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Abstract
In order to study the impact of shallow water explosion shock wave on the ship damage and the
overpressure distribution law under different burst points and different explosive quantity and charge, the
TNT column bare charge is selected, based on LS-DYNA �nite element software, the underwater
explosion model is created, and the numerical simulation study of underwater explosion under different
burst points is carried out, and the correctness of the �nite element model is veri�ed by comparing with
the empirical formula. The results show that: the numerical simulation of the underwater explosion shock
wave results affected by the mesh size, the use of explosive diameter of 1/10 ~ 1/5 of the mesh size can
be more accurate simulation results; the use of torpedo scattering mode of operation, the bottom of the
middle part of the ship after hitting the damage effect is much greater than when not hit, hit the ship and
the head and stern side of one of the best damage effect; only hit the stern sides of the case when, 100kg
of explosives can do the same or better than 200kg of explosives damage effect, can save part of the
resources. It can provide some reference for the study of shallow water explosion damage to ships and
torpedo dispersal operations.

1 Introduction
Military integrated operation has become the main mode of operation in modern times, in which ships
play a very important role, and also become the main target of attack. The research of underwater
explosion shock wave and bubble damage to ships has always been a hot topic for relevant scholars at
home and abroad. The representative early research results in the �eld of Underwater Explosion are Cole's
book Underwater Explosion, which systematically summarizes the research results of underwater
explosion before the mid-20th century [1]. Gilmore[2] the partial differential equations for the �ow of a
compressible liquid is surrounding a spherical bubble are reduced to a single total differential equation
for the bubble-wall velocity. Keller[3] forecasts express the bubble radius and period generated by
underwater explosions. Benjamin et al. [4] used high-speed photography technology to capture bubble jet
phenomenon near the rigid interface for the �rst time. Zamyshlyayev et al. [5–6] further studied the
dynamic load law of underwater explosion based on Cole's research results and established the
theoretical prediction model of underwater explosion bubble movement and load. Wenbin Gu et al. [7–10]
summarized the in�uence of interface and bottom on the explosion shock wave in shallow water through
experimental research. Rajendran et al. [17–18] conducted a series of underwater explosion tests near
steel plates to study the response and failure phenomenon of steel plates under different blast distances.
Zhang A M et al. [19–22] mainly conducted a series of studies on the three-dimensional state of
underwater explosion bubbles, formed a relatively complete theory of underwater explosion bubble
pulsation, analyzed the load characteristics of underwater explosion, and summarized the damage
characteristics of underwater explosion on ship structure. In general, the research on the front underwater
explosion is mainly focused on the study of different depth and different charge equivalents. There are
few studies on the damage effect of underwater explosion at multiple detonation points and different
explosion positions, so further research is needed in this aspect.
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This paper will study the damage law of the shock wave caused by the shallow water explosion with
multiple detonation points to the ship, and get the distribution range of the blast wave and the
attenuation law of the shock wave at different detonation points, as well as the damage effect of the
ship, so as to provide a certain reference for the analysis and research of the damage caused by
underwater explosion to the ship and the torpedo spread battle.

2 Numerical Calculation Model

2.1 Finite element model
The �nite element software LS-DYNA was used to simulate the shallow water explosion. TNT spherical
charge was used for the explosive, and the density was 1.63g/cm3. All the explosion points were located
at a depth of 10 m from the water. Suppose that the underwater depth is 28 m, the height of the air
domain is 20 times of the charging radius, and the ship's cabin model adopts the strength equivalence
method equivalent to 1/2 hull, with the equivalent model size of 64 m×15 m×12.8 m. The structure
diagram is shown in Fig. 1, and the �nite element model diagram is shown in Fig. 2. The simulation uses
the keywords INITIAL_VOLUME_FRACTION_GEOMETRY and INITIAL_DETONATION to realize spherical
charge and central detonation, respectively.

