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Table 1 Mechanical parameters of T300 carbon fiber>'¢!

I O RVE R
Fig. 1 Microscopic scale RVE model

E,/GPa E,/GPa E/GPa G,,/GPa L Ly . X,/MPa X,/MPa
221 13.81 13.81 9 027 0.27 0.30 3530 2470
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Table 2 Mechanical parameters of epoxy resin'"*'*

E_ /GPa e S,./MPa S,./MPa S,./MPa
3.55 0.33 80 241 60
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I ABAQUS M i B i A b 5258 SCEF 4 R Y &= 2 A WURE RVE
J5ml . Fig. 2 Mesoscopic scale RVE modeling

#3 NURVEREBH
Table 3 Parameters of mesoscopic RVE model

L/mm W/mm h/mm a,/mm a,/mm

4.00 1.75 0.10 0.25 1.50

1.2 FAHM R EHE
FF B W RVE 8, S8 3E R 1 AN 8 3% 22, 200t n B 30 il L 444 . IR, — b {2 F AR %o
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131 HUREBRTITE
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Table 4 Results of fiber bundle stiffness parameters

Elastic modulus/GPa Shear modulus/GPa Poisson’s ratio
Method
E, E, E; Gy, Gy Gy Hiz Hiz Has
Simulation 177.69 10.14 10.14 5.36 5.36 3.51 0.280 0.280 0.350
Equation 177.51 10.58 10.58 5.60 5.60 3.77 0.282 0.282 0.369
Error/% 0.10 —4.17 —4.17 —4.33 —4.33 —6.83 -0.71 -0.71 —5.06
R5 AERBESHEHEER
Table 5 Results of fiber bundle strength parameters
g Tension strength/MPa Compressive strength/MPa Shear strength/MPa
Metho
X Y, Z X, Y, Z, Si Sis S5

Simulation 2865.11 72.72 72.72 1938.67 208.44 208.44 64.50 64.50 52.26
Equation 2835.34 74.39 74.39 1983.94 224.09 224.09
Error/% 1.05 —2.24 —2.24 —2.28 —6.99 —6.99

2% 4 FEE 5 AT, BOE AL A ELIS A U 45 SR 09 B KA X 22000 6.99%, Bk T A E B
A RERA B
132 NMUREBRTIHE

XA RUBE 5 B A R 21 4 RS ] 1) B 43 175 O, L L, >R FH Hashin A1 Hou 2 2% o |t
TR A1 4 R R R .

AR PR (o > 0)
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£ 2 O ] TR 45 8 (050 < 0)
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Z(_S_.z) sy +(S_) 7! @
AR PR R (035 2 0)
(A ol
L1 2 A ) R 45 R (033 < 0)
I{ o3 ’ 2,033 033 013 ’
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Kl oy (i, =1, 2, 3) REF R EAT7 1 09 E 07 75 o R B UME IE -, MR S8 00 «=0.45, %
JH E TR 0 3 8 DU B AR F) 453 0 762 0, 450 07308 A T 380 R P 68 1 I 2R e 4 45 A 2R

R OO R EE B T 245 2RAE R A WL B3 S A o RS BB, 45 UMAT 188 )%, it
SRR B A, 715 RVE BERUAERT R | BT D) S50 R 40T B I ) - I8 5 2%, AR IBUZ A A 19 2 WL A5 23K
T2 280, SRR 6 TR .
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Table 6 Comparison of macroscopic equivalent mechanical parameters

Method E,/GPa E,/GPa E,/GPa G,,/GPa G,;/GPa Gy/GPa X/MPa
Simulation 56.50 56.50 7.90 3.59 2.51 2.51 740.37
Test!"™ 57.94 57.94 3.59 726
Error/% —2.49 —2.49 0 1.98
Method Y/MPa X/MPa Y./MPa S|,/MPa S\; /MPa S,/ MPa
Simulation 740.37 630.34 630.34 64.95 62.88 62.88
Test!"”) 726 113.29 65.82 65.82
Error/% 1.98 -42.67 —4.47 —4.47

