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Abstract: Above-ground storage tanks are significantly more vulnerable to damage from blast loading compared
to bury or semi-buried concrete and steel tanks, primarily due to their exposed nature. To accurately assess the
real behavior of above-ground tanks, it is essential to account for fluid-structure interaction (FSI) effects.
Accordingly, in this study, 24 finite element models of cylindrical reinforced concrete tanks were developed in
ABAQUS software and subjected to blast loading, incorporating FSI effects. The key variables considered
include explosive mass, explosive distance, fluid fill level, tank wall height, and mesh size. The investigated
responses encompass circumferential (hoop) stress and radial displacement. The design constraints were set as
maximum allowable hoop stress (30MPa) and maximum displacement (20mm). The optimal tank was designed
using C30 concrete and steel with a yield strength of 400 MPa. The tank dimensions were 15m in height and
33.85m in diameter. The explosive mass and explosive distance were set at 1000kg and 10m, respectively. The
objective function was to minimize the tank weight while simultaneously satisfying the stress and displacement
constraints. Using the Particle Swarm Optimization (PSO) algorithm, the minimum weight of the cylindrical
reinforced concrete tank was determined to be 23933kN, which was achieved after approximately 25 iterations.

Keywords: Cylindrical Reinforced Concrete Tanks, Blast Load, Hoop Stress, Maximum Displacement,
Optimization, PSO Algorithm

OITUMMU3ANUA HAJBEMHBIX HUJINHAPUYECKHUX
"KEJIE3OBETOHHbBIX PE3EPBYAPOB IIPU B3PBIBHOI
HATPY3KE C YYETOM Y®PEKTOB B3AUMOJENUCTBUSA
AKUJIKOCTHU u KOHCTPYKIIUA C UCITIOJTb30OBAHUEM
AJI'OPUTMA PSO

Maoixcuo Anunyp ', Mooxcmaoa Xocceiinu % Ileiiman beiipaneano °
! Vrpasnenne baHka )KUIHAIITHOTO CTPOUTENHCTBA IpoBHHINH Jlypecrtan, T. Xoppemabdan, UPAH
2 Kadempsl rpax1aHCKOTO CTPOUTENBCTBA, Y HUBepcuTeT Jlypectana, r. Xoppemadan, NPAH
? [lIxosa Tpak1aHCKOIO CTPOUTENBCTBA, IpaHCKMil yHUBEpPCUTET HAyKH U TexHoJorul, 1. Terepan, UPAH

