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Abstract: The possibility of damage caused by explosive
loading in above-ground tanks due to not being covered
is much higher compared to buried and semi-buried con-
crete and steel tanks. In order to evaluate the real behavior
of above-ground tanks, it is necessary to pay attention to
fluid and structure interaction. Therefore, investigating the
behavior of above-ground tanks under the blast load,
taking into account the effects of fluid-structure interaction
is the main goal of the study. For this purpose, the main
variables are the amount of fluid in the tank (empty, half
full, and full) and the distribution of fluid pressure on the
tank (uniform and nonuniform pressure). Also, the inves-
tigated responses include maximum von Mises stress, max-
imum displacement created in the tank, kinetic energy,
and failure index. The results show that considering the
tank as empty of fluid, increased the responses of max-
imum stress, maximum displacement, kinetic energy, and
failure index by 18.1, 31.2, 4.1, and 17%, respectively. Also,
filling the tank with fluid has caused a decrease of 41, 90,
8.9, and 15.4% in the responses of maximum distributed
stress, maximum displacement, kinetic energy, and failure
index of the tank, respectively. Other results show that the
nonuniform distribution of fluid pressure in the tank
increases the maximum responses of stress and failure
index in the tank by 35.6 and 2.5%, respectively. In this
condition, the maximum responses of displacement and
kinetic energy decrease by 84.3 and 4.3%, respectively.
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1 Introduction

The possibility of damage caused by explosive loading in
above-ground tanks due to not being covered is much
higher compared to buried and semi-buried concrete or
steel tanks. In order to evaluate the real behavior of
above-ground tanks, it is necessary that fluid and structure
interaction to be considered. In general, the interaction
between the fluid and the structure results from the two
phenomena of the inability of the structure to follow the
changes in the shape of the fluid and the dynamic effect of
the structure on the movement of the fluid. Therefore,
regarding the above-ground tanks and according to the
type of loading applied to the structure (blast load), the
above-ground tanks are interacting with the fluid inside
them. Thus, in the dynamic analysis of above-ground tanks,
by considering the mentioned interaction, the obtained
results will be more realistic and practical. Therefore,
ignoring the effects of fluid and structure interaction, espe-
cially in the great structures such as above-ground tanks can
lead to a wrong analysis of the structure’s behavior and
finally obtaining unrealistic and unexpected responses. It
should be noted that in this study, the pressure caused by
the fluid on the tank in two states of rectangular (uniform)
and triangular (nonuniform) distribution in empty, half-full,
and full tanks has been investigated and evaluated.
Above-ground concrete water tanks are usually built
in cylindrical and rectangular cube shapes, although they
can be built in any beautiful and appropriate geometric
shape. In general, cylindrical tanks are superior to rectan-
gular cubic tanks in terms of technical and passive defense
considerations. In the areas where the soil load factor is
suitable, bowl tanks are also a suitable option for large
volumes. From the point of view of serviceability and pas-
sive defense considerations, tanks are usually considered as
twins. But if there are no special limitations, the most eco-
nomic geometric dimensions for rectangular cube tanks are
obtained when the ratio of the length to the width of the tank
is 3 to 2. About the twin cylindrical tanks, the best mode is to
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use two independent tanks with equal volume [1]. In practice,
in order to save money and time for the analysis and design
of the tanks, codes, and analytical relationships are used.
These code relationships are mainly based on mechanical
models. The most famous mechanical models are [2]: (1)
two-mass model of Hausner, (2) three-mass model of Haroun,
and (3) simple method of Malhotra.

Rectangular and circular concrete tanks with fix and
flexible foundations, as well as air tanks with supporting
foundations are considered at ACI350.3. In NZSEE code,
circular and rectangular concrete ground tanks with rigid
and flexible foundations, as well as concrete air tanks are
considered and evaluated. In Euro code 8, circular and
rectangular tanks with girder base and air tanks have
been evaluated. Also, in Iranian code named publication
123, concrete circular and rectangular concrete tanks have
been analyzed and investigated in addition to concrete
air tanks. Therefore, it can be seen that a large percentage
of the mentioned codes are related to concrete tanks.
Different codes have presented various relationships in
order to calculate the period time of tanks in different
conditions [3]. In fluid distribution networks, often nonsus-
tainable flow is caused by factors such as the opening and
closing of valves in pipelines, the start and stop of pumps
in pumping systems, the start of hydraulic turbines
that increase or decrease the load on it and vibration of
impeller vane of the pumps. In all the mentioned cases,
after the changes in the velocity of flow, some fluctuations
in the fluid pressure inside the pipe occur. As a result of
these pressure fluctuations in a pipeline system, significant
dynamic forces and subsequently dynamic displacements
are created in the pipe structure. These displacements are
in the longitudinal and lateral directions and cause signifi-
cant forces in the supports and can also affect the pressure
waves inside the duct. In this way, the phenomenon of
fluid—structure interaction will occur and the fluid and
the structure will affect each other. Therefore, the neces-
sity of simultaneous investigation of fluid and structure
behavior is strongly revealed. Because it is not possible
to consider each of them alone, and in order to analyze
the fluid-structure system, it is necessary to express the
equations governing the fluid movement and the dynamic
movement of the structure in a simultaneous or coupled
manner by a suitable method. The main equations
describing the movement of a compressible viscous fluid
can be expressed as follows:

(1) Navier—Stokes equations (momentum equation)
(2) Continuity equation

For free surface flows such as turbulent motion, the
physical processes in the flow are quasi-isothermal.
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Considering all of flow as isothermal, make it possible to
remove the energy equation from the governing equations.
Navier-Stokes equations govern the conservation of
momentum, while the continuity equation expresses the
conservation of mass. An important feature of the SPH
formulation is the use of Lagrangian approach to describe
the fluid motion. Based on the Lagrangian description, the
mentioned equations are written in the continuous coordi-
nate system to the moving medium, which makes the tran-
sient state in the momentum equation disappear until the
coordinate system moves with the simulated medium.
Fluid-structure interaction analysis investigates the
response of the structure due to the hydrodynamic pres-
sure of the fluid. This point is used in the design of the
concrete dams, hydraulic structures, fluid storage tanks,
and similar cases. For solving such problems, the investi-
gated environment is divided into two parts: structure and
fluid, and the effects of each on the other are considered.
There are various numerical and analytical methods to
solve the fluid-structure interaction problem. These
methods are basically divided into two categories: in the
first category, analytical dynamic equations of structure
and fluid are solved independently (decoupled), while in
the second category, these equations are solved conjugate
and coupled. In the independent problem-solving method,
mutual effects are calculated based on the principle of the
superposition of forces, and the problem-solving method is
linear. Continuity differential and momentum equations
are the two main equations in solving hydrodynamic
problems.

When an explosion occurs, energy is released sud-
denly and in a very short time (a few milliseconds) and
the effect of this energy is seen in the form of thermal
radiation and propagation of waves in space. Explosives
are classified according to their material state into solid,
liquid, and gas types, usually the solid type is more useful
in bombs and produces stronger waves. In terms of excit-
ability and reaction initiation, they are divided into pri-
mary and secondary types, where the primary type reacts
quickly and due to the smallest stimulus, such as a spark or
shock [4]. From 2005 to 2010, Kianoush and Chen presented
an analytical method known as the iterative method in
order to investigate the dynamic response of concrete
tanks. In this method, they modeled the fluid inside the
tank as a multi-node and used the step-by-step integration
method considering the flexibility of the walls under hor-
izontal and vertical components [5-7]. Safi et al. [8] inves-
tigated the effect of earthquake frequency content on the
dynamic response of rectangular concrete tanks using the
combined finite element (FE) method and smooth particle
hydrodynamics. In their study, in order to validate, the
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correctness of the modeling was compared with the avail-
able experimental and numerical results. The parameters
of turbulence height, acceleration above the tank wall,
base shear and force per unit width and wall displacement
were evaluated for comparison, and finally the effect of
frequency content on the tank was investigated consid-
ering the effect of water—structure interaction. The results
showed that the record with lower frequency content leads
to turbulence with higher height, while the record with
medium frequency content, despite the lower turbulence
height, causes larger responses of the tank structure. Also,
it was observed that the dominant frequencies of turbu-
lence increase with the decrease in the frequency content
of earthquakes. The summary of the results obtained from
this study can be expressed as follows:

(A) As the frequency content of the earthquake decreases,
the height of the turbulence increases. In other words,
lower frequencies have a greater effect on the turbu-
lence response.

(B) Responses of base shear and force per unit width
under the effect of Northridge earthquake record
have more value compared to the other two records.
This is while the turbulence response has reached its
maximum during the Loma Prieta earthquake record,
so the turbulence response has little effect on the
dynamic response of the tank. The inward movement
of the walls has lower values than the outward due to
the water pressure inside the tank. In other words, in
full tanks, moving to the outside of the tank is more
critical. However, in the almost full tank studied under
the Northridge record, the inward displacement is
relatively.

