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Finite element-finite volume simulation of underwater
explosion and its impact on a reinforced steel plate

Marine structures are one of the most important industrial and military equipment
in each country that should be protected against external forces. The main aim of this
paper is a detailed investigation of the underwater explosion (UNDEX) and its effects
on marine structures. For this purpose, the UNDEX structure was studied qualitatively
and quantitatively using numerical methods. Then, the effects of blast waves on a
marine structure reinforced by perpendicular blades were investigated. Finite element
and finite volume schemes were used for discretization of the governing equations
in the solid and fluid media, respectively. Also, for fluid-structure interaction (FSI),
results of fluid and solid media were mapped to each other using the two-way FSI
coupling methods. A comparison of numerical results with the empirical formula
revealed that the trend of pressure-time curves was reasonable, approving the validity
of the numerical method. Moreover, the numerical results indicated that detonation
of 1 kg trinitrotoluene (TNT) creates a pressure wave with maximum amplitude of
24 MPa at a distance of 2 m. Also, it was found that the reinforcement blades can
be used to improve the resistance of structures against explosive charges, which also
results in the reduction of structures deformation.

1. Introduction

Considering the importance of marine structures such as bridges, dams, ships
and submarines, various analytical [1–4], experimental [5–7], and numerical [8–
10] studies have been conducted in the field of UNDEX. Among these research
tools, numerical methods are less costly, produce extensive results, and are able to
solve complicated problems [11, 12]. These features make the numerical method
as a robust tool for researchers in different fields.
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Generally, four different numerical methods, including Finite Element Method
(FEM), Finite Volume Method (FVM), Boundary Element Method (BEM), and
Smooth Particle Hydrodynamics (SPH) were used to solve UNDEX problems [13].
The FEM is the most common method to simulate the behavior of solid materials
and is capable of considering nonlinear impacts. In this method, the boundary con-
ditions are applied in surfaces or nodes [14]. Gupta et al. [15] showed the precision
of FEM in reproducing the dynamic response of steel panels to UNDEX. Also,
FVM is conventionally used to simulate the behavior of fluid materials. In this
method, both structured and unstructured elements could be utilized to generate a
grid structure. For each control volume, the conservative laws are discretized, and
partial differential equations are converted to the linear system of equations. Ma et
al. [16] proved the accuracy of FVM by solving one, two, and three-dimensional
UNDEX problems. Wang et al. [17] used the FVM to develop a simple model for
determining the appropriate grid size in near-field UNDEX simulations. Unlike
FEM and FVM, the grid generation in BEM is more straightforward, which could
give highly accurate results in complex geometries. Li et al. [18] showed that BEM
gives precise results in the problems that involve stress concentrations. In this
method, the matrix of the system of equations is fully populated and asymmetric.
Also, its conditioning number is not high enough. Therefore, obtaining numeri-
cal results may imply some mathematical difficulties [19]. Gong and Khoo [20]
used the coupled BEM-FEM to simulate the interaction of UNDEX and compos-
ite structures. Moreover, the SPH method has some advantages compared to the
above-mentioned methods due to its mesh-free solving scheme. Because of this
unique feature, even problems with very complex boundary dynamics and large
deformations could be numerically solved. On the other hand, the computational
cost of this method is significantly increased by increasing the number of particles
[21]. Using SPH method, various UNDEX problems have been modeled by Ming
et al. [22]. They validated the accuracy of the SPHmethod by comparing the results
with the experimental data.

Various physical processes such as a near-field explosion, FSI, and large de-
formations should be considered to study the effects of UNDEX on structures. The
Lagrangian and Eulerian methods are two primary computational approaches to
deal with these processes properly. In the Lagrangian approach, structural mesh
moves and deformswith the physical material allowing accurate prediction of struc-
tural behavior [20, 23, 24]. However, in large deformations, the grids are severely
distorted or tangled, which decreases the accuracy of results. In the Eulerian ap-
proach, the grids are fixed in space, and the material flows through them. Therefore,
there is nomesh distortion, even in the case of large deformations. The disadvantage
of the Eulerian approach is the accumulation of advection and interface tracking
errors [25].

