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Abstract

Studying the damage effects of multi-cabin structures (MCS) subjected to underwater explosions holds immense significance for ship
protection. Employing a combined experimental and numerical simulation approach, this paper comprehensively investigates the damage
effects of MCS under near-field underwater explosion. Three distinct damage modes are defined. Damage results of MCS caused by a single
explosive and simultaneous detonation of two explosives with equivalent total mass are analyzed. A damage factor designated F* is proposed
for determining the MCS damage mode under simultaneous dual-explosive detonation. The three different damage modes of MCS are as
follows: I) Plastic deformation of the outermost layer; II) Tearing failure of the outermost layer accompanied by significant deformation of the
second layer; III) Tearing failure of both the outermost and second layers. Once a breach occurs in the first layer, a water jet penetrates into the
cabin and strikes the second layer, causing secondary damage. Additionally, the fragments generated from the first layer colliding with the
second layer are the primary factors contributing to the occurrence of Mode III. The study presents criteria for distinguishing these three
damage modes based on different shock wave impact locations. When damage factor F* > 1, MCS experiences damage in Mode II; whereas
when F* < 1, MCS undergoes damage in Mode I. F* achieves 96.5% accuracy in damage mode prediction for MCS under 250 g-1 080 g TNT
charges. When the total mass of explosives remains constant, the simultaneous explosion of two explosives exerts a more pronounced damage
effect on MCS than a single explosive.
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1 Introduction

With the thriving global ocean economy, activities such
as maritime transportation and offshore resource develop-
ment have become increasingly frequent. The safety and
durability of various marine engineering structures, includ-
ing oil tankers, container ships, and others, in the marine
environment have garnered significant attention. Underwa-
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ter explosions, as an extreme and complex physical phe-
nomenon, can cause severe damage to these structures.
Gaining a deep understanding of the damage mechanisms
of underwater explosions on ship structures and assessing
their potential consequences are of great significance for
ensuring the safety of maritime operations, optimizing
structural design, and enhancing the explosion resistance
of structures. After the explosion of underwater weapons,
the explosion shock wave load and the bubble pulsating
load in the water are mainly generated to damage the struc-
ture (Zhang et al., 2012; Achor et al., 2022; Henchie et al.,
2014; Rajendran and Lee, 2008; Wu et al., 2022). Cole
(1948) conducted a comprehensive analysis and extensive
research on the physical laws of underwater explosions,
based on a large number of underwater explosion experi-
ments. Further, the propagation process of underwater explo-
sion shock waves was analyzed, and the pulsation and move-
ment patterns of underwater bubbles were summarized.
In addition, Cole had considerable insights into the reflec-
tion and diffraction of underwater explosion shock waves
as well as underwater testing systems, which provide signifi-
cant reference for the research on underwater explosions.
Jones (2011) studied the inelastic deformation behavior of
various structures under large dynamic, impact and blast
loads, and carried out in-depth analysis and research on the
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impacts of lateral shear, rotational inertia, finite displace-
ment, and material dynamic performance. The law of scale
is discussed, which is important for applying the results of
small-scale tests to predict the dynamic behavior of full-
scale prototypes. Wu et al. (2020) proposed a novel numer-
ical method for investigating underwater cavitation. This
method demonstrates superior accuracy in simulating the
propagation of underwater explosive shock waves com-
pared to existing acoustic-structure coupling approaches.
Zhang et al (2023)proposed a new theory of bubble dynam-
ics in latest study. The effects of boundaries, bubble inter-
actions, ambient flow field, gravity, bubble migration, fluid
compressibility, viscosity and surface tension are consid-
ered, different classical bubble theories are unified, and the
interaction of complex multi-period bubbles with a wide
range of energies and phase differences is simulated.

The near-field underwater explosion of explosives can
cause serious damage to ships (Costanzo, 2012; Gao et al.,
2023; He et al., 2023). Scholars often use partial or simpli-
fied models to study ship damage. In the study of ship
damage, ship hull simplified models (He et al., 2020;
Zhang et al., 2020), multi-layer structure (Jin et al., 2019;
Qin et al., 2022), and the reinforced plate structure (Jen
and Tai, 2010; Truong et al., 2021) are commonly used.
Wau et al. (2021) investigated the strongly nonlinear inter-
action between bubbles and elastoplastic plates, thereby
addressing a research gap in this field. Chung and Nurick
(2005) conducted a study on the response of stiffened
plates with different stiffening methods under uniform
explosive loading and local explosive loading, and com-
pared the test results with simulation results. Bonorchis
and Nurick (2010) has shown that different weld types
have a certain effect on the response of the stiffened plate
under blast loads. Numerical simulation is good for pre-
dicting the large deformation of welded stiffened plate, but
further research is needed in the case of tensile tear failure.
Zhou et al. (2021) analyzed the response of the ship box
structure under the combined action of surface waves and
underwater explosions, arguing that the synergistic effect
of waves and underwater explosions would exacerbate the
damage to the ship box structure, and the combined effect
of the second bubble pulsation and sinking waves would
cause greater deformation to the hull girder. Li et al. (2021a)
thoroughly examined the influence of structural and fluid
damping factors on the dynamic response of a ship’s hull
girder with a uniform cross-section, particularly when it is
subjected to a direct explosion beneath the mid-span. Incor-
porating the damping effects, a refined theoretical model
was established to accurately predict the fully elastic and
elasto-plastic responses of the hull girder under the com-
bined influence of explosion shock waves and bubble pul-
sations. Li et al. (2021b) has studied the response of three
types of cabin structures with non-reinforced, single-rein-
forced, and double-reinforced plates under the action of

internal explosion loads, and analyzed the effects of inter-
nal explosion wave characteristics, shock isolation dis-
tance, and the position of reinforcement ribs on the deflec-
tion and failure mode of the reinforced plates.

In modern local combat, underwater weapons often attack
ships in groups. Currently, the research on the effects of
multi underwater explosion on ship structures is still quite
limited. In this situation, further exploring the damage
effect of multi underwater explosion on ships is of crucial
importance for advancing the research on ship protection
capabilities. This study conducted a near-field underwater
explosion experiment on a simplified multi-cabin structure
(MCS). Under the action of near-field underwater explo-
sion, MCS exhibited surface tensile tearing damage and
irreversible plastic deformation. Using finite element simu-
lation software, the experimental environment was repli-
cated. The results indicated that the finite element software
can significantly accurately simulate the damage caused by
near-field underwater explosion on the MCS. Furthermore,
this study identifies three characteristic dynamic damage
modes for multi-cabin structures: large plastic deformation
of the primary layer, sequential first-layer tearing com-
bined with secondary-layer plastic deformation, and bilayer
tensile tearing. A novel damage quantification metric F*
was developed based on these damage patterns, enabling
accurate prediction of structural damage effects under dual-
point explosion scenarios. The established damage modes
and quantification methodology provide a groundbreaking
analytical framework for investigating the destructive
impacts of repeated underwater explosions on naval hull
structures, significantly addressing the research gap in multi-
explosion synergistic assessment.