In 2018, Shokoohfar et al. [9] analyzed numerically and
experimentally the seismic performance of cylindrical pre-
stressed concrete tanks using a shaking table. For this pur-
pose, a cylindrical prestressed concrete tank was built and
several earthquake accelerations were applied to it using
the shaking table in the laboratory. In addition, the ability
of numerical analysis to simulate oscillating waves has
been validated using the results of valid numerical studies.
Several numerical models with different ratios of radius to
water height (R/H) have been considered. Acceleration
records of El Centro and Tabas earthquakes have been
used as seismic loads in numerical models. Comparison
of experimental and theoretical results with numerical
results shows a logical consistency. Based on their results,
it was observed that more structural damage is seen in
models with higher R/H ratio. Tensile damage has been
occurred in the form of vertical cracks on the prestressed
concrete tank wall. The height of oscillation wave is
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directly related to the creation of cracks on the tank wall.
Changing the height of the water level from 5 to 3m has
reduced the damaged places in the studied models.
Moghadam et al [10] considered the dynamic analysis of
reinforced concrete water tanks under the effect of blast
load. The purpose of their study was to investigate the
effect of explosion on the cyclic stresses and displacements
created on the cylindrical reinforced concrete tank body
for water storage caused by hydrodynamic forces, taking
into account the amount of water filling and the dimension
of the tank. Also, for distances of 5 and 10 m from the
center of explosion, the cyclic stresses created in the
body of the tanks were checked. In their study, Abacus
commercial software was used to numerically simulate
three tanks with heights of 4, 6 and 8 m and a fix radius
of 3 m. Also, with the increase in the percentage of water
filling, the stiffness of the tank increased and caused the
displacement of the body to decrease by 31.25% when the
tank was completely full compared to the empty tank. It
was also observed that the cyclic stresses of the tank body
are affected by the blast waves from the outside and the
water pressure from the inside, so that the presence of
water in the tank causes the cyclic stresses in the body to
increase by about 20 MPa. Mittal et al. [11] analyzed the
dynamic analysis of liquid storage tanks under the effect
of explosion load using the combination of Euler and
Lagrange equation. They showed that the stresses will be
increased if the height of the liquid in the tank is increased,
the distance from the center of the explosion is decreased,
and the ratio of height to radius is increased. In 2019,
Shengzhuo et al. [12] investigated the behavior of thin-
walled cylindrical shell storage tanks under the effect of
blast load. Considering the expansion of the use of thin-
walled shell tanks on the one hand and the high risks
caused by the explosion of gas pipelines on the other
hand, it is absolutely necessary to investigate the behavior
of thin-walled shell tanks under the effect of blast loads.
For this purpose, in their study, the performance of a thin-
walled shell tank under the effect of explosion has been
analyzed in the LS DYNA software environment and then
compared with the laboratory results. It was observed that
one of the appropriate solutions to reduce the effects of the
impact of the blast load is to create a support with a high
degree of freedom for the tank. In this situation, the pre-
sence of a fixed plate at the support of the tank will have
the ability to absorb a small percentage of the energy
caused by the explosion. Therefore, the use of a plate
with a degree of freedom at the base of the tank causes a
better loss of energy caused by the explosion and subse-
quently deformation created in the structure of the tank is
significantly reduced. Also, they showed that the presence
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of fluid inside the tank can dissipate the energy caused by
the explosion. Therefore, the tank filled with fluid com-
pared to the empty tank shows a better performance
against the blast load [13-15]. In a study on above-ground
concrete tanks, Alipour et al. [16] investigated the effect of
blast load with different masses of explosives, distances of
these materials from the tanks, and the cross-sectional area
of the tanks. The results obtained from their studies
showed that changing the tank cross-sectional area from
a circle to a square increased the maximum von Mises
stress responses, maximum displacement, kinetic energy,
and damage index by 9.1, 35.9, 6.43, and 3.7%, respectively.
Also, with increasing explosive material, the maximum
stress responses, maximum displacement, kinetic energy,
and damage index increased by 33, 44.4, 6.55, and 13.3%,
respectively. Other results obtained show that by reducing
the distance of the explosive material from the tank by 15
m, the responses of maximum stress, maximum displace-
ment, kinetic energy and failure index increased by 42.2,
9.9, 8.16 and 8.23%, respectively. Jin et al [17] applied a
numerical model to investigate the sloshing hydrodynamic
properties and the pressure response in a two-dimensional
rectangular water tank. They introduced an adequate
baffle system for all seismic excitations based on dynamic
analysis. Hu et al. [18] investigated the effects of fragment
type, impact height, roof-impact angle, impact velocity, and
impact angle on the tank damage process. Yan et al. [19]
investigated the dynamic response of a typical 160,000 m*
LNG prestressed concrete outer tank under blast loading.
They proposed the damage factor based on energy propa-
gation to analyze the tank’s damage types and failure
mechanism. Li et al [20] evaluated the synergetic effects
for the composite laminate subjected to the combined blast
loading and the fragments impact at the scenarios of the
near-field and the far-field explosions and supposed that
the coupling effect is attributed to the conjunction of
damage and the continuous pressure. Chen et al. [21] simu-
lated the dynamic response process of the large-scale ver-
tical storage tank impacted by the end-cap fragment to
investigate the performance of protective layer.

The cylindrical metal shells with preformed holes
tested by Wu et al. [22] under air blast loading were simu-
lated to validate the accuracy of the fluid-structure algo-
rithm. The cylindrical metal shells were made of Q235 steel
with preformed holes that simulate the penetration effect
of fragments. The blast wave was generated by detonating
a cylindrical TNT explosive of 200 g with different stand-off
distances from 100 to 180 mm. Zhao et al. [23] employed the
smoothed particle hydrodynamics—finite element method
algorithm to evaluate the seismic response of large LNG
tanks under different liquid depths. Sierikova et al. [24]
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utilized ANSYS to analyze the response patterns of steel
tanks containing nano composite materials under seismic
conditions. The research on liquid storage tanks encom-
passes seismic damage surveys, theoretical explorations,
numerical simulation studies, and experimental investiga-
tions [25].

2 Methods and materials

As the goal of the study is investigation of above-ground
concrete tanks under the effect of blast load taking into
account the effects of fluid-structure interaction, the steps
of the research can be described as follows:

(1) Modeling of square above-ground concrete tanks in
Abacus software environment: In this step, a square
tank with the ratio of tank length to height (L/H) equal
to 2 will be modeled using Abacus finite element
software.

(2) Applying different loading scenarios caused by explo-
sion in Abacus software to the model built in the first
stage using the ConWep method: At this stage, each of
the primary models will be subjected to blast loading
for a certain amount of explosive material and distance
from the explosion site.

(3) Applying the fluid-structure interaction conditions to
the models: The primary models will be analyzed and
evaluated in three states of empty tank, half-full tank,
and full tank.

(4) The pressure caused by the fluid on the tank wall will
be considered based on two rectangular (uniform dis-
tribution) and triangular (nonuniform distribution)
patterns (2 different modes).

(5) In order to ensure the correctness of the models, the
verification process will be done using the results of other
researches. After validation, the results are evaluated in
different modeling and compared with each other. In the
current study, the validation was done based on one of
the models studied by Ghaemmaghami and Kianoush [7].
The responses studied in this study are:

* Stress contours created in above-ground concrete
tanks under the effect of blast load.

 Displacement created in above-ground concrete
tanks under the effect of the load caused by the
explosion.

+ Diagrams of distributed energy in above-ground
concrete tanks for blast loading.

* Park-Ang failure index.

It should be noted that the stiffness of the soil is

considered infinite in the present study and the
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effects of soil-structure interaction are practically
ignored. Also, the variables used in this study can
be introduced as follows:

* The condition of the fluid in the tank: In order to
investigate the effects of fluid and structure inter-
action, the behavior of the tank can be checked and
evaluated for three different states of empty tank,
half-full tank and full tank.

