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1. Introduction

Abstract. This study investigates the blast effect on hoop stresses and displacements
created on the wall of over-ground cylindrical reinforced concrete water tanks and the
effects of blast waves, fluid surface motion, and the surface tension of water due to water-
structure interaction using ABAQUS software. Three water tanks with heights of 4, 6,
and 8 m and a fixed radius of 3 m were used for simulation, each of which was filled with
0, 25, 50, 75, and 100% water from the depth of the tank. The results revealed that the
above parameters affect the water tank structure’s dynamic response so that the surface
tension of water is higher in water tanks with 50% water filling. Also, increasing the water
filling percentage, the hardness of the water tank increased and decreased the tank wall
displacement by 31.25% for a filled water tank compared to an empty water tank. The
results illustrate that the water tank wall’s hoop stresses were affected by blast waves from
the outside and water tension from the inside, so that the water tension in the water tank
caused an approximate 20 MPa increase in the hoop stresses on the wall.

(© 2022 Sharif University of Technology. All rights reserved.

and the high living standards of citizens have forced
the governments to construct numerous water tanks

Generally, water tanks are characterized as essential
components of water supply systems. The water
tanks are designed based on different aspects, including
compensating for changes in water demand; reducing
water pressure fluctuations in distribution networks;
storing and providing the required water for firefight-
ing; continuity of water supply or distribution during
power outages or hazardous incidents; and preventing
water pollution. The storage of drinking water is
affected by several factors: proper design, selection of
materials, and the construction and maintenance of the
water tanks. Population growth, urban development,
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in different parts of the country to meet water supply
demands. Therefore, the design and calculation of
these water tanks are performed based on the latest
national and international standards to ensure the
efficiency of these infrastructure facilities [1]. Also,
it is essential to investigate the behavior of structures
considering the influence of this type of loading. This
issue is due to the spread of terrorist attacks and blasts
caused by large-load and concentrated explosives on
structures. The present study evaluates the strength of
water tanks considering several phenomena, comprising
the effect of water-structure interaction in an explosion
and blast loading; the specific influence of water turbu-
lence force; and the effect of water-structure interaction
on the stresses of the water tank structure. The
study of water-structure interaction plays a crucial role
in analyzing water-related structures in response to
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dynamic force. In this case, water is presumed to be a
continuous, incompressible, and non-rotating medium.
The motion equations are configured in the water
tank environment based on the governing differential
equation. Thus, the hydrodynamic waves and their cor-
responding boundary conditions are propagated (i.e.,
forming the Laplace equation) [2].

Over the years, many researchers have studied
earthquake-stimulated fluid water tanks [3-6]. The
preliminary studies on water tanks have been per-
formed by assuming a rigid wall and two linear and
nonlinear behavior modes for the liquid. Hoskins
and Jacobsen (1934) [7] investigated the influence of
hydrodynamic pressure on rectangular water tanks
subjected to horizontal stimulation. They have focused
on analyzing and evaluating rigid-wall cylindrical water
tanks. Housner [8] modeled a rigid cylindrical and
rectangular water tank for the practical use of civil
engineers. In this model, the liquid pressure has
been divided into two parts: the impulsive component
caused by the movement of a portion of the liquid with
an acceleration equivalent to the wall acceleration and
the convective component obtained by liquid sloshing.
Epstin [9] determined the maximum forces caused by
an earthquake. The values have been computed using
a series of equations and tables and assuming that the
convective component acts on the upper part of the
liquid. Haroun [10] proposed a new model for the water
tank-liquid system using the finite element method,
boundary solution, and computer programming. In
this model, the effect of higher modes of cos nf has
been considered in addition to the influence of cos 6
type mode. In 1984, Veletsos modeled water tanks with
flexible walls [11]. This process has been performed
via substituting the quasi-acceleration function by the
ground acceleration of the impulsive component of
rigid-wall water tanks. Ormefio et al. [12] suggested
several seismic ground motion scaling methods for
the dynamic analysis of water tanks. Ruiz et al.
[13] proposed an efficient computational methodology
for seismic analysis of water tanks. The proposed
model revolves around the theory of potential flow.
In this case, the continuity equation is solved through
the finite element method. Javanmardi et al. [14]
applied the computational fluid dynamic approach to
analyze the water moving pressure act and the channel
parameters on the generated waves in the channel.
They demonstrated that the enlargement of the draft
has led to the increment of the angle of attack, the
beam of the pressure source, and the height of the
generated wave. Zhang et al. [15] employed the Arbi-
trary Lagrangian-Eulerian (ALE) method to evaluate
the coupling responses of water and aqueducts with
high bent-type under wind loads. They proved that
the isolated support altered the dynamic properties
and reduced the wind resistance performance of the

U-shape aqueduct. Brunesi et al. [16] assessed the
dynamic reaction of cylindrical water tanks based on
field observations. The data was gathered during the
May 2012 earthquakes in northern Italy. They found
that the large majority of cylindrical water tanks were
severely damaged. Colombo and Almazin (2015) [17]
utilized the seismic capability method to evaluate the
performance of a specific energy dissipation method
in two narrow and wide cylindrical water tanks. Jin
et al. [18] 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.

