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Crater morphology of a projectile penetrating a thick concrete target

LI Ming, WANG Kehui, ZOU Huihui, DUAN Jian, GU Renhong, DAI Xianghui, YANG Hui
(Northwest Institute of Nuclear Technology, Xi’an 710024, Shaanxi, China)

Abstract: To study the crater effect of the projectile penetrating a thick concrete target, the crater phenomenon in the
penetration test was summarized, the predictive effect of the empirical formula on the crater depth, crater diameter, and crater
angle was analyzed. Using the dimensional analysis method, new calculation formulas for the crater formation effect and
energy consumption at the crater formation stage were established. The formulas for the crater formation effect take into
account the influence of factors such as impact velocity, target strength, reinforcement ratio, projectile diameter, and projectile
mass. Based on the new calculation formulas, parameterized analysis of the influencing factors of pit formation effect and the
energy consumption of pit formation was performed. The results show that the dimensionless crater depth is greatly affected by
the strength of the concrete target, the reinforcement ratio, and the projectile mass. For reinforced concrete, with the increase of
the impact velocity, the crater depth increases first, then decreases, and then increases. Within the common range of penetration
velocity and mass, the crater angle is in the range from 15° to 24°, and the mass has little effect on the crater angle. The energy
consumption of the crater formation on the front surface accounts for 10% to 25% of the total kinetic energy of the projectile,
and the reinforcement ratio and the strength of the target plate have a weak effect on the proportion of the energy consumption
of the crater. The proportion of the energy consumed in the crater stage increases as the mass of the projectile decreases. The
calculation results by the new crater effect calculation formulas for the crater depth, crater diameter, and crater angle are in
good agreement with the experimental data, which can provide a reference for the design of penetrating projectiles and
engineering protection.
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kIO 150~450 0.24~1.11 27~45 — 24~30 0
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ARSCH 2 390~750 10~30 52~179 4 36.2 0.2

A SCEHE3 657~815 110 170 4 40.9 1.2

A4 804~883 11 73~83 4 35 0.6

t{M05 150~3 660 0.001 72~298 3.45~250 2~4 24~45 0~2

083302-4



5 42 & 2 W], A SRS BE - A0 S TN 5 8 3]

5

= v Ref.[6] o Ref.[9]

o o Ref. [10] x Ref. [19]

S gt o Ref. [22] o Formula (6)

% o

S o

e L o o

:’ ®%% . o o8

g 8

§ o ooo

z 2 . S oo

= ¥ 5 %owg
x

£ 1} %‘“%é LA

2 Bags 2 el

~ oof o

0 05 1.0 15 20 25 3.0 35 40
Velocity/(km-s™)
K5 iR A b w2 L

Fig. 5 Predictive deviations by crater depth formulas

1.3 RIER

KFHITERP e D, SIA T ENWSE b, KRNI, B) k,=D/d. Forrestal %M A
BRI TG AR 2~8 % . RAE A I &, SEM R | B 4R LR AEAH . Donald®!
A R ), Bl BRI R S T B ) E R R . Takagi 5509 A T B AR 5 AR Y 0.45 7 1K
. B 6 R =55 45 th Bt AR 2 5 A 2 SEEE B9 X0 L o AR B AR b AR I A o
JERR SR . R = AR B 5 S B 005 547, (B m Al 1 s 45 T it BAR

P 1 A S A, e BRI AR S T R B A — 3, SR S BT TR A [R] R Ak UL L
BLEAR N, TS

1 000 ) 0.02

Vo

D= 1.16(1—%) sljg-"‘”(mvg)m( (12)

K7 45 1 T A TR 2 56 28 SO0 T AR BT R 22 00 A Kot . IR 7 0T U, AR S 45 B
HUE AR SRR V) G B, ELIE R TR R

60

— P 5 4.0
Ref. [9] , S » Formula (12)
sol © Ref.[5] e £ 35¢ £19
o Ref [6] . 2 ° Ref. [9]
o Ref. [9] , o . 5 30 o Ref. [25]
40 o Ref [21] e 0o ®® 5 a5l °
) + Ref.[23] A - o o 0
~ 30 // ) SN 820' oooq%’oo 0o ©0 ©
o £ T T e e T
20 o8 4 R B T
° wpgle o ° °
A ERTISE- 3 SRR WO
10f g = 2 (gggs ° e o”
an” 2 05F ¥ B ’
A I R R R
0 05 1.0 15 20 25 3.0 35 40 = 0 05 1.0 15 20 25 30 35 40
Velocity/(km-s™) Velocity/(km's™)
Ko Wbt HRER N SIRAENT I 7 BTHEART R2EXT LL
Fig. 6 Comparison of the empirical formula results Fig. 7 Comparison of predictive deviations
and the experimental data of crater diameter of crater diameter formulas
14 A
HRAE A 3 BT IX ST B LT G &R, AT AAG 3
2h
tanf = — 13
) 13)

