%37 W2 wOE 5 W ik Vol. 37, No. 2

2017 4 3 A EXPLOSION AND SHOCK WAVES Mar. , 2017

DOI: 10.11883/1001-1455(2017)02-0365-12

B T AR T A AR

B EREVL,RKAEELN OB, AR
(1. B 5 B TR 242 R o0 25 5 R [ o o 22 RS2 80 =8 L VTR oK 2100945
2. Ff BB T A4 R HE wh o By R 8 O [ R S S BR & L VTR B A 210007)

FEE : AR B SRRl A T R VR B LA T O P v B i RS T AR R TR MR B S M AR 6 R
5 B o DU 45 O o ) L AR VR 5 - 22 41 A R AL TR IR B A BT L B A Y bR SR TR A 0 A R i R
Bl A5 AR I AR T O S0 Ty vk i a1 45 IR R — 2B R R L

KR A BIAL ;AL BB AL R TR B 1 R Bl R

FESES: 0385 E#RZE R 1303530 XERERS: A

JH S 56 0F 53 ik 8h 38 ™ A 10 45 PR G i L B E LA B0 B 00 g5 A . TR O Ik A RE fh T LR Y )R
FR P, X DA i) 32 B SEBR IR R, 355 T A PR B 0 1k 9 BO(E S 400 B R s B 0058 B AR 45 5 1) 1 33 5K
B ik MU SE R 2 W B AR A ST B TR B S A0 S o B, DG B ST BB IR A BT SE PRAT A
MY A KRR, 7E 50 B 1) opts B8 v, 0 7% D8 B SR it 3l A SR AR TR L AR RS A (7R A RN B VAR AR Bl )
2 FL 2470 A DL K A% IR 2 B2 v B R R At 4 A 2 A A 455 A8 A8 A o A B8 o R 4 0 B 2 A v AR T
RS RAR B RZ W T AORE A SEBRPE AR (A7 S MR BE L9 BE PR R LU AR S MR AR Bl = R ABESR , I
A% AR AR R A B A SEBR N Y A R A R [R RR B Y 5 R T AR R Y A AR

US4 H B T A 2 2 AL [ R o A R AR (B 2 R E VM A SR WE 2 A
AR (R BT 5 (R A o A 0 A TR B A1 ) AT SR A R B s . BT Sk TP G T AR AT X ik 5
TR VEE - FOURE B FE o A A5 SRS R RO F AT 8 SCAR 2D . AL L. Tsaevt™ 445 WY T ER X ST B0 A TR R 0 B/ B
2 AT R B AF 5 0 TR L i AR B AT i A B < 4 R R T R BF Y R D YR ORE I Y TR A B ek
R ZAE J7 5 38 B AR IR B X R S R R s R K . © A WE ST S5 SR B B b 2 1T BT A 4N A
A3 AT S BEAE HE = — SE R R A A BT T 5 (H R a3 Bl el 7 T A7 1) 2800 I AN SR AR K 1T L B 2 TEC A7 DR R B Y 1
KX — RO IR 2 it — 25 B AR . A 1R SCHER I 7 52 56 A BRI IF 9 A SE il I L 75 R TR B5E 1 IC 3 7 0 IR R 4D
IR P A A7 R R A Y 2k R BB AR AR K AR FH S5 e (E 15 R M

M. L. Wilkins"*) X% 25 B4R Ay 350 58 14 25 T TR B 4 45 1] S 5 32 A P i %) 0 0 8 O 405 4 7 2% 1 3
BE AT BERAA A A SOl TR AR I A 5 5 A TR B T2 R A TR BE 12 R A5 4 2 R B9 A B
it Tl 0 T B O 1 AL 5 SR IR 1 AR TR BN Bl ) 2 B AR R I 45 AE DB B L S S I 2
1 EXFE

R TE =g zs o A — @RV AR S LA s g as s R U E T E
B SFEE R AN IEA .

%devzo %qudV:Ja-nds %J‘o(lg+EjdV:Jn 6 uds (D)

Ao EHE o NEE u RHEEREE JELNEE . n S ICIMNEL B ALK .o AT PG N Tk .

« R B 2015-05-20; fEE BH: 2015-09-18
E&WH: HEAAR =S IE (51508568) 5 5 5¢ 8 1 5L 1 % HF R4 % B35 H (DPMEIKF201405) 5
YL B S TP AL 4 100 H (3092014012200401)
F—1EE: m KA9%90— OB A BEEE: T, wnyrl@163. com,



366 DS 1 5 et i 8378

TEWFFEA T A TT R AT I TR BRI IR AL A7 5C 89 15 T 73 23 18, RIS 7 Oy BROE 38 20 1 i k38 73 2
M:e=—pd +8 .3 p FEKET .S Ry ki, D SARRARE T B A C Z L5 B B K
PP AT — A K B8 A A S DT AR AL . D T I A AR AR 14 Sl 25 F 1% O B R A S I R 1Y ) B
B, BV B 508 AR S TT B S A R