Most previous research considered seismic force
as a dynamic effect on water tanks. However, it is
necessary to investigate the dynamic effects of the
structures exposed to the blast loadings. Analyzing
the effect of blast loading on structures has begun
since the 1960s. In 1959, the US Army published
a journal paper entitled “Blast-resistant Structure”.
The publication was edited in 1990. The edited
version has widely been applied by military and civilian
organizations to design structures, prevent the spread
of explosions, and protect military equipment and
personnel [19]. Then, several numerical and laboratory
studies on the blast in various structures, such as water
tanks, were completed [20,21]. For example, Wang et
al. [22] reported that a straightforward designed water
tank had a blast resistance smaller than a reinforced
water tank. This situation occurs only by increasing
the internal energy and decreasing the external work
(through adopting limited axial boundary conditions).
Mittal et al. [23] utilized the coupled Euler-Lagrange
formula to assess the dynamic analysis of water tanks
under blast loading. They discovered that increasing
the liquid height in the water tank, decreasing the
scale distance of explosives, increasing the ratio of
dimensions, and increasing the ratio of height to radius
could all increase stresses. Hu and Zhao [24] utilized
fluent software to model a small-scale water tank under
blast loading. The achieved results have been validated
by a laboratory sample. They investigated the internal
pressure distribution in the water tank according to
several factors, including the water tank capacity, the
ratio of height to depth, and the shape of the water tank
roof. Zhang et al. [25] employed a numerical method to
analyze a gas tank considering the effect of TNT blast
loading. They also calculated the resulting pressure
and deformation. Lee et al. [26] and Li and Hao [27] ex-
amined the blast pressure inside and outside the space
of the water tanks. They presented the calculation
procedure for the internal and external pressures in the
water tanks. In this case, LS-DYNA software has been
employed to express the different distances between the
water tanks. Lu et al. [28] modeled the effect of a blast
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on a cylindrical metal water tank and then compared
the results with a laboratory sample. They also evalu-
ated the generated fracture mode, deformation, energy,
and dynamic strain. Yasseri [29] performed some
laboratory studies to introduce an equation for water
tanks with a height lower than the diameter. This pro-
cedure has been performed to obtain the distribution of
external blast pressure around the water tanks under
vertical pressure. Safa [30] implemented a nonlinear
dynamic analysis for groundwater tanks with floating
roofs under the blast load. In this case, the analysis
process has been carried out for 30 different blast
loading modes. The results showed that the bodies of
the water tanks were vulnerable in some blast loading
scenarios, and the damage took place according to the
failure criteria of the API650 design code. Wang and
Zhao employed a numerical analysis and demonstrated
that water could reduce the response of the water tank
subjected to blast loading [31]. The investigation was
carried out for two modes of a metal water tank, taking
into account simple and limited support in the struc-
ture’s axis. They demonstrated that in a water tank
with limited support conditions in the axis, internal
energy increased while external work decreased.

Several types of research have been performed on
water tanks under dynamic loads (e.g., earthquakes
and blasts on metal water tanks), and their results have
provided valuable information. However, there is a gap
concerning the study of the behavior and response of
the reinforced concrete over-ground water tanks under
the blast, assuming the water-structure interaction.
In this regard, the coupled Euler-Lagrange equation
has been employed in ABAQUS software [32]. Then,
the obtained results have been utilized to determine
the stresses caused by the external blast and internal
water pressure against the parameters affecting the
behavior of the structure. In the present study, three
reinforced concrete water tanks with different heights
of 4, 6, and 8 m and a fixed radius of 3 m have been
considered. Each one contains 0, 25, 50, 75, and 100%
water from the depth of the water tank. In this case,
the hoop stresses of the water tank wall and the fluid
surface motion induced by blast loading have heen
investigated.

2. Method

On the water tank walls, 94 grade-10 rebars are
perpendicular, and in every 1 m height, five grade-8
rebars circularly surround the vertical rebars. These
bars are buried inside the concrete. Figure 1(a) shows
how the rebars are attached, and Figure 1(b) shows the
concrete wall.

2.1. Concrete
Concrete is one of the materials whose failure level

(a) (b)

Figure 1. Reinforced concrete water tanks: (a) Rebars
and (b) concrete.

Table 1. Elastic and plastic characteristics of
concrete [33].

No. Features Value
1 Dilation angle, 1 (degree) 31
2 Eccentricity, 0.1
3 Jv0/ fo0 1.16
4 Second stress invariant, k 0.666
5  Viscosity (N.s/m?) 0.0001
6 Density (kg/m?) 2450
7 Young’s modulus (N/m?)  235E8
8 Poisson’s ratio, v 0.2

depends on hydrostatic pressure. Different criteria
have been proposed for concrete, one of which is the cri-
terion for yielding concrete, plastic damage, dependent
on the hydrostatic pressure in concrete modeling. To
predict the nonlinear behavior of concrete and consider
the effects of the decline in the concrete strength due
to failure, the damaged plasticity model for concrete
is used, where the compressive and tensile behavior
of concrete and the two parameters of compressive
damage and tensile damage are considered. This model
uses the concept of isotropic damage in the linear
range and shows the nonlinear behavior of concrete by
combining isotropic tension and plastic pressure. The
elastic and plastic properties of concrete defined in this
research are given in Table 1.