A AD~13), S H st a A=

083302-5



5 42 & 2 W], A SRS BE - A0 S TN 5 8 3]

6= tan™' <3m‘0‘03v50‘3°9 Si) (14)
1

FREZC (14) W], (45030 0 v . 8L o o
G N1 VAN B R = SRy & XN
AR A T g . # B 400~3 000 m/s, i
FifAE 15°~17°22[a], 55 Donald® 25 H it 25 35
— 3, SCHR [9] s R LT BLAR 5 TR B L
K 3.75, BIRHL A 24 28°, AR it AR AR 5
BB R B A G, M S HTCOG, X F 2 H
T 27 1 S 0 0 3 R /N Y

8 5 i1 T AN IR) S5 44 300 59 I s e A S
Bl B AR R g . IR 8 AT LR H, AR S
25 TN A5 3] 1) BT AR 5 S 9 BRI 5

2 ARITRBITT iR

2.1 BN R RN E &=

FHIE (1)~ (12) 1 (14) XF 10 kg #AREH)
A A VR B ) LIV AT AT, A A TR
BT % 1%,

B9 Ry A A5 4 A6 LT TR B & B4R
AR OC R o X LGS BT AT : (1) & BERE AR 8
B IC A7 25 488 T T U /N, i SR A ST 4G o 44
i, BEAAN 2 4 LR R (2) BTG AR AE,
ke AN B B 1) B2 T 0 P B, T A R —
FEAb ik BNEAE ), Je i), BE G P8R 3) B2
i, 575 L VR 0 0 £ G i K S DX I P L K
P e o ol AR, TR B /N T 2 A
PRV, Je B B8 170 B O T 44 R M o e 4R
o )05 A TR B A ) B R A 0 24 SRV R il
P ILHU TR BE T B 5 > 48 o 13 AR 2 B S ), B A
HI LI FAE AN 5 32 5 107, PRI sl o 5 4 252
R 4 R TS R

P10 X Lb T A g o TRE -+ BT M S
BE R R . LR (1) SRR R,
2 A N (EN e W 216 N N YN
RN, IR/ T 505 (2) W),
BT AR RIS, A0 A 300 m/s 425 2 3 000 m/s,
YA/ NG 1205 (3) 768 UL ARAY) o B i kv
BN, BT 15°~24°,

2.2 DT IR RE

45

» Experimental data
0r o Formula (14)
35pe°®

30} o@
90

25+ °
%

0} o8
15}
10}
5

Crater angle /(°)

0 05 10 15 20 25 30 35 40
Velocity/(km-s™)
S RN R = RS £ | LR O N A

Fig. 8 Comparison of the empirical formula results and
the experimental datal™®® %! of crater angle

5.0
—— 10 kg projectile, C30 —— 14 kg projectile

45+t Contraction ratio 2: 1 C50
—v— 1.6% reinforcement ratio —— 2n

4.0+ B

35¢

-

30F

251

2.0+t

1.5

0 03 06 09 12 15 18 21 24 27
Velocity/(km's™)

P9 ANIRIPR ZXT TR BE 5 R A

Fig. 9 Influence of different factors on crater depth

45
| —e—m=0.01 kg
40 ——m=0.1 kg
35+ ——m=10 kg
> ——m=100 kg
s 30 ——m=1000 kg
e A
g 251 N\
= :
s 201
-
O
15}
10}
5

0 0.5 1.0 1.5 20 25 30 35
Velocity/(km's™)
10 Jiehi sl 5 g ok B R T A SC R
Fig. 10 Relation of the crater angle
with impact velocity and mass

S AR TR BRE I PSR M A T Ak ) ot P s DR T AR B4 5 B2, S AR T A 11 A A i
370, TR 20 AT R S e AT i R RE R S WO A BRI, ARSI B B i A 2 i

