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Fig. 6 Tensile and compressive stress-strain curves of concrete
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Fig. 7 Comparison of concrete crushing test and simulation
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Fig. 8 Plastic damage failure process of concrete
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Fig. 12 Relationship between the minimum particle size of concrete coarse aggregate and the damage of concrete
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Damage of 3D Random Aggregate Concrete under Ultrasonic Dynamic Load
CHEN Qidong', WANG Lixiao®, LIU Xin', SHEN Yichen’

(1. School of Mechanical Engineering, Changshu Institute of Technology, Changshu 215500, Jiangsu, China;
2. School of Mechanics, Soochow University, Suzhou 215000, Jiangsu, China)

Abstract: Concrete is a heterogeneous that is composed of coarse aggregate and cement mortar. The

dynamic damage process of concrete was numerically simulated by the action mechanism of ultrasonic in

concrete crushing in this paper. The random placement procedure of 3D concrete aggregate was prepared by

APDL and introduced into ABAQUS, and the plastic damage constitutive relationship of each phase material

was applied to study concrete damage law for dynamic loading. The numerical simulation results show that

with the increase of ultrasonic dynamic load, the concrete with 40% coarse aggregate can always withstand

the maximum stress load. As the amplitude of ultrasonic stress wave increases, the damage value of concrete

under dynamic load increases gradually, and the damage resistance is optimal when the volume fraction is

40%. When the maximum particle size of the coarse aggregate gradually increases, or the minimum particle

size of the coarse aggregate increases, the concrete grading is unreasonable, resulting in unstable

performance and more vulnerable to damage.

Keywords: concrete; ultrasonic; random aggregate model; plastic damage
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. . . . . . .
0.1 1.0 10.0 100.0 0.1 1.0 10.0 100.0

Strain rate/s™! Strain rate/s™!
7 T CDIF {5 5250 KUY L 8 RIFKIRTE ) TDIF
Fig. 7 Comparisons of CDIF values obtained from new Fig. 8 Comparisons of TDIF values obtained
models and experiments from different models
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2.1 SFRC R % /A EfrE

S T VSRS 11 v Bt A 2 K0 R T S OB | SR AT | A7 R sl B B PR AL (4 A R bk S5 T
Sk, o e R R AR ) SFRC AR AT 07 FL A o B BLDLIT T SFRC AR Y R AR BL R 1%, R
SPE N 310 mm x 310 mm x 50 mm, SCHE TANHMELLZ b, B S EE S 240 mm. AL ISk AL B
#2925 mm, KJE A 75 mm, JF R 297 g; BAUMRY SKH-51 T B4, 3% FCAF ¥ HRC & N 60, {24153
FErP SRS  A/N , BALAY LA 58.2. 76.0 1 104.0 m/s FY 34 B X SFRC Mt A7 A 400 whr o Sy

SFRC #z 9 1/4 T+l 9 R, XF Bk i it fin X BRZ9 8 . >R H SOLID 164 57T X 3L {4 Fil
SFRC Mz #4710, FoC R TR 2 mm, SR B 8 = 0T AU Fiks B H 3595 . SFRC MR H B ik 1) K&C 44
BHEHL F A *EOS_TABULATED _COMPACTION IR A 2. fie K0 BE 11 . ) 4f i Ao 8 1 | 5% Ak o i
T2 HUE 3 (5) L (7). R (8) Bz, 45145 T8 Ak R 542 X (10) SEATAB IE, #3453 L9l I 42 1.3 191
D7 15K e, DIF 8 0 (15) f=X(16) . SFRC AR EZM B S HI T4 1. Hrp, L, W25 R385,
o REEE, v NIAM I, o MBI RE. # 1 PRGBS EIR N A shA (.

ALK I *MAT_JOHNSON_COOK #ARHE AL 2R3 FH 07 A8 28 A48 Ak 71 B 45 K b LRk 5
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A 1 s PRI T v ) R, e KL e o BRI 5 b R B, T A 5 *EOS_GRUNEISEN AR &7 . 5
LR EZEM B SN R 2 iR, Hrb. G B UIRiE, 4. B. N, C. M N AR RS B, T, WIELiR
BE, Ty W N, & HFEMERRS AR, ¢, i FE LU IAEY, SPALL Sy ¥ 4b 387 =X, IT Sy 981 i A8 14X
eI, D,. D,. Dy, D, Dy ¥ RRBWERSH. 2 HARG B NS EEIRA B shA Wi .

F1 NHEMWTHRRLT K&CERSH
Table 1 Parameters of the modified K& C model of SFRC

Strength surface

a,/MPa a, a,/MPa”! a,/MPa ay, a,/MPa’’ a a,/MPa”!

64.0 0.481 5.82x107* 45.93 0.726 1.77x10° 0.476 8.56x107*
Damage Others

b, b, b, a a, ay A Ljmm  f/MPa f/MPa pl(kgm™) v w

075 -150 1.15 3.00 0381 190 9.5x107° 24 175.3 13.8 2 600 0.19 0.5

F2 FELBAMMBESH
Table 2 Materials parameters of the flat ended projectile

pl(g-em™) G/GPa A/MPa B/MPa N C M T./K Tw/K
7.83 210 792 510 0.26 0.014 1.03 1793 294
&lus ™) ¢/(Jkg""K')  SPALL IT D, D, D, D, D,
1.0x10™ 4.77x10° 3.0 0.0 4.00 0.00 0.00 0.00 0.00

gL 5O MR 2 R AR Dl B ik Ak
*CONTACT _ERODING SURFACE TO_SURFACE,
BN SRR 0 0,15, SR AICHEF
*INITIAL_VELOCITY GENERATION 7=/ 5 3147
HE . VWP 7 R LS-DYNA 4 1 4 i
Rtk 3, TR 2K R 2R 0.6

K&C #OBHE B A A B4 R 0 . S 1
B SFRC M i il I 2R A =, b 75 51 AR il 2R B0 SFRC BT S e A BT
e *MAT_ADD_EROSION, O E A Fig. 9 Finite element model of flat-ended projectile
Ema(E IR HNYE, — HBATE T 10 A K T epa, 1L impacting SFRC plate
JUHE ST BV BR o A= ok 2R RSB A T Ik RS, BRI B =, 3 ] T4 P9 B . A i 9 e i
PRAZ ol R RAEL B, 32 2 i ahE A BT Y K R R R ORI i SEE . A0 [E] 4 v SFRC A U (BN AR
0.003, 75 J& B 75 I A8 B Ak By B, W24 07 A8 hy i 4 I AR 19 2 A%, 4075 %5 TN A8 SR 30N 2T 4 24 SRAL N 45
s e CEELCA 10 £5% ), PRI 2R 8% 32 1 28 BCHR 0.06,6

S g R K MG R K&C BEAL TN ) SFRC A 2l 77 e iy A% L An ] 10 frzs o H B 10 AT, Ji
K &C #5270 {14 T 45 S 5 5 55 245 2R A Bl SRR =X W) 6 e 2, S e 00000 28] 52 56 o 1 il I 3 24 5%, i e itk iy
K &C 5 AU (1% T 00 45 5 55 50 50 25 SR A e A =X W) 5 B4, MEBA 3R 1 5 1) 24 4% R b A 24 4% 1) e o
SFRC M 7E ALY T B 25900 HL AR 5 5250 25 SR 10 LL AL AN 55 3 i, I K&C 53 AU I A 235 90 LA 5 Sk 4%
485 i 22 3K, TR 1Y) K&C A5 BN 1 b T 1 55 AL BE o 58.2. 76.0 i1 104.0 m/s B A 2590 LA, 5
S0 8 L R AR 25 4301 A 12.0% ., 4.0% F1 6.4%. 25 LTIk, Ji K&C 57 A1 40 25 JL e B, SFRC 1Y
i PR RRAE S 2, T G ) K& C B AU U B R AiE T SFRC A9 o ZE 1 ) B 1 IACRE 7, 156 BH ik
[ K&C #5575 i B s 0 b 9000 SFRC A A2 ks ey 28 15 114 3 g 1

Symmetric planes
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Experiment Original K&C simulation Modified K&C simulation

' _ _
132 mm 106 mm Shear cracks

(a) 58.2 m/s

Penetration depth:

Shear cracks

Shear cracks

| 124 mm Shear cracks

(b) 76.0 m/s
Tensile cracks |' * Shear cracks
28 mm 128 mm

(c) 104.0 m/s
B 10 AS[FEHEL BT SFRC AR 525045 50 S8 E R ZS AT L

Fig. 10 Comparison of the damage patterns of SFRC plate from experimental results!"’ and

numerical simulation under different impact velocities

R3 ZTRHESHERUEMENERELR

Table3 Comparisons of experimental data and numerical simulation of the scabbed crater diameter

o ) o Scabbed crater diameter/mm Model error/%
Projectile velocity/(m's ) - — - — -
Experiment Original K&C Modified K&C Original K&C Modified K&C
58.2 120.5 132 106 9.5 12.0
76.0 119.2 148 124 24.2 4.0
104.0 120.3 28 128 76.7 6.4

2.2 SFRC R ZI1RIERHAEA
K&C A5 AU H B Ik 3 A 438 ME 4 204 FH R TR 5 - 4540 (4 3 Ty i i, X 7 LA Sk ] K&C 55 AL 53 A
A5 T DU A IR B8 DAY PO R RE o Dk — 20 50 Uk ek 1Y K& C 58 B A 48 1 far 2804 T T
SFRC #f 31 75 Wl b7 1) A7 2% P F0 T SE M, X SFRC MR 78 498 4 a7 2804 F R 08 30 g e i ) R A7 BB B4
SFRC At i RF 80 550 mm x 550 mm x 50 mm, S8 TRMESR Z b, B R 460 mm, 5|4 B A1 IE
YE 250 B EF AEAR TR 38053 3010 0.5%. 1.0%I1%) SFRC MR #EAT i I, TNT £ 25 %80 50 0.488 kg, 4
24 0 B SFRC M1 0.272 5 m, FCBIBE S 0.35 mkg 2,
SFRC 1 1/4 BRG] 11 B 7R, 76 % 1 it
T #R 20 W, A AR AR X PR T SR OGBS
*BOUNDARY NON REFLECTING Jifi il JG )& 5t i1
TR, B T A R R R B S
BT e IR EE B . TNT KB 245 Al as SO 4L A
SFRC # R F RS B H 30125, TNT K 25 Fil s Sl
TCHIR B 2 W ALE 513k 0 59 R H G HE
F*ALE_MULTI_ MATERIAL _GROUP ¥ TNT #f
2 525 58 S ALE MBHA, BARER — AR Y
PR, TS REAL R RS T H SFRC 4544 7 42 AR B 11 SFRC MRTEREKERTENE T HO A PR ITH
HAEM o R U 1 S A L *CONSTRAINED_ Fig. 11  Finite element model of SFRC plate under blast load

TNT

SFRC plate
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LAGRANGE_IN_SOLID % SFRC #5435 UM KE 25 Z 8] 9 AH B.AE I o TNT Af 8RB R
*MAT_HIGH _EXPLOSIVE BURN, Jf8t37*EOS JWL RS2 . a5 R FH*MAT _NULL #4RHEE Y
JFEES *EOS_LINEAR_POLYNOMIAL ARZS T 8 o WIEF 4EIRBE - M RS A Sy i gk (1) K&C BEARL, 1k 2
B R E Ty 1 S A PR AR AR B ] 2.1 9

AL R b i B3k SFRC AR IN, il 28 TR B b T =l 46 17 JIRAS, w2 B0 GTAR 09 4 B )
TRMEIR o I —FB 43 vl 37 B 3 SFRC AR J5 R I, J5 2R 18 ARAL T 22 Sl A i I3RS, v S 8UR B +
P T IR LS o SO A5 IR 5 ek () K&C BRI AE SR A xF Lh an ] 12 piros . | ] 12 W] el
1) K&C L AVA - 1 U 1 SFRC AR HT TR B8 - 119 17 R4 s B (L ASE4DL 5 ST 16 ) e A X 34 Sy e A8 g %
FLIR, V)& R4 BEE LT 4E AR R0 B 14, SFRC Al 46t 43 B U 10 B B Ui 4%

(a) V=0.5% (b) V=1.0%
K12 RFESHEARBUMET SFRC b i Rt AU 52 0645 51 S5 5 B

Fig. 12 Comparisons of the damage patterns of SFRC plate from simulation predictions
and experimental results'” under different fiber volume fractions

3 & #

A 3 X R K &C TR 58 A5 R A7 e 0, R 5% T A9 AT i R e - A e ol SR KE AT VR R B9 3
N, F LR EELE S

(D) ARHE A i SFRC = 4l e 45 52 56 55040 , 78 I 2 2000 32 T 4S80 1) Stk L=, 2% BT 0 2F 2 AR R 43 B0t
bR A, SR /N Rk ST T T SFRC R 2 B30 8 TSI L %R R BE ME R 8 3R SFRC
F4) 2 355 R T

(2) i id LS-DYNA BBl s el i fr . K50, SR A 2086 7, 57 7 SFRC 1 453 473 38 AL A
R A0 T RCUERL . AR 455 2 8000 AT )y ik, A48 45 SR 28 W, 9 (9 463 43 ML 8 I B i 38 SFRC g i A8 4K
UAFIE Lo

(3) MR i K o g 0 A2 %2 SFRC A FRLl e 47 55 95 504, 7F CEB-FIP 32 Hs 51y 7 3 5 [A 458 704 1y FE Al
I, F IR T AR AEARFR 3 RO DIF {8 ek i 1 A8 S i 52 0, 2837 T SFRC (% CDIF B, 258 7 g HE 1
FAE SFRC 52 H s () 07 A8 2R A4 N

(4)3# 3 LS-DYNA B {0 1 g 3 58 AU A=A 4 27 206 TR O - 0 M A5 8 R 7 4801 AN 27 4 TR B ARy
Bl 0 7, AR UL 25 SRR T A (Y K& C AR, i A% o 9 E 4R 2T 4 YR R - W 2 bl R A A 24 F
S5 DAL DA
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K&C Model of Steel Fiber Reinforced Concrete
Plate under Impact and Blast Load

YIN Huawei'?, JIANG Ke', ZHANG Liao', HUANG Liang', WANG Chenling'

(1. College of Civil Engineering, Hunan University, Changsha 410082, Hunan, China,
2. Civil Engineering Inspection and Test Limited Company of Hunan University, Changsha 410082, Hunan, China)

Abstract: Steel fiber reinforced concrete (SFRC) is widely used in protective structures due to its excellent
ductility, toughness and energy absorption capacity. K&C model is a common constitutive model for
studying the response of normal concrete components under impact and blast loads, but it cannot accurately
characterize the dynamic response of SFRC. In order to improve prediction of K&C model for the dynamic
response of SFRC plate under impact and blast load, this work improves K&C model: a new failure strength
surface parameter model was established based on a large number of triaxial compression experimental data,
a new damage evolution model was established by trial-and-error method, and the damage parameters of
tensile and compressive were calibrated. A new compression dynamic increase factor (CDIF) model was
established based on a large number of uniaxial compression experimental data of SFRC under high strain
rate. The dynamic response of SFRC plate is simulated by explicit dynamic analysis software LS-DYNA.
The effectiveness and reliability of the above improvements have been verified by simulation results.

