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Numerical Simulation on Anti-Hypervelocity Penetration Performance of Ultrahigh
Performance Concrete Gradient Material

YIN Xuexiang, LAl Jianzhong, ZHOU Jiehang, KANG Ningyu, DU Longyu
(School of Materials Science and Engineering, Nanjing University of Science and Technology. Nanjing 210094, China)

Abstract: Functionally graded concrete(FGC) targets composed of different kinds of ultra-high performance concrete (UHPC) were
prepared. Some methods to improve the resistance of concrete materials to ultra-high speed jet were investiaged. The hypervelocity
penetration resistance experiment and numerical simulation of functionally graded concrete protective engineering materials were
performed. The anti-penetration performance of the functionally graded concrete targets was analyzed according to the aspects of
damage distribution, bullet fragmentation degree, penetration damage and fracture pattern of the target by the jet penetration test. The
simulated data by a finite element calculation model, established by a software named ANSYS/AUTODYN, were verified with the
experimental results of jet penetration. The results show that the FGC targets can effectively block the penetration of hypervelocity jet
and the penetration depth is 241 mm. The process of jet formation and penetration was analyzed by numerical simulation and its
effectiveness was verified. The simulation error is 3.7%. In additon, the result of coupling damage of jet and hypervelocity projectile
penetration was also predicted by a software named AUTODYN.
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FLL MR 22 000 m*/kg; EAZ 0.2 mm. K/ 6 mm
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& L Z2A] 2 ) SCHR[23]
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Table 1 Mix proportions and structure of each layer of functionally graded concrete

Mix proportion/(kg-m ) Strength/MPa
Sample No. Target layer -
C SIF Slag S \ SP DA G SF BF  Flexural Compressive
S1 Crack resistance layer 489 196 293 978 196 146 04 468 33 75.9 172.3
S2 Anti- penetration layer 200 80 120 400 80 6.0 02 2382 156 21.7 180.9
S3 Spalling resistance layer 505 202 303 1010 202 150 04 312 58.3 165.4

Note: C, SIF, SLAG, S, W, SP and DA are cement, silica fume, slag, sand, water, water reducer and defoaming agents respectively; G, SF and BF are coarse

aggregate, steel fiber and basalt fiber respectively.
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Fig. 1 Schematic diagram of interface test sample (a) and
strength test (b)
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Table 2 composition and structure of interface test sample

-

Materials used for each Interfacial bonding strength/
Sample Number of

layer MPa
No. layers
Upper lower 7d 28d
J1 2 S2 S1 9.7 >12.1
12 2 S2 S3 9.4 >11.6
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Table 3 Parameters of shaped charge liner

/

’ 5. Dmm  0/(°) d/mm o/MPa E/GPa H/mm ml/g
(g-em™)

8.9 37 46.3 0.8 120 46.4 60 60

p is density. D is outer diameter. 6 is contacte angle. o is yoeld strength. E if
shear modulus. A is explosive height. m is explosive quality. d is thickness.

Explosive type is 8701.

TENELZIRRIERT, RAEIE LT B IR I R 15 4%
A2 RYER, e A LS Fak A T AR D e v e 4
JESHAL . SRR I RE R B A 1) 2% B R = E
4 iR,



« 2438 (HERR Sh22 400

J Chin Ceram Soc, 2021, 49(11): 2435-2449

2021 4F

Explosive

/

Explosive

Copper

K3 RN AR 24

Fig. 3 Shape and parameters of shaped charge liner and
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Fig.4 Schematic diagram of jet penetration device
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Fig. 5 Calculation method of crater area
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Table 4 Proportion and area of target crater

Failure type Pixel of crater surface ~ Pixel of the front surface

Proportion of crater to surface/%

Surface area of target /mm”  Area of crater /mm’

Jet penetration 5973 59 166

10.1 70 685.83 7139.27
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H shock RZTTFE, SRR /2 Piecewise J
C, B SHILER 7. &omE B REER) & S AL ER
W & 1K, K H shock R4S 77 FE A1 von Mises 98 B 7

e SRR R 35CtMnSi, i@ Linear
IR T FEFN Johnson Cook 9 Sk R Y, Fi 234
L3R 8. VEAM RIS, W CHR[23].
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Table 5 Material model

Material model Equation Formula
2 2
Cou(l+ Cou(1+
State equation Shock equation of state P= Ll Lt o l;) +1; P|:e - ﬁ(iﬂ ]:|s Py = 20 ot /;) ;
[1-(S-Du”] 2po 1+ [1-(S-Du”]
—RV RV E
JWL(Jones-Wilkins-Lee) equation of state P=dl1--2 | RV gl 1- 2 | RV 08
RV Ry 4
Lo n * *m T-T;
Constitutive model Johnson-Cook model oy =(A+Bs")(1+Clné Y1-T "), T = F——
m~ Ir

_ 3G
Failure model RHT model OYhard = O + 5—¢P> OYhard = (1- D)ot + Doy
G

F6 RETERSH

Table 6 Parameters of concrete model™”!

;. Bulk modulus 4,/ Shear modulus/ 1 Specific heat Tensile strain Breaking strength Breaking strength ~ Reference
plgem?) GPa GPa GPa  capacity/(J-kg '"K™) rate constant index temperature/K
2.75 35.27 22.06 0.180 654 0.0125 1.6 0.61 300
x1 FEEBESHY
Table 7 Parameters of copper model
p/(g~cm’3) Yield stress/GPa Shear modulus/GPa Gruneisen coefficient Parameter Cy/(m's™)
8.9 0.12 46.9 2 3.958x10°
%8 35CrMnSi TH# 53
Table 8 Parameters of 35CrMnSi bullet
Diameter/ Length/ Head Radius of Velocity/ pl Bulk Specific heat Shear modulus/ Yield Melting
mm mm shape  curvature/mm (ms")  (grem™)  modulus/GPa  capacity/(J-kg K™ GPa strength/GPa point/K
20 80 Oval 30 1300 7.76 203 477 98.5 1.59 1793
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Fig. 6 Calculation model of shaped charge jet formation
process
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Fig. 7 Calculation diagram of explosive detonation process
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Fig. 8 Numerical simulation model of jet penetration
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Fig. 9 Jet bullet coupling failure model and undamaged bullet
penetration failure model
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Fig. 11  Failure morphology of concrete target
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Fig. 12 Velocity-time curve of jet top and tail
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Fig. 13 Kinetic energy curve of shaped charge jet
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Fig. 14 Process of jet penetration into concrete target and failure mode
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Fig. 15 Jet time history curves
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Fig. 16 Simulation damage distribution of targets
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Fig. 17 Stress distribution inside FGC target
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Table 9 Comparison of jet penetration experiment and simulation results
Initial supersonic Supersonic velocity after Experimental failure Simulated failure
Target type X . X . Error/%
velocity/( m's ) penetration/( m's ) depth/mm depth/mm
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Fig. 18 Energy conversion during jet penetration
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Fig. 19 Failure mode of targets subjected to penetration
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