 Dynamic viscosity = 0.001 N s/m2

Fig. 2   Arrangements of base 
isolators plan view of the LST 
with isolators a square tank b 
rectangular tank
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2 � Modeling Approach

The concrete LST is designed for the combination of grav-
ity and seismic loads. The base of the LST is supported by 
the base isolators, which rest on the hardened floor. The 
laminated rubber bearing lacks high energy dissipation 
properties, which are not helpful when the intensity of 

the earthquakes is high. Thus, a more effective isolation 
system has opted for the lead core rubber bearing (LRB). 
Due to its central lead core, the additional energy dissipa-
tion property is fed into the isolation system, which results 
in the augmented size of the hysteresis loop of the isola-
tor system. The nonlinear behavior of the LRB isolation 
system (LRB) has been idealized by various models [30, 
40–42]. Among them, Wen's model [30] is widely used 

Table 2   Properties of isolators designed for different vibration periods

Isolation 
period, Tb (s)

Effective stiffness, Keff (kN/m) Elastic stiffness, Ke (kN/m) Post-yield stiffness ratio, 
γ = Kd/Ke

Characteristic strength 
Qd (kN)

Square LST Rectangular LST Square LST Rectangular LST Square LST Rectangu-
lar LST

Square LST Rectan-
gular 
LST

0.85 2242 4385 17,690 33,521 0.09 0.09 29 61
1.00 1620 3170 12,781 24,219 0.09 0.09 25 49
1.50 720 1405 5680 10,764 0.09 0.09 18 41
2.00 405 790 3195 6055 0.09 0.09 16 34
2.25 320 625 2525 4784 0.09 0.09 14 25
2.50 260 506 1980 3875 0.09 0.09 12 19
3.00 180 352 1420 2691 0.09 0.09 10 17

Table 3   Details of earthquake 
ground motions

Rjb (Joyner–Boore distance to rupture plane)

S. no Year Earthquake Station Magnitude PGA (g) Rjb (km) Mechanism

Far-field records
1 1995 Kern County Taft Lincoln school 7.3 0.18 38.42 Reverse
2 1992 Landers Cool water 7.3 0.41 19.74 Strike-slip
3 1978 Tabas Ferdows 7.4 0.11 89.76 Reverse
4 1995 San Fernando LA Hollywood store 6.6 0.22 22.77 Reverse
5 1987 Superstition hill Poe road 6.5 0.47 17.03 Strike-slip
6 1989 Loma Prieta Sunol-forest fire St 6.9 0.08 47.41 Strike-slip
7 1994 Northridge-01 Downy-Co Maint 6.6 0.15 43.20 Reverse
Near-field records (Fling step effect)
1 1999 Chi Chi TCU 052 7.6 0.44 1.8 Reverse oblique
2 1999 Chi Chi TCU 068 7.6 0.36 3.0 Reverse oblique
3 1999 Kocaeli Sakarya 7.4 0.41 3.2 Strike-slip
4 1999 Chi Chi TCU 065 7.6 0.76 2.5 Reverse oblique
5 1999 Kocaeli Yarimaca 7.5 0.23 1.3 Strike-slip
6 1999 Chi Chi TCU 076 7.6 0.34 2.8 Reverse oblique
7 1999 Chi Chi TCU 089 7.6 0.35 0.0 Reverse oblique
Near-field records (Low directivity effect)
1 1989 Loma Prieta Gilroy Array#3 6.9 0.36 12.23 Reverse oblique
2 1995 Kobe Takarazuka 6.9 0.69 0.0 Strike-slip
3 1989 Loma Perieta Saratogo Aloha Ave 6.9 0.32 7.58 Reverse oblique
4 2004 Parkfield EADES 6.0 0.39 6.0 Strike-slip
5 2004 Parkfield Chalome 1E station 6.0 0.44 1.66 Strike-slip
6 1994 Northridge-01 Jensen Filter plant 6.6 0.41 0.0 Reverse
7 1994 Northridge-01 LA Dam 6.6 0.43 0.0 Reverse
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for the LRB isolator. The advantage of Wen's model is 
that many experimental tests verify its idealization of the 
bilinear hysteretic model. Wen's bilinear hysteretic model 
is adopted in the study and is shown in Fig. 1.