In Table 2, concrete compressive and tensile
behavior is assigned to concrete in the material module
of ABAQUS software.

2.2. Rebar

Steel is used to model reinforcements in concrete.
Since blast loads usually produce incredibly high strain
rates in the range of 102 ~ 10* s™!, they change
the mechanical properties of materials in the structure
and the expected mechanisms. According to Table 3,
the plastic properties of the steel have been assumed
using the Johnson-Cook hardening model to consider
the impact of strain rate on the stress. According
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Table 2. Compressive and tensile behavior of concrete ABAQUS [33].

No. Compressive behavior Tensile behavior
Yeild stress (Pa) Inelasic strain Yeild stress (Pa) Cracking strain
1 20480000 0 3200000 0
2 24000000 6.88E-005 320000 0.00119
3 26880000 0.000161
4 29120000 0.000278 a5
5 30720000 0.0004184 304
6 31680000 0.0005826 251
7 32000000 0.00077 g 204
8 31680000 0.000982 \5 157
9 30720000 0.00122 = 10 Comprosaive strsos
10 29120000 0.00148
11 26880000 0.00176 H re— N 3 4
12 24000000 0.00207 ‘ __1501 Strain x10™* ‘
13 20480000 0.0024
14 16320000 0.00275
15 11520000 0.00313

Table 3. Johnson-Cook model specifications [34].

No. Variable Value
1 A (MPa) 360
2 B (MPa) 635
3 N 1.03
4 M 0.114
5 Melting temperature (K) 1500
6 Transition temperature (K) 298
7 C 0.075
8 Epsilon dot zero 1

to Eq. (1), stress is defined as a function of plastic
strain, strain rate, and temperature in the Johnson-
Cook model [23]. This feature is easily defined in the
ABAQUS software:

oc=(A+B")(14+C log.c")(1 =T"™), (1)

where £* = % is the dimensionless plastic strain rate

in the reference strain rate ¢y = %7 and ¢ is equal
to the plastic strain rate; 7™ is the corresponding
dimensionless temperature; A is the initial rupture
strength of steel at a plastic strain rate of ¢ = %, and
the temperature is 298 Kelvin; 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 3.

Y
z ™ wx

Figure 2. Geometric shape of the fluid inside the water
tank.

2.8. Fluid

The fluid in the tanks is water. FEach water tank,
depending on its water height, covers 0, 25, 50, 75,
and 100% of its volume with fluid. Figure 2 shows the
fluid inside the water tank.

2.3.1. Coupled Euler-Lagrange (CEL) formula

The Coupled Euler-Lagrange (CEL) formula analy-
sis allows modeling of the Euler-Lagrange interaction
domains in one model. This analysis 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
contact. Therefore, this powerful tool makes it possible
to model many multi-phase problems, including fluid-
structure contact. Because of Eulerian fluid modeling,
the problems caused by large deformations of the
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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 [21].

2.8.2. Fluid properties in ABAQUS

In turbulence issues, the fluid can be considered incom-
pressible and non-viscous. 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 incompressibility constraints. Since the turbu-
lence 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 incompressible way.
The shear viscosity acts as a corrective parameter to
neutralize the shear modes that cause mesh failure.
Because water is a non-viscous fluid, the shear viscosity
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 [21].

2.3.8. Energy equation and Hugoniot curve
The energy equation in the absence of heat transfer is
written as Eq. (2):

OF,,
ot

19p . :
=(P-PF) —— : 2
(P=Po) 5 30453 6+00, @)

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 F,, is the internal energy per
unit mass. The equation of state is a function of density
p and internal energy per unit E,, mass. Eq. (2) can
define all the equilibrium 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 %. The relationship between p and % is called
the Hugoniot curve [21].

pP=f (pEm)' (3)

Figure 3 schematically shows the Hugoniot curve; the
Hugoniot pressure Py is only a function of density, and
the curve is generally plotted by processing experimen-
tal data [21].

Pgly

Prly

> 1/p

1/p1 I/PO

Figure 3. The Hugoniot curve for pressure-time
relationship definition [21].

2.3.4. State equation Mie-Grineisen
In the Mie-Griineisen equation, the energy is linear. Its
standard form is given in Eq. (4):

P— Py =Tp(E, — En), (4)

where Py and Epy are the specific pressure and the
specific energy of Hugoniot per unit mass, respectively,
and I' is the Griineisen coefficient. The Griineisen
coefficient is calculated using Eq. (5). The specific
pressure and the specific energy of Hugoniot are only
functions of density.