* How to distribute the pressure caused by the pre-
sence of fluid on the tank wall: The pressure caused
by the fluid on the tank wall can be investigated in
two cases of uniform distribution (rectangular) and
nonuniform distribution (triangular).

In the present study, the FEM is used for the analysis of
the liquid storage tank of radius, R and liquid height, H as
shown in Figure 1. The water contained in the tank is
modeled using the eight-node 3-D continuum acoustic ele-
ment AC3D8R with reduced integration and hourglass con-
trol, for acoustic wave propagation having only pressure
degree-of-freedom at each node. The flexible tank walls are
modeled using the four-node quadrilateral and triangular
3-D shell elements S4R and S3R, respectively, with reduced

Shell elements, S4R and S3R
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integration and hourglass control, as shown in Figure 1.
Steel reinforcing elements are also of the T3D2 type. The
rigid tank wall is modeled using the same shell elements as
that for flexible tank wall, but a very large modulus of
elasticity of the shell material is assigned to account for
tank rigidity. Thus, a modulus of elasticity twenty times
greater than flexible shell material is used. The interaction
between the tank wall and acoustic liquid elements is
defined using a surface-based tie constraint. The acoustic
surface in the constraint is designated to be the slave sur-
face; the tank internal surface is defined as the master
surface.

2.1 The process of modeling and validation

The density and viscosity of water are considered 1,000
kg/m* and 0.001, respectively. Us-Up equations are also
used to define fluid behavior. For this reason, the speed
of sound is defined as 1,485 m/s. After assigning the mate-
rials to the parts, the parts will be assembled and the
amount and distance of the explosive material will be

Acoustic elements, AC3D8R

2-node linear 3-D truss (T3D2)

Zz X

Figure 1: FE model of cylindrical liquid storage tank.
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Figure 2: Geometric properties of the tank modeled by Ghaemmaghami and Kianoush used for verification [7].

defined using the ConWep method. Therefore, the consid-
ered points will be defined as reference points using offset
from point and then the amount of explosive material will
be defined. It should be noted that the bottom of the tank
has a fixed support and modeled without displacement and
rotation. In order to ensure the accuracy of the modeling of
this study, the results have been verified using the results
presented in a scientific reference. For this purpose, in this
study, one of the models investigated by Ghaemmaghami
and Kianoush [7] was simulated and the obtained results
were compared with the results presented in that refer-
ence. The geometry of the square tank modeled by Ghaem-
maghami and Kianoush is shown in Figure 2. In this figure,
Ly, L,, Hy, Hy, and t,, are 15, 30, 6, 5.5, and 0.6 m, respec-
tively. The response investigated in this study to ensure
the validity of the presented results is the changes in the
response of hydrodynamic pressure at the height of the
tank. In Figure 3, the hydrodynamic pressure response of

Height (m)

—8—Ghaemmaghami&Kianoush[6]

==Present Study

0 5 10 15 20 25 30
Pressure (kPa)

Figure 3: Comparison of the response of the hydrodynamic pressure in
the tank in the present study with the results of ref. [7].

the fluid for different heights of the tank is presented and
compared with the results of Ghaemmaghami and Kia-
noush [7]. Therefore, it can be seen that by increasing
the height of the tank, the hydrodynamic pressure of the
fluid has decreased. The maximum difference between the
results of the current research and the results of ref. [7] is
obtained at zero level. It can be seen that the maximum
hydrodynamic pressure obtained based on the studies of
Ghaemmaghami and Kianoush at a depth of 11 m is equal
to 26 kPa and the numerical value of the hydrodynamic
pressure at the depth of 11m of the tank in the present
study is equal to 24.8 kPa. As can be seen in Table 1, the
maximum difference between the results of this study and
the results obtained by Ghaemmaghami and Kianoush was
obtained at a depth of 7.3 m which is 4.7%. This insignif-
icant difference indicates the desired accuracy of the mod-
eling in this study.

2.2 Coupled Euler-Lagrange (CEL) formula

The CEL formula analysis allows modeling of the Euler—
Lagrange interaction domains in one model. This analysis

Table 1: Summaries of verification

Pressure Ghaemmaghami and This Difference (%)
(kPa) Kianoush [7] study

Depth 17.2 16.7 29

of 8m

Depth of 7.3 19 18.1 4.7

Depth of 0 26 24.8 4.61
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is typically used to model the interactions of a solid and a
fluid. Therefore, in the CEL method, the Euler material can
contact the Lagrange, known as the Euler-Lagrange con-
tact. Therefore, this powerful tool makes it possible to
model many multi-phase problems, including fluid—struc-
ture contact. Because of Eulerian fluid modeling, the pro-
blems caused by large deformations of the fluid have been
eliminated. In the so-called method, the fluid elements are
fixed in the space, and the fluid flows smoothly inside
them; the water tank structure is defined in this method
as the Lagrangian formulation. Since the implementation
of the Euler method in ABAQUS software is based on the
fluid volume method, in this method, the position of the
Euler material in the mesh environment is determined by
calculating the volume fractions of Euler in each element.
By this definition, if an element is filled with a substance,
its Euler volume fraction is one, and if no substance is
included in it, its Euler volume fraction is zero [26].