For the circular base isolator, it can be assumed that 
the hysteretic behavior of the isolator is homogenous in 
all directions. As a consequence, the bilinear hysteretic 
properties of the isolator remain the same under the bi-
directional earthquakes, independent of the directional 
movement of the isolator, unlike the square isolator. The 
bilinear curve consists of three salient parameters, namely 
(i) yield strength Fy; (ii) characteristic strength Qd; and 
(iii) post-yield stiffness ratio (Kd /Ke or K2/K1). The char-
acteristic strength is the intercept of force at the displace-
ment value of zero. The characteristic strength of the LRB 
isolator is determined by the yield strength of lead in 
shear, fpy for a given area of Ap as presented by Eq. (1) [32]

The relationship between the post-yield stiffness, Kd, and the 
effective stiffness, Keff, at the specified design displacement 
D and Qd is given by Eq. (2)

For estimating the effective damping of the LRB, βeff for a 
specified yield displacement Dy is given by Eq. (3)

The time history analysis of the concrete LSTs with the LRB 
isolators is computationally intensive and involves many 
complexities. The LST is modeled by an eight nodded linear 
brick element (C3D8R) in the current study, with hourglass 
control and a reduced integration scheme available in the 
ABAQUS. In contrast, the isolators are modeled by two-
nodded connector elements. The same brick element model 

(1)Qd = fpy × Ap

(2)Kd = Keff −
Qd

D

(3)�eff =
2Qd

�D2Keff

(D − Dy)

the fluid as the tank to comprehend and simulate the sloshing 
in the LST. A suitable mesh control technique is required as 
the fluid simulation involves the mesh's distortion to a huge 
factor. The finite element analysis offers a couple of analy-
sis approaches, commonly known as the Lagrangian and 
Eulerian approaches. In the Eulerian analysis, the material 
can pass through the fixed mesh boundaries; thus, avoiding 
any distortion of the element. In Lagrangian analysis, the 
material remains in closed boundaries of the elements, not 
allowing high distortion.

The arbitrary Lagrangian–Eulerian (ALE) approach is 
utilized in the current fluid–structure interaction simulation 
(FSI) to avoid high distortion in the finite elements. Using 
the ALE to control the distortion in the analysis, the flow 
of the material and movement induced in the mesh is main-
tained, resulting in the lower distortion in the mesh. This 
lower distortion of the mesh provides continuity in the analy-
sis. The ALE formulation employed by the ABAQUS for the 
current study uses the second-order advection and element 
center projection momentum advection which require fewer 
operations [43–45].

The dynamic explicit operator is used for the analysis to 
capture the liquid sloshing and nonlinear behavior of the 
isolation system. This operator allows the large deformation 
theory in the simulation under which elements' large rota-
tions and deformations are possible.

3 � Numerical Examples

To investigate the control of the seismic response of LSTs, 
two LSTs are considered for the study, one is a square LST 
of the dimension 6 m × 6 m × 4.8 m, and the other is a rec-
tangular LST of the dimension of 12 m × 6 m × 4.8 m with 
a wall thickness of 0.3 m in both the LSTs. These sizes are 
primarily constructed in various chemical and nuclear indus-
tries for storage purposes [35, 46–48]. The different material 

Fig. 3   Variation of the angle of 
incidence in LSTs
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properties of the LST and liquid are shown in Table 1 [23, 
49].

The height of the liquid in both LST is taken as 3.6 m. 
Thus, the tanks' H/L ratio (in which H is the height of the 
water, and L is the larger of the two plan dimensions) is 0.6 
and 0.3, respectively. Five LRBs are used for the isolation 

Fig. 4   Finite element mesh and 
connector elements of the LSTs

(a) 

(b) 

LST Corner 

Fixed Base Corner 

Connector Element 
Cartesian and Align 

Table 4   Results of mesh refinement study

Mesh No. of elements Displacement 
of the tank 
wall

Stress 
in LST 
(MPa)

Relative 
CPU time 
(s)

Coarse 3684 5.80E-04 1.11 5.5
Normal 12,928 6.25E-04 1.19 20
Fine 20,744 6.40E-04 1.21 80
Very fine 43,632 6.45E-04 1.22 110

Fig. 5   Convergence of results in mesh refinement study
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of the tank, as shown in Fig. 2. Four isolators are placed at 
four corners and one at the center bottom of the tank. The 
LRB isolators are fixed to the rigid floor such that there is 
no uplifting of the base. The properties of the isolators are 
shown in Table 2.