2 Experimental investigation
2.1 Multi-cabin structure (MCS) design

Considering that it would be extremely expensive to
design and build a complete warship structure model, in
the case of near-field damage to a warship, the localized
structures are often subjected to explosion. Most of the local
structures at the bottom of a warship are multi-cabin struc-
tures. Therefore, study adopted a simplified multi-cabin struc-
ture for experiment. The outer shape of MCS model is a
cube with dimensions of 1180 mm x 1180 mm X 1180 mm
(length, width, and height). Inside MCS, it is divided into
27 small hexahedral cabins arranged in a 3 x 3 x 3 grid
(length, width, and height directions) by small square plates
with dimensions of approximately 400 mm x 400 mm,
which are connected together by wire welding. The thick-
ness of the flat plate on the cabin surfaces and the outer
surface of the MCS is 7 mm. The material of all the flat
plates in MCS is Q235 steel. Q235 is a type of steel alloy
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grade in China, which contains Mn, Si, S, and P. The den-
sity of Q235 steel is 7.83 kg/m’, and the yield strength of
heat-treated Q234 steel may reach up to 325 MPa. The
elastic modulus of Q235 steel is 200 GPa, and its Pois-
son’s ratio is 0.3. Since the entire MCS was sealed, during
underwater explosion testing, the buoyancy acting on MCS
is greater than its own weight, therefore, additional ballast
needs to be added to sink MCS underwater. The concrete
counterweight was connected to MCS by thick rope bind-
ing and welding, as shown in Figure 1. The welding method
between the concrete counterweight and MCS was spot
welding, which will not affect the test results.

i

Figure 1 Overall diagram of the MCS

2.2 Experimental conditions

The experiment was conducted in an explosion pool
with a surface diameter of approximately 7 m and a depth
of approximately 3.5 m. The MCS was subjected to near-
field underwater explosion damage using 1080 g TNT explo-
sive. The dimensions and density of TNT are shown in
Table 1. The purpose of this experiment was to study the
damage effect of MCS subjected to near-field underwater
explosion, and the results of the experiment will provide
support for the following numerical study. Determining
the power of explosives is the basis for conducting research
on the destructive power of underwater explosion. There-
fore, a static underwater explosion test was conducted
using TNT explosive of the same quality and from the
same batch, and an underwater free-field sensor was used
to measure the pressure of the explosion shock wave. Two
PCB-W138A05 underwater free-field pressure sensors were
arranged at the same depth as the explosive, with distances
of 2.5 meters and 3 meters from the explosive respectively.

Table 1 Explosive parameters
. Diameter Height Mass Density
Explosive
P (mm) (mm) ©  (glem)
TNT 90 114 1080 1.49

In order to fix the position of the explosives, a position-
ing rod was spot-welded above the bulkhead wall on the
upper surface, and the explosives were fixed on the posi-
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tioning rod through a steel cable. The explosive was placed
on the upper surface of the MCS, and the distance between
the bottom of MCS and the upper surface of the box was
60 mm. The position of the positioning rod and the explo-
sive on the upper surface of the box are shown in Figure 2.
During the lifting process, the MCS was gradually lowered
into the center bottom of the pool.

(a) Explosive
Explosive(1080 g-TNT)

60 mm-explosive-
distance

Q235-7 mm-
MCS

(b) Schematic diagram

Figure2 Explosive charge placement location

3 Numerical simulation

Due to the limitation of test and measurement condi-
tions, the damage mechanism of underwater explosion on
MCS is not clear. In order to conduct further study, numer-
ical simulation was used to simulate the damage process
of MCS. When it comes to the study of the damage effect
of underwater explosions on structures, LS-DYNA has
become the first choice of most scholars due to its high pre-
cision, high efficiency, high applicability, and strong post-
processing capabilities (Chen et al., 2023; Tian et al., 2023;
Zhou et al., 2024).

3.1 Euler-Lagrange algorithm theory

The Euler and Lagrangian methods are usually used to
calculate the damage to structures by the near-field under-
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water explosion shock wave. In the Euler method, the com-
putational mesh is consolidated in the spatial coordinates,
and simulation mesh remains unchanged during the defor-
mation of the object. Thus, the distortion of the medium
can be completely handled. However, the motion interface
identification requires the introduction of an extremely
complex mathematical mapping, which can cause severe
errors. In the Lagrangian method, the simulation grid is
fixed on the object and moves with the object; in addition,
the grid point in physical space-time always coincides with
the material point during the deformation of the object,
and no relative motion appears. In some cases, however,
the mesh deformation might be extremely large to fail the
calculation. The arbitrary Lagrangian-Euler (ALE) method
organically combines the Euler and Lagrangian methods to
exploit the advantages of both methods. The ALE method is
usually used for the calculation of force deformation of
solids in the flow field.

The control equation of the ALE method is expressed
by the mass conservation, momentum, and energy conser-
vation equations, as follows:

9P 9v; 9P
9P _ _ i _ gy OPr 1
ot Prax T Miax, 0
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v ot =o;+t peb, — peW, O )
J
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J

The enhanced form of the Newtonian fluid flow prob-
lem, which controls the fixed domain, consists of a control
equation and corresponding initial boundary conditions.
The equation that governs the fluid problem is the ALE
description of the N-S equation, where p, is the density of
the fluid and w; is the difference between the velocity v of
matter and grid velocity u, so-called the relative velocity.
The derivation of Euler’s equation is based on the assump-
tion that the velocity of the reference configuration is zero
and relative velocity of the matter and reference configura-
tion is the velocity of matter. The convection term in the
momentum conservation equation is used to calculate the
amount of material transported through the grid.

The structural domain is typically described using the
Lagrangian framework, and its governing equations is:

o’d

*=V-0, + 4
s =V o, @

where p_ is structural density, d, is structural displacement
vector, o, is structural stress tensor, f; is external load vector.

The ALE equation can be solved using the fully-coupled
equation for computational fluid dynamics or operator sep-
aration algorithm; in addition, the calculation at each time
step is divided into two stages. The Lagrange process is

performed first, where the grid moves with matter. In this
process, the velocity and amount of internal energy changes
caused by external forces are calculated, and the equilibrium
equation is expressed as

av;
P ot :0y+pbi (5)
oE
p? =o,v; + pby, (6)

When calculating the convection term, the mass trans-
port, internal energy, and momentum across the element
boundary are calculated, which can be considered as the
displacement mesh of the Lagrange process remapping
back to its initial position or arbitrary position.

Euler’s algorithm requires a stable time step dz < dx/
(¢ + u), where dx is the element feature length, ¢ is the
velocity of material sound, and  is the particle velocity.

For solid substances, the velocity of material sound can
be expressed as

2 %G+k
cT=— 7
Po M
P P oP
= 7-"-*7
k poap » de (®)

where p is the material density, G is the shear modulus,
and P is the equation of state pressure. For fluid matter, k =
P, % c*, where p, is the mass density and c is the speed of
sound. Fluid substances ignore their viscosity when calcu-
lating the speed of sound.