Keywords: steel fiber reinforced concrete; K&C model; impact load; blast load; dynamic response
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(a) Model boundary condition (b) Steel and concrete model
B AR EE - h A BROTAAL

Fig. 1 Finite element model of reinforced concrete wall
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i 5%
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Table 1 Material parameters

Parts Material model Material parameters
Hammer *MAT_ELASTIC p=7800kg/m>, E =200GPa, v =027
Concrete *MAT CSCM p =2400kg/m>, f. =30 MPa, d =20 mm
Distributed reinforcement *MAT_PLASTIC_KINEMATIC o =7 800 kg/m, E =200 GPa, v =0.27,

Jfy =490 MPa, f, =656 MPa, E; = 1.1 GPa

p=7800kg/m?, E =210 GPa,v=0.27,
fy =340 MPa, f, =521 MPa, E; = 1.1 GPa

Stirrups *MAT PLASTIC KINEMATIC

1.3 #RBEVIGIE

R T B UE ARG BT R FH A PR T AR Y B 7 LS M i L A VL U - 5 AR A i o fer 24 T I i
G316 SCAR [20] H AR L SCHR [11] A B AR DL SCHR [21] T A S5 2 TR
1.3.1 WEVE BT RHERTEM

SCHR [20] FRAA R 3 m, W 2.5 m, A R SF 4 100 mmx250 mm, F R 454 B PR AR N 16 mm
HIYNAT, F A B 6 mm. [ 150 mm, JR%E - OR47 2R 20 mm. JREE 585 4 30 MPa, ‘- #HRi 1% 20 mm,
4 7575 J JIR 988 )3 490 MPa, B FR 3 & 656 MPa.

R 5 G 0 15 00 AR A7 BT, A S A v b it o 38 ) £ 24 RO EL 0 v SR AR 1 3 AR . 5 TR R
BEHY R AR, SR 1/4 A5 RY IR A8 X R T L it I 6 AR A4k . 2% 2 thg i T T A AR 0 B KA B 1Y
RO (E FEAE . 182 TP i i T3 A-1 R A2 1 o B I A 4R 5 R AR 403 R T L, D A S A
FOEL L 330 18 IR bR T ASARL S X0 S5 2% 1 1) T A i J i) o XoF L 285 SR WA, 0 (RS UL b s 230
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Table2 Comparison of the maximum displacement in midspan

Maximum displacement/mm

No- Measured Simulation Relative error/%
A-1 81.0 82.8 2.22
A-2 74.0 74.0 0
A-3 83.6 90.6 8.37
A-4 89.5 86.6 -3.24
(b)

—— Experiment, A-1
—— Experiment, A-2
201, - - - Simulation, A-1
- - - Simulation, A-2

Mid-point deflection/mm

20 40 60 80 100 120 140
Time/ms

B2 A1, A2 BEEhER B M2k (a) ARG IR (b) LLAR

Fig. 2 Comparison of deflection time history curves (a) and damage diagrams (b) of A-1 and A-2 beams in midspan

1.3.2 WENREE TR BIR TR

SCHR [11] PR v B aa AT 8 B i A3 A 7] Fr) 809 A T BB - ARtk A T T il . ARG RSE 2 500 mmx
500 mmx50 mm, Ji&FB XL A E EH AL 4 mm., (8] 50 mm f89 57, A9 JE IR 3% A 256 MPa, B BR 58 N
412 MPa, IR &E T BP0 E R BE Y 25 MPa, fR47ZJEEE R 10 mm, {50 i OR 15 7% BE BT & 5.25 kg, & =
500 mm ANZAE, L EMBEIN . G0 AR AR i AR, ST 1~ 4 R R R AR A SR, e
S5~ Mt B % B TV 6 EARMA R, B4 4 MR SRS 0 R Wil &, =%
TR PRI 30 SR TR X 30 SR

B3 25 1 T M 6( =31 3R ) FbR 7 (I i1 SR ) 40 4% B R il 26 10 S 36 S BEPL 25 R X H . AR 6
li1) N 5 R A8 B AU A6 43 90 9 0.307 10312 mm, 15225 H—1.6%; M 7 1) K fix KA 72 A AL UM
FSZIAE 43 R 0.576 F1 0.584 mm, R 22 M —1.4% . 33X 1 WA AT 8 57 A4 455 780 Rl A% o A A5 400 F7 S Wi o il
Tr 5 I S KB, 18] 3 i 2N B 58 A4 4 110 Dt R I 2 B 560 v B A 90 s B 20 S s AN B A

2.5 2.5
(a) Slab 6 (b) Slab 7
20

20

1.5

—
W

Deflection/mm
(=}
Deflection/mm

0.5
0
0 —— Experiment N —— Experiment
- - - Simulation —0.5 T - - - Simulation
-05 L L L L L L 1.0 . . . .
0 1 2 3 4 5 6 0 2 4 6 8

Time/ms Time/ms

A3 Ahi R R 2 i) S SRS ST L

Fig. 3 Displacement-time curve comparison of the experimental and simulation results
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1.3.3 WERERTIEMARTER

SCHK [21] "X 4 HOB TR e 5 AT T R vh i 08 o X8 P R 2 100 mm, B 951 100 mm, 1
J& 160 mm, {472 E B 15 mm. 305857 7358 9 A F1 531 89 /7 2 @8 mm 1) HRB400 #9777, Ji fiz itk i
K 442 MPa, H FR 3% B8 614 MPa, 9\ f7 153 A 84 7377 B /57 1] 643 531 >4 250 1 300 mm. $77% 5 @6 mm K
HPB300 40, KM TEAG B WREE LR RN C30, A T HEE TR, SR A 1/2 SR, I 78X FR
R LRI . X SCHER [21] T A-1 55 F A-2 55 00 vp b 3 00 R AT BUE AL, 355 A v 67 B 0 (X B
F 3R, K 4(a) M 4(b) 43 A H T A-2 55 e LA IR il 28 Rt 40 B A X 1L

®3 ERPOHRAMARE

Table 3 Comparison of the maximum displacement at the center of wall

Measured maximum Maximum displacement .
No. . ) . Relative error/%
displacement /mm simulation value /mm
A-1 32.9 352 6.9
A-2 57.4 52.9 7.8
———
0 f(b) i s
50 // \‘\ ‘ 4 |
=) Ly
£ 40 ’ .
5 ! \ /N N AN , ‘
= 30+ \\ / AW N / N\ ‘\\ /
3 | ; N S
=
A 20
10 Experiment
- - - Simulation
0 1 1 1 1
100 200 300 400 500

Time/ms g
Bl 4 55 A2 PRSI RE R LR (2) S5 % L (b)

Fig.4 Comparison of time-history curve of central displacement (a) and damage (b) of wall A-2

Hi e 3 FAL 4 B Heml WL, BB R 500 45 RO i, 00 T 5 K52 ohdi 5 A 7K FRt
g, YA R S 2 B R A BRI 3
2

TS N 53 4

Xof B0 7 T 1% 7 FRARH AR A R A e AT R . X 11 A A 24 BN TR BE B IR,
JiE oy 2 ¢ (R EE DL 3 my/s (13 FE AT oh el i A o0 o B ol XK /N 300 mmx300 mm.
2.1 HELEAIFm

S 25 T il B X 4 AT T BB A 18 4 rp o KT 7 B o) R i 2 1 5 i, 5 B BRI rhox B g 35 il R
Fb A BRI, T il 1 L R 5 0.6 S DU AN PR AT R4 . DAIETL S PRl DU s ol VR AR RIS, S T 355 96 &%
A T G BT F7 55 K57 B 1l 2 5 B R [ B9 e 4 i T R L B9 388, 5% v s KOS B U
/N, EUh R F R0 25 0.2 B, V0 RS 08/ 0N A9 S 2 e A 5 i 5 5 P b P 388 o, 5 2 JR B0/ DN, A 3R 34 K, 13 B
B A ) M R

DLk, B 25 il Ll A3 R, 395 10T 088 1) 57 A BRI /N o T B ARCPE i far AR VE R 2 AR AR, b
R BE + 32 XI5 3N, e AR I U HENLE o 7850 b g 22t 355 T00Rs ) 457 B A 32 BRI Bt & 2
S L R 386 T 5 100 2% i) 47 8% A2 B BR ], HEAE P AR 205, PR e 4 [ b o 467 20 R S A v oo 57 3% B
R L 3G s o [RTESE, i e 0 1 P A A A 355 A D e, e 3 SR RN
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Fig. 5 Midpoint horizontal displacement comparison of the wall with diffirent axial force compression ratios
22 EERN

P 6 LA 1 e AR ] i AR F R AS TRl o OB R oo K2 R I R M 2R . S5 LEAR TR, B8 55

40
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Fig. 6 Midpoint horizontal displacement comparison of the wall with diffirent wall widths
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oL IR 5 N SRV VA5 25 W N T R 2SS 1B B R N B U U R T = B R v TR N T el
PUBTRE 1 S i, TR 5 1 B A e i M RE
23 DG HIE

WG E 4 MR AR 16 mm B9l 4R, (9] B 7 2 st AT AR 107 o BT 7 PO T S0 b 1 ol 3k A o
DACHRLRS B2 R, AT WLAT 3 G M PS5 1A R 2 AR TG M PRSI B R 282 /)
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70+ (2) N 351 @
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Fig. 7 Midpoint horizontal displacement comparison of the wall with different boundary elements
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Mo A —2, (AR GAL = EHLES , MG PE A BRI DT RE I, R I A i G 4 P 1) 400 9 TR 5 i A
BSR A AP HL % A8 I A RE T, DT (358 A 47T ol AR ARRE 0 4 w855 (3) LG 1R ) o [ 35 A RS 3 24 TR A:
JFH, A A 24 TR T S5 2 ) SR 20 7 3 5

L 0.2 I, A7 30 SR 135 1R LTI 300 G b A1 358 A ) v 0 (52 R i/ N 8 2 LB S L Sy g/, H
5 PR T AH P 6 597 98 76 380 Ak i Al 1) T ) 5 S R P BRI o S SN, ;A 1 o i 1 e
[Fa) 7 5 1 24 RO JRE il /|, e A oo el 5 6y i A v ) ) JR 8 X3, DA 1.6 m 58 9 A3 TR 5 AT s A
IS (87 5 FP KSR BN B E EE 1.1 m S8 A A TR B it PO A (5282 Dl /I R JEE /)

3 WIFENX DA

3.1 mAES
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U B R A R B, 0 Xl A T AR B AR TR A, 255 2.1 1 BT LU AR BN s i oo A
4 ) Bt RE VR A2 B PR A B 45 0 LR IE] 8 () FIE] 8(c) T LAFE 1, 5% B-0-0 Ik A-0-0 A5 5 T R ¥ 35 K,
E5E A-0-0 Fry 5 17 R J32 0T 5, 150 B 348 fin 5% 149 5 158 B A D e B AR R 4500 A 1 . DA 8 () FTIE] 8(d) FT LA
i, 5% B-0-0 A% B-1-0 F AR5 475 3 AR L 5 K, (ELI3% B-1-0 78 10 R M (40 A0 A 45 405 72 B oG, HLYE s A
A ) 453 49 S A 320) 79 i S AR AL, 156 B I A 3B R 1 TR S R A R T T 2 R

(a) B-0-0 (b) B-0-0.4 (¢) A-0-0 (d) B-1-0
K8 i AR TR AR5

Fig. 8 Damage of the wall under impact loading
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0 0
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9 gk KA

Fig. 9 Maximum deformation of walls
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Fig. 10 Deformation diagram of the wall

4 RIRETEAEA TEAEPUR S EE

TE V& B T 2 ¢, P O 3 my/s B P AT, AT TR BE AR AR AR T IR AR, HET A R A
B ZAE 25 7 Wb AR T R, DA el 5 R BT R 8 IR o % T 52 PRl A vh (9 89 TR
Bk A 32 BB/ vhly M I S 4™ A AR, (HUR IR AR R BBE 115 52 BN HR o 1 FH I, 355 A m)
RE T IR 2% 25 7R BCBE 7, 5 1A 5 A IR I, A 48 6 A0 e 72 o 5 B A D 2 7 L 1 6 1 i 28Ky JFC Al 155 )
R AR, A7 0 ™ T I T R 2x 5 R 25 4 (R SR S M B 45 o TR 0 B AE TSR W 50 AR Al b, 9 7 R
R A AN B bt ey 4 R B4 L AT A
4.1 AR PR Aar 3 T A i R B BR 93 A

N T WSS AR B e o £ P R B B, AL T8 B-1-0.2 RN [ el RE B4 R B ma R, 7
S S Ay 2t e Ao 9 e el R R Y b i RE R, bl RE R R UIE N 1 KT TESEBRAS R b Y 55 A2 3

014201-9



o34 % = JE LY} L 2% Eitd 1

R G AR — € xS BV Ze ka8 A1, W RE S AE T OW A T R R — i i ) I R AW R . IR I,
T B AR AR 45 B ISR B0 RN S MLE B, A0 ST RIS B Ry 1 so £ 2 A0 T 158 o) 457 % AR B35 1 v 0 7K
AN A 2 AT, TSR 1 s R TR .

