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0 Introduction

Underwater explosion is one of the main loads

damaging ships, and it will seriously threaten the vi-

tality of ships. Underwater explosion can be divided

into three important stages: explosive detonation,

shock wave propagation, and bubble pulsation [1-3].

Ref. [4] described in detail the physical and chemi-

cal phenomena and their changes at different stages

of underwater explosion, analyzed the distribution

and propagation characteristics of underwater explo-

sion load, and established the classical semi-empirical

and semi-theoretical formula for the underwater

explosion shock wave load. The theory is still in

use and has been continuously developed and per-

fected. A large number of scholars have studied the

underwater explosion phenomenon and the shock

wave load characteristics. Geers [5] proposed the

doubly asymptotic approximation (DAA) method,

which is a method for solving the fluid-solid cou-

pling load in advance. The method is also known as

a decoupling method and has been continuously de-

Shock response of composite lattice
sandwich structure subjected to

underwater explosion

MAO Liuwei1, ZHU Xinming2, HUANG Zhixin3, LI Ying*3

1 Naval Research Academy, Beijing 100161, China

2 School of Science, Wuhan University of Technology, Wuhan 430063, China

3 Institute of Advanced Structure Technology, Beijing Institute of Technology, Beijing 100081, China

Abstract: [Objective] In order to improve the anti-explosion performance of ships subjected to the underwater

explosion, this paper studies the anti-shock performance and energy absorption of the new protective structure

consisting of carbon fiber reinforced plastic (CFRP) and lattice aluminum sandwich plate. [Methods] First, finite

element software ABAQUS is used to establish the numerical simulation model of the CFRP-lattice aluminum

sandwich plate under nonexplosive and noncontact underwater explosion load, and its reliability is verified. Single

variables are then controlled to analyze the influence of the fiber layer thickness of the upper and lower panels and

the rod diameter of the lattice sandwich structure on the energy absorption performance and structural deflection of

the CFRP-lattice aluminum sandwich plate. Finally, based on the above three design parameters, surrogate

optimization models are established by using experimental design and numerical simulation methods to optimize the

energy absorption of the CFRP-lattice aluminum sandwich plate. [Results] The results show that when the mass of

the CFRP-lattice aluminum sandwich plate is constant, the specific energy absorption (SEA) of the optimized results

can be increased by 284%. In full consideration of the deformation of the lower panel, the SEA of the optimized

results can be increased by 59%. [Conclusions] This paper shows that the proposed optimized structure of CFRP-

lattice aluminum sandwich plate can effectively improve their energy absorption performance, and the response

surface methodology (RSM) is an optimization method that can effectively strengthen the energy absorption

performance of the structure.

Key words: underwater explosion; lattice structure; optimization design; numerical simulation

CLC number：U661.4

1



downloaded from www.ship-research.com

veloped and improved during its application in the

underwater explosion. Li et al. [6] obtained the corre-

sponding shock spectrum by measuring the dynam-

ic response of the floating shock platform under the

underwater explosion load. It was found that the

three stages in the shock spectrum corresponded to

the shock wave generated by the underwater explo-

sion, the after flow induced by the bubble motion,

and the bubble pulsating pressure, respectively. Xin

et al. [2] compared the performance of different nu-

merical simulation software under the action of un-

derwater explosion load and found that ABAQUS

had great advantages in calculating far-field explo-

sion, with a fast calculation speed and good stabili-

ty. Zhang et al. [1] reviewed and analyzed the current

research status of the underwater explosion in terms

of the real ship experiment, theoretical analysis, and

numerical method, and they summarized the charac-

teristics of underwater explosion load and character-

istics of its damage to ships.

To improve the vitality of ships, in recent years,

scholars have carried out a large number of studies

on the energy absorption performance of typical

protective structures under explosion and shock

loads, such as the honeycomb structure, foam struc-

ture, and lattice structure [7-16]. It is found that hon-

eycomb and foam structures have high energy ab-

sorption efficiency, but their structural designability

is low, and the anti-shock performance is difficult to

be improved. Metal porous lattice structure has high

designability, three-dimensional periodicity, low ap-

parent density, and large porosity, and thus it can ef-

fectively absorb the energy of shock load. With the

rapid development of additive manufacturing (AM)

technology, the lattice structure has been widely

used in fields such as ships, aerospace, and automo-

bile. Ostos et al. [7] divided the compressive stress–

strain curve of the lattice structure into three stages,

namely, the linear elastic stage, plateau stage, and

densification stage. Elsayyed et al. [17] proposed an

octet-truss lattice structure. Ushijima et al. [18] theo-

retically calculated the mechanical properties of the

single cells of the body-centered cubic (BCC) cell

and found that a decrease in the aspect ratio of sin-

gle cells and an increase in the diameter of pillars

can help to improve the initial stiffness and plastic

failure strength of single cells.

