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Abstract:  

The study of underwater explosions (UNDEX) on ship/submarines became of interest 

during World War II when torpedo explosions near a ship created more damage than 

a direct hit. Following the war, many full scale ship shock trials were conducted by 

various countries providing the empirical data that is widely employed. The biggest 

threat to any marine platform is due to underwater weapons and hence understanding 

the phenomenon is essential. The sequence of events involved in an UNDEX starting 

from the detonation, shock wave, bubble pulses and cavitation have been introduced 

and the dynamics of the process including governing laws have been enumerated in 

the paper. The associated aspects of loading and method of analyzing the fluid 

structure interaction have also been highlighted. The development of such numerical 

methods to analyze the explosion and its effect on the fluid-structure can lead to 

design of safer ships and submarines. Moreover, the numerical simulation will 

eliminate the need for conducting expensive shock tests and trials. 
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1.Introduction 

The idea of using the explosive charges underwater to damage and sink the targets at sea 

has been there since the days of early Marine warfare, although the effective means to do 

it were limited or did not exist. This led to the need to understand the phenomenon, study 

the effects and in turn to design structures that can be protected from such high intensity 

dynamic loads.  

In the pre WW-II era, almost all underwater explosive damage to naval ships was caused 

by contact explosions. At that time, one of the best ways to destroy a ship was to open a 

hole in the hull under the waterline by a direct hit and wait for flooding to reduce the 

stability of the ship so that the ship would sink. Aside from this, only a direct hit to a 

weapons magazine, an engine room or fuel tanks would result in the devastating loss of a 

ure in 

the immediate area of the explosion, only very slight effect of the explosion is 

transmitted to the other parts of the ship. In the late 1930s, the Bureau of Ships of US 

Navy performed experiments on small structural models of the naval vessels in the 

Norfolk Naval Shipyard in order to determine the underwater explosions (UNDEX) 

effects. Several tests were made in order to learn how to improve the strength of the hull 

to withstand the severe effects of underwater explosions. The tests led to understanding 

of the non-contact explosions that were found to cause severe underwater shock to the 

ships. When the non-

as it was raised up and then struck down into the water. As a consequence, the ship sank 

into the gap left by the explosion. Increasing the charge weight resulted in more damage 

to the ship. Thus, it was understood that a direct hit was not necessary to disable the ship 

capabilities. According to the analysis of the wartime ship losses suffered during the first 

half of the twentieth century, it was determined that the incident shock wave and gas 

bubble pulse forces caused severe structural damage and material failure, and resulted in 

the sinking of several ships. 

In spite of significant efforts by various agencies like government, military and civil 

resources directed towards mitigating the vulnerability of humans and structures due to 

the blast effects, it is widely accepted that the effects of the undex is still poorly 

understood. Moreover, the knowledge is not in public domain due to strategic reasons 

and hence not available to us. It is therefore of significance that theories and models 

capable of describing the phenomenon and its effects be developed to 

describe/understand the events qualitatively and quantitatively. 
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1.1.Undex Phenomenon 

Underwater explosions, generally referred to as UNDEX, occurring in the water near the 

ship hull are of great concern to naval surface ships and submarines since they can result 

in major hull 

Damage or incapacitate their functionality. Analyzing this phenomenon requires 

understanding a complex sequence of events, shock wave propagation, bulk cavitation 

and fluid-structure interaction phenomena. Underwater explosions may be classified in 

two categories 1. 

 Contact underwater explosions: This type of explosion occurs in the water 

adjacent to or in contact with the hull of the ship, such as an impact-fused torpedo 

hit or the explosion of a contact mine. These explosions result in severe local 

damage to the hull. 

 Non-contact underwater explosions: This type of explosion occurs at a given 

distance from the ship in water that is not in contact with the hull of the ship. The 

detonation of depth charges consisting of high explosives such as HBX-1, RDX, 

TNT and PETN is an example of non-contact underwater explosions. These 

explosions result in the most serious and severe shock damage to the ships. 