B gy B TR sy BB AEH T 5% B-1-0.2 M BB I R 2, Horpr: 18] 11 Ca) Sy 835 T00 o0 A2h 12 i)
AR I S I o 1 NS B R S I BN Do B2 1 N TN N VA A R 1 R e A S S BT ST B R
AT AR BN, 5% T e U8 ] 47 8% ) B B S M IE | T R B, B rP s KO 57 A 2R 34 K

300
= —20k] ——40k] ——60kJ
g £ 250 ——80k] ——81kJ ——90kJ
= =
= 5]
2 £ 200
g k=
% Z 150
2 <
— s L
E s 100
k=1 N
2 ol —20k] ——40k] ——60kJ 5 50}
——80k] ——81k] ——90kJ T f
-25 L L L L 0
0 200 400 600 800 1000 200 400 600 800 1000
Time/ms Time/ms
(a) Vertical displacement time history (b) Horizontal displacement time history
curve at the midpoint of the wall curve at the midpoint of the wall

BT R b RE A T AL RS I il 2%

Fig. 11 Time-history curve of wall displacement with different impact energy

M 11 H i DL . 78 vhils BB B 20, 40 F1 60 kI I, K% T5 Hb 0o 186 1) 457 8 RIS 44 b0 oK S 57 B
T T 2 i 2 4 30T (L S AKCPR 25 A bl B g 80 1 81 kI I, 1% 00 rpr0y U8 i) o2 B AR BR B LA R W 2 )5
T ARAZR A 1248 AR /N, 355 R v 0 KA RS TE IR 20 JLAS T 3 5 0T 0 2 M 2 18 A R e b o BB R 90 KJ
TOUR 1) T B4 B8 [ 457 B8 RN A AP 2K S A0 A% 34 TG 4 K, RS AR B AR 8 R ek . 45 B 7E whis
At /N, S AR vl 4 S RE A% DR T4 BE % o BB S A9 38 0, B4 32 b i M FH S 8 B s A
IR ZWIR; 24 vy BB A2 08 IS, K544 37 30 o oV FH 5 200 2% 25 7R 2 i e R 8

TE 20 F1 40 kJ B, whfy B8 B2 80/, B IAOE b T 6
“HEAE B B, A LASLIS A 2 2 A% R 1E . & 12 i
25 W T 5% B-1-X 1 ol B 2R 40 kI B K% 10018 i)
iR it Rk . T DB A R A B T, Bl T
Il B SRS, RS HE R 0.6 B G R Rl . B
TS B8 2 Ry B0 (H R R “HEAE " 2 29l 2%, i il

A —

5 f"‘
4

—— Axial pressure ratio 0.2
3+ —— Axial pressure ratio 0.4
2
1
0

—— Axial pressure ratio 0.6

.

Vertical displacement/mm

S R0 25 Ayl ) 7 AR R D XA TR n

o BE ikl 40 K IRF, il H A0 A 47 T . . . .

’M& E@ *ﬁb \{FPT—_E“@ ﬁ!é ) 0 200 4g?me/ms600 800 1 000
K134 TH B-1-02 7EREERE N 2 t, 1 [ 12 [l H R T o7 R e 2

oy R 9 mys B, JHCTHERR SR8 IO o i B 5 i (6 A Fig. 12 Time-history curve of vertical displacement at the

AR R Z (Curve 1), DA RGBS fF 7 2R T | top of wall with different axial compression ratios

B [ A A i R 2R (Curve 2) o H1 & 13 AT 0~27 ms, 55 TR ] F 3 8— MR/ IR S 5 27~ 34 ms,
B T4 ) RS 35 34~ 82 ms, B TG )~ 46 3015 82~ 1 000 ms, 5% 10 52 {4 {57 £% > [m1 412 3% Bk, Bl 2 B
) 540, 3% 9 BRI/, B T EHZ . H1E 11(b) Al A1 0~27 ms, 58 o0 5 K 057 8% 19 728 4k 7] 22
Mg AT 27~ 82 ms, BEHR AU SO S — K5 82~1 000 ms, 35 b A0 AR SR M IR 7, e &R
BiCR AR T — 28 TR B4k . XFHE B R AT 0 : 27~ 82 ms, 5% I H O s A K S 7 — EL3E i,

014201-10



o534 % T HER AR AT IREE LR T PERE BB RN AT 55 14

g TOU % 6% i) {32 % S 3G 0 vl gk Al O SR K
SPAL B FNEE TR A [6] T (0 7 B 2B 1 28

£ By Hr ] LA BT TR B 3 52 2 nhdy
il 2 AT R B 250 AR 3 A4S B B

(1) AR B B 31X — B Bedi i Ao ik
SP-AL RS KT AEL P T A AT TR B - g £ o o i A
PRI 2L, vl e R 56 32 IR X I G #e 5,
T HEAE FHAILA , S5 DGR AAC S [f) 2 A O I, 1 T

Vertical displacement/mm

A FE AT DA I 2 100 41 25 6 3 R b o e

R o B Bl IR U AR BI13 8 B-1-0.2 76 81 KJ phb B F OO R
(2) sh AR B B o 31X —Bir BeAh7e oh i 4 Fig. 13 Time-history curve of wall B-1-0.2

B B, 4 Ak 3z 380 vl far 28 Al 1) e 0 AP, TR0 at the top of wall with 81 kJ impact energy

GRAR U i) (37 B 75 1 2 Sl B(EL, 39 A PO AK O S RS RS2 38, A rh 85 A8 T T B T 25 R ST v i
YEF o e B BE A i i e S A

(3)EBAEFB B B 55 R5ABE B, wiv el o 4 P 2, 4007307 TR 6 - B8 A A8 TB T B 174 1 25 66 A
T 1R 7 4 I 1 0% 25 R AH B o S RSP0 2SR /N T 1 ) 25 R ), 358 T O LR R G K, TR 2
TRFFLE T W, e IR o8 4 R3O .
4.2 MEHEIER TR AR IR R 3m 5 o 3 g8 F Al E N AU R 5

B R s fur R T AR YRR B AR O Rt A e i, AT LA AR 3 b AT % E

(1)3E L 1 s Jo A9 A7 TR R - 8% 00 78 0 ofe i ) ol R J2 15 2 R AR R G ik 3 TR 95 - B A 7 2 3] o
HVEHIE R 1s N, ATRBIR AL Tk 3K & R B B, IF 1A 58 42k 57k # ), it A B 0] )5 A2 R A IR,
PR I AS SR FH LG 531 v o

(2) 38 2 40 7577 TR B8 = 455 1A% v oo 2K P57 8 1l ke 1 2 75 2 R AR SR R A0 . AT LA DN Ty 1T % s —
JE R K0 A% a8 B B — AN, ) 5 B R IR 2 385 il a7 S 157 B i 28 1Y) T o 3R 1 U 03
SRS RN . FE K B 18 B AN BUE R, 55 1R 1T RE IR b TP #0255 2578 whadi /5 i 7K F
LR AN WG AE A, 50 BH S5 AR AE AN BT IR, B Rl RE R AE IR R MHELZ T, RHDK LR 1 & it
AT I BT AT 5

(3) 38 s T 35 34 A 114 % i) 47 A T 20 o0 0 ) 35 IR S 15 2 R A IR R sk T LA 5 R P ) S o ). —
58 T G A R o) {7 S K B M, R TSR AR RS e 6 B 1 R TR A . X TR B R B AN A A, B
TR AT REATI AL T 52 7 RS, A IRk A Sy 0 300 DU AS B AR Ly i I W 33k PR S 5 e SR e ik ik /] 13
AL, EROR R THAN ) 5 A 88 1) 07 A% Fee 2N [, (ER AR 285 0.3 s Ji, T o5 8 i) 437 6 S W48 K L 22 (AR
AR I B A R R A ) R A B At 1A 11(b) T S B S A R B 7K S0 Bt A I K, i AR AR
TEARWIHE Ao DA a3 g 22 0 1 1) 7 % ) 2 T AR ) ) 35 AR D 15 2 R A R B R S T AT 1

25 BRI, SR FH R A rp ot 2K ST B R T A 038 1) (57 1) 2 R A A N R AR BRI AT . ARAIF5E
SR FH [ 5 76 19 5 110 e e 480 ) 50 6 7 Y O - 5 R e 202 18 S R R AL, R T BB 40T, RATE DS
YEH By BERAR T [ 53 BE 2 75 KT 0.5 mmy/s 1 A 554 2 %4 At 1 bR o )
43 BRI R

108 3 B A A0 0 I R B A-0-X ., K% A-1-X FEE B-1-0 76 A [ % s o A BT R 0 2k 007 7 2 10 g
T, VR BT OR A 2 t, A U ek R kR e e, pp BB UG N 1 kT, Y TR AR 0.5~1.0 s Y
(734 B 4B R T 0.5 mmy/s ], SR 1 ofr o5 BB AR hy 358 (A B K R 4T 5 1) ok BB o RSEADLES, gl
PARER I R B b ik e i (55 3% 4 g1 wh s BE RO A XMW 2576 10% DA, (HESRIATE 1s WENEABEIR . X
WAL T Rk H B SR R B8k 4 T AT

014201-11



i34 % = JE Ll i 2% i 1

F4 WERRLEBRIRRYEPNEEEE

Table4 The critical impact energy of failure for reinforced concrete wall

No. Impact energy/kJ No. Impact energy/kJ
A-0-0.2 26 A-1-0.6 40
A-0-0.4 19 B-1-0.2 81
A-0-0.6 19 B-1-0.4 65
A-1-0.2 58 B-1-0.6 63
A-1-0.4 51

P 4 T (5 A L A B 590 Y B A R BT S ) o i RE R ARG s A T A PR A S A
IR A5 J it 1) el BB HG DG 32 G R P T s 1) el BB K 5 i i S8 P R AT T RE 35 114 i S A A
A BRI o U BN T LE SN0 A 1 R i T 1 RE % 1Y DR B IR 2R R0 i 1) wh i RE
X B b3 AT o i A R SR ORI AT R A o AR/ bl i A R, A Tl L A R, 355 A B4
Prh o PERESR =, (HR R AR BEIR 2% 20 7 14 b el RE 200k

5 45 i

H A BRIT 7 B2 PP LS-DYNA X 84 i 1R 5k - 4% B T i i PERE HEAT T S B0, 1 B SRRl - 1k —
ABIRGE TS R B 5 A A R AR R R, R BB .

(O FERA R whfy B (9 kD), Jib s HE AR — 7 3 [ PN 9 I, ] AR e 400 31 92 056 - B3k A9 B o o P E,
LI Bl G B0 98 T, 0 3 T B A R e (S R D/ ) W FEE T AL N

(2) 38 Jon 449 75 VL 95 358 1) itk 9 B 8 f 35k A7 T ok ey 28 7 ) O R T R, I M G O,
PR BT 2 AIHTRYT RE S KB e, N TTAT 28 B oo 1 A A T B 0 A e ool PR i

(3) WA R B L B A I AL A 1, J 5 T B R A B AR BT 25 BB g, [ IF 38 56 1 o s v 1] DX ) 24
HAEH, AR R BT b PR BE S =

(4) bt # FHAR [R] Ak, A s 0 35 S PO 453 40 05 D 4 358 3 00 5 100 0 AR PO 00 40 R P2 A, s A
B BESS A RO bl RE R . 5 SR B R B BB R

(5) 7 BRAer 245 R AW TR B L AR 1 3 B B, 23 il TR BEVR T B BE . i 2 R T B B A e 25
VERTBY By $1 17 P 0068 i) (57 8% 14 A Jo e B O 355 1A 52 oo i/ P BBEOR R 28 iy 53 U, S8k 1 He
aHE.

(6) M FH JIT B 19 40 50 o D) A A0 Ry 280/ P b s B L ik 50 R0 A 1 B9 B2 T o AR DG 119
S, Wt il s LA S0, S AT IR R 20T 5 ) ol RE R D/

S22 3CH:

[1] SOROUSHIAN P, CHOI K B. Steel mechanical properties at different strain rates [J]. Journal of Structural Engineering, 1987,
113(4): 663-672.

