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Abstract: The dynamic responses of a concrete rectangular liquid storage tank on the surface of
rigid soil subjected to three-directional earthquake ground motion are investigated with material
nonlinearity taken into consideration. Material nonlinearity in concrete is considered using the
concrete damage plasticity model. The hydrodynamic pressure due to earthquake ground motion
is considered using a finite-element solution of the governing equation for an inviscid and incom-
pressible ideal fluid with the fluid–structure interaction taken into consideration. It was observed
from the dynamic analyses that the effects of material nonlinearity and directionality significantly
affect the earthquake responses of the considered system. The relative displacement of the structure
increased significantly by the nonlinearity of the material. Inclined cracks due to the increased
displacement were observed on the long-sided walls. The hydrodynamic pressure can be reduced
significantly by the material nonlinearity and is influenced by the directionality of an earthquake’s
ground motion. The base shear and overturning moment due to the hydrodynamic pressure and the
resulting impulsive mass and corresponding height for a simplified mass-spring analogy are also
affected. Because the directionality was observed to have a significant influence on the peak value of
the sloshing height, it must be estimated with the directionality considered.

Keywords: rectangular liquid storage tank; fluid–structure interaction; earthquake response, hydro-
dynamic pressure; material nonlinearity; directionality

1. Introduction

Liquid storage tanks form part of the essential infrastructure of our modern society
and industries because they hold various fluids, such as water, oil, LNG and others, which
are indispensable for human life. If they become damaged due to an earthquake, they
can also have negative effects on the environment and bring serious losses to society and
industry. Such damage can result in a loss of life in the worst cases. Therefore, the seismic
safety of these tanks is very important. However, the experiences of the Alaska earthquake
of 1964, the San Fernando earthquake of 1971, the Kobe earthquake of 1995, and the Chi-Chi
earthquake of 1999 demonstrated that liquid storage tanks can be damaged heavily by
earthquake ground motions [1]. Based on these observations, many studies have sought to
reveal the dynamic behaviors of these tanks and to improve their seismic safety.

Various studies of the dynamic behaviors of liquid storage tanks induced by earth-
quakes have been conducted. Simplified theories were proposed by Housner to calculate
the hydrodynamic pressure, which is composed of impulsive and convective components,
on cylindrical or rectangular water tanks [2–4]. Veletsos and Yang conducted a study of
the dynamic responses of liquid storage tanks considering the flexibility of the walls and
simulated the impulsive and convective modes of vibration of a tank-fluid system [5].
Moreover, Veletsos et al. presented a means of evaluating the impulsive and convective
components of the hydrodynamic pressure in a liquid storage tank [6]. Haroun and Hous-
ner [7,8] and Veletsos and Tang [9] investigated the effects of the flexibility of the tank wall
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when estimating the behaviors of these types of tanks. Haroun undertook theoretical and
experimental investigations of the dynamic behaviors of an anchored, ground-supported,
cylindrical tank [10].

Based on these pioneering studies, advanced studies have been done with sophisti-
cated approaches to reveal various dynamic characteristics of fluid–structure interaction
systems. Kim et al. evaluated the dynamic responses of 2D and 3D rectangular liquid
containers using an analytical solution based on the Rayleigh-Ritz method and compared
their solution with that from a coupled boundary element/finite element method [11].
Furthermore, the effect of wall flexibility on sloshing was investigated by Kim et al. [11].
Kianoush and Chen investigated the dynamic response of a concrete rectangular tank, in-
cluding the effects of vertical acceleration and flexibility of the tank wall [12]. Kianoush and
Chen investigated the dynamic responses of concrete rectangular tanks using a generalized
SDOF system [13]. Liu and Lam studied the effects of lateral loading on the nonlinear
behavior of liquid storage tanks by means of the FEM [14]. Park et al. [15] and Koh et al.
studied the dynamic behaviors of rectangular tanks using coupled boundary-element and
finite-element methods [16]. Wunderlich and Seiler presented a quasi-static approach
for liquid-filled storage tanks under earthquake excitation using a nonlinear finite ele-
ment procedure [17]. Kianoush and Ghaemmaghami investigated the seismic behavior
of rectangular tanks on a flexible soil foundation using the FEM [18]. Spritzer and Guzey
assessed storage tanks considering of a nonlinear material and the corresponding geometry
properties under seismic force using the FEM [19]. Chen et al. studied nonlinear sloshing
behavior in 2D containers [20]. Following this work, Celebi and Akyildiz investigated
nonlinear sloshing inside a partially filled rectangular storage tank [21], and Akyildiz and
Ünal conducted numerical and experimental studies of the effects of various conditions
on sloshing behavior and characteristics, finding that the amplitude of the sloshing de-
pends on the tank geometry, the liquid depth, and the amplitude and frequency of ground
motion [22]. Goudarzi and Sabbagh-Yazdi [23] and Moslemi et al. [24] investigated the
nonlinear sloshing responses of tanks through numerical simulations of fluid–structure
interaction (FSI) in 3D rectangular tanks.

