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Abstract: This paper examines the response characteristics of a warship’s double-layer plates under a
secondary near-field explosion after the ship’s outer plate has been perforated by shaped metal jets.
First, the effectiveness of the Coupled Eulerian-Lagrangian (CEL) method was validated, showing
numerical simulations to be well aligned with experimental results. Subsequently, the damage
inflicted on the outer plate by metal jets was simplified to a prefabricated orifice, further studying the
explosive impact response of double-layer plates under different inter-compartmental water levels
and charge distances. Our findings indicated the following: (1) shockwave and bubble pulsation
loads are the main causes of deformation in the outer plate; (2) the driving of the outer plate and the
flooding water between compartments are the main causes of deformation in the inner plate; and
(3) deformation in the outer plate will decrease as the water level in the compartment increases, while
deformation in the inner plate will increase with the increasing water level. Consequently, under
certain specific damage, the ingress of water into a compartment effectively enhances the explosion
resistance of the double-layer plates.

Keywords: underwater explosion; double-layer plates; response characteristics; bubble pulsation

1. Introduction

Contemporary warships frequently feature double-layer structures to bolster longi-
tudinal strength and heighten resistance against underwater threats like torpedoes and
mines [1,2]. However, the rapid development of underwater weapons has led to the cre-
ation of torpedoes armed with both shaped charges and high-explosive warheads [3-5].
When attacked by such weapons, high-speed metal jets first penetrate the outer plate,
causing initial damage. Subsequently, shockwave and bubble pulsation loads cause sec-
ondary damage to the ship’s structure, followed by more severe damage from flooding
loads inside the compartments. Even when simplifying the damage from the metal jet
as a prefabricated orifice on the outer plate, the transmission of underwater explosion
(UNDEX) loads through the damaged double-layer structure, as well as the interaction
between bubbles and the double-layer structure, is extremely complex and necessitates
detailed study.

Currently, scholars have initiated studies on the interaction between bubbles and
boundaries with breaches [6-9]. For instance, Cui et al. [10] studied the mechanism of
interaction between a single bubble generated by electric sparks and a perforated wall,
identifying the critical distance at which the bubble moves away from the incomplete
boundary. Huang et al. [11] employed the boundary element method to explore the
interaction between bubbles and perforated walls, elucidating the mechanism of surge
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formation within compartments. He et al. [12] used the Eulerian finite element method to
investigate the interaction mechanisms between near-field UNDEX bubbles and double-
layered breach structures, deriving the dynamics of compartment surging and flow field
evolution. Liu et al. [13] conducted experimental research on the jetting characteristics
of bubbles under the combined influence of a free liquid surface and a perforated rigid
wall, discovering a new phenomenon of upward and downward jetting by the bubbles.
Sun et al. [14,15] further extended the single-phase and weakly-compressible 5-SPH model
to simulate multi-phase and strongly compressible flows. However, the above scholars’
studies all regarded the breach boundary as a rigid body, and only investigated the motion
characteristics of the underwater explosive load near the breach boundary and the dynamic
behavior of the bubble-induced breach influx, and there is a lack of research on the elastic—
plastic deformation of the double-layer structure and the damage of the inner-plate structure
under the action of shockwaves and bubbles. Consequently, it is challenging to accurately
reflect the dynamic response of ship structures under the impact of combined warheads in
real naval combat.

High-precision numerical simulation techniques are effective in addressing the afore-
mentioned challenges [16-19]. Several effective numerical models have been developed in
current research on fluid-structure interaction during UNDEX [20-23]. Building on this,
researchers have investigated the combined damaging effects of shockwaves and bubble
pulsation loads on ships subjected to close-in explosions. For instance, Huang et al. [24] uti-
lized the CEL method to analyze the response of a double-layer structure with an orifice on
the outer plate by varying the charge distance, orifice radius, and charge weight, providing
insights into new damage patterns in the double-layer structures of ships. Gan et al. [25]
considered structural deformations and employed the Coupled Eulerian-Lagrangian (CEL)
method to simulate the deformation and failure mechanisms of ship beam structures under
close-in UNDEX loads, concluding that the primary cause of deformation in these structures
is bubble pulsation. Chen et al. [26] used the ALE method to study the damage charac-
teristics of the double-layer structures of ships under UNDEX loads, providing guidance
for ship protection technologies. Zong et al. [27] utilized the acoustic—structure coupling
method to investigate the damage to ship structures from close-in UNDEX, identifying
three types of damage modes in ships.

