530 % 55 M wOE 5 w i Vol. 30, No.5

2010 4 9 H EXPLOSION AND SHOCK WAVES Sept. » 2010

XEHS: 1001-1455(2010)05-0449-07

s FE R L A O B 25 4

TED AT AR
Cop R 2 R 2 o SRR BE AR 1713 AR T T A 4 22 A 230026)

TR R R R LA 2 2 SR A 5 e AR P AT 2 B U A 2 T e R L P A 5 18 R
(0.02~2 100 s~ ') N UTER 4k Jy 1) 128 2 4k J5 1) B9 S A 0 2 78 1 4. 4 55 R e X 30 25 ol v oo 2R AT 0
B IR ORI R RN HEAT TAEIE . XRIRSE AR T 1 4607 2t A SRR B AR R 0,02 s B THEI
2100 s~ JILAITE 2 AN Hn 48 Jy i) b 3 S 0 o0 R S 2 B v L BV EAT W S g AR 5 IR N R AR £ 4 [ Y
A BR 5 B2 L e B 4 5 1] 9 O T A O I 28 T S 2 A ) o 7 A5 7 3 A% £k TR MR S AR A L UL TT R
R S RS DX R SO 1 B R X B K A B R R 2 IR 5 LR R B
A T2 TE R Bk X7 3 R PR A 2 R MR G A RS B A BT B, T T 4 U 1) B T 4 O 1 A B e A 4 A
et (EL B R AR 30 T A5 I S 1 ) 6 3 2% ) LR 4R 1) U B L ) A B W R T I A A e ) R

R AT 1o Ve RE s B U B AR NAT s ALY A8 65 27 4k 7 (1)

HESES: 0347; Q66 EfrZ R 130 « 1520 XEARER: A
1 51 &
VLAF R, 3838 0 L R ST N Bz il T AR KRi0E %, i H A 20 B 97 28 & OB A B %%
AN T At B G AR S IR, T X R A T AR B vp e B T R 2 ERE . LA R AR S

(1% T B BT 43 o O Ml A, L g 2 P ek L T 2 20 TR EAS 22 L BT A DG R e e 2, ol PR IR A
ZUPEAT o e A O X AN B S 8 o S AL S UOR T U AR, A0 X I UL A Bk ) o o T 4
1R REHEAT TS BRUNLIA B RE R AT B A8 AR SRk AN 5 1) g o L T £ 2 D i 19 B 1 54 JE LG
e BLLFAE 7 10 AR, R T L PRRE A 45 1) S L B s M B 22 S0l O ol Aok P BB AR S T 2 4 bR A i
Z BV AL AR LR BT 2 SC TR LT 2 U7 0] (Y S PR PR BR L s A S I 24 vk e R DL TE .

538X Hopkinson JEFF(SHPB) ™ 8712 HI T b4 484 0 20 285 5 455 3 24 P RE I 3K, O9F 50 3 11340 7 bt
il b BTSSR A AR RR . AWy A 2 Bl 25 T 2 e RE I A A O A S 85 R
P50 ¥l Ak 80 A5 [l i i LR 9 e S B A AR AR DR A TR X, 00 b A 2 B AR B A s H AT L — 0
KT BB B 09 S A PERE DT ST A HE L O O R Y S B R T B - A - R L Sl T A
325 55 455 o R AR BT 0 BE A BHE o a2 S AT O 45 5 i RAEUEE 10 2 AR i B0R . SR T B 4Ry
JILPA BA R+ 28 S A5 B Gl s o e e B IR A . AR S ok L A U 4 AR AT 3 L BTl T B b Rt
A L e B, P SRR BELAC 9 & e AT A DA 38 S8 T 4 55 o et 3L P AT b 30 9% 1940 /R SR s s S8 17 47 1
TE U4 2056 5 B8 UL P A R 2T 4t J5 1) R 2T 48 T 1) 1) 30 2 A ) A 2k

2 AR AR

2.1 KEHEHR
B A2 150 d A, WiZ2E2 2 h VTR ERR LA, FH U0 A HLUS £F 48 57 1 F 3 5 2
A J5 I 3 mm BTN H AT AR B 12 mm HESEREE, SRR K E N

» UgFEHEER: 2009-07-13; f&EIHEI: 2009-10-31
EE&WH: BERHARR#IELLTH(10772170)
EEBN: FEEA980— ), &, MHAa.



