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Abstract: Qualitative and quantitative assessments evaluate the structural vulnerability of liquid
storage tanks. Liquid storage tanks are typically constructed and operated in areas with hard soils to
minimize confining influences. However, many of these critical structures are in coastal areas with
soft soils. The research conducted in this study entails the utilization of the finite element method
accurately model the seismic behavior of a semi-buried concrete tank under various conditions,
including changing water levels and soil properties. The study examines fluid–structure and soil–
structure interactions through dynamic analyses of the rectangular semi-buried tank and comparing
its different parameters. It also identifies sensitive areas where there is a probability of liquid leakage
in storage tanks. The modeling is compared with the qualitative evaluation in the Japanese vibration
capability diagnosis table. The results show that the tensile stress in the wall adjacent to the expansion
joint is greater than the corresponding stress in the wall in all cases. In the dynamic analyses of the
soil types, the pressure on the surface increases with increasing water height. A comparison of the
quantitative and qualitative evaluation results shows the possible leakage of the tank in soft soil in
the expansion joint.

Keywords: semi-buried tank; fluid–structure–soil interaction; dynamic analyses; quantitative–
qualitative assessment

1. Introduction

Liquid storage tanks are a part of the municipal utility system in many cities. In
several large cities, the rapid increase in water demand from all available resources has
doubled the need to use these storage facilities [1]. In addition, managing supply and
consumption peaks is another fundamental reason for using these tanks. According to the
Tehran Water and Sewerage Organization Information Centre, 265 tanks with a capacity
of 24.2 million cubic meters of potable water store and balance the water pressure in the
distribution networks of Tehran province, Iran [2]. Like any structure, liquid storage
tanks carry specific risks associated with their operation. For instance, in the USA, there
is a problem of leaking tanks and contamination of drinking water; nationwide, about
542,000 underground storage tanks (USTs) are used to store petroleum and its derivatives
or hazardous materials such as toxic materials containing dangerous chemicals and heavy
metals known to be carcinogenic [3].

This type of structure can be classified based on various parameters and indicators. For
example, these tanks can be buried or semi-buried. The factors affecting the determination
of soil resources related to buried and semi-buried tanks include climatic conditions,
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topography, soil limitations, the soil slope, and the soil layer’s materials [3]. In terms
of geometry, these tanks are usually classified as cylindrical and rectangular cubes [4].
In general, these tanks can be divided into four construction materials: steel, concrete,
wood, and excavated material (farm dams). Tanks can also be classified according to their
substance, such as petroleum and chemicals or hazardous wastes from industrial or nuclear
power plants [5].

In recent years, water consumption has increased with the population growth in
cities. Therefore, the demand for these tanks has also increased. According to a report
by the Japan International Cooperation Organization (JICA), most of the damage from a
possible earthquake in Tehran is caused by the Ray fault [6]. A significant portion of the
cost of urban water supply projects is related to the construction of these tanks. Improper
operation leads to water intrusion and fires and can cause irreparable environmental
damage. Without a safe water supply, uncontrolled fires following a major earthquake
can cause more damage than the earthquake itself, as demonstrated by the historic 1906
San Francisco earthquake [7]. Therefore, these structures must function wholly and safely
after an earthquake [8]. Two main factors must be considered in designing an earthquake-
resistant structure: (i) the characteristics of the earthquake forces and (ii) the dynamic
properties of the structure. The characteristics of an earthquake include the frequency,
maximum acceleration, and duration of the earthquake. Essentially, any structure resting
on the ground is affected by six components of ground motion during an earthquake,
including two lateral components, one vertical component, and three torsional components
about the coordinate axes of the structure [8].

The shear forces and bending anchorages occur due to the hydrodynamic pressure
produced by seismic activity. As a result of this hydrodynamic pressure, hoop stresses
in the tank shell can lead to irreparable accidents if they are not adequately estimated
during tank design. There are several methods for estimating the pressures generated in
earthquake-prone tanks, one of which is Houser’s method [4]. In recent decades, many
scientists have become interested in the hydrodynamic pressure of water and its effects
on the structure during an earthquake [9–11]. Consequently, the response of vertical fluid
reservoirs to earthquakes has been the subject of several studies on fluid–structure interac-
tion [8], and the study of fluid reservoirs remains fundamental to earthquake engineering,
e.g., Ruiz and Garcia [12], Kangda [13], and others. With the development of numerical
methods and computer technology, the finite element method has been increasingly used
in dynamic analysis [14–18].

Many experimental, analytical, and theoretical studies have been carried out to de-
scribe the phenomenon of water fluctuations [19]. The most practical algorithm for analyz-
ing hot-filled tanks under seismic or harmonic excitation involves some masses and springs
to simulate the excitation and vibration modes of the fluid. The mechanical idea proposed
by Housner showed promising results for simple methods [4]. Haroun extended this
research to flexible tanks [20]. Lyvavglv [21] studied the dynamic behavior of rectangular
liquid tanks’ soil/foundation. This simple and fast method represents the interaction of
two Hounser masses for liquid and a cylindrical model for soil/foundation. The results
show that decreasing soil hardness decreases displacement and soil shear forces. However,
embedment, flexibility, and soil–structure interaction do not significantly affect displace-
ment volatility [21]. An analytical method was presented for rectangular tanks to determine
the hydrodynamic pressures by solving the classical equations of the streaming poten-
tial [22]. This software provides a complete and comprehensive study of the interaction
of structure and fluid with a seismic analysis for irregular geometries of slopes and the
application of seismic loading as an accelerometer and time history analysis [23].

