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Mgy 5 AT 5 TR AE = A MRS ) T4k TRIRIBESE T 2 ALK BV R 2 A B E SE R
BRS04 s T A AL ) 5 2 0 o o 7 R o RO AR ) S R R I T R AR e ARORE IR 1] | SR
LR, 58 AR UKL A5 G Al R R AR (DL 12D 2) b 2 ) o2 F 520 {610, b 1 22 AL R o, B4R T o
i P AT 5 FLI B AR AR A 2 B (P 6(a) ), ELE A 1] e S5 6 UL 45 81 5 A8 8L 295 SR [] 14 LT i DA R

030106-12



%334 WA MR S A BT A AR AR R 53

(F 6(b) ) s A B T T B )RS0 25 5 & RN R UKL 20 it S S50 98 2% A e sh A8 T B LA (1 6(c) ),
I3HT T WEMERE R FLIR | BESCAE R W A T W b i P A S B S (1] 6(d)), #7R 1 2 ALIEHEbE
A v 2 SO ek e ) T A2 49 5 A LA 0 15 A =2 TR) % 08 R DGR, it e 1 v ok 9 8 ¥ 1 A A LB 445 ) ) D
(& 6(e) ~ 1 6()), it T FLIRBEHLHEA LA L =T (& 6(g) )  PU3TE (18] 6(h) ) FI7830TE (& 6(1))
A UL U A X 52 ek VG A R 118 i S5 405 P 02 O i ok i 2 ) 552 0

. Shear

(@) stress/
GPa

3 F: 1.2

(e) Hugoniot ~ Deformation Plateau  Time = 285 ns
150 L state 3 wave  between ; Elastic

' | two waves | wave

' '

U/(m-s™)
)
S

50
0.6
0.2 A - By AR, 1 1
0 b .A-:fk. . A
0.15 0.25 0.35

Shock distance/mm .
0 0.4 0.8 1.

Shock distance/mm

£

S5t @ . 4
2 Inelastic

13} 4 [ Elasticity deformation

@ 3 F

]

'g 2 HEL

o1 Collapse [Silppage

== A L R

012345678910
Hugoniot strain/% Shock distance/mm

Kl 6 2oL B & ol IR B4 A WAL A A0 2 LR AT

Fig. 6 Mesoscopic deformation and macroscopic response of shocked porous ceramics

4 WBFERAENFEERHSETE

(1) AR A 1]

A AR A X 55 P A R B AR S LI 58 T RS T LR B R, (BT Bk = X 4y J A A R A R
MR BLRE ST HAEANF MRSy R EEARAF T, A, B BOHE L ISR KR 25 55 44 Rkt nl 8 i BE i A n] 22
W% 140 286 P RSB A 7 5 A S T 246 A% T, A LA i 56 58 2 9 T s 119 B G A A R SR A A% T
BERIBEAT A o DN I, 5 2 28 G0 b A Jo m A Af 40 8 b A 4Rk A I A A% RS . Osstoja-Starzewski
SEET I Horie S L 223y 55 1 5 SR 2B 1R B AR W) 17 5 Krajeinovic 21 (i FHAR 2 PR3 K A HE )+
JIA AR ity wE I 5 SR T S50 3R R R B LR R N AR A TR I TS A L, SRR A 5

Y 3T R 2 W Mie 22 Pl st B9 000 A5, G 40 b 3R B0 0 A [ i . 8 R B A 2R R RO AR ZR Mk TR A
“OLEE RS (SR AT RIS ) L BINERE AL %5178 .
(2) ZY A5

ALY R LAk B o e 2 R 0 2 ) 45 03 DR 4 A R R 2 B 225 I T SR R DR O B
R, MR O B A A R G E SRR AN, Bk v P TR bl DR 4 R Y
JBCREL 2R AR R G2 S 2l 2 IR 8 5 R 2 il o R A A9 1) L5 38 WD g e 1y e i R D A0 o i B R 2 B S R
5 R G HUR - RLE0 A B R A5 TR R OC AR 5 1Y TR 7 11 TR 5 55 1 K S5 02 sh A5 I 28 5 4
AR IR RRAR G A TR PRIk, 5 22 S AR 11 ) Ty B A e S HL S H A iy RS RY f A P 5 . Xl
I8 2 L0008 TG Je T A i R 45 B0 g 2 R A TR A i be 4 BUR M A S B IR B S AR TR R
SFUEVIF R T I -RAC AR IO X 25 BF TR K S IR . RO A% TR 2 S R AT 2 )
BT, LB R T B Ot L B R A L

(3) 5 R AT 4

TR AT AT RORE B BOR BN R 2 6] o SR, FEZE 8 | Tl 25 7] v i o 75 22 [n]

030106-13



33 % = JE Ll i 2% Eitd 5531

BT YL 8 458 03 W 23 A A S i 2 W R RUBE b 928 B R0 AR SR B R A I R 9 4, b AR A0 S
Py R v, B WL R E B K 24 00K A 57 e JBE 458 5 2 00 RUBE ) AR | 25 24 T 0 20 S 3% A SR o 2 e
SHL 24 (1% 22 RE A A R G A o O, 25 O 5 10 ) AL K 24 g S A A XU A L A A AL
AE R EER AL P, 75 B S A VLR AR 5B S ORORI B /N RORE BT A T 4 . 5K
PR SR T MG 1 T AR R A A A R R g 2R S DX A P 5 LR A, A S A AL
2 it DX 358 UL A DB A 5 T2 B A /I P A 5 AR T2 i 1 s TR R S A BROCAR &S & B B0k, JsUE B R
FIR 7 19 A% AT Al S B DX s 36 07 3t O B 5 R BE, LA A T BT o R R B A% 1 A58 LA 4 R A 1
T, T RUEE Y 8l 285 W 22 [R) 8L e 38 SR ) B LS 5 T B AR B SR

5 REERE

B AE S vhil i CT B MEPE AR S SR DT A B R TR . ARSCE X e 1A R
Jrdk VRS 1Tk L MR EIE B J1 50k R TR L A 2 b e A W SRS R A A R
JEE A% J7 1 5 TE A% PRL 07 VR B RS 0 BETIT S 1 M RS R B A U A AR B L R I S8
B | BT SR TR B RS R R B A RS AR s R A 4 T IR P T O PR A R T 1
LT U 9 — BB AR R s a2 1 TR LA AR LR A 1 . 2B A L B UL AT RS
T AR R DL Rttt r 1) o FR, A% TR 7S A R4 e . B 88 1~ R 300, M 2 8% s o K 55
] AL A AT 5 P A A% T B A T, K oM FRp 2 At 5 58 3 A 1 o A 3t B 9 T L B T SRR T
S Vet LAR A B Iz A4 P A5 R 4R B SR B

S22 3k

(1] BUEHLER M J, GAO H. Dynamical fracture instabilities due to local hyperelasticity at crack tips [J]. Nature, 2006, 439(7074):
307-310.
(2] BUEHLER M J, ABRAHAM F F, GAO H. Hyperelasticity governs dynamic fracture at a critical length scale [J]. Nature, 2003,
426(6963): 141-146.
[3] RAVI-CHANDAR K, YANG B. On the role of microcracks in the dynamic fracture of brittle materials [J]. Journal of the
Mechanics and Physics of Solids, 1997, 45(4): 535-563.
[4] FINEBERG J, GROSS S P, MARDER M, et al. Instability in the propagation of fast cracks [J]. Physical Review B, 1992,
45(10): 5146-5154.
[5] SHARON E, GROSS S P, FINEBERG J. Energy dissipation in dynamic fracture [J]. Physical Review Letters, 1996, 76(12):
2117-2120.
(6] SKERPY, ¥ WUTE. oy Bl 8 2 7225 118 (M. Jbat: B2 ik, 2000.
[7] BAKER J R. Hypervelocity crater penetration depth and diameter—a linear function of impact velocity? [J]. International
Journal of Impact Engineering, 1995, 17(1/2/3): 25-35.
(8] CHHABILDAS L C, REINHART W D, THORNHILL T F, et al. Debris generation and propagation phenomenology from
hypervelocity impacts on aluminum from 6 to 11 km/s [J]. International Journal of Impact Engineering, 2003, 29(1): 185-202.
(9] THoR, Mkl A BRICIESERE & ANSYS BT [M]Ab5t: Bl ik, 2008.
[10] CAMACHO G T, ORTIZ M. Computational modeling of impact damage in brittle materials [J]. International Journal of Solids
and Structures, 1996, 33(20/21/22): 2899-2938.
[11] ESPINOSA H D, ZAVATTIERI P D. A grain level model for the study of failure initiation and evolution in polycrystalline
brittle materials. Part I: theory and numerical implementation [J]. Mechanics of Materials, 2003, 35(3): 333-364.
[12] ESPINOSA H D, ZAVATTIERI P D. A grain level model for the study of failure initiation and evolution in polycrystalline
brittle materials. Part II: numerical examples [J]. Mechanics of Materials, 2003, 35(3): 365-394.
[13] ZAVATTIERI P D, RAGHURAM P V, ESPINOSA H D. A computational model of ceramic microstructures subjected to
multi-axial dynamic loading [J]. Journal of the Mechanics and Physics of Solids, 2001, 49(1): 27-68.

