hEEAT T A ALICE SR M AL B 3w R

By ik ZAE

Topological Optimization and Dynamic Response of Periodic Porous Sandwich Structure under Impact Load
LIAO Fang, LI Shigiang, WU Guiying

FIHASL:

BT, 2R, SREE. phili gk A T A AT LIS SR ML B T R[] = R B4R, 2022, 36(5):054201. DOL:
10.11858/gywlxh.20220560

LIAO Fang, LI Shigiang, WU Guiying. Topological Optimization and Dynamic Response of Periodic Porous Sandwich Structure under
Impact Load[]]. Chinese Journal of High Pressure Physics, 2022, 36(5):054201. DOI: 10.11858/gywlxb.20220560

TEZR B2 View online: https://doi.org/10.11858/gywlxb.20220560

L] RERGBR A HAN SO

Articles you may be interested in

ZIRGIEEH AT 5 eI
Deformation and Energy Absorption of Multi-Hierarchical Sandwich Structures

B TEMIFIAEAR. 2019, 33(5): 055902 https:/doi.org/10.11858/gywlxh.20180707
AL b N AL 71 N AR i Ty X

Impulsive Resistance of Metallic Honeycomb Sandwich Structures Subjected to Underwater Impulsive Loading

B TEMFIAEAT. 2020, 34(3): 035102 https:/doi.org/10.11858/gywlxh.20190790
1154 BCCEEFA 1 A5 R 4 I AU S e

Numerical Simulation of Quasi—Static Compression and Energy Absorption of Bionic BCC Structure

5 FEPIFEE4. 2020, 34(6): 062402 https://doi.org/10.11858/gywlxh.20200578
Ze ) H 2 e A e A2 ] vp o BUE DL

Numerical Simulation of Radial Impact on Sunflower—Like Sandwich Cylindrical Shell

B FEAIBIAEAR . 2020, 34(5): 054201 hitps://doi.org/10.11858/gywlxb.20190858
DAY T A7 TR L e 3 2354 14 T PA) U oo i )3

In—Plane Biaxial Impact Response of Re-Entrant Auxetic Honeycomb

1 BT 2021, 35(2): 024201 https://doi.org/10.11858/gywlxh.20200610
A RIRCCARAR AR5 IR RERS

Design and Energy Absorption Characteristic of Improved FCC Lattice Materials
e R B4 2022, 36(1): 014206  https:/doi.org/10.11858/gywlxh.20210853



%36% HS5H [=/ S SO 7/ B (= S e Vol. 36, No. 5
2022 4F 10 CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Oct. , 2022

DOI: 10.11858/gywlxb.20220560

M TR S LRSS
HFMUL R B0 F 0 Rz

B OF EEE XER

(R JFE I TR AHAI S 32 30 TR~ BN 15T T, i KB 030024)

WEEEUBRN T EEETET X OHALENENCERENET A ER T TARES I
FEEMB BT % K F ABAQUS HR T H th, 5 T A MR RS EM G WK
LU EVER RS E AL Voronoi % B K S R AERNK L 100 m/s W E & TR T B k&K
B, EETHEANH, A ESEMN LI B2 EEHTLEE, ERKL T LI HE
My ERTER RS, A TRAREEMERAERT RN, EEA R LR L 'R K
INTHBIHEM, IRBE - HT TR TRAREENEL R EATERE, XATH
HEWRERU SRR LA R B, W R T4 RS EHNNREER ISR, TR
KEEM ETERNEPRE LR CERE S FHwEHE LI AR EAFET, @®
R EMEAEFN G BRR R ik & BB T, &8 24 8 bR fk /b
THERELE KGN, kKb KAEMR At S . AREKU, B TR THRUFFEHEHT
RECERTTHRA N TN M, B, 4 AN RT TN, FEH —FHHFE