Three different types of earthquakes are used to ana-
lyze the LST: far-field, near-field with directivity effect, 
and near-field with the fling step effect. For every kind of 
earthquake, seven different time history records are taken as 
recommended by Reyes and Kalkan [50]. The details of the 
time histories of the earthquake are shown in Table 3. The 
earthquakes are scaled to three peak ground accelerations 
(PGAs), namely 0.2 g, 0.4 g, and 0.6 g, which denotes the 
event's severity. Both horizontal components of the earth-
quakes are used in the study for bi-directional excitation, as 
shown in Fig. 3. The ratio between the horizontal compo-
nents is taken as 1:0.67.

The isolators are modeled in ABAQUS using connec-
tor elements. The connector elements require inputs such 
as elasticity, damping, and bilinear behavior, in which the 
half-cycle hardening property is selected. The connector 
elements taken in the analysis are Cartesian and align. The 
bottom nodes of connector elements are joined to the rigid 
surface and top nodes to the bottom of four corners and one 

in the LST center. The isolator is provided with high vertical 
stiffness, which has a rigid effect and avoids LSTs' rocking. 
The earthquake incidence angle is varied with respect to the 
X-direction, as shown in Fig. 3. The detailed meshed assem-
bly of the LST with the isolators is demonstrated in Fig. 4.

Unlike the base-isolated buildings, no fixed guidelines 
are available for obtaining the effective vibration period 
of isolators in LSTs. Consequently, as shown in Table 2, 
seven effective isolation periods are considered in the study 
to get the optimum reduction in responses. To achieve the 
same isolation period for the two tanks, the effective stiff-
nesses of the isolators for the square and rectangular tanks 
are adjusted. The properties of the isolator for each isolation 
period are shown in Table 2.

4 � Results and Discussion

The effectiveness of base isolation is investigated for several 
parameters: the effective time period of the isolator, type of 
the earthquake, PGA, and the earthquake incidence angle. To 
describe the effect of the angle of incidence of earthquakes in 
the base-isolated LSTs, the optimum time period of the isola-
tion system is used. The mean reductions of the four response 

Fig. 6   Validation of base-iso-
lated LST under bi-directional 
ground motion
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quantities are evaluated, which are shear forces (X and Y), 
overturning moments (X and Y), top board displacements 
(TBDs) (X and Y), hydrodynamic pressure, and Von-Mises 
stress to evaluate the effectiveness of the base isolation. The 
mean amplification in sloshing height is examined to arrive at 

the optimum time period of the base isolator in the LSTs. The 
shear forces, overturning moments are recorded at the rigid 
plate base, whereas top board displacement is calculated at the 
LST walls. The maximum hydrodynamic pressure acting on 
the tank walls and corners is noted by considering maximum 

Fig. 8   Variation of the percentage reduction in shear forces with the time period of the LRB isolators for different LSTs; a, b far-field earth-
quakes, c, d near-field earthquakes with fling step effect, e, f near-field earthquakes with directivity effect
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pressure in all directions to reduce the hydrodynamic pres-
sure. Because of this reason, the direction of the maximum 
decrease in hydrodynamic pressure is also not mentioned. A 
spatial envelope of the liquid height for the base-isolated and 
uncontrolled LSTs is compared to determine the reduction in 
sloshing height. To assess the accuracy of results mesh conver-
gence study is done. To study the influence of the mesh density 
of the LST, two different response quantities, namely top board 
displacement and stress in the wall, are considered here. The 
comparison between four different mesh densities is shown 
in Table 4. It can be seen from Fig. 5 that coarse mesh yields 
less accurate values of the displacements and stress in the LST; 

however, the normal, fine, and very fine meshes yield results 
of a similar order. As the displacement and stress value is con-
verged, the normal mesh is opted for further study. For the bet-
ter accuracy of results, a mesh convergence study was carried 
out. Based on that, an element size of 0.15 m × 0.15 m × 0.15 m 
for LST and 0.075 m × 0.075 m × 0.075 m for liquid is selected.