030106-14


http://dx.doi.org/10.1038/nature04408
http://dx.doi.org/10.1038/nature02096
http://dx.doi.org/10.1016/S0022-5096(96)00096-8
http://dx.doi.org/10.1016/S0022-5096(96)00096-8
http://dx.doi.org/10.1103/PhysRevB.45.5146
http://dx.doi.org/10.1103/PhysRevLett.76.2117
http://dx.doi.org/10.1016/j.ijimpeng.2003.09.016
http://dx.doi.org/10.1016/S0022-5096(00)00028-4
http://dx.doi.org/10.1038/nature04408
http://dx.doi.org/10.1038/nature02096
http://dx.doi.org/10.1016/S0022-5096(96)00096-8
http://dx.doi.org/10.1016/S0022-5096(96)00096-8
http://dx.doi.org/10.1103/PhysRevB.45.5146
http://dx.doi.org/10.1103/PhysRevLett.76.2117
http://dx.doi.org/10.1016/j.ijimpeng.2003.09.016
http://dx.doi.org/10.1016/S0022-5096(00)00028-4
http://dx.doi.org/10.1038/nature04408
http://dx.doi.org/10.1038/nature02096
http://dx.doi.org/10.1016/S0022-5096(96)00096-8
http://dx.doi.org/10.1016/S0022-5096(96)00096-8
http://dx.doi.org/10.1103/PhysRevB.45.5146
http://dx.doi.org/10.1103/PhysRevLett.76.2117
http://dx.doi.org/10.1016/j.ijimpeng.2003.09.016
http://dx.doi.org/10.1016/S0022-5096(00)00028-4
http://dx.doi.org/10.1038/nature04408
http://dx.doi.org/10.1038/nature02096
http://dx.doi.org/10.1016/S0022-5096(96)00096-8
http://dx.doi.org/10.1016/S0022-5096(96)00096-8
http://dx.doi.org/10.1103/PhysRevB.45.5146
http://dx.doi.org/10.1103/PhysRevLett.76.2117
http://dx.doi.org/10.1016/j.ijimpeng.2003.09.016
http://dx.doi.org/10.1016/S0022-5096(00)00028-4

33 % WA MR S A BT A AR AR R %3

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]
[25]

[26]

271

[28]

[29]

[30]

[31]

(32]
[33]

[34]
[35]
[36]

[37]

[38]
[39]

[40]

[41]

BOURNE N K, MILLETT J C F, CHEN M, et al. On the Hugoniot elastic limit in polycrystalline alumina [J]. Journal of
Applied Physics, 2007, 102(7): 073514.

b - s R AR ) R = R Bk [D]. bt TR, 2005,

SULSKY D, CHEN Z, SCHREYER H L. A particle method for history-dependent materials [J]. Computer Methods in Applied
Mechanics and Engineering, 1994, 118(1/2): 179-196.

SULSKY D, ZHOU S J, SCHREYER H L. Application of a particle-in-cell method to solid mechanics [J]. Computer Physics
Communications, 1995, 87(1/2): 236-252.

CHEN Z, HU W, SHEN L, et al. An evaluation of the MPM for simulating dynamic failure with damage diffusion [J].
Engineering Fracture Mechanics, 2002, 69(17): 1873—1890.

XU A, PAN X F, ZHANG G, et al. Material-point simulation of cavity collapse under shock [J]. Journal of Physics: Condensed
Matter, 2007, 19(32): 326212.

LI F, PAN J, SINKA C. Modelling brittle impact failure of disc particles using material point method [J]. International Journal
of Impact Engineering, 2011, 38(7): 653—-660.

DAPHALAPURKAR N P, LU H, COKER D, et al. Simulation of dynamic crack growth using the generalized interpolation
material point (GIMP) method [J]. International Journal of Fracture, 2007, 143(1): 79-102.

SULSKY D, SCHREYER L. MPM simulation of dynamic material failure with a decohesion constitutive model [J]. European
Journal of Mechanics-A/Solids, 2004, 23(3): 423—445.

SILLING S A. Reformulation of elasticity theory for discontinuities and long-range forces [J]. Journal of the Mechanics and
Physics of Solids, 2000, 48(1): 175-209.

HELLAN K. Introduction to fracture mechanics [M]. New York: McGraw-Hill, 1985.

HA'Y D, BOBARU F. Studies of dynamic crack propagation and crack branching with peridynamics [J]. International Journal
of Fracture, 2010, 162(1/2): 229-244.

HA Y D, BOBARU F. Characteristics of dynamic brittle fracture captured with peridynamics [J]. Engineering Fracture
Mechanics, 2011, 78(6): 1156-1168.

SILLING S A, EPTON M, WECKNER O, et al. Peridynamic states and constitutive modeling [J]. Journal of Elasticity, 2007,
88(2): 151-184.

GHAJARI M, IANNUCCI L, CURTIS P. A peridynamic material model for the analysis of dynamic crack propagation in
orthotropic media [J]. Computer Methods in Applied Mechanics and Engineering, 2014, 276: 431-452.

LIU W, HONG J W. A coupling approach of discretized peridynamics with finite element method [J]. Computer Methods in
Applied Mechanics and Engineering, 2012, 245: 163-175.

HRENNIKOFF A. Solution of problems of elasticity by the framework method [J]. Journal of Applied Mechanics, 1941, 8(4):
169.

ASHURST W T, HOOVER W G. Microscopic fracture studies in the two-dimensional triangular lattice [J]. Physical Review B,
1976, 14(4): 1465.

KEATING P N. Theory of the third-order elastic constants of diamond-like crystals [J]. Physical Review, 1966, 149(2): 674.
KIRKWOOD J G. The skeletal modes of vibration of long chain molecules [J]. The Journal of Chemical Physics, 1939, 7(7):
506-509.

CUNDALL P A, STRACK O D L. A discrete numerical model for granular assemblies [J]. Geotechnique, 1979, 29(1): 47-65.
ALAVA M J, NUKALA P K V V, ZAPPERI S. Statistical models of fracture [J]. Advances in Physics, 2006, 55(3/4): 349-476.
PAZDNIAKOU A, ADLER P M. Lattice spring models [J]. Transport in Porous Media, 2012, 93(2): 243-262.

FRENKEL D, SMIT B. FRENKEL D, et al. Understanding molecular simulation: from algorithms to applications [M]. Holand:
Academic Press, 2001.

BEALE P D, SROLOVITZ D J. Elastic fracture in random materials [J]. Physical Review B, 1988, 37(10): 5500.

BUXTON G A, CARE C M, CLEAVER D J. A lattice spring model of heterogencous materials with plasticity [J]. Modelling
and Simulation in Materials Science and Engineering, 2001, 9(6): 485.

SROLOVITZ D J, BEALE P D. Computer simulation of failure in an elastic model with randomly distributed defects [J].
Journal of the American Ceramic Society, 1988, 71(5): 362-3609.

CALDARELLI G, CASTELLANO C, PETRI A. Criticality in models for fracture in disordered media [J]. Physica A: Statistical

030106-15


http://dx.doi.org/10.1063/1.2787154
http://dx.doi.org/10.1063/1.2787154
http://dx.doi.org/10.1016/S0013-7944(02)00066-8
http://dx.doi.org/10.1088/0953-8984/19/32/326212
http://dx.doi.org/10.1088/0953-8984/19/32/326212
http://dx.doi.org/10.1016/j.ijimpeng.2011.02.004
http://dx.doi.org/10.1016/j.ijimpeng.2011.02.004
http://dx.doi.org/10.1007/s10704-007-9051-z
http://dx.doi.org/10.1016/j.euromechsol.2004.02.007
http://dx.doi.org/10.1016/j.euromechsol.2004.02.007
http://dx.doi.org/10.1016/S0022-5096(99)00029-0
http://dx.doi.org/10.1016/S0022-5096(99)00029-0
http://dx.doi.org/10.1016/j.engfracmech.2010.11.020
http://dx.doi.org/10.1016/j.engfracmech.2010.11.020
http://dx.doi.org/10.1007/s10659-007-9125-1
http://dx.doi.org/10.1016/j.cma.2014.04.002
http://dx.doi.org/10.1103/PhysRevB.14.1465
http://dx.doi.org/10.1103/PhysRev.149.674
http://dx.doi.org/10.1063/1.1750479
http://dx.doi.org/10.1680/geot.1979.29.1.47
http://dx.doi.org/10.1007/s11242-012-9955-6
http://dx.doi.org/10.1103/PhysRevB.37.5500
http://dx.doi.org/10.1088/0965-0393/9/6/302
http://dx.doi.org/10.1088/0965-0393/9/6/302
http://dx.doi.org/10.1111/jace.1988.71.issue-5
http://dx.doi.org/10.1063/1.2787154
http://dx.doi.org/10.1063/1.2787154
http://dx.doi.org/10.1016/S0013-7944(02)00066-8
http://dx.doi.org/10.1088/0953-8984/19/32/326212
http://dx.doi.org/10.1088/0953-8984/19/32/326212
http://dx.doi.org/10.1016/j.ijimpeng.2011.02.004
http://dx.doi.org/10.1016/j.ijimpeng.2011.02.004
http://dx.doi.org/10.1007/s10704-007-9051-z
http://dx.doi.org/10.1016/j.euromechsol.2004.02.007
http://dx.doi.org/10.1016/j.euromechsol.2004.02.007
http://dx.doi.org/10.1016/S0022-5096(99)00029-0
http://dx.doi.org/10.1016/S0022-5096(99)00029-0
http://dx.doi.org/10.1016/j.engfracmech.2010.11.020
http://dx.doi.org/10.1016/j.engfracmech.2010.11.020
http://dx.doi.org/10.1007/s10659-007-9125-1
http://dx.doi.org/10.1016/j.cma.2014.04.002
http://dx.doi.org/10.1103/PhysRevB.14.1465
http://dx.doi.org/10.1103/PhysRev.149.674
http://dx.doi.org/10.1063/1.1750479
http://dx.doi.org/10.1680/geot.1979.29.1.47
http://dx.doi.org/10.1007/s11242-012-9955-6
http://dx.doi.org/10.1103/PhysRevB.37.5500
http://dx.doi.org/10.1088/0965-0393/9/6/302
http://dx.doi.org/10.1088/0965-0393/9/6/302
http://dx.doi.org/10.1111/jace.1988.71.issue-5
http://dx.doi.org/10.1063/1.2787154
http://dx.doi.org/10.1063/1.2787154
http://dx.doi.org/10.1016/S0013-7944(02)00066-8
http://dx.doi.org/10.1088/0953-8984/19/32/326212
http://dx.doi.org/10.1088/0953-8984/19/32/326212
http://dx.doi.org/10.1016/j.ijimpeng.2011.02.004
http://dx.doi.org/10.1016/j.ijimpeng.2011.02.004
http://dx.doi.org/10.1007/s10704-007-9051-z
http://dx.doi.org/10.1016/j.euromechsol.2004.02.007
http://dx.doi.org/10.1016/j.euromechsol.2004.02.007
http://dx.doi.org/10.1016/S0022-5096(99)00029-0
http://dx.doi.org/10.1016/S0022-5096(99)00029-0
http://dx.doi.org/10.1016/j.engfracmech.2010.11.020
http://dx.doi.org/10.1016/j.engfracmech.2010.11.020
http://dx.doi.org/10.1007/s10659-007-9125-1
http://dx.doi.org/10.1016/j.cma.2014.04.002
http://dx.doi.org/10.1103/PhysRevB.14.1465
http://dx.doi.org/10.1103/PhysRev.149.674
http://dx.doi.org/10.1063/1.1750479
http://dx.doi.org/10.1680/geot.1979.29.1.47
http://dx.doi.org/10.1007/s11242-012-9955-6
http://dx.doi.org/10.1103/PhysRevB.37.5500
http://dx.doi.org/10.1088/0965-0393/9/6/302
http://dx.doi.org/10.1088/0965-0393/9/6/302
http://dx.doi.org/10.1111/jace.1988.71.issue-5
http://dx.doi.org/10.1063/1.2787154
http://dx.doi.org/10.1063/1.2787154
http://dx.doi.org/10.1016/S0013-7944(02)00066-8
http://dx.doi.org/10.1088/0953-8984/19/32/326212
http://dx.doi.org/10.1088/0953-8984/19/32/326212
http://dx.doi.org/10.1016/j.ijimpeng.2011.02.004
http://dx.doi.org/10.1016/j.ijimpeng.2011.02.004
http://dx.doi.org/10.1007/s10704-007-9051-z
http://dx.doi.org/10.1016/j.euromechsol.2004.02.007
http://dx.doi.org/10.1016/j.euromechsol.2004.02.007
http://dx.doi.org/10.1016/S0022-5096(99)00029-0
http://dx.doi.org/10.1016/S0022-5096(99)00029-0
http://dx.doi.org/10.1016/j.engfracmech.2010.11.020
http://dx.doi.org/10.1016/j.engfracmech.2010.11.020
http://dx.doi.org/10.1007/s10659-007-9125-1
http://dx.doi.org/10.1016/j.cma.2014.04.002
http://dx.doi.org/10.1103/PhysRevB.14.1465
http://dx.doi.org/10.1103/PhysRev.149.674
http://dx.doi.org/10.1063/1.1750479
http://dx.doi.org/10.1680/geot.1979.29.1.47
http://dx.doi.org/10.1007/s11242-012-9955-6
http://dx.doi.org/10.1103/PhysRevB.37.5500
http://dx.doi.org/10.1088/0965-0393/9/6/302
http://dx.doi.org/10.1088/0965-0393/9/6/302
http://dx.doi.org/10.1111/jace.1988.71.issue-5