083302-6



5 42 & 2 W], A SRS BE - A0 S TN 5 8 30

] B O A7, ELAE BTN AR I8 B AE, R0 2 AH a,,, - F-325d 3 2 4%, R

2
Amax = % (15)
SR IR H R AT Young Jr R4
m\ 07
H =0.000018KSN (%) (v-30.5) 16

A K R FEAE IE N5 S IR EE TR R 5L 55 HR A LA 23 . SR 40 B[R] | R B R 5 B A5 A OG5
WSBSIA A ES W SL EEN g IR A
MR YA o B vy BUTTREE h Rk 0 {8 4 580 T 45 o s ) AR E v, R
v = % (V/9% — 6t 1) (17)
PRI, BT B B T AR A SR AR Bl B L 5
AE ( \/9—6h/H—1>2

z 7 (18)

T L B G R P 1 e ) N
BRI % T 11 ORI 2 F B b t —— 14kg projctle
BURERE H I SMH7 % B (1) 805 6 i B < a0k g e
AR, WL TR £ LN -~ Dk einforsement i
5 BB RE 1Y 10%~25%; (2) BAK B RERR K, HUbC ER NG
FERBLBIAR N, [ LA T45 L S 00 B2 P 2 0|
e H B i BER AEE, SR s 3) S 5l
SRR A A X BORE R B s (4) B 2
% EHE] ﬁé H: ( caliber radius head’ CRH) /E/J\é\i j]l] 00‘2 0j4 0j6 0j8 le lj2 1j4 1.6
IS, S5 Ao R, WG T A Velocity/(kms )

S EEPYIFR T 1.4 kg BROLR IR BE 1
SCH, IR SR AR T BRI T AR
WA, gl TRt E MG RS R

B ORISR B TRERE LL ]

Fig. 11 Energy consumption ratio under different conditions

= (18) X IZ I T AT THTHE, 251 % 2. R2 BEHMEETHERSIRER™ Bt

. Vi vy L35 SR % 0 465 T AR B i G S e Table 2 Comparison of the calculated energy ratios

(15 15 11 3E. . 6Ej S350 R BERE B 1 S B0 A with the experimental results™!

S, AN E SRR AR, ) e DT v OB s (R
:—Et (17)N(18) ﬂﬁﬁﬂ’\]ﬁﬁ%%ﬁfw{%&?ﬂﬁﬁ 419 355 366 28.4 27.3 3.8

Young J7 FEIH5E, P HUE T BT 1400 mi/s - 303 308 S

EBRGE R A SE R o, AE TR e 7 W e e

768 662 693 25.8 21.4 17.0

Mo AR, R LG e I SRR 22 B Bl e A
IR, BL AN S AR, X R G0 T SRR Bl fE

Lo oK LT
3 & it

FHF 300~3 700 m/s HEE T FARAZ YR IR EE ST IR, 5 R o . SR AR B | TC A LA S5
R ERRAR RN 2R, @ T AT TR A2, XTI . AR R B A A5 T S st 4
W&o

083302-7



5 42 & 2 W], A SRS BE - A0 S TN 5 8 30

OIHT T IR R ER, SR, TG 4 TR R A2 ARSI B | AR SRR AR S Y R R R,

17 32 248 L3R A 52 W B0/ s 08 T A9 iR 05 ., AU % I 13 ol ok 38 42 T 22 S 398 K D/ 134 R 19 2 A AL
HE o TR LAY S0 8 A I Y RPN, BT O 15°~24° . SR R X IST A R R R, AT e
B, I A/ INT 505 B P08 BE £ T, A 0N, B 300 m/s 4271 E) 3 000 m/s, BT A
/Ny 120,

HESE T RITH BB RETH A S, TSR 5 R Y W S R . BET AU TR, R LSRR A%

PFF 30 A AR BE o SR R B RE 1Y 10% ~25%, LT AT 3 AR AR 52 XS TR BE LU 9] 1) 52 MR 4K /)N; B
PRIFT BN, BT B BORERE 7 FUBOK, 48 L S 56 o 33 2 FH TR LU A9 9 Bh BE BRE, PR e 4 L AR B R

S k-

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

YOUNG C W. Penetration equations: SAND97-2426 [R]. Albuquerque, USA: Sandia National Laboratories, 1997.