As mentioned above, many studies have attempted to investigate the effects of fluid–
structure interactions on the seismic behavior of liquid storage tanks. However, the effects
of fluid–structure interactions that consider material nonlinearities have not been widely
considered in assessments of seismic performance outcomes, while determination of the
maximum hydrodynamic pressures induced by horizontal and vertical excitation requires,
in principle, the use of a nonlinear dynamic (time-history) analysis [25].

In this study, the earthquake responses of rectangular liquid storage tanks on the
surface of rigid soil are investigated with material nonlinearity taken into consideration.
Specifically, this study focuses on concrete structures. It is important to note that the
approach considered here can be applied to structures consisting of other materials. Ma-
terial nonlinearity in concrete is considered using the concrete damage plasticity (CDP)
model [26]. The effects of material nonlinearity will be examined by comparing the nonlin-
ear responses with those from linear dynamic analyses. It should be noted that earthquake
responses depend on the incident angle of the bi-directional earthquake ground motion
because a rectangular structure has some degree of geometric asymmetry [27]. There-
fore, in this study, nonlinear earthquake responses will be calculated for three-directional
earthquake ground motion with various incident angles to examine the directional effects.

2. Governing Equation for a Liquid Storage Tank Considering Material Nonlinearity

A governing equation for a rectangular liquid storage tank is derived in this section.
The fluid contained in a tank is assumed to be an ideal, incompressible, and inviscid fluid.
An equation of motion for such a fluid can be expressed as follows:

∇2 p =
∂2 p
∂x2 +

∂2 p
∂y2 +

∂2 p
∂z2 (1)
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where p(x, y, z, t) is the hydrodynamic pressure of the fluid. The boundary condition on
the interfaces of a structure is expressed as:

∂p
∂n

= −ρ
..
ut

n (2)

where n denotes the outward direction normal to the fluid, ∂p/∂n is a directional derivative
in the direction of n, ρ is the density of fluid, and

..
ut

n is a total acceleration of the fluid in the
direction of n. The boundary condition on the free surface is given by:

∂p
∂z

= − 1
g

..
p (3)

where g is the gravitational acceleration.
A solution for the governing Equation (1) with boundary conditions (2) and (3) can be

obtained by adopting the finite-element approach [28]. The discretized governing equation
for the fluid in this case can be written as:

G f s
..
P + HP = Q (4)

G f s =
1
g

∫
NTNdS (5)

H =
∫

BTBdV (6)

B =
[

∂N
∂x

∂N
∂y

∂N
∂z

]T
(7)

Q = −ρS
..
U

t
= −ρS

..
U− ρS

..
Ug (8)

S =
∫

NTνNsdS (9)

where N is the shape function matrix for the fluid, Ns is the shape function matrix for the

structure, ν is the unit normal vector in the direction of n,
..
U

t
(t) is the total acceleration vec-

tor of the structure,
..
Ug(t) is the vector of the input ground motion, and

..
U(t) is the relative

acceleration vector of the structure with respect to
..
Ug(t). The mass matrix G f s from the

sloshing is evaluated only for the elements on the free surface. In Equation (9), S represents
the interface element between the fluid and the structure.