KEIA: FBIME AL b HHr R HE A EER K

I [E 5 S:0347.1; 0521.9 SCHRFRIRAD: A

P T o o A VR R AERLZE A B8 1 24T R B AS L RAEIE | T AR AR A iR A R B A A, R
FE AR B BIUTARLR A AORHEELR A | e ful al A8 P | ANl 3001k (9 300 SR AR R, 30 9 iy A2 3 A AL
|ANDIVRC R < s IS T <k DL N R |2 Gy VA S Ve U B WA | B2 R v VA 2 ke RS E Y o
AR MEARAT RO AL T 5 FAR R B M X OC FR o A, 9 v BE AR SR Ak R 25 30 ¢ 9 G A 1) LAY
TETH B MA S L DAL RCRAR . WS E 22 R AR E S R (e DG Al o i v iy 545 2% 18 el 2804 )
SRARLEE . LA B JLART AR LA AR R A LR R0, S 25 i MG A et FL b Y TR AL

ZAMRHIOR S e — R G AR R AN, Gl 2 B R E M 1 BEZ A . AT
GLAS K, SR AE M BAT R W | R R L AR OSCE R B A R, BT I AL AR L = RE
S5 U A BT o o A REZE ph A5 R LRI, AH SCWT ST R B R TR AR R B E S M RIS A5 R (e
AR BB D5 tE 2 AL RE) BT b i PERE A RE S OBCHL ] o oh T AU AR IR G AL ] - R L
AE 2 1] Y PN PRI 2 i AN Bl , EL = DLBT nh o PR B 0 B AR Y s 28 3R FME AL BT B A R, SEbr TR P
VUGS BT o ok PR RE S H AR I R JC B A8 20 /2% W — A A BT 2 08 Je i 45 M v ok 1 A i 2 Al
Bl )

Je U ARG T o i AT A R A AR T AR o 7R A R DT AR AR S S e A Bl g i 7 BT S A

* WS B EA: 2022-04-07; £ 5] H #A: 2022-04-17
BEWE: HEKARPAEE(12072219)
EEBN: B 57 (1998—), L, il Lo A, EENF R T RS i 5 01 2447 IR
E-mail: liaofang1998@163.com
BEEE: i (1986—), B, W1, B2, EZ N i) J1 %858 . E-mail: lishigiang@tyut.edu.cn

054201-1


mailto:liaofang1998@163.com
mailto:lishiqiang@tyut.edu.cn

%36 & B 055 ohili s T I 2 LIS AR M e 3y i iz 55

SHOFIDUE AR, o2 A 0 A1) Sl ST b R RS B 29 SRR AR A il o St 5 1 ) 2 28 X S Rl 2
PR U S8 SE I E . S A A L AR SO 2 AR BEAE R L mE T DL SO R AE R R P, e
BT T, Jets i MR e o 1) B R b TR R A . g X B2 8T YT L [ S e R Y U | TR
FUE 2 SRR T TR W 455, Je st b i) 2 R0isE = S B B AR S i L AF B R 3 R B AR S i AR P
AR IR AT, bl B E T, Jetb A iy R R X F 2 S Bk . vhii i or 2 SRR R
LTI L 4 TP, X S0 SR AR A 2 [ A7 AR — 38 W “TE 7 0 R, e W78 I8 0 2 200 =X JL AR 2R 38 =X
o TR A /N Y, 2 2 el 22 i e e X T R 2 A [T ERE, DU) AT e e A s U Ak, A DG Y BIFSEATS
ArFiE— 0 RGIRAMIT R . 5838 2 UM B SIS G5/ i PR RPN IR &R, IR ARl TR S PrRit £ 5 3
HIPEAN AR, A 5 48 br 2 ] B AR, 2 8 7 3K A R B S5 A A A6 H AR iR BRI 29 R S5 R AT . 2 4L
A RE S 2 1 38 7 5 FH B RE B W UK (total absorbed energy) . HLW fiE (specific energy absorption, SEA) |
SF-#41 7% 28, J1 (mean force) . [ 45 11534 % (crush force efficiency, CFE) . #ix K JE 4 & (maximum compression
length) . JE 4334 (crush efficiency, CE) . % 524k i 4% (densification strain) % Z B 17 PFAK 121,
[ sF, PR 75 BB 7 A0 N D3 Bl 4 44 4 3 i 0 A e U s M R I T, T LA SIS 55 4 1) 15 v B R SR I T 45
rop M BE M B I SR,