 

1.1.1.Sequence Of Events 

It is very important to understand the sequence of events that occurs in the water as a 

result of an underwater explosion. Any explosion (non-nuclear) is associated with a 

chemical reaction in a substance which converts the original material into gas at very 

high temperature and pressure in extreme rapidity. The temperatures and pressures 

involved are in the order of 3000o C and 50,000 atm respectively. On detonation of a 

high explosive such as TNT, HBX-1, RDX, or PETN, a superheated, highly compressed 

gas bubble is formed along with a shock-wave in the surrounding water. The shock wave 

travels through the charge material at a constant high speed of approximately 25,000 

ft/sec, without change in volume 2. This event happens very rapidly in order to prevent 

the energy from having enough time to escape. The high pressure gas compresses the 

surrounding water, that layer of water then compresses the adjacent layer, and so on. 

During these events, the compressibility of water is evident. As the gas expands, the 

water is forced radially outward and this radial flow modifies the pressure distribution at 

points relatively close to the bubble. Therefore, a shock front is propagated radially 
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outward at a velocity that exceeds the velocity of sound in the uncompressed water as 

shown in Figure 1. 

 
Figure 1: Gas Bubble and Shock Wave of UNDEX 

 

1.1.2.The Shock Wave 

A shock wave is characterized by a discontinuous change in pressure, particle velocity, 

and density in a direction normal to the front, followed by exponential decay in pressure 

down to the hydrostatic pressure.  Figure 2 shows this type of pressure distribution for a 

300 lb TNT underwater explosion 2. 

 

 
Figure 2: Shock Wave Pressure Profile for a Radially Expanding Wave from a 300lb 

TNT Charge 

 

Initially the velocity of the shock wave is proportional to the peak pressure and hence 

several times of that of limiting acoustic value but with the wave advance and decay in 

pressures it falls to acoustic values (~1525 m/s). The pressure drop is due to the wave 

moving out in a spherical front. Thus, the resulting shock wave pressure profile is 

proportional to the charge weight and inverse of the distance from the charge. 

 

1.1.3.Conditions At The Shock Front 

In an explosive event excess pressures are created and hence the propagation of waves 

can no longer be considered constant rather they increase with increasing density. The 

density increases due to excess pressures. If we consider wave propagation in fluid, a 
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plane wave advancing from left to right and at an instant of time has a shape as shown in 

the figure 3. 

 

 
Figure 3: Formation of shock fronts in plane waves 

 

a 

relative to the fluid at t a

speed with respect to a fixed wall will be ca+ua. Similarly, a compression at point b will 

travel with a speed cb+ub. If the pressure set up in the fluid is greater at b than a, the 

speeds cb & ub 

of higher pressure advance and to those of lower pressures and make the front 

increasingly steep. As the condition of infinite steepness is approached, the pressure and 

temperature of adjacent layers will be very different and hence large gradients. This leads 

to dissipation of energy as heat and hence the conventional equations of conservation of 

energy in the fluid will not be valid. However, experiments have shown that such fronts 

are so steep and virtually discontinuous. The equations applying to such discontinuity 

immediately ahead and behind the discontinuity (fig 4). 

 

 
Figure 4: Conditi  

 

Considering conservation of mass across the Shock front,  1(D- 0D;   

0Du dt = P dt ; i.e. the change in momentum must 

be equal to the impulse of pressure force in the limit dt 0Du = P  

Similarly conservation f energy yields,  0D   (e1-e0+
2
1 u2 ) 
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Eliminating P, we get,   e1 = e0+
2
1 u2   

-  

 

1.1.4.Empirical Relations 

Empirical equations are derived in order to characterize the shock wave pressure profile. 

These equations are accurate at distances between 10 and 100 charge radii and for 

duration of up to one decay constant in time after the initial detonation 2. 

 

The pressure change with time follows an exponential decay and is given by the 

following equation for TNT explosive equivalents.  

 
where, W is the weight of the TNT explosive in kg, 

t0 is the initial time at which the shock front arrives at a distance R in meters, 

t is the times elapsed since the shock wave has arrived at that distance and  

, is the decay constant or the decay time in seconds, the 

time taken for the pressure to decay to 1/e, translating roughly to 36.79% of the peak 

pressure. 

 

1.1.5.The After Flow 

As the shock wave passes a fixed location and subjects the water to a transient pressure, 

the liquid is simultaneously subjected to a flow with a velocity in the direction of the 

wave. The velocity of the water (plane waves) is related to the transient pressure by  

sound speed in water. 

