W43 % 6 wmOE 5 W & Vol. 43, No. 6
2023 4 6 J EXPLOSION AND SHOCK WAVES Jun., 2023

DOI: 10.11883/bzycj-2022-0430

B A R /sR RS E R N AY
BRI S Bh7S i R 451

AW, I EER BT, 2B R B
(1. PEAE Tl KRR 22 BB P 45 28 K RAT AR A S =, B P52 710072
2. EEFALR G TROFITAT, L 100076;
3. PUZREARALZETR ST, BEVY VI 710065
4. PRI T RS A4 TP, K 400054)

THE: X TN RE A MRS &8 .02, BT &R E A S BRI 250 . I I 5% K vh o S5 56,
ST 54 o O 45 00 7 DR A 0 8o T B B 5 LB RN 2R AR 2 o 3k 1 bk %) 240 U0 45 45 DL B, W 5 b et T AR ) =
2 7 39 45 05 45 T 1 43 J 55 J2 14 Johnson-Cook #5145 865 75, - 45 & A BR T 7 12 % e T 52 4 51 I 465 Mg 1) 448 e v o i 2 T4
B JFJ& T AN R Bfr 000 45 4 0 3l 2 e g R0 23 A, 45 S 0 G 25 SR A0 AT T S A BB M AR 9 R (R B
WF5T 220, 70 3T FE B s ME R AT R T, 245 A W 205 4 S AR PR S AR DR 52 4, DR 30 i IR s 4, B R E = R
13 25 DX 3ol T SO 0 KGR TS R AT AR B 2 RS R AR AT B IR A R R RE ) o BRI T IR R B S R 2 A S
BOHT S AR I Y S0 R AR, 45 T A AT AT TR, R AT 45 RN R 2 A5 S R R Ak AR BT RS

KRR MRIEM R A G I R A 5 B A R s B e B

FESES: 0389 EfRFERARE: 13035 XEAFRERE: A

Failure mechanism and dynamic response of a composite lattice structure
under intense explosion loadings

SHI Shengbo', WANG Renzhi?, TANG Jiabin', GAN Yundan®, YUAN Jianfei’, CHEN Yong*
(1. Shaanxi Aerospace Flight Vehicle Design Key Laboratory, School of Astronautics,
Northwestern Polytechnical University, Xi’an 710072, Shaanxi, China;

2. Beijing Institute of Aerospace Systems Engineering, Beijing 100076, China;

3. Xi’an Modern Chemistry Research Institute, Xi’an 710065, Shaanxi, China;

4. Automobile Engineering Institute, Chongqing University of Technology, Chongqing 400054, China)

Abstract: In order to comply with the requirements of explosive shock wave protection for the new generation of equipment
structures, it is necessary to design a lightweight, high energy absorption ratio structure and further systematically understand
its dynamic responses under explosion loadings. A composite lattice sandwich structure with pyramidal truss core was
designed, which consisting of carbon fiber reinforced composite panels and metal cores. The explosion experiments were
carried out. The failure mechanism and damage mode of this composite lattice structure under intense explosion shock loadings
were analyzed. Based on the failure mechanism in mesoscale of the material, both the three-dimensional progressive damage
model of the composite panels and the Johnson-Cook damage model of the metal cores were constructed. By combining with

the finite element method, a numerical model for predicting explosion shock response of the composite lattice structure was
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developed. Both the bonding properties between layers of the composite panels, and the performances of the adhesive layer
between the panels and the cores were considered in the numerical model. The initial damage criterion based on strain
description was established, and the damage dynamic evolution equations corresponding to different damage modes were
given. A damage variable was introduced to characterize the attenuation degree of stiffness properties of the damaged
elements. Furthermore, the stress of damaged elements could be obtained. The dynamic responses of this structure under
different loadings were analyzed using the developed model. The main mechanisms influencing the explosion protection
properties of the composite lattice structure were discussed based on both simulated and experimental results. It is revealed that
the local failures occur when the composite lattice structure is exposed and close to explosion loadings. The main failure modes
are the debonding between the composite panels and the pyramidal truss cores in the edge area, and the fracture of local struts.
However, the overall configuration of this composite lattice sandwich structure is basically intact and it still has a good
carrying capacities. The damage function considering various variables of load conditions and structural parameters was
discussed. The feasible domain for this structure design was given. These research results can provide theoretical basis and
technical support for the designing and safety evaluation of lightweight, explosion protection structure of key equipment
components.

