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Fig.1 Multi-layer composite protective structure
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a. SiC ceramic b.
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Fig.2 Materials of multi-layer composite protective structure
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Fig.3 Finite element model of multi-layer composite structure
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Table 1 Material parameters of 304 stainless steel"!
A/ MPa B/ MPa n C m
310 1000 0.65 0.07 1.00

£2 SICHIBEME S

Table 2 Material parameters of SiC ceramic'"!

p/gem™ G/GPa A, B, C, M N
3.16 183 0.96 0.35 0 1.00 0.65
D, D, T/GPa P, /GPa o,,/GPa

0.48 0.48 0.37 5.90 14.57
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Table 3 Material parameters of UHMWPE fiberboard!*~*!

p/gem™ E/GPa E /GPa E /GPa v, v, v,
1.0 34.257 34.257 5.1 0 0.013  0.013
G,/GPa G_/GPa G,/GPa T,/GPa T,/GPa C./GPa
0.1738 0.5478 0.5478 1.25 1.25 1.74
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original specimen

quasi static compression device compressed specimen

a. quasi static compression device and specimen
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b. stress-strain curve of aluminum foam

Fig.5 Quasi static compression device and results of aluminum foam
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Table 4 Material parameters of aluminum foam
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Fig.6 Near field explosion experimental setup
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Fig.7 Comparison between experiment and simulation results
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Table 5 Test sample points and calculated results

No. Tgc/ mm Toe/mm T areal density / kg'rm™  total thickness / mm  residual velocity / m-s™"  absorption energy /|
1 9.6 5.0 17.5 44.5 32.1 705 18.9
2 4.5 9.5 6.5 27.2 20.5 912 34.6
3 4.1 5.5 15.9 26.6 25.5 1075 30.5
4 4.8 5 10.9 25.8 20.7 1082 321
61 4.3 8.5 10.3 27.4 23.1 980 32.2
62 4.9 6.5 7.3 25.8 18.7 999 34.7
63 5.3 6.0 12.7 29.3 24.0 978 29.0
64 5.9 9.0 13.9 34.8 28.8 839 24.4
40
areal density .
50 ~ total thickness
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] g
s 5 25
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201 isoline
20 T T T 15 r r r r
20 30 0 50 15 20 25 30 35 40
predicted value / kg'm predicted value / mm
a. areal density b. total thickness
1200 40
residual velocity - absorption energy
10009 R=0.910 351 R*=0.9%
—".” I-‘ = -
e - . -
E 800 1 - = o 8 E 301 .
< LY ) 2 <
T 6004 a e = 25
E 2 - = sample point ® = sample point
400+ Sl — isoline 20 — isoline
200 T T T T 15 - T v T :
200 400 600 800 1000 1200 15 20 25 30 35 40
predicted value / m's” predicted value / J
c. residual velocity d. absorption energy
9 i i A7 BB A A BE 43 BT

Fig.9 Accuracy analysis of response surface approximation model
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structures under the individual loading of fragments
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structures under the individual loading of shock wave
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Design and Optimization of Multi-layer Composite Structure under Combined Loading of Shock Wave and
Fragments

ZHOU Meng, LIANG Min-zu, CHEN Rong, LIN Yu-liang, ZHANG Yu-wu
(College of Science s National University of Defense Technology s Changsha 410073, China)

Abstract: To effectively mitigate the combined impulsive and fragmentary loads exerted by near-field explosion, a multi-layer
composite protective structure has been developed, incorporating an anti-penetration layer, a coordinated support layer, and a
cushioning energy-absorption layer. A finite element analysis model was established and validated through near-field explosion
experiment. Utilizing the outcomes of finite element simulations, a response surface approximation model for the composite pro-
tective structure was constructed. With the areal density and overall thickness of the composite protective structure as the optimi-
zation targets, a multi-objective optimization of the thickness distribution was conducted under the individual and combined ef-
fects of fragments and shock waves using the Non-dominated Sorting Genetic Algorithm Il (NSGA-II). And the Pareto optimal so-
lution set was obtained. The findings demonstrate that, in comparison to the initial design, the areal density of the optimized
composite protective structure subjected to the individual action of fragments can be decreased by up to 19.2%, with a maxi-
mum thickness reduction of 10.0%. Under the individual action of shock waves, the areal density can be reduced by up to
34.9%, and the thickness by up to 27.5%. Under the combined action of shock waves and fragments, the areal density can be
reduced by up to 19.2%, and the thickness by up to 10.0%. For application scenarios where the thickness is constrained to no
more than 40 mm, the optimized composite protective structure exhibits an approximately 17.5% reduction in areal density and
a 9.1% reduction in total thickness compared to the initial design. It was noted that the Pareto optimal solution sets obtained from
the individual fragment action and the combined action are nearly identical, indicating that the composite protective structure
significantly diminishes the influence of shock waves on the subsequent fragment impact, thereby effectively mitigating the com-
bined effects of shock waves and fragments.
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[ Near-field explosion | I Multi-level composite
protective structure

Shock wave-fragments

combined loading Strong designability

To address the challenge of protection against near-field explosion, a multi-layered composite structure was proposed and
underwent a multi-objective optimization design process, culminating in the realization of a lightweight and high-efficiency

protective solution.
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