33 % = JE Ll i 2% Eitd 5531

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]
[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]

[63]

[64]

[65]

[66]

[67]

Mechanics and Its Applications, 1999, 270(1/2): 15-20.

PARISI A, CALDARELLI G. Physica A: statistical mechanics and its applications [J]. Physica A, 2000, 280(1/2): 161.

YAN H, LI G, SANDER L M. Fracture growth in 2d elastic networks with Born model [J]. Europhysics Letters, 1989, 10(1): 7.
GRAH M, ALZEBDEH K, SHENG P Y, et al. Brittle intergranular failure in 2D microstructures: experiments and computer
simulations [J]. Acta Materialia, 1996, 44(10): 4003—4018.

LILLIU G, VAN MIER J G M. 3D lattice type fracture model for concrete [J]. Engineering Fracture Mechanics, 2003, 70(7/8):
927-941.

ZHAO G F, FANG J, ZHAO J. A 3D distinct lattice spring model for elasticity and dynamic failure [J]. International Journal for
Numerical and Analytical Methods in Geomechanics, 2011, 35(8): 859-885.

YU Y, WANG W, HE H, et al. Modeling multiscale evolution of numerous voids in shocked brittle material [J]. Physical
Review E, 2014, 89(4): 043309.

CASE S, HORIE Y. Discrete element simulation of shock wave propagation in polycrystalline copper [J]. Journal of the
Mechanics and Physics of Solids, 2007, 55(3): 589-614.

YANO K, HORIE Y. Discrete-element modeling of shock compression of polycrystalline copper [J]. Physical Review B, 1999,
59(21): 13672.

WANG Y C, YIN X C, KE F, et al. Numerical simulation of rock failure and earthquake process on mesoscopic scale [J]. Pure
and Applied Geophysics, 2000, 157(11/12): 1905-1928.

OSTOJA-STARZEWSKI M. Lattice models in micromechanics [J]. Applied Mechanics Reviews, 2002, 55(1): 35-60.

GUSEV A A. Finite element mapping for spring network representations of the mechanics of solids [J]. Physical Review
Letters, 2004, 93(3): 034302.

GRIFFITH A A. VI The phenomena of rupture and flow in solids [J]. Philosophical Transactions of the Royal Society of
London Series A, 1921, 221(582): 163—198.

YU Y, WANG W, HE H, et al. Mesoscopic deformation features of shocked porous ceramic: polycrystalline modeling and
experimental observations [J]. Journal of Applied Physics, 2015, 117(12): 125901.

ZHANG Z, DING J, GHASSEMI A, et al. A hyperelastic-bilinear potential for lattice model with fracture energy conservation
[J]. Engineering Fracture Mechanics, 2015, 142: 220-235.

ZAPPERI S, VESPIGNANI A, STANLEY H E. Plasticity and avalanche behaviour in microfracturing phenomena [J]. Nature,
1997, 388(6643): 658.

KALE S, OSTOJA-STARZEWSKI M. Elastic-plastic-brittle transitions and avalanches in disordered media [J]. Physical
Review Letters, 2014, 112(4): 045503.

KALE S, OSTOJA-STARZEWSKI M. Morphological study of elastic-plastic-brittle transitions in disordered media [J].
Physical Review E, 2014, 90(4): 042405.

OSTOJA-STARZEWSKI M, WANG G. Particle modeling of random crack patterns in epoxy plates [J]. Probabilistic
Engineering Mechanics, 2006, 21(3): 267-275.

MASTILOVIC S, KRAJCINOVIC D. High-velocity expansion of a cavity within a brittle material [J]. Journal of the Mechanics
and Physics of Solids, 1999, 47(3): 577-610.

WILNER B. Stress analysis of particles in metals [J]. Journal of the Mechanics and Physics of Solids, 1988, 36(2): 141-165.
WANG Y, ALONSO-MARROQUIN F. A finite deformation method for discrete modeling: particle rotation and parameter
calibration [J]. Granular Matter, 2009, 11(5): 331-343.

WANG Y, MORA P. Modeling wing crack extension: implications for the ingredients of discrete element model [M]//
Earthquakes: Simulations, Sources and Tsunamis. Birkhduser Basel, 2008: 609-620.

WANG Z L, KONIETZKY H, SHEN R F. Coupled finite element and discrete element method for underground blast in faulted
rock masses [J]. Soil Dynamics and Earthquake Engineering, 2009, 29(6): 939-945.

DING J, ZHANG Z, GE X. Lattice structure: scaling of strain related energy density [J]. Theoretical and Applied Fracture
Mechanics, 2015, 79: 84-90.

LIU X, MARTIN C L, DELETTE G, et al. Elasticity and strength of partially sintered ceramics [J]. Journal of the Mechanics
and Physics of Solids, 2010, 58(6): 829-842.

LIU X, MARTIN C L, BOUVARD D, et al. Strength of highly porous ceramic electrodes [J]. Journal of the American Ceramic