Studies on UNDEX have been performed to improve the safety of two main
marine structures: 1) concrete structures (dams) and 2) steel structures (ships and
submarines). In the field of concrete structures, Linsbauer [26] used the coupled
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model of water and dam reservoir and studied the dynamic characteristic, stability,
and destruction mechanism of concrete gravity dams under the impact of blast
loading. The simulations were carried out using SOL03 software, which is based on
FEM. Zhang et al. [27] investigated the material properties for accurate prediction
of the UNDEX effects on concrete dams. To simulate the response of concrete dams
at heights of 30 to 142 m against blast waves, they determined appropriate grid
generation scheme in LS-DYNA software (based on the FEM), as well as proper
boundary conditions. The imposed damage caused by the explosion near the water
dams was estimated, and the failure rates, as well as critical states, were plotted
for different explosion scenarios. Furthermore, Wang and Zhang [25] predicted the
response of a typical concrete gravity dam subjected to UNDEX using numerical
simulation. In their study, TNT, air, and water were modeled using the Eulerian
approach, while the Lagrangian approach was used to model the concrete and
rock. The results were used to derive critical curves related to different damage
levels.

In the field of the effects of UNDEX on steel structures, Rajendran [28] studied
the elastic and plastic response of circular and rectangular plates using LS-DYNA.
Gupta et al. [15] simulated the failure modes of a plate subjected to UNDEX using
FEM by considering the effects of isotropic hardening, strain rate, and fracture
criterion. Zhang et al. [29] investigated damages to the ships caused by explosive
charges using numerical methods. The numerical model was constructed using
ABAQUS software based on FEM. In this study, the numerical results were vali-
dated against experimental data, and then, the responses of a ship against different
explosive scenarios were simulated. The results indicated that the position of the
explosive charge has a direct impact on the ship’s failure rate. Fathallah et al.
[30] also studied the effect of UNDEX on steel structures. They used ABAQUS
software to study the effect of explosive charges on various metal structures. Also,
they adopted non-reflective boundary conditions in their analysis to prevent from
shockwave refraction or reflection, which could result in superposition or cancel-
lation of shock waves by the incident wave. The results of this study can be used to
optimize floating structures in water such as ships and submarines. Qiankun and
Gangyi [31] employed ABAQUS software to predict the shock response of a ship to
non-contact UNDEX. The results emphasized that the grid size has a great impact
on the accuracy of the numerical results. Wang et al. [32] studied the character-
istics of the generated blast waves from near-surface explosions using numerical
methods. Using the Eulerian/Lagrangian viewpoint along with the two-way FSI
coupling method, they simulated the UNDEX and investigated its effects on struc-
tures. In the simulations, the governing equations in the Eulerian and Lagrangian
domains were solved using FVM and FEM, respectively. The results revealed that
the free and structure surface boundaries have a significant influence on the results
indicating that adaptation of the appropriate boundary conditions is a necessity in
UNDEX simulations. Liu et al. [7] studied FSI problems with considering strain
rates experimentally and numerically. They utilized ABAQUS software and the
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numerical method was based on FEM. Moreover, the steel plate was modeled us-
ing the Lagrangian approach. The results indicated that it is necessary to consider
the effect of the strain rate in the strength equation to obtain valid and accurate
results. LeBlanc and Shukla [33] used LS-DYNA software to simulate the effects
of polyurea coatings on the UNDEX response of composite plates. The effects of
fluid on the structure were considered utilizing a mesh that was equivalence at the
boundary between the fluid domain and composite plate. Comparison of numer-
ical and experimental results showed that FEM and material models are capable
of simulating the dynamic loading of the plate and the corresponding transient
responses.

In the present study, to investigate the UNDEX in detail, the structure of the
detonation wave was numerically simulated using coupled FEM/FVM. First, the
amplitude and velocity of blastwaveswere analyzed qualitatively and quantitatively.
Afterward, by 3D simulation of steel plate reinforced by perpendicular blades, the
efficiency of these stiffeners to improve the strength of marine structures against
explosive loads was explored.

2. Problem description

2.1. Structure of TNT explosion and empirical formulas

The physical phenomenon associated with UNDEX begins with the conversion
of the explosive charge into high-temperature and high-pressure gas products. This
process generates a shock wave with supersonic speed. The shock wave is instantly
followed by a reaction zone in which the chemical reaction occurs. The chemical
energy released by explosives such as TNT supports the shock wave and increases
the pressure. In the unconfined UNDEX, the generated pressure wave is transmitted
spherically through the surrounding water in all directions. The trapped gases in
the explosion form expanding bubbles, which push the surrounding water outward.
At later times, due to the outward movement of water, the gas pressure falls below
the ambient pressure. This negative pressure gradient decelerates the surrounding
water and changes the direction of particles. Interaction of bubble movement and
water inertia creates an oscillating system with repeated cycles of expansions and
contractions of the gas bubble. This process could create a secondary pressure wave
that is considerablyweaker than the primary shockwave [34, 35]. Zamyshlyayev and
Yakovlev [1] developed a precise and widespread formula to predict the structure of
UNDEX pressure waves. In fact, the pressure distribution was predicted in different
stages using the following equations [1, 11]:

P(t) = Pm exp(−t/θ), for t < θ, (1)

P(t) = 0.368Pm(θ/t)
[
1 − (t/tP)3/2

]
for θ 6 t 6 t1 , (2)
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where P in Equations (1) and (2) is the pressure of a specific point at exponential
decay and reciprocal decay stages, respectively. In these equations, Pm and θ are
the peak pressure of the shock wave and its related occurrence time which could
be calculated using the following formulas [1, 11]:

Pm =




4.41e7
(
W 1/3

R

)3/2

for 6 < r̄ < 12 ,

5.24e7
(
W 1/3

R

)3/2

for 12 6 r̄ < 240 ,
(3)

θ =



0.45R0r̄0.45e − 3 for r̄ < 30 ,

3.5
R0
C

√
log r̄ − 0.9 for r̄ > 30 ,

(4)

whereW is mass of TNT, R is the distance between detonation point and measuring
location, R0 is the initial radius of spherical explosive, and r̄ = R/R0.

2.2. Numerical domain

To investigate the UNDEX, a geometry same as those employed in the ana-
lytical study of Zamyshlyayev and Yakovlev [1], as well as the numerical study of
Xin et al. [11] were considered. Zamyshlyayev and Yakovlev [1] solved the gov-
erning equations on 1D UNDEX using simplifying assumptions and presented a
mathematical-empirical model for pressure calculation. Accordingly, in the present
study, the explosion of 1 kg of TNT in water media is simulated, and the results
were recorded at different times. A general schematic of the problem is shown
in Fig. 1. In this figure, the monitoring gauge points at a distance of 2, 4, 6,

X

Y
1 kg TNT

Fig. 1. Schematics of the problem-monitoring gauge points
are shown with ⊗ symbol
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and 8 m from the detonation point are shown with ⊗ symbol and the initial
position of explosive charge is indicated with green color. In this problem, ge-
ometry and boundary conditions have spherical symmetry. In other words, in an
unconfined UNDEX, the gradients of parameters in θ and ϕ coordinates are zero,
and changes only occur in r direction. Therefore, to reduce the computational
costs, the simulations were performed based on a spherical symmetry assump-
tion. In this regard, a wedge from a sphere that has symmetry conditions on side
edges limited by a non-reflective outflow condition at r = Rmax was considered,
as shown in Fig. 2. The non-reflective boundary condition was used to model
the infinite media (such as unconfined UNDEX), which allows pressure waves
to pass through boundaries without affecting the numerical domain [30]. In this
figure, the green zone is the initial location of the TNT explosive, and the blue
zone is the initial location of the water media extended for 10 m. This value
was chosen in such a way that numerical results were not affected by bound-
ary conditions. Also, the pressure monitoring points are depicted by numbers
1 to 4.

Fig. 2. Details of the 2D numerical model – initial location of materials
and boundary conditions

In the second part of the paper, the effects of blast wave generated due to the
explosion of 500 g of TNT at a distance of 260mm from the barrier are investigated.
A general schematic of the problem is shown in Fig. 3. In this figure, the hatched
area represents the outer surface of the barrier, which is a square steel plate with
3 m sides and has a thickness of 20 mm. Nine stiffener blades are used to reinforce
this plate. Moreover, the adopted boundary conditions are determined in this figure.
In Fig. 4, the plate and its stiffeners are represented in isometric view. It is clear
that the stiffener blades are perpendicular to each other.
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X
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R=260 mm

Deformable Wall

500 g of TNT

Gauge Point

Water

Air

Flow Out
Boundary Condition

Flow Out
Boundary Condition

Clamp
Boundary Condition

Clamp
Boundary Condition

Fig. 3. Schematics of the modeled as well as adopted boundary conditions

Fig. 4. Steel square plate with nine stiffener blades

2.3. Boundary and initial conditions

In the numerical simulations, the physics of the problem should be considered
to assign the boundary conditions of the numerical domain properly. Hence, in
an unconfined UNDEX, the transmit boundary condition (non-reflective flow out)
is considered in the boundaries next to water media to prevent the reflection of
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pressure waves from boundaries. This boundary condition enables the material
pressure flowing out without being reflected into the domain and is described
according to the Equation (5) [36]:

P =



Pref + (Un −Uref ) I for Un > 0
Pref for Un 6 0

(5)

where Un and P are normal velocity and pressure at the boundary; Uref and Pref
are the reference velocity and pressure, respectively. Additionally, I is the material
impedance, which is defined as I = ρ × sound speed. Details of other boundary
conditions and implemented areas are described in Table 1. The applied boundary
conditions are also clearly shown in Fig. 2 and Fig. 3.