2 REFE

2.1 EARSAEHT

o AR A5 A 3 A e TR A R R AR R R R RS O R R R AR . HIC RS R
15 R i K R T DA R R AR 22 [) B G R By ik B ok B R R SR BE . RHT BERISR AR A 2 2
W. Herrmann "7 $2& H A9, B 7E — & R T RE WS 15 38 TR BE - A0 K 7 FLR B A8 56 R L (HAD R 2R TMEL Y
AN RR AR BE R FLBR S S AL B AL A . Tu Zhenguo %10 X FH (% TR %8 + 28 b LAY, 4 . Bl o) i
AR JE P A GR (gebbeken and ruppert) 8 A41  HJC #1A81  RHT #5580 25 {7 55 38 41 79 20 97 .
2.2 BREITAMBELARERE

TRBE +AFE R — A 0T AN L2 10 2 00 5 A BE S R R, L 32 2 A o0 A 455 « 11 (AR JB0RE A K R A 3, LA
J P 3 2Z ) K 0 1R SRR LI 33k 4 e 288 S0 R Ll 7 A5 TR 6 1 7 5 3 48T H A AR 5 ) AT R 4 42k
X BARE Bl A T 2 R B R M AR K, AT T A I AE S5 A R e 2 ) AL 2 R XU A A R Y . R R
AL TUAAT R AR AU BRIE L H A3 A RUST R 850000 F 2 A AL I AR A R R R Z LA B
ARV AR LAV, ARILILE VR LOF RRTE i LA V. = 2 V=V, +V,+V. . #f
BHYILBR RS o« AR a=V/V,, JHEILBEEK o, =V, /V.. .
2.2.1 Ruumieiik

TR BE 52 71 B 5 B Be , Bl w3 2 R 0 i J07 T 15 4G L it B e R O S EORERE B SOWL T 2L . I IR L B
AL AW 3 LR 25 RO 2L 805K T 5 1S i LB o 24 80 J o ) 51 A TR BE i 15 AR R B A

Vl:—ﬂ%mw (2)

Aoy R EEARARHAM R G, R AR BT O L R R R B AR, p =ap KR TT . N 2 AL
RN Y 2L B8, AR O RS T R B il LR 28 AU A 28 1 AR A B ORI B AL B A T A R 8 fL
B 3 A 7 2

3G, (a —ap)

‘40:78(1—w)NozoRSozZ @ > & R
SULLI S SR U T e R A
1 dR
Ry BtE (4
‘ QS;S” aS > S* ap | = b p<<0Hlap|>p" X o
KEP:FLZ ! , Fy,= Az .Fy ﬁ%ﬁ?’i%ﬁ‘ﬂﬁﬁj
0 aS < S 0 p=08 ap | < p
KT, BE RIS S =[S 05 wwgan. st —s. (1) waay

I 519305 0 S, 0 SR RS 0 G 1380 7 R=0) p™ = pu (1= 5 ) mssica e

J5 0 #K R 1 S5 AEAE  po T B BRI 8 K R S W R=0) 3 R* =1/ /N R 280K JE i B .
Ay Ag ZRI AN I T K R T3 6 R K SR Y TTRR L B Pa o s, 2 R=R" B 52 880w ) HE
()52 W, FEAARA R AR I 1E A BB RS S S X b Ak A TR R e SR IE 5 T e B LB 1 4 1 A ek Ak B
2.2.2 JURESF K S A2

(1) FE 4 sk L3R Ak 05 B2 . #L ) 384k AT 43 o L S 4 AR ik 2 Rl B . R A ML ML Carroll %1 |



%2 M B KA SR T BT TR B A5 A TS A L e 367

J. N. Johnson 457 S5 7 1 R R0 2 050N dRAN A 35 B BROE AL A JB0RE A 50, AN 8T 1 77 . <AL A
Pl 2 TR R e e A, A R0 T 57 Ay R B L AL B R B A U AL B A< 24 5 sy AR

HHE Drucker-Parger #EW| R 41 0, | ,—.=0, 0, | .= — pu = —ap EETFLEE L DT RS
2 % dza o & o a %
}3‘1‘21(“’df’d?z)““P'+ k [1 Lz——l) } (5
z % —_ 2 13((3677‘;/4))
o )= S 251 () ) s () o (1) ]
dr " de (3+4k)a'? de? a—1 3(6—k)a'? \dt a—1
ML, £,° = oo 0 SR AL R ) AE B S0 < OF AT B R 8 3 5 (5)

S5 28 AR R AL TR 3G K B B By 3T 255 A i AR SR KBl B2 ) BB S B T . o0 R BE SRR Y
U T v ay AL BIVIIRE a0 ARG ALBRRSE Y KR 1k D R 45 2 K, b CRI O T i

ﬁ%%?ﬂﬂ%ﬂ@ﬁ%ﬁﬁmﬁmﬁ%&p>£ﬂ&ﬁiyﬂ—qBﬂ%%E@MﬂE%AEﬁ

REOWTHTHHE o BRI EH o Fla BIAR/N, WX Gl F LR

_Yof(a )T
r—ell5) )

P 2 ARG J7 R (6) 4 2 A T ) LB R A Al I JBURE AR B4 0 43 380 480 T 2k 15T

D
Matrix
1
0 a, o
L1 R BE A AL B i Ak S5 R 2 WG LB R a0 WAL R Iy il 26
Fig. 1 A spherical model of porous concrete Fig. 2 Compression path in material with initial distention a,