Po
I'=Ty—. 5
P (5)

In Eq. (5), T is the constant of matter, and pq is
the reference density. The energy of Hugoniot Ep is
dependent on the Hugoniot pressure and is obtained
using Eq. (6):
Py
Ey=—, 6

where n =1 — % is a function of current density p. By
placing Egs. (5) and (6) in Eq. (4), the Mie-Griineisen

equation of state is obtained as Eq. (7):

I
P = PH (1 — ;77) +F0p0Em. (7)

2.3.5. Linear Hugoniot Us — U,
The Py equation is shown by processing the Hugoniot
information in Eq. (8):

_ poCin
R ®

In this relation, S and Cj create a linear relationship
between the Ug impulsive velocity and the Up particle
velocity according to Eq. (9):

Us = Co + SUp. (9)

S and Cj are the slope of the Hugoniot curve and the
velocity of the sound wave in water, respectively. The
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Table 4. The specifications of the tank water [23].

No. Variable Value
1 Density (kg/m?) 1000
2 Viscosity (N.s/m?) 0.001

3 Sound velocity in water (m/s) 1450

4 Curve slope 0

velocity of the sound wave in water is calculated by
Eq. (10):

K
Co=4/—. 10
0 p (10)

In this relation, K is the modulus of the fluid bulk, and
p is the density of the fluid. According to the above
relations, the linear form of Hugoniot is presented as
Eq. (11):

__poCin (1 _ Ty
(1 - Sn)’ 2

According to the ABAQUS software guide, the value
of S, the slope of the curve and I'y, and the Griineisen
coeflicient for water are considered equal to zero. The
specifications of the water tank are given in Table 4.

2.4. Blast loading

In general, there are two types of perspectives for
modeling blast loading in structures: (a) blast loading
in the form of pressure-time history applied to all or
some parts of the structure without considering the
effect of the structural deformation on the pressure
distribution and (b) loading with complete modeling
of the structural and fluid environment as a complete
coupling. The second method, if implemented cor-
rectly, leads to much more accurate results than the
first method. However, it is very complex, and the
analysis takes a much longer time. The first method is
modeled by conventional finite element software. But
the second method is not modeled and analyzed by
many of the available software packages. Besides, the
adjustment of the second method is complex and time-
consuming in available software packages. Many blast
loadings are derived as a decent approximation of the
blast of a spherical charge.

Overall, blast load is applied to the concrete water
tanks using the pressure-time history curve. Figure 2
shows the pressure-time curve for a blast wave in the
open environment. As shown in this figure, it is divided
into positive and negative phases. This procedure
is often considered in analyzing and designing blast-
resistant structures. In this case, the negative phase is
less critical than the positive phase. This issue is due to
its low blast pressure (suction). The rapid increase in
pressure is either called the positive phase or the over-

) + LopoE - (1].)

P(t)
A
]DSO+ ssmEEEn
o
-
=)
(]
1]
0
S
Ay
t1 i3
P, ; 2 >
: : : Time
P-w_ ------- : ........ a: ............. E
ta & tpos i tneg K

Figure 4. Pressure-time for blast waves in the air [12].

pressure phase. In this phase, the maximum pressure
(pd) is formed immediately after reaching the blast
pressure on the structure (¢,) and returning to the
atmospheric pressure (p,) during the holding time (¢4).
In the negative phase, the pressure first decreases and
then increases and returns to the atmospheric pressure
(p,) during the holding time (t;). The pressure-time
curve in Figure 4 is described by Eq. (12) and using
the Friedlander modified equation (Eq. (12)):

P(t)=p? (1 - t) <L§)> (12)

S0 +
14
d

In this relation, P (¢) indicates the intensity of the blast
load on the water tank, and pjo is the value of the blast
pressure peak in MPa; ¢, is the time of arrival of the
blast wave in seconds; tj is the duration of the positive
pressure in seconds, and b is a dimensionless value that
controls the pressure drop [12].

One of the blast loading methods in ABAQUS
software is the CONWEP method, in which the blast
load is applied as a certain amount of TNT at a specific
distance from the structure. The CONWEP model
can be briefly defined using the free-explosion pressure-
time diagram described by the modified Friedlander
equation, expressed as Eq. (13) [12] :

if: cosf <O,
P(t) = P;(t) (1 +cosf — 2cos® §) + P, (t) cos® 0,

f:cosf >0. (13)

In the above relation, P (t) is the total compressive
wave intensity on the adjacent structure at time ¢; P; (t)
is the pressure of impulsive positive phase at time ¢;
P, (t) is the reflective pressure at time ¢; and 6 is the
angle between the normal vector of the object surface
and the vector that connects the collision surface to the
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Figure 5. Blast load on the tank wall [12].

blast site [12]. The time the blast pressure reaches the
water tank wall is shown in Figure 5. Increasing the
amount of pressure on the structure is directly related
to the distance and the number of explosives.

In this research, the CONWEP method has been
used to apply an explosive load to the water tank.
The type and mass of the explosion were airblast and
800 kg, respectively, from a distance of 10 m.