Keywords: explosion shock protection; composite lattice structure; progressive damage model; dynamic response; damage
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Fig. 1 Schematic diagram and design parameters of a composite lattice sandwich structure

062201-3



43 % WU, 45 A m A A B o i T T R AL 5 Sl s o R % 6 3]

WE 1(b) B 4IRS TGRSR ARS8 E 1(c) s, BAREEAER | el B6 A
JE BRI A T2 R B4, R R T2 625t 2 G MR R AR, SR O YIE] . U)E) 55 5 i
ST SRS, R B4 %6 T2, 4% 32 25K B 186 mm AL AR & #3082 |, R
JH e 0 B A RIS CFF 52 5 A BT AR RN 4 38 0 2R B2, R LS, B il 2T U & AR BRI s 454, n
Kl 2(a) FT7R o

®1 eFERNSTRERMEREIERITEH

Table 1 Main design parameters of representative structure cell of pyramidal truss core

h/mm p/mm t,/mm s/mm t,/mm 0/ (°) h,/mm hy/mm

15 35.75 1.59 8 1.5 45 3 1.5

S sy @

(a) Composite lattice sandwich structure (b) Fixation of specimen during test
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Fig.2 Composite/metal hybrid lattice structure specimen
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Table 2 Mechanical properties of carbon/epoxy composite materials

EE/(kgm?®)  PiIEAE/GPa  JAMEL  BYUIMIE/GPa FIMERIE/MPa  FRE4FIEE/MPa TN UIGREE/MPa 2[R BT VIR E/MPa

123 (0°) 0.41 (0°) 1400 (0°) 850 (0°)
1600 48 60 16
8.3 (90°) 0.26 (90°) 18 (90°) 96 (90°)

TE: 0% 48 Ve FIELF 47 1) 90° 248 Ve e T HEF 24 )

2 BRMEMELE

S G I ER AL (Y B K ooy S0 A P 22 A QAL 2 T T AR KR S B T R (181 3) o Sei i Fe o,
K e RE X 28 B T s v, I M TR 7 B 2 O 1.5 g o S TR I R A R RE 1 8T 5 AR S L (181 2(b)),
I B SR v PR b S K 2 BE AR R, DU R KR 25 518 i 7™ A i B 0 o o e 3 AR 0 T4
o BUE SO S IR 2 Z BB R, R LUBIE AN [ 1 M B R T A2 I R Y 3l 28 o et e I A
T I BA R P R A AR A b T T, AR IR AR K | R e A AR T ) AR R I
s P Bk A AR
FEKE 127 r 308 R P LU0 A e ) P A T % R ol 287 50 553, BB 5 R T A SCOA
L
Va
e g MHEZHAY TNT 2, ke; L WRKERT RS, mo AR C1) w0, FEAR IR AAE R, AR A i s 5 4
KE B3 S 77 MR LU AELAH 55, BRIV L {51 3 2 A ) ek, 00 0 3k g A 2 T ) v ol 30 9 T TR AR TR) o 0 R0 T

R=

(1

062201-4



43 % WU, 45 A m A A B o i T T R AL 5 Sl s o R % 6 3]

900 g TNT 24 —1.2 m #EEE LA K 1000 g TNT 244E—1.86 m 4 FH 2 Fpafif T00 (32 3), RIS (1), 2 Fh T80
B F 30 B B 3 0 R 1.24 F1 1.86 m/kg!? .
Explosive distance

Pressure sensor '\_

|

Explosion
loading

B3 pRAESs s

Fig. 3 Layout of the explosion experimental site
Vel 4 20 th T 52 i T8 o 7 1 ek 2 0 B 75 ®3 BESREFETR

I EREERES RN B R, TLE Table 3 Loading conditions of explosion experiments
w8 K e A R AR A FE B R, TG A TH TNT%hbg  EEES/m RBIEERE(mkg )

WS, 76 1~2 ms WL EIChE . b T3 ! 900 120 124
AN T) 28407 2547 1 oo D6 BT, [ N AR HT 2 1000 1.86 1.86
NIRRT R &EMATZ Ao T/EP, H 3 1500 120 1.05
i CONWEP # X 43 BT 2 6 15 50 2L A7 450 3 A KS 4 3000 120 08
BE, R R A A AR . AR SO oR ;

CONWEP 8 4 73 T B B 3145 i P A T80 F i o — Simulation (condition 1)
o DR R B A AE T 4 PR . TR, T ] o o 1
B 1R, SEH AR ol i DR TR 2.11 MPa, S af * Experiment (condition 2)
B R 2.6 MPa, — % 2 [ {22 4 23.2%; T -

B2 ol U R B S B W B R 0.68 MPa, g

Al 0.74 MPa, — % 2 18] () ffi 22104 8.8%. =7

e 22 J DR AT BB s — T, S5 i (R A7 B 3 b

A3 RS 22 | 357 ) T ISR R R S o) — . : . : L
D7 T, SR YA 2N T A5 R R 2 8] Y O AR Time/ms

A1, 2 B U A A S 2 L 101 A,

MR o B AR, MR R AR AR
iy S R A G AR BN S 2%, B T 7 A ik v ol
oM AN, wil P AR B B 2 X SR 7 A — S IR Bl il SOV o AR SCHR E RS el R e
YERITN 245 s M s R i sl 20 7, 2208 iR 3l b ot 52

3 ETHHBGIIENE S =ML 307500 b T i 4 2

3.1 EEMHERATEHRARE

G REIOREA R L R TSR 8RN AL S RORL, T E SRRSO B Rk
SR RO RN B A o TR vhil BT VR TR, 254 L | T TR ™ AR A TR B R A W
IS AR AR AN P8, o205 B S BRI AR B2 T 1) B A1 7

Fig. 4 Pressure pulse curves of explosion shock waves
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Fig. 9 Stress response of composite lattice sandwich structure under explosion shock loadings
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