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Fig. 1 Construction flowchart of nacre-like Voronoi brick and mortar structures: (a) single layer of stiff material; (b) single layer of
nacre-like Voronoi brick and mortar structure; (c) three layers of nacre-like Voronoi brick and mortar structure
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Fig. 2 Explosion experimental device and sample
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Table 1 Geometrical parameters of samples

Sample No. Vo.ronoi cell S?ft mateial Number of plies Mass of e@ulsion Volume frac}ion of
size/mm thickness/mm explosive/g soft material/%
1 10 0.8 3 40 273
2 10 0.8 3 20 273
3 10 0.8 3 30 273
4 10 0.8 3 50 273
5 10 0.8 1 40 11.9
6 10 0.8 2 40 21.7
7 10 0.8 4 40 25.4
8 14 0.8 3 40 238
9 18 0.8 3 40 20.1
10 10 12 3 40 29.9
11 10 1.6 3 40 35.5

3.2 IEWHHE NG AR T B9 F M K A A 4L 38

BEXF 3 2405 IL5E Voronoi fits Y2544, 38 1 1A 1~k 4 1A BROTEIUBIE T A [ KE 245 25 1 0 A2 B 2R
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Fpv th B VIR . 25y BORSR, DR 45 M AR B0 4 28 1 SRR, S5 IR T 4, A
e A IBAEARTE , WNIAT 6(a) B 7 ITSBEIR Hh, il A o A 2 BH S IR, I Al HE B4R 18] ZREL, A TET 6(b)
it s MEREIR v, S5 R /NBR I v , e 355 s oA 2 A BT UTEIR, 1AL 6(c) B s IVRBIR h, S5 40 K A 512
IR, Jefipdim A A= BT UIRIA, AnfEl 6(d) BoR

(220¢ (b)30g (©)40g (d)50g
K6 AREYEL5Z5E T {70158 Voronoi i1 S5 1M TRAR =
Fig. 6 Damage modes of nacre-like Voronoi brick and mortar structure under different explosive charges
7 25t 7 alRE 2 ZEARIE BT N IR T AR R G AE K 7 10 Z B IE ) oy oy Rl oz, H
TH5 K HA XS FRE, & 7(a) FIE 7(0) AL S TIERN Sy oo . B & 7(a) AT JI, S5 55 1 )2 v (i i bF
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BEAZ R 7 (AR R, S 3 2 A2 B0 1 fVE A, O B b 5 Je e 4 i B, SR EEA R AR A
U5 e 3 i e 3k BN BE BHRE BB IR A BR, BT DAKE 25 5 4k 238 K5, 250 oAb kAR TSR mIR, Jedim kAR
BUIMEIR, SRR SLI A R —8. WA R AR IERN )] o KT B IEN S o, FRRIES R T, 5 0
5¢ Voronoi fi e 45 ¥ 6 A4 KL e R AEAE xy T _F AR XS i sh 22, B854 & A AR B, 1/5 U1 7¢ Voronoi fi% Jé
S5 RG22 W KT T 1) AH X B, 2 IS BURM R R AR BTN ) o | o MUB YD N AR e | e PP
&l 7(c) FHIEL 7(d) AT, AR F2 AR A AR OB RO B, SR TR B e K o Y KR 24 24 s 3 in i, 1
INE e R AR R L JR T 3OR L 2 5 AR ORS TE B3 )2

o,./MPa o../MPa

50
40 (b)
30

7 i 015E Voronoi 4514 ) R 1 FINEAE 2= [l (a) BEBARLKTEIERL 77, (b) BEAPRHE B IER 7],
(c) R EEA R TTYINAE, (d) J2NERPRH B Y] 22
Fig. 7 Stress and strain contour plots of nacre-like Voronoi brick and mortar structure: (a) horizontal normal
strain of the stiff material; (b) vertical normal stress of the stiff material; (c) shear strain of

the interlaminar soft material; (d) shear strain of the intralaminar soft material

33 HEBRENEMBIFRXHNENE

R BIE 5 M e JZ O 17 DL 7S Voronoi ik Y ZE A 1520, SR 5 52 56— B 2 (RIFLALKE 2558 40 g,
FEKERE RO 150 mm) XFEE 5~ 7 EAT A BROCEY, 45 R UN1E 8 . A 1 JRREJE4S M, 45
Je Az B AR, e s A2 AR ST VIR 254 2 JZ A5 Pe &5 R I, th T IR ) s B A7 7, 5 B2 i it
HALE, 2 JREH AR AR AR TR RO, Wl TS 2 M RE S ; XA 3 SR IR AN IS, A /NREER BT, A i R
S A B YW, AR B el e 16 D R A AR ) L AT 4 R0k YRS I, Bk PR A (A A BB T
AR o L LRI, Bl HE B SR AR BN, 2548 A AR S el OO ) SOEPEREIR e A2 D BBV AR T, S5 AR Y
PUMRMEREZ W42 1 .