The ALE mesh discretization method commonly employs
the spring analogy method and Laplacian smoothing. In
the spring analogy approach, the edges of the mesh are
treated as virtual springs, and the mesh node positions are
iteratively adjusted by achieving equilibrium of nodal forces
to optimize the grid topology. The equation is expressed as

- x,)=0 9)

where k, is the stiffness coefficient of the edge between
nodes i and j, and N(i) is the set of nodes adjacent to
node i.

In Laplacian smoothing, the mesh motion is governed
by a diffusion equation. The equation is expressed as

V- (kVw)=10 (10

where k is the diffusion coefficient, which can be locally
adjusted to accommodate deformation requirements.

The ALE discretization of the governing equations is
primarily divided into spatial discretization and temporal
discretization. In spatial discretization, the fluid domain is
partitioned into moving control volumes, and the integral
form of the conservation equations is applied as follows
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The flux terms are corrected using the mesh velocity w.
The temporal discretization employs the following implicit
time integration approach to handle time derivatives on
moving meshes.
ou, u"'-ul
Y i )
== +w-vul ’(0e[0,1])

At : (12)

On the fluid-structure interface, the kinematic compati-
bility equation and the dynamic equilibrium equation must
be satisfied as

ad

— S

u =
It

(13)
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3.2 Numerical simulation model

Based on the test conditions introduced in section 1.2, a
numerical simulation model was established. Due to the
asymmetry of the simulation model, the full-sized model
was established for numerical simulation. The numerical
simulation model consists of four parts: air, water, explo-
sive, and a MCS. In this model, the air, water, and explo-
sive are modeled as Eulerian grids, while the multi-cabin
box structure is modeled as Lagrangian grids. Euler
grids are coupled with Lagrangian grids by the *CON-
STRAINED LAGRANGE IN SOLID keyword. Since the
MCS is composed of square flat plates, shell elements are
used to enhance computational efficiency. The size of the
Eulerian domain is 8 m x 8 m x 4 m, and the size of the
MCS is 1.18 m x 1.18 m x 1.18 m. Local refinement method
is employed for mesh generation, with a mesh size of 1cm
in the refined regions. Non-reflecting boundary conditions
are imposed on the Eulerian domain using the *BOUND-
ARY NON_REFLECTING keyword. To maintain consis-
tency with experimental observations, the velocity compo-
nent in the Y-direction at the bottom boundary of the com-
putational model was constrained. Both explosive and the
air are filled in the Eulerian domain using the *INI-
TIAL VOLUME FRACTION_GEOMETRY keyword. The
dimensions of the explosive are 9 cm X 9 cm x 9 ¢cm, and
the size of the air on the upper surface of the Eulerian

domain is 6 m x 6 m x 0.5 m. Since the MCS is sealed, it
is filled with air of size 1.18 m x 1.18 m x 1.18 m. To sim-
ulate the experimental conditions, all faces of the Eulerian
domain are set as fixed boundary conditions, and the bot-
tom surface of the MCS is also fixed. The numerical simu-
lation model is shown in Figure 3(a). The cabins are num-
bered using the CX-Y format. Here, X (ranging from 1-3)
represents the cabin layer number based on proximity to the
explosive, while Y (ranging from 1-9) denotes the individ-
ual cabin number within each layer, as shown in Figure 3(b).
PX-Y denotes the primary blast-facing surface number
within the CX-Y cabin.

Water

MCS
(a) Overall model

A
(b) Cabin number of the MCS

Figure 3 Numerical simulation model of test conditions

3.3 Material parameters

In LS-DYNA, there are various constitutive models and
equations of state for materials that can be selected and
used. For water and air, the *MAT NULL constitutive
model and the *EOS_GRUNEISEN equation of state are
generally used. The general expression for the GRUNEI-
SEN equation of state is:
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where ¢, is the speed of sound; x is the degree of compres-
sion, u = p/p, — 1, when p > 0, the water is in the com-
pressed state, and when the p < 0 is in the expansion state;
7, is the Mie-Griineisen coefficient; a is the volume correc-
tion factor; S|, S, and S, are the experimental fitting coeffi-
cients. e is the specific internal energy per unit volume.
The specific parameters of the equations of state of water
and air are shown in Tables 2 and 3.

Table2 Equation of state parameters for water *EOS_GRUNEISEN

pflgem™) cms') S, S, 5, v oa
—-1.986 0.2268 0.4934 0.07

1.0 1480 2.56

Table 3 Equation of state parameters for air *YEOS_GRUNEISEN

po/(g'cm_3) co(mos_l) S, S, S, Y a
0.0125 344 0 0 0 14 0

Explosives are typically described using the *MAT
HIGH_EXPLOSIVE BURN constitutive model and the
*EOS_JWL (Jones—Wilkins—Lee) equation of state (Zhao
et al., 2020). The JWL equation of state defines pressure as
a function of the relative volume » and the internal energy e
per unit initial configuration volume, and the expression is
given in Equation (9):

® \ gy ® | _py , ope
= — 4 — 4 T
)4 Cl(l RlV)e Cz(l RQV)e % (16)

where p is the pressure; V is the relative volume; p is the
initial density of explosives; e is the specific internal energy
per unit mass; w, C,, C,, R,, R, are constants that character-
ize the characteristics of explosives. The material param-
eters of TNT explosive are shown in Table 4.

Table4 EOS_JWL equation of state parameters for explosives

p/(grem®) eMlkg') C,(GPa) C,(GPa) R
1.49 4.19 371.2 3.231

R w

1

4.15 095 0.30

2

Q235 carbon steel is described using the *MAT JOHN-
SON_COOK constitutive model (Zhou et al., 2019). The
relation of stress and strain is defined by the J-C constitu-
tive model, in which the influence of strain rate effects is
considered. The functional expression is (ignoring temper-
ature effects):

O = (4 + Bel,)(1 + Clné,) (17)
where o is stress; 4 is the yield strength of the material at

the reference strain rate; B and n are the strain strengthen-
ing coefficients; C is the strain rate sensitivity coefficient;

o, is the equivalent stress; ¢, is the equivalent plastic
strain; é:q is the dimensionless equivalent plastic strain rate,

é*q =&/, and & is the reference strain rate. The John-

¥

son-Cook failure model is suitable for describing the fail-
ure of metals at high strain rates, and the expression is
(ignoring temperature effects):

g,= D, + D™+ (1+D,Iné.,) (18)

For Q235 carbon steel material, the J-C parameters are
shown in Table 5.