2.2.1 Fluid properties in ABAQUS

In turbulence issues, the fluid can be considered incom-
pressible and nonviscous. A practical method for fluid
modeling in ABAQUS/explicit is to use the Newtonian shear
viscosity model and the Ug-Up linear equation. The bulk
functions act as correction parameters for fluid incompres-
sibility constraints. Since the turbulence of the fluid inside
the water tank is free and unconstrained, the bulk modulus
can be considered two to three times smaller than the
actual value, and the fluid can still behave in an incom-
pressible way. The shear viscosity acts as a corrective para-
meter to neutralize the shear modes that cause mesh
failure. Because water is a nonviscous fluid, the shear visc-
osity of the fluid must be considered small. High shear
viscosity results in highly rigid responses. The value of
suitable viscosity can be calculated based on the value of
the bulk modulus [26].

2.2.2 Energy equation and Hugoniot curve

The energy equation in the absence of heat transfer is
written as Eq. (1):
OE ap

1
Zmm o _ _ —F .
P =@ va)p +S:

o é+ p0, ()]

where P is the pressure, Py, is the pressure due to the
viscosity of the fluid, S is the deviatoric stress tensor, € is
the deviatoric part of the strain rate, Q is the heat rate per
unit mass, and E,, is the internal energy per unit mass. The
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equation of state is a function of density p and internal
energy per unit E,, mass. Eq. (1) can define all the equili-
brium states that exist in an object. Internal energy can be
omitted from the above equation to obtain the relation
between p and V or its equivalent p and 1/p. The relation-
ship between p and 1/p is called the Hugoniot curve [26].

P = f(pEn). )

Figure 4 schematically shows the Hugoniot curve; the
Hugoniot pressure Py is only a function of density, and the
curve is generally plotted by processing experimental
data [26].

2.2.3 State equation Mie-Gruneisen

In the Mie-Gruneisen equation, the energy is linear. Its
standard form is given in Eq. (3):

P = Py =Ip(Ep — En), ©)

where Py and Ej; are the specific pressure and the specific
energy of Hugoniot per unit mass, respectively, and is the
Gruneisen coefficient. The Gruneisen coefficient is calcu-
lated using Eq. (4). The specific pressure and the specific
energy of Hugoniot are only functions of density.
r=np>. @
In Eq. (4), Ij is the constant of matter and p, is the
reference density. The energy of Hugoniot Ey is dependent
on the Hugoniot pressure and is obtained using Eq. (5):

.| Region I,
\\Strong Detonation

<«—— Upper CJ point

Region II,
Weak Detonation

14

Region V,
Impossible

Region III,
Weak Deflagration

Po

: Lower CJ point

1/po

X Region 1V,
Strong Deflagration

1/p

Figure 4: The Hugoniot curve for pressure-time relationship defini-
tion [26].
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Bl n)

By placing Egs. (4) and (5) in Eq. (3), the Mie-Gruneisen
equation of state is obtained as Eq. (6):

)
3]
2

P=Pyl1- + TypoEnm. (6)

2.2.4 Linear Hugoniot Us-Up

The Py equation is shown by processing the Hugoniot
information in Eq. (7):

et -5
Py=———">. )
1-5+ 2
P

In this relation, S and C, create a linear relationship
between the Us impulsive velocity and the Up particle velo-
city according to Eq. (8):

Us = C() + SUp €))
S and C, are the slope of the Hugoniot curve and the

velocity of the sound wave in water, respectively. The velo-
city of the sound wave in water is calculated by Eq. (9):

Co= |~ ©)
b

In this relation, K is the modulus of the fluid bulk.
According to the ABAQUS software guide, the value of S,
the slope of the curve and I, and the Gruneisen coefficient
for water are considered equal to zero.

2.3 Concrete and steel

Steel is used to model reinforcements in concrete. Since
blast loads usually produce incredibly high strain rates

Table 3: Different scenarios of modeled tanks
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Table 2: Johnson-Cook model specifications
Variable Value
A (MPa) 360
B (MPa) 635
N 1.03
M 0.114
Melting temperature (K) 1,500
Transition temperature (K) 298
C 0.075
Epsilon dot zero 1

in the range of 100-10,000 s, they change the mechanical
properties of materials in the structure and the expected
mechanisms. According to Table 2, the plastic properties of
the steel have been assumed using the Johnson-Cook hard-
ening model to consider the impact of strain rate on the
stress. According to Eq. (10), stress is defined as a function
of plastic strain, strain rate, and temperature in the Johnson
Cook model. This feather is easily defined in the ABAQUS
software. Also, for the construction of the concrete tank, the
specific weight of concrete, Poisson’s ratio, and modulus of
elasticity are considered as 2500kg/m® 0.2, and 20 GPa,
respectively.

0=(A+BeM(1+ C-Lne")(1 - T*™), (10)

where ¢* is the dimensionless plastic strain rate in the
reference strain rate &y, and ¢ is equal to the plastic strain
rate; T* is the corresponding dimensionless temperature; A
is the initial rupture strength of steel at a plastic strain rate
of ¢ = 1/s, and the temperature is 298 K; B and n simulate
the hardening behavior of steel independent of the strain
rate; and C reflects the hardening behavior dependent on
the strain rate; and m is the thermal softening coefficient
obtained for steel from mechanical tests and is equal to
0.114. The specifications of the Johnson-Cook model for
rebar are given in Table 2. The maximum and minimum
compressive stress values in the inelastic strain are 20.5
and 11.5 MPa. Also, the tensile stress of concrete in the
cracking strain is 0.3 MPa.

Model Cross-section Amount of explosion material (kg) Amount of water Distance (m) Pressure distribution
Vi Circular 500 Half-full 25 Uniform

Vs Circular 500 Empty 25 Uniform

Ve Circular 500 Full 25 Uniform

Vs Circular 500 Full 25 Nonuniform
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S, Mises

SNEG, (fraction =
(Avg: 75%)
+1.341e+08
+1.229%e+08
+1.117e+08
+1.006e+08
+8.939%+07
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+0.000e+00

-1.0)

Figure 5: Von Mises stress distributed in V; model.