The Euler algorithm is used to set the Flow-Out boundary to realize the out�ow of the Euler �eld boundary
material. Select the material model directly from the material library, using the ideal air state equation:

In the formula: P is the air pressure, take the standard atmospheric pressure; γ is the ideal gas thermal
insulation index, take 1.4; ρ is the air density, take 1.225×10− 3g/cm3; e is the initial speci�c internal
energy of the air, take 2.068×105J/m3. TNT explosive uses JWL equation of state and JWL equation of
state is:

In formula P is the pressure generated by explosive explosion; V is the relative volume; E0 is the internal
energy per unit volume; A, B, R1, R2, ω are the material parameters. Air is described by the linear
polynomial equation of state, C0 ~ C is the linear polynomial equation of state parameter, and E0 is the
initial unit mass internal energy of air; water is described by the Gruneisen equation of state, and the
pressure of the compressed material is de�ned as:

The pressure de�ning the expansion material is de�ned as:

 C S1 S2 S3 are the Gruneisen equation of state parameters; γ0 is the Gruneisen constant; µ = ρ/ρ0-1; α is
the �rst-order volume correction of γ0. The soil is described by a linear elastic model, E is the elastic

P = (γ − 1)ρe

P = A(1 − ) e−R1V + B(1 − ) e−R2V +
ω
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modulus and G is the shear modulus; the blank material is de�ned by the keyword MAT_ALE_VACUUM.
The material parameters are shown in Table 1.

 
Table 1

Material Parameters
Material D/(m/s) A/GPa B/GPa R1 R2 ω E0/(J/m3)

TNT 6930 373.77 3.7471 4.15 0.9 0.35 6.62×1010

Material ρ/(kg/m3) C0 ~ C3 C4 C5 C6 E/(J/kg)  

Air 1.225 0 0.4 0.4 0 2.5×105

Material Ρ0/(kg/m3) C S1 S2 S3 γ0 E

Water 1 000 1 480 2.56 -1.986 0.2268 0.5 2.895e− 6

This study mainly designed �ve working conditions according to the location and number of different
blast points. W is the explosive equivalent, H is the explosion depth, n is the cumulative number of
explosion loading, the bottom center is the (0,0) point, the upward to the right is the positive
coordinate, and G is the explosion point coordinate. The speci�c working conditions are shown in
Table 2:

 
Table 2

Calculation parameters for each working condition
No. W/kg H/m n G

1 200 100 1 (0, -100)

2 200 100 2 (-50, -100) 50, -100

3 100 100 2 (-50,100) 50, -100

4 200 100 2 (0, -100) 50, -100

5 200 100 3 (-50,-100) 0, -100 50,-100

2.2 Mesh Sensitivity
The e�ciency and accuracy of numerical simulation are closely related to the size of the grid. In order to
obtain the appropriate grid size, we designed four sets of numerical simulations of underwater explosion
with different grid sizes. Considering the large simulation model and computation time, the grid sizes
selected are 10, 15, 20 and 40 cm, respectively. Based on a large number of tests, the empirical formula of
peak underwater shock wave pressure is as follows:
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P m=k

Formula: Pm is the shock wave peak pressure (MPa); ω is the explosive mass (kg); r is the explosive
distance from the starting point to the ship target; k is the explosive related empirical coe�cient; α is the
explosive related empirical coe�cient. For different explosives, the associated Cole explosion parameters
k and α are shown in Table 3.

 
Table 3

Cole explosion parameters of different charges
Explosive TNT THL HBX-1 PENT NSTHL

k 53.3 63.48 53.51 56.21 67.08

α 1.13 1.144 1.18 1.194 1.26

Figure 3 shows the simulation results of the peak pressure and the empirical formula of the shock wave
generated from the underwater 100kgTNT explosion at different grid sizes. As can be seen from the
�gure, with the increase of grid size near �eld shock wave peak pressure drop obviously, the curve is steep
slope, the far �eld shock wave downward trend stabilized, 20 cm simulation results and empirical
formula curve is consistent, the deviation is small, so the simulation grid choose 20 cm grid size, the
simulation results error within a reasonable range, the result is more accurate and feasible.

2.3 Establish A Numerical Calculation Model
Table 4 shows the simulation results and the empirical formula theoretical results of the 100 kg TNT
explosive explosion at 10 m underwater. The Pm is the peak pressure of the shock wave. The simulation
results and the theoretical results agree with an average error of 3.13, so the simulation results have high
reliability.