030106-16


http://dx.doi.org/10.1209/0295-5075/10/1/002
http://dx.doi.org/10.1016/S1359-6454(96)00044-4
http://dx.doi.org/10.1002/nag.v35.8
http://dx.doi.org/10.1002/nag.v35.8
http://dx.doi.org/10.1103/PhysRevE.89.043309
http://dx.doi.org/10.1103/PhysRevE.89.043309
http://dx.doi.org/10.1016/j.jmps.2006.08.003
http://dx.doi.org/10.1016/j.jmps.2006.08.003
http://dx.doi.org/10.1103/PhysRevB.59.13672
http://dx.doi.org/10.1115/1.1432990
http://dx.doi.org/10.1103/PhysRevLett.93.034302
http://dx.doi.org/10.1103/PhysRevLett.93.034302
http://dx.doi.org/10.1063/1.4916244
http://dx.doi.org/10.1016/j.engfracmech.2015.06.006
http://dx.doi.org/10.1038/41737
http://dx.doi.org/10.1103/PhysRevLett.112.045503
http://dx.doi.org/10.1103/PhysRevLett.112.045503
http://dx.doi.org/10.1103/PhysRevE.90.042405
http://dx.doi.org/10.1016/j.probengmech.2005.10.007
http://dx.doi.org/10.1016/j.probengmech.2005.10.007
http://dx.doi.org/10.1016/S0022-5096(98)00040-4
http://dx.doi.org/10.1016/S0022-5096(98)00040-4
http://dx.doi.org/10.1016/S0022-5096(98)90002-3
http://dx.doi.org/10.1007/s10035-009-0146-2
http://dx.doi.org/10.1016/j.soildyn.2008.11.002
http://dx.doi.org/10.1016/j.tafmec.2015.05.009
http://dx.doi.org/10.1016/j.tafmec.2015.05.009
http://dx.doi.org/10.1016/j.jmps.2010.04.007
http://dx.doi.org/10.1016/j.jmps.2010.04.007
http://dx.doi.org/10.1111/j.1551-2916.2011.04669.x
http://dx.doi.org/10.1209/0295-5075/10/1/002
http://dx.doi.org/10.1016/S1359-6454(96)00044-4
http://dx.doi.org/10.1002/nag.v35.8
http://dx.doi.org/10.1002/nag.v35.8
http://dx.doi.org/10.1103/PhysRevE.89.043309
http://dx.doi.org/10.1103/PhysRevE.89.043309
http://dx.doi.org/10.1016/j.jmps.2006.08.003
http://dx.doi.org/10.1016/j.jmps.2006.08.003
http://dx.doi.org/10.1103/PhysRevB.59.13672
http://dx.doi.org/10.1115/1.1432990
http://dx.doi.org/10.1103/PhysRevLett.93.034302
http://dx.doi.org/10.1103/PhysRevLett.93.034302
http://dx.doi.org/10.1063/1.4916244
http://dx.doi.org/10.1016/j.engfracmech.2015.06.006
http://dx.doi.org/10.1038/41737
http://dx.doi.org/10.1103/PhysRevLett.112.045503
http://dx.doi.org/10.1103/PhysRevLett.112.045503
http://dx.doi.org/10.1103/PhysRevE.90.042405
http://dx.doi.org/10.1016/j.probengmech.2005.10.007
http://dx.doi.org/10.1016/j.probengmech.2005.10.007
http://dx.doi.org/10.1016/S0022-5096(98)00040-4
http://dx.doi.org/10.1016/S0022-5096(98)00040-4
http://dx.doi.org/10.1016/S0022-5096(98)90002-3
http://dx.doi.org/10.1007/s10035-009-0146-2
http://dx.doi.org/10.1016/j.soildyn.2008.11.002
http://dx.doi.org/10.1016/j.tafmec.2015.05.009
http://dx.doi.org/10.1016/j.tafmec.2015.05.009
http://dx.doi.org/10.1016/j.jmps.2010.04.007
http://dx.doi.org/10.1016/j.jmps.2010.04.007
http://dx.doi.org/10.1111/j.1551-2916.2011.04669.x
http://dx.doi.org/10.1209/0295-5075/10/1/002
http://dx.doi.org/10.1016/S1359-6454(96)00044-4
http://dx.doi.org/10.1002/nag.v35.8
http://dx.doi.org/10.1002/nag.v35.8
http://dx.doi.org/10.1103/PhysRevE.89.043309
http://dx.doi.org/10.1103/PhysRevE.89.043309
http://dx.doi.org/10.1016/j.jmps.2006.08.003
http://dx.doi.org/10.1016/j.jmps.2006.08.003
http://dx.doi.org/10.1103/PhysRevB.59.13672
http://dx.doi.org/10.1115/1.1432990
http://dx.doi.org/10.1103/PhysRevLett.93.034302
http://dx.doi.org/10.1103/PhysRevLett.93.034302
http://dx.doi.org/10.1063/1.4916244
http://dx.doi.org/10.1016/j.engfracmech.2015.06.006
http://dx.doi.org/10.1038/41737
http://dx.doi.org/10.1103/PhysRevLett.112.045503
http://dx.doi.org/10.1103/PhysRevLett.112.045503
http://dx.doi.org/10.1103/PhysRevE.90.042405
http://dx.doi.org/10.1016/j.probengmech.2005.10.007
http://dx.doi.org/10.1016/j.probengmech.2005.10.007
http://dx.doi.org/10.1016/S0022-5096(98)00040-4
http://dx.doi.org/10.1016/S0022-5096(98)00040-4
http://dx.doi.org/10.1016/S0022-5096(98)90002-3
http://dx.doi.org/10.1007/s10035-009-0146-2
http://dx.doi.org/10.1016/j.soildyn.2008.11.002
http://dx.doi.org/10.1016/j.tafmec.2015.05.009
http://dx.doi.org/10.1016/j.tafmec.2015.05.009
http://dx.doi.org/10.1016/j.jmps.2010.04.007
http://dx.doi.org/10.1016/j.jmps.2010.04.007
http://dx.doi.org/10.1111/j.1551-2916.2011.04669.x
http://dx.doi.org/10.1209/0295-5075/10/1/002
http://dx.doi.org/10.1016/S1359-6454(96)00044-4
http://dx.doi.org/10.1002/nag.v35.8
http://dx.doi.org/10.1002/nag.v35.8
http://dx.doi.org/10.1103/PhysRevE.89.043309
http://dx.doi.org/10.1103/PhysRevE.89.043309
http://dx.doi.org/10.1016/j.jmps.2006.08.003
http://dx.doi.org/10.1016/j.jmps.2006.08.003
http://dx.doi.org/10.1103/PhysRevB.59.13672
http://dx.doi.org/10.1115/1.1432990
http://dx.doi.org/10.1103/PhysRevLett.93.034302
http://dx.doi.org/10.1103/PhysRevLett.93.034302
http://dx.doi.org/10.1063/1.4916244
http://dx.doi.org/10.1016/j.engfracmech.2015.06.006
http://dx.doi.org/10.1038/41737
http://dx.doi.org/10.1103/PhysRevLett.112.045503
http://dx.doi.org/10.1103/PhysRevLett.112.045503
http://dx.doi.org/10.1103/PhysRevE.90.042405
http://dx.doi.org/10.1016/j.probengmech.2005.10.007
http://dx.doi.org/10.1016/j.probengmech.2005.10.007
http://dx.doi.org/10.1016/S0022-5096(98)00040-4
http://dx.doi.org/10.1016/S0022-5096(98)00040-4
http://dx.doi.org/10.1016/S0022-5096(98)90002-3
http://dx.doi.org/10.1007/s10035-009-0146-2
http://dx.doi.org/10.1016/j.soildyn.2008.11.002
http://dx.doi.org/10.1016/j.tafmec.2015.05.009
http://dx.doi.org/10.1016/j.tafmec.2015.05.009
http://dx.doi.org/10.1016/j.jmps.2010.04.007
http://dx.doi.org/10.1016/j.jmps.2010.04.007
http://dx.doi.org/10.1111/j.1551-2916.2011.04669.x

33 % W AR MEME ARSI MR A WS TR R %3

Society, 2011, 94(10): 3500-3508.

[68] LIU X, MARTIN C L, DELETTE G, et al. Microstructure of porous composite electrodes generated by the discrete element
method [J]. Journal of Power Sources, 2011, 196(4): 2046-2054.

[69] B SCHL. M AR E A R B ER [D]. T TR, 2017.

[70] ZRgtZE. vhiifng T 2Ly A BUE BN SY [D]. TLFA: ARAE 7%, 2016.

[71] WANG W, CHEN S. Hyperelasticity, viscoelasticity, and nonlocal elasticity govern dynamic fracture in rubber [J]. Physical
Review Letters, 2005, 95(14): 144301.

[72] {4 pORTE sl 2 T AL T RHIE R BB T ST (D). 40 : b AR BRT5EBe, 2006.

(73] ESCE, TUER, MR 8 A0 T VEL TR BURBREE BB B ST [R]. 40 FH: Hh [ AR SR 53 B UL 4 ) SR 50
Jif, 2012.

[74] YUY, WANG W, CHEN K, et al. Controllable fracture in shocked ceramics: shielding one region from severely fractured state
with the sacrifice of another region [J]. International Journal of Solids and Structures, 2018, 135: 137-147.

Mesoscale Lattice Model for Dynamic Fracture of Brittle Materials
YU Yin, LI Yuanyuan, HE Hongliang, WANG Wengqiang

( National Key Laboratory of Shock Wave and Detonation Physics,
Institute of Fluid Physics, CAEP, Mianyang 621999, China)

Abstract: Rapid crack propagation and catastrophic fragmentation frequently occur in brittle materials, such
as rocks, ceramics, glass and solid explosives, under intense dynamic loading imposed by the explosion and
impact. Understanding the correlation between the evolution of mesoscopic crack network and the
macroscopic dynamic response plays a key role to improve the reliability and the safety of brittle materials,
while it still poses a great challenge to such modeling and simulation. In order to overcome the algorithm
difficulties caused by complex processes, such as the random initiation of crack network, the extrusion and
friction of crack surfaces, and the staggered propagation of a large number of cracks in brittle materials
subjected to explosion and impact loading, the lattice model, one of meshfree methods, has received
sustained attention and considerable development. In this paper, we introduce the theory and implement of
the lattice model and its representative results on brittle fracture research. Its shortcomings and the direction
of improvement have also been discussed.

Keywords: lattice model; brittle materials; dynamic fracture; crack network; meshfree method
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Ubiquitiform Crack of Quasi-Brittle Materials
under Dynamic Loading

MING Dehan, OU Zhuocheng, YANG Xiao, DUAN Zhuoping, HUANG Fenglei

( State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China)

Abstract: To investigate the ubiquitiformal characteristic of the crack extension path in a heterogeneous
quasi-brittle material under the dynamic tensile loadings, a ubiquitiformal model is developed in this paper,
and the calculated numerical results for the ubiquitiform complexity are in agreement with the previous
experiments. It is found that such a crack extension path is indeed of a ubiquitiform, and its complexity
decreases with the increase of the loading strain-rate. Moreover, it is also found that the complexity is
independent of the randomness of the spatial distribution of the dynamic tensile load-carrying capacity of the
material under consideration, and the complexity decreases with increasing shape parameter m of the Weibull
distribution. Thus, this work can be taken as a basis for analyzing further the mechanism as well as the
ubiquitiformal characteristic of the crack profile in a quasi-brittle material under the dynamic tensile
loadings.

Keywords: quasi-brittle materials; ubiquitiform crack; strain-rate; complexity
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Fig. 1 Structure of discrete element model of SHPB
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Table 1 Main microscopic parameters of discrete element model in numerical experiments of SHPB

Effective modulus Normal-to-shear . . Size ratio of maximum

) ) ) . Minimum radius of . .