4.1 � Validation of Current FE Model

Two different validation studies are conducted to validate 
the accuracy of responses obtained by the current ALE-
FE approach. In the first one, the sloshing height of the 

Table 5   Maximum percentage 
reduction in the shear force 
in X-direction for different 
earthquakes

gx (horizontal component of the earthquake in X-direction), gy (horizontal component of the earthquake in 
Y-direction)

Response PGA Tb Type of earthquake

Far-field Eqs Near-field Eqs. with 
fling step effect

Near-field Eqs. with 
directivity effect

Square 
LST 
(%)

Rectan-
gular LST 
(%)

Square 
LST 
(%)

Rectan-
gular LST 
(%)

Square 
LST 
(%)

Rectan-
gular LST 
(%)

Shear force-X 0.6gx + 0.4gy 1.5 42 37 33 30 48 62
2.0 65 53 53 53 70 70
2.5 74 62 62 58 79 76

0.4gx + 0.27gy 1.5 50 51 54 39 52 58
2.0 62 66 66 66 67 67
2.5 70 69 71 71 74 70

0.2gx + 0.13gy 1.5 64 60 62 48 49 50
2.0 63 71 71 71 58 57
2.5 66 75 73 71 64 59

Table 6   Maximum percentage 
reduction in the shear force 
in Y-direction for different 
earthquakes

gx (horizontal component of the earthquake in X-direction), gy (horizontal component of the earthquake in 
Y-direction)

Response PGA Tb Type of earthquake

Far-field Eqs Near-field Eqs. with 
fling step effect

Near-field Eqs. with 
directivity effect

Square 
LST (%)

Rectan-
gular LST 
(%)

Square 
LST (%)

Rectan-
gular LST 
(%)

Square 
LST (%)

Rectan-
gular LST 
(%)

Shear force-Y 0.6gx + 0.4gy 1.5 53 53 57 45 52 48
2.0 65 65 67 67 68 68
2.5 72 72 72 67 78 77

0.4gx + 0.27gy 1.5 53 53 53 51 52 48
2.0 59 59 65 65 63 63
2.5 65 65 69 69 71 69

0.2gx + 0.13gy 1.5 59 59 58 53 40 39
2.0 58 58 69 69 51 51
2.5 62 62 69 70 56 48
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base-isolated LST obtained by Jing et al. [35] is compared 
with the ALE-FE approach. In the second one, the nonlin-
ear behavior of the liquid is studied. To further check the 
accuracy of the current ALE-FE approach, results of the 
sloshing response of LST with internal hindrance are used 
by Goudarzi and Danesh [51].

4.1.1 � Validation of Base‑Isolated LST Under Bi‑directional 
Ground Motion

Figure 6 shows the sloshing height response obtained by 
Jing et al. [35] and the current ALE-FE approach with con-
nector elements. The LST is a square plan with dimensions 
6 m × 6 m × 4.8 m with a liquid height of 3.6 m and a wall 
thickness of 0.3 m. It can be seen from Fig. 6 that the time 
histories of the sloshing height obtained by the current ALE-
FE approach are relatively the same with a percentage of 
error of 11%. Therefore, it can be established that the types 
of elements for LST, liquid, and isolator are correct.

4.1.2 � Validation of Nonlinear Behavior of the Liquid Inside 
the LST Under Earthquake Excitation

To validate the accuracy of the current ALE-FE approach 
in accurately capturing the nonlinear nature of the liquid, 
the sloshing height response obtained by Goudarzi and 
Danesh [51] is compared. In the study, a computational 
fluid dynamics (CFD) code in the commercial FE software 
ANSYS was used in which liquid was modeled by Eulerian-
Eulerian homogenous model. According to Goudarzi and 
Danesh [51], liquid sloshing's nonlinear behavior and inter-
action with LST walls were duly considered. The compari-
son between the sloshing height obtained by the ALE-FE 
approach and Goudarzi and Danesh [51] is shown in Fig. 7. 
It can be seen from the results that both approaches are per-
fectly capable of capturing the nonlinearity of liquid quite 
effectively with a 12% of error.