Building on the work discussed above, this paper focuses on the double-layer plates
of a surface ship with an orifice caused by shaped charge warheads. Section 2 establishes a
fluid-structure interaction dynamics model utilizing the CEL method, validated against
experimental data. Section 3 analyzes the secondary damage characteristics of the double-
layer structure. Finally, Section 4 summarizes the damage characteristics of double-layer
plates under various cases.

2. Numerical Model
2.1. CEL Method

The CEL method integrates the advantages of both Eulerian and Lagrangian ap-
proaches. The fluid component is analyzed using the Eulerian method, while the stress,
strain, and displacement of the structural component are computed using the Lagrangian
method. In this approach, the nodes of the Lagrangian elements move synchronously with
the material points, whereas the nodes of the Eulerian elements remain fixed in space. The
two methods do not interfere with each other but interact solely at the coupling interface,
effectively addressing the issues of high impact and large deformations involved in UN-
DEX. Therefore, the CEL method is well suited for simulating the damage characteristics of
double-layer plates.

The specific expressions for the continuity equation, the momentum equation, and the
energy conservation equation are as follows [28,29]:
dp

+pV~v:§+v~Vp+pV~v:0 (1)

dp
dt
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where p is the fluid density; V is the vector differential operator; v is the velocity vector of
the fluid; o is the Cauchy stress tensor; b is the unit cohesive force tensor; E represents the

energy; ¢ denotes the strain rate; and Q indicates the thermal conductivity.

2.2. Equation of State
2.2.1. Equation of State for Water

A linear US—Up equation of state is used to simulate the flow of water, accurately
modeling the motion of water under the strong shock conditions of UNDEX. The equation
of state for water is as follows [28]:

r
P=Py(1— %’7) 4 TopoEm )

where E,; is the specific internal energy of water, I'g is a material constant, pg is the reference
density, # = 1 — pg/p is the nominal volume strain, p is the density of water, and Py is the
Hugoniot pressure, expressed as follows:

2

PoCo]
Py = 007 5
H a 577)2 )

where ¢y, s are coefficients defining the relationship between the linear shockwave velocity
Us and particle velocity Uy, which is expressed as follows:

Us = co +sU, (6)

Thus, the linear Us— U, state equation is as follows:

p— PO
(1—sn)?

The parameters of the state equation for water are illustrated in Table 1.

r
(1- %’7) + TopoEm @)

Table 1. Parameters of water state equation.

p (kg/m3) Co (m/s) s Ty
1024 1450 1.92 0.1

2.2.2. Equation of State for Charge

The detonation products of TNT are described using the JWL (Jones—Wilkins—Lee)
equation of state, specified as follows [28]:

R R
P:A(l—%)[ﬁ1 +B(1- %)[ﬁ + wpipoe (8)
Ry Rz
where p; represents the density ratio of the detonation products to the initial explosive; A,
B, R1, Ry, w are constants in the JWL equation describing the state of the explosives; and e
is the specific internal energy of the explosive.
The specific parameters are shown in Table 2.
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Table 2. Parameters of the JWL equation of state.

Number Material Parameters Values
1 A (Pa) 3.738 x 101!
2 B (Pa) 3.747 x 10°
3 p (kg/m3) 1630
4 Detonation velocity from CJ state (m/s) 6930
5 R; 4.15
6 R, 0.9
7 w 0.35
8 e(J/kg) 6.06 x 10°

2.2.3. Equation of State for Air
The air within the fluid domain is modeled using the ideal gas equation of state [28]:

P=(y-1)pE,~ P, ©

where the atmospheric pressure P, is taken as 101,300 Pa, the adiabatic index v is taken
as 1.4, and E, represents the specific internal energy. The air density is assumed to be
1.225 kgm 3.