AnHoTanusi. HazemHble pesepByapbl ISl XpaHEHHs >KUAKOCTEH XapaKTEpU3YIOTCsSl CYIIECTBEHHO Ooiee
BBICOKOHM yA3BUMOCTBIO K BO3ACHCTBUIO B3pBIBHBIX HArpy30K II0 CPaBHEHHMIO C 3aridyOJEHHBIMH U
noiy3arnyOnéHHBIMA ~ OCTOHHBIMM M CTaJbHBIMU  pE3epByapaMHu, 4YTO OOYCJOBJIEHO HUX OTKPBITHIM
pacnioniokeHueM. [yt aleKBaTHOM  OLEHKHM  HANpsDKEHHO-Ae(OPMUPOBAHHOIO  COCTOSIHUSI  Ha3eMHBIX
pe3epByapoB HEOOXOANMO yUYHUTHIBaTh 3(Pp(eKTsl B3aumoaeHcTBUs kuaKocTd U KoHcTpykuuu (Fluid—Structure
Interaction, FSI). B cBs3u ¢ atum B mporpamMmmuom komruiekce ABAQUS Obiin pazpabotansl 24 KOHEYHO-
9JIEMEHTHBIC MOJICTIH LIMJIMHIPUYCCKHX JKEJIC300€TOHHBIX PE3E€PBYapoB, ITOIBEPracMbIX BO3/ICHCTBUIO B3pBIBHOM
Harpy3kn c yuéroMm FSI-addekro. B kauecTBe BapbHpyeMBIX MapaMETpPOB pacCMaTpUBAINCH Macca
B3pPBIBYATOTO BEILECTBA, PACCTOSHHUE /IO SIUIIEHTPa B3pbHIBA, YPOBEHb 3AIOJIHEHMS pe3epByapa >KUAKOCTHIO,
BBICOTA CTEHKH pe3epByapa M pa3Mep KOHEUHBIX JJIEMEHTOB pacuéTHOW CeTKH. B KkadecTBe McciemyeMblx
[apaMeTpoB OTKJIMKA aHAJIM3MPOBAIKCH KOJBIEBbIC (OOpyUYHBIE) HANPSDKEHHS W pajdalbHBIE MEPEeMELICHUs
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KOHCTpYKIMHU. [IpoeKkTHbIe OrpaHMYeHus ObUIM 3aJaHbl B BHJE MAaKCHMAIBHO JOIYCTHMOIO KOJBLIEBOTO
HanpsbkeHuss 30 MIla u mpemenpHO momyctmMoro mnepemenieHus 20 MM. OnTHMaidbHAsS KOHCTPYKIHS
pesepByapa Oblra pazpaboTaHa ¢ HCHONb30BaHMEM OetoHa Kiacca C30 m apMmaTypHOW CTaim ¢ TIpenesioM
texkyuectn 400 MIla. I'eomeTpudeckne mapameTpsl pe3epByapa cocTaBwiau 15 M mo Bwicote u 33,85 M mo
quaMeTpy. Macca 3apsiaa B3phIBYaTOTO BEIIECTBA U PACCTOSHHUE 10 00BeKTa ObIH NMpUHATH paBHBIME 1000 KT 1
10 M cooTBeTcTBEHHO. B KauecTBe 1eneBoi (GpyHKINMU paccMaTpuBalach MUHUMHU3ALUS MacChl pe3epByapa npH

OJTHOBPEMEHHOM  COOJIIOJICHUM OrPaHWYEHHH 10 MPOYHOCTH U Ae()OPMATUBHOCTH.

[Io pe3ynbratam

ONTHMHU3AIMK C MCIOJIb30BaHUeM airoputma pos uactull (Particle Swarm Optimization, PSO) ycraHoBieHo,
YTO MUHUMAJIbHBIN BEC IHJIMHIPUICCKOTO Kelle300eTOHHOro pedepByapa coctabisieT 23 933 kH. Jloctmwkenue
ONTHUMAJIBHOTO PEIICHUs ObLIO 00eCIeYeHO MPUOIU3UTENILHO TIOCTe 25 UTepaluii aaropuTMma.

KiioueBble c10Ba: UIMHAPHUYECKAHN KeIe300€TOHHBIN pe3epByap; B3pbIBHAS Harpy3Ka;
KOJIBLIEBBIC HAIPSHKECHUS;, PaMalbHOE TIEPEMEICHUE; ONTUMU3AINs KOHCTPYKIHiA; anroputm PSO

INTRODUCTION

Storage tanks are crucial structures for fluid
containment in transmission networks, typically
featuring fixed plan and elevation geometries.
Their design and analysis account for inflow
rates, site geotechnical conditions, and
static/dynamic loading. Therefore, a precise
investigation of tank behavior under blast
loading is essential. A key aspect of analyzing
such structures involves evaluating the effects
of fluid-structure interaction in response to
dynamic forces. For this purpose, the fluid
(water) is assumed to be a continuous,
incompressible, and irrational medium. Within
the tank domain, the equations of motion are
based on the governing differential equation for
hydrodynamic wave propagation and the
corresponding boundary conditions, which is
the Laplace equation [1].