Material of linear contact/ stiffness ratio of . and minimum Porosity
. particles/mm .
GPa linear contact particles
Steel bar 190 4.0 0.100 1.5 0.15
Inorganic glass 63 2.1 0.026 1.5 0.10
Effective modulus of ~ Normal-to-shear Tensile strength of Shear strength of Density of

Material flat-joint contact/ stiffness ratio of flat-joint contact/ flat-joint particles/
GPa flat-joint contact GPa contact/GPa (kg'm™)

Steel bar 190 4.0 1000 1000 8800

Inorganic glass 63 2.1 0.073 0.35 2444

R2 ARKBERVUSEHBEENSE RS BIBERT L

Table 2 Macroscopic parameters of quartz glass: comparison of simulation results with ones published in the literatures

Method E/GPa  p./(kg'm™) o./MPa oc/MPa  o/MPa K,/(MPa-m'?) v
DEM simulation 72.5 2200 610 47 67.5 0.96 0.17
Refs.[16-17] 725 2200 500-1100 49 60-70 0.81 0.17

FIFH SHPB X Jifi 1 A4 ek 2 A7 o 38 o i ) 45
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1 A5 R 4% B B N D ) R il 26 25 6 BH 8 i R Fig. 3 Incident and transmitted waves created by the
B2, B 5T A Y B IR AR — 5, 5 impact of the conical projectile at 18 m/s
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Discrete Element Simulations of Dynamic Compression Failure of
Inorganic Glass in SHPB Tests

MA Qiqi, XIONG Xun, ZHENG Yuxuan, ZHOU Fenghua
(MOE Key Laboratory of Impact and Safety Engineering, Ningbo University, Ningbo 315211, China)

Abstract: Based on the discrete element algorithm (DEM), a numerical split Hopkinson pressure bar
(SHPB) platform is established by the mean of particle flow code software (PFC*"), and the feasibility of the
system has been verified. The failure mode and the dynamic compressive strength of an inorganic glass
specimen at different strain rates are investigated. The numerical simulation shows that the inorganic glass
exhibits typical brittle characteristics during dynamic compression, and its compressive strength is
significantly affected by the strain rate. The Young’s modulus, however, is strain rate insensitive. The failure
mode of the specimen is affected by the boundary friction as well as the Poisson ratio. In the case of
frictional contact, the initial micro-cracks within the specimen are distributed in a triangular zone due to the
combined effect of longitudinal pressure and frictional force. With the increase of the longitudinal stress, the
transverse tensile stress creates the longitudinal cracks, resulting in the axial splitting. The failure mode in
the case of frictionless contact differs from the frictional case, in which no triangular crack zone exists.
Moreover, the value of Poisson ratio affects the failure mode as it results in the transverse tensile stress
during dynamic loading. Numerical simulations of dynamic Brazilian compression are also conducted to
support future experimental works. It shows that Brazilian disk starts failure at the center in the moderate
strain rate and the macroscopic splitting tensile strength is strain rate dependent.

Keywords: inorganic glass; discrete element method; dynamic compression; failure mode; Brazilian test;

rate dependency of strength
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Fig. 1 Cohesive failure process
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Fig. 3 Crack path of laminated glass after impact failure Fig. 4 Mesh generation
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Table 1 Physical parameters of each material

Material Material type p/(kg'm™) v E/GPa D, C,/MPa C,/MPa
Glass Elasticity 2500 0.2 74
Impactor Elasticity 7 850 0.27 206
PVB Hyperelasticity 1 000 0.49 0.012 1.60 0.06
Supporter Hyperelasticity 1100 0.49 0.023 0.874 0.009

Note: v is the Poission’s ratio, D,, C,, and C,, are material parameters.
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BLUNFE 2 FiR .
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Table 2 The simulated cases

Case No. Thickness of upper Thickness of Thickness of lower Penalty stiffness
glass plate/mm PVB/mm glass plate/mm K/(GPa-mm™)
Gl 1 0.76 1 500
G2 2 0.76 2 500
G3 3 0.76 3 500
G4 4 0.76 4 500
S 5 0.76 5 500
G6 6 0.76 6 500
Kl 2 0.76 2 500
K2 2 0.76 2 750
K3 2 0.76 2 1000
K4 2 0.76 2 1250

42 BYBEESSH
K o6 XF e TR 596 5 05 B AT 45 /9 whis 7 b 700 L
Bl A el 2k, —F BB AT —2. |

—— Simulation result
Experimental result
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T Y B A 80T b i R LT A5 19 LG 24 Fig. 6 Comparison of impact force curve obtained
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Fig. 8 Experimental result of LG crack growth under impact load
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Fig. 9 The failure mechanism diagram of LG (left column) and its simulation results (right column)
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Simulation of the Impact Fracture Behavior of Double Laminated
Glass Based on Intrinsic Cohesive Model

YAO Pengfei', HAN Yang', YAO Fen', LI Zhigiang'*’

(1. Institute of Applied Mechanics and Biomedical Engineering, Taiyuan University of Technology, Taiyuan 030024, China;
2. Shanxi Key Laboratory of Material Strength and Structural Impact, Taiyuan University of
Technology, Taiyuan 030024, China,
3. Mechanics National Experimental Teaching Demonstration Center, Taiyuan University of

Technology, Taiyuan 030024, China)

Abstract: In order to investigate the crack propagation law of double layered laminated glass (LG) under
impact load, a model for calculating the dynamic response of the both sides support LG under the impact of a
spherical hammer head is established by using the zero-thickness intrinsic cohesive method. The maximum
principal stress failure criterion is applied to the intrinsic cohesive element. The effects of penalty stiffness K
and thickness of glass on crack formation path, range and number, as well as the displacement of lower panel
were discussed. Simulation results show that: (1) under the impact load, a large number of fine cracks and
glass particles are first generated in the center of LG upper glass plate, and then a large number of
circumferential cracks are generated in the process of continuous outward propagation of radial cracks; (2)
with the increase of the K value of the glass penalty stiffness, the crack growth range and the number of
cracks decrease, and the center displacement of the lower glass plate decreases; (3) with the increase of glass
thickness, the crack range and number decrease, and the center displacement of the lower glass plate
decreases. The results provide a direct basis for LG shock resistant design and safety protection.

Keywords: impact load; double layered laminated glass; crack propagation; intrinsic cohesive; penalty

stiffness
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Fig. 1 Schematic diagram of triaxial confining impact loading SHPB test system
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Fig. 2 Carbonate rock specimen under triaxial confining impact loading
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Experimental Study on Dynamic Mechanics of Carbonate Rock
under Triaxial Confining Pressure

XIAN Yuxi', LIU Zhiyuan®, ZHANG Junjiang”, SUN Qingpei', DONG yan', LU Detang'

(1. Department of Modern Mechanics, School of Engineering Science, University of
Science and Technology of China, Hefei 230027, China;
2. Northwest Oil Field Branch of Sinopec, Urumqi 830011, China)

Abstract: The dynamic mechanical behavior of carbonate rock subjected to dynamic impact in in-situ
formation is one of the basic understandings for the large-scale development of carbonate reservoirs. In this
paper, the dynamic mechanics of carbonate rock under true triaxial confining pressures was experimental
investigated by 3D Hopkinson pressure bar system. During the experiment, the carbonate rock specimens
were under the true triaxial confining pressures and loaded dynamically in one incident bar. The dynamic
strain rate and dynamic compressive strength of carbonate rock under true triaxial confining pressures were
obtained to characterize the differences in the three vertical directions. The results demonstrate that only
microcracks appear in true triaxial confining carbonate rock subjected to the dynamic loading.

Keywords: carbonate rock; dynamic impact; strain rate; 3D-Hopkinson pressure bar; fracture expansion
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Numerical Simulation of Rock Tension-Compression Fracture Caused
by Impact Load during Slope Casting Blast

LIANG Rui', ZHOU Wenhai', YU Jianping', LI Zhenbao', DU Chaofei', WANG Dunfan’

(1. School of Petrochemical Technology, Lanzhou University of Technology, Lanzhou 730050, China;
2. Ocean College, Zhejiang University, Zhoushan 316021, China)

Abstract: In order to study the change law of physical parameters in the process of rock fracturing and
throwing during slope bench blasting, the equation of rock damage under dynamic tension-compression
effect was established and applied to numerical analysis. The results showed that the tendency of time node
and step size in simulation was basically identical with the triaxial synthetic rate curve of vibration wave and
particle vibration displacement, which can be used as a criterion for reducing vibration and decreasing
disaster. Cracks were formed in the foot of slope at about 0.6 ms and completely extended at about 12.5 ms.
The pulverizing area radius around the blast hole was 28 cm. The rock separation phenomenon was
preliminarily observed at the middle part of the blast hole. The maximum throwing velocity was distributed
in the vertical region between this part and the free surface of the slope. The throwing velocity at the free
surface was less than that of the rocks around the blast hole, which results in the secondary crushing
phenomenon during the throwing process. The large bulk rocks were mainly produced in the toe of slope, the
surrounding rock on both sides of the contact surface between explosive and plug, and the free-surface at the
top of the step. The range of large rock diameter in the process of blasting was 1.6-2.7 m.

Keywords: impact load; tension-compression fracture; damage coupling; casting blast
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YRR e o B, A5 M L 18] B 7 3 9 e it 2k, LU DR 5 o LSRR 8 0 7 13 I8 -5 SR ] R AH B W ot
FEdR (LB A, BUZE R T0 A BB C TR BA —ENSEME.