3. Meshing and sensitivity analysis

The importance of the convergence test is such that
after the completion of the first analysis and evaluation
of stress values and damage models in the mesh model,
critical areas are identified. We set out to reach the
optimal mesh size in critical areas by changing the mesh
due to the sensitivity of these results to the defined
mesh and the need to consider the time phases of the
analysis and the optimal time spent. This optimal size
for the mesh is created when the larger size affects the
quality and quantity of the response, and the smaller
size does not alter the response.

Luccioni et al. [35] studied the effect of the finite
element mesh size used in commercial software to
simulate and predict blast loads’ responses. In this
study, considering the importance of water-structure
interaction, we examined the size of meshes from 30 cm
to 3 ¢cm (see Table 5). The results have shown that
counsidering the meshing smaller than the A10 model

Table 5. The examined mesh sizes from 30 cm to 3 cm.

Hoop stress Mesh size (cm) Model name

5.53 30 A30
5.81 20 A20
5.92 10 Al0
5.94 5 A5
5.95 3 A3

Figure 6. Optimal meshing used in current research.

with a mesh size of 10 cm, the hoop stress values in the
tank change from 5.92 to 5.94 MPa. The researchers
concluded that if a finite element mesh size of about
10 cm were selected, the blast loading process would
be accurately modeled. Figure 6 shows the meshing of
the water tank components at a size of 10 cm per piece.
Also, information about the type of element, number of
elements, nodes related to the tank, rebars, and water
is shown in Tables 6 to 8, respectively.

4. Validation

The previous researches has been compared to evaluate
the accuracy of the numerical modeling method used
for applying blast loads on water structures (water
tanks). Also, the CEL (Figure 7) has been used to
validate the performance of the water tank based on
water fluid-structure interaction. In this case, the blast
loading on the structure implemented in ABAQUS
software and the numerical modeling method repre-
sented by Mittal et al. have been compared and eval-
uated [12]. Steel water tanks with different dimensions
and percentages of water fillings under 100 kg TNT
blast have been analyzed at various distances from the
water tank. Figure 8 depicts an overview of modeling
these water tanks against the blast load. Also, the
steel water tank specifications consist of the Johnson-
Cook hardening model and Hugoniot equations for
water. These specifications are modeled in ABAQUS
software, and then the results are compared. Finally,
the established model is validated.

In this case, a water tank with a 0.3 m height, 0.6
m radius, and 50% water filling under a 100 kg TNT
blast at a distance of 2.35 m from the water tank has
been modeled and assessed in ABAQUS software to
confirm the validity of the model.

Figure 8 indicates the results derived from the
hoop stress of the water tank body subjected to
explosion. The wall hoop stress diagram is examined
at the explosion peak and the pressures are applied to
the water tank. In this regard, a path is selected from
the edge of the wall to the floor. The path selection is
carried out using the nodes of the water tank elements.
In this case, its hoop stress value specifies every node,
and its diagram is drawn. Table 9 compares the
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Table 6. The type of element, number of elements, and nodes related to the tank.

Tank height (m) No. of elements No. of nodes Element type

4 5297
6 7505
8 9822

8458 C3D8R
11636 C3D8R
14922 C3D8R

Table 7. The type of element, number of elements, and nodes related to rebars.

Rebar type

Hoop rebars

Vertical rebars

Tank height (m) No. of No. of

elements mnodes

No. of No. of

elements nodes Element type

4 198 198
6 198 198
8 198 198

40 41 B31
60 61 B31
80 81 B31

Table 8. The type of element, number of elements and nodes related to water.

Tank filling (%)

Tank 0 25

50 75 100

height (m) No. of No. of No. of No. of

elements nodes elements nodes

No. of No. of No. of No. of No. of No. of

elements nodes elements nodes elements nodes

4 0 0 1407 2008 3293 4016 4470 5280 5811 6720

6 0 0 2345 3012 4470 5280 6735 7712 9720 10899

8 0 0 3283 4016 5811 6720 9720 10899 12042 13412

EL t
emen C3D8R C3D8R C3DSR C3D8R C3D8R
type
Steel Thickness of Blast pressure time-
tank wall Tank inside Undeformed P Deformed
Eulerian tank

mesh grid

Radial

distance -«— Explosion

history applied on tank /— tank

Water wall

‘Water
sloshing

Folding of tank
wall

Figure 7. Steps in a coupled Euler-Lagrange simulation [12].

error percentage in the study performed by Mittal et
al. [12] with the present study. The comparison results
demonstrated that the difference value was less than
10%. Also, the average error was 5.9%, which was an
acceptable value.

5. Results

The stability of the over-ground reinforced concrete
cylindrical water tanks under blast has been inves-
tigated considering different modes such as the ratio
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—@— Validation
—— Mittal article [23]

500

450

400

350

Hoop stress (MPa)

[ [ 1 1 1
0.05 0.10 0.15 0.20 0.25 0.30

Depth (m)

=)
of
o

Figure 8. Comparison of hoop stress of the model with
the research of Mittal et al. [23].