Table5 Q235 carbon steel J-C parameters

plgem™ 4 B n c D D D D

1 2 3 4

7.83 325 220 0.21 0.022 -43.408 44.608 -0.016 0.0145

4 Analysis and discussing
4.1 Numerical simulation verification

4.1.1 Verification of the shock wave pressure

During the propagation of underwater explosion shock
waves, the pressure first rapidly increases to a peak value
and then decreases exponentially. As the distance between
the measuring point and the explosion source increases,
the peak pressure of the shock wave decreases rapidly.
Figure 4 shows the comparison of pressure history curve
of the shock wave pressure between the numerical and
experimental results. At the 2m measurement point, the peak
pressure of the shock wave from the experiment was
17.60 MP, while the peak shock wave pressure from the
numerical simulation was 17.82 MPa, with an error of 1.2%.
At the 2.5 m measurement point, the peak pressure from
the experiment was 13.52 MPa, while the peak shock wave
pressure from the numerical simulation was 13.83 MPa,
with an error of 2.3%. The difference in the peak pressure
of the shock wave measured between the numerical simu-
lation and the experiment is very small. Moreover, the
downward trend of the shock wave pressure is largely con-
sistent. Further observation reveals that the area enclosed
by the historical curve and the time axis is very similar,
indicating that the impulse of the shock wave generated by
the numerical simulation is close to that of the experiment.
The pressure peak and impulse of the shock wave are the
key parameters to evaluate the damage effect of the shock
wave to the structure. Therefore, numerical simulation has
high effectiveness in simulating the damage of the under-
water explosion shock waves caused on the structures. In
numerical simulations, there may be fluctuation in the
shockwave descending curve, which are caused by numeri-
cal oscillation.
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Figure 4 Historical curve of shock wave pressure

4.1.2 Verification of damage results

Figure 5 shows the damage results of the MCS in both
experimental and numerical simulations under the test con-
ditions. The four cabin surfaces on the MCS that were
close to the explosive all suffered very severe tensile tearing
damage, and there was obvious bending deformation and
inward denting on the outer panel of the cabin. The verti-
cal plate between the cabins has undergone bending defor-
mation and been bent to one side. As shown in Figures 5(i)
and 5(j), the partial tearing occurs at the upper end of the
outer plate of the middle cabin. In Figures 5(k) and 5(1),
P1-1 to P1-5 in Figure 5(k) have also suffered varying
degrees of damage and deformation after being subjected
to the shock wave of the explosive, mainly manifesting as
plastic deflection deformation caused by indentation.
Figures 5(m) and 5(n) show the damage effect of the MCS
on the non-explosive surfaces. Both the test and the numer-
ical simulation produced different degrees of plastic deflec-
tion on the non-explosive surfaces. This is because the shock
wave has the characteristic of diffraction, and it can continue
to propagate around the edges of obstacles after encounter-
ing them. When the shock wave propagates through the
side of the MCS, it exerts pressure on the surface and causes
damage effects. Figure 5 shows a high degree of consistency
between numerical simulation and experimental results in
terms of the damage mode and effect on the MCS. This
consistency indicates that the numerical simulation model,
algorithm, and material parameters can accurately predict
the damage mode and effect of underwater explosion shock
waves on MCS.

4.2 Dynamic response of MCS

Figure 6 shows the pressure contour plot of the shock
wave during its propagation in water. The initial shock
wave front generated by the explosion was nearly spheri-
cal rather than perfectly spherical due to the explosive’s
cylindrical rather than spherical shape. After the shock
wave had continued to propagate outwards, the shape dif-
ference gradually disappeared, and eventually the distribu-
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(d) Simulation

(e) Test

(h) Simulation

(j) Simulation

(k) Test

(1) Simulation

(m) Test

(n) Simulation

Figure 5 Comparison of the damage effect between the test and the
simulation

tion of the shock wave could be regarded as a spherical
wave. Under the action of shock waves, the MCS under-
goes bending deformation, which causes the outer plates
to push the surrounding water, resulting in the generation
of shock waves in the water due to the pushing effect of
the plates. When the shock wave propagates to the edge of
the MCS, the shock wave front is obviously curved. After
that the shock wave will diffract around the obstacle.
When the shock wave diffracts, the pressure at the wave
front is less than that of the shock wave front without dif-
fraction. At the edge of the MCS, the curvature radius of
the shock wave front is relatively small; along the direc-
tion of the wave front, the curvature radius rapidly increases
and maintains its maximum value; and when approaching
the other side of the structural edge, the curvature radius
decreases rapidly again.

Figure 7 illustrates the plastic deformation process of a
MCS under the influence of underwater explosion shock
waves. It can be observed that after the detonation of the
explosive, the shock wave propagates outwards and inter-
acts with the upper surface of the MCS. When ¢ = 0.05 ms,
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Figure 6 Cloud diagram of the shock wave propagation process

the MCS begins to undergo plastic deformation, with the
area closest to the explosive being the first to deform. At
t = 0.35 ms, the MCS reaches its plastic deformation limit,
and the upper surface experiences tensile tearing failure.
The torn elements occur on both sides of the vertical parti-
tions, exhibiting a certain symmetry, and gradually spread
outwards. The cracks meet in the middle, forming a larger
tear. At ¢ = 0.9 ms, the vertical plates at the edges of the
MCS begin to curl inward due to the downward concave
deformation of the upper surface under the action of the
shock wave, which transfers the force to the edges and
exerts a downward force on the vertical plates. It is worth
mentioning that at # = 2.75 ms, from the tear on the upper
surface, it can observe a certain degree of plastic deforma-
tion on the horizontal plate of the second cabin. Different
levels of damage also appeared on the horizontal plate of
the second cabin in the experiment, indicating that numeri-
cal simulation can effectively simulate the damage process
of the MCS. However, due to the low welding strength of
the test specimen, the horizontal plate of the test cabin suf-
fered more severe damage. At ¢ = 4.40 ms, the tear on the
upper surface of the MCS reaches its maximum size, and
no further severe plastic deformation or damage occurs,
only elastic oscillation is present.

For P1-1 to P1-5, the final deformation deflection
curve is plotted in Figure 8. The plastic deflection defor-
mation of P1-1 and P1-5 is the most severe, while that
of P1-2 and P1-4 is moderate, and the plastic deflection
deformation of P1-3 is the smallest. This is because the
closer to the explosion source, the greater the shock
wave pressure and impulse received, resulting in a higher
degree of damage. In the figure, the curves of P1-1 and
P1-5, as well as P1-2 and P1-4, respectively represent
the deflection curves of the centerlines in different direc-
tions that are symmetrical. Besides, the deformation of
the plane is asymmetrical, mainly because the applied pres-
sure is not loaded from the center front, but from the
side. And there will be interaction between adjacent sur-
faces, resulting in different deformations. P1-1(5) and
P1-2(4) are the same distance away from the explosive
and receive the same amount of pressure from the explo-
sion shock wave, but they exhibit different plastic defor-
mations. P1-1(5) is the outer surface of the multi-cabin
structure, while P1-2(4) is the middle surface. Although
both receive shock waves of equal magnitude and direc-
tion, the force transmission between the adjacent plates
is different, resulting in different deformation patterns.

