% 36% 43 B 5 b ik Vol. 36, No. 3
2016 4F 5 H EXPLOSION AND SHOCK WAVES May. 2016

DOI: 10. 11883/1001-1455(2016)03-0416-06

BNTERTHAEMESSENESERN

tORCEEEFGAREE AL
A M Tl % A S5 K ) TR M 230009)

TEE: RAAMRICH M ANSYS/LS-DYNA 2 7 X i 25 Al ofr o ff 204 FH T 19 & L 80E R 245l (SCB) 52 46
HEAT T HCE A . AR S ST MBS R AR T3S A R G R T BN 758 B I 7404 2 20, R A i
AR 73 T R B RIRZE AN 10%0, S SL g M RIZE R R o T2 T A4k iy SCB 5245, 3h
A5 N 75 R TR B A SRR 1 AR S (A B LA B AR N B B0 1 AR Ak 2 IR AR A s YA 2 2 /N T 60 mm,
RS S e (BT B SR 1. 2 ARG SR BEAE 0. 1~0. 4 1 [ N R 5 4 5007 09 5 W 35/ R R S A A 20
MBS TR T IR 2220 1056 % T4 A RN SCB 525 . MHI %t 8K N 0. 2~0. 4 L A
FE 107~ 405 [ A B R S BLE A T R0 s 28 07 1R 2 W F iR 22/ F 10%,

SRR FVA S W2 M s b A A N S SR R 5 AL SCB S A A AL gk

mESES: 0317.3 E#RZRKH: 13015 XERARERD: A

TREE T A A A RE AR AR v I (1 1, 0 T — 0 i L 4 7 4 A5 A8 R L A il o 4 5
B BT I 20 JE SR P e AR . T SRR A R R Y 5 AR R L AR eh e A R T B Bl S e
VRS2 N T N [ IS B R S S ey PO AR oS 3= P 71 bR B A € = P ) PN 1 8 1) o i R

FT T SO R S 36 AR 17 PRI v 0 28 38T WP A R B 2 W RAT S MBI SE — R 2848 . M. Naka-
no 2" Y. Yamauchi 287 7E 43 B . Hopkinsion JEAF (SHPB) - % HI & 0 B 22 50 1974 3] 338 A
(CCBD) #4712 G RIS A Wr 2490 S50 . F T S0 00 AR A 138, 75 210 A9 552 30 0 e 8 i (BT 88 &
P25 SR 5 T 2 S 00 ) Sk AN () AN AN A2 S 1 AR R ) S [R) B 5 R NSRS BRI OGN T
Gt U 6 G B 8 T B M L A R T B E R 11 A R IR 2 it (SCB) IR AR R 42 19 CCBD
R R85 G BR TS 30 8 S W R R 1 3 H 3 020, R, Chen 581V F. Dai 46750 SCB i ke
AP RL 2 25 W 240 1 (0 00 =, O 2R ] S B SO 2 2R e i AR M e a1 i sk AL L i
S 58 v R 8 B N T V- L 22 W I ORI 9 RS e T A R S s S W R Pk . AR AE SHPB
SR, R 2 BUNG A A RR AR X T B I T 1 AR RGO 4 5 e B A AE L R IS TP B BT 4R 3h 3
T #2840 B 0 9 L AT SE e

ASCH R A BRIT 1 e X # S B e SCB LI b AT BBl 45 A i W o i S G TR
G Ry T B 5 EE R (K O BLE A X 5T SHPB iR 3 2 G A SCB 52 50 #F 17 2 AR
LI BRAE R 1 B A L 758 BE DR (K 1 o) - 28 Il RE 2P A S A (] B A %o 288 S04 B8 e 8 80 fil £ %of
ZLPE RS2 IR S A U E TR .
1 B#BESEGEME SCB RWEMKE [ BN AHEERFHEAK
1.1 &RYSCB XK