R4, sk I8, s AN GE LA A=) 5 BTER A sR b Jig [J]. = T 244, 2018, 39(1): 182-208. DOI: 10.3969/j.issn.
1000-1093.2018.01.020.

WU H J, ZHANG S, HUANG F L. Research progress in penetration/perforation into reinforced concrete targets [J]. Acta
Armamentarii, 2018, 39(1): 182-208. DOI: 10.3969/j.issn.1000-1093.2018.01.020.

FIOMAE, RN, SR, 25, 5 s R X A0 A TR R A AR/ 5 2 RN SR T [J]. S R B 24, 2019, 33(5): 055101,
DOI: 10.11858/gywlxb.20180672.

DAI X H, ZHOU G, SHEN Z K, et al. Experimental study of high-speed projectile penetration/perforation into reinforced
concrete targets [J]. Chinese Journal of High Pressure Physics, 2019, 33(5): 055101. DOI: 10.11858/gywlxb.20180672.
FORRESTAL M J, ALTMAN B S, CARGILE J D, et al. An empirical equation for penetration depth of ogive-nose projectiles
into concrete targets [J]. International Journal of Impact Engineering, 1994, 15(4): 395-405. DOI: 10.1016/0734-743X(94)
80024-4.

B, DROREOME, TRENS . AR A TR BE - RO BB 0 0T U], = R B AR 4R, 2016, 30(6): 499-504. DOIL:
10.11858/gywlxb.2016.06.010.

XUE J F, SHEN P H, WANG X M. Resistance during cratering for projectile penetrating into concrete target [J]. Chinese
Journal of High Pressure Physics, 2016, 30(6): 499—-504. DOI: 10.11858/gywlxb.2016.06.010.

ERISC, RN, 2Rk, 2. A A A AR e o TR L AU AT (9], JE TR TR 2244R, 2018, 38(10): 1012-1017.
DOI: 10.15918/j.tbit1001-0645.2018.10.004.

QIAN B W, ZHOU G, L1 J, et al. Study of the crater produced by hypervelocity tungsten alloy projectile into concrete target [J].
Transactions of Beijing Institute of Technology, 2018, 38(10): 1012—1017. DOI: 10.15918/j.tbit1001-0645.2018.10.004.

X B, 25 M. 3 RE R R B 0 SE I B 5T RO B B [01. 09 i@ 56, 2010, 30(1): 224-226. DOL:
10.3969/j.issn.1007-8983.2010.01.091.

XSGR, 2, T, A ULl R AR BE LR R EEIRIE S S AT [C] /) P E 2 S TR I wiE . 5+ =
JR A S5 TR AR S BGEESCER GE . dbat: WA i, 2004: 33-36.

RUER, 2K, T, S AR AR YNREE L AR (3], AA 1% 5 TSR, 2003, 22(11): 1817-1822. DOL:
10.3321/j.issn:1000-6915.2003.11.013.

WU X Y, LIY C, HE X, et al. On mechanism of slender projectile penetrating into concrete [J]. Chinese Journal of Rock
Mechanics and Engineering, 2003, 22(11): 1817-1822. DOI: 10.3321/j.issn:1000-6915.2003.11.013.

e, B4R, BT . LA AR AN A A TR B - R T SR B E AT (U], U U TR 2R 4]k, 2018, 38(6): 565-571. DOL:
10.15918/j.tbit1001-0645.2018.06.003.

ZHANG S, WU H J, HUANG F L. Investigation on crater depth of projectile penetrating into reinforced concrete target [J].
Transactions of Beijing Institute of Technology, 2018, 38(6): 565-571. DOI: 10.15918/j.tbit1001-0645.2018.06.003.

SN, B, IR, A5 R BTN ATIR B 2 2 SR B R PE [J]. 55 TR, 2018, 39(4): 698-706. DOL: 10.3969/
j-1ssn.1000-1093.2018.04.009.

DAI X H, DUAN J, ZHOU G, et al. Damage effect of low velocity projectile perforating into multi-layered reinforced
concrete slabs [J]. Acta Armamentarii, 2018, 39(4): 698-706. DOI: 10.3969/j.issn.1000-1093.2018.04.009.