In other research on the dynamic analysis of rectangular water storage tanks,
Kim et al. [24,25] show a numerical solution method to obtain the dynamic responses
of rectangular tanks under the influence of horizontal and vertical soil excitations. In
addition, Chen et al. [26,27] have proposed an iterative solution method to calculate the
hydrodynamic pressure on the walls of rectangular tanks, which can take into account the
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flexibility effect of the walls. Nicolici and Bilegan [28] used ANSYS modeling software to
solve a three-dimensional problem of the interaction of water and structures with flexible
walls using computational fluid dynamics (CFD) tools and finite element stress analysis.
Jamalabadi studied sloshing in flexible tanks induced by an earthquake using a one-way
coupling of the finite element model (FEM) and CFD techniques. He found that the elastic-
ity of the walls increased impulsive pressure [29]. Veletsos and Tang [30] studied the effects
of soil–structure interaction on ground-level cylindrical tanks. Livaoglu and Dogangun [31]
studied elevated tanks and showed that soil–structure interaction is crucial in this tank
type. Therefore, fluid–structure and structure–soil interaction studies with FEM interaction
using 3D FEM are essential to evaluating rectangular tanks’ seismic behavior considering
fluid–soil interaction.

In addition, liquid storage tanks are generally characterized by low fundamental
periods. However, many of these critical structures are in coastal regions with soft soils.
Therefore, the seismic behavior of the structure may be significantly different compared to
hard soils [32]. Soils can be classified into two categories based on their moisture amount:
saturated and unsaturated. The difference between these two types of soils is related to
their interactions with water and their mechanical properties. The distinction between
saturated and unsaturated soils is essential in various geotechnical and environmental
engineering applications, as it impacts the behavior and response of soils under different
conditions. Extensive research on the principles of unsaturated soil mechanics has been
carried out by researchers in integrated analysis [33–37]. Based on this, ignoring the
principles of unsaturated soil mechanics will solve less production consolidation analysis.
Proper drainage should be provided inside the embankment to maintain unsaturated
conditions and to ensure the stability of the embankment under heavy rain [36].

The results of a storage tank model can provide valuable insight into the behavior
and performance of the tank [38]. These insights can help improve the design and safety
of the tank, as well as minimize potential issues such as leaks, collapses, and other forms
of damage. This information can be used to optimize the tank’s design, ensuring it is
strong and resilient enough to withstand the forces it will encounter during its lifetime.
The model’s results contribute to the overall understanding and improvement of storage
tank design and performance, leading to safer, more reliable, and more efficient storage
systems. They can help mechanical mechanism analysis identify potential failure modes
and assess the tank structure’s critical loads and stress points [39].

This study introduces a novel approach to the dynamic analysis of rectangular semi-
buried tanks, incorporating fluid–structure and soil interaction principles. By considering
the interactions between the tank structure, the fluid inside, and the surrounding soil, this
research aims to comprehensively understand the tank’s behavior during seismic events,
contributing valuable insights to earthquake engineering. Unlike previous studies focusing
on specific aspects of liquid storage tanks, this research emphasizes real-world application
by investigating the vulnerability of storage tanks in earthquake-prone regions. The study
addresses the potential risk of fluid leakage in tanks during seismic events, which can
significantly affect public safety and environmental protection. Unlike past research that
may have overlooked the role of expansion joints, this investigation compares the effects
of expansion joints and walls on tank performance. The study aims to shed light on their
contributions to the tank’s seismic behavior by conducting a detailed analysis of these
factors using ANSYS 11 software.

Many previous studies on liquid storage tanks may have relied on simplified modeling
techniques that neglect crucial aspects such as fluid–structure interaction and soil–structure
interaction. Such oversimplified models might only partially represent the tank’s behavior
under realistic seismic conditions. Some past research focused on specific tank geometries,
such as cylindrical or tanks with fixed dimensions. This limited scope could hinder a
comprehensive understanding of the effects of different tank geometries and configurations
on seismic performance. Some earlier studies might have yet to consider the significance
of expansion joints in the seismic response of tanks. The omission of expansion joints
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from the analysis could result in an incomplete assessment of the tank’s vulnerability to
seismic forces.

By addressing these limitations and incorporating original approaches, the present
study aims to fill the gaps in the existing literature and provide valuable insights into the
seismic performance of rectangular semi-buried tanks, considering fluid–structure and
soil–structure interaction and comparing the effects of expansion joints and walls.

2. Review of Tank Regulations and Codes
2.1. General Framework

Following the Chile (1960) and Alaska (1964) earthquakes, numerous research inves-
tigations have been carried out about the seismic examination of tanks that store liquids.
Within this particular context, the subsequent two facets were examined:

1. In evaluating the seismic forces acting on tanks, great attention should be paid to the
effects of sloshing of the liquid and the flexibility of the walls;

2. Tanks have lower ductility, absorb less energy, and have a more downward depreciable
force than conventional buildings.