(2) R I FLAR 8 A 7 e o Rk B4 W7 28 S8 e 5 R T 3 o ety 28 M L A i 10 H A R AL A B
P A, i RS20 5 0 1 AH AL, R PR 28 M bk 9 3RO 223 i I A8 4 5 17 L i A Oy 1

da a, a
-5 — U, 277\ €
Q 0 P alna—l (7a)
omti Qs a,@,@ =ap +an —%— 4B, — D (a— D' da p<—LIn 2 (7b)
mizic de “dt? a—1 0 dz a a—1
i, Qe de ey ey iy L (e ey L B
PR T de T de? de? 6 \de SR

(Y, =Y kp

Ty | WEAM RS,

2
5 ao” 2 o 1
Hllzvfzz_pmo—il)zyg’axgiff’G:ﬂ:*}:Yo“P

_SO‘m (ay 3 a a

R EE L IR R TSR R Y, R BT U8 BE A BR A p= 3 Ifsz o AR R B b MR R R

(Burges vector) , N J& 1l sl 4% %5 B ,
AT Q. B o I [R]85 Z W 5L O T AR I 4, () AR AR

p=—%qn 2 (8)

a a—1




368 DS 1 5 et i 8378

2,23 RBEEIREFTAE
TEJETT p AE T IR BE L 0985 BEARAL T 73S 2 S8 00 « 6 ACBORE 1 T 46 502 K L FLB A o B2 4k IR
BHBIERK FARHRZESIN, X B KA Grineisen BURES H 1R,
i B TR B - L AARARL i B D5 R« W KR
D=c+qu D)
P e IR, g LM R A, B Hugoniot 46 2k b 1Ym0 5 AR 4E Grineisen J5 72
R RPRE TR N

2

_ Pwo Ay (1 —0.57y) E:|

P 7[ (1—qp)’ +v7 (10a)
1 _ %o
= (10b)

Aoy 5 EARBRIXT I Grineisen 2%, o0 A BAKMIH) 46 %5 B2 E A MEHS o p XN Y HE N BE.
AT AR o« BT RE 2SI B SR Y B o 10 3810 T B R FE 2 (3D R 728 08 1 9B 1 B B R
M HA (B,
TRBE 1 IR 5 7 LB A0 A0k A4 Rt A B, I P AS B AR AZ B0 T, A =8 (10a) 28y
Ay —0.57y)
(1—qy)*
JEAR (10D L 6O i 1 B IR 5 TR Bk RS T R
2.3 WHBERLIREREYREFE
h T AR IR B L AR Reinforced concrete Steel bars
VEIR&E T 2 MW 2 5 iR &9,
R R GNE 3., RS WIHIIG B E 00 = @110 +
@020 I @1 Lo 10 20 53N R BN A5 R T B
RSB EE, H oo+ =1,
P RSB o B T 7 1 1 0 B i
Al AR EE £ P 5 T AR
M # Hugoniot #p i 48 # X &R
Griineisen J7 F2 1] LLA5 21 84 A TR 5 + R &
RETTH

+7E =0 1D

1 & 3 5 TR R 1 45 4 R R o2
(000(2) (1 - ?)’C 7]) n Fig. 3 Sketch of reinforced concrete!?*2!)

p +7r.0E (12

(1—q7)°
Kb p=1—p V. . V. BIREWILE 7. HIREY Grineisen RELE HILNEE,

co~q FIRG Y P ol BE B D 5 BURHE « MR D =co +qu T RE HA D501 vhifi 4
Hh Ll 2

D; =c, + qu; i=1,2 (13)
VI p AR WIRG YA i 20 .
_ . 1 | cio 9P 1 1 ’
V.(p) = AV —— | — - — = (14
’ ,Z;m { ’ p ':‘11’0( (0,05120 - 4 Zj] }

KV WNG=D ARE L G=2) MR L. mi = gon/p0 WEHIRE L H 8 G=1 fMIRE +
G=2)M DT (n, +m,=1),
R R AW o 9 o6 2 X

D=V, J/p/ [V, —V(p)] (152)
u=:/p[V, —V(p] (15b)



%2 M B KA SR T BT TR B A5 A TS A L e 369

AT ST el D S R A e R AL IR E R e g
REWH Grineisen 2% 7. Al 45405 Griineisen % 7, #% T Ui 5E .
V,

Ye=——"—r (16)
S Y
m; —
i=1 Vi
WK G IR AW P e RS B R AN D R eER A A2) 26,
REYHBTYIRE G MRS o i F R
o 1
G_&+‘Q (172)
G, ' G,
oT =M 0y +'7/l20'52 (17b)
K G Mo, G=1.2)57 5 MR G W4 45 04 5 DA = A1 sh i B .

