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Abstract: Cellular projectiles are widely used in the impact tests of protective structures, but the actual loads of cellular
projectiles acting on the tested sandwich structures are still unclear. To explore the coupling response process between the
uniform/graded cellular projectile and the foam sandwich beam and the loading effect of cellular projectiles, theoretical
analysis, numerical simulations, and impact tests were carried out. The foam sandwich beam was equivalent to a monolithic
beam to simplify the analysis. Based on the shock wave model of the cellular projectile and the equivalent response model of
the foam sandwich beam, a coupling analysis model of the cellular projectile impacting the foam sandwich beam was

developed, and its governing equations were presented and solved numerically by the Runge-Kutta method. Meso-finite
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element simulations of a uniform/graded cellular projectile impacting a foam sandwich beam were carried out based on the 3D
Voronoi technique. Impact tests were performed on the test platform of cellular projectiles, and the velocity response of the
cellular projectiles and the foam sandwich beams was obtained by using a high-speed camera and a digital image processing
technique. It is found that the coupling analysis model can accurately predict the velocity history curves of the cellular
projectile and the foam sandwich beam, as well as the impact pressure of the cellular projectile. Subjected to cellular projectiles
with the same initial momentum but different density distribution or initial velocity, foam sandwich beams with the same
configuration present different mechanical response processes, which demonstrates that the impact of cellular projectiles
cannot be simply equivalent to impulse loading, and the coupling effect between the projectile and the sandwich beam cannot
be ignored. Compared with uniform cellular projectiles, the impact pressure waveform of the graded cellular projectile is
sharper and shows stronger nonlinearity during its attenuation. This study clarifies the loading effect of cellular projectiles on
foam sandwich beams and lays a theoretical foundation for the optimal design of cellular projectiles simulating blast loads.
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Fig. 4 Test specimens of uniform cellular projectiles and foam sandwich beam
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Fig. 5 A test platform for cellular projectile impacting a clamped foam sandwich beam
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Fig. 7 The finite element models of different cellular projectiles and grid sensitivity analysis of sandwich beam core
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Table 1 Parameters of cellular projectiles in finite element simulations and experimental tests
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Fig. 8 The deformation process of the foam sandwich beam under the impact of the cellular projectile in the simulation

A BROTES SR vh e R R 4 2 B0 B v o B AR e RS R B T B v, o R BROTREAZE SR 2y 51 5
Qi A5 A K i i AR L 231 A S AR 45 23 A AR S0 Y 45 SR R AT LA, T IOULER B, oK v fin 81
) 5 v R b A S FR T A SR AT B3 22 5, W 9(a) B o AEBK oo 2o 8 oy, fBise 2 1 3 0 R 3h
R AR L ) PAY 2 A T DAy ok DX A et SRR AR Bl A, LA R R A 52 28 X I DAY ) SIS R A A 0 I 22 4
FRAORIE o BRI O et e L 1A 25 il /A A (i QAL 1, AR 22 ) 3 39 2O HAR AR AR I 1o At Al
O30 = AR B B, 56T 5 0 A BORE B SR i O BRI o T UL ) et R A A0 B 6 2 B e
JE Wik E] b TF 2 300 my/s, o TN R0 i B S S AT, L N P S R e iy PR AN, DRIk
MO FI Y v, 75— Bk E Y OREF 300 m/s A2, 18 0.02 ms Jm BRI E 0. MEA FRITER P,
SRR EA WL A IE S AR, 75 0.1 ms Ze A7 I, et e i 5 rp R A Ik B RE (R 103 m/s, Bl S FFLAAH
XA ) R JEE T DR 22 0