Table 9. The error percentage of [12] compared with the
present study.

No. Depth Mittal Research Error (%)

1 0 549 564 2.73

2 0.05 538 546 1.49

3 0.1 496 544 9.67

4 0.15 417 455 9.11

5 0.2 308 278 9.74

6 0.25 189 198 4.76

7 0.3 130 125 3.84
Mean error (%) 5.90

of height to the radius, different percentages of water
in the tank, and different explosion distances. Also,
the changes in a selected path on the water tank wall
are considered to evaluate stresses and strains on the
water tank wall. As shown in Figure 9, this path faces
the explosion point and starts at point A and ends at
point B. In the height path of the water tank, every
node contains specific stress and strain, and ABAQUS
software has been used to record the values in the path
and display them in the form of a diagram. The vertical
axis of these diagrams denotes the stress or strain
created on the water tank wall, and their horizontal
axis exhibits the height of the water tank.

5.1. Ewvaluation of the displacement of the
water tank wall

Given that the blast waves are exerted directly onto the
middle of the water tank body, assuming the height
dimension by the CONWEP method, the waves are
distributed up and down the water tank after blast
loading. Figure 9 shows the selected paths on the
wall against the explosion. It is selected from the
highest node of the water tank wall to the bottom of the
water tank. The nodes of the water tank wall elements
are phased directly under the blast, and the phasing
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T
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Figure 9. AB path on the wall facing the water tank
blast.
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Figure 10. (a) Horizontal displacement contour (Ul) of
the water tank wall. (b) Vertical displacement contour of
the water tank wall (U2).

is node-to-node. These nodes have displacements as
pressure on the water tank following the explosion. The
diagrams are examined from the water height inside the
water tank and the dimensions of the water tank.

5.1.1. Evaluation of the water tank displacement
based on the percentage of water filled

The water filling percentage effect has been investi-

gated on the water tank wall displacements caused by

the blast waves. Figure 10 demonstrates the contour of
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the horizontal and vertical displacements of the water
tank under blast loads. As shown in this figure, the
highest displacement is concerned with the highest
point of the water tank. The contours illustrate the
maximum horizontal and vertical displacements of 21
and 2 cm, respectively. Every diagram in Figure 11
shows that if the water in the water tanks is exposed
to the blast waves, it significantly affects the water
displacement of the tank body. The pressure of the
blast waves excites the water tank wall inwards, and
the water pressure from the inside out opposes this
explosive excitement. These diagrams show that the
higher water height inside the water tank results in the
lower inward displacement of the water tank wall. The
blast waves hit the middle of the water tank. Thus,
the displacement has been analyzed in this section of
the water tank. Figure 11(a) demonstrates that the
inward displacements occur at the height of 2 m from
the water tank (the place where the blast waves hit).
These displacements increase the upwards and decrease
the downwards of the water tank base. The empty
water tank has the highest displacement compared to
other water tanks.

5.1.2. Evaluation of water tank displacement based on
H/R ratio

In this section, the effect of the height to radius ratio on
the body displacement to radius ratio of the water tank
is discussed. Figure 11(a)-(c) show that water tanks
with a more considerable height to radius ratio have
a larger displacement to radius ratio. The (H/R =
4/3) water tank has a smaller displacement to the
radius ratio in the middle of the water tank body than
(H/R=6/3) and (H/R = 8/3) water tanks.

The height of the water tank makes it unstable
against blast loads. The height to radius ratio of the
water tank from the middle of the water tank to its
base has a negligible effect on the displacement ratio
of the water tank radius. However, the displacement
ratio to the water tank radius varied significantly from
the middle of the body height to the water tank base.
The highest ratio of displacement to the radius of the
water tank body (H/R = 4/3) occurred at the upper
edge of the water tank. However, in (H/R = 6/3)
and (H/R = 8/3) water tanks, the highest ratio of
displacement to radius is created in the middle of the
body height.

5.1.8. Evaluation of hoop stresses created in the water
tank body
The water tank is subjected to two factors after the
explosion: a pressure wave caused by the explosion
from the outside and pressure induced by water from
the inside. According to the theory of Hausner, the
water tank fluid is divided into the hard part and the
wavy mass [4]. The leading cause of hoop stress is the
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Figure 11. The ratio of body displacement to the water
tank radius with respect to the water tank depth: (a)
(H/R = 4/3) water tank, (b) (H/R = 6/3) water tank,
and (c) (H/R = 8/3) water tank.
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wavy part of the water. If the water tank is 100%
filled with water, the wavy section comprises a higher
percentage of the total water. Thus, the resulting hoop
stresses become more visible. The above diagrams
reveal that the highest hoop stress occurs when it is
100% filled with water. These stresses are mitigated
by reducing the filling percentage from 75 to 50 and
from 25 to 0. The diagrams indicate that water in the
tanks can affect the amount of hoop stress.