In addition to porous materials, fiber reinforced

plastic (FRP) is widely used in the anti-shock field

due to its high specific stiffness and specific

strength [19]. Since the brittleness of fiber is de-

stroyed under a shock load, its energy absorption ef-

ficiency is relatively low. But the combination of

FRP and metal porous lattice structure can achieve

better anti-shock performance as it considers both

the ductility of the metal and the high specific

strength of composite materials. However, the dam-

age and energy dissipation mechanisms of the com-

posite material-lattice sandwich structure subjected

to underwater explosion load are still unclear.

In this paper, a carbon fiber reinforced plastic

(CFRP) plate and a lattice aluminum sandwich

structure are combined to form a new composite

material-lattice sandwich plate structure, and its an-

ti-explosion and anti-shock performance under un-

derwater explosion shock wave load will be stud-

ied. At the same time, the dynamic response is quan-

tified as a function design relationship among the

geometric parameters of the sandwich plate, and the

optimal structural design parameters are found to

maximize the energy absorption, so as to provide

the reference for studying the shock response of the

composite sandwich plate structure under noncon-

tact underwater explosion shock wave load. Firstly,

the dynamic response of the CFRP-lattice alumi-

num sandwich plate with different structural param-

eters subjected to noncontact underwater explosion

shock wave load is numerically simulated by the fi-

nite element software ABAQUS. Then, the energy

absorption and deformation of the CFRP-lattice alu-

minum sandwich plate structure are optimized to

improve the protective performance of the structure.

1 Materials and methods

1.1 Response surface methodology (RSM)
and its theory

The anti-shock problem of the sandwich plate

structure subjected to underwater explosion shock

wave load features large geometric deformation and

high nonlinearity. Traditional optimization methods

have great limitations, so the surrogate method is

generally used for solutions. The surrogate optimi-

zation method is essentially an approximate alterna-

tive method, and it involves RSM, Kriging method,

radial basis neural network method, artificial neural

network method, etc. These methods establish surro-

gate optimization models by fitting or interpolation

and estimate the response information of unknown

points by the response information of known points.

Among them, RSM is one of the most effective al-

ternative methods to solve related problems, and it

MAO L W, et al. Impact response of composite lattice sandwich plate structure subjected to underwater explosion 2
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is a commonly used method in solving multivari-

able issues and analyzing system reliability. Further-

more, it is widely applied in various engineering

fields such as structural crashworthiness, tube hy-

droforming, laser cutting, and welding process [20-21].

RSM, namely, the response surface design meth-

od, is a design of experiment (DOE) technique that

helps to understand and optimize the response. If

certain factors are believed or suspected to have

nonlinear effects on the objective, a mathematical

function containing the first and square terms of

these main factors can be established to predict the

relationship between the target response value and

these factors, and the optimal experimental condi-

tions for multidisciplinary design optimization prob-

lems can be obtained accurately and efficiently with

short experimental cycles and few experiments. For

response surface optimization, an appropriate basis

function form shall be firstly selected to establish

the undetermined relationship between the design

variables and the output of the results. Then, the

DOE method is used to collect samples in the de-

sign domain, and numerical analysis of the sample

points is carried out. In addition, the basis function

is fitted by the least square method. Finally, the ap-

proximate surrogate optimization problem is con-

structed and solved [21].

The response approximation function can be as-

sumed as the sum of a set of basis functions.

（1）

where L is the number of the basis function ϕi; ai is

the undetermined constant; x is the design variable.

The undetermined constant a = [a1, a2,···, aL]T is de-

termined according to the minimum sum of squared

errors between the actual response value and the ap-

proximation function.

（2）

where P is the number of experimental design

points; y(xp) is the actual function response value at

each point xp, which constitutes y = [y1, y2,…, yp]T.

The undetermined constant a is obtained as

（3）

where X is the basis function matrix at each design

point, and its form is as follows.