AR T K o AR Y, A SR 5 73 B A58 A AR Ay v b T 1 e S % 5 vl o B2 ) R (2 A 3
M E T R OR R S DR B B TN A5 AR, A 9(b) BT o AE 0.1 ms Z I, TS X Rl 22— fin ik,
TR R I DN o 7E 0.1 ms B, 5% A0 5 o i J3E -t B3 56 8 T 2 DX R -5 A A e 5 DXk JEE
BB, BEJS 2 M7 S R ROE . T EE AR, TR R RO BRI ARAT (14 A R PR
FERC A T T RN TR B B AT A R, RS 0 A A TR N ) B e R I AR T AT BR TS R . S ko
TSR AR LU, 45 70 B A2 B AT B e ) TR B2 9, oK e o 28 2R N Y S R % e R B P R
(26.9 mm) 5 A BRITEE R (23.4 mm) BYARXT 1R 22 K 15.0%, RSG5 BT B8 F0000 (4 e K He 2 (22.9 mm) 5
A BRICE R B TR 2 2.1%, Ja HEMET A& WA 17 12.9%, Qi 10(2) Fis .

Qi 55 114 fo i Jon 2 A8 0 250 SR P v A% 328 J B e gl 5 R < B el i R REAT 0 M, JC ik 3R
7 22 J 5 SR DR SR SER R T % AT, T A SCRB5 7 A A R T 4 v i T 5 -5 AT BR ST AR DL Hh Sl i SR Y
HREW) G B, A 10(b) Bz o i) df, 220 105 55 AR 1 el e i b a8 o 2 WA, i R O g i

091442-10



5 44 & SKTTHR, S ZHT SR b RIS R B 2 R AT 559 3]

JEE v, (10 S 0l A ok S T JRE v, 9, 5 PR ) T T PR 2 22 vy /DS, el T R R )N
7E 0.05 ms B, K457 H 150 28 T f) oo o PRSI % i T BROTAS R o X2 i TAE rh i W UG B BE, S8R B9 )
P ol A3 TR 22 14 5 v B T R N R, DAL T e A4 R 2 22 v, i e, BN 9 2
5 2l s A v T SEBRAEL, (H 75 IR B8R R R BB, TR R SR N B, R %R 25 W] LA Z AN
i FTRAER R, fa A s g el IO T 2 UCYER: 78 0.1 ms I, ol JRSE KR AR S — IR BT ER,
B RITEAUE R IEA W) &, 1IN 22 555 00 5 52 X5 R T 52 DXk 3 el 5045 1B TR 35t 15N o
I A R el A G S 4 o7y 386 5iR 28O L B =2 1 2k, PRk et e i HH B T B BRSXE A6 7 0.15 ms 1, H
B TR RSN f) o 58 A B R, (LAY BROTES SR v ok BT I A BT R B . I 2, A
I AT Y P e SR G ) A5 5 L R I I AR R A O, RIS RE 7 SR = A (R 3) e S a2 JR =
(A1 5) o Hy T eIk 22 B 150 0 45 1B R 35%, 5500 0% ool T 5y 5 990 RF 6y i i 52, b D 4528 B % 1 5 v
R by DRE T4 A0 AL ) B oM T A T 2 JHL S B S B R AR A R R DRI K 5 P 0T A58 5 B4 32 11 i
GBS T REAN USRS, ME LLUORIIERS b fin sk B2 ) 2 S, DTS 250 1 B T R 3 A Bk o (HL 25 2 L et
mhir i B B A S W, IR ZE R I A

300 300 F

Simulation Simulation
250 | = 250 | —7
Impulsive loading model —o—
200} Vi 2008 Coupling analysis model
T‘.” T: 9 v
g8 150+ g 150 + vy
= =
100 | 100 + h
50 + 50 +
."=-..!.
L L L L L . L L L ?
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 .6
t/ms t/ms
(a) Impulsive loading model (b) Coupling analysis model

K9 UCP-2 rifi fl IR et i Ay ik 2 T i 2k
Fig. 9 The history of the mid-span velocity of the foam sandwich beam impacted by projectile UCP-2
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Fig. 10 The history of the mid-span deflection and the impact pressure of the foam sandwich beam impacted by projectile UCP-2
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Fig. 12 The deformation process of the clamped foam sandwich beams impacted by projectiles UCP-30 and UCP-60
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Fig. 13 The velocity response of the foam sandwich beams impacted by projectiles UCP-30 and UCP-60
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Fig. 14 The final deformation configurations of the foam sandwich beams impacted by projectiles UCP-30 and UCP-60
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