KA R ITTH M ANSYS BEF XA R & MW SCB sCge b 47 T 8L, SE iR BRI & 1y
NS Ho e RRBUKE R IR AR F ke TR AR vh 304, 3 R 2 80y (CRECS U vh oo il 18] /) e
FA) o5 SRR

« WFSBH: 2014-10-13; fEEBHI: 2015-02-03
E&WAB: FEAKRPEAELHH(11072072)
F—EHF . 0 PWAQ991— LB A BEEE . KT, wuxvtao@sina. com,



%3 MR R R AT I R M S Y B (B AR 417

IR SR FHZR B A, MRS 5O 30 GPa, %
JE 2500 kg/m® ,JAFA L 0. 2, IKFEE A 50 mm,
JE25 mm, AR BE SN 60 mm, 2SN K E o/R
0,01 4B E 0. 8, 2L ff B M 0" fL & 45°,

WG 1 ST A BR TR AL, I8 28 Al solid
186 /NTHARSEAR I, N T 4 Hh Sz e 24 50 J)
S5, [ 58 R P — PR F 44 KSCON 52 iR
& RESIC, N5 E TR A EAE Uy =

EVTF R R R IR T T B B — RO AL g R
P37 ik RS BE 5 BB A A AR 2 . X T #

-
-

AR, ANSYS #2845 T SR %05 1 4 .l T 1 WSS A RN ER SCB 525 fi 4]
T PRAE X T sl A (A R B A PR AR SR FAS Fig. 1 Diagram of static SCB test
7 2 B 25 1 25 7 ) 9 B P T under mixed mode loading

1.2 TEFHEERFHEAR
MR AJE 8 49 3 A O 255 SCHR 3-8 JHEAT 1158, e T AUy A 7 K A A 0B 08 -
K, :COSZ‘BF}/Q;

)i (5]
KB AR g h A RE 2D RYETE A0 20 5k BN R E NP e o BT
0 I, AR N 2 M R RA R RSN Ky A, JRER NIRRT R 7 REK T o S [E]
FE s FRLLUAG B R SEMR UG R g b R Z B R, RN .

g(}%,[f):dl(ﬁ) +dy (B [%j Y4 (%) UL (%j a4 (%) . 2
h(%,,é’):el ® [%jﬂz(m (ﬁ)zﬂg B (R%jg (3)
Kr.d, fle,(n=1,2,-+,5) WAL B G REL PR AL T BIE .
d (B =0.1298+ 2. 24, d, (B =—2.098+ 77. 60,
d, () =—65.598+ 2649, 61, d,(®) =—149. 118+ 5928. 51, 0
d; () =—5.058+ 185, 89, el (B =9.968— 400. 21,
e, (B =82.678— 3327. 49, es (®) =38.878—1520. 91
K AR SO AR B BT BN 158 E IR T &5 SR 2 frn . KRG RZE/NT 10%., M
Bl 2 WTAFE K (B R 2 S0/ g 3 i Bk, 24 90 o
0 F KT 40°0 K {E&1] 0, ) Bt Wiy ol 1 Y gl e P10
5 80 28 0 T RO A 3 R S
2 HF SHPB % B 3h7 SCB I Kok it o
2.1 ERTEBMHSNNBERFITE X o1al
BEIoR H LS-DYNA 2 7, Horp iR 18 44 L 5 7
HO5 W75 52 40 M1 IR, SHPB £ 189 A S5 FF 1 1 T A
K OH 2k g PR b RE. PR B & 200 GPa, % alR
7850 kg/m’, JH A L 0. 3. EL AR 100 mm. K 2 AR SCB SR N 1R IE F T4 4
2000 mm., AFHBAICIE BRI R FH Solid 164 75 1 {4 Fig. 2 Fitted effect of stress intensity factor
SCRBTT, ATBROCHECRIANE 3 B . A N InAE A2 in static SCB test under mixed mode loading

it N\ S5 T S TG 9 = A0 1 1 RE Jok o, 0 &L 4 BT



418 15 3 5

i i %36 &

3 JET SHPB 3 f Y 8h45 SCB LB A7 FRITHLRY
Fig. 3 Finite element model of dynamic SCB test
based on SHPB device

0 0.1 0.2 0.3
t/ms

4 =% 3 B bk
Fig. 4 Triangular

velocity pulse

H1 T B AR 0 1k 5 BB AL 37 57 P L £ A BT SR AR 4 L OT L /N BT RS RS B2 . SR 2
b7 B 5 R B AN 5 BE PR T K g« (1) Fh RS 5K T A5 B 3 5 BB A L A5 3388 K s