In most design codes, tanks under the second method are considered to have a higher
earthquake coefficient than buildings. Among the codes that provide instructions for
concrete tanks, the International Building Code (IBC) [40] and the American Concrete
Institute Standard (ACI) [41] are the best known and are analyzed here. It should be noted
that this study examines and compares their rules and regulations, similarities, differences,
and respective limitations. Then, the design earthquake of the reservoir is evaluated along
with the design forces of the buildings. These ratings help find out how the earthquake’s
intensity compares to the building with the seismic force and provide a better fit for
the tanks.

The regulations classify concrete underground water tanks as inflexible or limited in
their ability to absorb energy. The International Building Code (IBC) [40] indicates that the
base shear coefficient ratio between the tank and the building equals or exceeds 4. This
ratio holds even for prolonged periods of rotation due to the restricted spectrum range
within the tanks. Despite the low energy absorption and flexibility, liquid storage tanks
highly resist seismic forces. Therefore, it is no surprise to observe significant disparities
between the various types of storage tank repositories described across different codes
and regulations. A comparative analysis shows that tanks with limited flexibility exhibit
a significantly higher impulsive base shear coefficient, approximately 6–7 times greater
than that observed in more flexible structures such as buildings. By contrast, the value
above exhibits a range of 3 to 4 across all codes when applied to a tank with heightened
flexibility.

2.2. International Building Code (IBC)

IBC [40] provides rules and regulations for non-residential buildings, including tanks.
For buildings, the base shear of the earthquake (V) is provided by Equation (1):

V = Cs ×W (1)

where W is the effective weight of the earthquake, the coefficient of base shear (Cs) needs
to meet the requirement of a minimum of two values derived from Equations (2) and (3).

Cs = SDS/(R/I) (2)

Cs = SD1/(R/I) × T (3)

SDS and SD1 are the design accelerations of the spectral response at short and 1-s
periods, respectively. At the same time, I stands for the essential factor, R is the response
change factor, and T is the fundamental building period.
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In the IBC, an R = 8 is recommended for ductile buildings. For most buildings, the
coefficient of significance is I = 1. The illustrated data in Figure 1 displays the varying base
shear values about the time period.
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The critical parameter denoted by R is observed to possess lower values for tanks than
buildings, owing to the limited flexibility inherent in the former. Table 1 presents a tabulated
record of the various categories of concrete tanks delineated in the International Building
Code (IBC) accompanied by their corresponding R-value. The graphical representation
depicted in Figure 1 highlights the discernible observation that the base shear coefficient
of a non-ductile building is notably more significant, ranging from three to seven times
higher compared to its ductile counterpart. The numerical discrepancy is contingent upon
the specific features and characteristics of the tank in question.

Table 1. Classifications of ground tanks along with their corresponding R-values [40].

Types of Ground Tanks R

Concrete tanks are reinforced with reinforced concrete or prefabricated 3
Reinforced concrete or prefabricated concrete tanks with reinforced base 2

Tanks without restraint 1.5

2.3. American Concrete Institute Standard (ACI)

The ACI [41] delineates a methodology for the seismic design of fluids within concrete
tanks, including a thorough elucidation of impulsive and convective elements. The coeffi-
cient for base shear about the impulsive mode is determined using Equations (4), (5), or (6):

Csi = (0.6 × T0 (SDS/T0) + 0.4 × SDS)/1.4 × (R/I) for 0 < Ti < T0 (4)

Csi = SDS/1.4 × (R/I) for T0 < Ti < Ts (5)

Csi = SD1/1.4 × (R/I) × Ti for Ti > Ts. (6)

The variables SDD, SD1, R, and I are the same as described in IBC [40]. Ts = SD1/SDS,
T0 = 0.2SDS/SD1, and Ti is the period of the impulsive mode. The CSC for all values of TC
(the period of convective mode) is given by Equation (7):

CsC = 6 × I × SD1/TC2. (7)
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2.4. Analysis and Modeling in ACI

Reviewing various regulations revealed that ACI [41] is the most complete and straight-
forward method/analysis. In this regulation, the parameters of the mechanical model are
calculated using the rigid reservoir model, while the flexibility of the reservoir is accounted
for by calculating the impulsive period. Accurately determining hydrodynamic forces
necessitates using adequate modeling and dynamic analysis techniques for fluid storage
systems, which are intrinsically intricate [43–46]. It is known that the availability of mechan-
ical reservoir models facilitates the analysis since these models simulate a reservoir-fluid
system equivalent to a mass–spring system. These mechanical models are usually included
in the design codes to estimate the seismic response of the reservoir. The present method
incorporating the mass–spring technique contains various parameters for an exhaustive
analysis. Several parameters affect the stability of reservoir walls. These include the pres-
sure distribution resulting from the vertical displacement of the base during both lateral
and vertical seismic modes, the repercussions of ground structure collision, and the max-
imum height of surface waves. Code ACI [41] uses the mechanical model of Houser [4]
with modifications and examines the parameters of the mechanical model for rectangular
tanks. The lateral seismic force’s intensity influences the impulsive mode’s duration. In
contrast, the rotation period of the tank fluid system is dictated by the level of tank flexibil-
ity. ACI’s [41] formula for calculating impulsive mode period time is detailed in Table 2.
Here, ‘K’ represents stiffness, ‘Ww’ denotes the equivalent weight of the tank wall, and ‘Wi’
stands for the equivalent weight of the prematurely stored fluid component.

Table 2. The time period of impulsive mode [41].