5.2. FEwvaluation of hoop stresses based on the
percentage of water filled

The hoop stress diagrams of the water tank wall are
observed along a path selected adjacent to the water
tank wall under the blast pressure (path AB in Figure
9). The hoop stresses of this part of the water tank
are plotted considering the selected nodes and using
Figures 11 to 16. Also, the horizontal and vertical
dimensions indicate the depth of the water tank and the
hoop stresses, respectively. Figures 11 to 16 illustrate
the hoop stress in the water tank wall caused by the
blast. Also, these diagrams consist of three variables:
(a) The percentage of water filling in the water tank
(i.e., 0%, 25%, 50%, 75%, and 100%), (b) the explosion
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Figure 12. Hoop stresses (H/R = 4/3) with a blast
distance of 5 m.
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Hoop stress (MPa)

-60'

s\ ,
L P v v el
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Depth (m)
Figure 14. Hoop stresses (H/R = 6/3) with a blast
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Figure 15. Hoop stresses (H/R = 6/3) with a blast

distance of 10 m.
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Figure 16. Hoop stresses (H/R = 8/3) with a blast
distance of 5 m.

distance (i.e., 5 and 10 m), and (c¢) The height of the
water tank (i.e., 4, 6, and 8 m). The hoop stresses
generated in the water tank wall have a significant
impact on the hoop stresses. The top to the bottom of
the water tank is chosen to display the hoop stresses
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Figure 17. Hoop stresses (H/R = 8/3) with a blast
distance of 10 m.

for the blast load. The blast waves are located in the
middle of the water tank body.

5.3. Ewvaluation of hoop stresses based on the

distance of explosives from the water tank
In general, a severe impulse is exerted on the back of
the water tank wall at the moment of explosion. As
a result, the water tank wall moves inwards, and its
upper part is damaged. The hoop stress under blast
pressure has the maximum value in the upper part of
the water tank. Figures 12 to 17 show that if the blast
distance changes from 5 to 10 m, the hoop stresses
decrease by an average value of about 87.5% in all water
tanks.

5.4. Hoop stresses evaluation based on ratio
(H/R)

In this section, Figures 12 to 17 display that the H/R
ratio effect can be observed on the hoop stresses of the
water tank wall. This ratio is ineffective in the middle
of the water tank wall exposed to the blast waves. Also,
it does not reduce the stress. However, the blast wave
distributions on the wall and the wave movements to
the upper and lower parts of the water tank reduce
their power and hoop stress. Since the blast load hits
the middle of the water tank wall, the upper and lower
parts of the water tanks with a higher H/R ratio have
the least hoop stress. The diagrams show that all water
tanks have the same hoop stresses in the middle of the
wall height, while the hoop stresses in the upper and
lower parts change. Therefore, the water tanks with
the ratios of H/R=4/3, H/R =6/3, and H/R =8/3
have the upper hoop stresses of 55, 22, and zero MPa,
respectively.

5.5. Ewvaluation of the pressure on the water
surface

In this section, Figures 18 to 23 exhibit the pressure

created on the fluid surface after an explosion. The

pressure created in the fluid surface elements occurs

due to the blast loading on the water tank wall and
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Figure 18. Water surface pressures (H/R = 4/3) at an
explosion distance of 5 m.
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Figure 19. Water surface pressures (H/R = 4/3) at an
explosion distance of 10 m.
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Figure 21. Water surface pressures (H/R = 6/3) at an
explosion distance of 10 m.
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Figure 22. Water surface pressures (H/R = 8/3) at an
explosion distance of 5 m.
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Figure 23. Water surface pressures (H/R = 8/3) at an
explosion distance of 10 m.

the fluid-wall interaction inside the water tank. This
type of pressure occurs in the fluid of water tanks
with various heights and percentages of water filling.
Also, the distances from the blast source to the water
tank wall have a variety of diagrams. Each of these
figures (i.e., 18 to 23) indicates water surface pressure
diagrams over time.

5.6. Ewvaluation of the water surface pressure
based on the filling percentage

The fluid stored in the water tanks causes turbulence
on the fluid surface because of the explosion waves
reaching the water tank wall and the exiting fluid-
structure interaction. Also, the water tank is subjected
to the pressure waves created by the explosion outside
the water tank and the water pressure created inside
the water tank. The theory of Hausner reveals that the
fluid inside the water tank is divided into the hard part
and the wavy mass [4]. Most of the fluid pressure occurs
in the wavy mass. Since the blast load hits the middle
of the tank height wall, water tanks containing 50%
fluid have more pressure than the others. This issue
is due to the exposure of the fluid surface to explosion
waves.

5.7. Evaluation of the water surface pressure
based on the distance of explosives from
the water tank

In general, if the blast waves reach the water tanks,

their intensity decreases based on their travel distance

to the wall. This situation directly affects the water

pressure inside the water tank. Figures 18 to 23

illustrate that the water surface pressure due to the

explosion at a distance of 5 m has almost doubled
compared to 10 m (i.e., on average, it has increased
by about 10 MPa).