The work done on a surface or the shock wave flux density i.e the energy behind the 

shock front per unit area assuming planar wave front is given by, 

Energy flux density =   =      

If the spherical wave front is taken, the amplitude of the shock wave decreases inversely 

with the distance from the detonation point as the disturbance spreads to greater area. In 

most applications, planar shock wave theory is sufficient. 
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1.1.6.The Gas Bubble 

The gas bubble generated by the explosion is almost spherical in its initial stages and 

starts expanding as the inside pressure is significantly higher than the ambient 

hydrostatic pressure. After some time, the expanding gas bubble pressure drops to the 

hydrostatic pressure. But the adjacent water still has an outward velocity and hence the 

gas bubble does not rest and continues to expand until the pressure defect prevents 

further expansion. At this instant, the gas bubble reaches its maximum radius and the 

internal energy of the gas bubble is so small that it can be neglected.  The maximum 

bubble radius depends on the charge type, depth and weight and is given by (for TNT) 

 
Where Z0 is the total pressure head at the explosive i.e Z0 = D + 9.8, D being the 

explosion depth in meters. The time taken to reach the maximum diameter is given by 

 
After reaching the maximum radius, the gas bubble pressure becomes so small that the 

excess hydrostatic pressure causes the gas sphere to be contracted to ambient and then 

due to inertial effects, recompressed to a high pressure determined by the inward velocity 

of the water at the equilibrium pressure. Due to this recompression, a second wave forms 

and radiates into the water. The second bubble again reaches its equilibrium state and a 

maximum radius which is smaller than initial maximum radius. The gas sphere can 

undergo several compressions and re-expansions until it loses all of its energy or the 

bubble reaches a boundary. Figure 5 shows the asymmetric oscillations of the bubble 

about its mean diameter. 

 
Figure 5: Migration Pathway and Gas Bubble Oscillation 4 
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The peak pressure of the bubble at its first minimum size is approximately 10-15% of the 

shock wave peak pressure. It can be further reduced due to migrations towards surface. 

The bubble pressure pulses can also result in localized damage to hull structures. 

Moreover, the large bubbles often lose their symmetry and collapse upon themselves 

forming a toroid shaped bubble and jet of water. This combination of bubble pulse and 

water jet can produce significant damage. 

As the gas bubble expands it displaces water surrounding it. During the contraction, the 

water rushes in to surround the volume vacated by the bubble. The vertical bubble 

velocity can be shown to be inversely proportional to the cube of the bubble radius and 

hence the bubble rises faster when its size is minimum. Though the buoyancy is 

maximum when the bubble is large, the inertial forces of the surrounding water dominate 

and hence cancel out the buoyancy to a large extent. The inertial forces are lowest at its 

extreme size and the buoyancy pushes it at maximum rate 2. 

Depending on the initial depth of explosion, the bubble may migrate close to surface 

during its oscillations. If the bubble gets close to the surface, it results in the 

characteristic plumes of water that occur just after the surface cavitation due to shock 

wave. The expansion of the bubble displaces water radially creates a matching plume. If 

the first bubble expansion does not break through the water surface, the first plume 

appears broad and low. Consequent oscillations migrate the bubble closer to the surface 

and may breach the surface during the second or third maximums, as after these the 

energy dissipates dramatically. On breach of surface, the plume is thinner and higher and 

may be blackened due to venting of the explosion gases containing carbon rich products. 

 In shallow water, the pressure in the expanding gas bubble can fall below the 

atmospheric pressure leading to air entering the cavity very rapidly when the gas bubble 

reaches the surface. This acts as a cushion and allows the closure, eliminating any 

closure pressure pulse. Therefore, it can be stated that the explosion depth should be less 

than the maximum bubble radius. However, the results will be acceptable if the charge 

depth is between 50% and 80% of maximum radius 6. 

As it can be seen that the depth has strong influence on the underwater explosions, they 

can be categorized in accordance with their depth beneath the water's surface and energy 

associated with it. An underwater explosion can be considered as shallow if (d/W1/3) < 1 

and deep if the ratio is greater than 16. (Here the d is depth in feet and W is pounds of 

TNT[7]).  
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1.1.7.Empirical Equations 

The equations discussed can be generalized and can be applied for different explosives as 

give below: 

 
Where, W stands for charge weight in kg, R are the slant stand-off distance in meters and 

D is the charge depth in meters. The constants used in the equations are as given in the 

table 1 for different explosives. 