Table 1.
Used boundary conditions along with their characteristics

Type Applied parts Characteristics
Flow out Eulerian Materials are allowed to enter or leave the computational

domain. Inlet flow has ambient conditions.
Clamp Lagrangian This condition is equivalent to the fixed support, and all

velocity components are zero.
Symmetry Eulerian and Lagrangian Changes in the normal direction to the desired plane are

zero.

Another issue in the numerical methods is setting proper initial conditions in
the computational domain. The initial conditions include the state (velocity), the
internal energy (temperature), and the pressure of the materials at t = 0. The initial
conditions are determined according to the conditions of the problem in which the
velocity component is equal to zero (quiescent condition), and the temperature is
equal to 298 K (ambient condition).

3. Description of numerical method

3.1. Fluid-structure interaction description

Due to the presence of solid and fluid media as well as their influence on each
other, FSI should be considered in the numerical method. This method is based on
solving the governing equations of the fluid and solidmedia in which the interaction
between the fluid and the structure is considered in terms of the pressure, stress, and
velocity distribution in the overall numerical domain [37]. The numerical method
in the fluid-structure coupling problems is rewritten to three smaller sub-solvers
[23, 38]: sub-solver of the fluid medium, sub-solver of the solid medium, and
coupling sub-solver (Fig. 5). In the present numerical model, the two-way (fully-
coupled) FSI algorithm is used in the third sub-solver. In this method, the effects
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Fig. 5. Connections between fluid, solid and coupling sub-solver on an FSI simulation

of fluid and solid media on each other are considered through numerical iteration
on each time step. When there are no changes in the fluid and structure states, the
iteration is ended, and next time step starts. These concepts are summarized in an
algorithm as shown in Fig. 6. Also, the detailed description of the FSI condition in
the numerical simulation is presented in Table 2. In this table, interaction domains
and coupling methods in each environment with mutual boundaries are presented.
As shown in Fig. 6, in the fully-coupled algorithm the iteration continues while
reaching the convergence criteria. While this concept increases the computational
cost, the accuracy of the results is also improved.

Fig. 6. Two-way FSI algorithm in the numerical simulations

Table 2.
Details of the applied FSI conditions in the simulations

Interaction boundaries Interaction domains Coupling method
Water/Plate Eulerian/Lagrangian Two-way/fully-coupled
Air/Plate Eulerian/Lagrangian Two-way/fully-coupled
Plate/Plate Lagrangian/Lagrangian Self-interaction/fully-coupled

It should be noted that the water and air domains are modeled by the Eulerian
approach, while the Lagrangian approach is used to model the plate. As mentioned
before, in the Lagrangian approach, the material remains in the element and does



14 Arman Jafari Valdani, Armen Adamian

not flow inward or outward. As a result, the numerical elements deform according
to the material flow, as shown in Fig. 7. The coordinates, velocities, forces, and
masses in each element are associated with the corner nodes, while stresses, strains,
pressures, energies, and densities are centered within the cells [39, 40]. In contrast,
the Eulerian approach involves material flow through stationary elements, as shown
in Fig. 7. As the material moves from one element to the other, the time series of
material properties, material interfaces, and free surfaces cannot be tracked as
accurately as in a Lagrangian approach. The material flow also necessitates the use
of advection algorithms in the Eulerian solvers making them more complex and
more computationally expensive than Lagrangian solvers. In the Eulerian solver, all
variables are cell-centered in a mesh, which facilitates coupling with other solvers
required to address FSI problems [41].

