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ABSTRACT

Present study considered deformation of a solid plate as result of
external pressure wave. So, a detailed investigation of underwater
explosions (UNDEX) and their effects on solid structures is the
main objective of this paper. To accomplish this, numerical methods
have been used to analyze the UNDEX structure qualitatively and
quantitatively. Afterward, perpendicular blades are used to reinforce
a marine structure. Governing equations in solid and fluid media
were discretized using finite element and finite volume schemes,
respectively. As for fluid-structure interaction (FSI), two-way
coupling methods were used to map the results of fluid and solid
media. The numerical method's validity can be confirmed by
comparing numerical results with the analytical solution. Pressure-
time diagrams follow the analytical solution reasonably well,
indicating that the numerical method is valid. Additionally, results
indicate that a pressure wave with amplitude of 20 MPa is generated
by the detonation of explosive charge under water. Furthermore,
reinforcement blades appear to reduce deformation in structures by
increasing their resistance to explosive charges. These blades
increase the strength of the plate where it could tolerate the Von-
Mises stress up to 750 MPa.
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1 INTRODUCTION

ARIOUS analytical [1-4], experimental [4-6], and computational [4-9] research projects in the UNDEX

field have been conducted due to the importance of water structures such as bridges, ships, and submarines. The

numerical method is an effective tool because it requires a lower cost, produces extensive results, and can solve

complex problems [9-11]. Due to these characteristics, the numerical method has become an important tool for
researchers across a wide range of fields.
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UNDEX is being studied as a means of increasing the safety of two main types of marine structures: concrete
structures (dams) and steel structures (ships and submarines). Linsbauer [12] studied concrete gravity dams under
blast loading using the coupled model of water and dam reservoirs. For accurate predictions of UNDEX effects on
concrete dams, Zhang et al. [13] studied material properties. To simulate the response of concrete dams against blast
waves at heights of 30 to 142 m, appropriate grid generation in the finite element method and proper boundary
conditions were determined. Numerical simulations were also used by Wang and Zhang [14] to predict the response
of a typical concrete gravity dam to UNEX. Based on the results, critical curves were derived for different levels of
damage.An investigation of the damage to ships caused by explosive charges was carried out by Zhang et al. [15] in
the area of steel structures. In this study, experimental data was used to validate the numerical model, and then ship
responses were simulated under various explosive scenarios. Based on the results, it can be concluded that the
location of the explosive load directly affects the failure rate of a ship. The effect of UNDEX on steel structures was
also studied by Fathallah et al. [16]. Various metal structures were simulated with the help of Abaqus software in
this study. Ships and submarines can benefit from the results by optimizing floating structures in water. An analysis
of blast waves from near-surface explosions was conducted by Wang et al. [17]. Rajendran [18] studied the elastic
and plastic response of circular and rectangular plates using ANSYS/LS-DYNA. Qiankun and Gangyi [19]
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.

An analysis of UNDEX's effects on structures was conducted using the Euler/Lagrange viewpoint and two-way
FSI coupling method. Based on the results, it is evident that the boundary conditions of the free and structure
surfaces have a significant influence on UNEX simulation results. An experimental and numerical study by Liu et al.
[6] examined the effects of explosions on steel plates. According to the results, the strain rate should be taken into
account when calculating the strength equation. LeBlanc and Shukla [20] 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.

Detailed numerical simulations of the detonation wave were performed in the present study in order to
investigate UNDEX. This paper first analyzes the blast wave's amplitude and velocity qualitatively and
quantitatively. By simulating perpendicular blades on steel plates, we examined how well these stiffeners increase
marine structure resistance to explosive loads in 3D.

2 METHODOLOGY

UNDEX examined wave propagation using geometries similar to those in analytic work [1]. A mathematical model
for calculating pressure waves on 1D UNDEX was presented by Zamyshlyayev and Yakovlev [1]. Thus,
1 kg TNT was simulated numerically in water media, and the results were recorded at various time steps. As
illustrated in Fig. 1, the problem is generally outlined. Monitor gauge points are indicated with symbols at distances
of 2, 4, 6, and 8 m from the detonation point in the figure and the explosive charge's initial position is indicated with
green.

There is spherical symmetry in the geometry and boundary conditions of this problem. Basically, only the radius
affects the parameters. Hence, simulations are performed on the basis of spherical symmetry, which reduces the
computational costs. This simplified 1D model shows that the green zone is where the TNT explosives are initially
positioned, and the blue zone indicates where the water media are initially positioned, and its domain equals 10
meters (Fig. 2). By choosing this value, boundary conditions were not affecting numerical results. In this simulation,
there were 100,000 elements, and the distance between nodes near the explosion site and at distances was 0.01 mm
and 0.5 mm, respectively.

An analysis of the effects of the blast wave generated when a 7 kg TNT explosion is conducted at a distance of 5
meters from a barrier is presented in the second part of the paper. A diagram of the general geometry can be seen in
Fig. 3 and Fig. 4. Hatched areas represent the outer surface of the barrier, which is a square steel plate with 3 m sides
and a 20 mm thickness. There are nine stiffener blades on this plate. This figure shows the plate and its stiffeners in
an isometric perspective. A perpendicular relationship exists between the stiffener blades.
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Fig.1
The general view of numerical domain.
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The 1D numerical model of the problem- TNT and water location are shown with green and blue colors.