083302-8


http://dx.doi.org/10.3969/j.issn.1000-1093.2018.01.020
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.01.020
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.01.020
http://dx.doi.org/10.11858/gywlxb.20180672
http://dx.doi.org/10.11858/gywlxb.20180672
http://dx.doi.org/10.1016/0734-743X(94)80024-4
http://dx.doi.org/10.11858/gywlxb.2016.06.010
http://dx.doi.org/10.11858/gywlxb.2016.06.010
http://dx.doi.org/10.11858/gywlxb.2016.06.010
http://dx.doi.org/10.15918/j.tbit1001-0645.2018.10.004
http://dx.doi.org/10.15918/j.tbit1001-0645.2018.10.004
http://dx.doi.org/10.3969/j.issn.1007-8983.2010.01.091
http://dx.doi.org/10.3321/j.issn:1000-6915.2003.11.013
http://dx.doi.org/10.3321/j.issn:1000-6915.2003.11.013
http://dx.doi.org/10.3321/j.issn:1000-6915.2003.11.013
http://dx.doi.org/10.15918/j.tbit1001-0645.2018.06.003
http://dx.doi.org/10.15918/j.tbit1001-0645.2018.06.003
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.04.009
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.04.009
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.01.020
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.01.020
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.01.020
http://dx.doi.org/10.11858/gywlxb.20180672
http://dx.doi.org/10.11858/gywlxb.20180672
http://dx.doi.org/10.1016/0734-743X(94)80024-4
http://dx.doi.org/10.11858/gywlxb.2016.06.010
http://dx.doi.org/10.11858/gywlxb.2016.06.010
http://dx.doi.org/10.11858/gywlxb.2016.06.010
http://dx.doi.org/10.15918/j.tbit1001-0645.2018.10.004
http://dx.doi.org/10.15918/j.tbit1001-0645.2018.10.004
http://dx.doi.org/10.3969/j.issn.1007-8983.2010.01.091
http://dx.doi.org/10.3321/j.issn:1000-6915.2003.11.013
http://dx.doi.org/10.3321/j.issn:1000-6915.2003.11.013
http://dx.doi.org/10.3321/j.issn:1000-6915.2003.11.013
http://dx.doi.org/10.15918/j.tbit1001-0645.2018.06.003
http://dx.doi.org/10.15918/j.tbit1001-0645.2018.06.003
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.04.009
http://dx.doi.org/10.3969/j.issn.1000-1093.2018.04.009

5 42 & 2 W], A SRS BE - A0 S TN 5 8 30

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]
[24]

[25]
[26]

XUTEEMG, s A, 447, 45, SRR EE T MU M NI TR 23 B BT (3], 212441, 2009, 30(S2): 52-56.

LIU H P, GAO S Q, JIN L, et al. Phase analysis on crater-forming of projectile penetrating into concrete target [J]. Acta
Armamentarii, 2009, 30(S2): 52-56.

GAULT D E. Displaced mass, depth, diameter, and effects of oblique trajectories for impact craters formed in dense
crystalline rocks [J]. The Moon, 1973, 6(1/2): 32—44. DOI: 10.1007/BF02630651.

FREW D J, HANCHAK S J, GREEN M L, et al. Penetration of concrete targets with ogive-nose steel rods [J]. International
Journal of Impact Engineering, 1998, 21(6): 489—497. DOI: 10.1016/S0734-743X(98)00008-6.

KA, E IR, AR EHE, 55, B B % 2 A AU R AIMEREIIS ST (7], B4 AR, 2019, 41(1): 1-6.

SONG C M, WANG M Y, ZOU H H, et al. Experimental study on anti-penetration performance of armored ceramic
composite targets [J]. Protective Engineering, 2019, 41(1): 1-6.

/N A IRE SR (R A BUE RIS [D]. K KJFFE T K%, 2016. DOI: 10.7666/d.D01008064.

JIN X C. Numerical study on the depth of penetration into concrete targets by projectiles [D]. Taiyuan: Taiyuan University of
Technology, 2016. DOI: 10.7666/d.D01008064.

G, R4, BAH], 45 SRR BRI EE LA FOT TR EE RT3 5% (9] 5N o7 Bz, 2005, 18(S1): 82-84.
DOI: 10.3969/j.issn.1671-0436.2005.21.016.

HOLSAPPLE K A. The scaling of impact processes in planetary sciences [J]. Annual Review of Earth and Planetary Sciences,
1993, 21: 333-373. DOI: 10.1146/annurev.ea.21.050193.002001.

DN . SRR IE R AR EE 1 S (21 S IZ S ATST [D]. Jbat: LT R, 2015.