(a) Single-layer (b) Double-layer (c) Three-layer (d) Four-layer
8 AFHESZE7 07 Voronoi ik e 5 A4 YR IR

Fig. 8 Damage modes of nacre-like Voronoi brick and mortar structure with different layer numbers

3.4 Voronoi $ T R ~F ¥ 45 #) ik S 15 3K B9 52 M

PEBGAAE 1(CFAIC RS 10 mm) S B, (R 452 N B RHE AR AS , B0U2E Voronoi H0T R 152 FE 8
(B RSF 14 mm) AHAEE O(FA TR ) 18 mm), ifF5F Voronoi B R 4 Hopr g e nysgm . mE 9
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A, Voronoi IR A 10 mm 34 R F] 14 mm i, 544 i) /NSRRI 7% B G0 %, 280 A ™
2, BRI 2, i thAR™ A 9 S0 e A2 B IR, RS0y IR ARSI, B T 3R A W7 i A
A B TP e K R T S5 A I RE . 2 Voronoi BT RUSTHE R E 18 mm I, G544 b % 240 H 1 5 il
FARE, AR oG S S E, 5 SCHR [20] ISR G . £8 EPNA, Voronoi HC RS XY 1Y
PURTEREA 2500, B Voronoi B0 NI, S5 rh A B4 AR BR 20 B i, i 45 2354 A AR R
WS FERCKEZG 250 N, SN0 A T — R BUR M RSN A KL T IE, PUBRPEREA BT R . SR, B
e 25 25 5 3890, Voronoi 870 RS (9 9 R 23 il 45 4 S 2 R AR I PERE IR, DT S B4 #) ) MR P E TR I

Front face Back face Front face Back face
(a) Sample 1, 10 mm (b) Sample 8, 14 mm

Back face

Front face
(c) Sample 9, 18 mm

B 9 ANIF] Voronoi HIoRF R B RS

Fig. 9 Damage modes of samples with different Voronoi element sizes

3.5 EIEIERMRLE X 45 # AR 4R 3 Y 72 i

PEHGRARE 102 B K2 O RHE B 22 1.2 80 1.6 mm, 43 545 238K 10 FEEE 11, B HE
TERGEHE AT B 3 270 SO, A5 T2 P9 AOR RIS BE X 5 A4 AR MR RE B2 IR ol 1&T 10 W], 24 J= b R
JERE H1 0.8 mm MY ANE] 1.2 mm I, G54 BEAS ARS8 K AR VB ARIE , I TR RHIBE 7% BRI %, iy ThD A A
L BUAR 1) 24805 2 HO R EE BER INE] 1.6 mm B, FOMORR & A IR, Birf B0 P AERE R R I, X
JE TR BB R SRV R B SRR IY % e v R AR C 2R B T BRI B, A5 A R B RE
REAI

Front face Back face Front face Back face
(a) Sample 1, 0.8 mm (b) Sample 10, 1.2 mm
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Front face Back face

(c) Sample 11, 1.6 mm
BI10 S[R30 IS B IR ) e RS =X

Fig. 10 Damage modes of samples with different thickness of soft material

3.6 Voronoi % jJe 25t B Y BE 43 47

15 WL 5 Voronoi fi JE 45 ¥4 ) LI BE (E, ) B
Ex

Esp = ﬁ (1)

A E, J1i DL5E Voronoi fif Y 25 14 W W () S BE 25 M A 475 D1 5%E Voronoi i IR A5 14 (4 BT, HH T4k, B A4
LA BEAR TR, BT G548 0 SRR [R], 5T 3 1E E R 0.054 kg