S, Mises
SNEG, (fraction =
(Avg: 75%)
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-1.0)

Figure 6: Von Mises stress distributed in Vs model.
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-_ 9
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S, Mises
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S, Mises
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Figure 7: Von Mises stress distributed in V5 model.

2.4 Explicit solver in ABAQUS

From a mathematical perspective, the explicit solver in
ABAQUS is based on the central difference method, a con-
ditionally stable explicit time integration scheme used to
solve the equations of motion for dynamic problems.
Time Integration: The explicit solver uses a forward
Euler-like approach to advance the solution in time, com-
puting accelerations at time ¢ to update velocities and dis-
placements at ¢ + At. The update equations are:

Uie = MY (Fxt = Fint), (1m
Upsatjz = Ug-pjp + AL - Ty, (12)
Upenr = Ug + AL - Ugrpepa, 13

where M is the (lumped) mass matrix, Fy and Fy are
external and internal forces, respectively.

Stability Condition: The method is conditionally stable,
requiring a time step At smaller than the critical time step,
governed by the Courant-Friedrichs-Lewy condition:
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
+1.248e+09
+1.144e 409
+1.040e+09
- +9.357e+08
+8.318e+408
+7.278e+408
+6.238e+08
+5.19%+08
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+0.000e+00

S, Mises

SNEG, (fraction = -1.0)
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+7.615e+08
+6.981e4-08
+6.346e+08

- +5.712e+08

+5.077e+08

- +1.26%e+08
+6.346e+07
+0.000e+00

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

+5.308e+08
- +4.777e+08
+4.246e+08
+3.715e+08
+3.185e+08
+2.654e+08
+2.123e+408
+1.592e+08
- +1.062e+08
+5.308e+07
+0.000e+00

2

At < ,

Wmax

(14)

where wn,y is the highest natural frequency of the system,
inversely related to the smallest element size.

3 Results and discussion

In order to answer the research questions and achieve the
goals of the research, the effect of each of the mentioned
variables on the behavior of above-ground tank will be
investigated. In this situation, other variables will be con-
sidered constant. This process will be repeated for each
variable and the effect of all variables on the response
of the structure will be studied. Therefore, in the following,
the effect of each of the variables of the water amount
in the tank (empty, half-full and full) and the way of fluid
pressure distribution on the tank (uniform and nonuni-
form pressure) on the overall response of the above-
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ground tank under the effect of blast load has been inves-
tigated. The scenarios studied in the current research are
named according to Table 3. The cross section of all the
models is circular and the size of the explosive and the
distance of the explosive from the tank are equal to
500 kg and 25 m, respectively.

3.1 Effect of water amount on the behavior
of concrete tank

In order to investigate the effect of fluid amount in the
tank, three different modes have been considered. In the
first case, the tank is half full and the height of the fluid is
15 m, in the second case, the tank is empty and in the third
case, the tank is full of fluid and the height of the fluid is
30m. In all three cases studied in this section, the cross-
section of the tank is circular, the amount of explosive

U, Magnitude
- +2.173e-01
+1.992¢-01
+1.811e-01
+1.630e-01
+1.44%e-01
- +1.268e-01
+1.086e-01
+9.054e-02
+7.243e-02
+5.432e-02
- +3.621e-02
+1.811e-02
+0.000e+00

U, Magnitude

- +8.387e+00
+7.688e+00
+6.98%9e+00
+6.290e+00
+5.591e+00
- +4.892e+00
+4.193e+00

+3.494e+00
+2.796e+00
+2.097e+00
- +1.398e+00
+6.989e-01
+0 000e+00

U, Magnitude

+7.287e+00
+6.680e+00
+6.073e+00
+5.466e+00
- +4.858e+00
- +4.251e+00
+3.644e+00

+3.036e+00
+2.42%e+00
+1.822e+00
+1.215e+00
+6.073e-01
+O 000e+00

Figure 8: Displacement in V; model.
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substance is 500 kg, the distance of the explosive substance
from the tank is equal to 25 m, and the fluid pressure on the
tank wall is assumed to be uniform. Therefore, each of the
responses of stress, displacement, kinetic energy, and
failure index for the three studied cases (including half-
filled, empty, and full of fluid) will be investigated, and by
comparing the results, the effect of fluid amount in the
tank is presented. The response of above-ground tanks
under blast load will be investigated by considering the
effects of fluid—structure interaction.

Figures 5-7 show the distributed stress in V3, Vs, and Vg
models, respectively. The difference between the studied
models in this case is the height of the fluid inside the tank.
A fluid height equal to zero indicates an empty tank, a fluid
height equal to 15 m indicates a half-full tank, and a fluid
height equal to 30 m indicates a full tank. Based on the
results, it can be seen that the presence of fluid in the tank
increases the stiffness of the structure and, as a result,
reduces the stress distributed in the tank wall. The results

U, Magnitude

+7.731e+00
+7.087e+00
+6.442e+00
+5.798e+00
+5.154e+00
+4.510e+00
+3.865e+00

- +3.221e+00
+2.577e+00
+1.933e+00
+1.288e+00
+6.442e-01
+0 000e+00

U, Magnitude

+8.071e+00
+7.39%+00
- +6.726e+00
+6.053e+00
+5.381e+00
+4.708e+00
+4.036e+00

+3.363e+00
+2.690e+00
+2.018e+00
- +1.345e+00
+6.726e-01
+0 000e+00

U, Magnitude

+7.750e+00
+7.104e+00
+6.458e+00
+5.812e+00
- +5.167e+00
- +4.521e+00
+3.875e+00

+3.22%e+00
+2.583e+00
+1.937e+00
+1.292e+00
+6.458e-01
+0 000e+00
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U, Magnitude
+3.716e+00
+3.407e+00
+3.097e+00
+2.787e+00
+2.478e+00
+2.168e+00