The seismic response of liquid storage tanks has
been extensively studied by numerous
researchers. Early studies in this field assumed
rigid tank walls and considered both linear and
nonlinear fluid behavior. Pioneers in this area
were Jacobsen [2] and Housner [3], who
investigated hydrodynamic pressure effects in
tanks subjected to horizontal excitation.
Jacobsen focused his studies on cylindrical
tanks with rigid walls, while Housner modeled
rigid cylindrical and rectangular tank systems in
a manner practical for civil engineers. In
Housner's model, the fluid pressure is divided
into an impulsive component due to the part of
the fluid accelerating with the wall and a
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convective component resulting from fluid
sloshing. Subsequently, Epstein provided a
series of equations and tables, assuming the
convective component acts in the upper part of
the fluid, to determine maximum seismic forces
[4]. Later, Haroun and Housner, using the finite
element method, boundary solutions, and
computer programs, presented a new model of
the tank-fluid system, considering not only the
fundamental cos @ mode but also higher-
order cosnf modes [5]. Veletsos then modeled
the impulsive components of rigid and flexible
wall tanks by substituting a pseudo-acceleration
function for ground acceleration, followed by
Ramerathoffer who proposed a design
procedure for tanks considering both seismic
components [6].

As observed, most existing research has
considered earthquake forces as the dynamic
effect on fluid storage tanks. However, such
structures may also be subjected to other
loadings, such as blast waves. The analysis of
blast loading effects on structures began in the
1960s. In 1959, the U.S. Army published a
manual titled "Structures to Resist the Effects of
Accidental Explosions." A revised edition
published in 1990 has been widely used by
military and non-military organizations for the
design of structures to prevent blast propagation
and protect personnel and equipment [7].
Subsequently, numerous numerical and
experimental studies were conducted on the
effects of blast on various structures, including
fluid storage tanks [8, 9]. Among these, research
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by Wang et al. demonstrated that a tank
designed for seismic forces has lower resistance
to blast, resulting from increased internal energy
and reduced external work when adopting
constrained boundary conditions [10]. Mittal
researched the dynamic analysis of liquid
storage tanks under blast using a combined
Eulerian-Lagrangian formulation, showing that
stresses increase with higher fluid fill level,
decreased distance from the blast center, and
increased height-to-radius ratio of the tank [11].
Li et al. investigated blast overpressure
generated inside and outside groups of tanks.
They provided methods for calculating internal
and external pressures considering various
spacing's between tanks [12, 13]. Zheng et al.,
using numerical methods, presented the stress
and deformation in a gas tank subjected to a
TNT explosive blast load [14]. Hu and Zhao
modeled the effect of blast on a small-scale tank
in FLUENT software and compared it with
experimental specimens [15]. Peyman Safa
conducted a nonlinear dynamic numerical
analysis on ground-based floating roof tanks
under blast loading for 30 different blast
scenarios [16]. The obtained results indicated
that the examined tank shells are vulnerable to
some blast loading scenarios and would suffer
damage based on the failure criteria of the API
650 standard. Yasseri, through experimental
studies, proposed a relationship for obtaining
the external blast pressure distribution around
vertical pressure tanks [17]. The results of this
research are applicable to tanks with heights
smaller than their diameters. The numerical
study by Wang and Zhou on a water tank under
blast loading showed that water can mitigate the
tank's blast response [18]. Alipour and
colleagues, in their research, investigated the
effects of explosive distance, charge height
above ground, explosive mass, tank geometry,
internal fluid condition, and internal fluid
pressure distribution on both cylindrical and
cubic reinforced concrete tanks with an
equivalent cross-sectional area of 900 m?,
considering fluid-structure interaction effects
[19, 20, 21]. Hosseini et al. in a study, increasing
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soil density was found to intensify pressure and
stress on buried pipes under blast loading, whereas
low-density soil acts as a damper, reducing pipe
damage. Using the ALE method in LS-DYNA,
parametric analysis showed that soil with lower
density better mitigates explosion effects on
concrete pipes [22].