3 ARE

3.1 BELAMER
3.1.1 R EF A RMAER K

TE vl TR R TR BE - N B8 23 & Az 4 AR A 0L g 8 09 AR BAE T FE A0 8 A9 7 A AN ) 1 o
AN TR S5 11 PN 488 40 VB R, o b Lk B 7 A 2 2= s i ) o B H Ry 1k L 3R A — R AT LR Ok
SEA IR IR BE + P ARG OC R0 R I 3 T ) R TR b AR R AR T A S S A RO L P
LA R 0 450405 DL B 45 B O 2= 7 S RAS AR s2 i R G A BRI IR L M T HICH AR BT RL RH TS A
FAREARY (L. J. Malvar S50 i H (1) AR b A58 700 4 9% 2 TR 6 + 78 op o 8007 ™ 0 FH e )2 BB . ML Polan-
co-loria &5 AE HIC BERIIERE b 34T T 2k, Bk MHJC BB, MHJC B8 5] A0 2% % 42 40 G M, %
JE T T BYFE M ABIE T N AR FRALON | 5 R T R A7 bR RS . CHE TN A AR e R B L SR M L X A 1Y
24 1 A, B Ay 240 K, {H I S A TR SR A A TR A S ), TCK AR AR ) of e 45 43 17 0 4K
GF AL B, AR RHT SR D B0 T sAL = AR TR B 0 i SRR f B i R i . R
TR e AN B 2 T A A R A B 4 AR T B A0 800 L I 0 T SR R AR R TR B A
RN o AU A A B 5 25 R T o A () A AU 4 A O 344 3 2 G AR, 8 31 T — A RE AT I WL TR BB - 4
11 0 BB AR 4 M A AT S s TR R AR BB I TAE.
3.1.2 BB AT XA

TR BE AL TSR B BT, I T AR DG R R )T SR A I A ] [P v AL 3 AR aE
AR S O Ry 728 o A8 5 o3 B AR 8 1E 28 U B i )

=g +¢ (18a)
o= & (18b)
Jdo

Aege | e R AR AR K i & B> i SEIE S L F O T I T, R IR PR B, A S IE B R TR
PR ZS (F<Z0) 1 phy 28 PR 285 1) 3R 0 480 (F =0, dF =) 9 %
aI,

PP =0 (19a)
aJ, aJ.
3{‘- — afsz _s (19b)
. oF oF
sP:A(aIl6+JJ2Sj (20a)
P :%épaz,\ 771F (20b)
gl

4538 20 fRAR (18) TP R 2257 89 -



370 DS 1 5 et i 8378

o— i+A§JF (212)
sV:—+s-m—w-s (21b)

S s e S S I A ik SV R % BB A A I B 0 5 19 % 7 D B 19 98X (Jauman S50
w:%(VuT—Vu) o e JE 3
A5 (21a) 1 [ T LA S ﬁ*ﬁﬂ%’buﬁﬂﬁ%#‘ﬁ%ﬂaﬁ
2GS : é—f’(p) d—

_ Lo df ()
A= AGF (p) TP, 268 e =Ty, (22)
0 — f(p). 2GS + dféf’)

FYIHR G 15 o ORI L IEIRE MU G M
& 176Pm0(;2+12()"m a— 1
9;0"1()(2 + 8Gm a

G= (23)

3.2 NHAMEESRELIHIEXR

B A3 TR B e 5 R R T A R IO SR AR R T A R AR DA Y A T R AR T B AR R
SRR PE R AN . A O A G T R L TC AR 2 i AT I8 2 Bl 1 A AR R AR 5 R AR R W
B AR AN FEBEA

— R GNBFFE A bl om0 B0 477 45 TR R LR 45 A RS B A O R Y B L A S IR
BE L RORGSE RO . XA EEIE R TR I i 32 B TN S TR B A B v A, LR I
Wk T BB e . PR AR L AR S A A IR 5 RE DA 4R o (R v R R R A SRR R ) Y

IR BE 1 R A AR DX R AL T — 4 AR by T S R A iR R R e AR T A D

3 OV A T 8 i L I 2 403 19 o TR TR b N X — O R R T 2 . O T R B E TR
BRSO TR B T YRR S AL B R AR IR — S B 3 5 g B b N SR B R AR R AR
JIT LAAS B2 RO 97 S TR BE - R 25 06 R . Q. ML Li A8 Ay B AR s B TG AT I 4 A 6T AR 460 R
JZ B 5 MR AR /1N i 650 v T 453 AR 800 73 USSR i v 2 I R BEL D o AR S 1 4 RIS R IR I L ST R A SR
F I 1575 IS B AT A/ OO R % 0 Y 22 S AN 800 PRI é’lxﬁﬁﬁ%%—?ﬁﬁ%ﬁ]‘&%ﬂﬁﬂ@%i
) OIS YR W ST, AT L4 S B0 TS5 I ] [ B 3 Ao AR Ak B BOE 25 2R B B s 2
Y BRAS oL i 22501
3.3 WHERRIEGYUNANEXR

IR P AL T SRR B BNy By R 56 AR A )T S T E K A% [ [ L R B R AL B A 98
PG H52 1 2 TE A2 U 3l 12 DU 1) 45 1) [ 2 4 2 A RE Ak B, G 17 g 107 728 OG R ATY T 48— 3R sl (21D ~ (22) 1
2

4 REER

BEXTIE BE 2Bt A B, T. Jankowiak 4550 DA BH M 2% 14 R 40 I o DU 9 77 18T » %) Mohr-Coulomb
N .Drucker-Parger #EN . Burzynski G W] . Bresler-Pister # W 25 347 T 4 E A AF 5T, DA R X 44 ) o
A BRI A AN L 25 R R 4G 0 T L R AR A ) A R A A R R AR SR
4.1 RBETEEEN
9ER B O DU SR FH R T 22 00 A M R A AR, TR TR R b A ) AR PR 1T A
F=],—d =0 24)
AR5 A8 A I 2 AL R o TR E 1 A FR 1y
F=],— (o1/a)* =0 (25a)