1 RBGEN
1.1 FAER

25908 K B 7= A 1 0 2 D0 R o T R PR AR T AE M FLRE I, AR KT X, A A RS 1 1 ) D
JEE I KA A W Sh AP SR, (0 FL R F A A 2 MR A, OF L0k TR v A i 28 R AR R e 7
1~10° s' Z [A], [ AR Z8%000] B G, 98PEAE AL B R A 7 B, 25 S50 FARE, BCR F 3 AR 3R 3800 11
IR PERE AR LR AT

HAEH LS-DYNA H# 19*MAT_PLASTIC _KINEMATIC #4 B} 00 K65 | 32 465 0 v fij 7% 55 ]
Cowper-Symonds 2 BIFRIR, R 15 A8 A7 5 Y R $ R R T il K 7

oy = 1+(2)F
Ao o am AT HIHIRTE RN J1, &2 BB A, C Hl P o AR SRR, & A A0 A RO R AE , Bl AL 2
B, 0<B<LE, 792“%6935 PERE AR
IS W)

(o0 +BE&") (1)

E = Elan'EO
P EO_Elan

()

X B, AR, E, W R R
AT AR S SRR [6] BT 5 3 45 ) 2 B8 RS BN 1 R, e p s
B, WO IARR L, o e AT RS PUR SR B, o N A i S UL o

x1 EREHS

Table 1 Material parameters of rock'®

p/(kg'm™) E,/GPa U oo/MPa E,/GPa oJ/MPa oy/MPa Cls™ P
2700 68.69 0.228 75 40 150 5.6 2.63 3.96

12 MEGERSHRRESHIE
7& ANSYS/LS-DYNA 13 FH*MAT HIGH EXPLOSIVE BURN b B} & X M 25 b5 45 80, [w] it 326 1
IWL RS R, Bk RN

E,
Y PRI WO PP N @
RV R,V \%

e p BRI N TR T, vV B M XA, E, AW EEINEE, 4. B, R, R, Mlw 5 K254 %
R B KELGHARS R P 0k 2 R, Job D IR, pe, MME2GREE ) CI R

x2 HEHBH

Table 2 Material parameters of explosive

[10-12]

p/(kg'm™) D/(ms™) Pc/GPa A/GPa B/GPa R, R, w
1200 4000 4.80 214 0.093 4.15 0.95 0.3

1.3 YRR
KE 2575 A R K I 2 S B0 AR 2R R IE B 2 W ORI AR 9 5 16 FH 22 W) 5 Buler A4 ) F
Lagraner 45 F ARR& B, XE 25 0 BRPESE 05, A A0 Wi B3 H 53005, [ 24 5 B A 0 Bk Pk, 3 57
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1/2 V- TH T AR, E X FR T e il % FR 29 5T
B R SF K 300 cm=300 cm, H& I [E] & 2000 ps,
Mo fL B A2 D=70 mm, Y FLIEIE R L,

FIER T B SR A T RCR 1952 Kk, >4
K I 7 I8 38 B R T R A RO, 4 N D%
AR SRR, BRI R VR AR 1) 24 B 4E
i, [ B O A A R T RS R SR EEAR R, Ry
AR 2 X A A B SR AE DL BOU g i B
S A 7 A I R A B RS B 2 O
EHANFYUCE N H RS Py B REAR
Bl 1R .

2 HEERSSH

300 cm

300 cm

Explosive D, =70 mm D,=70mm Explosive

Rock

I =N B

Fig. 1 Calculation model

2.1 JBFLIEIEE L=40 cm BYE A TSRHYT RIES 2
Pl 2(a) ~ & 200) 205 4 1 1 A SV LRI N 40 em IfA £ 80y R it A

(d) =230 ps (e) t=340 us

(g) t=1540 ps (h) = 1200 ps
Kl 2 L=40 cm W5 A7 80 Jig i 7
Fig. 2 Growth process of rock crack at =40 cm
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ERRE S =/ - 55 44

ME 2 BT LLE e M FLRE KR 5, Bl S RN T FLAME 3G, 76 M8 L& B2 8 T8 B e X, i A a0 qE
FUBE S 2535 Wi B, 5 R 1) DU R B 5 6 ¢ = 40 ps B, T R % D5 I TR AH 38, 8 N 7 98 8 B T 1)
T 1 AR T, TEN ) IEAERE L FE 2 A BN A K/ INEB i s A PR R, B SR PN
fLZ BB A2 1) 24 B, B M AN fL .

i 2(e) ~ & 2(g) Bz, M8 KE R 773 N i1 B 3 R B, A F2 2232 SR A ) 3 52, =
AHEHE—LEFTY RBIER R BEIRZEE . S FLE IR AR 2 B TRy, TR e
SHPARPEA, S E R A — e A BZ R (RTE) MG, nlEl 2(e) i, JZ R ERE0 55
7 A B A4, 55 SCHR [14] BB PIZE SR —2
22 MFLIEIEE L~60 cm B & R BN AS B BT IR S 4047

& 3(a) ~ & 3(i) 23 25 H T A AU FLIE] FE N 60 em It e 2 ar ™ g ad 7. il ad 518 2 X A B,
TESUHEL L AR 438 BT 7 A B4 7 3 08 R T AR AR B AT, A M BU IR UMY #2512 AR — 3, Bl AL
(B RE S L A3, B ML T 24 0 Je A5 58 0 78 43 (AN 1] 3(c) rm ), #E P ME AL 2 [0] 32 B4R KE N )
BRI M [ X 3k, 32 24 a0 P e AR BB R S 0 SR, (EL R SOk B s b

5 & 2 XF Henl AL, 2 L=60 cm B, M S 5 0ok (4 4 KE R 7 0% B e L RD BE B 3G R, A A 2B
2 BN RLAR R 79 7= AR ) R RAE /N, HAE b i AL SR 2 400 80K BN, LU
5B R S 4, BN JE SR R AR

(a)t=10ps (b) 1=60 ps (c)t=120 ps
(d) =210 ps (e) t=340 us (f) t=420 ps

() =520 ps (h) £ = 1200 ps (i) £ = 2000 ps
3 L=60 cm B & 41 8Ly R 1L 7R
Fig.3 Growth process of rock crack at L=60 cm
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2.3 JEFLiE)EE 2=80 cm BT A (RS HAT RIES 2

el 4(a) ~ P 4() 43 525 T AEMIFLIRIFE S 80 em B 5 A Ay R # . 51 2. 18 3 ML # ]
R, AE P AL BB B 0 80 cm N, HUUEFLA A1 RECY™ AT U FE 73, MM fL =2 8] ) SR EUCE i e O A
B Y A R, 55 S LT DR e A A A a0 Ak R 5 R AR R T A B B H 22
HARE R BT

(a)t=10ps (b) =70 ps (c) =140 ps

(d) £=190 pis (e) £ =340 ps () =380 ps

(g)t=510 pus (h) £=1200 ps (1) £=2000 ps
Kl 4 L=80 cm B & f1 8L JE 1L 72
Fig. 4 Growth process of rock crack at L=80 cm

&2 FE 3 X EE AL, 2 L=80 cm I, £E BRI SR SRR R ERARKERK, JZ2REE R
R, QNP 4G) Bz o 53 81 BN T2 57 S S5 [l ok #) 48 A 157 3 bz B 465 0 L TR] B B A 38 O, 2 A SR 32 B 4o
AR T3 7 A 8 R IR T /0, 0 D i L B S 3 R, A 52 8 B A L 8 A0 O R R A T
o EE B R, 32 3 ORI BT o5 e B FREA

5 L8 BN N e A BRI IR A P, 4% L 7 I DA 7™ A 28 B3R 2 A 40 S e Bt 1), TH AR
A RPN YT R, A A PN BE A A 5K

C,= \/E “4)
P

K G, WEANBERSE, m/s; E, AW LR, GPa; o A 18, kg/m’.
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Wit (4) XA R A A L H EE K 5044 m/s, A ZBRY REE ving 1 Bk, 7EFLIE L N
40, 60 F1 80 cm I & A1 R - Y B v 43 A E VB C, 119 0.39., 0.41 F10.44 1, 54k B A1
(Dulaneg) 58NN 1Y V= 0.38C, A —3, M3 3 AT LU, 7ML AL BE — @ i), 20 24 g ik
JEE I HsF 1) %) 358 00 3% U /0N, 5 A R R R T I B S ) I T DA A A o S A, Bt e L
BEIN, A BT S 34 S PR i K AR #E, L = 80 em HTEE&UW:}T%‘T‘ﬁJEE V5 LJ40.,
60 cm B AH LL, 3582 55 1 13.7% F1 8.9%.

®3 EARBYRIHRE

Table 3 The average speed of rock crack extension

Speed of rock crack extension/(m-s™)

L=40 cm L=60 cm L=80 cm VG
2051(£=40 ps) 2157(+=60 ps) 2286(£=70 ps) 0.39
2197(£=70 ps) 2083(#=120 ps) 2285(£=140 ps) 0.41
1656(£=230 ps) 1923(£=210 ps) 2140(£=190 ps) 0.44
1968( Average) 2054( Average) 2237(Average) 0.41

3 JEFLCEZ E ST sk

3.1 BAWIREN
SRR R B PR R X R S 2 R TS, M R X 1 FH Miises Jif FIRofi DU U1, i 40 X 3 5 02 57 1 7
T 4 AR R R 25 7= 0 1 2 B R PTG BRI, I35 A TP AT 75— A 20 0 1 3 i oy

1
— [(0'1—0'2)24‘(0'2—0'3)2"‘(0'1—0'3)2] Q)

V2

gi=

206 12 (6) T, A A BRBEIR

o 20 X
{a't >0y HEX ©
A BRI P A B AS P 5 BE 3T (LR
T =0 ()
A R TP o A Bl A BT 5 B T B
oy =0y (®)

K o WA AR SRR IE, oo N A A 5B BPURRE, o A R T — SR VE A 1R
T2 BRI 1, o kA A BB R SR B, o N A 0 R PR
32 BN A1i%k

BB BRI 2 M L oL L2 b —ASHon, HAE x Jr m R T IR AN & S B s . 4 L=40 cm I, 7F
10~40 psPN, BT B8 B I0HE x J5 10 32 B A9 H 8 7 32 i 48 K CFE R 7 8 1E, B 1 6) , B i 16 {8 A
39.9 MPa(4 f), 3k 4 S VLGP J1 25800/, 76 70 us(D 55 B 32 2 0 K46 1 71 2k 3.27 MPa, I EZET
() PN 77359 Jin 28 3 2R 29 2 1.33 MPa/ps, “F- 3 HI 25 28 2 2 1.44 MPa/us; 4 L=60 cm B, ff % 5.0 7E
x 5 1) 32 B A $i7 8 F WA A 25.9 MPa( B ), HIXF T 4 s B S35 08 T 35.1%; 24 L=80 cmii}, Jif ik HL
JUAE x 77 [4] 3% B I 3 0B R 12.9 MPa, AR T 4, B AR J1 55 B350 67.7%1 50.1%, HAE E A5
PUG, o0 32 BRI 3 R 46 I 1 sS4, 5 56 A0 s 3l 1 2 A BIE e 45 SR VAT o