MATERIALS AND METHODS

This study aims to perform a sensitivity analysis
of parameters affecting hoop stress in above-
ground cylindrical reinforced concrete tanks
subjected to blast loading using the Monte Carlo
simulation method. All studied responses are
calculated and recorded at control points. In this
research, control points are defined along the
tank's peripheral surface at three elevation
levels: bottom, mid-height, and top of the tank
wall. The soil stiffness is assumed to be infinite
in this study, effectively neglecting soil-
structure interaction effects. (Figure 1) shows
the geometric parameters of the cylindrical tank.
The studied variables are as follows:

Explosive Mass: The loading in this study is of
the blast type. One of the key factors
influencing damage to the structure is the
magnitude of the blast force. Explosive mass is
one of the variables studied. Therefore, two
values of TNT equivalent explosive mass are
used: 500 kg and 1000 kg.

Explosive Distance: Another variable is the
distance from the explosive charge to the tank.
The closer the blast location is to the structure,
the higher the likelihood of damage. The
distances considered in this study are 10 m and
25 m. Internal Fluid Condition: To investigate
fluid-structure interaction effects, the tank's
behavior can be analyzed for three conditions:
empty, half-full, and full. Tank Height: Given
the nature of blast loading, which acts as
compressive waves on the tank's external wall, a
larger loaded surface area inevitably leads to
greater effects. Therefore, tank height, which
directly increases the loaded surface area, is
studied as a variable.
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Figure 1. Geometric parameters of the
cylindrical tank under study

Scaling Laws

The characteristics of a blast wave depend on the
energy released from the explosive material and the
propagation medium. These properties can be
measured under controlled laboratory conditions
and serve as a basis for obtaining information about
other explosions using blast scaling laws. In blast
loading, scaling blast wave properties is a common
practice, and several methods have been proposed
for estimating blast waves. Using scaling laws
based on experimental results, the properties of a
blast wave from any desired charge weight and
distance can be estimated, assuming a perfect gas
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and neglecting gravity and viscosity; however,
these laws are not suitable for very strong shock
waves or distances very close to the explosion
source. The Henrych scaling method used in this
study for designing cylindrical reinforced concrete
tanks is described below. According to Henrych's
scaling laws, if a charge weight W (kg of TNT)
detonates at a distance R from a structure, the peak
incident overpressure P, can be calculated from
the following equations:

R
7= R (€))
W3
14072 5.54 . 0.357 . 0.000625 0.05 <7 <03
7 7z T3 z* T -

p _)6194 0326 2.132
= . +ZZ +23 03<zZ<1

6.662 4.05 3.288

1<Z<10

Z +Zz+Z3

(2
Where Z is the scaled distance.

Preliminary Design of the Cylindrical Reinforced
Concrete Tank

In this section, a cylindrical reinforced concrete
tank was designed based on the initial problem
parameters. Table 1 presents the primary
specifications used for the tank design.

Table 1. Initial problem specifications for the design of the cylindrical reinforced concrete tank

Parameter Value
Total tank height I5m
Outer diameter of the cylindrical tank base 33.85m
Concrete class and compressive strength C30/30 MPa
Unit weight of concrete 25 kN/m?
Yield strength of reinforcement steel 400 MPa
Fluid height inside the tank 7.5m
Unit weight of fluid 10 kN/m?
Mass of explosive charge 1000 kg
Explosive distance of explosive from the tank 25 m
Based on the specifications in Table 1 and the cylindrical reinforced concrete tank was
provisions of Publication No. 123, the designed as detailed in  Table 2.
Table 2. Preliminary Design of the Cylindrical Reinforced Concrete Tank
Design Design Slab Vertical Horizontal Slab Wall
Tensile Bending Reinforcement Reinforcement ~ Reinforcement  Thickness Thickness
Force Moment
1523 kN/m 844 kN.m/m @16 @ 150mm @25 @100mm @20 @ 100mm  400mm 600mm
116 International Journal for Computational Civil and Structural Engineering
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Modeling the Tank and Fluid under Blast Loading

The modeling procedure for all studied models
in this research was similar and consistent. The
differences between models were solely in
numerical values, geometric parameters, and
research variables. Therefore, this section
presents the general modeling procedure for one
of the studied models. The first step in the
modeling process is creating the required parts.
In this study, according to the variables under
investigation, three parts were modeled: the
tank, the water, and the reinforcements (vertical
and circumferential). Concrete elements are of
type S4R, water elements are of type AC3D8R,
and reinforcement elements are of type T3D2.
After creating all three parts, the materials for

water, concrete, and steel are defined and
assigned to the created parts.