[2] 2B, AEMEFY. REE L 15 8 T i A BRI SR IR VY 9] T35k RE, 2010, 40(3): 284-297.
LI J, REN X D. Review of research progress on static and dynamic damage constitutive models of concrete [J]. Progress in
Mechanics, 2010, 40(3): 284-297.

[3) VRuk, W5, whali AT AE T N SRR L PRI IE (1], AR TR, 2014, 47(2): 41-51.
XU B, ZENG X. Exerimental study on the behavior of reinforced concrete beams under impact loading [J]. China Civil
Engineering Journal, 2014, 47(2): 41-51.

(4] SEEEK, AAET), 2258, b /B A s A TR BE T R RIS [J]. KHERZ544], 2014, 47(12): 1072-1080.
DOU G Q, DU X L, LI L. Experimental study on the behavior of high strength reinforeced concrete beam under impact load [J].

014201-12


http://dx.doi.org/10.1061/(ASCE)0733-9445(1987)113:4(663)
http://dx.doi.org/10.6052/1000-0992-2010-3-J2008-043
http://dx.doi.org/10.6052/1000-0992-2010-3-J2008-043
http://dx.doi.org/10.6052/1000-0992-2010-3-J2008-043
http://dx.doi.org/10.1061/(ASCE)0733-9445(1987)113:4(663)
http://dx.doi.org/10.6052/1000-0992-2010-3-J2008-043
http://dx.doi.org/10.6052/1000-0992-2010-3-J2008-043
http://dx.doi.org/10.6052/1000-0992-2010-3-J2008-043

o534 % T HER AR AT IREE LR T PERE BB RN AT 55 14

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Journal of Tianjin University, 2014, 47(12): 1072—1080.

TACHIBANA S, MASUYA H, NAKAMURA S. Performance based design of reinforced concrete beams under impact [J].
Natural Hazards & Earth System Sciences, 2010, 10(6): 1069—-1078.

PR HE, BRI, Y& B bl T B IR - 0 B SRR SEIR ST [J]. TR ERRE, 2016, 46(4): 400-406.

FUY Q, DONG X L. Experimental study on the response and failure of reinforced concrete beams under falling hammer impact
[J]. Science in China, 2016, 46(4): 400-406.

KISHI N, MIKAMI H, MATSUOKA K G, et al. Impact behavior of shear-failure-type RC beams without shear rebar [J].
International Journal of Impact Engineering, 2002, 27(9): 955-968.

TR, FAE Ty, 5. i 2T AL RIREE L BT AR REIE: [J]. KHERA2AE, 2015, 48(10): 864-872.

DOU G Q, DU X L, LI L. Experimental on behavior of reinforced concrete beam with steel fiber under impact load [J]. Journal
of Tianjin Universiry: Science and Technology, 2015, 48(10): 864-872.

IRk, 807, 25, bl d AT T 2R BC U A R L 23 = PERERT ST (). TR J1°7, 2017, 34(4): 196-205.

YAN Q S, SHAO H F, LI L. Study on the behavior of precast reinforced concrete beams under impact loading [J]. Engineering
Mechanics, 2017, 34(4): 196-205.

ZINEDDINA M, KRAUTHAMMER T. Dynamic response and behavior of reinforced concrete slabs nder impact loading [J].
International Journal of Impact Engineering, 2007(34): 1517-1534.

OZGUR ANIL, KANTAR E, YILMAZ M C. Low velocity impact behavior of RC slabs with different support types [J].
Construction & Building Materials, 2015, 93: 1078—1088.

BHATTI A Q, KISHI N, TAN K H. Impact resistant behaviour of RC slab strengthenedwith FRP sheet [J]. Materials and
Structures, 2011(44): 1855-1864.

AR, 3R, e, 55 DHEEEN T R0L) 245 S TUNATREE AR A HUTRIERE (7] mEY IR, 2019, 33(2):
025101.

ZHAO C F, WANG Q, WANG J F, et al. Blast resistance of containment dome reinforced concrete slab in NPP under close-in
explosion [J]. Chinese Journal of High Pressure Physics, 2019, 33(2): 025101.

ZHANG X, HAO H, LI C. Experimental investigation of the response of precast segmental columns subjected to impact loading [J].
International Journal of Impact Engineering, 2016, 95: 105-124.

XK, B, Mk, 45 RC AEBIME U EUERAUBTS (1. #k3h 5 i, 2017, 36(16): 122-127.

LIU F, LUO Q Z, YAN B, et al. Numerical study on the failure of RC column subjected to lateral impact [J]. Journal of
Vibration and Shock, 2017, 36(16): 122—127.

CHENG L, MCCOMB A M. Unreinforced concrete masonry walls strengthened with FRP sheets and strips under pendulum
impact [J]. Journal of Composites for Construction, 2010, 14(6): 775-783.

FRER, WEAR, S84 ks b v EES e S R (D). S5H AR, 2012, 28(6): 123-127.

GUO Y R, YU Z C, GUO L. Impact testing methods for masonry walls based on the drop hammer [J]. Structure
Engineers, 2012, 28(6): 123-127.

WU Y, CRAWFORD J E, MAGALLANES J M. Performence of LS-DYNA concrete constitutive models [C]//12th International
LS-DYNA Users Conference, 2012: 3-5.

i, Sy R TRBE L PR R AR o i T 3 AN TS (9], 4k 5 ehity, 2011, 3(3): 205-210.

MENG Y, YI W J. Dynamic behavior of concrete cylinder specimens under low velocity impact [J]. Journal of Vibration and
Shock, 2011, 3(3): 205-210.

RATEN, Dy AR, B IR GE T R ERE AR ST (9], Rl 5 vhifi, 2015, 34(11): 139-145.

ZHAO D B, YI W J. Anti-immpact behavior and design method for RC beam [J]. Journal of Vibration and Shock, 2015, 34(11):
139-145.

sk, BIR E LB 1 T A AR IR S A ST (D). KU IR, 2016.

SHI X D. Experiment and numerical analysis of reinforced concrete shear wall out-of-plane impact resisitance [D]. Changsha:

Hunan University, 2016.

014201-13


http://dx.doi.org/10.1016/S0734-743X(01)00149-X
http://dx.doi.org/10.11858/gywlxb.20180598
http://dx.doi.org/10.11858/gywlxb.20180598
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000131
http://dx.doi.org/10.3969/j.issn.1000-3835.2011.03.041
http://dx.doi.org/10.3969/j.issn.1000-3835.2011.03.041
http://dx.doi.org/10.3969/j.issn.1000-3835.2011.03.041
http://dx.doi.org/10.1016/S0734-743X(01)00149-X
http://dx.doi.org/10.11858/gywlxb.20180598
http://dx.doi.org/10.11858/gywlxb.20180598
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000131
http://dx.doi.org/10.3969/j.issn.1000-3835.2011.03.041
http://dx.doi.org/10.3969/j.issn.1000-3835.2011.03.041
http://dx.doi.org/10.3969/j.issn.1000-3835.2011.03.041

i34 % = JE Ll i 2% i 1

Numerical Simulation Analysis of Impact Resistance of
Reinforced Concrete Wall

SU Huaxiang, YI Weijian
(College of Civil Engineering, Hunan University, Changsha 410082, Hunan, China)

Abstract: In order to study the dynamic response of reinforced concrete wall under impact load, a finite
element model of reinforced concrete wall is established by means of ANSYS/LS-DYNA. The impact mass
is 2 t and the impact velocity is 3 m/s. The effects of axial compression ratio, wall width and boundary
elements on the impact resistance of reinforced concrete walls are analyzed. On this basis, the three stages of
wall failure under extreme loading conditions are analyzed, and a criterion of evaluating wall failure under
extreme loading is proposed. The influence of axial compression ratio, wall width and boundary elements
under extreme loading is analyzed by using the proposed criterion. The results show that, in a certain range,
with the increase of the axial compression ratio, the impact resistance of the wall is improved, and the
damage area of the wall with axial compression is concentrated. Increasing the wall width and adding edge
components can effectively enhance the impact resistance of the wall. Under the ultimate load. When the
impact mass is constant, the impact energy required for structural failure decreases with the increasing axial
compression ratio.

Keywords: reinforced concrete wall; dynamic response; ultimate load; axial compression ratio; structural

failure
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Table 1 Concrete material parameters of each phase

. . ) ) ) Ratio of double and
} Elastic Poisson’s  Bulk density Expansion  Flow potential L. . Constant stress

Material . uniaxial compressive .

model/GPa  ratio u t/m’® angle/(°) offset & ratio K
strength o,
Aggregate 30.00 0.167 2.6
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(a) Distribution course of damage cracks of circular aggregate at different time
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(b) Distribution course of damage crack of elliptic aggregate at different time
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(c) Distribution course of damage crack of polygonal aggregate at different time
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Fig. 4 Damage crack distributions of simulation tests
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Fig. 5 Ultrasonic dynamic load experiment and crack distribution
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Damage Evolution in Concrete Interfacial Transition Zone
with Ultrasonic Dynamic Load

WANG Lixiao', CHEN Qidong?, LIU Xin®

(1. School of Mechanics, Soochow University, Suzhou 215000, Jiangsu, China,
2. School of Mechanical Engineering, Changshu Institution of Technology, Changshu 215500, Jiangsu, China)

Abstract: Concrete is a three-phase material composed of coarse aggregate, cement mortar and interfacial
transition zone (ITZ). The ITZ is the weakest of the three phases and difficult to observe, but it has a
significant impact on the efficiency of concrete crushing. In order to study the impact of ITZ on the damage
performance of concrete crushing, the finite element model that reflects real mesoscopic structure of concrete
matrix, aggregate shape, and ITZ was established on the Dynamic/Explicit model in ABAQUS. The results
showed that the shape of coarse aggregate has a certain influence on the damage performance of concrete,
and when the shape is convex polygonal, its damage resistance is the weakest. The damage resistance ability
of concrete decreases with the decrease of ITZ strength. When ITZ strength is higher than 60% of mortar, the
damage resistance ability gradually increases. As the thickness of the ITZ area increases, the damage
resistance ability decreases.

Keywords: concrete; interfacial transition zone; damage performance; ultrasonic crushing
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Table 1 Details of the materials used in this research

Materials Sizes/meshes Manufacturers
Al 100—-200 Sinopharm Chemical Reagent Co., Ltd., Shanghai, China
Ni 150-200 Aladdin
PTFE 500 Shandong Fluorine Chemical Co., Ltd., Shandong, China
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Fig. 1 Sample of AI/Ni reactive materials and the sintering profile of AI/PTFE reactive materials'
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A MR AR TE 15k A4 R SE 1A AVPTFE A48 (1 AL JIURE 73 A5 3880 43 80, T AUNG A48 Ni J80RL H 81
TR A HE RIS, X NI BE Ni R AR IR B A K
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Fig. 2 Nano-CT system used in this research and the obtained mesoscopic images of Al/Ni and Al/PTFE reactive materials
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Table 2 Parameters of Johnson-Cook model of materials®'®

Materials A/MPa B/MPa C m n T /K
Al 265 426 0.015 1.000 0.34 775
PTFE 11 44 0.120 1.000 1.00 350
Ni 163 648 0.330 0.006 1.44 1728
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Table 3 Parameters of the Mie-Griineisen equation of state!”!

Materials po/(gem™) Cy/(km's™) S 7y a/(10°K™) 6y/K
Al 2.712 5.332 1.375 2.18 6.93 423
PTFE 2.152 1.754 1.723 0.59 33.00 190
Ni 8.875 4.590 1.440 2.00 12.70 427
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Fig. 7 Deformation of Al particles in AI/PTFE for an impact velocity of 1 500 m/s at different times
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Fig. 8 Deformation of Ni particles in Al/Ni for the impact velocities of 800, 1200 and 2 000 m/s
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Fig. 9 Calculation results of shock temperature rises
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Fig. 10 Temperature cloud diagrams of Al/PTFE reactive materials under the impact velocities of 400, 800 and 2 000 m/s
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Fig. 11 Temperature cloud diagrams of Al/Ni reactive materials under the impact velocities of 400, 800 and 2 000 m/s
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3D Mesoscopic Simulation of Shock Compression Behaviors of Reactive Materials

YANG Xiangli', HE Yong', HE Yuan', WANG Chuanting',
XU Tao', TIAN Weixi', ZHOU Jie?

(1. ZNDY of Ministerial Key Laboratory, Nanjing University of Science & Technology, Nanjing 210094, Jiangsu, China,
2. Hubei Aerospace Flight Vehicle Institute, Wuhan 430035, Hubei, China)

Abstract: In order to investigate the mesoscopic behavior of AI/PTFE reactive materials under shock
loading, the shock response of AI/PTFE and Al/Ni reactive materials were investigated via numerical
approaches. Two material samples were fabricated by ball mill mixing and cold isostatic pressing, and a
Nano-CT system was employed to obtain their mesoscopic images. The 3D mesoscopic finite-element model
based on the real configuration was established with the help of image processing and mesh mapping
methods, and the numerical Hugoniot results agreed well with the theoretical results. The numerical
modeling results indicated that the shock wave is uneven in the mesoscale, and the metal granules were
compressed and moved along the impact direction. The PTFE matrix of AI/PTFE melted at high impact
velocity, while the Al/Ni remained solid within the impact velocity range of this study.

