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Anti-Penetration and Explosion Performance of Ultra-High Performance Concrete Based on
the Principle of Functional Gradient
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Abstract: Ordinary concrete target, ultra-high performance concrete (UHPC) target and functionally graded concrete target composed
of different kinds of UHPC were prepared. The penetration and explosion experiments were performed on different types of concrete
targets. The numerical simulation analysis was carried out by finite element method. The results show that in terms of the failure
mode, the functionally graded concrete target has the smallest fracture depth, and the crater depth does not exceed the range of the
anti-penetration layer under the coupled load of penetration and explosion. In terms of damage distribution, the concrete damage is
mainly concentrated on the front surface and around the projectile channel and transmitted diagonally on the rear surface. Fiber
reinforced targets maintain a good integrity. From the perspective of energy, the ability of absorbing projectile kinetic energy of
high-strength coarse aggregates in anti-penetration layer is greater than that of concrete matrix. UHPC with a functionally graded
structure has a superior anti-penetration and explosion ability.
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Table 1 Mix proportions of each layer of different concrete

Mass fraction/%

Mass ratio Volume fraction/% Strength/MPa

Target Target layer
C SIF Slag S/B Sp/B W/B G SF BF  Compressive Flexural
oC Single layer 100 0 0 2 0.004 0.5 56.4 0 0 48 7.4
UHPC  Single layer 50 20 30 1.1 0.016 0.2 0 3 1 180 39.2
Crack resistance layer 50 20 30 1.0 0.016 0.2 0 6 0 196.8 76
FGCC  Anti- penetration layer 50 20 30 12 0.016 0.2 46.2 1.5 0 208.5 422
Spalling resistance layer 50 20 30 1.2 0.016 0.2 0 3 0 198.1 432

Note: C, SIF, B, S, Sp and W are cement, silica fume, binder, sand, water reducer and water, respectively; G, SF and BF are coarse aggregate, steel fiber and

basalt fiber, respectively. Basalt coarse aggregate and ceramic ball coarse aggregate are used for OC and FGCC respectively. 6 mm and 20 mm hybrid steel

fibers (3:3) are used in crack resistant layer, and 13 mm steel fibers are used for the rests. The maximum size of sand for UHPC and FGCC is 1.25 mm.
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Table 2 Parameters of bullet
Diameter/ Length/ Radius of
curvature/mm (m-s™)

35CrMnSi 20 80 Oval 30 1290

Velocity/

Material Head shape

.. 1#Tin foil 2#Tin foil
30 mm cannon Projectile target target

T

Concrete target
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Fig. 2 Schematic diagram of penetration experiment
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Table 3 Test parameters of different targets

Target Penetration velocity/ Mass/g

number (m~s’1) Explosive Equivalent TNT
ocC 1290 33 52.14
UHPC 1290 33 52.14
FGCC 1290 70 110.6
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Table 4 Parameters of bullet model

pl(gem™)  Bulk modulus/  Specific heat Shear modulus/  Yield strength/ . Enhan-cement  Hardening
. 1l Strain rate constant .
GPa capacity/(J’kg ‘K) GPa GPa index constant/GPa
7.76 203 471 98.5 1.59 0.014 0.15 3
o . . Reference
D1 D2 D3 D4 D5 Thermal softening index ~ Melting point/K
temperature/K

0.05 3.44 -2.12 0.002 0.61 1.03 1793 293

Note: D1, D2, D3, D4 and D5 are damage constants.

£5 REHERsRY

Table 5 Parameters of concrete model

pl(grem™) A1/GPa A2/GPa A3/GPa T1/GPa  Shear modulus/Ga f/GPa
2.75 35.27 39.58 9.04 35.27 22.06 0.185
. . 1 . . . . R Reference
Specific heat capacity/(J’kg *K™')  Tensile strain rate Breaking strength constant Breaking strength index D1 D2
temperature/K
654 0.0125 1.6 0.61 0.04 1 293

Note: A1 is bulk modulus. 42, A3 and T1 are material constants. D1 and D2 are damage constants.
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Table 6 Parameters of alumina model

5. Gruneisen Parameter ~ Shear modulus/ Yield stress/
pl(gem™) ) a
coefficient Cl/(m's ) GPa GPa
3.9 0.5 6.9x10° 100 8

JEZ4RAL Yy 8701, ARETTFERH JWL, JEZHH
B EARSHINZE 7 FioR.

£ 7 IEHER S H2S)

Table 7 Parameters of explosive material

Explosive p/ D/ A/ B/ R R E/ P/
12}

type (g-cm’S) (ms") GPa GPa ! : (GJm™) GPa

8701 1.78 8425 854.520.493 4.6 1.35 025 9.5  29.66

Note: D is C-J detonation velocity. E is C-J energy per unit volume. P is
C-J pressure. 4, B, R1, R2 and w are JWL coefficients.
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Table 8 Comparison of experiment and simulation results
of different targets

. Experimental ~ Simulated
Penetration

Target K . benetration penetration Error/%
velocity/(m's ™)
depth/mm depth/mm
oC 1290 261 250 4.2
UHPC 1290 234 225 3.8
FGCC 1290 81.6 84 2.9
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Fig. 9 Simulation failure modes of different targets subjected to penetration
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Fig. 11 Simulation damage distribution of different targets subjected to penetration
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Fig. 12 Energy conversion during penetration
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Table 9 Comparison of experiment and simulation results
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Penetration Experimental ~ Simulated

Explosive

Target  velocity/ crater crater Error/%
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(ms™) depth/mm depth/mm
ocC 1290 33 270 285 5.6
UHPC 1290 33 260 272 4.6
FGCC 1290 70 92 98.9 7.0
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Fig. 13 Failure mode and damage distribution of different targets subjected to explosion
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change of FGCC target subjected to explosion
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