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Table 1 Parameters of targets and projectiles

T f/MPa  p/(kgm™) HE H R R} Y,/MPa p/kgm™)  mykg  dmm  Lid Vo
-1 135 2 000 0.064 12.9 6.88 3
12 135 2000 0.064 12.9 6.88 425
2.1 216 2000 0.064 129 6.88 3

agen 7 4340 4N 1481 7850
222 216 2000 0.064 12.9 6.88 425
3 62.8 2300 0.478 203 10 3
4 51.0 2300 1.6 30.5 10 10
5 58.4 2320 4340 4/AerMet100 1 481/1 820 0.478 20.3 3
6 58.4 2320 4340 4/AerMet100 1 481/1 820 1.62 30.5 3
7 348 2300 60Si2 Mn/Tc4 1300/1 030 0.155 14 425
EEY/ TS ‘ 7850 10
8 48.6 2300 60Si2 Mn/20# 1.300/450 0.155 14 4.25
9 61.3 2300 60Si2 Mn/45#5H 1 300/680 0.155 14 4.25
10 764 2300 60Si2 Mn/35CrMnSi 1300/1 540 0.155 14 425
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Table 2 Dimensionless modified factors 7 and S

fiMPa  ERZEE B f/MPa  ERZER n B f/MPa  ERREH " B
13.5 rep e 1 1.44 62.8 HHA 1 0.71 58.4 FIRA 0.43 0.38
21.6 ARA 1 1.23 34.8 ARA 0.43 0.57 61.3 ARA 0.43 0.37
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Fig. 2 Predicted relative mass loss of the projectile
compared with experimental data (Case 1-1)
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Fig. 4 Predicted relative mass loss of the projectile
compared with experimental data (Case 2-1)
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Fig. 6 Predicted relative mass loss of the projectile
compared with experimental data (Case 3)
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Fig. 3  Predicted relative mass loss of the projectile
compared with experimental data (Case 1-2)
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Fig. 5 Predicted relative mass loss of the projectile
compared with experimental data (Case 2-2)
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Fig. 7 Predicted relative mass loss of the projectile
compared with experimental data (Case 4)
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Fig. 8 Predicted relative mass loss of the projectile
compared with experimental data (Case 5)
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Fig. 10 Predicted relative mass loss of the projectile
compared with experimental data (Case 7)
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Fig. 12 Predicted relative mass loss of the projectile
compared with experimental data (Case 9)
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Fig. 9 Predicted relative mass loss of the projectile
compared with experimental data (Case 6)
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Fig. 11 Predicted relative mass loss of the projectile
compared with experimental data (Case 8)
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Fig. 13 Predicted relative mass loss of the projectile
compared with experimental data (Case 10)
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Table 3 Comparison of experimental and simulation results at case 1-2

TB1-28058/ (ms™") 345 585 722 900 1063
HeSF PSR 22 -33% —41% -35% -27% -13%
AR SRR R 2% —5% -15% 7% 6% 25%

x4 TR10PRUERSKBIEL

Table 4 Comparison of experimental and simulation results at case 10

TAL103 3 /(m s ™) 847 975 1124 1165 1250 1315 1376 1382
HefF PSR 157 22 46% 23% 21% 102% 88% 49% 98% 57%
AR SRR 2 5% -11% -12% 45% 35% 7% 42% 13%
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Fig. 14 Experimental data and the linear approximate
solution at low impact velocity (Case 1-1)
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Fig. 16 Experimental data and the linear approximate
solution at low impact velocity (Case 2-1)
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Fig. 15 Experimental data and the linear approximate
solution at low impact velocity (Case 1-2)
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Fig. 17 Experimental data and the linear approximate
solution at low impact velocity (Case 2-2)
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Fig. 20 Experimental data and the linear approximate
solution at low impact velocity (Case 5)
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Fig. 22 Experimental data and the linear approximate

solution at low impact velocity (Case 7)
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Experimental data and the linear approximate
solution at low impact velocity (Case 6)
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Fig. 23  Experimental data and the linear approximate
solution at low impact velocity (Case 8)
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Fig. 24 Experimental data and the linear approximate Fig. 25 Experimental data and the linear approximate
solution at low impact velocity (Case 9) solution at low impact velocity (Case 10)

(EAS UL I AR 2, AR SR AR A A 5 451 2 A e A7 3220 1 A Sk IR A B A, T w0 TR ) G
X AT T RN ARG i A, 2 e i 39 8 it i 2, DR g il ed A0 S5 36 R A 210 54 B ) B D7) 56 JEE 23 AR X
AR o J 2 i o — 22 A Y S Bk, A ST AR 8 LA o 40 R Y