4.2 � Shear Force

Figure 8 shows the variations of the mean percentage reduc-
tion in the shear forces (X and Y) with the isolator's effec-
tive time period (Tb) in both X- and Y-directions for square 
and rectangular LSTs. It is seen from the figures that the 
reduction in the shear forces generally increases with an 
increase in Tb. However, the increase in the mean percent-
age reduction of shear forces is not very significant after the 
value of Tb = 2.0 s. In fact, beyond a value of Tb = 2.5 s, the 
curve showing the variation of the mean percentage reduc-
tion becomes almost flat. The maximum reduction in the 
shear forces is of the order of 75% for both tanks. Thus, 
the optimum time period of isolation from considering the 
maximum reduction in base shear is 2.5 s.

The pattern variation of the mean percentage reduction 
of the shear forces with Tb is different for different types of 
earthquakes up to Tb = 1.5 s; after that, the variation pattern 
is nearly the same for all types of earthquakes. Tables 5 and 
6 show the mean percentage reduction of shear forces in both 
tanks for three specific values of Tb = 1.5 s, 2.0 s, and 2.5 s 
for different types of earthquakes.

It can be seen from Tables 5 and 6 that all types of 
earthquakes provide a relatively similar reduction in the 
shear forces, except at lower PGA levels for the case of 
the rectangular LST, where the reduction under near-field 
earthquakes has been marginally higher. The absence of 
any consistent pattern in the reduction variation might be 
because the reduction is calculated as the mean reduction 
in the response for the five different earthquake records 
having varying energy contents. The reduction in response 
depends on the energy density bandwidth, frequency con-
tents of the earthquake, and natural frequency of the struc-
ture. Further, the relationship between the PGA and mean 
percentage reduction in responses does not show any con-
sistent pattern, and it varies with the type of earthquake. 
The reduction of shear forces in the LSTs varies with PGA 
change, but it does not follow any definite trend. This hap-
pens because the reduction in shear forces is a complicated 
event comprising different earthquake frequency contents 
and nonlinearity produced because of complex fluid–struc-
ture interaction. As a result, no apparent pattern of results 
emerges when the change in responses is averaged over 
those obtained from an array of earthquake datasets cor-
responding to a particular type of earthquake.

A few sample plots of the variation of mean percentage 
reduction in the shear forces with the angle of incidence 
of the earthquake are shown in Fig. 9. It is clear from the 
figures that the percentage of reduction in the shear forces 
remains nearly the same for all angles of incidence, from 
15 to 75 degrees.
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4.3 � Overturning Moment

Figure 10 shows the variation of the mean percentage 
reduction of the overturning moments (in X- and Y-direc-
tions) with the isolator's effective time period (Tb) for 
both H/L ratios. The figures show that the reduction in the 
overturning moments generally increases with the increase 

in Tb increase for most cases, up to a value of Tb = 2.0 s. 
After that, the rate of change of the reduction in overturn-
ing moments becomes almost stationary. The maximum 
percentage of reduction in the overturning moments is of 
the order of 50–60%.

Like the shear forces, the pattern in the variation of the 
mean percentage reduction of the overturning moments 

Fig. 10   Variation of the percentage reduction in overturning moment with the time period of the LRB isolators for different LSTs; a, b far-field 
earthquakes, c, d near-field earthquakes with fling step effect, e, f near-field earthquakes with directivity effect
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with the Tb is different for different earthquakes up to 
Tb = 1.5 s; after that, the pattern of variation does not change 
significantly.

Tables 7 and 8 show the mean percentage reduction of the 
overturning moments for the three specific time period val-
ues (1.5 s, 2 s, and 2.5 s) for different earthquakes. It is seen 
from the tables that except for the far-field earthquakes, the 
near-field earthquakes provide a nearly comparable decrease 
in the overturning moments; the near-field with directivity 
effect shows, in general, more percentage reduction in the 

Table 7   Maximum percentage reduction in the overturning moment in X-direction for different earthquakes

gx (horizontal component of the earthquake in X-direction), gy (horizontal component of the earthquake in Y-direction)

Response PGA Tb Type of earthquake

Far-field Eqs Near-field Eqs. with fling 
step effect

Near-field Eqs. with 
directivity effect

Square LST 
(%)

Rectangular 
LST (%)

Square LST 
(%)

Rectangular 
LST (%)

Square LST 
(%)

Rectan-
gular LST 
(%)

Overturning moment-X 0.6gx + 0.4gy 1.5 30 40 46 38 28 14
2.0 38 51 51 50 42 46
2.5 47 60 56 56 51 60