Lagrangian  Approach

Eulerian Approach

Initial Elements Final Elements

Fig. 7. Connections between fluid, solid and coupling sub-solver on an FSI simulation

3.2. Pressure wave reflection

In the numerical simulations, two types of conditions are considered for the
blast wave when it reaches a boundary or a solid surface. As discussed before, all
external boundaries are considered as a non-reflective transmit boundary. Hence,
when a blast wave reaches to the boundaries, it flows out of the numerical domain
without any reflection. In fact, in the real problems, the water media has infinite
dimension; therefore, the limited domain in the numerical simulation should not
reflect the pressure waves at the boundaries. In the second condition, when a blast
wave reaches a solid surface, it is reflected, resulting in FSI and a transfer of
energy from the wave to the surface. To accurately model this behavior, the two-
way coupling method is considered in FSI coupling sub-solvers. In this method,
mass, energy, and momentum are transferred in the form of boundary conditions
from the Eulerian grid to the Lagrangian grid and vice-versa. In the numerical
simulation, the Eulerian elements intersected by the Lagrangian interface act as a
pressure boundary for the Lagrangian elements while the Lagrangian elements act
as a geometric boundary on the material flow in the Eulerian elements [41].
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3.3. Governing equations

Three main governing equations in the fluid media are the conservation laws
of mass, momentum, and energy, which are presented as following [42]:

∂ρ

∂t
+ ∇ · (ρU) = 0 , (6)

∂ρU
∂t
+ ∇ · (ρU ∗U) = ∇ ·

(
−ρδ + µ

(
∇U + (∇U)T

))
+ SM , (7)

∂ρhtot
∂t

−
∂P
∂t
+ ∇ · (ρUhtot) = ∇ · (λ∇T ) + SE, htot = h + 0.5

(
U2

)
. (8)

In these equations, ρ, t, U, P, δ, µ, S, H , λ, T are density, time, velocity,
pressure, Kronecker delta function, viscosity, enthalpy, thermal conductivity, and
fluid temperature, respectively. Also, SM is the sum of internal forces entering the
fluid domain.

In the solid environment, the main governing equation is the heat transfer
equation. Assuming that the conduction is the primary heat transfer mechanism,
the heat transfer equation in the solid media can be expressed as follows [43]:

∂ρCPT
∂t

= ∇ · (λ∇T ) + SE , (9)

where CP and SE are thermal capacities and heat production term in the solid
media, respectively. Also, the dynamic equations of motion in solid media for the
spring-viscous-mass system are presented as the following equation [43]:

M Ẍ + CẊ + K X = F (t), (10)

where X , Ẋ and Ẍ are displacement, first, and second derivatives of displacement
relative to time, respectively. Also, M , C, K , F are mass, damper coefficient,
spring coefficient, and external forces, respectively. For the two-way coupling,
the coupling sub-solver relates the fluid and solid media through the following
boundary conditions [43]:

U · n = Ẋ · n, (11)
U × n = Ẋ × n, (12)

λ f (∇T · n) f = λS (∇T · n)S , (13)

where n is the normal vector of the surface.

3.4. Description of damping model

Detonation waves can have strong impacts on solid bodies and create shock
waves in the material. In order to handle the discontinuities associatedwith such
shocks, viscous terms are introduced into the numerical method. These additional
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terms spread out the shock discontinuities over several elements and thus allow the
simulation to reach a smooth result. The used viscous terms in this study are based
on the work of von Neumann, Richtmeyer, and Wilkins [44] and are presented in
the form of Equation (14):

q =




ρ



(
CQd

(
V̇
V

))2

− CLc
(
V̇
V

)
for

V̇
V
6 0 ,

0 for
V̇
V
> 0 ,

(14)

where CQ and CL are quadratic and linear artificial viscosity coefficient, respec-
tively; d and V̇/V are average elements length and rate of change in volume; ρ
and c are material density and local sound speed. In Equation (14), the quadratic
term smoothes out shock discontinuities while the linear term acts to damp out
oscillations.

Also, to avoid zero-energy modes of deformation, corrective forces (Hourglass
forces) are added to the solution to resist the hourglass modes of deformation. The
standard formulation for hourglass forces is based on the work of Kosloff and
Frazier [45] and is defined as follows:

FH = CH ρcV 2/3 fKF

(
Ẋ
)
, (15)

where FH and CH are hourglass forces at each node of element and hourglass
damping viscosity coefficient, respectively.Also, fKF

(
Ẋ
)
is a vector of the element

nodal velocities aligned with the hourglass shape factor. In Table 3, the values of
these damping coefficients are presented.