3 & iF

AR SRR e 1 B R I B B A G TR AR PN 44 3R S SR R A o, SRR AT R B SR E
R IR T - B AL N B R AN S ) AR S A AR, IR BE 1 B R A AR B3 0B A B9 170500 8 7 AR
BB SR BE H, 25 0 2B R HE IE DN 1 B, SEAF R AE 1 TRBE L AR 0T SR S i 1 2 R S, (R B
IR BRE b B RE R 0T AR S5 ol AR £ A Y, B SO I T o AR B 16 L ) SER AR o B 45
KRB, T HEPBETT, 5t T Silling 5 Z8 Hh S A i 4502k 5 SRR 4R Sl AE B9 4t R B fig =X

B X Hk:

[1] 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.

[2] FORRESTAL M J, FREW D J, HANCHAK S J, et al. Penetration of grout and concrete targets with ogive-nose steel
projectiles [J]. International Journal of Impact Engineering, 1996, 18(5): 465-476. DOI: 10.1016/0734-743X(95)00048-F.

(31 fLHR, 28, RE, 5. Sk m s R MR EE YL BT 5 26 M TR B A i BB AU Y. (0], [ER 1252431, 2015, 36(S1):
65-73.

KONG Xiangzhen, FANG qin, WU Hao, et al. Numerical study on mass loss and nose-blunting for the projectile during the
high-speed penetration on concrete target [J]. Chinse Journal of Solid Mechanics, 2015, 36(S1): 65-73.

(4] RURSHK, F NG, 2230, S5, 25 IR AL Y BT SR IR BE 1/ BUBEELRITTY [1]. SUE 43R, 2017, 29(2): 19-25.

LIU Zhilin, WANG Xiaoming, LI Wenbin, et al. Model of ogive-nose projectile penetrating concrete target considering effect
of mass loss and nose blunting [J]. Journal of Ballistics, 2017, 29(2): 19-25.

(5] {0, BeMl =, PMVEERR, &5, SR s R ITRBE 300 Y S 52 (9], M 5 s, 2010, 30(1): 1-6. DOI: 10.11883/1001-
1455(2010)01-0001-06.

HE Xiang, XU Xiangyun, SUN Guijuan, et al. Experimental investigation on projectiles ’ high-velocity penetration into
concrete targets [J]. Explosion and Shock Waves, 2010, 30(1): 1-6. DOI: 10.11883/1001-1455(2010)01-0001-06.

(6] i, oy, SMREE. S R WIREE L ST R AR B 5T [0, Bl TAR, 2010, 32(1): 6-10.

YANG Jianchao, HE Xiang, JIN Dongliang. Experimental investigation into mass loss of projectiles that penetrate concrete

073102-9


http://dx.doi.org/10.1016/0734-743X(94)80024-4
http://dx.doi.org/10.1016/0734-743X(95)00048-F
http://dx.doi.org/10.3969/j.issn.1004-499X.2017.02.004
http://dx.doi.org/10.3969/j.issn.1004-499X.2017.02.004
http://dx.doi.org/10.11883/1001-1455(2010)01-0001-06
http://dx.doi.org/10.11883/1001-1455(2010)01-0001-06
http://dx.doi.org/10.1016/0734-743X(94)80024-4
http://dx.doi.org/10.1016/0734-743X(95)00048-F
http://dx.doi.org/10.3969/j.issn.1004-499X.2017.02.004
http://dx.doi.org/10.3969/j.issn.1004-499X.2017.02.004
http://dx.doi.org/10.11883/1001-1455(2010)01-0001-06
http://dx.doi.org/10.11883/1001-1455(2010)01-0001-06
http://dx.doi.org/10.1016/0734-743X(94)80024-4
http://dx.doi.org/10.1016/0734-743X(95)00048-F
http://dx.doi.org/10.3969/j.issn.1004-499X.2017.02.004
http://dx.doi.org/10.3969/j.issn.1004-499X.2017.02.004
http://dx.doi.org/10.11883/1001-1455(2010)01-0001-06
http://dx.doi.org/10.11883/1001-1455(2010)01-0001-06
http://dx.doi.org/10.1016/0734-743X(94)80024-4
http://dx.doi.org/10.1016/0734-743X(95)00048-F
http://dx.doi.org/10.3969/j.issn.1004-499X.2017.02.004
http://dx.doi.org/10.3969/j.issn.1004-499X.2017.02.004
http://dx.doi.org/10.11883/1001-1455(2010)01-0001-06
http://dx.doi.org/10.11883/1001-1455(2010)01-0001-06

539 4% 15 743 5 i i %7

targets at high velocity [J]. Protective Engineering, 2010, 32(1): 6-10.