The water density is taken as 1 x 107¢ kg/mm? and
the water viscosity is set to 0.001. To define the
fluid behavior, the Us-Up equations (Mie-
Griineisen equation of state) are used. For this
purpose, the speed of sound C, = 1480000 mm/s
the slope coefficient of the Us-Up curve s = 1.79
and the Griineisen coefficient Iy = 0.5 are defined.
For the concrete tank, concrete with grade C30 is
used, with a unit weight of 2.4 x 1076 kg/mm3 a
Poisson's ratio of 0.2 and an elasticity modulus of
23.5GPa. To define the plastic properties and
damaged behavior of concrete, the parameters
related to the Concrete Damaged Plasticity model
were considered according to Tables 3 and 4.

Table 3. Parameters for Concrete Damaged Plasticity Behavior

Eccentricity Dilation Angle (°)

fo/feo

Eccentricity Dilation Angle (°)

0.0001 0.67

1.16

0.1 30

Table 4. Compressive and Tensile Behavior of Concrete in ABAQUS Software

Compressive Stress (MPa)

Plastic Strain

Tensile Stress (MPa) Plastic Strain

1 11.25 0.0000
2 18.75 0.0000
3 22.50 0.0000
4 25.00 0.0002
5 23.75 0.0005
6 21.25 0.0010
7 17.50 0.0020
8 12.50 0.0030
9 10.00 0.0040

2.80 0.0000
2.10 0.0001
1.40 0.0002
0.70 0.0003
0.00 0.0004

Steel is used to model the reinforcements in
concrete. The elastic properties of steel, including
unit weight, Poisson's ratio, and elasticity modulus
are7.85 x 107° kg/mm3, 0.3 and 210GPa
respectively. Since blast loads (as impulsive loads)
typically induce extremely high strain rates in the
range of 100 to 10,000 s, they alter the mechanical

mechanisms in the structure. According to Table
5, the plastic properties of steel are defined using
the Johnson-Cook hardening model to account for
strain rate effects on stress. According to Equation
(3), stress in the Johnson-Cook model is defined
as a function of plastic strain, strain rate, and
temperature. This feature can be readily defined in

properties of materials and the expected ABAQUS software.
Table 5. Johnson-Cook Model Parameters for Steel Plastic Behavior.
Parameters Value
A (MPa) 360
B (MPa) 635
n 1.03
m 0.114
Melting temperature (K) 1500
Transition temperature (K) 298
0.075

Epsilon dot zero

1
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o= (A+Be")(1+ C.Lne")(1 — T*™) 3)
Where ¢* is the dimensionless plastic strain rate
relative to the reference strain rate, and € is the
plastic strain rate;T* is the homologous
temperature; 4 is the initial yield strength of steel
at a reference plastic strain rate € = 1/s and
temperature of 298 K; B and » simulate the strain-
rate-independent ~ hardening  behavior  of
steel; Crepresents  the  strain-rate-dependent
hardening behavior; and m is the thermal softening
coefficient, obtained from mechanical tests for
steel and equal to 0.114. After assigning materials
to the parts, all parts are assembled, and the charge
weight and explosive distance are defined using
the ConWep method. Accordingly, the desired
points are defined as reference points using
the Offset from point option, and subsequently,
the charge weight is defined. It should be noted
that the tank base is modeled with fixed supports
and is fully constrained.