Keywords: reactive materials; mesoscopic model; shock temperature rise; image processing
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A Macroscopic Dynamic Constitutive
Model for Ceramic Materials
TANG Ruitao, XU Liuyun, WEN Heming, WANG Zihao

(CAS Key Laboratory for Mechanical Behavior and Design of Materials,
University of Science and Technology of China, Hefei 230027, Anhui, China)

Abstract: A macroscopic constitutive model is presented herein for ceramic materials subjected to
dynamic loadings by closely following a previous study on concrete. The equation of state is described by a
polynomial equation and the strength model takes into account various effects such as pressure hardening,
Lode angle, strain rate, shear damage and tensile softening. In particular, the strength surface of ceramic
materials is characterized by a new function which levels out at very high pressures and strain rate effect is
taken into account by dynamic increase factor (DIF) which excludes inertial effect. The present model is
verified against some available experimental data for ceramic materials in terms of pressure-volumetric
response, quasi-static strength surface and strain rate effect. The model is further verified against the data for
triaxial test by single element simulation approach and the test data for depth of penetration in AD99.5/RHA
struck by tungsten alloy penetrators. Furthermore, comparisons are also made between numerical results of
the present model and the JH-2 model. It is demonstrated that the present model can be employed to describe
the mechanical behavior of ceramic materials under different loading conditions with reasonable confidence
and is advantageous over the existing model.

Keywords: ceramic material; constitutive model; stain rate effect; triaxial test; JH-2 model; single
element simulation approach

CLC number: 0347.3 Document code: A

Ceramic materials have been increasingly used in armors, personal armor system, aeronautic engineering and
vehicle engineering due to its excellent ballistic performance. An understanding of the response and failure of
ceramic materials under impact loading is of great significance for the design and assessment of military hardware
and protective structures.

As ballistic tests are expensive to perform and time consuming, numerical simulations have been widely
employed in the design and optimization of ceramic armors. However, the accuracy of numerical simulations
depends on the dynamic constitutive model for ceramic materials to a large extent. To this end, many models have
been put forward!'"*!. Fahrenthold!"! proposed a continuum damage model for fracture of brittle solids under
dynamic loading in which Weibull strength distribution was employed to account for the effects of flaw size
distribution on the damage accumulation rate. The model was used to compute the depth of penetration in a steel

plate impacted by a sphere of alumina without being applied to simulate the behavior of ceramic armors subjected
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to projectile impact. Rajendran” modeled the impact behavior of AD85 ceramic under multiaxial loading by
assuming an existing distribution of micro-cracks and employing a criterion for crack growth based on theories of
dynamic fracture mechanics. The strength of the intact material was rate dependent, and the inelastic deformation
was modeled using an elastic-plastic cracking rule. The model predictions were found to be in good agreement
with the test data obtained from plate impact tests. The most widely used constitutive model for ceramic materials
in many commercial codes is the Johnson-Holmquist model (JH-2)"!. The model employs two strength surfaces to
describe the pressure-dependent compressive strength of the intact and failed materials, respectively. However, in
the model strain rate effect is described by the same form of function adopted in the constitutive models for metals
and concrete materials, which has been found to be inconsistent with the dynamic mechanical behavior in recent
studies” '?l. Furthermore, tensile softening cannot be accurately predicted, and no differentiation was made
between the effects of strain rate and inertia (containment).

The main objective of this paper is to establish a macroscopic dynamic constitutive model for ceramic
materials by closely following the previous work on concrete” and on the basis of the experimental observations
for some ceramic materials. Various equations of the constitutive model are given and compared with some
available experimental data for ceramic materials in terms of pressure-volumetric response, quasi-static strength
surface and strain rate effect. Furthermore, the model is also verified against the data for triaxial test by single

element simulation approach.

1 A Macroscopic Constitutive Model for Ceramics

A dynamic macroscopic constitutive model for ceramic materials is developed in the following sections
based on the computational constitutive model for concrete subjected to dynamic loadings” with some
modifications being made. There are two points which should be highlighted here, namely, (1) the pressure-
volumetric response is described by polynomial equation and the phase transition (e.g. AIN ceramics) as the
pressure increases to a certain value is considered; (2) a hyperbolic tangent function is employed to describe the
pressure dependent shear strength surfaces of ceramic materials which level out at very high pressures.

1.1 Equation of State

Ceramics are complex granular materials, which contain a large number of micro cracks and voids just as
concrete material. On the one hand, it has been observed experimentally that the volumetric strains of AL,O, and
SiC increase with increasing pressure!*'® and the equation of state for this category of ceramic materials can be

expressed as polynomial equation, viz.

{p:K]ﬂ-FKz/JZ"'K:;/JS (1)

u=V/V-1=p/py—1
where p is pressure; u is volumetric strain; K, K,, K are bulk moduli for ceramic material; py =1/V,andp=1/V
indicate initial and current densities of ceramic material, respectively. On the other hand, the pressure-volumetric
response of AIN has been observed experimentally to be quite different'”'”) and a phase transformation occurs
from wurtzite structure to salt structure as pressure reaches a critical value. Thus, the equation of state for such
ceramics as AIN can be written in the following form, namely
Kpu+ Kop® + Kspr? M < fer
P =19Pe Het SUS Heo 2)
Kiu—p)+ Ks(u—p' 7 + Ke(u—p'y > e
where p, represents a constant pressure at which phase transformation occurs; K,, K, K, are bulk moduli for
ceramic material after the phase transformation; u’ is an offset in volumetric strain due to phase transformation; g,

and y, are volumetric strains at the beginning and end of phase transformation, respectively. For 4 < 0, ceramic
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material is under tension condition. Thus, one obtains
p=Kpu 3)
1.2 Strength Model

On the basis of the previous studies on concrete”'"!

and the experimental observations for ceramic
materials!"”-** 24 it is suggested that the strength surface of ceramic materials can be cast into the following form,
ie.

3(p+fr,e) p<0

Y = [3fut+ (foe = 3£10) X3P/ foc] (O,€) 0<p<f/3 “)

[fee + Bf tanh (p/f! = foc/ Bf))] 7 (B,0)  p>fo/3
in which Y is shear strength; f.. = f/y.n. and f, = fiy7, are respective dynamic strengths of ceramic materials in
uniaxial compression and tension, which take account of shear damage in the form of damage shape functions (1)

and strain rate effects by dynamic increase factor (DIF); B is an empirical constant; r (6, e) represents Lode effect.
9-10]

The dynamic increase factor in compression (#,) can be obtained by the following equation” ', viz.
Jea fi
Ye="7=W-D4 +1 (%)
o R

where f,, and f! are the dynamic and static uniaxial compressive strength, respectively, f; is the static uniaxial

tensile strength, and ¢, represents the dynamic increase factor in tension which is expressed as follows

_fa_[(Fa_ s
A

in which f,, is the dynamic uniaxial tensile strength, parameters W, F,,, W, and S are constants to be determined

+ 1} W, (6)

experimentally, & is the strain rate, &, is the reference strain rate usually taken to be £&=1.0s ",

The multi-axial tests of ceramics show that the effective strain at maximum load (&) increases almost
linearly with increasing pressure. Furthermore, these tests also show ceramic compressive strength has no
significant influence on this behavior. According to Eq.(18) in Ref.[9], the failure strain of ceramic is written as

RET N A )" 7
’+S(fc_3) (80) @)

where &;is the failure strain of ceramic material, &,is the strain corresponding to the maximum compressive

P & 0.02 1
& = —m(—) = —0.006 5max
/lm &o /lm

strength, A,, is the shear damage at which strength reaches its maximum value under compression, and A; is an
empirical constant.
The residual strength of the crushed ceramics is still high under the confining pressure. The residual strength
surface for ceramic materials can be obtained from Eq.(4) by setting f;, = 0 and f;, = f! x r, namely
3pxr(6,e) O<p<fixr/3
, , p_fxr
[ xXr+Bf! tanh(zl - 37 )

where r is a constant, f x r represents the residual strength of concrete under quasi-static uniaxial compression.

Y=

xXr(6,e) p>fixr/3 ®)

Meanwhile, the initial yield strength of concrete under quasi-static uniaxial compression is defined as f7 % /.

2 Verification of the Newly-Developed Constitutive Model

The present model is verified against some available experimental data in terms of pressure-volumetric
response, quasi-static strength surface and strain rate effect.

Values of various parameters in equation of state can be determined by hydrostatic compression experiment
and they are listed in Table 1. For Al,O, and SiC ceramic materials, the relationship between pressure and

volumetric strain (Eq.(1)) can be rewritten as
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p=1.815x10"1+1.208 x 1012 —2.991 x 102 )

and, for AIN ceramic material, the relationship between pressure and volumetric strain (Eq.(2)) can be recast into

the following form

1.815x 10"+ 1.208 x 102> = 2.991 x 1022 11 <0.067
p=11.668x10" 0.067<u<0330  (10)
1.819% 10" (1 — 0.250) + 3.556 x 10" (1 — 0.250)> — 2.830 x 10" (1 — 0.250)’ 1> 0.330

Table 1 Values of parameters for BeO in the present model

Equation of state parameters Constitutive model parameters
K,/GPa K,/GPa K,/GPa p/(kgm™) F, W, w, S
181.5 1207.9 —2991 3030 3 3.8 2 1.25

Constitutive model parameters

J¢/GPa f/GPa B G/GPa Ay A i r
1.5 0.15 1.2 125 0.3 7.5 0.8 0.3
Fig.1 shows comparison of the present model
m AIN, Xia, e al.l"¥) e ALO;, Sato, et all"¥
predictions (Eq.(9) and Eq.(10)) with the experimental 70 [a AIN, Ueno, er L.t % SiC, Bassett, et al.l)
. # AIN, Rosenberg, ez al! —Eq. (1) /
data for AL,O, and SiC"* ' and for AIN'""""!. It can be 60 s ALO, Bridgman. er B o )
Al,Os, Hart, et al.l'} /
seen from Fig.1 that good agreement is obtained. 501" e o
Fig.2(a) and Fig.2(b) show comparisons between A0 ) a
the present model predictions (Eq.(4) with B = 1.4 for 30 //"/
B,C and BeO and Eq.(9) with B = 1.7 for Al,O; and 200 e - O
cl> c) 2> e
AIN) and the test data'®> " for the strength surfaces. 10 o e p)

The strength surfaces of AL,O, and AIN obtained from 0 o1 02 03 0a 05

the JH-2 model™ are also shown in Fig.2(b). It is clear Il
Fig. 1 Comparison between the present model predictions
(Eq.(9) and Eq.(10)) and the experimental
data for ceramic materials

from Fig.2 that the present model predictions are in
good agreement with available test results for ceramic
materials. It is also clear from Fig.2(b) that the JH-2
model produces similar results to those of the present model for relatively low pressures whilst for higher pressure

the present model levels out and the JH-2 model increases with increasing pressure.

40 4.0 -
< BeO, Heard, ef al.”” e
351 O BC Wilkins, eralt7 35 -
A B,C-fracture, Wilkins, et al.” . -7
3.0+ Strength surface (Present model) 3.0 -7
— — Residual strength surface (Present model) r,k"_
—
2.5 25 -
< S g -
=20 =20 P
—_ — b — e — — — /‘/
15 - 15k 7" % AIN,Heard, et al.”
: . 7 O AIN, Chen, et al.*
7 & ALO;, Wilkins, et al.?”
1.0 - 1.0 4 + Al,Os-fracture, Wilkins, et al.?”

Strength surface (Present model)
0.5 J — - Residual strength surface (Present model)
. é —— Intact strength surface (JH-2 model)
7 - - -~ Fracture strength surface (JH-2 model)
1 1 1 1

+
I

1 O 1
0.5 1.0 1.5 2.0 2.5 3.0 35 40 45 50 0.5 1.0 1.5 2.0 25 3.0 35 40 45 50
Pl Pl
(a) B=1.4 for B,C and BeO (b) B=1.7 for Al,O; and AIN

Fig. 2 Comparisons between the present model predictions (Eq.(4) and Eq.(9)) with the experimental data
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Values of parameters £, W, and S in Eq.(6) for

o . . 500 4 AL23, Zinszner, et al. *)
the dynamic increase factor in tension can be 45 © A%, Galvez, et al. B
. . . . ’ x  A94, Galvez, et al. *"
determined from tensile test data for ceramic materials 401 x A98. Galvez, et al. BV
. . . . [31]
at different strain rates. Fig.3 shows comparisons 350 2 ﬁ%?’ga"}lvvjj’;’j’fm
between the present model predictions (Eq.(6) with 300 o gig gii:ﬁi Z Zﬁ m
F,=3, W, =3.8and S =1.25) and available experi- = 25 < B.C Galvez eral BV
[29-31] . . . —Eq. (7 [
mental data for different ceramic materials at 2.0 3 -+
different strain rates. It is evident from Fig.3 that L5t v /
reasonable agreement is obtained. 1.0 g + v‘ g—i
| oK
Fig.4(a) and Fig.4(b) show comparisons between 0.5 LY ! !
_ ] -6 4 2 0 2 4 6 8 10
the theoretically predicted strength surfaces (Eq.(4)) lgé
and some experimental data obtained from plate impact Fig. 3 Comparison between the present model predictions

tests on B4C[32,34]’ Ale], A1203[20] and SiC2"2! n the (Eq.(6)) with available experimental data for different ceramic

materials at different strain rates (Unit of strain rate: s™')
calculations, a strain rate of 10° s™' is taken which is of

a typical value in a plate impact test. Also shown in Fig.4(b) are the predictions from the JH-2 model. It is clear
from Fig.4(a) that reasonable agreement is obtained between the present model predictions and the tests results for
B,C which are somehow scattered whilst good agreement is achieved between Eq.(4) and the test data for AIN,
Al,0, and SiC as can be seen from Fig.4(b). It is also clear from Fig.4(b) that the JH-2 model has failed to predict

the dynamic mechanical behavior of ceramic materials at higher confining pressure.