%2 W G SRS AT T A A IR R e A5 R T A R 371

SR FH P A BIR THT 73 531 26 3 YR8 068 - 114 e DR B T A R 5 32 2R K 2R g TR B - 1) 5 B2 T 5K (2520

ki, 2
azT:% °"+1+ kI, (25b)
Yi_YOi
3, =(AL, +B){1 =0 —O [1—,/2)J./3) 7]} (250)

Y S BT U8 B BRAEL, Yo R RIS R e A N BEE AR R B i = 1,2 0 IR R i 1
A TRBE L AR AR BE 1 1) T, T 20 R 3 — D gk AN AR 5 T B = e A A =
fem=fosB=fofo C=3c/(fofO s fofot R HRIES | ?Mﬁlﬂﬁéﬂﬁﬁﬁuﬁj‘é’ﬁ%f“mﬁﬁ

FARR o fe R B TAT 1 1) Sk A0 BE TR 2 Ak v L 2 e B U OR AR AR BT 2SR B . TR N AR TR Y
BB R DU 2 0 P O 7 5 e, 3 S0 ARC R L D

eu:@dSTz—Tf (26)

A Ty T 5000 o A8 R 5 — (B AN AR S L e SR B I AN L A4 R IR IR e AR R 1T 2. AR
JIERS A 005 2L SO0 R U 2 DK o U2 S A X AL BR AR BLUA B A & = (o™ — 1) /a” S BERHIEIR
I BE AR 2,
4.2 WHRBRRLTBEBESYWREAEN

5 BE AN TR 2 A A TR R TR AR SR IR R A R AR B Mises i i 450 -

F—7J,— Lty —o 27)

3
K o AR EE IR G PR IR S BR
TRE Y B IRAT 23 S A W R A 3y DI IR 2 . IR G W I FL B A o 35 B il SR IS B4 RE & 2E L A
Wrad, 5IRE £ AR RS W FLBE AL 58 2 20 6) ~ (D Fl . 5TREE 1 A0 RUR L% 2 L B4 8L 85 1) i
IS 1 0 B0 S B 107 A8 A DG S e, 3R B R AA
T IR I TR 5 0 4 5 LB 1 R A R Ak B shb B b L AN B 7K 32 B 1 T, A RE 7K 52 R L ) R B N T
Hop Rk X 25O g,

5 XWSIHTERIE

AR S 2 TR Bk R S 5 LR AL B AR AL, N NL Belov 801170 (S AL Afanas” eva
OB T AN () Sk AR DR 499 588 R X R B A TR B - R A AR A ] R
501 FAEMEHEARERIIEESHERM

EMszisrh AL R H AR d,=0.76 cm, RN 8.1 g ML B, 3 130~700 m/s, B EE
AR 200 mm, E 4 P FLL 370 m/s B w5 IR E 2 ARE AR AL Mt EAS T 5. 34, .

(a) Failure modes of concrete front surface (b) Simulation result of the projectile in the concrete target

4 BIBALL 370 m/s T BE whof VR BE - A 2 IR 1 B (B AL R

Fig. 4 Interaction between a model projectile and concrete plates at initial impact velocity of 370 m/s!*!



372 DS 1 5 et i 8378

FEl 4 (b) I 7% g HOH 42400 o o 80
SEA i 1k R IR AL, x5 T
F W A R PR A 1 BT AR E T
W 95 ARG G B 2
SRR S SRS % IR 14T, fER |
HEFE 370 m/sI L EBIREE P #H | -

20
P AR F S S (R 200 500 A |
ELR DB R F 55 5 (1 2 ; L . . . .
Yy 139 AT LT 2 T S g 2 Ry 0 100 200 300 vj?r(;{l) 500 600 700 800
BEAT . E5 BN i AT R B 1 B 5 i 7 VR A2 R 5 ) g e R 1)

FRIE P S5HIEE v, Z M5 HR . Fig.5 Relation between the penetration depth and the initial impact velocity!™
5.2 FLHEUBEZLTMMARERETEILE

RN K5 HARAASE Y (h=d =300 mm) V3L, i ILHIE Y Ry 300 m/s., MRS TR EE + A
W AIR BE - M AR R R H, =600 mm , XA TR BE 1 0 IC 37 2 P2 RIS 120 X120 mm 407 M
AR AR A 32 o, B9 A5 9 AR G AR 4 T R A TR BE - AR A 30 mm,

Bl 6 2 BIJE/R T3 LTE 4. 2.5, 2 ms 5835 R E 1 R84 7 TR 6+ i X BRI A9 B2 . 3R 1 i i
R AVIUR E 15 I [ X6 107 56 2R, 540 AL 25 38 0 A TR B - T 5 ) i) LR BBE £, 20 B 5. 2.4 3 mis, gl 2 AR Y
FAXTHR IR EE P/d i 5 5 IR 5E 1 LU AN AR B A R A 22 AR K ONT 8%, 3R WY H Hy 2% 1 B30T 149 89 735
3 A RE B8 B2 w5 #0  PT R V) AE 7 o (FL G AT 0 52 e O R R AR K i L B TG A IR R B R X — 5 A £
PR £,