（4）

There are a variety of forms of basis functions,

and the commonly used ones include linear and qua-

dratic complete polynomials.

（5）

（6）

The selection of sample points can be realized by

using the orthogonal design method. The orthogo-

nal design of linear regression can be conducted by

using an orthogonal design table, and that of qua-

dratic regression is usually carried out by central

composite design (CCD) [21-22]. Fig. 1 shows one

form of this method, and problems involving cubic

polynomials or beyond are rare.

(a) Two-factor central composite circumscribed design

(b) Three-factor central composite circumscribed design

Fig. 1 Central composite circumscribed design

Another DOE method, namely, Latin hypercube

sampling (LHS), was proposed by McKay et al. [23]

in 1979. This method involves uniformly distribut-

ed sample points in space, and its process can be re-

garded as extracting m samples in an n-dimensional

vector space. During the process, each dimension of

the n-dimensional vector space is divided into m in-

tervals of equal length, and one sample point from

different intervals of each dimension is randomly

selected. Then, a sample is formed by these random-

ly selected sample points. In total, m samples can

be obtained. This is a very efficient method to en-

sure that all variable ranges are covered, as shown

in Fig. 2.

Fig. 2 Random LHS
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1.2 Establishment of finite element model

To explore the dynamic response of the CFRP-

lattice aluminum sandwich plate under nonexplo-

sive and noncontact underwater explosion shock

wave load, the finite element software ABAQUS

was used to establish the calculation model. An ex-

plicit dynamic analysis was carried out by

ABAQUS/Explicit, and a three-dimensional finite

element simulation was carried out.

The whole finite element model consists of two

CFRP panels and their sandwich layers, as well as a

loading water tank. The length of the loading water

tank is 600 mm, and the flying plate has a diameter

and a thickness of 80 and 10 mm, respectively. The

piston is 80 mm in diameter and 20 mm in thick-

ness, and it goes deep into the shock tube and is

flush with the tube mouth, with its spacing with the

flying plate being 1 mm. The diameter and thick-

ness of the upper and lower panels of the CFRP

plate are 140 and 1 mm, respectively, and each pan-

el has four fiber layers, with a thickness of 0.25

mm. The diameter of the effective area subjected to

underwater shock wave load in the CFRP plate is

80 mm. There is only one sandwich layer, and its

thickness is 5 mm. An aluminum lattice structure

based on the Octet structure is used in the middle,

which is composed of 16 × 16 cells. Each cell is

built by the rod formed by 12 diagonal lines on the

six outer surfaces of the cube and 12 lines connect-

ing the center of adjacent surfaces inside the cube,

and its length, width, and height are all 5 mm, with

the diameter of the rod being 1 mm. The single cell

structure is shown in Fig. 3(a). The sandwich plate

structure is shown in Fig. 3(b), and the numerical

simulation model is shown in Fig. 3(c). The flying

plate, piston, loading water tank, and CFRP – lat-

tice aluminum sandwich plate are modeled by the

Lagrange method, and the water area is modeled by

the Euler method.

1.3 Material constitutive model

The upper and lower panels of the CFRP plate

are made from CFRP, which is formed by the infil-

tration and hardening of multilayer carbon fiber

cloth through the epoxy resin. The carbon fiber

cloth in this paper is made by a bidirectional weav-

ing technology, or in other words, the fiber is bidi-

rectionally distributed along the two vertical direc-

tions of the plane and woven by a certain technolo-

gy. The planar stress– strain relationship in the fi-

ber direction is orthogonal linear elasticity. The me-

chanical parameters of the CFRP plate are shown in

Table 1.

Table 1 Partial material parameters of CFRP plate

(single layer)

ValueParameter

Density

Young's modulus

Shear modulus

Poisson's ratio

Tensile strength

Compressive strength

Initial shear stress of shear damage

The Octet lattice structure of the sandwich layer

adopts aluminum alloy, and some material parame-

ters are shown in Table 2 and Fig. 4.