Types of Tanks Formula

Rigid rectangular Ti = 2π√(Ww + Wi)/(g × K)

In the prescription of ACI [36], the time period of the convective mode is determined
by Equations (8) and (9), where L is the internal length of the rectangular tank, and HL is
the depth of the stored water.

TC = (2π/λ) ×
√

L (8)

λ =
√

3.16 × g × tanh × (3.16 × (HL/L)) (9)

3. Numerical Modeling
3.1. Tank Definition and Modeling

According to the executed design drawings, an Iranian-built rectangular cube tank of
64 m in length, 32 m in width, and 6 m in height were modeled here (Figure 2). The water
height in full mode was 5 m. The wall thickness of the tank was 0.4 m, which increased
to 0.6 m in the inclined mode, and the wall of the tank was buried in the ground to a
height of 2 m (Figure 3a). Consistent with Figure 2, this tank was located in a bottom basin
with dimensions of three times the tank in each direction and a depth of 14 m. As shown
in Figure 3, a large mesh decreases accuracy, while a small mesh increases the time and
volume of calculations; therefore, the sensitivity of the mesh is critical.

Wave propagation distortion during dynamic analysis might be noticeable, depending
on the specific modeling circumstances. Two factors dictate the precision of wave trans-
mission in numerical models: the range of frequencies within the input waves and the
wave speed properties of the system. To faithfully capture wave propagation in a model,
Liesmer et al. [42] and Derrick et al. [44] demonstrated that the size of each component (∆l)
needs to be less than about a tenth to an eighth of the wavelength of the highest frequency
component of the input wave, noted as ∆l ≤ λ/10, where λ signifies the wavelength of the
highest frequency part. During this research, the earthquake’s wavelength in the soil was
established using an earthquake wave frequency of 7.5 Hz input into the software and the
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soil’s shear modulus. The result was a maximum element length of approximately 5 m for
the soil’s mesh within the model.
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Sections of the finite element geometry of the model are shown in Figures 2 and 3. As
can be seen in these figures, the mesh size increased in sensitive areas of the model, namely
at the tank-support connection and where compressive forces were applied. This study
presents a three-dimensional model of a 10,000 m3 tank. It should be noted that this model
consists of two tanks, each with a capacity of 5000 m3, and an expansion joint that has
been considered in the model (Figure 3b). Below the tank wall and the tank columns was a
foundation at a depth of 0.6 m. In other parts of the tank bottom, the available amount of
concrete was about 0.15 m. Specifications for concrete and steel are given in Table 3, and
water specifications are provided in Table 4.

Table 3. Concrete and steel specifications.

Concrete Steel

Volumetric mass Modulus of elasticity Poisson’s ratio Compressive strength Volumetric mass Modulus of elasticity Poisson’s ratio

ρ = 2800 kg/m3 E = 20 GPa υ = 0.18 fc = 240 kg/cm2 ρ = 78,500
kg/m3 E = 210 GPa υ = 0.3
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Table 4. Water specifications.

Water

Volumetric mass Bulk modulus
ρ = 1000 kg/m3 K = 2.1 GPa

Design values were used since in situ tests were unavailable to determine material
properties. In addition, this analysis is a deterministic approach, and the authors considered
a reduction in uncertainties in the mechanical properties of the materials since there is no
information on material testing during construction. All conditions and geometric coordi-
nates of the tank were extracted from the existing maps and accurately modeled by moving
the Z-axis of the right-handed Cartesian coordinates up in the graphical environment of the
software. The liquid in the tank was also modeled by creating the volume within this set.

Concrete tanks can be built with or without a roof. Potable water tanks must be
covered and impermeable. As a rule, in the case of semi-buried tanks, the connection of the
roof with the wall is taken into account to eliminate the effect of thermal length change and
prevent the penetration of unwanted objects. The connections have rubber bearing plates,
and the usual water stops [47]. According to the execution plans, the modeling of the
connection between the roof and the wall of the tank was carried out in a non-integrated
way (after concreting the walls and columns, the roof slab was carried out).

3.2. Fluid–Structure–Soil Interaction
3.2.1. Introduction of Interaction

The mutual influences of fluid, structure, and soil can greatly impact the performance
of storage tanks, particularly concerning stability and deformation. Neglecting these
interactions can cause discrepancies between the outcomes predicted by the 3D model
and the actual behavior of the tank in real-life situations. This oversight could result in
inaccurate forecasts of how the tank would react to different loading scenarios, leading to
design and construction methods that may need to be revised.

In contrast, by including the interactions between fluid, structure, and soil in the
3D model, it is possible to accurately depict how a storage tank behaves. This can aid
in pinpointing potential issues and informing decisions about the design that enhances
the tank’s stability and efficiency over time. For instance, when the interplay between
fluid, structure, and soil is considered, the model can accurately represent how the soil
surrounding the tank behaves and impacts the tank’s stability. In short, factoring fluid–
structure–soil interactions into the 3D model of storage tanks can result in a more accurate
forecast of how the tank will behave, leading to better-informed design choices.

The interactions between fluid, structure, and soil can significantly affect the behavior
of storage tanks, especially in terms of stability and deformation. If these interactions are
ignored, the 3D model results may not accurately reflect the behavior of the actual tank in
practice. This can lead to incorrect predictions of the tank’s response to various loading
conditions and suboptimal design and construction practices.