- +1.858e+00
+1.548e+00
+1,23%+00
+9.291e-01

- +6.194e-01
+3,097e-01
+0,000e+00

U, Magnitude
+1.372e+01
+1.258e+01
+1,143e+01
+1,02%9e+01
+9.146e+00

- +8.003e+00
+6.85%+00
+5.716e+00
+4,573e+00
+3.430e+00

- +2.286e+00
+1.143e+00
+0.000e+00

U, Magnitude
+1.950e+01
- +1.788e+01
+1.625e+01
+1.463e+01
+1,300e+01
+1,138e+01
+9.751e+00
- +8.126e+00
+6.500e+00
+4.875e+00
+3,250e+00
+1,625e+00
+0.000e+00

Figure 9: Displacement in Vs model.

show that the maximum stress created in model V; (half-
full), V5 (empty), and Vs (full) are equal to 590, 721 and
348 MPa, respectively. Therefore, based on the results, it
can be seen that with the decrease of the height of the fluid
in the tank, the maximum numerical value of the stress
distributed in the tank wall will increase. In such a way
that by changing the state of the tank from being filled to half
full, the maximum stress distributed in the concrete tank
increases by 41%. Also, by changing the state of the tank from
filled to empty, the maximum stress distributed in the concrete
tank increases by 51.7%. This increasing trend is equal to 18.2%
when the fluid height changes from 15m to zero.

Figures 8-10 show the maximum displacement created
in the V3, Vs, and Vs models, respectively. It can be seen that
the maximum displacement created in the concrete tank,
when the tank is empty of fluid, is more than when the
tank is half-full. Also, the displacement recorded in the
half-full tank is more than the full one. This issue can be
justified considering the performance of the tank and the
fluid, both of which have stiffness and have the same
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U, Magnitude

+6.713e+00
- +6.154e+00
+5.595e+00
+5.035e+00
+4.476e+00
+3.916e+00
+3.357e+00

+2.797e+00
+2.238e+00
+1.678e+00
+1,119e+00
+5,595e-01

+0.000e+00

U, Magnitude

+1.995e+01
+1.82%e+01
+1,663e+01
+1,497e+01
+1.330e+01
- +1.164e+01
+9.977e+00

+8.314e+00
+6.651e+00
+4.988e+00
+3.326e+00
+1.663e+00
+0.000e+00

U, Magnitude

+1.736e+01
+1,591e401
+1.447e+01
+1.302e+01
+1.157e+01
+1,013e+01
+8.679e+00
+7.233e+00
- +5.786e+00
+4.340e+00
+2.,893e+00
+1.447e+00
- +0.000e+00

performance as two parallel springs. Therefore, when the
tank is empty of fluid, the hardness is low and the displa-
cement increases. On the opposite point, the tank full of
fluid has a high lateral stiffness and its displacement is low.
The obtained results show that the maximum displacement
created in model V; (half-full), V5 (empty), and Vg (full) are
equal to 7.5, 10.9 and 0.73 mm, respectively. Therefore,
based on the obtained results, it can be seen that by chan-
ging the state of the fluid in the tank from full to half-full,
the maximum displacement of the tank increases by 90.3%.
This increasing trend has been achieved by 93.3% when the
tank is changed from full to empty.

Figure 11 shows the kinetic energy recorded in three
modeling modes Vy, Vs, and V. Based on the results, it can
be seen that by changing the state of the fluid in the tank
from full to half-full, the amount of kinetic energy in the
tank has increased by 8.9%. Also, with this increasing
trend, the amount of Kinetic energy in the tank has
increased by 12.6% by changing the state of the fluid in
the tank from full to empty. In other words, the less fluid
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U, Magnitude
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+6.765e-01
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+1,852e-01
+1,38%-01
+9,25%-02
+4,630e-02
+0.000e+00

U, Magnitude
+8.060e-01
+7.3688e-01
+6.717e-01
+6.045e-01
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+4.702e-01
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Figure 10: Displacement in Vs model.
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Figure 11: Effect of the amount of fluid on kinetic energy response of
the tank.

inside the tank, the kinetic energy in the tank will be
increased. This increasing trend has reached the maximum
of 12.6%.

Figure 12 shows the failure index of three modeling
modes V3, Vs, and Vs Based on the obtained results, it
can be seen that the failure index in the half-full, full,
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U, Magnitude

+0.000e+00

U, Magnitude
+1,130e400
+1,036e+00
+9,415¢-01
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Figure 12: Effect of the amount of fluid on failure index.

and empty tanks is equal to 0.78, 0.66, and 0.94, respec-
tively. In other words, by changing the condition of the
fluid in the tank from full to half-full, the damage index
in the tank has increased by 15.4%. Also, by changing the
condition of the fluid in the tank from full to empty, the
damage index in the tank has increased by 29.8%. In other
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S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+9.994e 408
+9.161e+08
+8.328e+08
+7.496e+08
+6.663e+08
+5.830e+08
+4.997e+08
+4.164e+08
+3.331e+08
+2.499%e+08
+1.666e+08
+8.328e+07
+0.000e+00

Figure 13: Von Mises stress distributed in V; model.

words, the probability of failure and damage in an empty
tank is 29.8 and 17% higher, respectively, compared to a full
tank and a half-full tank.