Figure 9 shows the center deflection of the second-layer
cabin surface, together with the density and pressure
curves of the fluid in front of the plate. It can be observed
that the center deflection of the plate mainly undergoes
two stages: in the first stage, the plate rapidly experiences
significant deformation, and in the second stage, the defor-
mation intensifies based on the first stage. From the fluid
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Figure 7 Effective plastic strain diagram of the MCS
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Figure 8 Deflection curve of the upper surface of the MCS

density curve and fluid pressure curve in the figure, it can
be seen that the primary medium in front of the plate dur-
ing the first stage of plate deformation is air. After the explo-
sion shock wave interacts with the first layer of the plate, it
undergoes transmission, and the pressure is transferred to
the air in the cabin. And after the first layer of the plate
ruptures, the air is compressed, resulting in a decrease in
volume and an increase in pressure. The pressure within
the air acts on the walls of the cabin. Although the peak
pressure is not high, its duration is very long, resulting in
significant plastic deformation of the plate. In the second
stage of plate deformation, due to the rupture of the first
layer of the plate, water enters the second cabin. Although
the peak pressure of the water impact is greater than that
of the air, the duration of its action is relatively short, and
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there are multiple instances of impact. Under the impact of
water, the plate experienced further damage and deforma-
tion. Therefore, the plastic damage to the second cabin sur-
face was formed by the combined damaging effects of mul-
tiple pressure stages. Other plates adjacent to the plate also
have a certain influence on its deformation, but this process
is too complex and will not be further discussed here.
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Figure 9 Deflection of the plate and the fluid density and pressure
curve in front of the plate in the second layer cabin

Figure 10 shows the change in the pressure contour inside
the cabin after the shock wave acts on it. When the shock
wave reaches the upper surface plate of the first layer cabin,
it undergoes transmission, propagating through the sequence
of water-plate-air. When the wave enters the first layer cabin,
it propagates from top to bottom and reflects after encoun-
tering the upper surface of the second layer cabin. The upper
surface of the first layer cabin experiences tensile tearing
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(a) 0.10 ms

(d) 2.30 ms

(b) 0.15 ms

(e) 4.50 ms

(c) 0.75 ms

(f) 6.00 ms

Figure 10 Pressure contour inside the cabin subjected to underwater explosion

and downward concave bending under the action of the
shock wave. As it approaches the upper surface of the sec-
ond layer cabin, a local high-pressure area is generated
between the upper and lower plates. This pressure acts on
the lower plate, causing it to bend and deform. Due to the
diffraction effect of the shock wave, the outer surfaces
around the MCS also undergo some deformation. The air
inside generates a certain pressure under the deformation
and compression of the cabin and the transmission of the
shock wave, and then stabilizes. The middle cabin on the
lower layer experiences minimal wall deformation and is
least affected by the transmission of the shock wave, mak-
ing it the area with the lowest pressure in the entire MCS.
The pressure time history curves of the Eulerian ele-
ment at the center of each cabin are shown in Figure 11.
Due to the symmetry of the entire model and the place-
ment of the explosives, the pressure curves of C1-1 and
C1-5, C1-2 and C1-4, C1-6 and C1-8 are nearly identical.
Therefore, when discussing, the symmetrical cabin on the
other side will be ignored. In Figure 11(a), the pressure
inside C1-1 is greater than that of C1-2, which is consis-
tent with the previous analysis because the deformation of
C1-1 is larger than that of C1-2. It is noteworthy that the
pressure inside C1-3 is lower than that of C1-1 but higher
than that of C1-2, which is a very interesting phenomenon.
This is because the diffraction phenomenon causes three
surfaces of C1-3 to undergo significant deformation, while
only two surfaces of C1-2 experience substantial deforma-
tion. Therefore, the internal air compression in C1-3 is
more pronounced than that in C1-2. Air compression is a

significant factor contributing to changes in the internal
pressure of cabins. Due to the damage caused by the explo-
sion shock wave, the internal Eulerian domain pressure
curves of C1-6 to C1-9 differ from those of C1-1 to C1-5.
The peak pressure is highest in C1-7, reaching 9.89 MPa,
followed by C1-6 at 9.62 MPa, while C1-9 has the lowest
peak pressure of only 5.36 MPa. Since cabins C2 and C3
did not suffer any breakage damage, the internal pressure
changes in these cabins are similar to those in C1-1 to C1-5.
Among the cabins located at the corners of each layer,
Cabin 3 has the highest internal pressure, followed by
Cabin 7, while Cabin 1 has the lowest internal pressure.
It appears that there is a clear correlation between internal
pressure changes in cabins and the relative position of the
explosive. In cabins on the same layer, the internal pres-
sure is higher when the cabin is farther away from the
explosive. Cx-9, located at the center of each layer, experi-
ences the smallest deformation of its surrounding walls
and thus has the lowest internal pressure. The rate of inter-
nal pressure increase in C3 is significantly slower than that
in C2 and CI.

4.3 Damage modes of MCS subjected to different
explosion locations

Different explosive distances and shock wave positions
result in distinct damage modes and deformations on MCS.
To comprehensively evaluate the damage effects of explo-
sives on MCS at different positions, an in-depth numeri-
cal simulation study was conducted using 1 080 g-TNT
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explosives to investigate their impact on MCS from vari-
ous orientations.

Damage mechanisms are analyzed with explosion dis-
tances spanning 0—25 cm, using 1 080 g-TNT detonated at
central and corner positions on the centre cabin, respectively.

Based on the differences in damage effects, they are
mainly categorized into two scenarios: tensile tearing fail-
ure and large plastic deformation. Meanwhile, considering
the damage states of the first and second layers, there exist
the following three damage modes:

I) The first layer experiences large plastic deformation;

IT) The first layer exhibits tensile tearing failure, while
the second layer experiences large plastic deformation;

IIT) Both the first and second layers suffer from tensile
tearing failure.

The numerical simulation results of the three damage
modes are shown in Figure 12.

(a)l (b) I (c) 1
Figure 12 Three different damage modes of the MCS

The results have been meticulously classified into three
different damage modes, with a damage criterion diagram
subsequently constructed as shown in Figure 13.

[ ] Corner
nrk __]Centre [:

===

Damge mode

0 5 10 15 20 25
Distance (cm)

Figure 13 Damage criterion diagram

As clearly shown in Figure 3, the location of shock
wave impact has a significant influence on the damage
effects on the MCS. Specifically, when the shock wave
directly acts on the central area of the plate (centre condi-
tion), the damage mode exhibits different characteristics as
the distance between the explosive and the plate surface
varies: within a distance range of 0 to 10 centimeters, it
results in severe damage corresponding to Mode I11; as the
distance increases to 10 to 20 centimeters, the damage
shifts to Mode II; and when the distance further expands to
20 to 25 centimeters, it produces milder damage corre-
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sponding to Mode I. On the other hand, when the shock
wave directly acts on the corner of the plate (corner condi-
tion), it primarily results in Mode II damage effects at a
distance of 0 to 20 centimeters between the explosive and
the plate surface; whereas when the distance is adjusted to
22 to 25 centimeters, Mode I damage effects are observed.
In the “corner condition”, Mode III damage effects were
not observed. Compared to the “centre condition”, the
explosive in the “corner condition” is capable of produc-
ing Mode II damage effects on the MCS at farther dis-
tances. This demonstrates that the position of the shock
wave’s impact has a significant influence on the structural
damage modes.