The discretized equation of motion for the tank structure can be obtained using the
finite-element approach as follows:

M
..
U + C

.
U + fint

(
ε,

.
ε
)
= F f luid + Feq (10)

fint
(
ε,

.
ε
)
=
∫

BTσ
(
ε,

.
ε
)
dV (11)

F f luid =
∫

NT
s ν

TNdSP = STP (12)

Feq = −M
..
Ug (13)

where M and C are the mass and damping matrices for the structure, respectively. fint
(
ε,

.
ε
)

is the elastic/inelastic internal force vector of the structure, ε(x, y, z, t) and σ
(
ε,

.
ε
)

are the
strain and stress in the structure, respectively. B(x, y, z) is the matrix which relates the
displacement in the structure to its strain; i.e., ε = BU, where U(t) represents the relative
displacement vector of the structure with respect to the ground motion

..
Ug(t). F f luid(t) and

Feq(t) are the hydrodynamic force and effective earthquake force, respectively.
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The governing equation for the fluid–structure system can be obtained from
Equations (4) and (10).[

M 0
ρS G f s

]{ ..
U
..
P

}
+

[
C 0
0 0

]{ .
U
.
P

}
+

{
fint
(
ε,

.
ε
)

0

}
+

[
0 −ST

0 H

]{
U
P

}
=

{
−M

..
Ug

−ρS
..
Ug

}
(14)

The dynamic responses of a rectangular liquid storage tank can be obtained by solving
Equation (14).

The internal force fint
(
ε,

.
ε
)

in Equation (14) is considered to be elastic when the
level of input ground motion is low. An inelastic internal force must be considered, how-
ever, when inelastic behavior of the tank structure is dominant due to strong earthquake
ground motion. In this study, the nonlinear stress–strain relationship will be considered
with regard to inelastic behavior. The dynamic earthquake responses of a concrete tank,
which is reinforced with steel, are determined by considering the inelastic behavior in
reinforced concrete. The concrete damaged plasticity model will be used to reflect the
material nonlinearity. This model reflects all inelastic behaviors of concrete both in tension
and compression, including damage characteristics. It was proposed by Lubliner et al. [29]
and modified by Lee and Fenves [30,31]. The accuracy of this model has been verified by
Hafezolghorani et al. [26], Mokhatar and Abdullah [32], and Omidi et al. [33].

3. Nonlinear Earthquake Responses of a Liquid Storage Tank to a Three-Directional
Input Ground Motion

Liquid storage tanks are commonly used for the storage of water, oil, and other liquids,
including chemicals. Damage to these tanks is a major concern because it can lead to serious
social and economic losses. Therefore, many researchers have investigated the dynamic
responses of liquid storage tanks.

In this study, the nonlinear earthquake responses of the rectangular liquid storage tank
shown in Figure 1 will be examined for various incident angles of three-directional input
ground motion. The tank here is roofless and assumed to be fixed onto rigid ground, i.e.,
soil–structure interaction is not considered in this study. The detailed material properties
of the structure and the fluid contained within it are given in Table 1. The parameters of
the concrete damaged plasticity model are given in Table 2. Figure 2 shows the plasticity
behavior of concrete.

Figure 1. Rectangular liquid storage tank: (a) schematic view; (b) finite element model.
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Table 1. Material properties of a rectangular liquid tank.

Property Value

Structure

Concrete

Density 2300 kg/m3

Poisson’s Ratio 0.17
Young’s Modulus 38.527 GPa

Compressive yield stress 13.0 MPa
Compressive ultimate strength 24.1 MPa

Inelastic strain at compressive ultimate strength 0.001
Tension failure strength 2.9 MPa

Inelastic tensile behavior Table 2
Dilation angle 36.31◦

Flow potential eccentricity 0.1
Ratio of initial equibiaxial and uniaxial compressive yield stresses 1.16

Parameter ρ [29] or Kc [34] 0.667
Viscosity parameter 0

Reinforcement

Cross-sectional area 0.00306 m2

Young’s modulus 2.0 GPa
Plastic modulus 0.345 GPa

Ratio of volume of steel to that of concrete 1.6576 × 10−3

Liquid Density 1000 kg/m3

Table 2. Inelastic tensile behavior of concrete.