(2) FRAE R 20 A sty T %) 422 Aok g -k [ il 26738 J5
WARITEBREIEHN Kiw. Ko HRERLR
AT B S K o R RS 2 A5 2 3
Ay B A
2.2 ZhaAs | BUhnE; SCB LIS HUE IR 47
Bt g p=0° R4l 1 B jingk SCB 34
AT TRLRL B SRR R BK B o/ RGP AR R,
VLK S e R BE s X 34 2% 52 bR Bl 25 N 7 9 R R
Kia®sgm, B 5 Frox kR R=
50 mm XS 32 R ] s/R=0. 6 2GS K a/R
0.1 AL E 0.8 WA Krao 6 FIARNa/R=
0.4,s/R=1. 2, X} R N 40 mm ZfL &
70mmif ) Kigo. B 7 Bim BikFELER R=
50 mm.a/R=0. 4 MX LB s/R M 0. 4 224k
E0.80 M Kiao

201

151

—
[=]
T

1

Kia/(MPa-m®?)

92
T

t/ms

I8 6 A [RRAE A2 T 0 9 BE DY 7 1 A2 AR KL AR
Fig. 6 Variation of stress intensity factor

for different sample radiuses

401

w
=

Kldl/(MPa-mO'S)
[\~
S

—
(=

0.3 0.6 0.9 1.2
t/ms
[l 5 AN (R AH X 24 80K BE T B ML g R DN AR Ak A
Fig. 5 Variation of stress intensity factor

for different relative crack lengths

Kin/(MPa-m®?)

0.3 0.6 0.9 1.2

t/ms

P 7 A [ S JAE ) SR 7 g i B R ) 7 e A
Fig. 7 Variation of stress intensity factor for

different distances between two supports



%3 MR R R AT I R M S Y B (B AR 419

B 5~7 Al LA

(1) K g FERSHEX KB a/RSCBETEE s 38 R3S K, A B 42 R 1938 KT/ .

(2) Kya-t WEAE Izt £ vh 35 sl 8 I, i a8 2008 )5 th R 5 Bl o /R AR R 3900, iZ %
TR S B R AN /N S e (] PR AL 2% T BUR G R o X = T S e 1 iR I8 ) AN - A8 5 S0 15 1 2500 1Y)
2, M a/R<<0. 4. 3 EEAE/NT 60 mm.s/Ra~1. 2 B, i FE N J1 A SE AT 52 5/,

R T = ER S A X WIE TSR X a/R £ 0. 1~0. 6 B N RRLFR Ko A SN RXE 2
B K o367 7 8 45 R ANEl 8 s, WEI M AT LIE I EAE o/ R=0. 4 B W) & Fe b, 4% T L4 20R
[ a/R 60T W& AR 22 6 IR KL WE 9 frw, Hid o 19k

KIdI_KIdleoo% 5)
Kia

M9 W LAE 2 o/R<<0. 4 B, 6 1T T 0, & AHXT R 2518 1020 26 A7 BV I 5 4 2% 07 79 52 i)
BN S A EA BRI,

o=

20 ¢
16}
0k
12t
£E 20
< gl §
% “© —40
< . a/R=0.2
<Ay —60 a/R=04
0 _80 a/R=0.6
0.3 0.6 0.9 1.2 ~100 06 0.9 1.2
t/ms t/ms
B8 KyuHl Ko (a/R=0.4) 9 AKX IR ZERE o/R Ak
Fig. 8 Comparison of K4 and K4 (a/R=0.4) Fig. 9 Relative error of static formula for different a/R