 

 
Table 1:Coefficients for shock definition 

 

1.1.8.Energy Contents 

The majority of the energy associated with Undex is released in the form of shock wave 

accounting for approximately 53%, leaving the rest for gas bubble pulsations. Of the 

shock wave energy, 20 % is lost during early propagation i.e with in 25 times the charge 

radii of explosion and only 33% will be available as damaging energy.  During the 

bubble pulsation, 13% of the explosion energy is radiated during the first cycle, 17% is 

radiated as a pressure pulse at bubble first minimum. The balance 17% of the explosion 

energy is available for the second pulsation. 

The proximity of boundary affects the behavior of explosions. When the shock wave 

reaches the surface it usually produces a visible spray dome due to surface cavitation. 

Reflection of shock wave off ocean floor can augment the effect of the initial shock. In 
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shallow waters, reflection factors of 1.4 can be accomplished that can dramatically 

increase the damage potential. 

 

1.2.Principle Of Similarity Of Shock Wave 

The principle of similarity states that if the linear size of the charge be changed by a 

factor k, the pressure conditions will be unchanged, if new distance and time scales k 

times as large as the original ones are used 2. 

The principle is very evident from the empirical relations shown earlier and is an 

outcome of the similarity that is valid in governing equations of state. It has been amply 

verified by experimentation. The principle is valid as long as there are no external forces 

acting upon the system. Though gravity is such an external force which is always 

present, it is insignificant compared with the internal forces involved in generation and 

propagation of shock waves. However, gravity plays a significant role in behavior of gas 

bubble pulsations and hence the similarity does not apply to the post shock wave 

phenomena. 

 

1.3.Cavitation 

The reflection of the shock wave from the free surface of water leads to the phenomenon 

when the compressive shock wave is reflected from the free surface. Water cannot 

support the tensile force and hence the cavitation when the pressure falls to vapor 

pressure of water. There are two types of cavitation in an UNDEX event: bulk cavitation 

and local cavitation. Bulk cavitation can be regarded as the large area of low pressure at 

the free surface whereas local cavitation can be regarded as the small area of low 

pressure occurring at the fluid-structure interface. Cavitation has a tremendous effect on 

the overall response of the surface ships so that it must be taken into consideration in the 

damage simulations 4. 

 

1.3.1.Bulk Cavitation 

In an underwater explosion, a three-dimensional spherical pressure wave forms and 

propagates outward from the detonation center. As shown in Fig 6, the incident shock 

wave, which is compressive reaches the free surface and is reflected. The reflection 

phenomena can be approximated to that of the acoustic as long as the pressure involved 

are less than 68.95 MPa and incident angles are less than 30o. Accordingly, the reflected 
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shock wave is a rarefaction wave and the direction is opposite to that of the incident. 

Since the air-water interface is not a rigid boundary, the surface of water will be thrown 

up at twice the velocity of that of the normal component of incident velocity. The 

rarefaction wave is like a tensile wave and reduces the pressure as it progresses. It like a 

tensile wave produced by an image source across the surface. As the water cannot 

support the tensile force, it forms cavities with water vapor. After the arrival of the 

rarefaction wave, the net pressure drops to zero or negative value as shown in the figure 

-

of three to four psi 9. A bottom reflection wave is also formed due to the reflection of the 

shock wave at the sea bottom. However, this type of wave is of less interest in an 

UNDEX event due to the dependence on the sea bottom characteristics and its closeness 

to the target. 

The cavitated region formed by the rarefaction wave is called the bulk cavitation zone. It 

consists of two boundaries: the upper cavitation boundary and the lower cavitation 

boundary. The upper cavitation boundary is the region where the net pressure due to 

incident and reflected waves is zero. In fact, the net pressure below the surface is not 

zero at the cut-off time. The calculated net pressure may be less than zero depending on 

the depth. 

 
Figure 6: Reflection of Shock wave from Free Surface 

 

 
Figure 7: Shock Wave Pressure Profile with Cut-off [10] 
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As stated before, cavitation occurs where the total pressure is negative or below the 

vapour pressure. Total pressure consists of compressive incident wave pressure, tensile 

rarefaction wave pressure, atmospheric pressure and hydrostatic pressure. The following 

equation can be used to determine the upper cavitation boundary. 