[7] 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.

[8] MU ZC,ZHANG W. An investigation on mass loss of ogival projectiles penetrating concrete targets [J]. International Journal
of Impact Engineering, 2011, 38(8—9): 770-778. DOI: 10.1016/.ijimpeng.2011.04.002.

[9]  SILLING S A, FORRESTAL M J. Mass loss from abrasion on ogive-nose steel projectiles that penetrate concrete targets [J].
International Journal of Impact Engineering, 2007, 34(11): 1814—1820. DOI: 10.1016/j.ijimpeng.2006.10.008.

[10] CHEN X W, HE L L, YANG S Q. Modeling on mass abrasion of kinetic energy penetrator [J]. European Journal of
Mechanics A/Solids, 2010, 29(1): 7-17. DOI: 10.1016/j.euromechsol.2009.07.006.

(1] B/, #the 4, el T R . h BB 12180 55 44 04 B3 2 4= P B AL 40 17 [J]. 0 24241, 2009, 41(5): 739-747. DOL: 10.3321/
j-1ssn:0459-1879.2009.05.017.
CHEN Xiaowei, YANG Shiquan, HE Liling. Modeling on mass abrasion of kinetic energy penetrator [J]. Chinese Journal of
Theoretical and Applied Mechanics, 2009, 41(5): 739-747. DOI: 10.3321/].issn:0459-1879.2009.05.017.

[12] JONES S E, FOSTER J C, TONESS O A, et al. An estimate for mass loss from high velocity steel penetrators [C] // Pressure
Vessels and Piping Conference. New York: ASME, 2002: 227-237. DOI: 10.1115/PVP2002-1149.

[13] HE L L, CHEN X W, HE X. Parametric study on mass loss of penetrators [J]. Acta Mechanica Sinica, 2010, 26(4): 585-597.
DOI: 10.1007/s10409-010-0341-8.

[14] CHEN X W. Dynamics of metallic and reinforced concrete targets subjected to projectile impact [D]. Singapore: Nanyang
Technological University, 2003: 1-62.

[15] LI Q M, CHEN X W. Dimensionless formulae for penetration depth of concrete target impacted by a non-deformable
projectile [J]. International Journal of Impact Engineering, 2003, 28(1): 93—116. DOI: 10.1016/S0734-743X(02)00037-4.

[16] HILL R. Elastic properties of reinforced solids: Some theoretical principles [J]. Journal of the Mechanics and Physics of
Solids, 1963, 11(5): 357-372. DOI: 10.1016/0022-5096(63)90036-X.

[17] WU H, CHEN X W, HE L L, et al. Stability analyses of the mass abrasive projectile high-speed penetrating into concrete
target, Part I: engineering model for the mass loss and nose-blunting of ogive-nosed projectiles [J]. Acta Mechanica Sinica,
2014, 30(6): 933—-942. DOI: 10.1007/5s10409-014-0090-1.

Analysis of mass abrasion of high-speed penetrator influenced
by aggregate in concrete target

OUYANG Hao!, CHEN Xiaowei**
(1. Institute of Computer Application, China Academy of Engineering Physics, Mianyang 621999, Sichuan, China,
2. Advanced Research Institute for Multidisciplinary Science, Beijing Institute of Technology, Beijing 100081, China;
3. State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China)

Abstract: The extreme local interaction between the projectile and target will cause mass erosion of the
projectile during high-speed penetrating, and then decreases penetration performance of the penetrator.
Aggregates in the concrete target will affect mass loss of the projectile obviously. Analysis about the
experimental data is conducted to further discuss the effect of concrete aggregate on mass loss of the residual
projectile after high speed penetration into concrete target. By assuming the concrete as a two-phase
composite composed of mortar and aggregate and introducing the volume fraction and shear strength of
aggregate instead of the aggregate Moh’s hardness, a modified engineering model is presented to predict the
mass loss of projectile by giving a dimensionless modified factor f affected by aggregate. The modified
model is in good agreement with available experimental data and can better characterize the effect of
aggregate on the mass abrasion of penetrator into concrete target.
Keywords: high speed penetration; mass abrasion; aggregate; volume fraction; shear strength
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