0.4gx + 0.27gy 1.5 33 34 41 33 32 31
2.0 29 38 47 42 37 44
2.5 35 42 50 46 45 58

0.2gx + 0.13gy 1.5 49 35 53 28 24 39
2.0 38 37 61 37 25 35
2.5 41 35 58 36 32 40

Table 8   Maximum percentage reduction in the overturning moment in Y-direction for different earthquakes

gx (horizontal component of the earthquake in X-direction), gy (horizontal component of the earthquake in Y-direction)

Response PGA Tb Type of earthquake

Far-field Eqs Near-field Eqs. with fling 
step effect

Near-field Eqs. with 
directivity effect

square LST 
(%)

rectangular 
LST (%)

square LST 
(%)

rectangular 
LST (%)

square LST 
(%)

rectangu-
lar LST 
(%)

Overturning moment-Y 0.6gx + 0.4gy 1.5 10 21 35 36 22 31
2.0 35 38 48 44 44 48
2.5 46 48 55 49 54 57

0.4gx + 0.27gy 1.5 22 34 38 29 29 41
2.0 32 38 46 35 41 47
2.5 42 47 50 37 51 57

0.2gx + 0.13gy 1.5 49 35 55 27 29 28
2.0 44 29 66 32 30 30
2.5 50 33 58 29 47 38
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Fig. 11   Variation of the percentage reduction in overturning moments 
with the angle of incidence for square and rectangular LSTs
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overturning moments. The far-field earthquakes provide a 
minor reduction of the overturning moments.

Like the shear forces, the variation of the mean percent-
age reduction in the overturning moments with different 

PGAs does not show any consistent pattern. As for the vari-
ation of reduction in overturning moment with the angle of 
incidence, it is seen that the percentage reduction is not sen-
sitive to the variation of the angle of incidence of earthquake 

Fig. 12   Variation of the percentage reduction in top board displacement with the time period of the LRB isolators for different LSTs; a, b far-
field earthquakes, c, d near-field earthquakes with fling step effect, e, f near-field earthquakes with directivity effect
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for all cases under consideration (i.e., for both square and 
rectangular LSTs) as shown in the sample plots drawn in 
Fig. 11.

4.4 � Top Board Displacement

Figure 12 shows the mean percentage reduction in the TBDs 
(in X- and Y-directions) with the effective time period of the 
isolators. It is seen from the figures that the variation of the 
percentage reduction with the effective time period follows 
nearly the same trend as those observed for the shear forces 
and overturning moments. Further, the maximum percentage 
reduction of the TBDs in X- and Y-directions is of the order 
75% except for the case of near-field earthquakes in which 
the maximum percentage reduction in X-direction TBD is 
about 80% occurring at Tb = 2.0 s. As for the effect of the 
nature and PGA of the earthquake on the mean percentage 
reduction in TBDs, the same observations as those for shear 
forces and overturning moments hold.

Unlike the case of shear forces and overturning moments, 
the effect of the angle of incidence of the earthquake on 
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Fig. 13   Variation of the percentage reduction in TBDs with the angle 
of incidence for a square LST b rectangular LSTs

Fig. 14   Variation of the percentage reduction in hydrodynamic pressure with the time period of the LRB isolators for different LSTs; a far-field 
earthquakes, b near-field earthquakes with fling step effect, c near-field earthquakes with directivity effect
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TBDs is not insignificant, as shown in Fig. 13. For the square 
tank, the figures show that the maximum reduction in the 
TBD in the X-direction tends to occur at an angle of inci-
dence of 15 degrees, nearly for all earthquakes. For the TBD 
in Y-direction, the far-field and near-field earthquakes with 
directivity effect show the maximum reduction in the TBD 
again at an angle of 15 degrees. For the near-field earth-
quakes with the fling step effect, the maximum reduction 
is observed at an angle of 60 degrees. For the rectangular 
tank, reduction in the TBD in the X-direction is decreased 
at an angle of incidence more significant than 60 degrees 
for the far-field earthquake and near-field earthquake with 
directivity effect. There is a mild increase in the reduction 
of responses at an angle of 45 degrees for the near-field 
earthquake with the fling step effect. As for the reduction in 
response in Y-direction, a decrease in responses is observed 
at an angle of incidence more significant than 45 degrees. 
Thus, the angle of incidence for a maximum decrease in 
TBD in the Y-direction depends upon the type of earthquake.