Cracking Strain Tensile Stress (MPa) Damage Parameter

0 2.9 0
6.6185 × 10−5 1.9439 0.3812
1.2286 × 10−5 1.3031 0.6171
1.7343 × 10−5 0.8735 0.7631
2.2019 × 10−4 0.5855 0.8534
2.2647 × 10−4 0.3925 0.9093
3.0808 × 10−4 0.2631 0.9439
3.5105 × 10−4 0.1763 0.9653
3.9414 × 10−4 0.1182 0.9785
4.3774 × 10−4 0.0792 0.9867
4.8217 × 10−4 0.0531 0.9918

The earthquake responses of the system are obtained by the finite element analysis
code ABAQUS [34]. The rectangular liquid storage tank is modeled as shown in Figure 1b.
The structure is represented by the S4 elements. The *REBAR LAYER command is used
to consider reinforcement. The fluid and interface elements, which are governed by
Equation (4), are implemented using user-defined elements in ABAQUS. Rayleigh damp-
ing with α = 1.311s−1 and β = 1.685 × 10−3s is employed for damping matrix C in
Equation (5). The three-directional El Centro earthquake ground motion in Figure 3a is
considered as the input ground motion. The ground motion is the far-field motion recorded
at the Imperial Valley Irrigation District station, El Centro, California during the Imperial
Valley Earthquake of May 18, 1940. The response spectra for the components and the
corresponding V/H ratios are also shown in Figure 3b. The V/H ratios of the peak ground
accelerations are 0.6184 and 0.9069 for the x and y components, respectively.

With the aforementioned numerical model and earthquake ground motion, dynamic
analyses are conducted for various incident angles of motion. The effects of static loads
due to the self-weight of the structure and the hydrostatic pressure are considered before
the dynamic analyses. Earthquake responses are calculated using the constant acceleration
method with a time increment of 0.002 s.
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3.1. Comparison of Linear and Nonlinear Analyses Results

In this subsection, the nonlinear earthquake responses of the considered system will
be compared with linear responses in order to identify the effects of the nonlinearity of the
material when the incident angle of the input ground motion is zero.

Figure 4 shows the time histories of the relative displacement at the highest mid-
point at on the front long-sided wall. It can be observed that the material nonlinearity
effects are significant for earthquake responses in the considered system. The values of
the compressive damage variable dc from ABAQUS are zero for all calculations. This
means that the inelastic responses do not develop as a result of the compressive crushing
of concrete but instead develop due to tensile cracking. Figure 5 shows the deformed
shapes of the structure when the maximum displacements occur at 9.46 s and 2.46 s in the
nonlinear and linear analyses, respectively.

Figure 2. Inelastic tensile behavior of concrete: (a) tensile stress–strain curve; (b) tensile damage model.

Figure 3. Cont.
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Figure 3. Input ground motion: (a) Time histories of the components
..
u0

gx(t),
..
u0

gy(t), and
..
u0

gz(t); (b) response spectra and the
corresponding V/H ratios.

Figure 4. Relative displacement when the incident angle of the input ground motion is zero.

The evolution of tensile damage in the structure is examined at the times shown in
Figure 4 and provided in Table 3. The evolution of the tensile damage variable dt from
ABAQUS is shown in Figure 6. The first significant deformation of the tank occurs at 1.51 s.
The tensile damage in the lower part of the long-sided walls has occurred by this time,
as shown in Figure 6a. Subsequent damage occurs up to 1.91 s, as shown in Figure 6b.
The damaged region is extended over the lower part of the long-sided walls and inclined
damage is observed on the walls. Figure 6c show that the tensile damage spreads over the
long-sided walls. The tank undergoes peak displacement at 9.46 s. The inclined damage
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is intensified, as shown in Figure 6d. The tensile damage does not substantially change
after this time. As indicated in Figure 6, inclined cracks are observed on the long-sided
walls. Reinforcing bars should be optimally placed in the areas by considering these
inclined cracks.

Figure 5. Deformed shapes of the tank structure: (a) nonlinear analysis; (b) linear analysis.

Table 3. Times at which the evolution of tensile damage is examined.