The fluid medium in the shock tube is water, and

Fig. 3 Finite element model of CFRP-lattice aluminum

sandwich plate

(a) Diagram of Octet single cell

Upper panel of
CFRP
Octet sandwich
Iron plate
Lower panel of
CFRP

(b) Sandwich plate structure

Flying plate Water area

Piston Shock tube wall

Upper panel of CFRP
Lower panel of CFRP

Octet sandwich

Air area

(c) Calculation model of shock response of CFRP-lattice aluminum
sandwich plate

Table 2 Partial material parameters of aluminum alloy

Parameter Value

Density

Young's modulus

Poisson's ratio

Fracture strain

MAO L W, et al. Impact response of composite lattice sandwich plate structure subjected to underwater explosion 4
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the linear Us-Up Hugoniot state equation is used to

simulate the viscous and nonviscous layered flow

of an incompressible fluid. The specific form is

（7）

where p is the current pressure; ρ0 is the initial den-

sity; c0 is the sound velocity; η is the nominal volu-

metric compressive strain; Γ0 is the material con-

stant; Em is the internal energy per unit mass; s is

the Hugoniot slope coefficient. The relationship be-

tween the shock wave velocity Us and the particle

velocity Up is as follows.

（8）

The parameters of water are shown in Table 3.

Table 3 Parameters of water

Parameter Value

Density

Specific heat

Dynamic viscosity

1.4 Load, boundary conditions, and meshing

Deshpande et al. [24] carried out theoretical deriva-

tion for one-dimensional wave theory and consid-

ered that the peak pressure of the flow field at a dis-

tance could be adjusted by changing the initial ve-

locity of the flying plate, and the decay rate of the

shock wave could be adjusted by changing the mass

of the flying plate and piston. It can be expressed as

（9）

（10）

where p0 is the peak pressure of the shock wave; cw

and ρw are the sound velocity in water and the densi-

ty of water, respectively; v0 is the initial velocity of

the flying plate; mp is the mass of the flying plate; θ

is the decay time. In view of the sufficient reflec-

tion of the shock wave, the impulse I0 acting on the

stationary plate can be calculated through the fol-

lowing equation.

（11）

According to the experimental principle of the

nonexplosive underwater explosion shock wave

loading system, the initial conditions of the system

are set. The impact velocity of the flying plate is set

as 10 m/s (it is an approximately far-field underwa-

ter explosion, and the peak value of the shock wave

acting on the structure is about 15 MPa). The outer

surface of the shock tube is fixed, and the CFRP-

lattice aluminum sandwich plate is fixed by eight

bolts. The total calculation time of the model is set

to be 3 ms so that the lower panel of the CFRP plate

can be rebounded, so as to meet the calculation re-

quirements. The accuracy and efficiency of calcula-

tion should be considered in meshing. If the grid

size is too large, the calculation accuracy of the soft-

ware will be affected, which will make the calculat-

ed deflection (deformation) of the lower panel of

the CFRP plate and the total energy of the model

fail to meet the requirements. If the grid size is too

small, the calculation efficiency of the software will

be greatly reduced. Therefore, it is necessary to se-

lect an appropriate grid size. Before analyzing and

discussing the grid size, the paper needs to verify

the effectiveness of numerical simulation.

2 Results and discussion

2.1 Model verification

The calculation model of the solid plate made of

5A06 aluminum alloy under loading is established

by ABAQUS, as shown in Fig. 5. Firstly, a noncon-

tact underwater explosion simulation device [25-26] is

used to impose a shock wave load on the aluminum

plate. Then, the peak value of the shock wave mea-

sured by the pressure sensor at the loading position

of the loading water tank is analyzed and compared

with the experimental results of Huang et al. [27].

The whole finite element model consists of an alu-

minum plate and its sandwich layer, as well as a

loading water tank. Specifically, the loading water

tank has a length of 500 mm, and the pressure sen-

sor is 20 mm away from the nozzle of the loading

water tank. The diameter and mass of the flying

Fig. 4 Yield stress-plastic strain curve of aluminum alloy

Plastic strain
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plate are 66 mm and 0.13 kg, respectively. The pis-