(a) Concrete (b) Reinforced—concrete
—
=
=
o 5> - ——
o | = =
e alee= ] =
=
= = =
=
=
i T
— 5 ]
L™

6 Sk M5 M BB

Fig. 6 Simulation of the penetration process™®

F1 AEMZIH P/d L™
Table 1 Comparison of P/d at different times

]

[20]

P/d
' R TR
0.2 0.17 0.17
0.5 0. 39 0.42
1.8 1.16 1. 25
3.5 1. 84 1.98
4.3 — 2.30
4.5 2. 14 —
5.2 2. 34 —




A2 B SR BT T A TR OB - A A Y 373

5.3 EEEMINEG/BRELTEREIRSHEZRD

SRALE KN 81 mm, HAR N 23 mm, Ko BRTE Sk i BAR 0 14 mm. B S B9 575 / TR E 1 0] R 52
(Gt 34D B—dh 3 245 1.3 2 MW AR EE L2 BRI b5 2 )2 0 HIE B R by o B
24— /TR EE L A B A R E 25 F 62,5 mm, i 2, =30 mm.,h,=2.5 mm, —&IMF .7 708~
1447 /s B Bl AL BALTT DLGEIE 2 4L A9 30 /1R B 1 1R B 30 . 28 A5 3 2L SO 45 L R 1), B 1Y
RMIGE P<<155 mm, K7 4 H TIEEEE N 1230 m/s I, $05 BER % B, P08 Sy B {1455 400 IsF 33 40
A . SN 1573 m/s, JILAT LIGFEIE 3 41, i S RBITEE P=187.5 mm,

(a) First plate (b) Second plate (c) Third plate

PRl 7 R 3804 10 599 9 /R 5 L ] I 4 g

Fig. 7 Rear view of steel-concrete plates after the impact with a projectilet*”

(a) First plate 6 g:él: i/lé EE_D\L

(1) 5 Bl 48 T 1R BE 4= 288 e 1k A4 Rk 1 3 285 e 1y 5L
A Bt 2 LT R B 24 0 ) AR Ak, 0 20 B T R
Ei

(2) 5B B T X TR BE 1 288 e 1k o4 Rk i B 3R 1 72
WETE A AL [k ) U 55 i B 1) e 1 BT 2R
Wiy 5 gk ) B4 ROST i 518 7 i B o U )5
AR RS 28 M R

(3) FLBR I A A A 56 E W 5% . KGR BE LN £
AHE A A T S50 Sy AL B AN 3RO JBURL A 2 b
P B e AL AL Ay R A R R R AR AR
PR TCER A R IF & S TE AR 1) G 35 L O iz R A
B 5 25 A S R 1802 1 FH 8 7 B il

OZSEW I E LG Lm i, R
KAV 2 MRS HL WA S YR L, e 2
XoF BE YR 2 U ) Lo A TR ) A T L 3 R X R 8 1Y S G
Ve S R T e R A7 /T L ) G 4 A o 7 e 2GRN OB T3 s AT SN 0 S i Bt P

Py

(b) Second plate

Fig. 8 Interaction between a model projectile iy 5 0 K S BGAE 5T AT E — 20 R IE AR R Y AT SR
and steel-reinforced platest'” GO R E LB A& AR, &

RO R AT — R 8 S I OF U T8
R T 2 R AE R S TP AR ) B e A 1 573 my/s, B 3 v R kB B R L AR —
HRIRE) T 2~3 km/s, B2 W M e AR V) ISR A4 A S S T AT PR R (RS B IR Y IR A



374

I N L 537 &

S E Mk

[1]

(2]

(3]

(4]
[5]

(6]
[7]

(8]

[9]

(10]

[11]

[12]

[13]

[14]

[15]

(16]

[17]

[18]

[19]

[20]

[21]

[22]