5.8. Ewvaluation of water surface pressure
based on the (H/R) ratio

According to Figures 18 to 23, the effect of the H/R
ratio is observed on the water surface pressure. This
ratio has a maximum value at the beginning of the
explosion moment and then decreases over time. Also,
its pressure goes to zero. Since an increase in the height
of the water tanks leads to the increment of the storage
space, water tanks with a higher H/R ratio store more
fluid and have more waves. Besides, an increase in
the wavy water surface transfers more energy from the
wall to the fluid. As a result, the water surface shows
more pressure. The water surface pressure of the water
tank with the H/R = 8/3 ratio is 50% higher than the
water tank with the H/R = 6/3 ratio. Furthermore,
the water surface pressure in the water tank with a
H/R ratio of 6/3 is 33% higher than in the water tank
with a H/R ratio of 4/3.
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Figure 24. Turbulence of the tank water due to blast
waves hitting the water tank wall.

5.9. Ewvaluation of flurd uplift in the water
tank due to explosion

Water strikes the inner wall of the water tank because
of the turbulence phenomenon, and some waves are
formed on the water surface. The waves move hori-
zontally and vertically, and then they are thrown out
in open-top water tanks. Figure 24 demonstrates that
a force is generated inside the water tank by hitting the
water into the water tank wall, and subsequently, the
water tank exerts a reciprocal force. The waves that
excite the wall horizontally with their hydrodynamic
force prevent the inward displacement of the water
tank. The explosion increases the pressure inside the
water tank, and the water also resists this pressure
through hydrodynamic force and protects the water
tank from possible damage. In open-top water tanks,
vertical waves of water move outward.

5.10. Evaluation of fluid wave height with
water element nodes

In this section, the water tank with the ratio of
H/R = 8/3 and various filling percentages is studied.
In this case, a node is chosen from the fluid on the
blastexposed wall. This node is almost at the surface,
and its movements are examined during the explosion.
It represents various movements as a paradigm of the
fluid surface. Indeed, it indicates the height of the fluid
waves caused by the blast waves on the water tank wall
and the water-structure interaction. Figure 25 depicts
the fluid surface node, which varies with the percentage
of the tank filling.

Also, Figures 26 to 29 show the fluid oscillation
direction by the end of the explosion. In this case,
water tanks filled with 50 and 100% fluid threw water
up to a height of 2.5 m, and water tanks filled with
25 and 75% of the fluid threw water up to 1.5 m.
Also, this deviation arises from the difference between
the water level and the point of the blast waves’

Node to be analyzed

Figure 25. Fluid surface node.
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Figure 26. Displacement of node no. 8414 of water
(H/R = 8/3) with 25% water filling at 10 m explosion
distance.
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Figure 27. Displacement of node no. 17397 of water
(H/R = 8/3) with 50% water filling at 10 m explosion
distance.
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Figure 28. Displacement of node no. 24947 of water
(H/R = 8/3) with 75% water filling at 10 m explosion
distance.
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Figure 29. Displacement of node 34168 of water
(H/R = 8/3) with 100% water filling at 10 m explosion
distance.

impulse. Since the blast waves hit the center of the
water tank wall, they stimulate the fluid at the back of
the wall through the fluid-structure interaction. This
situation causes displacements in the fluid. Besides,
these displacements can be observed by the nodes of
each element. It is essential to note that the nodes are
arbitrarily chosen. Also, the concordance between the
results does not necessarily exist because each node
of water exhibits a unique behavior during explosion
analysis, which is unpredictable. It is not possible to
have an exact judge regarding the other nodes.

6. Conclusion

This study investigates the dynamic response of the
reinforced concrete water tanks under specific blast
loads. The results show that the parameters of water

filling rate, water tank height to radius ratio, and
distance from the blast center all have a significant
impact on the dynamic response of the water tank
structure. Indeed, the horizontal displacements in-
crease by decreasing the water filling percentage and
increasing the height of water tanks. Also, hoop
stresses increase by enhancing the water volume. Also,
these stresses are decreased by increasing the distance
between explosives and the height of water tanks. The
most remarkable outcomes of this study are expressed
as follows:

e The presence of fluid in the water tank leads to
pressure generation inside the water tank (due to the
increasing hardness of the water tank) and reduces
the explosion pressure from 10 to 20 MPa,

e A higher height to radius ratio represents the
stability of sensitivity in the water tanks. It is
essential to place a higher percentage of fluid in these
water tanks to control their stability with increasing
hardness;

o Most of the created strains appear above the water
surface so that water tanks can block the body
movement inward via hydrodynamic forces;

e The hoop stresses of the water tank body are created
by the explosion waves outside of the water tank
and the water pressure inside the water tank. The
presence of water in the water tanks intensifies hoop
stresses by an average of about 20 MPa;

o If the height of the water tanks increases, the hoop
stresses in the upper and lower parts tend to zero;

e If the most compressive damage caused by the blast
waves is applied to non-fluid points, it is necessary
to consider these points for reinforcement;

e It is essential to consider water tank reinforcement
ideas on the blast side due to the further damage.
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