4.5 � Hydrodynamic Pressure

The variation of the mean percentage reduction in the maxi-
mum hydrodynamic pressure at the base with the effective 
time period of the isolator is shown in Fig. 14. It is observed 
from the figure that the mean percentage reduction increases 
with the increase in the effective time period and reaches 
almost a stationary value at Tb = 2.5 s. Further, it is seen that 
the nature of the variation differs with the type of the earth-
quake more as compared to the other response quantities.

The effect of the PGA on reducing the hydrodynamic 
pressure is also more pronounced than other response quan-
tities. The impact of the angle of incidence of the earthquake 
on the decline of the hydrodynamic pressure is shown in 
Fig. 15. It is generally observed from the figure that the 
angle of incidence has a moderate effect on the response. 
There is a decrease in response reduction for the rectan-
gular tank at the angle of incidence more significant than 
60 degrees. Note that the nature of variation of the mean 
percentage reduction with the angle of incidence differs with 
the type of earthquake. Figure 16 displays the hydrodynamic 
pressure contour in the rectangular LST. It can be seen from 
the contour diagram that the magnitude of the pressure is 
higher under the crest of the sloshing wave.

4.6 � Sloshing Height

Unlike other response quantities, the sloshing height is 
amplified in the base-isolated LSTs. The variation of the 
mean percentage amplification in the sloshing height with 
the effective time period for different types of earthquakes 
is shown in Fig. 17. It is seen from the figure that the ampli-
fication in sloshing height becomes almost stationary at 
Tb ≥ 2.5 s for both LSTs. For Tb less than 2.0 s, the variation 
of the percentage in amplification in sloshing height does 
not show any consistent pattern. It may increase or decrease 
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Fig. 15   Variation of the percentage reduction in maximum hydrody-
namic pressure with the angle of incidence for square and rectangular 
LSTs

Fig. 16   Hydrodynamic pres-
sure contour in rectangular 
LST for Kocaeli earthquake 
(PGA = 0.6 g)
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depending upon the nature of the earthquake and PGA value. 
The maximum amplification of sloshing height can be as 
much as 50% for the square tank, and it occurs for the far-
field earthquakes at a Tb = 1.5 s. For the rectangular tank, at a 
smaller isolation period, the amplification in sloshing height 
could be more significant could be about 125%, denoting 
that the liquid will spill over the tank. However, beyond the 
isolation period of 2 s, the amplification in sloshing height 
is significantly reduced. Further, it can be seen from the 
figure that both the type and PGA values of the earthquake 

have a considerable effect on the variation of amplification 
in sloshing height in square and rectangular LSTs.

The effect of the angle of incidence on sloshing ampli-
fication is shown in Fig. 18. It is seen from the figure that 
there is no significant effect of the angle of incidence on 
the amplification of sloshing height. The angle of inci-
dence at which the maximum amplification takes place 
depends on the nature of the earthquake. The observation 
is valid for both square and rectangular tanks. Figure 19 
shows the velocity contour of the sloshing height. It can be 
seen that from the figure that fluid particles closer to the 
LSTs surface follow the LST velocity profile. In contrast, 
the particles at the free surface are much freer and are 
developing turbulence at the free surface.

4.7 � Von‑Mises Stress Distribution

The variation of the mean percentage reduction in the 
Von-Mises stress at the base with the effective time 
period of the isolator is shown in Fig. 20. It is observed 
from the figure that the mean percentage reduction 

Fig. 17   Variation of the percentage amplification in sloshing height with the time period of the LRB isolators for different LSTs; a far-field 
earthquakes, b near-field earthquakes with fling step effect, c near-field earthquakes with directivity effect
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Fig. 19   Velocity contour of the 
sloshing wave for rectangular 
LST for Landers earthquake 
(PGA = 0.6 g)

Fig. 20   Variation of the percentage reduction in Von-Mises stress with respect to the time period of the LRB for a far-field earthquakes, b near-
field earthquakes with fling step effect, c near-field earthquakes with directivity effect
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increases with the increase in the effective time period 
and reaches almost a stationary value at Tb = 2.5 s for 
the square LST. In contrast, for the rectangular LST, the 
reduction in response becomes stable at Tb = 2.0 s. It is 
seen that for the square LST, the maximum deduction is 
for the far-field earthquake, whereas for the rectangular 
LST, it is for the near-field earthquake with directivity 
effect.