35 50 /
o
4.5
3.0 ° /
4.0
o
2.5 / o 3.5 /
Sol /[ © 3.0 /J;*@& £
o [¢] o )
S J S50
= 200 f
‘ o ALO,
1.0 L5 / % Aﬁ\nfn
o B,CE¥ 1.0 / . Sicer
05 Present model (10° s™") 05 Present model (10° s™")
; ; ; ; : JH-2 model (10°s™")
0 i i i i | 0 i i i i |
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Pl Pl
(2) B,C (b) AIN, ALO, and SiC

Fig. 4 Comparisons between the present model predictions (Eq.(4)) and the experimental data obtained from plate impact tests

Fig.5 shows comparison of the present model predictions and the experimental data obtained from SHPB
(split Hopkinson pressure bar) tests™*”. Also shown in the figure are the predictions from the JH-2 model. In the
tests, confining pressures of up to 230 MPa were applied, and a constant strain rate was employed (i.e. 500 s™).
The solid line indicates theoretically predicted quasi-static strength surface, and the broken line designates

!. As can be seen from Fig.5 that a

dynamic strength surface from the present model with a strain rate of 500 s~
good agreement is obtained between the present model predictions and the experimental data whilst the JH-2
model underestimates the strength surface of AIN ceramic under the strain rate of 500 s™'. It should be stressed
here that the present model predicts that the quasi-static and dynamic strength surfaces are parallel to each other,
which has been confirmed/verified by the experimental data. It leads to further support for the accuracy and

validity of the present constitutive model for ceramics.
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To demonstrate the quasi-static behavior of the

6~

present constitutive model, numerical tests are
performed to evaluate stress-strain relationships for > o lo--TT7 ‘
ceramics under various loading conditions, which R A i} -
. L . . . & - =77
includes: (a) triaxial compression with different Q Lo - T [/2]

_ L. . .. %D 3~ o i
confining pressures, (b) uniaxial tension, (c) biaxial g _— o Static, Chen, ef al. 1%

. .. . . 3 o 50057, Chen, et al.
tension and (d) triaxial tension. The numerical tests are 2 .

—— Present model, static
carried out using single element simulation approach. - - -Present model, 500 5!
. . . 1 JH-2 model, static
Table 1 lists the values of various parameters in the — _ JH-2 model, 500 s
present constitutive model for BeO ceramic. Table 2 0 ! . ! !
50 100 150 200 250 300

and Table 3 list the values of various parameters for Pressure/MPa

AIN ceramic employed in the present model and JH-2 ~ Fig. 5 Comparison between the experimental data”™ and the

model, respectively. Parameters in the present model predictions by the present model of strength varies with

pressure at different strain rates of AIN
are clearly defined in the previous paragraphs, and in
JH-2 model. K, K,, K; are bulk moduli, and p, is the density for ceramic material; a, b, C, m, n are strength surface
parameters; pyg;, Oy and pyg, are respectively the pressure, the equivalent stress and the volumetric strain at
HEL (Hugoniot elastic limit); 7 is the maximum tensile hydrostatic pressure the material can withstand; f is strain

rate parameter; d,, d, are damage parameters.

Table 2 Values of parameters for AIN in the present model

Equation of state parameters Constitutive model parameters
pJkgm™®)  K,/GPa K,/GPa K/GPa K,/GPa K/GPa K/GPa F, /8 w,
3229 181.5 12079 2991 181.9 335.6 —283 3 3.8 2

Constitutive model parameters

f!/GPa f/GPa B G/GPa N Ay A ! r

3 0.3 1.7 127 1.25 0.3 7.5 0.8 0.3

Table 3 Values of various parameters for AIN ceramic (JH-2 model)

Equation of state parameters Constitutive model parameters
p/(kgm™) K,/GPa K,/GPa K,/GPa a b C n m
3229 201 260 0 1.36 1.0 0.013 0.75 0.65

Constitutive model parameters

HEL/GPa Pup/GPa Typ /GPa MueL T/GPa B d, d,

9.0 5.0 6.0 0.024 2 0.32 1.0 0.02 1.85

Fig.6 shows the comparison of the numerically predicted stress-strain curves and the experimental data for
BeO under triaxial compression with confinement pressures ranging from 0.1 GPa up to 1.0 GPa, as reported by
Heard and Cline"®!. It is clear from Fig.6 that the numerical results are in reasonable agreement with the
experimental observations.

Fig.7 shows variations of pressure and effective stress with maximum principal strain of AIN under quasi-
static uniaxial tension. It is evident from Fig.7 that the numerical results from the present model give an elastic-
brittle softening response of AIN under uniaxial tension with a principal tensile strength of 0.3 GPa for AIN. It is

also evident from the figure that the mechanic behavior of the ceramic under uniaxial tension predicted
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numerically by the JH-2 model is elastic-perfectly plastic with the minimum pressure of 0.31 GPa and the

maximum effective stress of 0.93 GPa, which are obviously not in compliance with the actual tensile behavior of

the ceramic.

Fig. 6 Comparison of stress-strain curves for BeO under triaxial

compression between the present model and experimental data®!

Shear stress/GPa

3.0F
25¢F N
20F T~
15F e
~——\3-0.1 GPa (Exp.) —0.5 GPa (Exp.)
LOH . \__ --01GPa(Sim.) - -0.5 GPa (Sim.)
\ —0.2 GPa (Exp.) —0.7 GPa (Exp.)

0.5 Hf - -0.2 GPa (Sim.) - -0.7 GPa (Sim.)
—0.3 GPa (Exp.) —1.0 GPa (Exp.)
--0.3 GPa (Sim,) - 1.0 GPa (Sim.)

0.10 0.15

0.05
Strain

Stress/GPa

1.0
08} /- - - Effective stress (JH-2 model)
/) - - - Effective stress (Present model)
0.6 + / —— Pressure (JH-2 model)
/ —— Pressure (Present model)
041
/7
’\
0.2}, . Effective stress
/, N _
0 o
Pressure
70.4 1 1 1
0 0.005 0.010 0.015

Strain

Fig. 7 Variation of pressure, effective stress with maximum

principal strain for AIN under quasi-static uniaxial tension

Fig.8 shows variations of pressure and effective stress with maximum principal strain of AIN under quasi-

static biaxial tension. Elastic-brittle softening response of the ceramic is predicted numerically using the present

model under biaxial tension with a principal tensile strength of 0.3 GPa. On the other hand, an elastic-perfectly

plastic response of the ceramic under biaxial tension predicted numerically by the JH-2 model have the minimum

pressure of 0.31 GPa and the maximum effective stress of 0.48 GPa.

Fig.9 shows numerically predicted relationship between pressure and the maximum principal strain of AIN

under both quasi-static triaxial tension. It can be seen from the figure that the present model predicts the elastic-

brittle softening response of AIN under triaxial tension with quasi-static principal tensile strength of 0.3 GPa.

Whilst the material is no longer able to withstand any loads after the maximum pressure reached according to the

JH-2 model predictions. Furthermore, no strain rate effect is found under hydrostatic tension in the JH-2 model

since it hasn’t taken into account the strain rate effect in tension.

Stress/GPa

0.5+ ..
04L h - - - Effective stress (JH-2 model)
’ ! - - - Effective stress (Present model)
0.3 [ —— Pressure (JH-2 model)
02k /) ‘\\ —— Pressure (Present model)
01 J~.  Effective stress
A e
O === =
—0.1} Pressure
—0.2+
—03 |
0 0.005 0.010 0.015
Strain

Fig. 8 Variation of pressure and effective stress
with maximum principal strain for AIN
under quasi-static biaxial tension

Penetration of AD99.7/RHA Target

Numerical simulations are conducted in this section for the penetration of AD99.7/RHA target struck by flat-

Pressure/GPa
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Fig. 9 Numerically predicted relationship between
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nosed projectiles as reported by Lundberg™!. In the
experiments, long tungsten projectiles with length-to-
diameter ratio 15 were fired against the unconfined

alumina with steel backing. The tests were carried out
in three different scales with projectile lengths 30, 75

and 150 mm (corresponding diameters 2, 5 and

10 mm), respectively. The impact velocities were
1 500 m/s and 2 500 m/s. Fig.10 shows the schematic
diagrams of the geometric dimensions of the projectile-
target combination. Table 4, Table 5 and Table 6 list

(a) Configuration 1 (b) Configuration 2 (c) Configuration 3
(Scale 1.0) (Scale 0.5) (Scale 0.2)

Fig. 10 Schematic diagrams of the geometric dimensions of
the values of various parameters for AD99.7 ceramic the projectile-target combination under the impact velocity of
material in the present model, tungsten alloy and RHA 1 500 m/s (Same materials used for all target configurations,

. . . and all configuration are axisymmetric.
materials in the JC model. Parameters 4, in the JC £ 4 )

model is the initial yield strength under reference strain rate and reference temperature; B,, N, are respectively the
strain hardening modulus and index; C, is strain rate hardening parameter; M, is temperature softening index; &, is
the reference strain rate; c, is heat capacity; T, and 7, are the ambient temperature and the reference temperature
(melting point), respectively; D,, D,, D,, D, and D; are failure criteria parameters; C; is the intercept of shock
wave velocity-particle velocity (u.-u,) curve; S, S, S; are u-u, curve slope coefficient; y, is Griineisen parameter,

A, is the first order volume correction of .

Table 4 Values of various parameters for AD99.7 ceramic”® (The present model)

Equation of state parameters Constitutive model parameters
pJ(kg'm™) K,/GPa K,/GPa K,/GPa F, W, w, S
3809 181.5 1207.9 —2991 3 3.8 2 1.25

Constitutive model parameters

f!/GPa f/GPa B G/GPa A, A, ! r
3 03 1.4 135 0.3 7.5 0.8 0.3

Table 5 Values of various parameters for tungsten alloy™ (JC model)

Constitutive model parameters

pJ(kg'm™) G/GPa A4,/GPa B,/GPa N, C, M, &5
17 600 122 1.506 0.177 0.12 0.016 1.0 1.0

Constitutive model parameters

¢,/(Jkg K™ T, /K T/K D, D, D, D, D,
134 1723 300 2.0 0 0 0 0

Equation of state parameters

C/(m-s™) S, S, S, Y% A,
4029 1.23 0 0 1.54 0.4

Fig.11 shows the comparison of total penetration depth between the numerical predictions and the
experimental datal®’!. P, represents the sum of thickness of the ceramic and penetration depth in the RHA back
plate, and L is the length of the projectile. In the figure, the solid symbols indicate the experimental data and the

hollow symbols represent the numerical results by the present model proposed in this paper. The data of different
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Table 6 Values of various parameters for RHA" (JC model)

Constitutive model parameters

pd(kgm™) G/GPa A,/GPa B,/GPa N, C, M, &5
7 800 77 0.792 0.51 0.26 0.014 1.03 1.0

Constitutive model parameters

c,/(Jkg "K™) T,/K T/K D, D, D, D, D
477 1793 294 0.05 3.44 -2.12 0.002 0.61

Equation of state parameters

C/(m-s™) S, S, S % A,
4569 1.49 0 0 2.17 0.460

scales under the impact velocity of 1 500 m/s and

2.0
2 500 m/s are designated by square and triangle,
respectively. For comparison, the numerical results L6k 4 N A
obtained by Lundberg™"! with JH-2 model are also ol
shown in Fig.11. The solid and broken lines represent S _ g o
Q #
i - 08F *® = 1500 m/s (Exp.)
the numerical results by JH-2 model at 1 500 m/s and © 1300 m/s (Present model)
; ; A 2500 m/s (Exp.)
2 500 m/s respectively. It can be seen from Fig.11 that 04l & 2300 m/s (Pravant model)
the numerical results from the present model are in — 1500 m/s (JH-2 model)
---2500 m/s (JH-2 model)
good agreement with the experimental data. As can be 0 02 0.4 0.6 0.8 Lo
seen from the figure that the numerical results for Scale factor

Fig. 11 Comparison between the numerical results and the
test data for the depth of penetration in AD99.7/RHA

[35]

impact velocity of 1 500 m/s are in good agreement
with the test data, whilst the results for impact velocity targets by flat-nosed tungsten alloy penetrators
of 2 500 m/s are below the experimental observations!*>),

Thus, the JH-2 model has failed to produce consistent results as compared to the experiments.

4 Conclusions

A dynamic macroscopic constitutive model for ceramic materials has been developed by closely following
the previous work on concrete. The model captures the basic features of the mechanical response of ceramic
materials including pressure hardening behavior, strain rate effects, strain softening behavior, path dependent
behavior (Lode angle), and failure in both low and high confining pressures. In particular, a new function is used
to characterize the pressure dependent shear strength surface of ceramic materials which levels out at very high
pressures, and strain rate effect is taken into consideration by dynamic increase factor which excludes inertial
effect.