Through a thorough analysis of the effective plastic
strain diagrams (as shown in Figure 14) for the central
regions of the first and second layers under the centre con-
dition, it can be observed that the second significant defor-
mation of the first layer’s center occurs almost simultane-
ously with the large-scale deformation of the second layer’s
center. This phenomenon strongly supports the inference
that after the first plate experiences tensile tearing, the
large fragment generated impact the second plate, trigger-
ing large-scale deformation in the second plate and ulti-
mately leading to the occurrence of tensile tearing failure.
This conclusion is further comprehensively and strongly
corroborated after referencing and analyzing Figure 15. In
contrast, under the corner condition, the first plate did not
generate large fragments that impacted the second plate,
thus no Mode III damage effects were observed. This con-
trast further highlights the significant influence of the
shock wave’s impact position and the interaction between
the plates on the damage modes.
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Figure 14 Effective plastic strain at the centers of the first and
second plates

(a) 1550 ps (b) 1750 ps (c) 2000 ps

(d) 2400 ps

Figure 15 Deformation process diagram of the MCS under damage
Mode III

4.4 Damage of MCS caused by two-point
explosions

In previous research (Lin et al., 2021), it was found that
the shock waves generated by the simultaneous detonation
of multiple underwater explosives produce a superposition
effect, resulting in a significant increase in pressure peaks
compared to those generated by a single explosive. Within
a certain range of positions, this superimposed pressure
can be more than twice that produced by a single explo-
sive. Due to the superposition effect of shock waves, the
damage caused to structures by the simultaneous detona-
tion of multiple explosives far exceeds that caused by a
single explosive, and this effect is even better than the
damage caused by the explosion of a single explosive with
a mass equal to the total mass of multiple explosives.

4.4.1 Numerical simulation conditions

To further investigate the damage effects of simultane-
ous detonation of multiple underwater explosives on MCS,
numerical simulation is employed for deeper research.
TNT explosives of 1080 g and 540 g are selected in numeri-
cal simulation. Figure 16 illustrates the schematic diagram
of the explosive placement, and Table 6 lists the relevant
parameters of different working conditions in detail.

Second explosive
First explosive

Multi-cabin
structure

Figure16 Schematic diagram of the placement of explosives

4.4.2 Shock wave interaction process and MCS response
results

Figure 17 illustrates the process of shock wave acting
on the MCS under different working conditions. When the
distance between two explosives is very close, the two
shock waves generated by the explosion will intersect on
the symmetrical plane, quickly merge into an ellipsoidal
shock wave, and propagate outward in the medium. On the
wave front of this ellipsoidal shock wave, the shock wave
pressure on the symmetrical plane of the two explosives is
greater than that of other places, and the width of the wave
head is wider. This means that the shock wave in this part
of the area has a longer action time and a larger impulse
compared to other areas. Therefore, the shock wave in this
part of the area has a more severe damage effect on the
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Table 6 Parameters of underwater explosion under different working conditions

The mass of a single

Working condition explosive, IV (g)

Number of explosives

The distance between the bottom
of the explosive and the upper
surface of the MCS, L (cm)

Distance between
explosives, Dy (cm)

1 1080 1
2 540 1
3 540 2
4 540 2
5 540 2
6 540 2

- 24
- 24
10 24
20 24
30 24
40 24

structure. As the distance between the explosives increases,
the wave fronts of the two explosion shock waves will not
form an ellipsoidal shock wave front after intersecting, but
rather a union of two intersecting spherical surfaces. At
this time, the damage mode caused by the explosion shock
wave to the MCS is different from the previous one. Two
individual shock waves will first act on the MCS, and then
the superimposed shock wave will have a secondary effect
on the structure, as shown in working conditions 5 and 6
in Figure 17.

The damage effects of underwater explosions on MCS
under different working conditions are different, as shown
in Figure 18. Compared to working condition-2, working
condition-1 caused more severe damage effect. This is
because, although the explosion distances are the same for
both conditions, the mass of the explosive used in working
condition-1 is twice that of working condition-2, resulting
in a much larger explosion shock wave. Comparing work-
ing conditions 3 to 6, it can be seen that as the distance
between the two explosives gradually increases, the dam-
age effects on P1-9 undergo significant changes. Initially,
it results in a larger breach; subsequently, it transitions to
smaller tensile tearing; and ultimately, no tearing damage
occurs. This series of changes indicates that as the spacing
between the explosives increases, the overall damage effect
on the MCS gradually weakens. Although P1-8 and P1-9
are symmetrically distributed on both sides of the explo-
sive, the damage effects they experience are not the same.
P1-8 only experiences significant plastic deformation,
while P1-9 experiences destructive damage. This is because
the outer plate of the MCS absorbs a large amount of ener-
gy during deformation, thereby reducing the damage effect
on P1-8. When comparing working condition-1 with work-
ing condition-3—-6, it can be observed that in working
condition-1, the deformation of P1-8—-9 is relatively small,
whereas conversely, the deformation of P1-5—-6 is relatively
significant. This phenomenon indicates that, when the total
mass of explosives remains consistent, only the bulkhead
surfaces located in the planar area between two explosives
will suffer more severe damage, while those located on the
outer sides of the explosives will experience relatively

@ Springer

lesser damage.

To analyze the damage effects of single-point versus
dual-point explosive charges on the MCS under identical
total mass conditions, contour maps depicting the peak
overpressure distribution on the MCS surface were gener-
ated, as illustrated in Figure 19. In working condition-1,
the peak overpressure of the shock wave reaches 272 MPa.
In contrast, working condition-3 to -6 exhibit values of
306 MPa, 345 MPa, 337 MPa, and 294 MPa, respectively.
It is observed that compared to the shock wave peak over-
pressure produced by a single 1080 g TNT charge, the simul-
taneous detonation of two 540 g TNT charges generates a
shock wave with a higher maximum peak overpressure and
a larger area of high-pressure distribution. Working condi-
tion-4 exhibited the most extensive high-pressure zone,
reaching 627 cm’. A comparative analysis of Figures 18
and 19 reveals that the enhanced damage inflicted on the
MCS by the dual-point detonation is primarily attributable
to its higher peak overpressure.