ton is 66 mm in diameter and 0.22 kg in mass. The

piston goes into the shock tube and is flush with the

tube mouth, and the spacing between the flying

plate and the piston is 1 mm. The diameter and

thickness of the aluminum plate are 160 and 0.5

mm, respectively. The diameter of the effective area

subjected to underwater shock wave load in the alu-

minum plate is 66 mm. In the figure, the flying

plate, piston, loading water tank, and aluminum

plate are modeled by the Lagrange method, and the

water area is modeled by the Euler method. The de-

flection of the aluminum plate perpendicular to the

plane direction of the plate under underwater shock

wave load is shown in Fig. 6, where U is the deflec-

tion of the aluminum plate, and U3 is the deflection

component perpendicular to the plane direction of

the aluminum plate. Fig. 7 shows the peak pressure

of the shock wave at the tube mouth. It can be seen

that the difference in peak pressure between the nu-

merical simulation method and the experiment is

10.5%, which verifies the effectiveness of the nu-

merical method. At the same time, it can be consid-

ered that in a certain range, the influence of differ-

ent Euler domain grid sizes on the dynamic re-

sponse of the plate is slight. Therefore, in order to

improve the calculation efficiency, the grid size of

the Euler domain is defined as 5 mm.

2.2 Dynamic response of CFRP-lattice

aluminum sandwich plate under

shock wave load

From the discussion in previous sections, the Eul-

er domain grid size in the calculation model of the

CFRP-lattice aluminum sandwich plate is set to 5

mm, and the grid size of the CFRP plate is set to 4

mm. The finite element simulation analysis of the

dynamic response of the CFRP-lattice aluminum

sandwich plate subjected to the nonexplosive and

noncontact underwater explosion shock wave is car-

ried out by ABAQUS. The model parameters are

shown in Table 4.

Table 4 Model parameters of CFRP-lattice aluminum

sandwich plate

Parameter Value

Fiber layer thickness of upper panel

Rod diameter of Octet lattice

Fiber layer thickness of lower panel

Energy

Mass

Specific energy absorption

Maximum deflection of the
lower panel

Through calculation, it is found that the deflec-

tion of the lower panel reaches the maximum at

1.77 ms. Then a rebound ensues, and the deflection

begins to decrease. At this time, the Mises stress di-

agram of the upper and lower panels and the sand-

wich as well as the deflection diagram of the lower

panel are shown in Fig. 8, where S is the Mises

Fig. 5 Calculation model of shock response of aluminum plate

Fig. 6 Profile of deformation process of aluminum plate under

underwater shock wave load

Flying plate Water area
Aluminum plate

Air areaShock tube wallPiston

Pressure sensor

Fig. 7 Peak value of shock wave pressure at the tube opening

P
re

ss
ur

e/
M

P
a

Time/ms

Theoretical value
Experimental value
Element size of 3 mm
Element size of 4 mm
Element size of 5 mm

MAO L W, et al. Impact response of composite lattice sandwich plate structure subjected to underwater explosion 6
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stress, and U4 is the deflection of the lower panel. It

can be seen that the upper and lower panels and

sandwich materials of the CFRP plate have not

been damaged, and the maximum deformation oc-

curs at the center of the lower panel of the CFRP

plate. For the anti-explosion performance of the

sandwich plate, the following parameters are used

as indicators to evaluate the energy absorption ef-

fect, namely, the maximum deflection of the lower

panel Deflection and the specific energy absorption

SEA. The total energy absorbed by the structure is

represented by E, and m is the total mass of the

sandwich plate. SEA is used to measure the energy

absorption performance per unit mass of the struc-

ture, which can be expressed as

（12）

The energy dissipation of CFRP is mainly mani-

fested as matrix cracking, fiber fracture, and delami-

nation, and the energy absorption of the sandwich

exists as the plastic deformation of the lattice mate-

rial, which accounts for the largest proportion of the

total energy dissipation. In general, under the same

conditions, the structure with thick panels can better

absorb energy due to the use of more material.

Therefore, the influence on the dynamic response

will be explored by changing the fiber layer thick-

ness of the upper and lower panels and the rod di-

ameter of the Octet lattice sandwich structure.

2.3 Influence of structural parameters
on the dynamic response

2.3.1 Influence of fiber layer thickness of the

upper panel

Since the manufacturing process of the carbon fi-

ber composite plate will limit the thickness of pan-

els. In theory, the thickness of a panel can only be

controlled by changing the number of layers. In or-

der to obtain the optimal solution by designing the

function relationship, it is assumed that the thick-

ness of the panel can change continuously. After de-

termining the ideally optimal solution, this paper de-

termines the optimal solution conforming to the pro-

cess conditions according to the process require-

ments.