450 DS 1 5 i i 30 %

20. 0 mm, SIAPPIR M A KR 2.5 mm, BEFN AR RAG BOFEECR 7 A, W R L R
TR I Y 7E IE B 47 B kreb WS
2.2 ABSAMHKE

T AR 0 A A M RIS B b R AT, %
BWE LR AR T I Ay R, it
TE e F-4 4 2h 5 IR 2L B 45 1) & 8 R TR R Al
SURERE, R T 08 R I A 5 R 2 fi
(7 4 0 TR L — o R AR . % %
B RHIL BEAT U £F 4 Ty ) R0l BT 4T 1)
() 2 FRAKR AR # (0. 02, 0.1 s DB, [,
R ST LR REAE L R A7 2 0F T L BB T B[]
Xif H: 2 PR R Y R L 3 X R S R UL A R

NiABEE 0,02 s~ AR AT, (] g — & i) B 1A b R B
)47 T 5K, Fig. 1 A biomechanical testing system

2.3 EEACRYELZSRANRE

EA U S AR B AN 2 B, il 2 e By iR [8] 7 76 A S AT R S AT 22 18] 76 58 2
YR e e A AR A Hlg L LT AT AR I L SCR I 1 ST T R o B AR — TR A U B AR IR b B fhe
A ST R B AR D82 AT A X A St e ol

Bullet Impact block Tube Clamps Tube Link block
/ S/ [ /L
S A $ A
Transmission bar ~ Semiconductor Incident bar Strain gauge

Bolt
M8X1
1 1 | 1 / I \
o W e L b e L
| IR i et (— — = —\\— \'_'_—_'_—_::_'—v'
\ [
18 \ Sheet metal )
20 Specimen

Rubber blanket

2 Ef5 X Hopkinson i FT 2% &
Fig. 2 A Hopkinson tensile bar in tubes
TSRS 25 T A S ok g 7 A T o A A AR AT 0 a6 D B R R A AR AT 0 S R — R Y
HBIE A 2 DA EOE B F AL BD 1 4EMECE A A PEEGE . B HDRE W ZE AT B 0y 0 AR R g s Y ik o
G AR 1 4R R T B R AT M ARE R SRR G N A R N AR R g R

é:—zlﬂer(r) (1



%5 W LEEBE . 5 BLA B 32 h 00 P e 451

. (D) =—2Zﬁﬁsr(z>dz 2)
6. (1) —E(A/A e, (1) (3)

A ELA Fl e, 40 A AT 0 S AR T BB M 5 4 R A S35 B RE K B R AR A e, e,
B3 59 A9 I S 7 2 R 3 B A

S TR 1 4R A R R AR R
K9 20K A4 A A S R0 3 T . SR AL R R 02} Reflocted wave
B v 2 8 B A5 K L A 4 50 e R o k)
ARV, A Wl TR 4R B e L SR Y R R 0
1 8 8 T M35 0 375 S5 1555 LA AR WO o ) 349 50
R OO0 o T 02 e, 7 30 0 8 L B R i
S T AR B S S e T BT 1 e R o Transmitted wave
L. R A a I BB BB 44T 09 10% A4, [F] i % Incident wave
FH o5 % A50BE (9 2 SR S B SR AR TE SIS S . R 4T 06 08 10
16 R 0 TR T AT 1 AR A R ot 2 vt T RS thms
FRAE Y & A R ORI 3 ek 10 L T ARG I 38 T P3RS TR UL PAY f S 750 358 6 0 T
PEATETE . T X T R 1 107 3 249 59 P ) B0, 4 Fig. 3 Typical experimental waves
Sy sY it B A, PR AR S A e D for the porcine ham muscle
I 8 R IR RE 1 7 15 B 8 AR 0 1 T e 0 D A
RE LR 1 U A B IR L M T A R B LR AR A B AT MRS T 5 LR P 0 A AL K B R 4
BEJELRE MR B K 2.5 mm,

S T 5 A T 1 £ 02 R 1 S X 5 5 0 TR bk T 3k R 3 B R I i 7
B b SR LIA R TE AT, T AR AR W LR B A8 B A L 1R 3 T 38 4 4k 4L 400 k£ FH 14 ok
B P 2 R . H ol R A S 1 T LK AU WA MR T S 5 4 S PR AR e B R R R R L e AL
T 22 63 e M P