Table 3.
Coefficients of damping model

Parameters Value
Quadratic artificial viscosity coefficient 0.9
Linear artificial viscosity coefficient 0.2
Hourglass damping viscosity coefficient 0.1

3.5. Numerical model for material properties

Due to the sharp changes in pressure, and consequently, the volume of ma-
terials, it is necessary to have a relation to calculate the density of materials in
explosion-related problems. In the present study, air behavior is determined using
the ideal gas equation of state. This equation is the simplest and the most practical
equation of state for predicting the behavior of gases which is expressed in terms
of Boyle’s and Gay-Lussac’s law [42, 46]:

Pν = RT, (16)
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where ν and R are specific volume and gas constant, respectively. To predict the
water properties, the polynomial equation of state was used in the numerical model
according to Equation (17) [47]:

P =



A1µ + A2µ
2 + A3µ

3 + (B0 + B1µ) P0e in compression,

T1µ + T2µ
2 + B0P0e in tension,

(17)

where µ = ν0/ν − 1, P0 is atmospheric pressure, and e is internal energy per unit
mass, which can be described as follows:

e = (ρgh + P0) / (ρB0) , (18)

in which ρ and h are density and depth of water, respectively. The values of
empirical coefficients used for water are presented in Table 4 [47].

Table 4.
Coefficients of the polynomial equation of state for water [47]

Parameter Value Parameter Value

Bulk modulus, A1 (kPa) 2.20e6 Parameter T2 (kPa) 0.00

Parameter A2 (kPa) 9.54e6 Parameter B1 0.28

Parameter A3 (kPa) 1.45e7 Parameter B0 0.28

Parameter T1 (kPa) 2.20e6

To predict explosive behavior, the JWL equation of state is used in the sim-
ulations. This empirical-mathematical expression has been introduced by Jones,
Wilkins, and Lee [48] and is used to describe the relationship between the pres-
sure, specific volume, and chemical energy of detonation products. It can be used
to predict the properties of explosive charges up to the pressure of 100 MPa and
can be described as follows [49, 50]:

P = A
(
1 −

ωη

R1

)
exp

(
−

R1
η

)
+ B

(
1 −

ωη

R2

)
exp

(
−

R2
η

)
+ ωρe. (19)

Here, η = ν0/ν and ν0 is the initial specific volume of the explosive charge.
The energy, e, includes chemical bond and kinetic energy. The terms A and B are
the pressure coefficients; R1 and R2 are the principal and secondary eigenvalues,
respectively. Also, ω is the fractional part of the normal Tait equation adiabatic
exponent. To determine the value of these constants, the standard cylinder tests
have been used. These empirical coefficients for the TNT explosive charge are
presented in Table 5.

In materials such as steel, the gradient of specific volume due to pressure
changes is insignificant. So, the linear equation of the state can predict the mate-
rial properties with reasonable accuracy. In these materials, bulk modulus relates
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Table 5.
Coefficients of JWL equation of state for the explosive charge (TNT) [48]

Parameter Value Parameter Value

Parameter A (kPa) 3.71e8 Parameter R2 0.95

Parameter B (kPa) 3.23e6 Parameter ω 0.00

Parameter R1 4.15

pressure and specific volume with the linear equation of state [51]:

K = −ν
dP
dν

, (20)

where K is the bulk modulus, which is considered equal to 1.58e9 kPa.

3.6. Failure and strength models

In materials that can withstand shear stress, the yield stress is used to determine
the elastic or plastic state, which is a function of strain, strain rate, and temperature.
In the Johnson-Cook strength equation, the yield stress is related to these parameters
according to Equation (21) [49, 52]:

Y =
[
A + BεnP

] [
1 + C ln ε∗P

] [
1 − Tm

H

]
. (21)

In the above equation, the brackets describe the relation of yield stress to
strain, strain rate, and temperature. The empirical coefficients of the Johnson-Cook
strength equation for steel are shown in Table 6.

Table 6.
Coefficients of Johnson-Cook strength model for steel [53]

Parameter Value Parameter Value

Yield stress, A (kPa) 4.99e5 Strain rate constant, C 7.90e−3

Hardening constant, B (kPa) 3.82e5 Thermal exponent, m 8.93e−1

Hardening exponent, n 0.46

For damage prediction, the Johnson-Cook failure criterion was used in the
constitutive model. This criterion is one of the most accurate and widespread
models in failure theories that use failure parameter D. This parameter is defined as
the ratio of failed area to total area. When it gets equal to unity, the ultimate fracture
is anticipated. Johnson-Cook failure model defines D parameter as a function of
plastic strain by following equation [54]:

D =
∫

1
ε f

dεPeq , (22)
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where ε f is an equivalent strain to fracture and εpeq is the equivalent plastic strain
which can be calculated using the following equation [54]:

ε f =
[
d1 + d2e−d3

σm
σνM

] 
1 + d4 ln *

,

ε̇Peq

ε̇0
+
-


, (23)

where σm, σvM and ε̇0 are the average of the three normal stresses, the Von-Mises
equivalent stress, and a reference strain rate, respectively. Equations (22) and (23)
indicate that the Johnson-Cook failure model depends on the strain, strain rate, and
temperature. The empirical constants of this model for steel are shown in Table 7.
So, in the numerical model the failure parameter in each element is calculated and
when it reaches to unity, the erosion will be expected.