 

( )
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Table 4
Comparison of the numerical and theoretical results

  Pm

S/m Theoretical Results/MPa Numerical Results/MPa Error/%

2 135.05 137.36 1.72

4 61.71 62.39 1.10

6 39.03 38.78 0.64

8 28.20 27.21 3.51

10 21.91 20.80 5.07

12 17.83 17.21 3.48

14 14.98 14.02 6.40

3 Numerical Simulation Results

3.1 Analysis of shock wave overpressure peak rule
The cloud map of the bottom pressure of the �ve �nal conditions was calculated by simulation, as shown
in Fig. 4.

According to the pressure cloud diagram, we can �nd that the pressure at the bottom of the ship at the
�nal moment of different working conditions is funnel shaped, and all of them are symmetric about the
horizontal plane direction except for the fourth working condition. Working condition of the maximum
shock wave pressure on a location for the bottom near the center position, and gradually spread to ship
week, working condition of shock wave pressure maximum location for the center of the bottom and the
bottom four angular position, and then the several points centered around to abate, working condition of
shock wave pressure on three biggest position as close to the center of the bottom and the bottom four
angular position, The rest are weakened at the center of these points. The maximum position of shock
wave pressure in working condition 4 is around the bottom of the ship on the side of the explosion point,
and the maximum position of shock wave pressure in working condition 4 is around the bottom of the
ship and the four corners. The order of maximum shock wave pressure from high to low is condition 5 > 
condition 4 > condition 1 > condition 2 > condition 3.

3.2 Hull elevation analysis
In order to explore the extent of the hull was elevated after the underwater explosion and to judge the
damage e�ciency, the maximum elevation waterfall map of different conditions was obtained from the
simulation results, as shown in Fig. 5.
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It can be concluded from the perspective of Fig. 5 that the elevation degree of the hull is ranked from high
to low to condition 1 > condition 4 > condition 2 > condition 3 > condition 5. The shock wave has the most
obvious effect on the hull lifting, the condition 5 has the worst effect, and the other effects are similar.

3.3 Analysis of the maximum deformation position of the
ship bottom
The curve diagram of the maximum deformation position of the ship bottom is calculated by simulation,
as shown in Fig. 6.

As can be seen from Fig. 6, the maximum deformation degree is sorted from high to low to condition 3 > 
condition 5 > condition 1 > condition 4 > condition 2. It can be seen from Fig. 7 that the shape change of
the pressure curve of condition 2 and condition 4 is similar, and the shape changes of the maximum
deformation position of condition 1 and condition 3 are similar.

The maximum pressure, deformation degree and elevation degree of the hull on the bottom of each
working ship can directly compare the advantages and disadvantages of each working condition, as
shown in Fig. 8.

As can be seen from Fig. 8, the index of condition 1 and condition 4 is more balanced and higher in all
aspects, and the damage effect on the whole hull is better.

4 Conclusion
In this paper, through numerical simulation of different detonation locations and quantities, the damage
analysis of ships caused by underwater explosion at different detonation points is studied. Through
comparison and veri�cation with empirical formulas, a conclusion is drawn:

(1) The numerical simulation results of underwater explosion shock wave are affected by the grid size,
and the simulation results can be obtained more accurately by using the grid size of 1/10 ~ 1/5 of the
explosive diameter.

(2) The damage effect after hitting the middle part of the bottom of the ship is much greater than that
without hitting, and the damage effect of hitting the middle part of the ship and one side of the head and
tail is the best.

(3) In the case of only hitting both sides of the stern, the damage effect of 100kg explosive can be as
good as or even better than that of 200kg explosive, which can save some resources.
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Figure 1

The cabin �nite element model

Figure 2

Schematic representation of the FEM calculation model
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Figure 3

Shock wave peak pressure at different grid sizes
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Figure 4

Final bottom bottom bottom bottom bottom moment
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Figure 5

Maximum elevation waterfall diagram for each working condition

Figure 6

Pressure curve of the maximum deformation position of the ship bottom
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Figure 7

Pressure line diagram of maximum deformation position of boat bottom under each condition

Figure 8
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Comparison diagram of each working condition