The present model has been compared with some available experimental data for ceramic materials. It
transpires that the present model predictions are in good agreement with the experimental observations in terms of
pressure-volumetric response, triaxial compression, quasi-static strength surface, dynamic strength surface, strain
rate effect and depth of penetration. It also transpires that the present model is much more improved than the JH-2

model.
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Table 1 Material parameters for projectile!™!

plkgm™) A/MPa B/MPa n C
7 830 792 510 0.26 0.014

*x2 BEEMME S

Table 2 Material parameters for ceramic'™!

plkg'm™) G/GPa A, B, M N T/GPa
3163 183 0.96 0.35 1.0 0.65 0.37

oy /GPa Pue/GPa D, D, K,/GPa K,/GPa K,/GPa
14.567 59 0.48 0.48 204.785 0 0
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(a) Simulation results for ceramic beam (b) Experiment results for ceramic beam!'?]
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Fig.2 Damage evolution of beams
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Fig.3 Damage contours of beams at 30 ps
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Fig. 5 Damage contours of beams at different impact velocities
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Comparison of Impact Damage between Ceramic Structure and
Nacre-Like Ceramic/Polyurea Composite Structure

WU Hecheng, XIAO Yihua

(School of Mechatronics and Vehicle Engineering, East China Jiaotong University, Nanchang 330013, Jiangxi, China)

Abstract: The finite element model of a ceramic beam impacted by a blunt-nosed projectile was established,
and the impact damage evolution process of the beam was simulated. The simulation results are in good
agreement with experimental results, which confirms the validity of the model. On this basis, the finite
element model of a nacre-like ceramic/polyurea composite beam impact by the same projectile was
established. Its damage evolution process was compared with that of the ceramic beam. Effects of impact
velocity of projectile on damage process are studies for the two beams. The obtained results show that the
damage of the ceramic beam expands conically, and the beam undergoes global damage. The damage of the
nacre-like composite beam expands in a cylindrical shape in the longitudinal direction (i.e., impact direction),
and the beam undergoes local damage, which gives a good ability to maintain structural integrity. Moreover,
as the impact velocity of the projectile increases, the range and extent of damage of the ceramic beam
increases significantly. Differently, when the impact velocity exceeds a certain value, the damage range of
the nacre-like composite beam changes insignificantly, while its damage extent grows with the increase of
impact velocity.

Keywords: impact; ceramic; nacre-like; polyurea; damage evolution
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Table 1 Mechanical parameters of the composite materials'"

E,/GPa E,/GPa v G,,/GPa G,;/GPa G,,/GPa
180 10 0.28 2.6 39 39
X/MPa X/MPa Y/MPa Y,/MPa S\,/MPa ol(g-em™)
2 500 1250 60 186 85 1.95

JZ ] i 5373 R 9 28 7 (Cohesive) B0 B4 . P9 5R 7 BRI AT LA OB 4 24 12 s L 37 e
PR 2oy )2 kA BARM B S8 W3R 21, SR KL K K WIS IEERINIEE, N, S, T 43 5 3%
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c=(A+B")(1+Cln&")(1-T"") %)
FF Johnson-Cook ASF#E AU i) 5 5 2 iR 20 R
€£ = [D] +D2 exp (Dgﬂ)] (1 +D4 lna*) (6)

S s, & RS K, o RS, A A IR AR B 5 S A B, € 5 52K R
RH T TERIRIE, n BB T, m R BE AL T, Dy~ D AR 28 B S UL 3.
# 2 Cohesive B TH RIS "™

Table 2 Material parameters of cohesive elements™*

K, /(GPa-mm™) K. (= K)/(GPa-mm™) N/MPa S(= T)/MPa G,/(J-m?) G,(= Gy)/(Jm?)
120 43 30 80 520 970

£3  AlG061-T6 # &%
Table 3 Material parameters of A16061-T6

pl(g-em™) E/GPa v A/MPa B/MPa N m
2.7 70 0.28 265 426 0.34

—
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Fig. 4 Energy-displacement curve
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Table S Five different sandwich structures
Plane size of Upper (lower) . The thickness __.
Structure . . . Core relative Diameter of  Impact
specimen/ Stacking sequence panel thickness ) of the core .
type density/% impactor/mm  energy/J
(mm x mm) /mm layer/mm
1 10.0 15.0
2* 12.5 12.0
3* 100 x 100 [45°/0°/—45°/90°]; 1 15.0 10.0 12.5 33.0
4* 17.5 8.6
5* 20.0 7.5
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Low-Velocity Impact Response of Carbon Fiber-Aluminum Foam Sandwich Plate
LIU Shanshan', LIU Yajun', ZHANG Yingjie', LI Zhigiang"**

(1. Institute of Applied Mechanics, College of Mechanical and Vehicle Engineering,
Taiyuan University of Technology, Taiyuan 030024, Shanxi, China;
2. Shanxi Key Laboratory of Material Strength & Structural Impact,
Taiyuan University of Technology, Taiyuan 030024, Shanxi, China;
3. National Demonstration Center for Experimental Mechanics Education

(Taiyuan University of Technology), Taiyuan 030024, Shanxi, China)

Abstract: In order to study the low velocity impact response of the core-layer structure, this paper simulates
the damage process of sandwich structure, that carbon fiber (T700)/epoxy composite laminates are used as
the top and bottom panel, the foam aluminum is used as core layer, under impact loading of drop hammer.
The composite laminates were modeled with three-dimensional solid elements, and the failure criteria of
three-dimensional Hashin were introduced to simulate the damage of composite materials by the user
subroutine VUMAT in the finite element software ABAQUS. The bonding layer failure between the layers
was simulated with criterion of the secondary stress and cohesive unit. The aluminum foam core layer was
modeled by a 3D Voronoi mesoscopic model. By analyzing the damage initiation, damage propagation and
final failure modes of composite sandwich structures under low speed impact, the progressive failure
mechanism of composite materials was clarified. The contact force and displacement through the hammer
head, internal energy of sandwich panel, rear panel to study the stress distribution and maximum
displacement energy absorption and impact resistance of sandwich structure. The optimal design of the
coupling relation between the relative density and thickness of five different core layers under the condition
of a certain quality control have been obtained, which provides designed guidance for satisfying the
requirements of practical engineering.

Keywords: composite sandwich plate; low speed impact; damage evolution; dynamic response; energy
absorption characteristics
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Phenomenon of Local Densification in Negative Graded Metal Foam
LIU Mian'*, WANG Genwei'?, SONG Hui'?, WANG Bin'*

(1. Institute of Applied Mechanics, College of Mechanical and Vehicle Engineering
of Taiyuan University of Technology, Taiyuan 030024, Shanxi, China;
2. Shanxi Key Laboratory of Material Strength & Structural Impact, Taiyuan 030024, Shanxi, China;
3. Department of Mechanical and Aerospace Engineering, Brunel University London, London, UB8 3PH, UK)

Abstract: Based on the one-dimensional nonlinear rigid-plastic hardening (R-PH) model, the control
equations and mechanical response characteristics of the shock wave propagation of the negative graded
foam under constant velocity impact are studied. The LS-DYNA finite element software is used to
numerically simulate the graded metal foam model generated by the three-dimensional stochastic Voronoi
technology to verify the theoretical prediction. The local densification strain and the second critical velocity
of the graded foam material under the shock wave model are defined. By studying the effects of impact
velocity, density gradient and relative density parameters, it is found that the theoretical solution of the shock
wave model is in good agreement with the numerical solution of the finite element model. The shock wave
theory based on the R-PH model can better predict the negative graded foam metal. The mechanical
properties of the local densification strain have three growth stages at different impact velocities; the larger
the absolute value of the density gradient and the relative density, the smaller the local densification strain
and the larger the second critical velocity. Finally, the effect of local densification on the stress at the support
end in the negative graded foam is explained.

Keywords: graded metal foam; shock wave; local densification strain; the second critical velocity
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Numerical Simulation of Multiaxial Creep Behavior of
2D Anisotropic Cellular Materials

LIU Haowei', SU Buyun'*?, QIU Ji', LI Zhigiang'*?

(1. Institute of Applied Mechanics, College of Mechanical and Vehicle Engineering,
Taiyuan University of Technology, Taiyuan 030024, Shanxi, China;
2. Shanxi Key Laboratory of Material Strength & Structural Impact, Taiyuan 030024, Shanxi, China;
3. National Demonstration Center for Experimental Mechanics Education

(Taiyuan University of Technology), Taiyuan 030024, Shanxi, China)

Abstract: Based on the Voronoi model of 2D anisotropic cellular materials, the uniaxial and multiaxial
creep behaviors were systematically studied. A large number of numerical simulation results showed that the

mechanical properties of the 2D anisotropic cellular materials are greatly dependent on the geometric tensile

coefficient R, which represents the degree of anisotropy. Among them, the values of the parameters », and v,

gradually increase with the increase of R, and the change rule of the parameter r, is just the opposite. For 2D

anisotropic cellular materials, with the increase of R, the uniaxial steady-state creep rate along the tensile
direction increases, while the performance in the other direction decreases gradually. In addition, based on

the relationship between characteristic stress and characteristic strain, a theoretical model was established,

which can describe the multiaxial creep behavior of 2D anisotropic cellular materials. By comparing the

prediction results of the model with the numerical simulation results of the steady-state creep rate of

materials under different anisotropic degrees and loading conditions, it was found that these two agree well,

which proves the validity of the theoretical model established in this paper.

Keywords: cellular materials; Voronoi model; multi-axis loading; steady-state creep rate
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Table 1 Specific physical parameters of each part of the model
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Material R/um &/um E/GPa u o/(kg'm™) y/(J-m?)
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Fig. 3 Arrangement modes of voids of the cellular materials
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Fig. 4 Crack growth patterns of five arrangement models of voids at various times
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Fig. 5 Shear cracks in the area around the void (a) and

schematic of particle-fragmentation-filled void (b)
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Fig. 6 Stress distributions of five arrangement models of voids at various times
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Table 2 Particle velocities and stresses in the five arrangements modes of void

Modes Particle velocity/(m-s™) Stress/MPa
Random lattice 142.6 56.11
Square lattice 155.0 29.74
Triangular lattice 151.5 62.84
Decreasing lattice 161.7 58.13
Increasing lattice 158.9 55.39
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Effect of Voids Arrangement on Behavior of PMMA
Cellular Materials on Impact Loading

LUO Guogiang', FEI Xihuan', YU Yin?>, ZHANG Ruizhi', ZHANG Chengcheng', SHEN Qiang'

(1. State Key Laboratory of Advanced Technology for Materials Synthesis and Processing,
Wuhan University of Technology, Wuhan 430070, Hubei, China;
2. National Key Laboratory of Shock Wave and Detonation Physics, Institute of Fluid Physics,
CAEP, Mianyang 621999, Sichuan, China)

Abstract: Cellular materials, characterized by their light weight and energy absorbing, etc., have broad
potential applications in the fields of loading-path control, explosion and impact protection. In this paper, the
discrete element method of lattice-spring model is utilized to simulate the early impact response of PMMA
cellular materials with different arrangement models of voids during the impact loading process. The early
void collapse failure, stress distribution and particle velocity of materials with various arrangement models
are investigated. Our results show that the arrangement of voids affect the particle velocity but not the shock
wave velocity. The cracks are germinated in the area near the longitudinal direction of the void, and the
failure mode of the void is mainly shear failure. In different arrangement models of voids, there is a
phenomenon of shear cracks interpenetrating between the holes, which promotes the compression of the
volume. The square lattice and triangular lattice arrangement models prominently slow the stress concentration
and plastic deformation rate of voids in the nearby area. The square lattice, triangular lattice, decreasing
arrangement and increasing arrangement significantly have a remarkable influence on the flatness of the
shock wave front of PMMA cellular materials. The random arrangement is the most effective one to reduce
the particle velocity, and the square lattice contributes most to the post-pressure reduction of the wave front.

Keywords: cellular materials; arrangement model of voids; shock wave; impact loading
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Fig. 1 Bionic honeycomb design: (a) natural Royal Water Lily vein structure, (b) a simplified model of
natural Royal Water Lily vein, (¢) compression model of gradient honeycomb
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Table 1 Material parameters of 6060T4 aluminum alloy

p/(kg-m™) E/GPa u o /GPa E,/GPa
2700 70 0.3 0.08 0.07

A5 B S0 5 5 R R S R —, AR i 5 LR B 1 L o D07 e 5 99
SRR BRI R 5 A ERSY, AR FR AP B B A RO
N Rimox—Rict ) 6 H + D 20RGEH Ny (R =R ) 15, + Y 2R

pi= R H-nR., H - (R R )

i, max i—1, max i, max i—1,max

Aorre N, R A I 0 s BE RIS s R, o IR DR AT IRAR, 2 i = O B, Ry oy = 05 ¢ BEJEE, PR r FRAR ],
c TR

2R 3 PRSI F S 0 AR W B S5 S HL, 43 o TS OB B 4 AR 4 8T Case 1. TSN IE A EE D AR
1755 Case 2 LA K3 5) 5 AW 6% UG, 3 Ry AR e 53 1) ThT DB B2 35 SR 35 50, TET AT B A X 28 2 5%,
m1: Case 147 A5 84 5 (AR X9 BE R B N 1 2R 23 531020 2%, 5% Fi1 8% Case 2 {17 Az 1 55 14 A X 285 85 46 25 DA
BR300 8%, 5% F1 2%; T %t T35 50 45 A W 55 UG, AN [R] ) AH X 25 B T LA o 204 UG-5% (1) BE JE
N

(1)

*2 REXBEHEXSH
Table 2 Model and related parameters

Model Wall thicknesses of C2 layer/mm Relative density of out-of-plane/%
Part 1 Part 2 Part 3 Part 4 Part 5 Cl C2 C3
Case 1 0.190 0.180 0.175 0.150 0.120 2 8
Case 2 0.190 0.180 0.175 0.150 0.120 8 5 2
UG-5% 0.190 0.180 0.175 0.150 0.120 5 5 5

23 ARTFEEIUE
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B DL T e

(D) ZGSNBEES NEEE MY LLIETE 5% ~10% Z [1];

(2) gt VA, SR NE, IR HE, - (E +E) ~ 0;

(3)Th I A REE, 5 R GE W BEE Y HUAE X T — M %) TR ) 20T LAk 56 1) 5%

AR5 BE N 2% B340 05 1 s O FE B I AE NI 3 Fr s . i IE] 3(a) AT LA Y, MEFR SR 450, 248
SRR N RGN RE S B REZ AN, BREZ N P REIY 0.3%, 28 A BEAN 1 48 1 72 B 8 14 36 1 o i 25 B 400 1Y
B3R, B 3(b) 45 T AR B B Ry 2% B H S e A v S E DR 250 my/s Y Bl A R 4 o B P Y BE O
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Fig. 3 Energy verification of uniform bionic honeycomb with relative density 2%:
(a) quasi-static compression, (b) 250 m/s dynamic compression
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Out-of-Plane Compression Performance of Gradient Honeycomb
Inspired by Royal Water Lily

WANG Hairen, LI Shigiang, LIU Zhifang, LEI Jianyin, LI Zhigiang, WANG Zhihua

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

Abstract: Inspired by the venation of Royal Water Lily leaves, we conducted numerical simulations on the
quasi-static and dynamic compression of layered-gradient honeycomb using the finite element software
ABAQUS. Then the relationship of the quasi-static compression plateau stress with the relative density, as
well as the relationship of the dynamic compressive strength with the relative density and the impact velocity
was analyzed. The results show that: the progressive collapse mode appears at a low impact velocity (10 m/s);
the collapse mode presents closely related to the gradient distribution at the impact velocity of 200 m/s, and
the initial collapse mode just turns to be progressive. When the shock wave propagates to the far end (fixed
end), the layer’s collapse and compaction depend on its static compressive strength, and the compaction
occurs in the layer with lower compressive strength in turn.