S R LA L BT % L PR 3T 0 75 R e A5 8 R T A P 3 BT R
2.4 RN ESREE RIS E

C. Bacon!"*) 56t Kl S - 14 0 W 9 ORI BE DI AT T 0T JE4 T 1 7Pl 6 26 00 3 68 T 10 1 9 B
By (o) ORI 7. 1 2k 2K 50 U2 06 P AT 52 B o) ook 45 0 7 R

((7(7;(:2 —Yz(w)je(x,w):O 4

4R R B 7 () SR AA A A 5 12 11490 119 3/ HI00 S 0l ) 28 J5 ] DR S84 A 1) S 0ol 3R 2 () AN
HE c(0) RFER

U

Y(w) =alw) + iw/c(w) (5)
3 (4) 1 3 ik
e(rr0) =Plw)e ™ + N(w)e” 6
K Plw) \N(w) 2 =0 b5 51T 2 fil 1 1) 1A 1] 4% 5 6 17 7 3 5 1 A Al 1] 1 7% ) 48 7 i A8 A L 15
(2 rw) :—i7“’ [P(w)e” — N(w)e" |

Q)
2
Flrv) :J’AT‘” [P(w)e™ + N(w)e" ]

FURT BRI AT PRSI A2 F 0 A5 A5 A B0 B9 A 0 e A0 BB e ARG A el i 1T R T Ol 0 B A%
8 X P BEAT A S AR i, A T 45 242 5 R Bt i A X



452 DS 1 5 i i %308

ol R U
. d g A EVRE PR T IR, SRR R e
S A0 7 T AR S 0 15 IO PR S 5 o | o
P A T 010 06 2R KA S B £ g
a(@) =—In(r,/r)/(2d) o F I, 2
c(w) =—2dw/(6,/0,) (10)
A5 19 28 2 RO B 1A S (7 L SR o
AT 3957 37 25 B T LA T L DAY S 6 5 0 o 20 a0 a®
B AT 728 8 o T 2 B 2 B 0 ) bz

K LA b A 28 0 4% 56 R E0% 1 Visual C+ B T 0 5 I 2 A
| 2 e T A B A i AR O HEAT VR ORI 9 1 Fig. 4 Attenuation factors and phase velocities
1E. F 4 44 H TR T H e e AT 1 5 180 2 BT AH 33 of nylon bars
JEE i A5 A A i %
2.5 FEEAMEEENEIE

h T R B IE BRI L R LS-DYNA 2 5 i 4 7 8B A, 43 1) 2% 52 e EL X A 34T Fgs S 4T
BIE R RE M, 3 B 2 2 b ot RS AR o 1 ST o S RN Ok S T AR R A . S AT RN e HL R 4R
M RTREM RIS N .0 =2.7 t/m®, E=68 GPa,v=0. 33, BHF NJE ATl 7 Fifk, i 5%
LEPPER R . 0 =1.17 t/m®, E=4.9 GPa, v=0.33, %2 AGFFIF, 76 A TS5 o i o 28 5ok 138 %
Ao o X B A S 3 RS SR U MR AEL . A0 L 5 () TR o 5 %5633 S B 7 e L i a0 8 R AR A X EL i 2R
W SAT I AN 5(h) FToR . & B3 EL Xk % 3% A0 5 i ] L2200

(a) In the incident bar (b) In the transmission bar
0
ot
= 6k - -0.4r
£ E
3 3
3r
Incident wave -0.8F Loading
O Reflected wave 0  Measurement
0 1 1 1 1 1 1
0 50 100 150 0 40 30
t/us t/us

Pl 5 e FL X AT O 1 52

Fig. 5 Wave propagation in the bars with clamps
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Table 1 Tensile material properties for the porcine ham muscle (N=7)
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Fig. 6 Stress-strain curves of the porcine ham muscle at different stain rates along different directions