2.3. Numerical Validation
2.3.1. Plate Structure Damage Verification

To validate the numerical model developed in this study, following the working
conditions of the reference [30], we established the numerical model as shown in Figure 1.
The charge distance is 0.15 m; the dimensions of the plate are 0.3 m x 0.25 m, with
a thickness of 0.002 m, and rigid boundary constraints are applied around the plate’s
perimeter. The domain size is 2 m X 2 m X 2 m. Non-reflective boundary conditions
are applied, and atmospheric pressure loads are applied in the air domain. To ensure the
accuracy of numerical simulations, we set the mesh size of the domain to 0.01 m uniformly,
utilizing EC3D8R elements.

Air
Steel plate 0.5m

2m

Figure 1. The numerical model.

The material of the plate is Q235 steel, and the Johnson-Cook material model is used
to define the constitutive relationship. The specific expression is as follows [31]:

o= (A+ Be") 1+C1n(i)] (1— (T")M) (10)
€0
- 1D (11)

Tu—T,
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where ¢ is the Mises equivalent stress; ¢ is the equivalent plastic strain; ¢ is the effective

plastic strain rate; SI() is the reference strain rate, usually taken as s'o =151 Aisthe yield
stress at the reference temperature and strain rate; B and n are strain-hardening coefficients;
C and M are material constants representing the coefficients of strain rate hardening and
thermal softening; T, is the room temperature; and T}, is the melting temperature. The
parameters used in this paper are listed in Table 3 [32].

Table 3. The main parameters of Johnson-Cook.

A (Pa) B (Pa) n C eleg M
2492 x 108 8.89 x 108 0.746 0.058 1 0.94

Material failure is modeled using the Johnson-Cook failure model, incorporating the
failure parameter D, with the expression as follows [31]:

Ae
D=Y 7 (12)
e = [D+ DzeDS‘T*} [1 + D, 1né*] [1+ DsT*] (13)

where Ae and &/ represent the incremental equivalent plastic and instantaneous fail-
ure strains, respectively; and D1-Ds are the material failure parameters typically ob-
tained through experimental calculations. The parameters used in this study are listed in
Table 4 [32].

Table 4. Johnson-Cook failure parameters.

D1 (m) D2 (m) D3 (m) D4 (m) D5 (m)
0.38 147 2.8 0 0

This section refers to the experimental conditions from the reference, with the distance
between the explosive and the plate fixed. By varying the equivalent weight of the explosive,
three cases are set as shown in Table 5. The table uses an “impact factor” 0.45y/m /I to
describe the magnitude of the explosive shock load, where m is the weight of the charge
and [ is the charge distance.

Table 5. Working condition settings.

Case Charge (kg) Charge Distance (m) Impact Factor (kg'2/m)
1 0.02 0.15 0.424
2 0.04 0.15 0.600
3 0.07 0.15 0.794

Figure 2 presents the numerical simulation results for each cases. It is evident from the
figure that there is a good agreement between the experimental and numerical simulation
results. In Cases 1 and 2, the plates exhibited upward plastic deformation, while the center
of the plate in Case 3 has torn.
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U, U3
+6.050e-02
+5.546e-02
+5.042e-02
+4.537e-02
+4.033e-02
+3.529e-02
+3.025e-02
+2.521e-02
+2.017e-02

. +1.512e-02

Large Deformation +1.008e-02

*SF =Qa24 " S +5.042e-03

+0.000e+00

unit: m

(a) Case 1

U, U3
+8.754e-02
+8.025e-02
+7.295e-02
+6.566e-02
+5.836e-02
+5.107e-02
+4.377e-02
+3.648e-02
+2.918e-02
+2.189e-02
+1.459e-02
+7.295e-03
+0.000e+00

unit: m

(b) Case 2

U, us
, : +1.463e-01
C l-l\n'nl 1'1 apere +1.341e-01
- +1.219e-01
+1.097e-01
+9.754e-02
+8.5356-02
+7.316€-02
+6.0966-02
+4.8776-02
+3.658e-02
+2.439¢-02
+1.219¢-02
+0.000e+00

unit: m

(c) Case 3

Figure 2. Comparison of experimental [30] and numerical simulation results.

Table 6 shows the comparison of maximum deflection of the plate in experimental and
numerical simulations. The error between experimental and simulation values is controlled
within 5%, verifying the effectiveness of the CEL method.