 

The total pressure =  

 

Here, the r1 and r2 are the slant stand-off distances to the point from the charge and image 

charge respectively. C is the acoustic velocity, PA is t

weight density of water and W is the charge weight. The constants are as shown in the 

table 1. 

The lower cavitation boundary is determined by equating the decay rate of breaking 

pressure and the decay rate of absolute pressure. The breaking pressure is defined as the 

rarefaction wave pressure that reduces the absolute pressure to the cavitation pressure. 

The following equation can be used to determine the lower cavitation boundary.  

i.e   

 

 

                   

 

 

Here, Pi is the incident shock wave pressure and others are as discussed earlier. 

The above equations can easily be modeled using tools like MATLAB and typical 

cavitation boundary can be obtained. Fig 8 shows such boundaries for different charge 

weights and charge depths.  
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Explosion Depth @ 25ft 

 
 

Explosion Depth @ 50ft 

 

 
Explosion Depth @ 75ft 

 
Explosion Depth @ 100ft 

 
Figure 8: Cavitaion regimes for differing weight and explosion depth for TNT 

 

It is evident from the above figures that the cavitation boundaries are highly dependent 

on the charge type, weight and depth as seen in the earlier equations. The plots are 

generated for 50lbs-150lbs Trinitrotoluene (TNT) charge at varying depths i.e. 25 ft-100 

ft. As shown in Figure 6, the cavitation region (shown in red) stretches as the charge 
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depth increases and the vertical depth of the region decreases due to the stretching. 

Therefore, the cavitation area is the largest when the charge is deeper. Also, the 

cavitation area increases with increasing charge weight. The cavitation area also is 

affected by the type of explosive. The cavitation phenomenon has significant effect on 

the structure adjacent to it and hence damage can be maximized by suitable combination 

of explosive type, weight and depth. 

If the explosion considered is below a floating ship, the vertical kick-off velocity of the 

surface ship can be determined by the fluid particle velocities near the free surface. 

Moreover, due to fluid-structure interaction at the hull surface causes another 

phenome 10. 

 

1.3.2.Local Cavitation 

Local cavitation is the phenomenon that occurs at the fluid-structure interface due to the 

interaction of the pressure pulse and the flexible surface of the structure. The shock 

pressure pulses that are produced by an UNDEX event excite the ship causing dynamic 

responses leading to negative total pressure along the hull. As water cannot support 

tensile pressure, the water pressure drops to the vapor pressure of water and local 

cavitation occurs. 

 

1.4.Fluid-Structure Interaction 

Taylor flat plate theory, which was presented by G. I. Taylor, is the simplest fluid-

structure interaction theory. Here, an infinite, air-backed plate is used as the hull in order 

to illustrate the reaction of the hull subjected to the shock wave, as shown in Figure 9. 

 

 

Figure 9: Taylor Plate Subjected to a Plane Wave 
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As shown in the figure, the plate is subjected to the incident plane shock wave of 

pressure, P1(t). After interacting with the plate, the reflected plane shock wave of 

pressure is of pressure say P2

motion of the plate can be written as 

 
Where,  m = the mass of the plate per unit area and u(t) = the velocity of the plate. 

The velocities of the fluid particle behind the incident and reflected shock waves are 

defined as u1(t)and u2 (t) , respectively. Thus, the velocity of the plate can be defined as 

  u (t) =u1 (t)  u2 (t)  

For planar shock waves, the wave pressures can be expressed as 

  P1(t) Cu1 (t) and  P2(t) Cu2 (t),  

Where, = the fluid density, C = the acoustic velocity. 

Hence, the plate velocity can be related to the shock wave pressure as,  

 
Hence, P2(t) is give by 

 
Using the above and substituting the formulae for the shock wave pressure in to the 

equation of motion of plate, 

 
This is a first order linear differential equation and can be solved for u(t) and is given by 

the below expression. 

 

 
, the pressures can be 

calculated as give below. 
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From the above equations, it is evident that the total pressure becomes negative initially 

of the water and hence separation of plate from water. The maximum velocity of the 

plate will be when it is subjected to the shock front and that instance the total pressure of 

the incident and reflected shall be zero. The same can be verified by differentiating the 

equatio

equation. 