The comparison of the central deflection of P1 between
working conditions-1 and -3 is shown in Figure 20. There
are differences in the use of explosives between working
conditions 1 and 3. Although the total mass of the explo-
sives is the same for both conditions, the number of explo-
sives is different. Compared to working condition-1, the
relative position of the explosives to the MCS in working
condition-3 is not symmetrical. This asymmetry produces
a very obvious result: the deflection of each surface of P1
under the explosive shock load is different. Under these
two working conditions, the plastic deformation exhibited
by surfaces P1-1 to P1-7 shows a high degree of consistency.
For surfaces P1-1 to P1-7, they are subjected to a larger
single shock wave in working condition-1, while in work-
ing condition-3, they are subjected to two smaller shock
waves with a very short interval. The damage effects pro-
duced by the two conditions are very close, although the
mechanisms are different. This is because when the dis-
tance is sufficient, the superposition of explosion shock
waves generated by two simultaneously detonated explo-
sives of equal mass is similar to the shock wave generated
by the explosion of a single explosive with double the
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Figure 17 Diagram of shock wave propagation process
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mass. For surfaces P1-8 and P1-9, the damage effects pro- distinctly different results. Compared to working condition 1,
duced by the MCS under the two working conditions show the plastic deformation deflection of P1-8 in working con-
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Figure 18 Contour diagram of deformation deflection of MCS under different working conditions
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Figure 19 Peak overpressure contours on the MCS surface

dition 3 is much larger. P1-9 in working condition-3 suf-
fers severe tearing and rupture damage, showing significant
destruction, while in working condition 1, it only experi-
ences large plastic deformation with relatively less dam-
age. Under working condition-3, P1-9 is subjected to a
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larger shock wave pressure generated by the superposition
of two explosion shock waves, which is much greater than
the peak pressure of the explosion shock wave generated by
a single explosive of the same mass in working condition 1.
Therefore, the damage effect formed by P1-9 in working
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condition-3 is more significant, and the degree of damage
is more severe.
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Figure 20 Comparison of the central deflection of P1-1-8 in working
condition-1 and working condition-3

Figure 21 shows the equivalent plastic strain curve at
the center point of the outer surface of C2-4. This image
reveals the differences in the damage effects caused by
shock wave diffraction under different working conditions.
The shock waves generated by the simultancous explosion
of multiple explosives cause the diffracted waves to act
earlier on the side walls of the MCS. This is because dur-
ing the propagation of underwater explosion shock waves,
a larger wavefront pressure results in a faster shock wave
velocity. Moreover, the pressure of the superimposed shock
wave fronts is significantly greater than that of a single
shock wave. Comparing working conditions 1 and 2, it can
be concluded that an increase in explosive charge can sig-
nificantly enhance the damage caused by the diffracted
shock wave. Comparing working conditions-1 and -3 to -6,
it can be seen that the diffraction of explosion shock
waves generated by the simultaneous explosion of multi-
ple explosives causes more severe damage to the MCS.

4.4.3 Damage effects of two-point explosions at different
locations on MCS

To conduct an in-depth study on the damage effects of
two-point explosions at different locations on MCS, the
central deck surface of MCS was meticulously divided

Table 7 Damage results of two-point explosions at different locations

1.6  —— Working condition-1
——Working condition-2
——Working condition-3
—— Working condition-4
1.2 t —— Working condition-5
——Working condition-6

0.8 F

Effective plastic strain (1072)

Time (ms)

Figure 21 Equivalent plastic strain under different working conditions

into a 5 x 5 grid, totaling 25 points. The direct distance
between two adjacent points in both the lateral and longitu-
dinal directions is 10 cm. Figure 22 visually displays the
number and specific location of each point. Based on this,
to further reveal the damage effects resulting from explo-
sions at different point combinations, a systematic numeri-
cal simulation analysis method was employed. Numerical
simulation has been conducted for typical scenarios involv-
ing varying explosive charges, different explosion distances,
and various explosive positions. The results are presented
in Table 7.

Figure 22 Explosive numbering for two-point explosion

];:ﬁsrl;:i(v;) di]?[(apnl ::ig;n) Explosion 1  Explosion 2 D;IEZEC Eﬁ::;:ig) di?{ﬂgzi&r:n) Explosion 1  Explosion 2 Dfnrgzie
540 24 1,1 (1,2) 0 540 24 1,1 (1,3) I
540 24 1,1 (1,4) I 540 24 1,1 1,5) 1
540 24 1,2) (1,3) I 540 24 1,2) (1,4) 11
540 24 2,1 2,2) I 540 24 2,1 2,3) I
540 24 2,1 2,4 I 540 24 2,1 2,5) I
540 24 2,2) 2,3) I 540 24 2,2) 2,4) I
540 24 3,1 3,2) I 540 24 3.1 3,3) I
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Table 7 Damage results of two-point explosions at different locations (continued)

Eﬁ: rlgeSi;,ge) dili:;ﬁ (?eSi(Ocr;n) Explosion 1  Explosion 2 D::;Zie I;:})l(g rl;):iZ:) diliffri(?esi(oc?n) Explosion 1  Explosion 2 D?:;Zie
540 24 3, 1) (3,4) I 540 24 @3, 1) 3,95) I
540 24 (3,2) (3,3) I 540 24 3,2) 3,4 11
540 24 (1, 1) 2,2) I 540 24 1,1) 3,3) I
540 24 1,1) 4,4) I 540 24 1,1 5,5) I
540 24 2,2) (3,3) I 540 24 2,2) 4,4 11
540 24 (1,2) 2,3) I 540 24 1,2) 3,4) I
540 24 (1,2) 4,5) 11 540 24 2,3) 3,4 I
540 24 (1,3) 2,4) I 540 24 1,3) 3,95) I
540 24 (1,4) 2,5) 11 540 24 (1, 1) 2,3) 11
540 24 (1,1) (2,4) I 540 24 1,1) 2,5) I
540 24 (1, 1) 3,4 I 540 24 (1, 1) 3,5) I
540 24 (1,1) 4,5) I 540 24 1,2) 2,4) I
540 24 (1,2) 2,5) I 540 24 1,2) 3,3) I
540 24 (1,2) (3,5) I 540 24 1,2) 4,3) I
540 24 (1,2) 4,4) I 540 24 1,2) 5,3) I
540 24 (1,2) 5,4 I 540 24 (1,3) 2,5) 11
540 24 (1,3) 3,4 11 540 24 (1,3) 4,4 11
540 24 2,2) 3,4 11 540 28 (1, 1) (1,2) I
540 28 1, 1) (1,3) I 540 28 1,1 1,4) 1
540 28 @3, 1) (3,2) 11 540 28 (1, 1) 3,3) I
540 28 (2,2) 4,4) I 540 32 1,1) 1,2) I
540 32 (1,1) (1,3) I 540 32 1,1) (1,4) I
540 32 @3, 1) (3,2) I 540 32 (1, 1) 3,3) I
540 32 2,2) 4,4 I 540 20 (1, 1) (1,5) 11
540 20 (1, 1) 2,5) 11 540 20 (1, 1) 3,5) 11
540 20 (1,1 4,5) I 540 20 (1, 1) 5,5) I
270 14 (1, 1) (1,2) I 270 14 (1, 1) (1, 3) 11
270 14 (1, 1) (1,4 I 270 14 (1, 1) (1,5) 1
270 14 1, 1) (3,3) I 270 14 2,2) 4,4) I
270 14 @3, 1) (3,2) I 270 16 1,1 1,2) 1
270 16 1,1) (1,3) I 270 16 1,1) (1,4) I
270 16 (1,1) (1,5) I 270 16 1,1) 3,3) I
270 16 (2,2) 4,4) I 270 16 3,1 3,2) 11
270 18 (1,1) (1,2) I 270 18 1,1) (1,3) I
270 18 (1, 1) (1,4) I 270 18 (1, 1) (1,5) I
270 18 (1, 1) (3,3) I 270 18 2,2) 4,4 I
270 18 @3, 1) (3,2) I 1080 32 (1, 1) (1,2) 11
1080 32 (1,1) (1,3) 11 1080 32 (1, 1) (1,4) 11
1080 32 (1,1) (1,5) I 1080 32 @3, 1) 3,2) I
1080 32 (1, 1) (3,3) I 1080 32 2,2) 4,4) I
1080 36 (1, 1) (1,5) I 1080 36 1,1) 5,5) 1
1080 36 (1,1) (2,5) I 1080 36 2,2) 4,4) I
1080 36 (1, 1) (3,3) I 1080 36 @3, 1) 3,2) I
1080 36 (1,1) (3,5) I 1080 40 1,1) 1,5) I
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Table 7 Damage results of two-point explosions at different locations (continued)