Table 7.
Material constants of Johnson-Cook failure model for steel [53]

Parameter Value Parameter Value

Parameter, d1 0.35 Parameter, d4 −0.02

Parameter, d2 0.28 Parameter, d5 0.02

Parameter, d3 −0.11

4. Results and discussion

4.1. Grid independence analysis

In this study, to ensure that the results were independent of grid sizes, four
different grid structures were generated, according to Table 8. This table presents
the number and the length of elements for each of the four grid types. Results of
the grid independency analysis are presented in Fig. 8. In this figure, the pressure
diagramwas plotted versus time at gauge points #1 and #2. The results indicate that
refinement of the grid number 3 with 20,000 elements has a negligible influence
on the numerical results. Therefore, to reduce the numerical costs, all simulations
were performed using grid number 3.

Table 8.
Details of grid independence analysis

Grid number Number of elements Element length (mm)

#1 5000 2.00

#2 10000 1.00

#3 20000 0.50

#4 30000 0.33
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Fig. 8. Pressure-time curves at gauge points #1 and #2 – numerical results for different grid sizes

4.2. Unconfined UNDEX

To qualitatively and quantitatively investigate the structure of blast waves in
UNDEX as well as verification of the numerical method, the results of numerical
simulations and empirical formula [1] were compared in Fig. 9. In this figure, the
pressure-time curves are presented at gauge points 1 to 4 (with distances of 2,
4, 6, and 8 m from the detonation point). In these graphs, the empirical results

Fig. 9. Pressure-time curves at the gauge points – numerical results along with empirical results
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[1] and the numerical results were distinguished by red dots and black lines,
respectively. The results reveal that just 1.2 ms after the explosion, the blast wave
reaches the first gauge point, and the pressure of this region was abruptly increased
to its maximum value of 24 MPa. Afterward, the pressure decreased gradually
and got balanced with the ambient condition. The blast wave was created due
to the instantaneous energy release of the explosive charge, which increased the
temperature and pressure of the surrounding area. Intensified pressure in the near-
explosion area led to the formation of the shock wave in the environment with a
velocity of 1650m/s. Hence, the blast wavemoves with supersonic velocity, and the
targets in the downstream do not receive any warning before imminent destruction.
The same trend was repeated in the gauge points #2, #3, and #4. In these points,
the maximum pressure amplitudes are reduced to 11, 7, and 5 MPa, respectively.
Moreover, the pressure-time curves calculated by empirical formula [1] are in good
agreement with those obtained by numerical simulations confirming the validity
of the numerical method.

For a detailed analysis of UNDEX, pressure-time curves were plotted at dif-
ferent gauge points, i.e., points #1 to #4, as shown in Fig. 10. Accordingly, it is
clear that the compressive pressure wave reached the desired points abruptly and
without any notice. In other words, while the fluid pressure is zero, a sharp jump in
pressure was created instantly after the arrival of the blast wave. Then, the pressure
was gradually reduced and became in equilibrium with ambient. In other words,
in the UNDEX, the blast wave is characterized by a sudden pressure jump at the
shock front, followed by a quasi-exponential decrement back to the ambient value.
The results also showed that the pressure amplitude is in inverse proportion with
distance from the explosion point.

Fig. 10. Pressure-time curves at 2, 4, 6 and 8 m distance from explosion point
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For qualitative analysis, pressure contours at different times after the explosion
occurred are presented in Fig. 11. According to the results, it can be observed that
instantly after the explosion, the compressive pressure waves were created in the
water environment. The shock wave sweeps half of the numerical domain with the
supersonic speed in less than 4 ms. Hence, it kicks any targets in the environment
without any prior warning. The results show that with the expansion of the blast
wave in the environment, the pressure amplitude decreased gradually and reached
to 9 MPa at t = 2 ms. Also, scrutiny of the results indicates that the boundary
conditions have been set properly. In other words, there is no pressure reflection in
the boundaries, which was expected in an unconfined UNDEX.

