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Resistance of Ultra-High Performance Concrete, Fiber Reinforced High Strength Concrete
and Engineered Cementitious Composite Against Projectile Penetration

ZHONG Rui', ZHANG Fengling’
(1. Engineering Research Center of Safety and Protection of Explosion & Impact of Ministry of Education, School of Civil
Engineering, Southeast University, Nanjing 211189, China; 2. Department of Civil and Environmental Engineering, National
University of Singapore, 117576 Singapore)

Abstract: The effectiveness of ultra-high performance concrete (UHPC), fiber reinforced high strength concrete (FRHSC), and
engineered cementitious composite (ECC) against projectile penetration was investigated. The influence of compressive strength,
relative size of projectile to aggregate, and effective hardness on the penetration depth was analyzed. Key parameters of K&C
constitutive model were calibrated with the corresponding experimental data available in literature. The calibrated model was used to
simulate the response of UHPC subjected to projectile penetration in terms of penetration depth and equivalent crater diameter. The
numerical prediction is in a reasonable agreement with the experimental results.
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Table 1 Mixture proportions of different advanced concretes

Mix proportion/(kg'm™)

Mixture ~ Water/binder ratio . Superplasticizer Volume fraction of fiber
Cement Silica fume Fly ash Water Coarse aggregate Sand
Polycarboxylate Naphthalene
ECC-PVA 0.25 587 704 323 469° 10 2% PVA®
0.5% steel +
ECC-ST+PE 0.25 1478 148 414 17
1.5% PE°
FRHSC-60 0.50 410 205 946 760 3 0.5% steel®
FRHSC-85 0.35 480 168 946 776 10 0.5% steel®
FRHSC-110 0.28 450 45! 139 946 772 10 0.5% steel®
UHPC-S 3.0% steel”
UHPC-A 3.0% steel’

Note: * Quartz sand with maximum size 0.25 mm; ® PVA fiber with a diameter of 0.04 mm and length of 12 mm;° PE fiber with a diameter of 0.04 mm and

length of 12 mm; ¢ Straight steel fiber with a diameter of 0.16 mm and length of 13 mm; © Straight steel fiber with a diameter of 0.20 mm and three lengths of 5
mm (1%), 13 mm (1%), and 30 mm (1%);" Hooked steel fiber with a diameter of 0.55 mm and length of 30 mm. UHPC-S and UHPC-A were purchased from

Singapore and USA, respectively.
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Table 2 Summary of test results

Mixture dy/mm dy/mm f/MPa G/(kJ-m™) Hy H. Vo /(m's™) Dp/mm d. /mm
ECC-PVA 28 0.25 65 133.77 61 61 379 109 154
ECC-ST+PE 28 93 94.53 45 45 372 99 161
FRHSC-60 28 10.00 72 NA 52 72 401 79 279
FRHSC-85 28 10.00 108 0.47 64 78 392 77 188
FRHSC-110 28 10.00 156 N.A 69 82 401 73 180
UHPC-S-1 28 2.00 186 35.15 78 78 405 70 173
UHPC-S-2 28 2.00 186 35.15 78 78 412 68 151
UHPC-A-1 28 1.00 216 2.60 83 83 405 75 217
UHPC-A-2 28 1.00 216 2.60 83 83 404 79 241
ECC-ST+PE 28 1.00 91 94.53 45 45 640 242 190
FRHSC-60 28 10.00 69 N.A 52 72 591 115 269
FRHSC-85 28 10.00 116 0.47 64 78 "600 115 257
UHPC-S 28 2.00 186 35.15 78 78 616 120 308
UHPC-A 28 1.00 216 2.60 83 83 625 122 320
ECC-PVA 8 0.25 'y} 133.77 61 47 408 24 30
ECC-ST+PE 8 79 94.53 45 54 411 29 29
FRHSC-60 8 10.00 61 N.A 52 73 404 18 120
FRHSC-85 8 10.00 94 0.47 64 78 396 12 104
FRHSC-110 8 10.00 118 N.A 69 80 411 11 95
UHPC-S 8 2.00 176 35.15 78 78 408 12 93
UHPC-A 8 1.00 202 2.60 83 83 409 15 104