Incident Angle Time A Time B Time C Time D

0◦ 1.51 s 1.91 s 2.60 s 9.46 s
50◦ 1.46 s 2.37 s 2.69 s 12.23 s

100◦ 1.30 s 2.15 s 8.71 s 25.53 s
150◦ 1.20 s 1.75 s 2.30 s 24.61 s

Figure 7 shows section moments SM1, SM2, and SM3 from the nonlinear analysis at
9.46 s when the displacement shows a peak response. SM1, SM2, and SM3 are bending
moments per unit width about local axes 2 and 1 and the twisting moment per unit width
on the local 1–2 plane, respectively. Those from the linear analyses are shown together in
the figure. It can be observed that the distributions of nonlinear section moments are very
different from the linear counterparts. The distributions from the nonlinear analysis reflect
the effects of inclined cracks, which cannot be considered in the linear analysis. It can be
concluded from these observations that the material nonlinearity must be taken into account
for a more accurate understanding of the performance of the system considered here.

The profiles of hydrodynamic pressure acting on the mid-lines of long-sided walls
are provided in Figure 8 when their peak values are attained. Shown in Figure 9 are
the time histories of hydrodynamic pressure at the locations of the peak responses. It
can be observed that the profile and time history of the hydrodynamic pressure can be
modified by the nonlinearity of the material. This modification can affect the base shear
and overturning moment due to the hydrodynamic pressure and the resulting impulsive
mass and its height for a simplified dynamic analysis of the liquid storage tank. For this
example, the base shear and overturning moment due to the hydrodynamic pressure per
unit width are correspondingly 262.2 kN and 1.472 MN m in the nonlinear analysis and
387.6 kN and 1.981 MN m in the linear analysis. The nonlinear responses are reduced by
30.7% and 25.7%, respectively. The corresponding impulsive mass is reduced by 30.7%
as the base shear. The heights for the mass are 5.616 m and 5.233 m in the nonlinear and
linear analyses, respectively. Because the base shear and the resulting impulsive mass
in the nonlinear analysis are significantly reduced, the rigorous finite-element model, as
described in this study, or a simplified mass-spring model, which considers the affected
profile of the hydrodynamic pressure, must be employed for the numerical model of the
contained liquid in a nonlinear dynamic analysis.
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Figure 6. Tensile damage variable dt when the incident angle of the input ground motion is zero: (a) 1.51 s; (b) 1.91 s;
(c) 2.60 s; (d) 9.46 s.

Because the hydrodynamic pressure from the sloshing of the liquid in a tank can dam-
age the tank walls and roof, the sloshing height must be calculated when the earthquake
responses of a liquid storage tank are examined. In order to examine the effects of the
material nonlinearity on the sloshing, the time history of the sloshing height at (9.8 m,
29.4 m, 12.4 m) on the free surface is calculated and compared to that from the elastic
analysis in Figure 10. It can be observed that the two time histories are nearly identical.
This is because the convective mode of the fluid motion is adequately separated from the
corresponding impulsive mode. Therefore, the material nonlinearity in the structure has
negligible effects on the sloshing height, as shown in Figure 10. The sloshing height from
the linear analysis after the earthquake is also shown in Figure 10. It can be observed
that the response has its maximum at 106.07 s after the earthquake. Because the damping
for sloshing is negligible, the maximum response is generated at the free-vibration phase.
Therefore, the earthquake responses of sloshing height must be determined to verify the
freeboard of a tank even after an earthquake’s ground motion stops.

In the past earthquakes, damage in building structures due to a high level of vertical
acceleration was observed [35]. Therefore, the effects of combined vertical and horizontal
seismic action have been studied, especially in near-fault ground motions [35–38]. In this
study, the effects are also examined for the considered rectangular liquid storage tank.
The earthquake responses of the system are calculated with only the horizontal compo-
nents

..
u0

gx(t) and
..
u0

gy(t) in Figure 3 and compared with those with the three components.
Figure 11 shows the time histories of the relative displacement at the highest mid-point at
on the front long-sided wall.
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Figure 7. Section moments of the tank structure: (a) SM1 from nonlinear analysis; (b) SM1 from linear analysis; (c) SM2
from nonlinear analysis; (d) SM2 from linear analysis; (e) SM3 from nonlinear analysis; (f) SM3 from linear analysis.