ZEA DL A AT I, A SR X T R R N U B AR SR A B SR, R B RN K2
A 2 TR D A B, SR AL IR RE B R b . B AR AL TR RE RS/, PR L O A A A2 B B B A N
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FVEOR, B 5 1 e A1 1 3 B R 0, A 10
DRIE B/, PR TR b AR B A PR B L A
2 26 P9 35 e 4 AL 7, B R It STE’QEW% /%7& *’VL o
HA T, SCRERAIE— R MR B g 107
AT B X LA S B 36 4 LA DA 15 0 1 =

IR PRI R £ ) 5 19 24500, 11 S22 £ Y g
A Bk A AR 2 A S BR (RL A BUBR)  x 8 bl
£ 5 7 7S, (05 A o= L=d0em
TEAE 5 LB DU R — E B9 2253, DR e e 20 —40red —o- L=80cm
BRI T A Al |, 5 A S bR i ] 0 200 400 600 800 1000
RIBARRIEDAGRIE, JORARTE Kﬁﬂ@ﬁ?@ﬂ¢b£2*ﬁﬁxﬁm%5ﬁm%

—HRABIMIT T Fig. 5 Pressure curve in the x direction at the center of the
4 I ?‘E 7#; 1;“ connecting line of gun hole with different hole spacing

41 TiIEMHR

AR YRR T AR O S — - 44 T AR MRS b A0 D7 J e TR, I i B T 2 0 B B T S v B e e 5
AMOESZ M o KEHEARZ R 10° m?, A TR A D7 JHZ 20 2.45%10° m* . Z8ad B 22, F il X st
M 63 m Ay B IX, B 124 m g R IX, A0 55 m A AR AKRGE, PE 00 M i T T b, B R AR A PR B B4
42 B RIRT

AR B ADL A 28] B0 AN [ AL TR B 0 5 7 FR I A B R i LR, DR 225 B I B LG &
| BORTFAZ R R e | JA PRI S50 22 DA 3R, e A AR e 2 M S s 1 A % O %4 s

(DB

W BRI hy o A A SR, B FLALAE S 90 mm, SR BAE 95 £ n=0.6, Fx/NMIRPTL W=1.2 m, HoH4E
kB2 0.22 kg/m’®, AL SHIL K 4, Hoh a S MIALIRIEE, b M FLHRRE, H R FLIREE, h M fLEIZ IR
LG E, | 3R FERE, O WAL 2 & .

x4 BRBSHER
Table 4 Blasting parameters

H/m h/m a/m b/m L/m I/m Q/kg
1.7 0 2.0 1.2 0.20 1.50 0.9
2.0 0 2.0 1.2 0.22 1.78 1.0
2.5 0 2.5 1.5 0.45 2.05 2.0
3.0 0 3.0 1.5 0.67 2.33 3.0

(2) #5100 %

W VR A0 SR FH T B AR R i L e AT HE IR L R A TR A A SRR I, SR ALY 9 BE(MS9) FL Ak
4 B (MS4) S HA i 2 B HE R AR, ke ) fif s 25 R LI 6
43 BRHAR

QOF: 21237

TR P AR 4 AR R 2 W e, SR 2 65 DU 3 DU 45 BB A BR A Wl AR 77 ) NUBOX-8016 #U £
T I B8 RE W DAL L 2 F5 BGAR P Rk 4 A5 PR 7] AR 7= 1) TC-4850 78 i I 5 W 000 43¢ 6 A 7 A

FE T A1 5 %8 e 0 AL W ) 8 L% S, v v vy v, S L ys 2 I RSN, £ S,
R x.y.z FRIRSNERE . FTLLE W, A T el b, SR PR 2w /N T IR R )
(GB 6722-2014) Hr— i [ H 8504 19 42 42 Fo v/ o o i 20 3 B8 s o (<10 Hz B IR 30 3 FE v 19 3 i 2
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a Blast hole

K XJ k >é’ (K % K w (K » I Outer hole detonator
K K kil W

A Four links

W W W W W

s s %f\}ﬂ L i
il W W kil W
W W a W W

™~

Bomb line

Free face
/L Exciting detonating element

Pl 6 R I % 1 4 7 1A

Fig. 6 Schematic of detonating network

x5 RIBEME

Table 5 Blasting vibration monitoring

Measuring point ~ Distance/m v/(cms™) Jf/Hz v/(em-s™) J/Hz v/(em's™) Jf/Hz
1 163 -0.21 9.16 -0.28 9.16 0.27 18.31
2 154 0.04 8.85 0.04 35.71 0.03 9.48
3 339 0.04 12.16 0.05 7.83 0.06 13.29
4 234 0.19 18.31 —0.14 9.16 —0.11 18.31

1.5~2.0 cm/s; 10 Hz<f<50 Hz BFHE 3 3 v (1930
FilJ& 2.0~2.5cm/s) .

(2) PR35 5 e 35 SR

ARG, A ML R (CEE M), A
Ve 4 MEfLEF Moy RGN, AR mE 7
Fros e LT AT LAE ), B 0L A 240
KRG, R A A B FLEE T G 0B W O 5
R PR R . 4 MLz SRR 8 A E
gr, B8z A 5B, 7E 5 M fL =z ] A
VAR & ) B A TR = el aa cht 15 ) 2 e N

RRADLAS 2R A PR 2 A — 2, T T B B7 AR
2k B AT 5 Fig. 7 Blasting effect
5 & i

(1) KB IV I8 8 A AH T A7, B 6 L T B2 1 184, B L) PRl 4 80 R A5 5 o e 4, R FL R R R
TR XS R, W A 1 93 S /AN BOE T /D, B 2 o AE 0L =2 8] 32 21 A S 1 L s K 1N 7 U R ) 1)
IR, BRECREY R 5, FLRE LB PR A 1SR, 32 SES0R BB E A A0 BB 3T B AL 0 %
7,

(2) 78 3 FOR R FL B FE 2500 T, BT BB TG x T[] 8 KR N 0 0k W6 {0 1 ) 8 Ul R A B AR — 3, S fL
6] #E £=80 cm A X} T L=60 cm FI L=40 cm, )i 1 I WEAE 23 908 67.7% F1 50.1%.

(3) FH T2 A 3 2 B DX A T ol 3 S 8 R IO 0 e P At 1 0/ P A 485 5L, Rk T2 b AR 8 o A
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Numerical Analysis of Impact of Shot Hole Spacing on Crack Growth in Rock
LI Hongwei, LEI Zhan, JIANG Xiangyang, LIU Wei, HE Zhiwei, ZHANG Binbin
( College of Chemical Engineering, Anhui University of Science and Technology, Huainan 232001, China)

Abstract: In order to achieve full fragmentation of the rock and effectively use the explosive energy, the
impact of different hole spacing on the rock (hornfels) blast crack extension was studied via ANSYS/LS-DYNA
software package using fluid-structure interaction (ALE) algorithm. The results showed that with the
increase of the distance between the two holes, the crack growth around the single gun hole becomes more
sufficient, the comminution area around the gun hole increases, the generated branch small crack gradually
decreases, the main crack increases, and the crack growth rate is about 0.42 times that of the longitudinal
wave velocity of the rock. In the area between the two holes affected by the explosion stress wave of the
adjacent holes, the main crack growth and expansion are more obvious, and with the increase of hole
spacing, the position of the main crack interconnection is closer to the direction of connecting the center of
the two holes. Engineering practice suggested that the results of numerical simulation has positive effect on
blasting engineering, the results of numerical simulation can be used to guide the design of blasting scheme
and can provide important reference value for the blasting engineering.

Keywords: finite element; fluid-solid coupling; crack propagation; blasthole spacing; spallation
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Fig. 6 Dynamic compressive and tensile strength of Al,O, ceramic under different strain rate

NP 7 BoR, WER A B A T Y 15 SR SR B A I, SRRSO N7 1), EL AL B P (B £ S
PR PP TR REEER o i g B0 3 51 B R g 2Ry ) 4 fih DX BB A T L, 5 B O Y

054202-4



33 % FNGENTEE, whili 3r N ALO, % il 2 35 S e ik %5

i A AT AR A 70 ) B8 0L g B v s SR JBR1 8% v X BRSO AR 522 LR, Bl A2 Ry 1 20, ELIARRTE
AR B A2 g 2 B AR 18] B REAR A

7 ST RS

Fig. 7 Fractured mode of dynamic Brazilian disc tests

B8 g i T s A5 IV B B S 4 MR E 5 o el SRR RO S, A GBS MY B = A I, O LR
SEANGEFN; 310~350 psZ 6] K45 51 3 B, SEHL 1 XHaURE A9 18 R AE SN S, 1575 B R, SRt
S A 8 ) 904 BEL 70 S AR AR, T 4 e 4 A8 3R [ AR AT B8 5 e v 7 50O OO A9 10 28 00 1) 45 57 7
— N GEER A, ARHE IS I (B AR, 158 WA LA Sl 5 AR 25T R R B D A G A5 AE

K9 s T ALO, Fi 8 76 A [F) 48 AR R 2 500 28 T A AL 3R -0 A8 i 2k o il o 20 i v] LA
ALO, Vi B 7L IR Ay 1) AL T B0 Sk AR IR , i i P 0 L P ol 2 2 G P BB SR O 5 il o 7
FR AR SR8 R /N5 AR A8 PR 3 B B, S RO AR AGER T A S G P A R B AR I AR AR
/1N, LR 728 it 5 07 78 25 1) 38 DRI R R, P RE (R e A i R 5 O AR AR B TE AR G