2.3 HEEABME SCB LWEMR 55 1

9 TS A RN SCB SR sit K (o 08 (LR HE 76 S 1 RTE 5 i LRk 1 [ BURE KR R =
50 mm BB s=1. 2R RSO BN L0 AL 3 40°, 46 AL FHIAT LB HE a/R M 0.2 B AL %
0.8 A AT WOEHUMH AT, o TR FAHT IR K (o LRI AR EL W (8 K 1, 1T HOER.
P10 R AT /R AHFBLF K v B ELU0 S 0 07 AL B L 8 10 B % 4 AR I 4 50t AT L
K v Bll /R B AL R

501 —u—a/R=0.2
e —eo—a/R=0.4 40 +
40 m— —A—q/R=0.6
——a/R=0.7 ~ 30
o u _ 2 30
= 30¢ *— o =—a/R=0.8 2
& Awe M
< 20 . S 20
S e N 3
 10p TR g 210
&) £
0F ] ol
-10 . , s , . . . . ) . .
10 20 30 40 02 03 04 05 06 07 038
BeH a/R
B 10 K | a1 FER SO0 B AYAE fL R B 11 K | gime FE RSN BE a/R 1978 {0 AL AR
Fig. 10 Variation of K | gimax Fig. 11 Variation of K| gmax

with crack angle 8 with relative crack length a/R



420 15 748 5 i i % 36 &

Hi P10 AT L B % 102 A [] B8 SR BE S K 1 1 BE RSB B B4 KT/, B /R BOR R
R R AR . R 1A 11 T AR S T I A (] SR o K | g1 BRSO XA BE @/ RB 4 RT3 T 24
E i B IKE] A0 s K 1 e F 2 SO BE a/R 36 W/ L 28 f0 B0 A 5 R A B 100 25 SR 2840, T
&l 2 fs

N T LR A ISR LA AR 0 P 2 GO TR T R4 SR R ) 5 PR i
(B K 1 i3 05 2 2045 B A B ) 58 B T IE A K | g Z A RO AHRS DR 22 0, ANER 1 BT S, W LA M 2
MY BAE 10°~40° Z [a) if, B XF K B a/R 78 0. 2~0. 4 Z [ B, #2528 2 A9 H % iR 22 /N T
1026 A5 BE R ey 17 L1 G TR, A X R 25 1 R & 2006 ~50 24, BRERAS A R AL

1 EAEMBETHSLARNE K. HHEMZE 5,
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Numerical simulation of fracture toughness test under high strain rate

Ye Bo, Wu Xutao, Hu Fenghui, Liao Li
(School of Civil Engineering , Hefei University of Technology . Hefei 230009, Anhui, China)

Abstract: In this work we conducted numerical simulations of semi-circular bending (SCB) test of
steel with cracks respectively in a static condition and under impact loading, using ANSYS/LS-DY-
NA, a finite element software. According to the results achieved from the simulation of the static
test, we have put forward the formula for the calculation of Steel | ’s fitted stress intensity factor
which, when applied to the calculation of the factor under the mixed-mode loading, can keep the max-
imum error below 10%. The simulation result of dynamic test shows that; for semi-circular bending
(SCB) test of pure Steel I under impact loading, the dynamic stress intensity factor exhibits regular
variation with the change in the specimen’s radius, the distance between the supports, and the relative
crack length: When the specimen’s radius is less than 60 mm, the distance between two supports is 1.
2 and the relative crack length is in the range of 0.1 to 0. 4, the inertial effect is relatively small and
the error of the dynamic stress intensity factor calculated with the above formula is about 10% ; when
the relative crack length is 0. 2 to 0. 4 and the crack angle is in the range of 10° to 40°, the error of KId
which is calculated with this formula is less than 10% for semi-circular bending (SCB) test under
mixed-mode loading.

Key words: solid mechanics; fracture toughness; impact loading; stress intensity factor; SCB test
with crack; mixed-mode loading

(FiE4im 400