Figure 12 presents the evolution of the tensile damage variable dt. It can be observed
that the effects of the vertical component of input ground motion are not significant for
the considered system. Because the hydrodynamic pressure applied on the tank wall is
principally influenced by the horizontal components, the effects of the vertical component
can be insignificant. However, it should be noted that only one far-field ground motion
is considered in this study. The effects of the vertical component are larger in a near-
fault ground motion than those in a far-field motion [36–38]. Therefore, the effects on a
rectangular liquid storage tank must be considered for a variety of far-field and near-fault
ground motions.
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Figure 8. Hydrodynamic pressure distribution.

Figure 9. Time histories of hydrodynamic pressure when the incident angle of the input ground
motion is zero: (a) Nonlinear analysis; (b) Linear analysis.
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Figure 10. Sloshing heights when the incident angle of the input ground motion is zero.

Figure 11. Relative displacement when the horizontal components of the input ground motion are
considered only.

3.2. Nonlinear Dynamic Responses to a Three-Directional Earthquake Ground Motion

It was observed that the elastic earthquake responses of rectangular liquid storage
tanks are influenced significantly by the incident angles of bi-directional input ground
motion [27]. Therefore, the effects of incident angles on the inelastic earthquake responses
of the fluid–structure interaction system considered here will be examined with three-
directional input ground motion. To evaluate the effects of the incident angle of earthquake
ground motion, the three-directional motion in Figure 3 is rotated. In order to define a
new x̂ŷẑ coordinate system, the original xyz system is rotated by an angle of θ as shown
in Figure 13. The components

..
u0

gx(t),
..
u0

gy(t), and
..
u0

gz(t) in Figure 3 are applied in the x̂, ŷ,

and ẑ directions. The components
..
uθ

gx(t),
..
uθ

gy(t), and
..
uθ

gz(t) of input ground motion for the
incident angle θ can then be determined as follows:

..
uθ

gx(t)
..
uθ

gy(t)
..
uθ

gz(t)

 =

 cos θ sin θ 0
− sin θ cos θ 0

0 0 1




..
u0

gx(t)
..
u0

gy(t)
..
u0

gz(t)

 (15)
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Figure 12. Tensile damage variable dt when the horizontal components of the input ground motion are considered only:
(a) 1.51 s; (b) 1.91 s; (c) 2.60 s; (d) 9.46 s.

Figure 13. x̂ŷẑ coordinate system for the incident angle θ.

The values considered here for the incident angle θ range from 0◦ to 170◦ in increments
of 10◦. The variations of the maximum displacement of the structure, the maximum
hydrodynamic pressure, and the maximum sloshing height are shown in Figure 14a,c,
respectively. It can be observed that the earthquake responses are significantly affected
by the incident angle. However, no consistent trend can be observed in the responses.
Therefore, it is necessary to consider the directionality of the input ground motion for
reliable predictions of the earthquake responses of this system.
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Figure 14. Variations of earthquake responses according to the incident angle of an input ground motion: (a) relative
displacement; (b) hydrodynamic pressure; (c) sloshing height; (d) base shear; (e) base overturning moment; (f) height for
impulsive mass.

It can be observed in Figure 14a–c that the responses are significantly affected at the
incident angles of 50◦, 100◦, and 140◦. Therefore, detailed examinations of the responses
at these angles are provided. The time histories for displacement are shown in Figure 15.
Similar to when the incident angle is zero, several times in Table 3 are chosen to examine
the evolution of the tensile damage variable dt. It can be observed that Times A and B
are similar for the considered incident angles. However, Times C and D are very different
for these cases. These different times mean that the earthquake responses of a rectangu-
lar liquid storage tank are influenced significantly by the incident angle of earthquake
ground motions.