12 420
—Incident wave, reflected wave f
- - Transmitted wave| 360
8 - —Disk center strain signal -
300 rﬁf
‘ — | e
4t . 2 L —
% Sudden change point | Constant. stra £ 240 —
& N rate loicilfy =
£ ‘ E180 —_—
() ST att = . I £ | —
100" 200/ 300400 500 Z
120
—392s! — 340!
A o —307s" — 248 5!
/ —212s!' — 1785
3 |

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
Strain/mm

o BRI

Fig. 9 Strain rate-strain curve

Time/ps
[ s PN R G e vl B Ry

Fig. 8 Typical signal of dynamic Brazilian disc tests

3 EhASEARRRREERE A

Grady 25" IR HLEE XS R R IEAT 1 BE o0 0, JE T RE S SP AR T 7 OC TR A RT3
VAT

s = (24,(2;°)3 6)
&
K s AR RS, G Wi 3GE, p bR .
Glenn &8 X g &~y fH )7 B EAT THB IE, 7EREESFIE T BRI A T — A W A2 BB 0L, TR i e J=
fift A7 19 oz A5 e FH R &8 2l REAE HICH W 2468, A

054202-5



33 % = JE LY} L 2% Eitd 55

s:4\/§sin(§) (7
30

32
Rt = (sinh)lﬂ(g) =2 g %p% E PRt o B AR FE. b P iR

(6) AN (7) A B ALV T RE RSP SC AR o Zhou!"™ 2 BRI RL Y S A5 202 — M L RGO 7
JE LA R AR ELAE T A5 S AL 19 52 2 B, 57 1 MEvE AT BHIE 4 9 31 ) 27884 (DID) , 45 2]

& Cl; cty _
(cag /EZGC){eXP[EGC/o-g} TEG. o 1} =1 ®)
s e AFPEIEE, c = VE/p; t, MWTEEE . PRI R, AU ARVT A T A IR . R ) 2R X ) B

W JEA et B} B 25 IRSL RBCY” i R A 2 ]ORN,
Xt (6) 3\ (7) AN (8) AT ICm AW AL Ab B, AT fif 1Ly

1

3
— 24
SGrady == (9)
()
_ 4 1 3
S Gec = = sin h[—(sin h)™! (—s)} (10)
& 3 2
1 3771
— N &4 &4
So &y &y
co? EG. . co. -

N, . é A .
itEP:80= EZ_GC’ S0 = 7,8— En E= (‘3_0, (TJJTJLE?ETEO

S — 4 7 1 1 ALO, B % 1 45 iURE A7 3 M, SR AT 25 i 43 ARIEE 7 10 i sl A3 93 15 R
SR J 2R FH IX-2000 S 7 UG 43 B 4SO Bl s SR (G 2R 7 (B Ak A B, 45 30 BORLRE A% 43 A1 R AIE, B Ji XA
[vi) ]S 07 54 7 B, 5 A R Pl 8 1 A B R AL

TR IR ST 7 R AR R 1 RS /N B O R A o 28 st 8 v 24 803 A % e ek 86 0 55 FOUR 3 R 19 B 51
W, 1110 Ay Il i iy B s 0RE 4328, BT L AL O, P 8 1URE 7E — 4k 1 0 A T B e AR R R ST 22 R 8%
Ko MR ORI AR W, 3853 R T Bl e 0RE 3 22 S RE 119 i 2% 8 26 5 40 )5 TE L e e, 338 43
AR RZ I VR R s o Kl v AR A5 0 B i JURE RS 2R 47 40 28 /N RS JI0RE (ZNF2300 pm) L /)
RS 56 (300~500 pm ) . H1 45 R SFBURE (500~ 1000 pm ) . KR SF5K7 (1000~ 1500 wm ) F1 48 K R f i
(K TF1500 pm) o

K10 B4

Fig. 10 Ceramic compression fragment

W 3 2S5 B ORRLAR HE AT G T4 B, IR BURE AR Y 1 SR B AR, 300 pm DA R KRG
Rk H BC-1600 FL 2 S8R 4E 11, 300 pm LA A9 J0RE A H 7X-2000 BG4 2B, 43 B Fge i h- 25 58 an

054202-6



33 % FNGENTEE, whili 3r N ALO, % il 2 35 S e ik %5

TR, MR D AH: B N AR SR, RS/ T 300 pm F1500~ 1000 wm f50RL £ i 22 571G K,
300~500 pum LA K2 K F1000 pm (1) J50RE 505 320 M7 080/, U S 003 R, U A1 A28 8 ST U/ 0N, IR T 7
B RE R K, A RE ST . R, R 77 88 v B4 52 1 Bl 25 T 280 07 A5 26 A 388 o0 g o S 55 o X —
SRR IRIURE, TR 0L B b S, (B AR AR R A R ) A R R RO R, I 2R S e I e T
BUAR, I BEAS AT H M 1 ) 8 A el ) 0 A R R 5 7 A8 2R B T O

#z1 AENTERT AL, MEBKERKWR

Table 1 Particle size of fractured Al,O, ceramic under different strain rates

Particle number

Grain size/um

2385 300s™ 364 s 417 600 s 734 5™
<300 571 521 568 689 816 970
300-500 234 236 248 249 265 188
500-1000 38 71 88 74 151 127
1000-1500 69 146 115 99 80 39
>1500 34 28 29 23 22 31
Total particle number 946 1002 1048 1134 1334 1355
Average diameter/mm 344 335 330 323 318 299

W S5 AR5 1Y ALO, & S8 (L3R 2 FEk 3) 4 A (9) 2. (10) A (11) =, /45 T e 410
Grady ., G&C il DID P& Bl i ]S R HL ) an e 11 fras . H T, Glenn 2507 45 A 5 W 28 R G&C bR
5 ZRAE AR 24 R 1 B PR 6 I A 10, (LA AR s 0o R ) R S R B B — AR i AR —
BRI /TR B, Grady AW E S A6 TR R ]G, 0B 584 20 T s sk | 546 4l
i, TSR Wy BT AR R R Ak . H I 11 AT DID BB FY g W A e PR b R B B R R R A s T
Grady #5278 i T U5 T4 80 M AL BB 1 21 i i AR, SR SCIRZE R R 2ZE 8K . [RIET, 40 L F RS
S TR TN P = ol - R 1757 <3 L S R TR Y AN W By N O 3 o 7 < T 3 50 o TR < N 1 <5 W 1 3 G
FL, FEop b VR T BFLAIR 23 7= A 18 ) B8 HR G, DT IE B8 40 RO 485 1) ke

®2 ALOFRESH™

Table 2 Parameters of ALO, ceramic"

0.48 —— DID model
p/(g-em™) E/GPa c/(m-s™) GJ(N'm™) -=-= G&C model
Grady model
3.869 290 8658 30 é 0.42 e Experimental results
©
®3 MA/EBREMEERNTN 3
Table 3 Tensile strength varies with strain rates E 0.36
Q
Q
Tensile Compression =
. 0.30
&s'  o/GPa &ls™! 0./GPa &/s!
178 0.127 238 3.25 8820 ) ) ) ) ) )
212 0.135 300 3.8 8902 0 180 360 540 720 900 1080
Strain rate/s ™!
248 0.146 364 3.34 9072 . o
BT B G SCPRRE NS H
307 0.155 417 341 9282 . . .
Fig. 11 Comparison between theoretical model
340 0.165 600 3.49 9716 and actual debris size
392 0.178 734 3.58 9934
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Failure and Fracture Characteristics of Al,O, Ceramics under Impact Loading
SUN Xiaobo, GAO Yubo, XU Peng
(College of Science, North University of China, Taiyuan 030051, China)

Abstract: As one of the typical brittle materials, ceramics are highly sensitive to deformation. Under strong
dynamic loads, it exhibits mechanical response characteristics completely different from ductile metal
materials which involve damage and destructive behavior. In this study, the split Hopkinson bar test system
is used to carry out impact loading tests on Al,O, ceramics obtaining the dynamic tensile/compressive
properties of the ceramics, as well as the relationship of fracture characteristics with strain rate. In addition,
the mechanical properties and fragment size of brittle ceramic materials under different strain rates are
further studied by using the theoretical methods of energy conservation and dynamics. The results show that
the tensile and compressive strength of Al,O, ceramics is positively correlated with strain rate under impact
loading. Furthermore, the particle sizes of Al,O, ceramic samples vary greatly under the action of the one-
dimensional stress wave. With the increase of loading strain rate, the total number of broken ceramic
particles will increase and the average particle size will decrease, while the influence of stress concentration
will gradually weaken. Finally, the fragment size of brittle materials simulated by the DID model is
consistent with the experimental results. However, Grady model is derived from the fact that the
generalization of ductile materials is quite different from the experimental results.

Keywords: Al,O,ceramics; effects of strain rate; broken scale; impact loading
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Dynamic Behavior of PZT-5 Piezoelectric Ceramics
under Impact Loading

LEI Ting'?, CHEN Gang', HE Yingbo', LI Shangkun'

(1. Institute of Systems Engieering, CAEP, Mianyang 621999, China;
2. Institute of Electronic Engieering, CAEP, Mianyang 621999, China)

Abstract: Piezoelectric ceramics are the core components of piezoelectric impact sensors. The mechanical
and electrical behaviors of PZT-5 piezoelectric ceramics were studied by split Hopkinson pressure bar
(SHPB) experimental technique. The tests were carried out at speeds of 4-14 m/s. In order to ensure the
insulation between specimen and pressure bar, a process of sputtering ALN; on the surface that with less
influence on the test piece was used, and the sputtering thickness was 1-3 um. The experimental results of
SHPB were analyzed and discussed. The results show that the strain change of PZT-5 piezoelectric ceramics
exhibits viscous properties during impact loading, and the charge generated is related to the stress and strain
of the specimen during loading. When the loading speed exceeds a certain level, the piezoelectric ceramic
may be damaged during the loading process, and the degree of damage also affects the generation of charge.
The mechanical and electrical properties of PZT-5 piezoelectric ceramics have obvious rate correlation.

Keywords: piezoelectric ceramics; split Hopkinson pressure bar; degree of damage; rate correlation
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