B AE Ry 0.3 W AE AR S35 0.02,2 100 s~}
(07 S AT e, e IRAE 2 ANk )y 1 b I ) # R
EONIE U EF 4k J7 1 i J) (11, 64 45, 68) kPa |
(146. 06 £ 36. 08) kPa, Wy T B T £F 4 Jy n] i, 71 M
(5.6541.41) kPa | (137. 88+ 2. 62) kPa, 3 25 i
2 AE TR (RS- X5 8L A7 B R A B N AR R ST 38
TIAT KR4 = 22 B B S ) B AR SRR . AE Bl
BEMET AR B/ AN AR A 0. 01, 3 B £F 4
D5 18] B9 F7(29. 9245, 68) kPa 5% £F 4 J 1] By 1
F1(11.19+2. 76) kPa & 3 AN [A], b B 3 By 7] 9
F AR At R T AR 4 5 a0 AR Y AR T % 3
Ji 52 5 ) 1 R D0 O S 3 N [R] £ 4k 7 1] i 8 R
A BT e T AT 4 R

30
At the strain of 0.3

20

10

o/kPa
T
——
ooom
-
——
-

0 1 8 12 16
t/h
& 7 U J5 B[R] % 4% J5 TR L IR 7 2 1 e B4 52 iR
Fig. 7 Effects of time after death
on the dynamical properties

of the porcine ham muscle

LRI 12 PERE 5 B M AL BUEE R O R AR K, Y 2 i A vk, 7 21 48 5 1w, 32 AR5 59 HE 91 B0 JUL 47 4



454 DS 1 5 i i %308

SE[RRARAL J3 097 o £F 4 18] 9 L SUR S5 AR DR A SR LR SRR 28 o T A e B 2F 2 Ty 1) 0 3 22 02
R EE LT 4k 18] 19 45 4 A 2UR R 32 4L 07 ILET S A% i 1 7 B9/ ko i 2 7 1) R PR REAY AN ]

R 2 BEAE SO It A AR A URE D 1k R L SR B TRDGS AL IR B R g 2 PR R Y 52, 25 Hh TR R 0. 3 B
ATV FE I B 18] 65 2 B B2 3, AR 8T 7 Bz o A5 2R B AR IZ AR A 2R E R S AR B BE S 17 b L LI B g 2 1
AEJC W & AR . Lt QSR B ) PR A7 SR o 7R AT BR (9 IF 1) P 308 T AN 25 B AE I B[] 4 52 Wi, ok
G INAE T 10) FRLAE A FE 0 SO A B B0 X6 45 R T S i TR UL DAY ) A R A 1 R AR AR

4 & g

SR P A A 4 R PO A 2 48 I R UL PA) 1) 3 285 0 2 PR RE R AT T WIS . it 1 UL L i B 5 Y
e B i B 5 e B e FLRH B I 52 R AR /N L Rl L2

N T ARAT R B B 5 5 R T ARBEGT A JE e AT VR D9 38 S T+ 11 20 A e X 3 v D82 A 7 K
AT TAEIE . 25 3% IR o BB UL DY JC 18 2 U £F 4 J ) 30 J2 306 B 2 248 5 1] 7 A 5 32 00 EL AT I 78 %
BURE . MER SR AU g L T RN AL SUR A BRI B S5 R U 25 4R 7 1] B4 BRI 5 R LG T T AT 4E D7
T 14 K AELRR DA IO 728 G 00 8 22 S o 9 285 180 A 1z g oy A2 il 24 FL AT SHLRY ) A0 ZH LB L i AR JE R AR L O
B T BRI 1K AR A R BE” X, EAESZASARAE T R B DX 2% ik 2 I O A U i BRI AR 73 1 46
R R AN B AR L, 5001 A e B2 2 T 10 3y 25 it T 6 B Be B B B . S [l in 207 18] g 2 1 RE B A ]
5P SR S5 R A O, 1 A5 21 4 5 1) S AR SE WUEF 2 7R 32 1L 0 10 3 1 2 48 5 1) DU 3 S A4 4 2F 24 1m) 4
GURIRAL