Table 6. Comparison of maximum deflection in tests and numerical simulations.

Case Experimental Date (m) Simulation Date (m) Error
1 0.0578 0.0605 4.67%
2 0.0864 0.0875 1.27%
3 Tear at center Tear at center -

2.3.2. Convergence Analysis

To validate the rationality of the mesh size chosen for the computational domain, a
study on the mesh convergence of underwater explosions with a free liquid surface is
conducted. A computational domain model is established (Figure 3), with dimensions of
2m X 2m x 2 m. Non-reflective boundary conditions are applied, and atmospheric
pressure loads are set in the air domain. The equations of state and material parameters
used for air, water, and explosives are consistent with those used in Section 2.3 of this paper.
The charge distance is set to 0.2 m, and six different mesh element sizes are selected: 0.01 m,
0.015m, 0.02 m, 0.025 m, 0.3 m, and 0.35 m. The element type is EC3D8R.
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Air

0.45m

1.55m

2m

Figure 3. Computational domain model.

Figure 4 shows the kinetic energy of the flow field. With the explosion initiation, the
shockwave load rapidly escalates the kinetic energy of the flow field, which gradually
stabilizes with bubble pulsation. With the refinement of the mesh, the kinetic energy of
the computational domain shows an increasing trend. When the mesh size is less than
0.02 m, the rate of kinetic energy increase diminishes, signaling convergence within the
computational domain. There is little difference in the kinetic energy of the computational
domain between mesh sizes of 0.01 m and 0.015 m, and reducing the mesh size will prolong
the computation time. Balancing computation time and accuracy, a mesh size of 0.015 m is
determined optimal for the computational domain.

1.0x10°

8.0x10°

- 6.0x10°
[sa]
4.0x10°
——0.020m
s ——0.025m
2.0x10° b ——0.030m ]
———0.035m
00 " 1 n 1 1 1 n 1 1 1 L
0.0 0.5 1.0 1.5 2.0 25 3.0

t/ms

Figure 4. Evolution of kinetic energy in computational domain under different mesh sizes.

2.4. Simplified Model of Double-Layer Plates
2.4.1. Numerical Model

The computational domain size was set to 2 m X 2 m x 2 m with non-reflective
boundary conditions, and the explosive was placed at the center of the domain. The outer
plate was 1 m x 1 m with a thickness of 0.002 m, and had an orifice with an radius of 0.02 m
(Figure 5a). The inner plate was also 1 m x 1 m with a thickness of 0.002 m (Figure 5b).
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0.04m

Im Im
(a) (b)
Figure 5. Schematic diagram of the outer (a) and inner plates (b).

Both inner and outer plates are made of Q235 steel, and the constitutive relationship is
defined using the Johnson-Cook material model, while material failure is defined using the
Johnson-Cook failure model. The specific expressions remain consistent with those used in
Section 2.3.1.

The parameters of the Johnson-Cook material model and Johnson—Cook failure model
are shown in the Tables 7 and 8 [33].

Table 7. The main parameters of Johnson-Cook.

A (Pa) B (Pa) n C eley M
416 x 108 2 x 108 0.08 0.1 1 0.55

Table 8. Johnson—-Cook failure parameters.

D1 (m) D, (m) D3 (m) Dy (m) D5 (m)
0.3 0.9 2.8 0 0

2.4.2. The Parameters

To more accurately simulate the dynamic response of double-layer plates under UN-
DEX loads, a numerical model as shown in Figure 6 was established. The model takes
into account the flooding of the compartment following the orifice of the outer plate by
the shaped charge warheads. In the model, / denotes the water level height within the
compartment of the double-layer plates, & the spacing between the inner and outer plates,
d the charge distance, and R the radius of the orifice. To analyze the process from no water
in the compartments to the compartments being filled with water and from a close-range
explosion to a contact explosion, respectively, the working conditions are set as shown in
Table 9.