B X AERR S Hfr T AR S S5 TR LM FE N i AR A T, EIN A2 E TR T ARZ & B A
LA BB, 0. AR %% Bk (solid isotropic microstructures with penalization, SIMP) U7 i i 4 fk =
(evolutionary structural optimization, ESO) "™ X [n] #7 #F 5 k. 1% (bi-directional evolutionary structural
optimization, BESO) "2 # &l 48 J¥ 41 {4 ¥ (moving morphable component, MMC) " ##4iF 8K 5y 72 ( feature-
drive method, FM) 2 7K -4E 77 (level set method, LSM )24 il 57 4 25 i 5 ¥ (independent continuous
and mapping method, ICM)®1| AJ 1735 i # 7 ( feasible domain adjustment method, FDA) % %5, 7 wfif; 2% fof
T, R T sk AR LM R ER A R 1Y IR, — A SR A L S O ML AR AR AT 0 B R RN G5 A ) 2D AL Ak
S5 R Hml b, B b PR RE S AT, A T A PE RE B AR S5 A BT S — R R e
FMICA BT 2o A v S 7 r s 1) 1) 25 R AR Lt RN, H 18 2% e B R D) S AN 3 i e i A
AR50 40 PPSS(prescribed plastic strain/stress ) 32: % F1{E A6 i H 8 #HL (hybrid cellular automation,
HCA)7EPY, ParkP 44 ) 19 45 2% ## 77 (equivalent static loads , ESL) fL ki & — A T LR B A 7 vk 10 53
o ESL A FH AL 3 09 88 8500 1 43 I A DL Ak ml 3 rh iy AR Ze vk 3 00 3 B LSRRI DAk 153, JF R U2
AR DI Ak DL R B S A 1 40 BT SRR A A B R AR Lk 3 g 1, TR i

AHIF 5T D2 0 25 44 7 o 8 T 22 WA BN g e R E H &, E ESLOHE SR T KL T XU i 2E 45 A8 LAk
h 2% 32 (hard-kill BESO) , 3 &3 14 38 W2 26 AC TR G 5k, g oy ooy 2 far T JE 4 1 22 LI S5 48 4 b
etk k. FEWNZ AR, AT MR 150 7, SR A BESO B 2% 1k BT 128 &5 R SN2 A0, 7usr
FIFH ABAQUS T M 45 {4 i 4 114 iy Ak B ASS R0 K A AR LM THIRLRE O, T 4500 i 3 Ja e 7, H e 43 AT
AL S50 515 5t 22 fL IS S5 B9 AR T R AL, FFXT 4 FlOR [R) 25 48 (DL Ak Je i g4 . BRI 0 Je it 45 44
FEE 0 I S 2544 FBE AL Voronoi o2 s 2544 ) Bt o M BE R BE AR PR R 7% L

1 EF BESO W R7E58) ESL #hiMEL &

1.1 ETFRUEBBENENFAF NEM
Nelson %06 $8 Hy A5 6 28 L 615 W ol B0 28 MW 17 AT 000 1% 55 A0 0 A RO R 15 45 4
R, S FEROD 5 90 2% B+ b 2 803 25T R I 2045 415 A 0 At B 1, LR 4 2 T AR
VEZ 10T, R0 S0 B A
R AR 2 B, o) Dy R
Mii(t) + Cu(t) + Ku(t) = f(¢) (1
S ML €K 4531 0 o EL R e PO AL i o 43 Ay 5 M D R B