Keywords: bionic honeycomb; gradient core; compressive strength; deformation mode
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(a) Regular 8x8 plate model (b) Irregular 7x7 Voronoi model (c) Irregular 8x8 Voronoi model

(d) Irregular 9%9 Voronoi model (e) Irregular 1010 Voronoi model
&2 HE 8 x 8 BETFIFHAL Voronoi 7 (197~ B &l

Fig.2 Schematic of regular 8 x 8 model and random Voronoi models
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Table 1 Parameters of aluminum plate

Material p/(kg'm™) v E/GPa
Aluminum 2750 03 72

% 2 Cohesive IRE T Rl S

Table 2 Parameters of Cohesive model

AMPa  MPa  £OMPa  GUIJIm?)  GUKIm?)  GUKIm?)  plkgm?)  E/GPa  E/GPa

80 80 80 1 1 1 1 850 4 1.5

TERNEE LT, 806 4 B A & 2 7] 2k H Johnson-Cook #5271 fif i
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Table 3 Parameters of Johnson-Cook model™!

Material A/MPa B/MPa n C m
Aluminum 391 684 0.436 0.00959 2
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it Fig. 3 Boundary condition and loading of the model
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(c) 1.50 ms (c) 3.00 ms
P4 ASTR]E 2] LI R AR 2 B 5 AR Voronoi F AR A f
von Mises hi 1z I von Mises W 11z AL
Fig. 4 Cutaway views of von Mises stress contours of Fig. 5 Cutaway views of von Mises stress contours of
regular plate model at different times Voronoi plate model at different times

Stress/MPa Stress/MPa
(Avg. : 75%) (Avg. : 75%)

829.4 646.4

622.0 484.8

552.9 430.9

483.8 377.1

414.7 323.2

23456 269.3

276.5 215.5

2073 161.6

1382 107.7

69.1 53.9

0 0

Kl 6 3.00 ms B HLI] F AR AY ) Bl 7 3.00 ms F} Voronoi H HAbiAY
von Mises I /] = I L] von Mises I J] z A E]
Fig. 6 Top view of von Mises stress contours of Fig. 7 Top view of von Mises stress contours of
regular plate model at 3.00 ms Voronoi plate model at 3.00 ms
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Fig. 8 Damage energy of regular model and Voronoi models Fig. 9 Plastic energy of regular model and Voronoi models
with different block sizes with different block sizes
-
E ol [
N B e
g 2
° —— /#=0.1 mm 5 ——/#=0.1 mm
& — — h=0.2mm E= — — h=02mm
g =03 mm s h=03 mm
E 2
£ £
= £
g 3
0 1 1 1 O L L L
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Time/ms Time/ms
10 BAARFERMEZEEER Voronoi BEIFHIFERE K11 BARFE RSB R Voronoi BRI YR ERE
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Dynamic Responses of Nare-Like Voronoi Structure under Impact Loading
WU Xiaodong'?, ZHANG Haiguang®, WANG Yu’, MENG Xiangsheng®

(1. Department of Nuclear Emergency and Safety, China Institute for Radiation Protection, Taiyuan 030009, Shanxi, China;
2. College of Mechanical and Vehicle Engineering, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China)

Abstract: As an effective structure system for resisting the compression, the nacre composite structure has
random Voronoi structure at a microscopic level and good mechanical performance. In this study, a three-
dimensional Voronoi model consisting of aluminum/vinyl composite structure was presented to investigate
the dynamic responses of nare-like Voronoi model under impact loading. Firstly the stochastic Voronoi
model was built using the Voronoi technology, and then the adhesive layers were introduced between
random polygonal aluminium sheets to simulate the bonding and delaminating processes. Via the maximum
deformation, damage distribution and dissipation energy, the mechanical performances of Voronoi plate
model were evaluated and compared with those of the regular plate model. The results showed that the
Voronoi model is in favor of energy spreading and absorbing, reducing the stress concentration and making
the energy sharing mechanism work better. But the impact damage of the regular plate model is concentrated
near the impacting point of the bullet. Finally the influences of adhesive thickness and block size on
mechanical performances were discussed. It was indicated that the block size has little effect on the impact
resistance of the Voronoi model while the adhesive thickness exerts significant influence on the damage
dissipation energy and plastic energy. It was found that the thinner is the adhesive thickness, the better is the
impact resistance performance of the model.

Keywords: nacre; Voronoi structure; dynamic response; impact loading; finite element analysis
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£ =2700 kg/m®, AR Fbu = 0.3, # G E = 68.2 GPa, 5144 6061-0 YR 71 -1% 48 fl 28 5k [ SCik [14]
A 4.

/| dl

(a) Tip side pressure (b) Gap side pressure
1 2 H 8t ab A FR TR

Fig. 1 Finite element model of sunflower sandwich structure
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TR

40 mm 60 mm
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2 PRy SR AR B AT = K

Fig.2 Deformation nephogram under two loading modes at different displacements
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2500
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K3 [l R - f8% 2k
Fig.3 Load-displacement curves at different impact velocities
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WL, ShFe R A SEA FI MCF A7 35 HYSE R o JEAR IR AN T, SEA [ % b7 BEJE ) 5 M i/,
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Fig. 4 SEA and MCF of sunflower sandwich structure with different wall thicknesses at different impact velocities
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=1 HFHEE v=20m/s TH SEA 1 MCF
Table1 SEA and MCF atv =20 m/s

SEA/(J-g™") MCEF/N
t/mm Increase ratio/%
TSP GSP TSP GSP
0.8 2.89 4.45 94.40 145.34 35.05
0.9 2.68 4.08 87.43 133.23 3431
1.0 2.66 4.46 86.90 145.84 40.36
1.1 2.31 4.17 75.33 136.18 44.60
1.2 2.28 3.51 74.42 114.79 35.04

%2 MEEE v=30m/s TH SEA 1 MCF
Table 2 SEA and MCF atv =30 m/s

SEA/(J-g™") MCE/N

t/mm TSP GSP TSP GSP Increase ratio/%
0.8 3.07 4.83 100.26 157.66 36.44

0.9 2.87 4.64 93.87 151.72 38.15

1.0 2.84 4.81 92.76 157.25 40.96

1.1 2.63 4.67 85.89 152.42 43.68

1.2 2.46 3.74 80.29 122.14 34.22

=3 HEERE v=50 m/s TH SEA #1 MCF
Table 3 SEA and MCF at v=50 m/s

SEA/(J-g™) MCF/N
t/mm Increase ratio/%
TSP GSP TSP GSP
0.8 4.08 5.27 133.24 172.06 22.58
0.9 3.83 5.08 125.23 165.85 24.61
1.0 3.61 5.40 117.93 176.28 33.15
1.1 343 4.79 112.05 156.44 28.39
1.2 3.39 4.67 110.81 152.41 27.41

2.2 TR A S

2 JE BN AE A BT ] 235 W e RE A4 14 1) T BB AAR, A I 2 R FH IR R (8] 1 19 A8 442 1 o 2 A5
K, DI [A] s R (v =20, 30, 50 m/s) XF 8 A2 ] H B I i 54, AEIEL 539902 9. 10, 11, 12, 13,
14,15, 16, #4712 10 R 4R BEPL 1145

B S 25t T 25w B 2B I g5 4 (BB [R]) 78 AN [R) o o ol 5 T i gk fr - B i 26 . DAL 5 T LR
W, FEMRER] AR N ZR R, AR MBI 22, 287 A e B TR (B . 32 RO AR IR BN 22, J6 I 22 ) 110 £ 138
JIN, AE S I A FE R R IR 7R A2 T, e Se R BN . B ool R RGO, W IR (R ) B OR, # A -r
B i 2 (ke sl 1k B BH S, O FLREAR A28 o) o 8 8 -8 % 10 4 1) 10k 2l BU e (B) R AR 1) N4 R B R, aX
SIS | SANVEEY) 1= SO Nl N U WA € v | R i 1 v 0 e D A E 2 il A vk 2l OO 11 D 59 [ = A
IEAETE A X R A

Bl 6 25 T 2 m) H 296854 (FEIBOR[R)) 78 AN 6] o o i T 19 SEA R MCF. ML 6 AT DL H:
1E i MU v =20 m/s I SME T, AR AEIREL Y SEA Fl MCF 2 [A] 1Y 22 FEAR A, AE 35K 13 (9 SEA #il
MCF #R42- 5 /)N 5 Bt e o 3 B A 08 K, AE R0 15 19 SEA il MCF 38 B &5 78 w3 v=50m/s T,
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Fig. 5 Load-displacement curves at different impact velocities
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Fig. 6 SEA and MCF of sunflower sandwich structure with various numbers of petals at different impact velocities
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Numerical Simulation of Radial Impact on Sunflower-Like
Sandwich Cylindrical Shell

YAN Dong'?, WANG Genwei'?, SONG Hui'?, WANG Bin'?

(1. Institute of Applied Mechanics, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China;
2. Key Laboratory of Material Strength and Structure Impact in Shanxi Province, Taiyuan 030024, Shanxi, China;
3. Department of Mechanical and Aerospace Engineering, London Brunel University, London UB8 3PH, UK)

Abstract: Because of their excellent lightness and crashworthiness, metal thin-walled structures have been
widely used in the collision kinetic energy dissipation system of vehicles such as automobiles, airplanes and
trains. In this paper, the deformation mode, energy absorption capacity, specific energy absorption and
average compression force of sunflower thin-wall sandwich structure under radial impact load in two
directions are studied. The results show that the wall thickness, the number of petals, the loading speed and
the loading direction of the thin-wall sandwich structure of sunflower have certain effects on the impact
resistance of the structure. Under the condition of constant mass, with the increase of the thickness of the
outer shell, the energy absorption efficiency of the thin-walled structure under the tip pressure is reduced.
The specific energy absorption under gap side pressure was 44.6% higher than that under tip side pressure.
With the change of the number of petals, the energy absorption efficiency of thin-walled metal structure has
an optimal value.

Keywords: metal thin-walled structure; energy; radial compression; simulation
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Fig. 4 Finite element model and schematic of model-II
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Table 1 Cohesive parameters

T/mm N,/ MPa S ./ MPa G,/(N-mm™") G, /(N‘mm™") K, /(N-mm) K. /(N-mm™)
0.16 0.35 2.0 0.40 0.73 15 625 31250
0.20 0.50 2.5 0.55 0.65 12 500 25000
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Numerical Simulation on Interlaminar Fracture Toughness of
3D Printed Mortar Laminated Composites

MENG Xiangsheng', WU Xiaodong'?, ZHANG Haiguang'

(1. College of Mechanical and Vehicle Engineering, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China;
2. Department of Nuclear Emergency and Safety, China Institute for Radiation Protection, Taiyuan 030006, Shanxi, China)

Abstract: In this paper, the interlaminar fracture toughness of 3D printed mortar laminated composite was
investigated by finite element numerical simulation. Firstly, finite element models of the model-I and model-II
fracture toughness were established based on cohesive principle and displacement control loading method,
and used to simulate the interlaminar opening and staggering process of composites. Then the reliability of
the finite element numerical method was verified by compared with the experiment results. Finally, the
effects of initial crack length, fracture toughness, initial interface stiffness, interface strength, bonding layer
thickness and clear distance on the mechanical properties of 3D printed mortar laminated composite were
analyzed. The results show that, for the model-I, reducing the initial crack length, increasing the fracture
toughness and increasing the bonding layer thickness can improve interface bearing capacity; and the change
of initial interface stiffness and interface strength has no effect on the peak value of tensile force. For the
model-II, reducing the initial crack length, enhancing the interface strength, increasing the fracture toughness
value and reducing the bonding layer thickness can improve the interface bearing capacity; and the change of
the initial interface stiffness has no significant effect on the load-displacement curve.

Keywords: composite material; fracture toughness; finite element simulation; mortar laminated structure;

3D printing
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