. 2426 - (HERR Sh22 400

J Chin Ceram Soc, 2021, 49(11): 2423-2434

2021 4F

(R0 38 F 55 2% = T FRHSC LA 2 ECC. 4RTM,
Frp b AR F R A EROIRCRE J1(G)iE /T ECC.
BRI GRS S WE 1 KB 2. 7T LA
R R R, RO B, B R
PEEE, AR WR (D) 5 YU AR S5 38 K o AF [F] R
FAZWIERE T, UHPC f& FRHSC FIAZ AR FE iz /s
F ECC,
2.2 EBREXRUNIRE RSN

VAT A RUSUE T AT LA 4 ) AL AR AT
TREE, AR MR IR BT 1) A O A A DU, SEBRAR
I BEAR BT B AR FE AT A /N i 25 o kR I B

UHPC-S-2
V,=412 m/s
Vi=3%

' ECC-ST+PE
- V=372 m/s

Saanas: | vee16mis
| Vi=2% £ V.=3%

FRHSC-60
¥,=591 m/s
V,=0.5%

AL IFEIE , R SR AR AT 1A — AL B .
Bl 3a JEZR TN AR AR A — AR AR B
(D, 1V YHE 3P 5 BE VR B - BT s 588 BE ) A8 A LA
AILLVR I, AE— 8 BAE 6 B P — AR A0 2R 2 B
5 B0 o D Y s ek S o R I — e A S

HE— 0 4 PR 5 B I A B A RO MR TR FE

1M A7TE P 6 208 . [ FE (9 I R AE K AR 3R
(dy=28 mm) LA J T 15 4 FE (600 m/s) 12 41 56 v 4
MEEE(E 3b). ARIIER S Zhang ZPHI wWu
sl gk B, UAHENT, BRIUE RS 2 AMFLE
FUE PR 3R R X e e TR B L R R AIER B

FRHSC-85
V=600 m/s

UHPC-A
V=625 m/s

V=% o i V:=0.5%

ECC-ST+PE
V=640 m/s
Vei=2%

K1 KPR L(d,=28 mm) R AR 5 REAA R 475155 L

Fig. 1

Post impact images of specimens using large caliber projectile
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Fig. 9 Effect of erosion strain (tensile and shear strain) on depth of penetration and equivalent crater diameter

£3 KA K&C RESH
Table 3 Calibrated parameters of K&C model*!

Material ap/MPa aj a/MPa™! aoy/MPa aiy azy/MPa*l air a,/MPa™!
UHPC-S 60.48 0.446 3 0.001052 38.32 0.6250 0.003 090 0.4417 0.000 989
UHPC-A 69.67 0.446 3 0.000913 44.15 0.6250 0.002 690 0.4417 0.000 859
Material Ro/(kg'm™) v f/MPa by by b3 OMEGA LocWidth/mm
UHPC-S 2567 0.20 12.0 0.15"/-0.12" ~4.39/-4.39" 1.15 0.75 212"
UHPC-A 2654 0.21 18.0 —0.60"/-0.97" —4.05"/-4.05" 1.15 0.75 212"

Note: * For mesh size of 3 mm; # For mesh size of 1.5 mm; Ry is the density; v is the Poisson’s ratio; f; is the tensile strength; b;, b, and b5 are the damage

evolution parameters for uniaxial compression, uniaxial tension and triaxial tension, respectively; OMEGA is the shear dilatancy parameter; LocWidth is the

localization width.
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Fig. 10 Comparison of numerical and experimental results for static properties
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Table 4 Comparison of numerical and experimental results on depth of penetration and equivalent crater diameter

Impact velocity

Depth of penetration/mm

Equivalent crater diameter/mm

UHPC Projectile . - - - -
/(m's™) Experimental Numerical Error/%  Experimental Numerical Error/%

UHPC-S 28-mm-diameter 412 68 71 4 151 178 18

UHPC-S 28-mm-diameter 405 70 70 0 173 176 2
UHPC-S 28-mm-diameter 616 120 112 -6 308 324 5
UHPC-A 28-mm-diameter 404 79 75 =5 241 186 -23
UHPC-A 28-mm-diameter 405 75 75 0 217 185 -15
UHPC-A 28-mm-diameter 625 122 107 -12 320 310 -3
UHPC-S 8-mm-diameter 408 12 15 25 47 43 -9
UHPC-A 8-mm-diameter 409 15 17 13 55 47 -15
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