Double-layer plates Alr

2m

Figure 6. Schematic diagram of the numerical model.
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Table 9. Working condition settings.
Case d (m) I (m) h (m) R; (m) Charge (kg)
1 0.15 0 0.15 0.02 0.4
2 0.20 0 0.15 0.02 0.4
3 0.20 0.05 0.15 0.02 0.4
4 0.20 0.1 0.15 0.02 0.4
5 0.20 0.15 0.15 0.02 0.4
6 0.25 0 0.15 0.02 0.4

PEEQ
SNEG, (fraction = -1.0)
(Avg: 75%)

+6.922e-02
- +6.345e-02
+5.768e-02
+5.192e-02
+4.615e-02
+4.038e-02
+3.461e-02
+2.884e-02
+2.307e-02

+1.731e-02
+1.154e-02
+5.768e-03
+0.000e+00

PEEQ

+2.784e-01
+2.531e-01
+2.278e-01
+2.024e-01
+1.771e-01
+1.518e-01
+1.265e-01
+1.012e-01
+7.592e-02

PEEQ
SNEG, (fraction =-1.0)

+5.547e-01
+5.084e-01
+4.622e-01
+4.160e-01
+3.698e-01
+3.235e-01
+2.773e-01
+2.311e-01
+1.849e-01

+4.622e-02
+0.000e+00

The actual separation between the inner and outer plates of the ship is approximately
1.5 m, which we scaled down by a factor of 10 and applied to the model used in this paper.
In actual situations, the radius of the orifice caused by the penetration of the ship’s hull by
the shaped charge warhead can reach up to 0.2 m [5]. Based on this, we set the prefabricated
orifice radius to 0.02 m according to the scaling ratio.

3. Results and Discussions
3.1. Basic Characteristics

We selected Case 2, with a charge of 0.4 kg, d =02 m, /| =0 m, = 0.15 m, and
Rd =0.02 m, as the basic working conditions for analyzing the damage characteristics of
the inner and outer plates. Figure 7 shows the numerical simulation results for this case.

> flooding

(a) 0.3 ms
... flooding

SNEG, (fraction = -1.0) R
(Avg: 75%)
+3.037e-01
\

(c) 1.5ms

Figure 7. Cont.
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PEEQ

SNEG, (fraction =-1.0)

(Avg: 75%)
+6.441e-01
+5.904e-01
+5.367e-01
+4.831e-01
+4.294e-01
+3.757e-01
+3.220e-01
+2.684e-01
+2.147e-01
+1.610e-01

PEEQ

SNEG, (fraction =-1.0)

(Avg: 75%)
+6.746e-01
+6.184e-01
+5.621e-01
+5.059e-01

~ +4.497e-01

+3.935e-01
+3.373e-01
+2.811e-01
+2.249e-01
+1.686e-01
+1.124e-01
+5.621e-02
+0.000e+00

(d) 2.1 ms

(e) 2.5 ms

Figure 7. Numerical simulation results for Case 2.

From Figure 7a, at t = 0.3 ms, the outer plate undergoes upward plastic deformation
due to shockwave loads. Since the compartment is filled with air, the shockwave load
is significantly attenuated upon transmission to the inner plate, thus causing negligible
deformation. At t= 0.9 ms, as shown in Figure 7b, the deformation of the outer plate further
increases due to bubble pulsating loads. Simultaneously, water surges through the orifice
in the outer plate, imposing flooding loads on the inner plate, inducing upward plastic
strain. Concurrently, as the bubble expands, the deformation of both the inner and outer
plates increases. At t = 1.5 ms, as shown in Figure 7¢, significant deformation of the outer
plate leads to contact with the inner plate, causing it to deform as well. Att=2.1 ms, as
shown in Figure 7d, the bubble has made direct contact with the double-layer plates. Under
the effect of bubble pulsating loads, the central region of the outer plate has been torn,
resulting in a petal-shaped breach. At t = 3 ms, following contact between inner and outer
plates, plastic strain in the surrounding areas of the outer plate influences the inner plate,
increasing the plastic strain in both plates around these areas. Additionally, the central
breach in the outer plate further enlarges.

In summary, as the compartment lacks water, the outer plate absorbs nearly the entirety
of the shockwave load, leading to significant deformation and a petal-shaped breach in the
central region. Initially, the inner plate exhibits a minor degree of plastic strain under the
impact of flooding loads. Subsequently, driven by the deformation of the outer plate, the
plastic strain in the inner plate also increases.