H1 e 6 TR0 A WL RUEE X 2 ) Lt K T A0 B U 00 3 3R 22 7 10% LLIA, 158 B AR 5 125 7 0000 ~F- 58 i
SN PR iR 2 R R 75 TR ) v P 5 s o AR, AR D05 9 X T T A B U i R Y TN R 2 G5 ) 43%, iX
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WL 25 SR W], APREIE AN 2 1 B M B RIS, DT S B0y FOTH R0 2R 5 1 45 R 2 8] B A R
ZEMN S [RIIE, 7 T P9 BT UTEATVE T, ARk oA 3 45 s HAT i A AR 2 1, 45 5 52 T 15 1K 0 1 P 15
ZEBOR o WEAh, IR A By (4 i B e 2 S ST A O U i R T 1L ) 2 K o
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Interface

Symmetry
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Fig.3 Finite element model of ballistic penetration
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Table 7 Mechanical properties of cohesive interfaces”'

*/MPa */MPa 1°/MPa G! /(kJ-m™) GI'/(kJ-m™) G"/(kJ-m™)
50 90 90 0.52 0.92 0.92

223 NETRHYNHESEIE
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Fig. 4 Numerical analysis flow of ballistic penetration
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Table 8 Comparison of residual velocity and energy absorption per unit surface density between simulation and test

v/(ms™) " i
Test!"/(m-s™") Sim./(m-s™") Error/% Test!"/(J-kg'-m?) Sim./(J-kg'-m?) Error/%
405.3 306.6 317.7 3.62 18.49 16.69 —9.85
503.8 394.6 413.9 4.41 25.42 21.71 -14.67
608.6 494.8 509.4 2.95 33.02 29.19 —11.68
803.9 672.5 687.9 2.29 51.02 45.54 —10.80
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ve = 15.56h+108.78 (23)
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Table 9 Fitting parameters under different plate thicknesses

h/mm a p
4.4 0.897 2.089
5.7 0.884 2.051
6.6 0.856 2.104
7.7 0.837 2.030
8.8 0.800 2.164
9.9 0.805 2.032
HE— 2 XS 45 AT A0 BT, A0 i 28 1 A -
KERHLR 4 0.978, Fi A i 55 E A R A4 P& TE 95% 580 | var=15.56/+108.78
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Multiscale Simulation Method for Anti-Penetration of
Fiber-Reinforced Composite Laminates

LI Han', CHEN Changhai', LU Cheng’

(1. School of Naval Architecture and Ocean Engineering, Huazhong University of Science and Technology,
Wuhan 430074, Hubei, China;
2. Xianning Haiwei Composite Products Co., Ltd., Xianning 437100, Hubei, China)

Abstract: Aiming at the problem that a large number of material parameters and required for the structural
design and numerical simulation of penetration resistance of fiber reinforced composite laminates, this article
takes carbon fiber reinforced composite laminates as the research object, and adopts multi-scale simulation
method to realize the whole process numerical simulation prediction of micro-, meso-, and macro-scale
mechanical properties and penetration resistance of fiber-bundle-laminates. Firstly, microscopic representa-
tive volume elements (RVE) were established to predict the mechanical properties of fiber bundles based on
the maximum stress criterion. Then, based on Hashin and Hou’s failure criteria, the macroscopic equivalent
mechanical properties were predicted by the mesoscopic RVE models established according to the spatial
characteristics of braided structures. Finally, an improved Hashin failure criterion considering the strain rate
effect was proposed, and the numerical model of ballistic penetration was established based on the literature
tests to study the residual velocities and damage characteristics. The results show that the errors of residual
velocity results are less than 5%, and the macroscopic numerical models can accurately simulate the damage
modes such as fiber fracture as well as interlayer delamination, which verifies the rationality and accuracy of
multi-scale simulation method in this article. The relationship between the ballistic limit velocity and the
thickness of the plate is linear and the correlation coefficient is above 0.97. The findings of this paper can
help to realize the design of low-cost and short-period fiber reinforced composite laminates, which has
important scientific and engineering application values for property prediction and inverse structural design
of fiber reinforced composite laminates.

Keywords: composite laminate; representative volume element; multiscale; ballistic penetration; stiffness

degradation
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