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b. Simplification process from angle-ply lamina to ESL
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Fig.1 Diagram of the simplification process from single-layer plate with different layup angles to equivalent single-layer plate
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Fig.3 Schematic illustration of UHMWPE laminates resisting
penetration of different projectiles
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Table 1
UHMWPE laminates with different ply orientation angles

Outcome of the 12.7 mm API penetration test on

No. ! stacking angle Yi - v - £ v
/ mm /m-s" /m-s" /k)

1 20.0 [0/90]n 729.5 659.8 2333.7 18.2%
2 20.0 [0/90/30/—60/60/—30% 712.0 656.8 1820.9 14.9%
3 20.0 [0/90/45/-45}n 718.4 664.8 1786.8 14.4%
4 60.0 [0/90]n 733.0 568.9 5148.8 39.8%
5 60.0 [0/90/30/—60/60/—30}n 718.0 513.8 6062.0 48.8%
6 60.0 [0/90/45/—45Jn 722.7 549.9 5299.7 42.1%

Note: 1) tis laminate thickness, 2) v, is initial velocity, 3) v is residual ve-
locity, 4) E is energy absorbed by the laminate, 5) vy is kinetic energy

absorption ratio.
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Table 2 Material properties of UHMWPE laminates'' ™"
E,,/MPa  E,/MPa E,,/MPa Y1y Yis Yoy G,,/MPa G,,/MPa
51100 51100 3620 0.001 0.18 0.499 192 2000

UHMWPE ESL > )
G,,/MPa G, =G, /kJ-m G,.=G, . /k)-m X=X /MPa Y=Y /MPa Z,=Z/MPa S,,/MPa $,,=5,,/MPa
2000 26 26 1150 1150 1x10%° 120 575
E=E/MPa E /MPa N/MPa $=T/MPa G, /k)-m™ Gy Jk-m™ Gy Jk-m™ g

Cohesive
450 904 5.35 7.85 0.15 0.15 0.15 2

Note: 1) £, E,, and E,, are the Young's modulus in the principal directions, 2) v, v,, and y,, are the Poisson’s ratios in the principal directions, 3) G,, G,

%3

Table 3 Material properties of 12.7 mm API'**]

and G,, are the shear modulus in the principal directions, 4) G, G, G,  and G,_ are energies dissipated during damage for fiber tension, fiber compres-

Tec,

sion, matrix tension, and matrix compression failure modes, respectively, 5) X, X. Y, Y. Z, and Z_are strength for the longitudinal tension, longitudinal

compression, transverse tension, transverse compression, through-thickness tension, through-thickness compression, respectively, 6) S,, S, and S,, are

13,
the shear strength in the principal directions, 7) £, E_ and E, are the stiffness in the normal and the two local shear directions, 8) N S and T are the

strength in the normal and the two local shear directions, 9) G, G, and G _are the fracture energy in the three fracture modes, 7 is a material parameter.

12.7 mm AP S5+ No 12.7 mm APHZH 20 mm il 60 mm J&)Z & W BT,

SR B A A BN B 25 0 BN 1.5%~4.6% FiI

Section pooA B . 1.6%~14.5%;20 mm FSP {2 10 mm 120 mm J&£ 2
/ MPa /g-cm™/ MPa / MPa . . - .
A MR SR Bk Ay R Y B0 R 25 53 0 R 3.3%~
API Core 210000 0.32 7.8 1540 477 0.3 1.03 0.06 . o - . .
APl Jacket 109000 0.22 7.92 300 275 0.15 1.03 0.0022 11.2% M1 2.3%~11.2% . BUEBHUF 1220 5.2%
APllead 16000 0.42 1.13 515 3.5 H16.6% , KT 10% , 50 UE T 45 %007 I A i 2 45 W
Section & T,KT/K d d d d  d A0 51 28 I A A B Y T S
APl Core 1 1811 300 0.1 0.76 1.57 0.005 -0.84 lﬁjﬂj—ﬂ(}ﬁ{)ﬂ”TKlﬂEE UHMWPEFE%*&*EZ:EJ
Note: 1) Eis the Young’s modulus, 2) v is the Poisson’s ratios, 3) p is the u| ﬁé FSP{%?@H‘T E]/‘J gﬁﬁjﬁﬂi BEEE V. ‘H»%:QI:'II:%JQ‘% 5
density, 4) T_and T, are the melting temperature and transition tem- N 507 - . °
perature, respectively, 5) A, B, n, m, ¢, and d, to d; are material 10 mm ﬂ] 20 mm E%%*ﬁ*ﬂ‘ 20 mm FSP 1’%1@] H‘T N VSO
parameters for the Johnson-Cook plasticity model. ﬁ'j\‘{)j’]\“ﬁ%%%u jj 1.1% ﬂ&u 10.9% ;9.1Tmm %u 20 mm E
JZ G WP 12.7 mm FSP AW, Vi, B0 % 22 53 5] Ay
3.2 GEER PR AN K R E E