Ezsrl;):izg) dilzi{apnl::i(oc?n) Explosion 1  Explosion 2 Dfnn;?iie Eﬁ:rlgzig) di]izfljc(:):i((z:?n) Explosion 1  Explosion 2 Dilrgzie
1080 40 (1,1 (1,5) 0 1080 40 1,1 2,5) I
1080 40 (1,1 2,5) 0 1080 40 11 3,3) I
1080 40 (1,1 (3,3) I 1080 40 1,1 3,5) I
1080 40 (1,1 3,5 I

To thoroughly investigate the patterns of damage effects
on MCS caused by different locations of explosives, a
comprehensive analysis was conducted on the detailed
damage results recorded in Table 7. The following infer-
ences can be drawn: 1) The most significant factors influ-
encing the shock wave pressure of explosives are the mass
of the explosive and the distance of propagation. When the
mass of the explosive is larger and the distance of action is
closer, the damage effect is better. 2) Based on previous
research, when the distance between two explosives is too
close, the peak pressure of the resulting superimposed
shock wave is relatively small. On the other hand, if the
distance between the two explosives is too far, the shock
wave pressure generated by each of them will significantly
decrease, subsequently reducing the peak pressure of the
superimposed shock wave. Therefore, there exists an opti-
mal explosive spacing that maximizes the damage effect.
3) Further analysis of the damage results in Table 7 reveals
that the locations of the explosives can be mainly classi-
fied into two categories: one is inside the cabin surface,
and the other is at the edge of the cabin surface. Observing
the damage process of MCS under the Mode I damage
caused by the simultaneous explosion of two explosives, it
was found that failure always first occurs in the middle
part of the edge of the cabin surface. Subsequently, this ini-
tial breach gradually enlarges and connects at the corners
of both edges of the cabin surface, forming a larger contin-
uous breach, as shown in Figure 23. The different loca-
tions of the explosives mainly affect the position where
the superimposed shock wave acts, thereby producing dif-
ferent damage effects on the structure.

IO
-
—‘- -

Figure 23 Gradual enlargement of the breach on the cabin surface

Based on the above inferences, an empirical equation is
established to describe the damage effect of simultaneous
explosions of two explosives on MCS, using F* as the
damage factor to differentiate damage modes. From infer-

ence 1), it can be concluded that F* is related to the
amount of explosive and the distance of the explosion.
From inference 2), it can be concluded that /* is related to
the combined angle of the shock waves and the combined
distance of the shock waves. From inference 3), it can be
concluded that F* is related to the positions of two explo-
sives projected onto the MCS. The positions of the two ex-
plosives can be unified into three cases: L, where both
explosives are on the edge of the surface; L,, where one
is on the edge and the other is inside; and L,;,, where both
are inside. Thus, the expression for F* can be obtained as

R¢= /R:+ R (19)

Oy =tan"' —2155 (20)
D

D'=k-W"-Ri-R- cos’

0s-0,) @D

In the equations, & is a constant coefficient; a, £, y,  are
exponential coefficients; ¥ is the explosive mass, kg; R is
the distance between the explosive and the MCS, m; R, is
the distance between the two explosives; R, is the com-
bined distance of the shock waves, m; 6 is the combined
angle of the shock waves; 6, is the optimal combined angle.

By fitting the results of all the conditions in Table 7, the
parameters of F* for three different positions are obtained,
as shown in Table 8.

Table 8 The parameters for three different explosion locations in
Equation (20)

k o p y T 0,
L, 7.435 1.452 —-1.21 -0.820 1.89 1.152
L, 4.640 1.742 —2.15 —1.030 1.05 1.117
L 1.550 2.162 =2.15 —0.653 2.20 1.012

11

When utilizing the parameters from Table 8, one simply
needs to substitute the explosive charge weight, the dis-
tance of the explosion, and the position of the explosive
into Equation (20) to obtain the damage factor F* If F* > 1,
the explosive will cause Mode II damage to the MCS; if
F* <1, the explosive will cause Mode I damage to the MCS.
The damage factor F* was employed to predict the numeri-
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cal simulation scenarios outlined in Table 7, yielding an
impressive prediction accuracy of 96.5%.

5 Conclusion

Through experimental research, this paper comprehen-
sively analyzes the damage characteristics of different
decks of multi-cabin structure (MCS) under near-field
underwater explosion. Based on the validation of the effec-
tiveness of numerical simulation, the dynamic damage pro-
cess of the MCS is analyzed, and the responses of the
MCS under different explosion conditions are compared.
The specific conclusions of this study are as follows:

1) Under the action of near-field underwater explosion,
the different cabins of the MCS exhibited differentiated
damage situations. The four cabins closest to the explosion
source suffered the most severe damage, resulting in large
breach damage effects. The remaining five cabins all expe-
rienced significant plastic deformation. The deformation
of each cabin was not entirely the same, which was related
to the relative position between the cabin and the explo-
sive, as well as the position of the cabin in the MCS.

2) When the shock wave reaches the first layer cabin
surface, transmission occurs. The transmitted shock wave
will cause damage to the second layer cabin surface. After
the first layer cabin surface is breached by the shock wave,
water will enter the cabin and generate a jet, which will act
on the second layer cabin surface and cause it to undergo
more severe plastic deformation.

3) There are three main damage modes for the MCS:
I) Plastic deformation of the first layer; II) Tearing failure
of the first layer with large deformation of the second layer;
IIT) Tearing failure of both the first and second layers. Dif-
ferent explosive positions and shock wave impact loca-
tions can result in different damage modes. When the shock
wave acts on the corner, Mode II is more prone to occur,
whereas when the shock wave acts on the center, Mode 111
tends to emerge.

4) At the same explosion distance, compared to a single
1080 g TNT explosive, the shock wave resulting from the
simultaneous detonation of two 540 g TNT explosives causes
greater damage to the area situated between the explosives
in the MCS, whereas the damage to the areas on the outer
sides of the explosives is comparatively less significant.

5) A damage factor F* is introduced to determine the
damage mode of MCS under the simultaneous explosion
of two explosives. F* is related to the amount of explo-
sive, the distance from the explosion, the spacing between
explosives, and the projection position of the explosives
on the MCS. When F* > 1, MCS experiences damage in
Mode II; whereas when F* < 1, MCS undergoes damage
in Mode I. F* achieves 96.5% accuracy in damage mode
prediction for MCS under 250 g—1080 g TNT charges.
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