Fomin V M, Gulidov A I, Sapozhnikov G A, et al. High-speed interaction of solids{ M]. Novosibirsk: Sib. Otd.
Ross. Akad. Nauk, 1999.
Belov N N, Demidov V N. Efremova L. V. et al. Computer modeling of the dynamics of high-velocity impact and
accompanying physical phenomenal J]. Russian Physics Journal, 1992,35(8):690-723.
Huxomaenckoro B H. BricokockopocTabie yaapubie sisnenusi| M. Mocksa: Mup, 1973.
Tpuropana C C. Hunamuka ypapal M]. Mocksa: Mup, 1985.
Isaev A L. Effect of concrete reinforcement on the results of dynamic loading by penetrating bodies[ C]// Proceed-
ings of the 3th International Conference of Khariton Scientific Readings in Extremal State of Material Detonation
Shock Waves. Sarov, Russia, 2002:150-156
Wilkins M L. Computational methods in fluid dynamics{ M]. Moscow: Mir, 1967 212-263.
AR WA, 38 AF AR K vhl 3l 2 T R T Bk R[], JySE ik 2010,40(4) £ 400-423,
Zhu Jianshi, Hu Xiaomian, Wang Pei, et al. A review on research progress in explosion and mechanics and impact
dynamics[J]. Advances in Mechanics, 2010,40(4) :400-423.
Holmquist T J, Johnson G R. A computational constitutive model for concrete subjected to large strains, high
strain rates and high pressure[ CJ// Proceedings of the 14th International Symposium on Ballistics. Quebec, Cana-
da, 1993:591-600.
Herrmann W. Constitutive equation for the dynamic compaction of ductile porous materials[J]. Journal of Applied
Physics, 1969,40(6) :2490-2499.
Tu Zhenguo, Lu Yong. Evaluation of typical concrete material models used in hydrocodes for high dynamic re-
sponse simulations[ J]. International Journal of Impact Engineering, 2009,36(1):132-146.
Carroll M M, Holt A C. Static and dynamic porecollapse relations for ductile porous materials[J]. Journal of Ap-
plied Physics, 1972,43(4) :1626-1636.
Bhatt J J, Carroll M M, Schatz ] F. A spherical model calculation for volumetric response of porous rocks[]].
Journal of Applied Mechanics, 1975,42(2) :363-368.
Belov N N, Dzyuba P V, Kabantsev O V, et al. Mathematical modeling of dynamic fracture processes in concrete
[J]. Mechanics of Solids, 2008,43(2) :269-276.
Belov N N, Kabantsev O V, Konyaev A A, et al. Analysis of reinforced-concrete strength under impact loading
[J]. Journal of Applied Mechanics and Technical Physics, 2006,47(6):911-917.
Belov N N, Yugov N T, Kopanitsa D G, et al. Calculation of the strength of reinforced concrete columns under
repeated longitudinal impact[J]. Journal of Applied Mechanics and Technical Physics, 2008,49(1) :148-155.
Lynn S, Donald R C, Donald A S. Computational models for ductile and brittle fracture[ J]. Journal of Applied
Physics, 1976,47(11) :4814-4826.
Johnson J N. Dynamic fracture and spallation in ductile solids[J]. Journal of Applied Physics, 1981,52(4) :2812-
2825.
Afanas’eva S A, Belov N N, Yugov N T. The penetration of cylindrical strikes through obstacles made of con-
crete and sandy ground[]J]. Doklady Physics, 2002,47(12):876-879.
Belov N N, Demidov V N, Efremova L. V, et al. Computer modeling of the dynamics of high-velocity impact and
accompanying physical phenomenal J]. Russian Physics Journal, 1992,35(8) :690-723.
Afanas’eva S A, Belov N N, Kopanitsa D G, et al. Failure of concrete and reinforced-concrete plates under high-
speed shock and explosion[]J]. Doklady Physics, 2005,50(3):132-135.
Belov N N, Yugov N T, Kopanitsa D G, et al. Stress analysis of concrete and reinforced-concrete slab structures
under a high-velocity impact [J]. Journal of Applied Mechanics and Technical Physics. 2005,46(3) :444-451.
FHGART . B4 45 ahily 800 T IR EE T 3 & Sy -t RE T S R L) ], 4R JE 5 i . 2005,25(6) - 519-527.
Wang Zheng. Ni Yushan, Cao Juzhen. et al. Recent advances of dynamic mechanical behavior of concrete under

impact loading[ J]. Explosion and Shock Waves, 2005,25(6) :519-527.



%2 W G SRS AT T A A IR R e A5 R T A R 375

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Wi 57, — Rk - 5 O B AN B (B D7 15 [T ] KR KRS bl 1998, 18(4) £ 349-357.

Chen Shuyu. A concrete damage model and numerical methods[ J]. Explosion and Shock Waves, 1998,18(4):
349-357.

BRI E AR 20N T IREE £ a0 AR EN AT ST L) ], R TR A4 .1991.24(3) 1 1-14.

Guo Zhenhai, Wang Chuanzhi. Investigation of strength and failure criterion of concrete under multiaxial stresses
[J]. China Civil Engineering Journal, 1991,24(3):1-14.

SIS I , FEOE 2R el AR TR BE AR I S B A R R T, e S w7, 2002,22(3) : 242-246.

Hu Shisheng, Wang Daorong. Dynamic constitutive relation of concrete under impact[]J]. Explosion and Shock
Waves, 2002,22(3) :242-246.

KA, 28 55 BT 1 A T AT IR BE L h AR B A BE ST ] TR )12, 2005,22(6) 1 142-147.

Song Wei, Yuan Yong. Damaging constitutive law of reinforced concrete specimens under monotonic uniaxial ten-
sile load[J]. Engineering Mechanics, 2005,22(6) :142-147,

B AR TR NG B bt 2 R TR B IR B AR O R IR [T, AR ) 254, 2005,26(2) :175-181.
Shang Lin, Ning Jianguo. Sun Yuanxiang. The constitutive relationship of reinforced concrete subjected to shock
loading[ J]. Chinese Journal of Solid Mechanics, 2005,26(2):175-181.

BRUETE AL ) E R AF TR BE AR = A PR A R BRI ] P R R B, 2014(8) 1 288-291.

Lu Dechun, Du Xiuli, Yan Jingru, et al. A three-dimensional elastoplastic constitutive model for concrete[ J]. Sci-
entia Sinica Techologica, 2014(8):288-291.