3.2. The Effect of Different Parameters
3.2.1. Effect of Water Levels

From Section 3.1, it is evident that the water level has a significant impact on the
transmission of impact loads. Therefore, this section investigates the influence of the water
level inside the compartment on the damage characteristics of the double-layer plates.
Based on Case 2, while keeping other parameters such as charge distance constant, different
water levels inside the compartment were set for Cases 3, 4, and 5 as presented in Table 7,
where the water levels inside the compartment are 0.05 m, 0.1 m, and 0.15 m, respectively.
Figure 8 shows the numerical simulation results for Case 5.
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PEEQ

SNEG, (fraction = -1.0)

(Avg: 75%)
+6.316e-03
+5.790e-03
+5.263e-03
+4.737e-03

+2.105e-03
+1.579e-03
+1.053e-03
+5.263e-04
+0.000e+00

PEEQ

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.077e-01
+9.875e-02

+3.594e-02
+2.697e-02
+1.800e-02
+9.024e-03
+5.131e-05

PEEQ

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.681e-01
+1.542e-01
+1.402e-01
+1.262e-01
+1.122e-01
+9.826e-02
+8.428e-02
+7.031e-02
+5.633e-02
+4.236e-02
+2.838e-02
+1.441e-02
+4.328e-04

PEEQ

SNEG, (fraction = -1.0)

(Avg: 75%)
+2.211e-01
+2.028e-01
+1.844e-01
+1.661e-01
+1.477e-01
+1.293e-01
+1.110e-01
+9.263e-02
+7.427e-02
+5.591e-02
+3.756e-02
+1.920e-02
+8.430e-04

PEEQ

SNEG, (fraction = -1.0)

(Avg: 75%)
+5.960e-01
+5.465e-01
+4.969¢e-01
+4.473e-01
+3.978e-01
+3.482e-01
+2.986e-01
+2.491e-01
+1.995e-01
+1.499¢-01
+1.004e-01
+5.081e-02
+1.245e-03

(a) 0.3 ms

(e) 2.5 ms

Figure 8. Numerical simulation results for Case 5.

As shown in Figure 8a, at t = 0.3 ms, both inner and outer plates exhibit varying
degrees of plastic strain. In comparison to Figure 7a, the deformation of the outer plate is
decreased in this case. This reduction is attributed to the compartment being filled with
water, enabling the transmission of the impact loads through the water medium to the
inner plate. Consequently, it reduces the outer plate’s deformation while inducing plastic
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strain in the inner plate. Subsequently, as shown in Figure 8b—d, driven by bubble pulsation
loads, flooding within the compartment imposes impact loads on the outer plate, causing
its plastic strain to gradually increase. Additionally, the deformation of the outer plate in
this case is reduced, with no contact between the inner and outer plates. This reduction is
due to the shockwave and bubble pulsation loads transmitted through the water medium
to the inner plate, which also partially restricts the deformation of the outer plate. Finally,
as shown in Figure 8e, with the ongoing expansion of the bubble, at t = 2.5 ms, the center
region of the inner plate reaches its maximum degree of plastic strain under the impact
of the flooding load within the compartment. As the bubble has a relatively low internal
pressure, the pulsating pressure in the upper bubble domain is significantly lower than the
atmospheric pressure. Consequently, some sinking deformations occur around the region
of maximum deformation of the inner plate, resulting in four evenly distributed breaches
on the plate.

Below, the damage characteristics of the double-layer plates under four cases are
summarized. As shown in Figure 9, an observation line L; is placed on the central axis
of the inner plate for deflection distribution extraction, and an observation point P is set
at the center of the inner plate to extract the deflection history curve. Then, as shown in
Figure 10, the petal-shaped breach was simplified, dividing it into an elliptical area and
four triangular areas to determine the area of the breach. Subsequently, a reference line L,
was placed on the central axis of the outer plate to extract the deflection distribution.

@) (b)
Figure 9. Setting of observation line (a) and observation point of the inner plate (b).
L.
N o
A
(a) (b)

Figure 10. Simplification of outer plate breaches (a) and setting of observation line (b).