By keeping the rod diameter and lower panel

thickness of the Octet lattice sandwich structure un-

changed and changing the fiber layer thickness of

the upper panel, the paper obtained the results is

shown in Table 5 and Fig. 9. It can be seen that un-

der the given three working conditions (working

condition A, working condition B, and working con-

dition C), as the fiber layer thickness of the upper

Fig. 8 Dynamic response of CFRP plate

(a) Stress diagram of each part of CFRP-lattice aluminum sandwich plate

(b) Deflection diagram of lower panel of CFRP plate

7
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panel increases or decreases, Deflection does not

change greatly, but it has a great influence on the

energy absorption of the structure. At this time,

compared with the gradient structure with only the

thickness of the upper panel changed, the uniform

structure has better energy absorption performance.

Working condition A
Working condition B
Working condition C

L
ow

er
pa

ne
l

de
fl

ec
ti

on
/m

m

Time/ms

(a) Deflection-time curves of lwer panel

SEA

Deflection

SE
A

D
ef

le
ct

io
n/

m
m

(b) SEA and Deflection

Working
condition A

Working
condition B

Working
condition C

Fig. 9 Simulation results of changing the fiber thickness of

each layer of the upper panel

2.3.2 Influence of rod diameter of lattice sand-

wich structure

By keeping the thickness of the upper and lower

panels unchanged and changing the rod diameter of

the Octet lattice sandwich structure, the paper ob-

tained the results shown in Table 5 and Fig. 10. It

can be seen that the Octet rod diameter has little ef-

fect on the deflection of the lower panel of the struc-

ture but has a great influence on the energy absorp-

tion performance of the structure under the three

conditions (working condition A, working condition

D, and working condition E). This can be explained

by the fact that as the Octet rod diameter increases,

the plastic deformation performance of the sand-

wich will greatly improve. As a result, more energy

will be absorbed by the structure.

L
ow

er
pa

ne
l

de
fl

ec
ti

on
/m

m

Time/ms

(a) Deflection-time curves of lwer panel

SEA

Deflection

(b) SEA and Deflection

Working
condition A

Working
condition D

Working
condition E

D
ef

le
ct

io
n/

m
m

SE
A

Working condition A
Working condition D
Working condition E

Fig. 10 Simulation results of changing the diameter of lattice

rod

2.3.3 Influence of fiber layer thickness of the

lower panel

By keeping the rod diameter of the Octet sand-

wich lattice structure and the thickness of the upper

Table 5 Simulation results under different working conditions

Working
condition

Fiber layer thickness
of upper panel

Rod diameter of
Octet lattice

Fiber layer thickness of
lower panel Energy Mass

MAO L W, et al. Impact response of composite lattice sandwich plate structure subjected to underwater explosion 8
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panel unchanged and changing the thickness of the

fiber layer thickness of the lower panel, the paper

obtained the following results and showed them in

Table 5 and Fig. 11. It can be seen that under the

given three working conditions (working condition

A, working condition F and working condition G),

the thickness of the lower panel has a significant in-

fluence on the deflection of the lower panel of the

structure but has a slight influence on the energy ab-

sorption of the structure. As the thickness of the

lower panel improves, Deflection will get small, but

the energy absorbed by the structure will decrease.

L
ow

er
pa

ne
l

de
fl

ec
ti

on
/m

m
SE

A

Working condition A
Working condition F
Working condition G

Time/ms

(a) Deflection-time curves of lwer panel

SEA

Deflection

D
ef

le
ct

io
n/

m
m

(b) SEA and Deflection

Working
condition A

Working
condition F

Working
condition G

Fig. 11 Simulation results of changing the fiber thickness of

each layer of the lower panel

In summary, the thickness of the upper and lower

panels and the Octet rod diameter can affect the en-

ergy absorption performance and structural deflec-

tion of the CFRP-lattice aluminum sandwich plate.

In order to further explore the change in the dynam-

ic response of the model when the three structural

parameters change at the same time and obtain the

optimal design parameters, the paper must adopt the

experimental design method.

2.4 Optimization design of CFRP-lattice
aluminum sandwich plate

For the sandwich plate with equal mass, the exist-

ing research [28] shows that the gradient structure

(i.e., the structure with uneven thickness) has better

energy absorption performance than that of the uni-

form structure when the initial shock velocity is not

very high. However, the influence of the thickness

of the upper and lower panels and the Octet rod di-

ameter on the energy absorption performance and

structural deflection of the CFRP-lattice aluminum

sandwich plate is interactive. To further explore the

change in the dynamic response of the model when

the three structural parameters change at the same

time and obtain the optimal design parameters, this

paper will use the RSM for the optimal design of

the energy absorption of the CFRP-lattice alumi-

num sandwich plate.