Fig. 11. Pressure contours at different times after the explosion

4.3. UNDEX effects on a reinforced plate

After analyzing the structure and growth of an explosive wave in water envi-
ronments, its effect on a steel structure reinforced with perpendicular blades was
investigated. For this purpose, in Fig. 12, Von-Mises stress contours are shown at
various times after the explosion. The results show that the center of the reinforced
steel plate was the first area having an abrupt increase in Von-Mises stress. Then,
the stress was propagated to a wider area on the plate. By the spatial growth of
the explosion, the plate was pushed and moved downward. Hence, due to the fixed
boundaries, the stress has increased in the borders. By exceeding the plate yield
stress, the plate was failed and torn off at the corners (t = 0.96 ms). Results indicate
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Fig. 12. Von-Mises stress contours of the reinforced plate at different times after the explosion

that the stiffeners can reasonably increase the strength of the plate and prevent the
failure of the central parts of the plate.

In Fig. 13, strain contours are shown at different times after the explosion. In
this figure, it is evident that, first of all, the middle part of the plate was deformed.
With the growth of the pressure wave, the edges of the plate were also affected.
The results show that, after t = 0.48 ms, the amount of strain on the area near the
fixed borders exceeded the tolerable limit and torn the corners parts.

To further analyze the results, the displacement-time and displacement rate-
time curves at the center of the reinforced plate are shown in Fig. 14. In this figure,
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Fig. 13. Strain contours of the reinforced plate at different times after the explosion

the displacement and displacement rate curves were plotted with a continuous
black line and red dashed line, respectively. The results show that the UNDEX
deformed the plate and moved the center part about 90 mm in just 1.8 ms. Also, the
results revealed that the displacement rate increases sharply at initial moments and
reached its maximum value of 135 mm/ms at t = 0.34 ms. Afterward, due to the
decay of the energy of explosive charge, the displacement rate decreased gradually
and oscillated around 25 mm/ms.

For a better analysis of the results, this section examines the propagation of
the blast wave in the water environment. Fig. 15 and Fig. 16 show the blast wave
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Fig. 14. Displacement & displacement rate-time curves at the center point of the reinforced plate

Fig. 15. Blast wave propagation and interaction with structure at plane x = 0
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Fig. 16. Static pressure contours at plane x = 0 at different moments

propagation and interaction with structure in the Eulerian environment at plane
x = 0. The results show that in the initial moments, the blast wave was propagated
spherically in all directions (before the collision). Next, with the impact of the
blast wave with the steel plate, the symmetry of the pressure wave disappeared. In
this moment, part of incident wave was reflected and the rest of it was transmitted
through the plate. It can also be found that the pressure waves from side boundaries
were transmitted without any reflection (unlimited water domain). However, at the
lower boundary where the water is in contact with the steel plate, the pressure wave
was reflected inside the numerical domain. It should be noted that the reflected pres-
sure wave is 3.5–4 time higher than incident pressure wave which is in accordance
with previous studies [23, 55, 56]. These results indicate that boundary conditions
were in accordance with the physics of the problem and were well defined in the
numerical model.

5. Conclusions

In this paper, the generated shock wave due to the explosion of TNT in the
water environment was simulated, and its effect on steel structures reinforced with
perpendicular blades was also investigated using numerical methods. It was found
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that in an unconfined UNDEX, a supersonic pressure wave (with velocity about
1650 m/s) sweeps the water environment, resulting in an abrupt increase in static
pressure up to 24 MPa. Therefore, the targets in the downstream do not receive
any warning before the collision. Also, the evaluation of the empirical solution
for UNDEX and numerical results indicated that the employed numerical method
predicted the structure of the blast wave with satisfactory accuracy. Moreover, the
results of FSI simulations specified that due to the collision of the explosive wave
with the steel structure, it reflected and increased the stress at the plate. The reflected
pressure wave was propagated through water, supporting initial waves. The results
revealed that using perpendicular blades as a stiffener is an acceptable method for
improvement of the strength. Also, the results showed that with the explosion of
500 g of TNT at a distance of 260 m, maximum displacement and displacement
rate of the plate reached to 90 mm (at t = 2.8 ms) and 135 mm/ms (at t = 1.24 ms),
respectively. For further analysis, it is recommended to perform a parametric study
to determine the effect of stiffeners’ breadth, length, and arrangements on the
ultimate resistance. This study will help to design a high resistance structure against
UNDEX.

Manuscript received by Editorial Board, September 09, 2019;
final version, February 10, 2020.
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