VALIDATION

To ensure the accuracy of the modeling performed
in this study, the results presented here were verified
against those from a reputable reference. For this
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purpose, one of the models examined by Moghadam
et al. was simulated, and the obtained results were
compared with those presented in that reference. It is
worth noting that previous studies have compared
different numerical modeling methods for applying
blast loads to water storage tanks to assess their
accuracy. In this section, the blast loading on the
tank is applied in ABAQUS software and compared
with the numerical modeling method proposed by
Moghadam et al. for evaluation. Steel water tanks
with various dimensions and fill percentages were
analyzed under a 100 kg TNT explosion at different
explosive distances [23].

In this case, a water tank with a height of 1 meter, a
radius of 1 meter, and 50% water fill was modeled
under a 100 kg TNT explosion at a distance of 5
meters from the tank and evaluated in ABAQUS
software to confirm the model’s validity. The graph
in Figure (2) shows the resulting hoop stress on the
tank wall under blast. The hoop stress distribution
along the wall at the peak blast time is examined,
and pressures are applied to the water tank. In this
case, the hoop stress value is determined for each
node and plotted. Table (6) compares the percentage
error in the study conducted by Moghadam et al.
with the present study. The comparison results
showed that the difference was less than 5%.

Table 6. Percentage Error of the Method by Moghadam et al. Compared to the Present Study [23]

10 9 8 7 6 5 4 3 2 1
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0 Depth(m)
112 184 217 288 321 379 440 496 538 549 Moghadam et al. [23]
115 192 214 295 330 389 432 510 546 564 Current study
2.7 43 1.4 24 2.8 2.6 1.8 2.8 1.5 2.7 Error (%)
700 T T
-

500 -

N
=]
]

Hoop Stress (MPa)
w
o
(=3

n
=}
S)

100 I I I I
0 0.1 0.2 0.3 0.4

L L I I I
0.5 0.6 0.7 0.8 0.9 1

Depth Tank (m)

Figure 2. Comparison of hoop stress in the studied model with the research by Moghadam et al
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RESULTS

Analyzed of Models

Given the variables addressed in this study, which
include the water condition inside the tank (empty,
half-full, and full), tank height (10 and 15 meters),
explosive charge mass (500 and 1000 kg), and
explosive distance (10 and 25 meters), we will
examine the influence of each stated variable on
the behavior of the above-ground tank,
considering fluid-structure interaction effects. In

this process, other variables are held constant.
This procedure is repeated for each variable, and
the impact of all variables on the structural
response is studied and evaluated. Subsequently,
the effects of explosive charge mass, explosive
distance, internal water condition, and tank height
on the overall response of the above-ground tank
under blast loading are investigated and assessed.
The studied scenarios in this research are named
according to Table (7).

Table 7. Introduction and Nomenclature of the Studied Scenarios in the Present Research

Model Tank Height (m) Explosive Charge Mass (kg) Water Condition in Tank  Explosive Distance (m)
T1 10 500 Empty 25
T2 10 500 Empty 10
T3 10 500 Half-Full 25
T4 10 500 Half-Full 10
T5 10 500 Full 25
T6 10 500 Full 10
T7 10 1000 Empty 25
T8 10 1000 Empty 10
T9 10 1000 Half-Full 25

T10 10 1000 Half-Full 10
T11 10 1000 Full 25
T12 10 1000 Full 10
T13 15 500 Empty 25
T14 15 500 Empty 10
T15 15 500 Half-Full 25
T16 15 500 Half-Full 10
T17 15 500 Full 25
T18 15 500 Full 10
T19 15 1000 Empty 25
T20 15 1000 Empty 10
T21 (RM) 15 1000 Half-Full 25
T22 15 1000 Half-Full 10
T23 15 1000 Full 25
T24 15 1000 Full 10
ABAQUS Software Outputs

After simulating all 24 models in ABAQUS
software, contour outputs of hoop stress and
displacement are obtained.