2.4.1 Optimization design of energy absorption

The fiber layer thickness of the CFRP upper pan-

el, the Octet rod diameter, and the fiber layer thick-

ness of the CFRP lower panel are taken as the struc-

tural variables for design, and the optimization de-

sign is carried out based on the DOE and surrogate

optimization software LS-OPT. The DOE method

of LHS is used to obtain the surrogate optimization

models of the above parameters and dynamic re-

sponse under 15 working conditions, as shown in

Table 6.

The response surface model is established by the

regression analysis, and the energy optimization de-

sign of the CFRP-lattice aluminum sandwich plate

is carried out. Firstly, the fiber layer thickness of

the upper panel t1, the Octet rod diameter t2, and the

fiber layer thickness of the lower panel t3 are taken

as design variables, and the SEA of the structure is

taken as the optimization objective. Under the con-

straint conditions of the above design variables and

the constant mass of the CFRP-lattice aluminum

sandwich plate, the maximum value of SEA is calcu-

lated. The constraints of the SEA optimization prob-

lem are as follows.

（13）

By using the Design-Expert software, the second-

order polynomial is used to fit the simulation data

points and the fitting formula is as follows. The

partial approximate response surface is shown in

Fig. 12.

9
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（14）

（15）

The Mathematica software is used to solve the

maximum SEA under constraint conditions, and the

corresponding optimal design points (0.317, 1.6,

and 0.1) are obtained. The predicted optimal SEA

and Deflection are 45.300 J/kg and 8.757 mm, re-

spectively, as shown in Table 7. Then, the verifica-

tion analysis is carried out at the optimal design

points, and the SEA and Deflection of the optimal

design are 46.287 J/kg and 8.327 mm, with errors

of 2.18% and 4.91%, respectively. The optimization

results show that when the thickness of the lower

panel is the smallest, and the Octet rod diameter is

the largest, SEA reaches the peak. The SEA value of

the optimization design is 284% higher than that of

the uniform design. However, it can also be seen

that the deflection of the lower panel is 51.4% high-

er than that in the original design.

Table 6 Experimental design surrogate optimization model and its simulation results

Fig. 12 Response surface

Fiber layer thickness
of upper panel

Working
condition Energy Mass

Rod diameter
of Octet lattice

Fiber layer thickness
of lower panel

(a) Approximate response surface of SEA

(b) Approximate response surface of lower panel deflection
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Table 7 Optimization design and simulation results of

energy absorption

Parameter

Energy

Mass

Optimization
result

Simulation
result

2.4.2 Optimization design of energy absorption

and deformation

The results of the above energy absorption opti-

mization design show that a decrease in the thick-

ness of the lower panel can help to improve the en-

ergy absorption efficiency of the sandwich plate

structure. In terms of the local protection of ships,

the paper should not only focus on the energy ab-

sorption problem but also on the large deformation

and deflection of the plate. Therefore, this section

will analyze the optimization problem of the defor-

mation of the lower panel based on the above sec-

tion. Here, SEA is still taken as the optimization ob-

jective. Under the premise that the mass of the sand-

wich plate structure is constant, the deflection con-

straint of the lower panel is added to make it less

than 5.499 mm set in the original design. In this

case, the constraints of the SEA optimization prob-

lem are as follows.

（16）

The obtained corresponding optimal design

points are 0.161, 1.115, and 0.324, and the predict-

ed optimal SEA and Deflection are 18.367 J/kg and

5.499 mm, respectively, as shown in Table 8. Then,

the verification analysis is carried out at the optimal

design points, and the SEA and Deflection of the op-

timal design are 19.151 J/kg and 5.467 mm, with er-

rors of 4.27% and -0.58%, respectively.

Table 8 Optimization design and simulation results of

energy absorption and deformation

Energy

Mass

Parameter
Optimization

result
Simulation

result

Fig. 13 compares the two optimization simula-

tion results with the results under working condi-

tion A. It can be seen that the energy absorption per-

formance of the structure has been greatly im-

proved under the first optimization method. Under

the second optimization method, the energy absorp-

tion performance of the structure is also improved

by 59% when the deformation of the lower panel is

not excessive.