5T Voronoi BT R SF | 2 PR RS BE X 45 4 2% 2 43 W2 BB RE 1 2 ), 3 A3 H L T O[]
Voronoi JLIC R | 2N M EHE B (1Y 3 )21k Te 25 7E 40 g BB FLALKE 2 T 45 3843 19 Lb e B, 45 3R I
2. MR 2 AT, 2 OB AY B K R BE 2 S A RE Y 1.8~2.3 £% . 24 Voronoi H.JG RS HE KR,
OB B R T S3 BON 27.3% T B 21 20.1%, )2 PR LR BB I T 45.6%, 17 )23 () F0ORRLY L1
W BE LT+ T 2.2%, B ARG LI BE T BE T 4.4%, B Voronoi 57T R X 421 43 1 BE i WA — &2 1)
Somm . Ay AT H R R A B, S Voronoi HLIT RS RIS K, B4~ Voronoi F il 55 J2 I HO Ak 14 422 fih i ARG
K, U G50 K AR IR I, 2 OB REE R 5 WO N, T Voronoi BA.76 RS Y B50AE XoF )22 (6] 300k L RS A4
BT BERE J1 R A 55 . 2 N ARG R BE M 0.8 mm B4 A1 F) 1.4 mm (K33 B2, AR R AR FR 3 BN
27.3% K % 34.3%, L5 FERRVEERATVE T &4 T 3 Ry PR IE, HPEAS B % & HE7E Voronoi
R eLs 2N, R, J2 N EOM BEAY FE W RE RS R T 31.1%, AHAFBHA FE WG REIE K T 11.3%, 1M 2 8] 544 At
I LE W BT R T 9.1%, 16 HH 4028 )23 PR 00ORE RH IR 56 )23 (B FRRA B L W R A RE I K . 302 i T O BHAY
JEL 380, e A5 U2 P ORA R A AR 0 BOG n, AR L B W R R TR . U2 O R B R n 2]
1.6 mm B, J2 PIEIORE AR JEE B X6 45 4 A8 TE 19 2 b T B8 A FH B B S, )23 P 2R R L G BB S N T 5.2%, T
B A5 22 AL BCR L B4 LRI RE 7331 B B T 6.3% 1 2.5%.

2 PRIBEART EARMRNEER 3 EHESSHT LR EE

Table 2 Ejs, of each component of 3-layer structure with different element size and soft material thickness

Cell Soft material ~ Volume fraction of Eg, of interlaminar soft ~ Eg, of intralaminar soft Eg, of stiff
size/mm  thickness/mm soft material/% material/(J-kg™") material/(J-kg™") material/(J-kg™")
10 0.8 273 138.1 37.9 63.7
12 0.8 24.6 138.5 43.5 61.6
14 0.8 22.8 138.5 44.9 61.0
16 0.8 22.1 138.5 46.2 60.9
18 0.8 20.1 141.1 55.2 60.9
10 1.0 29.6 124.6 46.5 63.0
10 1.2 29.9 124.2 47.8 65.6
10 1.4 343 125.6 49.7 70.9
10 1.6 355 122.5 523 66.4
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Dynamic Response of Nacre-Like Voronoi Brick and Mortar
Structure under Explosive Load

CHEN Xinkang, LI Zhiyang, LEI Jianyin, LIU Zhifang

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

Abstract: Inspired by the brick and mortar structure of multi-scale and multi-hierarchy, a nacre-like Voronoi
brick and mortar structure was created. Afterwards, the dynamic response of nacre-like Voronoi brick and
mortar structure under explosive load was explored by combining 3D printing, explosion experiments, and
numerical simulations. The influence of the Voronoi unit cell size and the thickness of the intralaminar soft
material on the damage mode as well as the energy absorption of the structure was analyzed. Under the
spherical emulsion explosive charge of 40 g, the radial cracks appeared on the front face of the nacre-like
Voronoi brick and mortar structure and then spread around, while small pieces of fragments fell off the back
panel. A finite element model was built and showed good agreement with the experimental results. The
damage modes of nacre-like Voronoi brick and mortar structures under different explosive charges include
plastic deformation, cracks occurred on the front and back face, small pieces of material falling off, damage of
whole structure accompanied with shear failure at the gripper end. The horizontal normal stress of the stiff
material is much larger than the vertical normal stress. Meanwhile, the shear strain in the interlaminar soft
material is much larger than that in the intralaminar soft material. The specific energy absorption is 1.8—2.3
times larger in the interlaminar soft material than that in the stiff material. With the increase of the Voronoi
unit cell size, the specific energy absorption of the interlaminar soft material increases by 45.6%. As the
thickness of the intralaminar soft material increases, the specific energy absorption of the intralaminar soft
material increases by 31.1%. This study may provide some definite reference for the design of biologically
inspired structures.

Keywords: nacre-like Voronoi brick and mortar structure; explosion test; dynamic response; specific
energy absorption
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