SHAN Y. Investigation on the mass abrasion and motion of the projectile non-normal penetrating into concrete [D]. Beijing:
Beijing Institute of Technology, 2015.

DANCYGIER A N, YANKELEVSKY D Z. Effects of reinforced concrete properties on resistance to hard projectile impact [J].
ACI Structural Journal, 1999, 96(2): 259-267.

JaAT, R, IR, 45, BOLRBIA TR EE 0 TR TR [J]. #4E 5 ik, 2007, 27(6): 529-534. DOIL: 10.11883/
1001-1455(2007)06-0529-06.

ZHOU N, REN H Q, SHEN Z W, et al. An engineering analytical model for projectiles to penetrate into semi-infinite
reinforced concrete targets [J]. Explosion and Shock Waves, 2007, 27(6): 529-534.DOI: 10.11883/1001-1455(2007)06-0529-06.
W/ . 28 H A2 1B 800 2 T AR B SE 3 R [J]. J12 2, 2009, 39(3): 316-351. DOIL: 10.3321/j.issn:1000-0992.2009.
03.006.

CHEN X W. Advances in the penetration/perforation of rigid projectiles [J]. Advances in Mechanics, 2009, 39(3): 316-351.
DOI: 10.3321/j.issn:1000-0992.2009.03.006.

TR S AR AR EE L AOTSY [D]. Jbat: JEa B TR, 2011

St i, Bz, I, 5. OB SR RBIR EE - BRI 5 (3], B S ahts, 2014, 34(5): 630-635. DOL:
10.11883/1001-1455(2014)05-0630-06.

CHAI C G, PI A G, WU H J, et al. A calculation of penetration resistance during cratering for ogive-nose projectile into
concrete [J]. Explosion and Shock Waves, 2014, 34(5): 630-635. DOI: 10.11883/1001-1455(2014)05-0630-06.

DONALD E G. Impact cratering [C] // The First Lunar & Planetary Science Conference. 1974: 137—175.

TAKAGI Y, MIZUTANI H, KAWAKAMI S I. Impact fragmentation experiments of basalts and pyrophyllites [J]. Icarus,
1984, 59(3): 462-477. DOI: 10.1016/0019-1035(84)90114-3.

LA WA E)

083302-9


http://dx.doi.org/10.1007/BF02630651
http://dx.doi.org/10.1016/S0734-743X(98)00008-6
http://dx.doi.org/10.1016/S0734-743X(98)00008-6
http://dx.doi.org/10.3969/j.issn.1671-0436.2005.z1.016
http://dx.doi.org/10.1146/annurev.ea.21.050193.002001
http://dx.doi.org/10.11883/1001-1455(2007)06-0529-06
http://dx.doi.org/10.11883/1001-1455(2007)06-0529-06
http://dx.doi.org/10.3321/j.issn:1000-0992.2009.03.006
http://dx.doi.org/10.3321/j.issn:1000-0992.2009.03.006
http://dx.doi.org/10.11883/1001-1455(2014)05-0630-06
http://dx.doi.org/10.11883/1001-1455(2014)05-0630-06
http://dx.doi.org/10.1016/0019-1035(84)90114-3
http://dx.doi.org/10.1007/BF02630651
http://dx.doi.org/10.1016/S0734-743X(98)00008-6
http://dx.doi.org/10.1016/S0734-743X(98)00008-6
http://dx.doi.org/10.3969/j.issn.1671-0436.2005.z1.016
http://dx.doi.org/10.1146/annurev.ea.21.050193.002001
http://dx.doi.org/10.11883/1001-1455(2007)06-0529-06
http://dx.doi.org/10.11883/1001-1455(2007)06-0529-06
http://dx.doi.org/10.3321/j.issn:1000-0992.2009.03.006
http://dx.doi.org/10.3321/j.issn:1000-0992.2009.03.006
http://dx.doi.org/10.11883/1001-1455(2014)05-0630-06
http://dx.doi.org/10.11883/1001-1455(2014)05-0630-06
http://dx.doi.org/10.1016/0019-1035(84)90114-3

	1 成坑效应计算
	1.1 成坑现象
	1.2 成坑深度
	1.3 成坑直径
	1.4 成坑角

	2 成坑效应讨论
	2.1 成坑效应的影响因素
	2.2 迎弹面成坑耗能

	3 结　论
	参考文献