 

the cut-off time is given by,  

  

The maximum velocity of the plate,  

 
It is to be noted that the equations used in the Taylor plate theory are appropriate up to 

the beginning of the cavitation. Post cavitation, the problem turns into a nonlinear and 

non-conservative and the above equations are no longer valid. For light plates, the 

momentum of the plate can be a fraction of the impulse of the shock wave and hence can 

lead to further increase in velocity and second loading which can be higher than the first 

loading 11. 

 

1.5.Shock Factor 

The accurate theoretical evaluation of the undex phenomenon is quite complex and hence 

model testing and numerical experiments using simplifying assumptions are often used. 

However, it is important to correlate such results to that of real structure to an acceptable 

accuracy. 

The most widely used parameter to describe the shock severity and hence its damaging 

ships. Higher the SF, higher is the energy content impinged on the structure. Hence, the 

response and excited damage can be estimated in terms of the SF [11]. It has been found 

that, 

SF = Wn/D, W is the charge weight and D is the stand-

varied for different experimental conditions and the method followed. One of the most 

used value of n is 0.5. When the charge position is mea
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keel, the angle of incidence of shock-wave should be considered and such calculated SF 

18, 

 

 

 

o and hence KSF = SF. It has been shown through theory and 

experimentation that the KSF is approximately proportional to the vertical velocity 

imparted to the ship when it behaves like a rigid body. 

Use of shock factors eliminates the need for elaborate analysis and is the simplest way to 

compare or know the severity of an explosion and the likely extent of structural damage. 

However, experimental or validated numerical investigation is necessary to establish the 

propagation of shock through the body and the accelerations/ velocities induced in the 

body. 

 

2.Numerical Solution And Modeling 

Explosion loading on structures is essentially a transient analysis involving time variance 

in the loading pattern. The explosion event is an instantaneous process with characteristic 

exponential amplitude decay with time, this aspect demands on using smaller time steps 

and explicit schemes for a stable convergent analysis. The explosion loading related 

problems are best solved by numerical discretisation techniques such as the finite 

element method. Today, large spectrums of finite element codes are available which can 

perform explosive loading analysis to certain degree of accuracy involving certain 

assumptions. The problem in hand is further very stringent in terms to say, it involves 

material and geometric nonlinearity with strain rate dependence, these important factors 

are seen to have a great effect on the congruence of results with experiments. The present 

analysis involves solving the nonlinear equations using finite elements (discrete model) 

on a digital computer. The numerical model is essentially elasto-plastic in nature 

incorporating stress-strain relationships to define material plasticity (with strain rate 

dependence) and also material failure. The material plasticity and strain rate dependence 

are modeled using Johnson-Cook relationships. The numerical model is further described 

in the following paragraphs in terms of some salient features as used in the present study.  

 

R
WSF

2
)cos1(
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The basic steps involved in a numerical simulation are; 

 Mathematical modeling or idealization - This step involves in formulating the 

desired physical phenomenon into a mathematical solvable form in terms of 

equations representing the system to best describe the physical problem considering 

the accuracy desired. 

 Discretization - This is the basic step in any finite element approach of solution to 

the defined mathematical problem. The step involves breaking up of the physical 

domain into smaller solvable entities by numerical iterative methods with finite 

degrees of freedom. 

 Solution on a digital computer - The numerical scheme so formed after 

discretization is solved using a digital computer. 

 Post processing of results - The interpretation of the numerical results in terms of 

their mathematical and physical significance. The result post processing is the key to 

correctness of the results when it comes to nonlinear analysis. The importance of the 

same has been brought out in selection of the correct constitutive relationship in the 

present study. 

 

4.1.Sources Of Non-Linearity 

One needs to explore and study the source of nonlinearity is required to simulate such 

physical behavior with mathematical and computational models. For structural analysis 

there are four sources of nonlinear behavior. The corresponding nonlinear effects are 

identified by the terms material, geometric, force boundary condition and displacement 

boundary condition (BC) that need to be sufficiently modeled for acceptable results. 