On the other hand, incorporating the interactions between fluid, structure, and soil
into the 3D model can provide a more accurate representation of tank behavior. The
authors are grateful for this observation. We have already changed it. This can aid in
identifying potential issues and informing design decisions that enhance tank stability and
performance over time. For example, if the interactions between fluid, structure, and soil
are considered, the behavior of the soil around the tank and its influence on tank stability
can be accurately modeled. In summary, incorporating fluid–structure–soil interactions
into the 3D model of storage tanks can lead to more accurate predictions of tank behavior
and improved design decisions.
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3.2.2. Elements

The present investigation entails constructing finite element models to represent the
fluid–structure and structure–soil systems, which will subsequently be subjected to a
comprehensive transient analysis. The present study has employed a displacement-based
fluid approximation using FEM to capture the fluid–structure interaction aspects. The
general-purpose ANSYS software package has been utilized for this purpose. To simulate
the soil/foundation interaction, a 3D solid FEM with viscous boundary conditions has
been implemented in the analysis. The phenomenon of interest entails a confluence of
two distinct physical interactions: fluid–structure interaction and soil–structure interaction.
The present study concerns fluid–structure interaction between a mobile structure and
an internal fluid flow. The fluid–structure interaction under investigation pertains to a
partially submerged tank. The soil–structure and fluid–structure interaction are complex
phenomena, each encompassing complex systems in their own right. In particular, the
fluid–structure interaction.

After the geometric model of the tank and fluid was created, the modeling was done
by simulating the materials and their properties according to the material specifications
and boundary conditions. Solid 65 elements were used to model the solid concrete sections
separately, while Solid 45 elements were considered to model the soil. The fluid was
again modeled using the Fluid 80 elements of the ANSYS11 software [23]. The Solid 65
element is commonly used for the three-dimensional modeling of solids with or without
reinforcement. This element can break in tension and pressure. The solid element capability
is used when modeling with reinforcement by selecting Solid 65. Other modes include the
study of composite reinforcement (e.g., fiberglass) and geological materials (e.g., rock). This
element is defined by eight nodes, each with three degrees of freedom. These three degrees
of freedom include transmission in the z, y, and x directions, and the material properties are
also isotropic. The primary purpose of designing this element in ANSYS11 is to consider
the nonlinear properties of materials, which is the difference between this Solid 65 and
Solid 45 (Figure 4).
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This particular element, capable of modeling reinforcement in three dimensions,
has been applied independently to various components such as roofs, slabs, columns,
and walls. This usage has led to separate property definitions for reinforcement and
materials corresponding to these components. The Fluid 80 element, a modification of
the three-dimensional structural component known as Solid 45, is used for modeling non-
fluid materials within tanks. This element is particularly useful in calculating hydrostatic
pressure and fluid–structure interaction scenarios. As illustrated in Figure 4b, this element
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is characterized by including eight nodes, each possessing three displacement degrees of
freedom. The degrees of freedom related to the interaction surface component correspond
with the adjacent node degree of freedom of the tank wall, specifically in the direction
perpendicular to the tank wall.

Additionally, the fluid element incorporates special surface effects, conceptualized
as gravity springs that help maintain the surface’s position. This is achieved by adding
springs to each node and positioning the springs with positive constants at the top of the
element. The springs are connected from each node, having positive stiffness at the top
nodes and negative stiffness at the bottom nodes. Consequently, they counterbalance the
positive and negative impacts on an intermediate node from each other.

At the base of the fluid, which the container needs to restrain to prevent settling,
the spring ceases to have an effect as it closes off the fluid nodes and the container wall.
Suppose the bottom of the container is on an elastic bed or buoyancy occurs. In that case,
the free surface of the liquid should be set in the coordinates z = 0 to neutralize the effect of
this spring on the bottom, and only positive springs should be used on the free surface.

3.2.3. Boundary Conditions

Semi-infinite ground boundaries were employed as energy-absorbing perimeters to
mimic the radiation condition. These boundaries have a distinctive feature where the
waves generated from striking the structure and bouncing back to the ground are absorbed
in the boundary surfaces, thereby preventing errors in determining necessary solutions.
The energy absorption characteristics depend on the material properties and frequency
content, as illustrated in Figure 5. Nevertheless, past studies conducted by Lymser and
Kuhlmeyer [48–50] have shown that a finite element model incorporating viscous dampers
is a credible representation of the interaction between soil and structure.
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4. Results and Discussion
4.1. General Aspects

This section will conduct a sensitivity analysis and parametric study to investigate
the influence of various parameters on the seismic behavior of rectangular semi-buried
tanks. Understanding the sensitivity of the tank’s response to these parameters is crucial
in optimizing the design and enhancing the safety of such structures. The following
parameters will be considered in the study:

1. Water Level: We will examine the effect of varying water levels on the tank’s seis-
mic response. Different water levels, from empty to complete, will be analyzed to
understand how the tank behaves under various loading conditions;
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2. Soil Properties: The seismic behavior of the tank is greatly influenced by the surround-
ing soil properties. We will investigate the impact of different soil types on the tank’s
response, including stiffness, shear modulus, bulk modulus, and Poisson’s ratio;

3. Tank Wall Thickness: The thickness of the tank wall plays a significant role in its
structural integrity. We will explore how different wall thicknesses affect the tank’s
seismic performance;

4. Expansion Joint Type: Comparing the effects of different expansion joint types on the
tank’s response will provide valuable insights into the importance of expansion joints
in mitigating seismic stresses;

5. Roof Presence: We will study the influence of having a roof on the tank’s behavior
during seismic events. A roof’s presence or absence can affect the tank’s overall
stiffness and response;

6. Damping Coefficients: The damping coefficients α and β play a crucial role in dis-
sipating energy during seismic events. We will analyze the sensitivity of the tank’s
response to different damping values;

7. Earthquake Ground Motion: Variations in earthquake ground motion characteris-
tics will also be considered. Different earthquake records with varying frequency
content and intensity will be used to evaluate the tank’s response under different
seismic scenarios.