054201-2



%36 & B 055 ohili s T I 2 LIS AR M e 3y i iz 55

11K, flo) 45K It 52 B SR AT o
R A ) A RE e 0 B 2= 2 s CR A M, Wl A AR R R

Ku(r) = f(1) - Mii(1) - Cii(1) 2
ABIFE i S 9 AR LM A5 3 g 2 ) AP BELJR AR I/, AT A4S AN,
Jea(5) = f(5) — Mii(s) 3)

o £ (s) R BE T BOHE B IR R TS A o 1 1) SR 0 AT, s R0 3 RO I TR BB, 5 R e A IR IR R TS v
AN, B B AR T T P R A o R e R S AR B e M AR B, W AR WA, B,
Hoat e R TS 0RE . (AR WS, B SUA0ME 0 1T b B g Fn A0 8 48 Ao 1 1% 258 3%
iz
12 WEERMKLARRE

RUZ AR T 5 1) 32 2 JE AR ZEAMIE IR rfr, T Ji 45 4 530 90 P = E 2 20y i Bz 23 A, 42 B g B % o
TR AL AL e N AR T SRR AR TR PR B o, R A I 2 ) A AR AR Sy e A R R S R i A T
LRSI . TR, SE TSR Rk 4 2 1 JR 0T M 2 L e i 25 4 0 A Ak AR 1T AR R Ok 6 A4S 25
(T 1R ) : (1) 728 ABAQUS H 43 51 37 sh 2545 BR TS BRI R 25 BROCAR R, 5 B S0 Ay A
B, BERIR AL S EG (2) TEAMEIR R, SEATARZE M 3 J1 24 73 Bt 25 5 8 Aar FUAA B 1% JE e M 500, o isf
BB 12 R A A0 S B EEON g A2 B R AGs). fs), TR ¢ A0 iR (3) 7N
PEIR rh W A — I 20 9 S 8 2 A — A T 00T W 38 mr i A 250, 40 'S AR S BROCRE A v | R 474k
PE A BT /T, SRR T T DR A 25 04 1) Rl s WSO, AR o153 2R 00 RAEUEE s (4) R %
PEf T — 25 B AR FR 3B, 5 26 AARR 43 806 J2 240 o 45 0 sl IMAR R, ez, IS R AR AR (5) B2 T
AR (3) THE I AT AT R B TR B AR i x, , B BRAR B BT, B e R AL ST, O TR
F R IO ; (6) FE TR (2)~ T (5), 12 R IBE A

R ey T

v

Submit nonlinear finite element analysis
Mii(t)+Cu(t)+Ku(t)= f(¢)

!

Calculate the equivalent static load

Jed)=As)—Mii(s)

I | Carry out linear static finite element analysis | | External circulation

| ‘ [ Internal circulation

| Update design variables based on optimization criteria l

|
i |
| |
| |
| |
| === - |
| |
| I
| |
i |
| |

S IR/ A 7

Fig. 1 Flow chart of topology optimization
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Fig.3 Schematic diagram of fixed sandwich structure subjected to impact load
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Fig. 4 Evolutionary histories of fixed-clamped sandwich structure
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Fig. 5 Structural parameters of core and panel
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Fig. 6 Schematic diagram of sandwich structures with different cores
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Fig. 7 Deformation modes of different sandwich structures
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Fig. 8 Energy absorption of differnet sandwich structures versus time under impact load
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Fig. 9 Deflections at the center points of top and bottom panels of different sandwich structures
under the rigid body impact at different velocities
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Table 1 Comparison of top panel deflection of optimal structure and the maximum value of other three structures

Core with the maximum deflection of the

vy/(mes™) U, o/ mm U /mm (U= UP)/mm Error/%
top panel for other three structures ' ! ’
30 Rectangular core 5.20 4.17 1.03 19.8
50 Trapezoidal core 11.57 9.84 1.73 15.0
70 Rectangular core 21.28 16.73 4.55 21.4
100 Trapezoidal core 41.90 27.36 14.54 34.7
120 Trapezoidal core 54.28 35.86 18.42 339
150 Trapezoidal core 75.40 51.56 23.84 31.6