2.7% M1 19.5% . BMEITFHFHIR2E N 8.5%, ik T

RIAFROTE T T A SRR TEA R S0y o 900 UHMWPE J2 & B 3t 38 B B ot B2 g ]

UHMWPE 2 & 05 1 55k 4% 3R, T3 45 L an 3k 4 i .
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Table 4 Outcome of the prediction on residual velocities of UHMWPE laminate

No. t/mm stacking angle bullet type v,/ m-s™! v,/ m-s™ v, /m-s” error/%
1 20.0 [0/90], 729.5 659.8 669.6 -1.5
2 20.0 [0/90/30/-60/60/-30] , 712.0 656.8 686.9 —4.6
3 20.0 [0/90/45/-45] 718.4 664.8 690.6 =3.9
12.7 mm API
4 60.0 [0/90], 733.0 568.9 486.5 14.5
5 60.0 [0/90/30/-60/60/-30] , 718.0 513.8 541.2 -5.3
6 60.0 [0/90/45/-45] 722.7 549.9 541.2 1.6
7 10.0 470.0 346.5 307.7 11.2
8 10.0 644.7 579.4 560.3 3.3
9 10.0 985.0 955.0 882.0 7.6
[0/90], 20 mm FSPL-14
10 20.0 676.0 451.0 501.5 -11.2
11 20.0 892.0 740.0 710.7 4.0
12 20.0 1054.0 865.0 845.5 2.3
Note: 1) v, is experimental residual velocity, 2) v,  is simulated residual velocity.
x5 X[0/90], UHMWPE JZ 4 Y V., 78 5 1510 45 5 M
Table 5 Outcome of the prediction on V,, velocities of l
[0/90], UHMWPE laminate \,{'\.\
A\
I\
t % % error i‘ﬂ
No. bullet type e 0 -|| ‘ ‘/‘/I/' m
/mm /m-s /m-s /% /
1 10.0 394.0 398.5 =11 |‘
20 mm FSPL'¢
2 20.0 620.0 552.5 10.9
@ o | e @
3 9.1 [9.14] 506.0 492.5 2.7
12.7 mm FSP-™ ; [14]
4 20.0 825.8 665.0 195 a. experimental result

Note: 1) Voo is experimental ballistic limit, 2) \/50'5 is simulated ballistic

limit.
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2 B B AL B B BEVE AR ) B IR AR AR A7
(R NV RUIRTIR 37Ny R D =R Je o8 S A i e B
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I )23 5 Ml DR A X8 W e A Ay A ™ Ak A T AR K T AR
YRR W Sc iR o v L SR FH AR R YA LY
A R o 7 5 45 R (& 5a) — 3., K64
T FSP LA AR A [ 3 B2 42 480 2= 45 Al A 114 3 B 28 A B
L, R X FE B AR AR S AR W B B 2 FSP LA
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b. quasi-mesoscale simulation result™"
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tensile deformation

c. macroscopic equivalent algorithm
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Fig.5 FSP against 20 mm UHMWPE
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Equivalent Numerical Simulation Method for Penetration Resistance of UHMWPE Laminate

WANG Ze-kun'?, CHEN Li*, CAO Ming-jin*, TANG Bai-jian'
(1. School of Civil Engineering ; Suzhou University of Science and Technology, Suzhow 215011 2. Engineering Research Center of Ministry of Education for
Explosion Safety Protection, Southeast University, Nanjing 211189, China)

Abstract: To enhance the modeling and computational efficiency of numerical simulations for penetration resistance in
ultra-high molecular weight polyethylene fiber (UHMWPE) laminates, an equivalent mechanical model of UHMWPE laminates
was established based on the theory of three-dimensional equivalent elastic constants, and a three-dimensional equivalent rapid
simulation method suitable for predicting the penetration resistance of fiber composite laminates was developed. As verified by
the UHMWPE laminates’ penetration test data, the equivalent method can accurately simulate and predict the staged penetration
characteristics of laminates by taking into account the influence of the fiber lay-up on the mechanical properties of the laminates,
and the average errors for the ballistic performance of 9.1-60.0 mm laminates are less than 10%. The method bypasses the need
for detailed modeling of fiber bundles and matrices, as required in mesoscopic scale numerical simulations, and eliminates the
necessity of specifying individual fiber/resin ply orientations and inserting numerous bonding elements, as in quasi-mesoscopic
scale simulations.

Key words: ultra-high molecular weight polyethylene (UHMWPE) ; laminates; bullet penetration; numerical simulation; meso-
scopic modeling
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Based on the theory of three-dimensional equivalent elastic constants, a three-dimensional equivalent numerical analysis method

suitable for evaluating the penetration performance of FRP laminates has been developed. This method was validated by

comparison with experimental penetration tests of UHMWPE laminates against 12.7 mm armor-piercing incendiary projectiles

and wedge-shaped fragment projectiles. The influence of critical parameters of the equivalent method on simulation accuracy

and computational efficiency was investigated.
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