The evolution of the tensile damage variable dt can be observed in Figures 16–18
for the corresponding incident angles. The evolution outcomes of the damage-related
variables show very similar patterns in the analyses. However, it should be noted that
at Times C and D, at which one long-sided wall or both walls are damaged, are different
in these analyses. It can be concluded from these observations that a rigorous inelastic
analysis must be considered to predict the earthquake responses of a rectangular liquid
storage tank accurately during bi-/three-directional earthquake ground motions.
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Figure 15. Relative displacement of the tank structure: (a) incident angle of 50◦; (b) incident angle of
100◦; (c) incident angle of 140◦.
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Figure 16. Tensile damage variable dt when the incident angle of the input ground motion is 50◦: (a) 1.46 s; (b) 2.37 s;
(c) 2.69 s; (d) 12.23 s.

Figure 17. Tensile damage variable dt when the incident angle of the input ground motion is 100◦: (a) 1.30 s; (b) 2.15 s;
(c) 8.71 s; (d) 25.53 s.
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Figure 18. Tensile damage variable dt when the incident angle of the input ground motion is 140◦: (a) 1.20 s; (b) 1.75 s;
(c) 2.30 s; (d) 24.61 s.

The profiles of the hydrodynamic pressure on the mid-line of the long sided-walls
are provided in Figure 8 for the considered incident angles. It can be observed that the
distributions are influenced significantly by the incident angles of the input ground motion.
The base shear and overturning moment due to the hydrodynamic pressure per unit
width are also influenced, as shown in Figure 14d,e. When compared to the values of
387.6 kN and 1.981 MN m from the elastic analysis, the responses are reduced by up to
42.2 % and 47.9%, respectively, when the incident angle is 140◦. Because the base shear is
affected by the material nonlinearity and the incident angle of the input ground motion, the
resulting impulsive mass is also influenced in the same way. The affected base shear and
overturning moment cause a change of the impulsive-mass height, as shown in Figure 14f.
It can be observed in Figure 14d,f that the impulsive mass and corresponding height are
both affected significantly by the material nonlinearity and the incident angle of the input
ground motion. Therefore, these factors must be rigorously considered for an accurate
estimation of nonlinear earthquake responses of a rectangular liquid storage tank. They
must also be reflected thoroughly when establishing a mass-spring analogy model for a
simplified nonlinear dynamic analysis of such a system in order to obtain conservative
results irrespective of the incident angle of the earthquake ground motion.

The responses of sloshing heights to the considered incident angles are shown in
Figure 19. As observed in Figure 14c, the sloshing height can be affected significantly
by the incident angle of the input ground motion. Therefore, the maximum sloshing
height for a seismic design of a rectangular liquid tank can be estimated by considering the
directionality of earthquake ground motions.
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Figure 19. Sloshing heights at the free surface.

4. Discussion

In this study, the dynamic responses of a rectangular liquid storage subjected to a
three-directional earthquake ground motion were examined. The effects of nonlinearity in
structural material and those of incidence angle of an input ground motion were considered
in the examination. In order to extend the applicable area of the numerical approach in the
present study, the approach can be improved in future studies as described below.

In this study, the earthquake responses of a concrete rectangular liquid storage tank
on the surface of rigid soil were investigated. However, steel can be used for the structural
material of tank. The numerical approach in this study can be applied to a steel tank. In
the case, a proper plastic model for steel should be considered. For example, a variety of
plasticity models are available for metal in ABAQUS [34]. A proper plasticity model can be
chosen among the models and employed for dynamic analysis of a steel tank.

The effects of soil–structure interaction (SSI) were not considered in this study. It
should be noted that the effects cannot be ignored when the system is installed and/or
embedded in flexible soil [18,39]. Therefore, the effects of SSI must be considered in future
studies. The latest approaches to consider the effects of linear and nonlinear SSI can be
found in the ASCE standard [40].

In this study, only water was considered for the contained liquid. However, various
fluids, such as water, oil, LNG and others, can be stored in a tank. The hydrodynamic
pressure in a specific fluid can be calculated in the same way in Section 2 with a specific
value for the density ρ. The tank structure can show different dynamic behavior depending
on the density. However, it should be noted that the density of water is usually larger than
those of other fluids. Therefore, the case of water can be the conservative one. If a fluid
with a larger density than water is considered, the dynamic responses of a liquid storage
tank must be examined rigorously with the numerical approach in this study.