®2 MUEHPTEHRRESHib3 MERHRAEHILE

Table 2 Comparison of bottom panel deflection of optimal structure and the maximum value of other three structures

Core with the maximum deflection of the

vol(ms™) bottom panel for other three structures Ui/ mm U{/mm (U= U*)/mim Error/%
30 Rectangular core 5.05 1.32 3.73 73.9
50 Rectangular core 10.96 3.46 7.50 68.4
70 Rectangular core 18.20 7.08 11.12 61.1
100 Trapezoidal core 30.62 14.86 15.76 51.5
120 Trapezoidal core 49.75 21.47 28.28 56.8
150 Rectangular core 63.48 34.96 28.52 449
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LEARE R AR L Ey Z W (RIERWRE (5 LL, EJE,,), TE BT BIFTE B9 3HRE 1 B, D0 Ak e b A B R AR AT
B B RE o5 L, PRI, DUAG I BN A rh b ek B0 2 18] 23 A 2 4 R A vh e (s

054201-9



% 36 & B 055 ohili s T I 2 LIS AR M e 3y i iz 55

12 100 -
—= Optimal core B ?ptlmal-gofe
10  —= Trapezoidal core % Rra;;ezm la core
-~ Rectangular core 80 = pectanguzar core
8 | —~ Random Voronoi core Random Voronoi core
L;D or % 01 i \ \ § N
Ky 1 i
¥< 4+ Eu N 7l ¥
B LS/ 40 L}
2 -
20
0F
72 11 1 1 1 1 1 1 0
510 30 50 70 100 120 150 30 50 70 100 120 150
v/(m-s™h) v/(m-s™)
(a) Specific energy absorption of whole structre (b) E/Ey,
B 10 N[RIEEE B RIS T e s a5 H B9 LI RE LS Z W AE 5 LE EJ/Ey,
Fig. 10 Comparison of specific energy absorption and E/E,, of sandwich structures
under the rigid body impact at different velocities
BT AT 4 FofJe st 45 1) £ A ) 2 1) 1 3.5
i T2 B E b o TR 5 m/s I, 28t
B AL e 525§ i T A LB 50 074 o Al
o /NI B A5 1, R RE o 4 R B 45 g
S S N7 S £ 14
AL L H . S I 10 m/s F+ 2 150 m/s B, fIE <
P A H 32 B P33 o i ) 2 4 Rl 24 vp = o07r = Optimal core
— <7 - T idal
BRI, FE03 R T HIRREZE v PEfE ot = Rectangular core
R T AR UL, L RE | 52 R b, RondomVoronoleor
v 8 s 5100 30 50 70 100 120 150
i ORI 3 b s 0 BOR, A5 R Y I RE TR BT

vo/(m-s™)
G &k 43 el B B P AR y sbEL H
U e 235 A8 ) R R} i 8 v A R e i e i g L H B R R S i T s )

i N AL S SRR TS A . 2R S Fig. 11 Mean impact load received by sandwich structures
& R AR Y B BT L LERE L R REE under the rigid body impact at different velocities
FEAIF- 33 nhidy 77 5 FpPERE, D0 A e i Al HoA
JNAIE S B4 B A2t WSO RE AN bl BB 7, JE R AR e il vhaly 2800 1, AR S Y 5 R PR XY L b ik
3 B 1) 4 G BUB IR S5 A FIBEHL Voronoiith JE B 45 F S 4T
4 ANEIZEBIHE T REEHIMEREELER
41 HEEX

N T WEFEA R Ay X G5 A PR RE RS2 IR, A ST R TR] | 2 (8] 284 4 3 Fif A ] 6 B ) ok o 2y, 233
POF:ERI! SUUNISIEL. QUIKIIE % 49! SL LR

ok b A3 A T AP 225 8] BR K (D AR 18] BRI ps ()27

pL,O=pDp (), ¢=1,2,3 (13)

A oA A A 5 R 45 R AR B2 P e 18] PR BT, ¢ g 28 1 P 1]