Figure 11 shows the deflection distribution along the central axis of the inner plate at
t = 2.5 ms, as well as the deflection history curve. These figures reveal that all cases resulted
in upward plastic strain in the inner plate due to flooding loads between compartments,
with deflection increasing as the water level rose. This increase is due to the reduced
attenuation of shockwave and bubble pulse loads through the water medium between
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compartments as the water level rises, resulting in a gradual increase in the impact load on
the inner plate, thereby increasing its deflection. In the later stages of bubble pulsation, the
inner plate’s deformation rate decreases due to the significantly lower internal pressure
of the bubble compared to atmospheric pressure. Influenced by atmospheric pressure, it
can be seen from the deflection distribution along the central axis that all cases resulted in
compressive damage, showing regions of sinking deformation on the inner plates.
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Case4 o -
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Figure 11. Deflection distribution along the center axis (a) and time history curve of deflection for the

inner plate under cases 2, 3, 4, and 5 (b).

Figure 12 shows the deflection distribution along the central axis of the outer plate
at 2.5 ms. It indicates that under the influence of impact loads and bubble pulse loads,
upward plastic strain was observed in the outer plate across all cases. The deflection of
the outer plate increased as the water level decreased. In cases 2 and 3, petal-shaped
breaches appeared even in the central area. This is due to the fact that as the water level
decreases, the transfer of impact load and bubble pulsation load to the inner plate through
the air medium becomes more challenging. Consequently, the impact load on the outer
plate increases, and the water in the compartment dampens the outer plate’s deformation,
leading to increased deflection.
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Figure 12. Deflection distribution of the outer plate under cases 2, 3, 4, and 5.

Table 10 presents a statistical summary of the damage characteristics of the inner
and outer plates for the four cases discussed in this section. The area of the breaches in
the outer plate excludes prefabricated orifices. Combining the above studies, the effect
of the water level within the compartments on the damage characteristics of the double-
layer plates can be summarized as follows: As the water level increases, the deformation
of the outer plate decreases, while that of the inner plate increases. According to the
damage characteristics statistics in Table 10, appropriately setting the water level inside the
compartments can enhance the explosion resistance of the double-layer plates. Optimal
performance is achieved when the water level is at 0.1 m; at this level, no further breaches
occur in the outer plate, and the deformation of the inner plate is minimal. In practical
applications, this can help delay the sinking speed of a ship.
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Table 10. The damage characteristics of the inner and outer plates.

Maximum Deflection of

Maximum Deflection of The Breach of Outer Plate

Case Water Levels (m) Inner Plate (m) Outer Plate (m) (m?)
2 0 0.066 0.212 0.036
3 0.05 0.090 0.185 0.01
4 1 0.100 0.149 0
5 0.15 0.150 0.135 0

3.2.2. Effect of Charge Distance

This section investigates the effects of charge distance on the damage characteristics of
the double-layer plates. Based on Case 2, while keeping parameters such as water level
constant, Cases 1 and 6 were established in Table 7 with charge distances of 0.15 m and
0.25 m, respectively. Figure 13 shows the numerical simulation results for Case 1.
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Figure 13. Numerical simulation results for Case 1.

As shown in Figure 13a, at t = 0.3 ms, the outer plate rapidly deforms upwards,
absorbing the majority of the shockwave load. Comparing this with Figure 7a indicates
that a decrease in charge distance significantly increases the deformation of the outer plate.
Due to the difficulty of shockwave propagation through air, the inner plate does not exhibit
significant plastic strain regions. At t = 0.9 ms, as shown in Figure 13b, the outer plate
comes into direct contact with the inner plate under the influence of bubble pulsation
loads, leading to the immediate deformation of the latter. At this moment, a noticeable
petal-shaped breach appears in the central area of the outer plate. Att=1.5ms, as shown in
Figure 13c, the bubble expands further and contacts the double-layer plates. Consequently,
the pulsating bubble load directly impacts both outer and inner plates, escalating their
plastic strain, and the petal-shaped breach in the outer plate also enlarges. As the inner
and outer plates are in contact at this moment, the petal-shaped breach does not curl
outward. Att = 2.1 ms, as shown in Figure 13d, the expansion of the bubble is slowed
due to the constraints of the double-layer plates. Consequently, plastic strain intensifies in
the peripheral regions of both inner and outer plates, further enlarging the petal-shaped
breach area in the outer plate. At t = 2.5 ms, as shown in Figure 13e, the bubble reaches its
maximum expansion, with the petal-shaped breach in the outer plate about to spread to
the edges; the entire outer plate is about to be torn apart, while the inner plate undergoes
maximum plastic strain by the pulsating bubble load.