Because building structures was damaged by a high level of vertical acceleration in
the past earthquakes, the effects of combined vertical and horizontal seismic action have
been studied, especially in near-fault ground motions [35–38]. In this study, the effects
were examined and observed insignificant for the considered rectangular liquid storage
tank. However, only one far-field record of earthquake ground motion was considered
in this study. Therefore, the effects of the vertical component on a rectangular liquid
storage tank must be considered for a variety of far-field and near-fault ground motions in
future studies.
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5. Conclusions

Liquid storage tanks are an essential category in the infrastructure of our modern
society and industries. Damage to a liquid storage tank can be a major concern because
it can lead to serious social and economic losses. Therefore, many researchers have in-
vestigated the dynamic responses of liquid storage tanks. Many studies have sought to
investigate the fluid–structure interaction effects on the seismic performance of a liquid
storage tank. However, the effects of fluid–structure interaction with the nonlinearity of
the material have not been widely considered in seismic performance assessment, while
determinations of the maximum hydrodynamic pressures induced by earthquake ground
motion require, in principle, the use of a nonlinear dynamic (time-history) analysis, as
specified in Eurocode 8 [25].

In this study, the earthquake responses of a concrete rectangular liquid storage on the
surface of rigid soil were investigated with material nonlinearity taken into consideration.
The material nonlinearity in concrete was considered using the concrete damage plasticity
model. Because the rectangular structure has geometric asymmetry and given that the
corresponding earthquake responses depend on the incident angle of three-directional
earthquake ground motion, directional effects were examined in this study. From the
dynamic analyses of a rectangular liquid storage tank subjected to three-directional earth-
quake ground motion, the following can be concluded:

• The effects of material nonlinearity are significant when considering the earthquake
responses of the system considered here. The displacement increases significantly due
to the material nonlinearity. With the increased displacement, inclined cracks, which
are typical for concrete structures such as slabs and plates, arise on the long-sided walls.
The evolution of the tensile damage reflects the inclined cracks. The distributions
of the section moments are also influenced by the inclined cracks. Reinforcing bars
should be optimally placed in these areas after taking the inclined cracks into account.

• The hydrodynamic pressure can be reduced significantly by the material nonlinearity.
This reduction can also modify the base shear and overturning moment due to the
hydrodynamic pressure and the resulting impulsive mass and its height in a simplified
dynamic analysis of a liquid storage tank. Therefore, the material nonlinearity should
be taken into account to ensure more accurate predictions of the hydrodynamic
pressure applied to such a structure.

• The time history of the sloshing height from the nonlinear analysis is nearly identical
to that from the linear analysis. This is due to the fact that the convective mode of the
fluid motion is adequately separated from its impulsive mode. Therefore, the material
nonlinearity in the structure has negligible effects on the sloshing height.

• The earthquake responses of a rectangular liquid storage tank are affected significantly
by the incident angle of the earthquake ground motion. However, no consistent trend
was noted in the responses of the displacement, hydrodynamic pressure, or sloshing
height. Therefore, it is necessary to consider the directionality of the input ground
motion for reliable predictions of the earthquake responses of such a system.

• The evolution of the tensile damage shows very similar patterns in the analyses at
various incident angles of earthquake ground motion. However, it should be noted
that the times at which one or both long-sided walls become damaged strongly depend
on the incident angle. It can be concluded from these observations that a rigorous
inelastic analysis must be considered to predict accurately the earthquake responses
of a rectangular liquid storage tank.

• The profiles of the hydrodynamic pressure are significantly influenced by the incident
angle of the input ground motion. The base shear and overturning moment due to
the hydrodynamic pressure and the resulting impulsive mass and corresponding
height of the liquid storage tank are also affected by the incident angle. Therefore,
a simplified spring-mass analogy model should be established after considering the
dependence in order to ensure conservative results irrespective of the incident angle
of the earthquake ground motion.
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• The time history of the sloshing height can be affected significantly by the incident
angle of the input ground motion. Therefore, the peak value should be estimated with
the directionality of earthquake ground motions considered.
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