Grady D E, Kipp M E. Continuum modeling of explosive fracture in oil shale[ J]. International Journal of Rock
Mechanics and Mining Science, 1980,17(6) :147-157.

Forrestal M J, Luk V K, Watts H A. Penetration of reinforced concrete with ogive-nose penetrators[ J|. Interna-
tional Journal of Solids and Structures, 1988,24(1) :77-87.

FEARE . A5 45wl 0T T IR EE L AR B R @SS [T . = TR B2 4 . 2006, 26 (4) :337-344.

Wang Zheng. Ni Yushan, Cao Juzhen, et al. Building of a constitutive model for concrete under dynamic impact
[J]. Chinese Journal of High Pressure Physics, 2006,26(4) :337-344.

Heider N, Hiermaier S. Numerical simulation of tandem warheads[ C] // Proceedings of the 19th International
Symposium on Ballistics. Interlaken. Switzerland: IBS 2001 Symposium Office, 2001: 1493-1499.

Malvar L J, Crawford ] E, Wesevich ] W, et al. A plasticity concrete material model for DYNA3D[]]. Interna-
tional Journal of Impact Engineering, 1997,19(9) .847-873.

Polanco-loria M, Hopperstad O S , Bérvik T, et al. Numerical predictions of ballistic limits for concrete slabs u-
sing a modified version of the HJC concrete model[J]. International Journal of Impact Engineering, 2008,35(5) :
290-303.

Taylor L M, Chen E P, Kuszmaul J S. Microcrack-induced damage accumulation in brittle rock under dynamic
loading[ J]. Journal of Computer Methods in Applied Mechanics and Engineering, 1986,55(3) :301-320.

EIER @A T R L AL R A BRI C 7 T RR AR Iy 2 e D vk B TR N R A i A
SRR I 2 2 WS LR TR U L 20025 228-234,

UG NTE S 5 SR BT o A0 A TR BE B R . R 4 5 kit 2003,23(6) :545-550.

Wu Haijun, Huang Fenglei, Jin Qiankun, et al. Numerical simulation on perforation of reinforced concrete targets
[J]. Explosion and Shock Waves, 2003,23(6) :545-550.

Sugii. REELFEB SR B[T]. 2 T4 ,2006,27(1) : 10-14.

Jin Qiankun. Dynamic damage and failure model for concrete materials[J]. Acta Armamentarii, 2006,27(1);10-
14.

0k o AR AT AR AR A R R B BT . SR AR S e, 2008,28(1) 1 33-37.

Ma Aie, Huang Fenglei, Chu Zhe. et al. Numerical simulation on yawed penetration into concrete[ J]. Explosion
and Shock Waves, 2008,28(1):33-37.

RO A, BV A IR BE L L SRS WA ) %%, 2011,32(SD) 1 416-421.

Wei Qiang, Jiang Jianwei, Huang Xicheng, et al. Combined damage model of concrete[ J]. Chinese Journal of Sol-



376 DS 1 5 et i 8378

id Mechanics, 2011,32(S1):416-421.

(417 BRag, #0400 BIAR 15 % TR E H i S B L CD /45 & ol i 3h 1 2 22 R & 8068 304, 2011,1-7.

[42] ELIE, EWIVE. @S AT ERISIM]. B At LR RHEBOR Mt 2009,

[43] LiQ M, Chen X W. Dimensionless formulae for penetration depth of concrete target impacted by a non— deform-
able projectile[J]. International Journal of Impact Engineering, 2003,28(1):93-116.

[44] Li QM, Reid SR, Wen H M, et al. Local impact effects of hard missiles on concrete targets[]J]. International
Journal of Impact Engineering, 2005,32(1) :224-284.

[45] Jankowiak T, Lodygowski T. Handbook of damage mechanics/ M]. New York: Springer Press, 2014.

[46] Belov N N, Yugov N T, Afanas’eva S A, et al. Mathematical modeling of deformation and fracture for bony tis-
sues in the case of high-speed impact[J]. Doklady Physics, 2011,56(3) :190-193.

[47] Belov N N, Yugov N T, Afanas’eva S A, et al. Strength of a reinforced-concrete commercial object on high-ve-
locity impact with a model projectile[ J]. Journal of Engineering Physics and Thermophysics, 2014,87(2):420-
426.

A comment on the calculation models for reinforced concrete
under intense dynamic loading

Gao Fei', Wang Mingyang'?, Zhang Xianfeng', He Yong', Li Mengshen®
(1. Ministerial Key Laboratory of ZNDY, Nanjing University of Science and Technology ,
Nanjing 210094, Jiangsu, China;

2. State Key Laboratory for Disaster Prevention & Mitigation of Explosion & Im pact
PLA University of Science and Technology, Nanjing 210007, Jiangsu, China)

Abstract: Based on several key issues of the elastic-plastic constitutive model, the equation of state
and strength criterion, and the calculation of the strength of concrete under blast and impact loading
were reviewed. Concrete being viewed as a binary material composed of matrix and pores, a model in-
cluding the pore compaction and dynamic damage evolution in elastic-plastic deformation and failure
were introduced. On the basis of a mathematical-experimental method, some conclusions and propos-
als for further reseach were made at the end of the paper.

Keywords: constitutive model; porosity evolution; reinforced concrete; intense dynamic loading
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