Sk

(1] EE2 I 585 BRAULA 0 b 4 R e 9230 [T, K 5 i . 2010,30(1) :33-38.
WANG Bao-zhen, HU Shi-sheng. Dynamic compression experiments of porcine ham muscle[ J]. Explosion and
Shock Waves, 2010,30(1) :33-38.
[2] Hawkins D, Bey M. A comprehensive approach for studying muscle-tendon mechanics[J]. Journal of Biomechani-
cal Engineering, 1994,116(1) :51-55,
[3] Kolsky H. An investigation of the mechanical properties of materials at very high rates of loading[J]. Proceedings
of the Physical Society: B, 1949,62(11):676-700.
[4] Harding J» Wood E O, Campbell ] D. Tensile testing of materials at impact rates of strainJ]. Journal of Mechani-
cal Engineering Science, 1960,2(2) :88-96.
[5] Nicholas T. Tensile testing of materials at high rates of strain[J]. Experimental Mechanics, 1981,21(5):177-185.
[6] Staab G H, Gilat A. A direct-tension split Hopkinson bar for high strain-rate testing[ J]. Experimental Mechanics,
1991,31(3):232-235.
[7] Lewis L, Campbell ] D. The development and use of a torsional Hopkinson-bar apparatus[ J]. Experimental Me-
chanics, 1972,12(11) :520-527.
[8] Shim VP W, LiuJ F, Lee V S. A technique for dynamic tensile testing of human cervical spine ligaments[J]. Ex-
perimental Mechanics, 2006,46(1) :77-89.
[9] SONG Bo, CHEN Wei-nong, GE Yun, et al. Dynamic and quasi-static compressive response of porcine muscle[J].
Journal of Biomechanics, 2007,40(13):2999-3005.
[10] Bacon C. An experimental method for considering dispersion and attenuation in a viscoelastic Hopkinson bar[ J].
Experimental Mechanics, 1998,38(4):242-249,
[11] Salisbury C. Spectral analysis of wave propagation through a polymeric Hopkinson bar[ D]. Canada: University of
Waterloo Press, 2001:12-23.
(127 X060, B PR K 35844 Hopkinson JEAT A I8 (4 5 A ok i [T ). 18144 g 2% 24 42, 2003, 23 (1) : 81-86.
LIU Xiao-min, HU Shi-sheng, CHEN Zhi. The wave propagation attenuation and dispersion in a viscoelastic
Hopkinsin pressure bar[J]. Acta Mechanica Solida Sinica, 2003,23(1) :81-86.



%5 W LEEBE . 5 BLA B 32 h 00 P e 455

[13] ZHU Jue, HU Shi-sheng, WANG Li-li. An analysis of stress uniformity for viscoelastic materials during SHPB
tests[J]. Latin American Journal of Solids and Structures, 2006,3(2):125-148.
[14] BIohi. A9 0% G A 12 R AE LML S SE I, B0 K 4R 3% RV - W Bk 2 B R A, 1983 :194-224.

Dynamic tensile properties of porcine ham muscle”

WANG Bao-zhen, ZHEN Yu-xuan, HU Shi-sheng
(CAS Key Laboratory of Mechanical Behavior and Design of Materials ,
University of Science and Technology of China , Hefei 230027, Anhui, China)

Abstract: The tensile stress-strain curves of porcine ham muscle along the longitudinal and transverse
directions of the muscle fibre were obtained over a wide range of strain rates (0. 02~2 100 s~ '). The
experiments were performed by using the biomechanical testing system and the polymeric split Hop-
kinson tensile bar (SHTB) in the tubes. A program was compiled to modify the effect of dispersion
and attenuation of waves in the viscoelastic polymeric bar used as the transmission bar in the dynamic
experiments. Statistical analyses were done by using one-way ANOVA (p< 0.05). The results show

1

that the flow stress of the porcine ham muscle at the high strain rate of 2 100 s™' is both apparently

higher than that at the low strain rate of 0. 02 s

along the two loading directions, illustrating the
strain rate sensitivities of the porcine ham muscle. At the low strain rates, the ultimate strengths a-
long the longitudinal direction are higher than those along the transverse direction, whereas there are
no significant differences between their failure strain values. The quasi-static stress-strain curves be-
have as the other soft tissues, exhibiting an initial non-linear “toe” region, followed by a linear region
and subsequently a nonlinear region prior to the gradual failure. At the high strain rates, the “toe” re-
gion vanishes because it has no enough time to permit the straightening of the helical structure. The
initial modulus in the transverse direction is much higher than that in the longitudinal direction. How-
ever, when the strain increases, the flow stresses in the two directions have no significant difference
and the flow stress in the longitudinal direction gradually inclines to higher than that in the transverse
direction.

Key words: solid mechanics; dynamic mechanical properties; SHTB; soft tissue; strain rates; fibre

direction
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