Fig.3
The general view of numerical domain.
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Fig.4
The 1D numerical model of the problem- TNT and water location are shown with green and blue colors.

Fluid-Solid Coupling
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Fig.5
Connections between fluid, solid and coupling sub-solver on an FSI simulation.

In numerical methods, FSI must be considered because solid and fluid media interact and affect each other [21,
22]. In this method, the pressure, stress, and velocity distribution in the overall numerical domain are considered in
terms of the interactions between the fluid and the structure by solving the governing equations of the fluid and solid
media [23]. In fluid-structure coupling problems, the numerical method is divided into three smaller sub-solvers [24,
25]: fluid medium, solid medium, and coupling medium (Fig. 5). To increase the accuracy of the results, the third
sub-solver uses the two-way (fully coupled) FSI algorithm. Numerical iteration on each time step considers the
effects of fluid and solid media on each other. The iteration ends when neither fluid nor structure state changes, and
the next time step begins.

As shown in the following equations [26-28], mass, momentum, and energy are all conserved in fluid media.
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Among the variables in these equations, p,t,U,P,0,u,h,A,T are density, time, velocity, pressure,
Kronecker delta function, viscosity, enthalpy, thermal conductivity, and fluid temperature. As well as Sg is the sum
of external forces entering the fluid domain, and Sy, is also the sum of internal forces.

Heat transfer is a major governing equation in solid media. The heat transfer equation in solid media can be
expressed as follows [29], assuming conduction is the primary heat transfer method:
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in which Cp and Sg are thermal capacity and heat production term in the solid media

3 RESULTS

In Fig. 6, the results of numerical simulation and analytical solution [1] are compared to qualitatively and
quantitatively analyze the blast wave structure in UNDEX. This figure shows pressure-time curves at gauge points 1
to 4 (at distances of 2, 4, 6, and 8 m from the detonation point). Analytical results [1] are indicated in these graphs
by red dots and numerical results by black lines. Just 1.2 ms after the explosion, the blast wave reached the first
gauge point, where the pressure abruptly increased to 24 MPa. The pressure gradually decreased until it became
equal to that of the ambient environment. Blast waves are created when explosives release instantaneously, which
increases the surrounding temperature and pressure. During an explosion, there is an increase in pressure, which
results in the formation of a shock wave in the environment with a speed of

1650 m/s. As a result, the blast wave moves at supersonic speed, and the targets downstream do not receive any
warning that they are about to be destroyed. Gauge points 2 to 4 exhibit the same trend. At these points, eleven,
seven, and five MPa of pressure amplitudes were reached. Additionally, a comparison between the analytical results
[1] and the numerical results indicates that the pressure-time curves match reasonably well, confirming the validity
of the numerical method.

The contours of pressure after the explosion are presented in Fig. 7 for qualitative analysis. Observations show
that the water media creates compressive pressure waves instantly after the explosion. In less than 4 ms, the shock
wave swept half of the mathematical domain at supersonic speed, so it kicked any targets in the media without
notice. At t=1.75 ms, the pressure amplitude dropped gradually as the blast wave expanded in the environment and
reached 8.5 MPa. Over time, the energy of the explosion are diminished and the pressure wave decayed.

The effect of explosive waves on steel structures reinforced with perpendicular blades was investigated after
analyzing their structure and growth in water environments. Fig. 8 illustrates Von-Mises stress contours after an
explosion of 7 kg TNT at a distance of 5 m from a plate. In the center of the reinforced steel plate, Von Mises stress
increased abruptly for the first time. In the next step, the stress in the plate is penetrated to a larger area. A
downward force is exerted on the plate as the explosion grows spatially. Thus, fixed boundaries have increased
border stress. The plate has failed due to exceeding the yield stress and torn off at the corners (t=9 ms). Based on
these results, we found that the stiffeners enhanced the strength of the plate and prevented the central parts of the
plate from failing.

Following the explosion, Fig. 9 shows strain contours at different times. As it can be seen in this figure, firstly,
the middle portion of the plate is deformed, and then with the growth of the pressure wave, the edges were also
affected. At t=12 ms, the area near the fixed borders exceeded the limit and tore the corners. Also, it is obvious that
over time the status of the plate are returned to elastic state.
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Fig.6
Validation of numerical method vs analytical results [1].
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Contours of pressure waves.
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Fig.8
Contours of Von-Mises stress at different times after the pressure wave generation.

4 CONCLUSIONS

Numerical methods were used to study the shock wave generated by the explosion of TNT in water media and its
effect on steel structures reinforced with perpendicular blades. An abrupt increase in pressure of 20 MPa is observed
in UNEX when a supersonic pressure wave (with a velocity of about 1500 m/s) sweeps the water environment..
Additionally, FSI simulations indicate that when the explosive wave contacts the steel structure, it deviates and
increases stress. According to the results, the stiffening effect of perpendicular blades increases the strength of the
structure and decreases its deformation. According to the results, at t=9 ms, a maximum displacement of 75 mm (at
t=12 ms) of the plate were observed with the explosion of 7 kg TNT at a distance of 5 m. Also, it was shown that
the blades increase the strength of the plate up to 750 MPa.
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Contours of strain at different times after the pressure wave generation.
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