L
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de
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ec
ti
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/m

m
SE

A

SEA

Deflection

D
ef

le
ct

io
n/

m
m

Working condition A
Method 1
Method 2

Time/ms

(a) Deflection-time curves of lwer panel

(b) SEA and Deflection

Working
condition A

Method 1 Method 2

Fig. 13 Optimization simulation results

3 Conclusions

In order to study the protective effect of the sand-

wich plate structure on the local deformation and

damage of ships under the noncontact underwater

explosion shock wave load, the numerical simula-

tion method is used to explore the characteristics of

the nonexplosive and noncontact underwater explo-

sion shock wave load. Firstly, the dynamic response

characteristics and the overall dynamic large plastic

deformation process of the CFRP-lattice aluminum

sandwich plate under the noncontact underwater ex-

plosion shock wave load are studied. Then, the sur-

rogate optimization model of structural design pa-

rameters and deformation response is obtained by

11
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the DOE method, and the correlation between dif-

ferent parameters and the objective function is ana-

lyzed. Finally, the optimal design scheme is ob-

tained by solving the optimization problem based

on the protection requirements and constraints. The

main conclusions are as follows.

1) In this paper, the numerical simulation method

is used to explore the characteristics of the equiva-

lent nonexplosive and noncontact underwater explo-

sion shock wave load. The comparison with the ex-

perimental results in the existing literature shows

that the method is in good agreement with these re-

sults, which can provide a reliable method for study-

ing the anti-shock performance of the local struc-

ture of the ship.

2) Three structural design parameters, i. e., the fi-

ber layer thickness of the upper panel, the Octet rod

diameter, and the fiber layer thickness of the lower

panel are selected to explore their influence on the

energy absorption performance of the CFRP-lattice

aluminum sandwich plate. It is found that compared

with the non-gradient structure, the gradient struc-

ture can better absorb energy, and as the rod diame-

ter of the lattice structure increases, the energy ab-

sorption performance of the structure will be en-

hanced greatly.

3) RSM is used to optimize the energy absorption

of the CFRP-lattice aluminum sandwich plate. Un-

der constant plate mass, surrogate optimization

models are established by selecting appropriate pa-

rameters mentioned above to solve the problem,

and an optimal design on the thickness of the upper

panel, the Octet rod diameter, and the thickness of

the lower panel is obtained. The reliability of the op-

timization results is verified by the comparison with

the numerical simulation results. The research

shows that optimal sizes of the three design parame-

ters can be obtained by increasing the thickness of

the upper panel, reducing the thickness of the lower

panel, and improving the diameter of the lattice ma-

terial, so as to realize an optimal anti-shock perfor-

mance of the structure.
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水下爆炸载荷下复合点阵夹层结构冲击响应分析

毛柳伟 1，祝心明 2，黄治新 3，李营*3

1 海军研究院，北京 100161

2 武汉理工大学 理学院，武汉 430063

3 北京理工大学 先进结构技术研究院，北京 100081

摘 要：［目的目的］为提升舰船的水下抗爆能力，针对水下爆炸冲击波作用下新型防护结构碳纤维增强复合材料

（CFRP）-点阵铝夹芯板的抗冲击能量吸收性能展开研究。［方法方法］首先，利用有限元软件 ABAQUS 建立非药

式非接触水下爆炸载荷下 CFRP-点阵铝夹芯板的数值仿真模型，并验证其可靠性；然后，通过控制单一变量来

分析 CFRP-点阵铝夹芯板上、下面板每层纤维厚度和点阵夹芯结构杆件直径对其能量吸收性能与结构挠度的

影响；最后，基于上述 3 种设计参数，采用实验设计方法和数值模拟方法建立代理优化模型，用于对 CFRP-点阵

铝夹芯板结构的能量吸收性能进行优化设计。［结果结果］ 结果显示：在 CFRP-点阵铝夹芯板质量恒定的情况下，

其优化结果可使比吸收能提高 284%；在充分考虑下面板变形的情况下，优化结果的比吸收能可提高 59%。［结结

论论］研究表明，该 CFRP-点阵铝夹芯板优化结构可有效提升其能量吸收性能，而响应面法是一种可有效提高结

构能量吸收性能的优化方法。

关键词：水下爆炸；点阵结构；优化设计；数值模拟
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