 

4.2.Johnson-Cook Constitutive Relationship 

JC material model is employed for analyzing the behavior of the structure under dynamic 

loading to account for increasing yield strength due to hardening. The rate dependence is 

also employed. This plasticity model incorporates a distortion energy theory using the 

von Mises yield criteria with associated flow rule. The hardening in the JC model is of 

isotropic hardening type where the static yield stress, o, is given by; 
0 [ ( ) ](1 ),pl n mA B       

where,  pl
transition is the transition temperature, is the 

non-dimentional temperature,  
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the limits of  is defined as; 

 transition  

-

-
transition

melt transition for 
  melt 

 melt  

melt is the melting temperature, and transition is the 

transition temperature defined as the one at or below which there is no temperature 

dependence on the expression of the yield stress. 

A, B, n and m are material parameters measured at or below the transition temperature.

          
The Johnson-Cook strain rate dependence formulation is in the form;  

and        0
1

exp[ ( 1)]
pl RC  , where  

 is the yield stress at non-zero strain rate; and C are material parameters measured at 

or below the transition temperature;  is the static yield stress; and is the 

ratio of the yield stress at nonzero strain rate to the static yield stress  

 

The yield stress is, therefore, expressed as  

  

4.3.Johnson-Cook Dynamic Failure 

The Johnson-Cook plasticity model is suitable for high-strain-rate deformation of metals. 

The Johnson-Cook dynamic failure model is based on the value of the equivalent plastic 

strain at element integration points; failure is assumed to occur when the damage 

parameter exceeds unity. The damage parameter, , is defined as  

          

Where  is an increment of the equivalent plastic strain, is the strain at failure, 

and the summation is performed over all increments in the analysis. The strain at failure, 

, is assumed to be dependent on a non-dimensional plastic strain rate, ; a 

dimensionless pressure-deviatoric stress ratio, p/q (where p is the pressure stress and q is 

( , ) ( )pl plR
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the Mises stress); and the non-dimensional temperature, , defined earlier in the 

Johnson-Cook hardening model. The dependencies are assumed to be separable and are 

of the form, 

                    

     

where d1 d5 are failure parameters measured at or below the transition temperature, 

transition, and is the reference strain rate. When this failure criterion is met, the 

deviatoric stress components are set to zero and remain zero for the rest of the analysis. 

The pressure stress in turn can be set to zero for the rest of calculation and one may 

specify element deletion which meet the failure criterion. 

 

4.4.Explicit Dynamic Analysis Method 

A transient dynamic analysis with strain update was adopted in the present analysis. The 

strain update and plasticity has been brought about by the JC constitutive relationship for 

plasticity and failure, the status of the elements in the event of material failure has been 

brought about by the JC dynamic failure with progressive damage initiation and 

degradation formulation. Due to the rapidly changing nature of the loading in the 

UNDEX loading a transient analysis has been chosen for solution.  

A general linear transient dynamic equilibrium equation can be defined as; 

   
Where, 

[M], [C]& [K] are the structural mass damping and stiffness matrices respectively,  

{ }, , {u} are theacceleration, velocity and displacement vectors respectively, at 

integration point 

{Fex} is the applied explosive load vector including fluid effects. 

 

4.5.Fluid Structure Interaction (Fsi) Using Doubly Asymptotic Approximation 

The fluid-structure interaction between the water and the hull due to the underwater 

explosion mainly occurs in the vertical direction. Since the shock wave impinges on the 

ship hull causing dynamic responses on the ship structure, the fluid-structure interaction 

has a great importance in an UNDEX event. A matrix of differential equations is used to 

determine the approximate response of the ship with some acceptable degree of 

accuracy. This approximation is called the Doubly Asymptotic Approximation (DAA) 

[ ]{ } [ ]{ } [ ]{ } { },exM u C u K u F where
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and is applicable at both low and high frequencies and at early and late times. The DAA 

approach models the acoustic medium surrounding the structure as a membrane covering 

the wet surface of the structure. The principal advantage is that it eliminates the need for 

analyzing fluid volume elements around the outside of the structure. The DAA may be 

used to determine the fluid pressure generated by the scattered wave on the wet surface 

of the structure[3]. The governing equation of motion for the structure and the DAA 

equation with the interface compatibility relation are used to solve the dynamic response 

of the system. The discretized differential equation for the structure can be expressed as 

 
Where, x(t) is the structural displacement vector, Ms, Cs and Ks are mass, damping and 

stiffness matrices, respectively, f(t) is the external force vector and a dot denotes a time 

derivative. For excitation of a submerged structure by an acoustic wave, f(t) is given by 

 
where pi(t) and ps(t) are nodal incident(known) and scattered(unknown) wave pressure 

vectors for the wet-surface fluid mesh, respectively, fd(t) is the applied force vector for 

the dry-structure, Af is the diagonal area matrix converting nodal pressures to nodal 

forces and G is the transformation matrix associated with fluid and structural nodal 

surface forces. 