Table 8. Maximum Hoop Stress and Displacement Values for All 24 Models

Maximum Displacement (cm) Maximum Hoop Stress (MPa) Model
1.12 17.4 T1
2.41 434 T2
1.40 24.8 T3
3.40 61.9 T4
1.62 29.7 T5
4.11 74.3 T6
1.20 21.7 T7

Volume 22, Issue 2, 2026
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3.00
1.70
4.30
2.00
5.10
1.10
2.80
1.64
4.15
1.90
4.80
1.40
3.55
2.09
5.00
242
6.12

542 T8
30.9 T9
77.4 T10
37.1 T11
92.8 T12
20.4 T13
51.0 T14
29.1 T15
72.8 T16
34.9 T17
87.4 T18
25.5 T19
63.7 T20
36.4 T21 (RM)
91.0 T22
43.7 T23
109.2 T24

Optimal Design of the Cylindrical Reinforced Concrete
Tank

The Particle Swarm Optimization (PSO)

algorithm is a population-based optimization

technique inspired by the social behavior of bird

flocking or fish schooling. Each "particle" in the

search space represents a potential solution. The

main parameters of this algorithm are as

follows:

e Population: A set of particles (n-particles).

e Position: The location of a particle in the
search space (positions).

e Velocity: The direction and magnitude of a
particle's movement (velocities).

e Personal Best: The best position experienced
by each particle so far (pBest).

e Global Best: The best position found within
the entire swarm (gBest).

The velocity and position of each particle are

updated using Equations (4) and (5).

“
vilt+ 1) =wxvi(t) + ¢, Xy X (pBesti - xi(t))
+cy X1y X (gBest — xi(t))
xi(t+ 1) =x;(t) +vi(t+ 1) €]

Where:

o v;(t) is the velocity of particle i at iteration t,

e x;(t) is the position of particle i at iteration ¢,

e w is the inertia weight,

e c1 and c2 are the cognitive and social
acceleration coefficients, respectively,

e 71 and 72 are random numbers uniformly
distributed between 0 and 1,

e pB est is the personal best position of
particle i, and

e gBest is the global best position.

In this section, using the results from Table 5, a

cylindrical reinforced concrete tank was designed

using the PSO algorithm. The algorithm

parameters were set as presented in Table 9.

Table 9. Initial parameters of the PSO algorithm

Maximum Number of  Cognitive Coefficient ~Social Coefficient  Inertia Weight (w)  Number of Particles
Iterations
100 1.5 1.5 0.7 50

It should be noted that the two design
constraints were set as the maximum allowable
hoop stress (30MPa) and maximum
displacement (20mm). The optimal tank was
designed for C30 concrete and steel with a yield
strength of 400MPa. The tank height and
diameter were 15 m and 33.85 m, respectively.
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The explosive mass and explosive distance were
considered as 5000 kg and 50 m, respectively.
In this optimal design, the objective function
was to minimize the tank weight while
simultaneously satisfying the maximum stress
and displacement constraints. According to the
executed code provided in Appendix (C), the
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minimum weight of the cylindrical reinforced 23933kN, which, as shown in Figure (3), is
concrete tank using the PSO algorithm is achieved after approximately 25 iterations.

i
42"

42r

4k
38
3.6
34

32r

Total mass (kN)

3t

281

26

24
0 5

0
Iteration

20 25

Figure 3. Optimized weight of the cylindrical reinforced concrete tank versus PSO algorithm
iterations

Table 10 presents the geometric specifications
of the weight-optimized cylindrical reinforced
concrete tank.