The sensitivity analysis and parametric study will involve running multiple dynamic
simulations with different parameter combinations. The results will be compared and
analyzed to identify the most influential parameters and their effect on the tank’s behavior.
This information will provide valuable insights into the design and seismic performance
optimization of rectangular semi-buried tanks, ensuring their safety and reliability in
earthquake-prone regions.

By conducting this comprehensive sensitivity analysis and parametric study, we
aim to enhance further the understanding of the seismic response of rectangular semi-
buried tanks, considering fluid–structure and soil–structure interaction. The findings of
this study will contribute to better design guidelines and risk assessment methodolo-
gies for liquid storage tanks, improving the overall resilience of critical infrastructure in
earthquake-prone areas.

Modal Analysis/Verification of Simulation

The vibration parameters of a tank include the natural frequencies and modal shapes,
which are essential parameters in its analysis. Determining these parameters in the first step
can be very helpful in interpreting the behavior of the tank. In addition, modal analysis has
been used to determine these characteristics. This type of analysis can also be a starting
point for other studies, such as time history analysis. The first reason is to verify the model
by extracting the first frequency from the modal analysis and comparing it with the values
of the code. The second reason is to calculate the α and β coefficients.

For Equations (8) and (9), the convective mode period determined from the water-
filled model was compared with the values from the ACI regulations to validate the model.
According to the ACI [36] regulation, the following results were obtained: HL = 5 m,
L = 30.63 m, and λ = 3.8352 for a convective period of 9.07 s. The software outputs gave
a convective time of 9.04 s, which is almost the same, and the agreement between the
theoretical and software values shows the accuracy of the modeling. In dynamic analysis,
the main objective is to solve the equation of motion for the successive accelerations of the
structure. The damping matrix for the overall system’s equation of motion combines the
damping matrices for the viscous fluid components and the structures. For the damping of
structures, Riley’s damping assumption was used. The damping is linearly dependent on
mass and stiffness. In this case, Equation (10) is obtained:

[C] = α[M] + β[K] + ∑mi = 1 [Cfi] (10)
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where [CFi] is the damping matrix of element i, the viscous fluid, and m is the number of
fluid elements [40]. Based on the damping coefficients proposed in the ACI 350 regulations,
5% of the coefficients α = 0.0228 and β = 0.0087 were determined for shock damping and
0.5% of the coefficients α = 0.0228 for vibration damping, respectively [41].

To facilitate comparison and establish validation, results from a laboratory-scaled
model incorporating a rigid floor within a three-dimensional space have been utilized [51].
In the specified laboratory example, a scaled-down model undergoes testing on a shaking
table subject to an El Centro earthquake component, with a time record scaled up by a factor
of four and a peak acceleration value of 0.22 g. Such acceleration is visually represented in
Figure 6.
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Figure 6. Time history of the acceleration component of the El Centro earthquake [51].

The analysis covers the time history of acceleration at the middle section of the
elongated wall, alongside the time history of hydrodynamic pressure at the intersection
between the floor slab and the central section of the wall’s expansive face. The introduction
should articulate the study’s originality, and any constraints or limitations found in previous
research should be noted.

For verification, the results of the model and the reference laboratory model [51] are
compared in Figures 7 and 8. The maximum acceleration and hydrodynamic pressure
values are 2.41 m/s2 and 1.4 KPa for the experimental model and 2.25 m/s2 and 1.31 KPa
for the current model under the mentioned accelerogram. The relatively decent adaptation
of the results is proof of the accuracy of the modeling.
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Figure 7. The time history of the measured acceleration at the top of the middle section (a) Laboratory
model; (b) model.
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4.2. Time History Analysis
4.2.1. General Aspects

The process of time history analysis is initiated with static analysis. The variations
between the models for dynamic and static analyses lie in utilizing energy-absorbing
boundaries and α- and β-coefficients to account for Riley damping and differences in
material properties. In this research, dynamic time history analysis was employed. It
was essential to adjust the data set to compare the results of equivalent dynamic time
history analysis during scaling. The acceleration of the Tabas earthquake was selected as
the reference acceleration curve. Specifically, the initial 20 s of the Tabas earthquake, which
harbored the highest energy of the earthquake, were chosen for analysis. To scale the peak
acceleration of the Tabas earthquake to 0.35 g, dynamic analyses were conducted with a
1.23 history of the acceleration of this earthquake. Since the studies focus on soil properties,
the soil resistance parameters in the dynamic analysis in Table 5 are listed. Soil properties
can affect the seismic performance of the tank.