Like the case of hydrodynamic pressure, the effect 
of PGA on reducing the Von-Mises stress is also very 

profound, especially for the case of far-field earthquakes 
in both LSTs. The impact of the angle of incidence of the 
earthquake on the reduction of the Von-Mises stress is 
shown in Fig. 21. It is generally observed from the figure 
that the angle of incidence has a moderate effect on the 
response. There is a slight increase in the reduction at an 
angle of 30–60 degrees for the square LST. However, for 
the rectangular LST increase in the decrease in response 
occurs at the angle of incidence of 0–45 degrees after that 
reduction becomes constant. Figure 22 shows the Von-
Mises stress distribution for rectangular LSTs. It can be 
seen from the figures that the density of the stress con-
tour is primarily focused at the base of the LSTs under 
the earthquakes; also, as the magnitude of the sloshing 
height becomes more prominent, the stress density gets 
amplified at the top corners of the walls.

4.8 � Optimum Effective Time Period of the Isolator

The above results indicate that the significant reduction in 
responses, except the sloshing height, occurs due to using 
the base isolation technique in the LSTs. To arrive at the 
optimum effective time period of the isolator, it is desired 
that the effective time period should be selected to achieve 
a comparatively high reduction in the response quantities of 
interest with less amplification in the sloshing height. For the 
present problem, considering the parametric study results, 
it is found out that Tb = 2.5 s is the optimum effective time 
period for which the percentage reduction in responses is 
nearly 70–75% with a maximum sloshing amplification of 
the order of 25–30%. For the rectangular LST, the amplifica-
tion in sloshing could be of the order of 50–70%, depending 
upon the type of earthquake.

Fig. 21   Variation of percentage reduction in Von-Mises stress with 
the angle of incidence for a square LST b rectangular LST

Fig. 22   Von-Mises stress con-
tour for different earthquakes 
at PGA of 0.6 g for rectangular 
LST for Kocaeli earthquake
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5 � Conclusion

An exhaustive parametric study investigates the effective-
ness of the base isolation in the seismic protection of the 
3D model LSTs. The base-isolated LSTs were simulated and 
analyzed in the ABAQUS platform under two-component 
earthquake excitations. The effect of base isolation on the 
response quantities of interest is studied by varying various 
factors. These include (i) the effective time period of the 
isolator, (ii) the nature of the ground motion, (iii) the PGA, 
and (iv) the earthquake incidence angle. The mean percent-
age change of response quantities of interest, namely the 
shear forces, overturning moments, TBDs, hydrodynamic 
pressure, sloshing height, and Von-Mises stress, is evaluated. 
Two concrete LSTs, one square and the other rectangular 
having H/L ratios of 0.6 and 0.3 with 5 LRB isolators, are 
taken as numerical examples.

The results of the numerical study lead to the following 
conclusions:

1.	 Reductions in the response quantities of interest and the 
amplification in sloshing height generally increase with 
the effective time period up to 2.5 s, after which they 
tend to become stationary.

2.	 The ratio of the optimum effective time period 
(Tb = 2.5 s) to the impulsive and convective periods is 17 
and 1.06 times, respectively; these ratios depend upon 
the problem at hand.

3.	 For the isolator with the optimum effective time period, 
the maximum reduction in the response quantities of 
interest is found to vary in the range of 70–75%; the 
maximum amplification of sloshing height varies 
between 25 and 30% for the square tank and 50%-70% 
for the rectangular tank depending upon the types of 
earthquake.

4.	 There is an optimum effective time period. A com-
paratively high reduction in response quantities can be 
achieved with less amplification of the sloshing height 
for the present problem; this effective time period is 
found to be about 2.5 s.

5.	 Both the earthquake and PGA nature affect the percent-
age reduction in response quantities of interest and the 
amplification in sloshing height.

6.	 The angle of incidence of the earthquake shows a slight 
to moderate effect on the reduction of different response 
quantities of interest and amplification in the sloshing 
height depending upon the type of earthquake.
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