The first-order doubly asymptotic approximation can be expressed as 

 
Where, Mf is the fluid mass matrix for the wet-

and acoustic velocity of the fluid, respectively, and us(t) is the vector of scattered wave 

as

high-frequency (early time) and low-frequency (late-time) limits. For high-frequency 

motion, the acceleration term is significantly higher than ps(t), so that the second term in 

the left-hand side of equation is negligible compared with the first term resulting in the 

plane wave approximation,  

  ps s(t) 

which is accurate for sufficiently short acoustic wavelengths. For low-frequency motion, 

ps(t) term is significantly higher and hence the DAA equation approaches the virtual 

mass approximation Af ps (t) = Mfus(t) which is accurate for sufficiently long acoustic 

wavelengths. 
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The fluid structure interface compatibility relation can be expressed as  

 
(xx) expresses the 

fluid particle velocity and the structural velocity normal to the set-surface of the structure 

are equal at the interface. 

From manipulations of the above equations and assuming fd(t) is zero, we get, 

 

 
The above equations can be solved simultaneously at each time step for x and p s. The 

DAA approach is excellent approximation technique to eliminate the need for modeling 

surrounding fluid volume, and covering the wet surface of the structure with DAA 

boundary elements. Such a methodology is implemented by various FE codes for solving 

the undex related fluid-structure interaction. 



www.ijird.com												December,	2012											Vol1	Issue	10	(Special	Issue)	
 

INTERNATIONAL	JOURNAL	OF	INNOVATIVE	RESEARCH	&	DEVELOPMENT	 Page	229	
 
 

5.FE Model & Discussion Of Results 

The numerical finite element modeling was carried out to study the effect of the 

underwater explosion loads on a rectangular flat plate of 4 mm thickness including the 

fluid-structure interaction. The results were compared with that of the published 

experiments[10&11] for validation. The mesh size and the material model were evolved 

to obtain the results to the desired accuracy. Quarter size plate can be considered to 

reduce the computational time required. The four node Shell elements with reduced 

integration, S4R were used in the Abaqus Explicit model.  

The model was prepared in Abaqus. The loading was established using the UNDEX 

module. The material model used for defining the plasticity of the model was that given 

by Johnson and Cook. To improve the results to sufficient accuracy, the effect of J-C 

strain hardening and rate dependency were considered in the model. Fig 10 shows that 

the central deformations agree well with the experiment, validating the FE model. The 

loading was varied in terms of the undex shock factor (generally keeping a constant 

stand-off distance and increasing the charge mass).  

 

 
Figure 10: Comparision of Central Deformation

 

 Figure 11. Comparision of Central Deformation, SF = 0.212 
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Figure 12:  Plot of Central Deformation with time, SF = 0.3 

 

The plots of the central deformation are shown in Fig 11 for two different shock factors. The plots 

show the central deformation of the plate as a function of time at different instants of time. The plate 

actually vibrates when subjected to an UNDEX load and the same is visible from the following 

graphs.  

In all the graphs, it can be seen that analysis of a time period of 10 ms was sufficient for the adopted 

stand-off distance of 0.15 m from the centre of the plate. The maximum deformation of the plate at 

all the considered loading was seen to be at 4 ms, beyond which the response decayed considerably 

leaving the permanent deformation. 

 

6.Conclusion 

The Finite element model of a flat plate subjected to underwater blast was considered. The large 

deformations associated with the phenomenon were modeled using 3D non-linear FEM, including 

the effect of strain hardening and rate dependency of the strength. A quarter plate was modeled with 

symmetric boundary conditions with optimized mesh density. All the loading considered under the 

considered shock factors was limited to Mode I behavior of the plate, the undergoing large 

deformations.  

The loading due to underwater explosion is different from any impact/ impulse that is effective for a 

short duration of time. The undex loading is characteristic with its exponential decay and the dense 

water medium has a significant effect on the behavior of the structure.  
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