Table 5. Soil properties for dynamic analysis (Livaoglu, 2008): E—Young’s modulus; G—shear
modulus; Ec—bulk modulus; and
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4.2.2. Soil Pressure on the Wall

As shown in Figure 9, as in the static analysis of all soil types, the pressure on the
surface increases with increasing water level. The main reason is the reduced freedom of
movement of the soil due to water pressure on the tank increasing the soil pressure on the
wall at the soil surface level.
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4.2.3. Soil Pressure on the Tank

Figure 10 depicts that the soil pressure at the tank wall increases due to a change in
soil type (increase in modulus of elasticity and φ, and decrease in C). The curvature at the
top of the pressure shows the effect of water on different types of tanks. As the amount
of water increased, the pressure at the soil surface increased. With increasing soil depth
increased, this pressure increased dramatically and nonlinearly.
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4.2.4. Maximum Tensile Stress
On the Tank Wall

Figure 11 demonstrates that the tensile stress values are considerably higher in soft
soil than in other soil types, given the same structure and seismic forces. In soft and normal
soils (types 1 and 2), the critical condition arises in the empty tank and the thicker part of
the wall. This is attributed to maximum tensile stress in the empty tank wall at a height
ranging between 0 and 1 m from the foundation, which can be traced back to the thicker
wall footing that enhances stiffness. Consequently, heightened stiffness augments the tanks’
capacity to bear greater loads.
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The peak tensile stress is observed when the soil is hard in the water-filled tank.
However, the maximum values are approximately one-third of those in soft soil. The
rationale behind the high tensile stresses above the wall in all analyses is incorporating
the floor in the model. In a general sense, the presence of the slab restricts the wall from
functioning as a complete cantilever.

In addition, the change in soil material from sand to clay significantly increased the
tensile stress in the tank wall. The main reason for this behavior was the hardening of the
tank wall relative to the soil, making the tank wall capable of withstanding more stress.
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4.2.5. On the Expansion Joint

Upon contrasting the respective results from the tank wall and the expansion joints, it
becomes apparent that the tensile stress within the expansion joints surpasses that within
the wall. A comparison highlighting the peak tensile stress in the adjacent wall and the
wall expansion joints for soil type 1 is presented in Figure 12. This value escalates when
the tank is water-filled, with the peak point value reaching 23% and decreasing with a
reduction in the water volume within the tank.
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in the tank.

As previously noted, the maximum tensile stress for the concrete considered in this
study was 2.71 MPa. When comparing the maximum tensile stress in the wall and the
adjoining wall expansion joints, it is observed that the expansion joints are fully engaged
and reach up to 2.73 MPa. This result suggests a potential for cracking in the tank. Fur-
thermore, leaks from the tank fluid may cause minor damage, potentially leading to
irreversible harm.

4.2.6. Displacement
On the Tank

A comparison of maximum displacement in half-buried concrete tanks shows the
influence of liquid on seismic response. Thus, in soft (Figure 13) and complex (Figure 14)
soils, tanks without water displace about 10% compared to tanks filled with water. The
previous observation demonstrates that the seismic response of the tank is impacted by
both impulsive and convective components, which are responsible for the fluid’s motion.
Henceforth, it is imperative to consider the interplay of factors in liquid tanks during the
dynamic assessment of such structures.
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On the Tank with and without the Roof

Liquid tanks may or may not have a roof, but as mentioned earlier, potable water
tanks must always have one. Figure 15 shows the effect of the presence or absence of a roof
on the displacement of points at the highest points of the tank wall. For the reasons given,
the most significant displacement occurs in water-filled tanks and soft soil. The presence of
a concrete roof reduces the maximum displacement at the top of the wall in a filled tank in
soil type 1 by almost 15% as a critical value.
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5. Qualitative Assessment

Methods of qualitative assessment, which include objective evaluations, expert re-
views, statistical approaches, or fragility curves, can serve useful functions. These methods
are particularly significant in studies requiring structural improvements, where they are
based on site visits and observations of various structural components and features. Due to
their simplicity and practicality, these methods can assist designers in prioritizing structures
for more detailed quantitative analyses. Concurrently, they provide cost and time efficiency
to projects by identifying elements that do not require repair or rehabilitation.

The Japan International Cooperation Agency (JICA) reviewed the risk and damage
assessment of Tehran’s water supply system [6] and, in this context, conducted general and
comprehensive surveys of all components of the water supply system, including drinking
water tanks. It should be noted that the Japanese Vibration Capacity Detection Table (DTSC)
is dedicated to studies related to the qualitative evaluation of point components of water
systems such as reservoirs (open and roof). The Japanese Vibration Capacity Detection
Table (DTSC) method is the most practical measurement method for damage assessment.
This method evaluates fourteen risk factors in terms of fragility. First of all, the above
parameters should be considered in the objective inspections of the water supply system
component, and a qualitative status should be assigned to them. In the next step, the
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qualitative status of each damage parameter is quantified using the corresponding tables
for the tanks and assigned to each number representing the damage index of this assumed
parameter.

Based on Table 6, the risk level is calculated according to Equation (11):

Risk Level = Damage Index Parameter No. 1 × . . . × Damage Index Parameter No. 14 (11)

Table 6. Risk level [6].

Risk Level Risk Calculated

Up >17
Medium 10~17

Down <10

The total damage index is obtained by multiplying all damage indices related to the
14 introduced parameters. The overall damage index indicates the estimated vulnerability
status of a particular system component, which is in the range of high, medium, and low
seismic resilience, depending on the number achieved. Damage ratings for the fourteen
risk factors are performed using the DTSC table (Table 7).