23 6] R KL py (D AN

1 <l
”‘(l)‘{(lb—n/(lb—lo) <<l (19

Aorbe 1, WPk ER T AR, L IR . IS B p [EET 1 SR TS R 4 B, p, RN
TEAWEFEH, 1, F1 1, 5350 L 20 F1 180 mm.,
i} 5] B p,.o () (AN : MPa) ] R W LLR 3 b ki %

054201-10



% 36 & B 055 ohili s T I 2 LIS AR M e 3y i iz 55

c=1 LR A FEIE K ih

30 t<0.1ms

p“(t)‘{o £>0.1ms (15)

=2 R = Fa kb
100-5006  £<02ms

Paalt) = {o 1302 ms (16)

=3 IR N AR Bk o
_ | 500exp(~t/7) t<0.2ms
1’2’3(’)‘{0 1302 ms an

A1 7=0.02 ms.
4.2 Mg 5253 47

bES S ThIA T L LN £l QUL E =8 QUL S HIK (Y5 I R 0 O 3 I LB | VO PN v N S35 | A O | R 23]
FIFEHL Voronoi it Je s 8544, 4 Fh b 78 3 Fh ik vp R A e AR L 45 I anIE] 12 Frs . 7R TE b #2 v ik
SJe TOR A KA ) 0N J2 40 35 R P, T S0 S SO At R BN A ) e A R T S0 e S 4 e O A A0 34 A A
25 il , BEAL Voronoi i 3 s g5 45 FO R a3 AT AR e e il . NIE 12 AT AE 1, A4 F Bl Voronoi ith 3¢
OSEE Y, Al e 0 25 KA %) T A AR TR A8 /N, 3 500 2 A R BE R Y A R OB

Rectangular impulse ggSxidy

Triangular impulse

Exponential impulse g, R
‘v‘,.»;«;.. R '.."
g

4

o
‘,‘_':1‘ -
e B

Optimal core Trapezoidal core Rectangular core Random Voronoi core
B 12 AJEK R et gk i AR T

Fig. 12 Deformations of sandwich structures under different impulse loads
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Fig. 13 Deflections at the center points of top and bottom panels of sandwich structures under different impulse loads
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Topological Optimization and Dynamic Response of Periodic Porous
Sandwich Structure under Impact Load

LIAO Fang, LI Shigiang, WU Guiying

(Institute of Applied Mechanics, College of Mechanical and Vehicle Engineering,
Taiyuan University of Technology, Taiyuan 030024, Shanxi, China)

Abstract: In this study, under the frame of equivalent static loads (ESL) method structural optimization and
based on hard-kill bi-directional evolutionary structural optimization (hard-kill BESO), the topological
optimization method for periodic porous sandwich structure under impact load was carried out. The
commercial software ABAQUS was used to investigate the deformation patterns of the optimized periodic
sandwich structure and the sandwich structures with trapezoidal, rectangular and random Voronoi cores
under the impact load imposed by a rigid body with an initial velocity of 100 m/s. In the early stage of load,
the upper half of the core layer of the optimized periodic sandwich structure is completely compressed and
the energy absorption is higher than the other three structures. However, the total energy absorption of the
optimal sandwich structure is slightly less than the other three due to the small plastic deformation at the end
stage of load. To study the capabilities of the topologically optimized structure under different load
conditions, the energy absorption performance of the four sandwich structures subjected to the rigid body
impact loads at different velocities and three impulse loads were compared. After comprehensively
considering the deflection at the centers of top and bottom panels, the specific energy absorption, the ratio of
energy absorption of core layer, as well as the mean impact load, it shows that the optimized sandwich
periodic structure performs higher energy absorption capability and resistance under the rigid body impact.
The specific energy absorption of the optimal sandwich structure is less than the sandwich structure with
rectangular core under rectangular impulse, losing advantages of the structural optimization. It indicates that
the optimization design obtained under a single load condition cannot get the best performance for any load
condition, and further research is required for different load conditions.

Keywords: topology optimization; impact load; sandwich periodic structure; energy absorption
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