3.2 Effect of fluid pressure distribution on
behavior of concrete tank

In order to investigate the effect of fluid pressure distribu-
tion in the tank, two different modes (uniform and nonuni-
form distribution) have been considered. In the first case,
the fluid pressure distribution is assumed to be rectangular
and uniform. In the second case, the fluid pressure distri-
bution is considered triangular and nonuniform. In both
cases studied in this section, the cross-section of the tank is
circular, the amount of explosive material is 500 kg, the

U, Magnitude

+1.058e+00
+9.697e-01
+8,815e-01
+7.934e-01
+7.052e-01
+6.171e-01
+5.289%e-01

U, Magnitude
+1.35%e+00
+1.245e+400
+1.132e+00
+1.01%e+00
+9.057e-01
+7.925e-01
+6.793e-01
+5.660e-01
+4,528e-01
+3.396e-01
+2.264e-01
+1.132e-01
+0.000e+00

Figure 14: Displacement in V; model.
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S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
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distance of the explosive substance from the tank is 25m,
and the height of the fluid in the tank is 30 m (the tank is
full of fluid). Figures 7 and 13 show the stress distribution
in Vg and V-, respectively. The difference between them is
the fluid pressure distribution in the tank. It can be
observed that the maximum stress created in model Vg
(uniform fluid pressure) and V, are 348 and 916 MPa,
respectively. Thus, the nonuniform pressure distribution
of the fluid in the tank has caused a 62% increase in the
stress distributed in the concrete tank wall.

Figures 10 and 14 show the maximum displacement
created in Vg and V5, respectively. As it can be seen, the
maximum displacement created in model Vg (uniform dis-
tribution of fluid pressure) is equal to 0.73mm and the
maximum displacement created in model V; (nonuniform
distribution of fluid pressure) is equal to 1.18 mm. Also, it
can be seen that the nonuniform distribution of fluid

U, Magnitude
+1,190e+00
+1.091e+00
+9.919e-01
+8,927e-01
+7.935e-01
+6.943e-01
+5.951e-01
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+3.968e-01
+2.976e-01
+1,984e-01
+9.919e-02
+0.000e+00

U, Magnitude
+1.47%+00
+1,355e+00
+1.232e+00
+1.10%¢+00
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+8.626e-01
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+3.697e-01
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+1,232e-01
+0,000e+00
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Figure 15: Effect of fluid pressure distribution on kinetic energy response
of the tank.

pressure in the tank has caused a 38.1% increase in the
maximum displacement in the concrete tank wall.

Figure 15 shows the recorded kinetic energy in two
modeling modes of Vs and V5. It can be seen that the non-
uniform distribution of fluid pressure on the wall of the
concrete tank causes a 5% increase in the kinetic energy of
the concrete tank. Therefore, based on the obtained results,
the kinetic energy in the tank with uniform pressure dis-
tribution (V) and nonuniform pressure distribution (V)
are equal to 155.8 and 164 k], respectively. Figure 16 shows
the failure index of Vg and V; models. Based on the
obtained results, the failure index of the full tank with
uniform fluid pressure distribution (Vg model) is equal to
0.66 and the failure index in the nonuniform fluid pressure
distribution (V; model) is equal to 0.8. Therefore, it can be
concluded that with nonuniform distribution of fluid pres-
sure in the tank, the probability of failure and damage in
the tank increases by 17.5% compared to the condition of
uniform distribution of fluid pressure.

Table 4 summarizes the results for concrete tanks with
different parameters. As is clear, for the model V; tank,
which is the best case compared to other tanks in terms

0.9 -
0.8 -
0.7 -
0.6
0.5 -
0.4 -
0.3 A
0.2 A
0.1 A

Normalize Damage Index

Model

Figure 16: Effect of fluid pressure distribution on failure index response.
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Table 4: Results of the models examined in this study

Model Maximum Maximum Kinetic Normalize
stress displacement energy failure
(MPa) (mm) (k)) index

Vi 590 7.5 7 0.78

Vs 721 10.9 178.3 0.94

Ve 348 0.73 155.8 0.66

[z 916 1.18 164 0.8

of failure index, maximum stress, and displacement. And
conversely, Tank V5 had the weakest performance com-
pared to other tanks.

4 Conclusions

Based on the analysis done in this study, the results can be
summarized as follows:

Considering the empty tank, the maximum stress dis-
tributed in the tank has increased by 18.1% compared to
the base model. Filling the tank with fluid has reduced the
maximum stress distributed in the tank wall by 41%.

The nonuniform distribution of fluid pressure in the
tank has caused a 35.6% increase in the maximum stress
distributed in the tank.

Considering the empty tank, the maximum displacement
created in the tank has increased by 31.2% compared to the
base model. Filling the tank with fluid has reduced the max-
imum displacement created in the tank wall by 90%.

The nonuniform distribution of fluid pressure in the
tank has reduced the maximum displacement created in
the tank by 84.3%.

Considering the empty tank, the kinetic energy created
in the tank has increased by 4.1% compared to the
base model. Considering that the tank is full of fluid, the
kinetic energy generated in the tank wall has decreased
by 8.9%.

The nonuniform distribution of fluid pressure in the
tank has reduced the kinetic energy created in the tank
by 4.1%.

Considering the empty tank, the failure index in the
tank has increased by 17% compared to the base model.
Considering that the tank is full of fluid, it has caused a
15.4% reduction in the failure index in the tank wall.

The nonuniform distribution of fluid pressure in the
tank has caused a 2.5% increase in the failure index in
the tank.
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