Table 7. Damage indexes of DTSC method parameters for tanks [6] and calculated risk level for
four samples (a tank without water in hard soil (Sample No. 1), a tank full of water in hard soil
(Sample No. 2), a tank without water in soft soil (Sample No. 3) and a tank full of water in soft soil
(Sample No. 4).

No. Parameter Qualitative
Description

Damage
Index

Sample
No. 1

Sample
No. 2

Sample
No. 3

Sample
No. 4

1 Type of land (soil)
Hard 0.5 0.5 0.5

Medium 1.0
Soft 1.8 1.8 1.8

2 Liquefaction potential
Unlikely 1.0 1.0 1.0

Likely 2.0 2.0 2.0
Definite 3.0

3 The appearance of the structure
Trench 1.0

1.0 1.0 1.0 1.0Sloping ground 1.2
On the mountain 1.3

4
The position of the structure

relative to the ground

On the ground 1.2
1.1 1.1 1.1 1.1Semi-buried 1.1

Underground 1.0

5 The type of materials used in the
structure

Reinforced concrete 1.0
1.0 1.0 1.0 1.0Masonry 3.0

6 Cross-sectional area
>0.05 1.0

1.5 1.5 1.5 1.5<0.05 1.5

7 Depth of water >5 m 1.3 1.3 1.3
<5 m 1.0 1.0 1.0

8 Structural form
Wall 1.0

1.0 1.0 1.0 1.0Beam and column 1.2
Flat slab 1.4

9 The thickness of the backfill on
the roof

<0.4 m 1.0
1.0 1.0 1.0 1.0>0.4 m 1.2

10 Year of construction
1995 until now 1.0

1.0 1.0 1.0 1.0Before 1995 1.5
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Table 7. Cont.

No. Parameter Qualitative
Description

Damage
Index

Sample
No. 1

Sample
No. 2

Sample
No. 3

Sample
No. 4

11 The presence of pipes flexible Available 1.0
1.0 1.0 1.0 1.0Not available 2.0

12 Expansion joint Appropriate 1.0
2.0 2.0 2.0 2.0Unsuitable 2.0

13
The degree of deterioration of the

structure (corrosion)

Low 1.0
1.0 1.0 1.0 1.0Medium 1.5

Intense 2.0

14 Seismic intensity scale
5 1.0

1.0 1.0 1.0 1.06 2.2
7 3.6

Risk Level 1.65 2.13 11.88 15.44

Based on the quantitative evaluation conducted in this study, four examples of liquid
storage tanks, namely, an empty tank of water in hard soil (Sample No. 1), a tank filled
with water in hard soil (Sample No. 2), an empty tank of water in soft soil (Sample No. 3),
and a tank filled with water in soft soil (Sample No. 4) were evaluated according to
Table 7. It should be noted that the parameters not included in the model, such as the
year of construction, etc., are used with a coefficient of 1. Based on the qualitative eval-
uation, the maximum risk level is for a tank full of water in soft soil or empty in soft
soil. The results show the importance of soil type in the storage tank filling ratio in the
qualitative assessment.

6. Conclusions

This study provides valuable insights into the seismic behavior of liquid storage tanks.
It highlights the importance of considering soil properties, water level, and roof type in
tank design and risk assessment. These findings will be beneficial for improving the seis-
mic design guidelines and enhancing the safety and stability of critical infrastructures in
earthquake-prone regions. The qualitative evaluation methodology can also be applied to
prioritize tanks for quantitative studies, optimizing resources and decision-making pro-
cesses in structural improvement projects. Overall, this research contributes to advancing
the understanding and resilience of liquid storage tanks under seismic conditions. The
study’s findings can be briefly summarized as follows.

The soil type greatly affected the maximum tensile stress on the tank walls. Tanks
in soft soil experienced three times the maximum tensile stress compared to hard soil,
regardless of the water content. A concrete roof significantly reduced the displacement at
the tank walls, emphasizing the importance of roof type in seismic resilience.

The presence of a concrete roof demonstrated a positive impact on the tanks’ seismic
resilience. Roofed tanks experienced reduced displacement at the top of the wall compared
to uncovered tanks. The type of connection between the tank roof and the wall significantly
affected the results. In particular, the cantilevered roof was responsible for the high tensile
stresses observed above the wall, especially when the tank was filled with water. As the
water content increases, the effect of the lateral forces on the tank wall shifts upward. The
presence of a concrete roof reduces the maximum displacement at the location of the wall
by almost 10 to 15%.

The displacement results illustrate the effect of the FSI on the seismic response. In
hard and soft soils, empty tanks have a displacement of about 10% compared to tanks filled
with water. The present study demonstrates the influence of the impulsive and convective
fluid motion components on the seismic response of the tank.

Furthermore, the study applied qualitative assessment methods to evaluate the vul-
nerability of the tanks. The qualitative evaluation highlighted the critical role of soil type
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and water content in determining the risk level of the tank. The results revealed that tanks
empty in soft soil pose the highest risk in terms of seismic resilience. This research provided
valuable risk assessment data for different tank configurations and soil types. The results
indicated that tanks filled with water in soft soil or empty in soft soil posed the highest risk
in terms of seismic resilience. Understanding such risk levels can aid in decision-making
regarding the reinforcement and retrofitting of vulnerable tanks.
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