Table 10. Geometric specifications of the optimal tank using the PSO algorithm

Parameter Value
Total tank height 15m
Outer diameter of the cylindrical tank base 33.85m
Concrete cover for floor and wall 50mm
Tank wall thickness 440mm

Vertical reinforcement
Horizontal reinforcement (hoops)
Maximum hoop stress
Maximum displacement

Two layers of ®25@150mm
Two layers of ®32@150mm

Determination of Fitted Curves for Problem Parameters
A fitted line (trend line) is a straight line that
represents the best linear relationship between
two variables. This line is drawn such that the
overall distance of all data points from the line
is minimized, while also passing through the
majority of the data. In this section, the fitted
line (regression) between various parameters
and the hoop stress is calculated. The goal is to
find the equation of a straight line y = ax + b
that best fits the data. To compute the slope and
intercept of this line using the least squares
method, Equations (6) and (7) are used.

Volume 22, Issue 2, 2026

26.76MPa
2.0lcm
0= 20 =) — ) ©)
1200(x; — %)?
b=y—ax 7

Where x¥ and y are the means of the n data
points on the horizontal and vertical axes,
respectively. According to Figure (4), an inverse
and approximately linear relationship is
observed between mesh size and hoop stress. As
the mesh size decreases from 0.3m to 0.03m, the
hoop stress increases from 5MPa to 55MPa.
Finer meshing is capable of estimating the
complex stress field resulting from the
interaction of the blast wave and sloshing
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phenomena with higher accuracy. This
relationship also indicates a strong dependence
of the finite element analysis results on the
mesh size.

a5

° ® data ‘
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20| & ~
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251
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Mesh Size (m)

Figure 4. Correlation between hoop stress and
mesh size

According to Figure (5), a parabolic relationship
is observed with maximum stress occurring at a
fluid height of 4-6 meters. At low fluid levels,
the impulsive effect of the blast wave
dominates. At moderate fluid heights, the
phenomena of fluid-structure resonance and
sloshing occur, while at high fluid levels, the
damping effect of the fluid and hydrostatic
pressure become significant.

Hoop Stress (MPa)

Fluid Height (m)
Figure 5. Correlation between hoop stress and
fluid height

According to Figure (6), an increase in tank
height has a negligible impact on the increase in
hoop stress, with only a mild slope of growth. In
contrast, as shown in Figure (7), increasing the
explosive distance of the explosive from the
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tank causes a reduction in the tank's hoop
stresses. Based on the present study, this
parameter (explosive distance) is the most
influential on the magnitude of hoop stress.

ar

® data ° °
— = 0.60X + 10.39

40 - ® .

Hoop Stress (MPa)

L . . . . . . . . .
10 105 11 11.5 12 12,5 13 135 14 14.5 15
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Figure 6. Correlation between hoop stress and
tank height
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Figure 7. Correlation between hoop stress and
explosive distance
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Figure 8. Correlation between hoop stress and
explosive mass
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As evident from Figure 8, increasing or
decreasing the explosive mass within the
variable distance range of 10 to 25 meters has
an insignificant effect on the magnitude of hoop
stress. This demonstrates the negligible
influence of charge mass on hoop stress at
larger standoff distances from the tank.

DISCUSSION AND CONCLUSION

In this research, the dynamic responses of
cylindrical reinforced concrete water storage
tanks under specified blast loading were
investigated. =~ The results indicate that
parameters such as the water fill level, tank
height-to-radius ratio, and distance from the
blast center significantly influence the dynamic
response of the tank structure. Specifically, the
horizontal impulse increases with a decrease in
water fill percentage and an increase in tank
height. Furthermore, hoop stresses increase with
a higher water fill level and a decrease in the
standoff distance of the explosive. The most
significant findings of this study are as follows:
= The optimal design of a cylindrical
reinforced concrete tank using the Particle
Swarm Optimization (PSO) algorithm for a
specified fluid volume resulted in a reduction
of the tank weight by approximately 4% after
25 iterations.
= A decrease in mesh size led to an increase in
hoop stress, which is primarily attributed to
stress concentration in the underlying elements.
= As the fluid height inside the tank increases,
hoop stresses exhibit a parabolic pattern of
increase.
= Increasing the tank height within the range of
10 to 15 meters does not significantly alter
the hoop stresses.
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