Subsequently, a summary of the damage characteristics of the double-layer plates
for the three cases discussed in this section is presented. Figure 14 shows the deflection
distribution along the central axis of the inner plate at t = 2.5 ms, as well as the time history
curve. An analysis of both figures reveals that the damage patterns of the inner plates are
essentially identical across the three cases, each exhibiting upward plastic deformation
induced by the impact loads of compartment flooding. The deflection of the inner plate
in Case 1 is significantly greater than in Cases 2 and 6. This is attributed to the extensive
petal-shaped breach at the center of the outer plate in Case 1, resulting from the combined
effects of shockwave and bubble pulsation loads. This increases the contact area between
the bubble and the inner plate, where the bubble pulsation load directly affects the inner
plate. Although Case 2 exhibits greater overall deflection than Case 6, by t = 2.5 ms, the
deflections of the two plates are essentially the same. This occurs because, in the late stages
of bubble pulsation, the internal pressure of the bubble is much lower than the atmospheric
pressure. Under the influence of atmospheric pressure, the central area of the inner plate
in Case 2 is crushed, resulting in sinking deformation. In Case 6, due to the larger charge
distance, the bubble has not contacted the double-layer plates at t = 2.5 ms. The water
inside the compartment provides substantial damping, which minimizes the sinking of the
central area of the inner plate in Case 6.
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Figure 14. Deflection distribution along the center axis (a) and time history curve of deflection for the
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inner plate under cases 1, 2, and 6 (b).

Figure 15 presents the deflection distribution along the central axis of the outer plate
at t = 2.5 ms. The damage characteristics of the outer plates in all three cases are essentially
same, with each demonstrating upward plastic deformation resulting from the combined
impacts of shock and bubble pulsation loads. Moreover, petal-shaped breaches form in
the central area. As the charge distance decreases, both the deflection and the area of the

breaches in the outer plate increase.
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Figure 15. Deflection distribution of the outer plate under cases 1, 2, and 6.

Table 11 summarizes the damage characteristics of the inner and outer plates for the
three cases discussed in this section. The area of the breaches in the outer plate excludes
prefabricated orifices. Combining the above studies reveals that as the charge distance
decreases, both the deflection and breach area of the outer plate increase. Similarly, the
deflection of the inner plate also increases. The changes in deformation for both layers
show a consistent pattern in response to variations in this parameter.

Table 11. The damage characteristics of the inner and outer plates.

Maximum Deflection of Maximum Deflection of The Breach of Outer Plate

Case Charge Distance (m) Inner Plate (m) Outer Plate (m) (m2)
1 0.15 0.115 0.258 0.132
2 0.20 0.063 0.212 0.036
6 0.25 0.049 0.194 0.006

4. Conclusions

This study employed numerical simulations using the CEL model to investigate the
damage characteristics of double-layer plates with a perforated outer plate under UNDEX
loads. The CEL method was validated with small-scale explosion tests. A series of cases
were simulated to analyze the comprehensive damage characteristics of the double-layer
plates. The main conclusions are as follows:

(1) The combined shockwave and bubble pulsation loads cause deformation of the outer
plate, potentially leading to petal-shaped breaches under severe conditions.
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(2) The primary causes of deformation in the inner plate are the driving of the outer plate
and the flooding impact loads within the compartment.

(3) The deformation of the outer plate increases as the water level inside the compartment
decreases. Petal-shaped breaches emerge when the water level falls below 0.05 m.
Conversely, the deformation of the inner plate increases as the water level rises.

(4) The deformation of both the inner and outer plates follows a consistent pattern in
response to changes in the charge distance parameter, with deformation increasing as
the charge distance decreases.

(5) The double-layer plates demonstrate maximum explosion resistance when the water
level within the compartment is 0.1 m.
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