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Abstract: This study aims to systematically investigate the penetration resistance of ultra-high perfor-
mance concrete (UHPC) against long-rod projectile impacts and analyze the influence of compressive
strength on the anti-penetration performance of UHPC, thereby providing a theoretical basis and engi-
neering guidance for the design of UHPC protective structures. Using the calibrated K&.C (Karagozian
&. Case) model, the process of long—rod projectiles penetrating normal concrete and UHPC targets

was modeled and numerically simulated in the LS-DYNA finite element software. With the verified
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K&.C model parameters, further numerical simulations of prototype long-rod projectiles into UHPC
were carried out. Based on the numerical simulation results, the Berezan empirical formula was modi-
fied and verified, and the modified Berezan formula was compared with other commonly used empiri-
cal formulas. The results showed that: (1) the increase in compressive strength of UHPC enhanced its
anti-penetration performance, but this advantage gradually weakened as compressive strength in-
creased. (2) The reliability and accuracy of the numerical simulation results could be verified using ex-
perimental data. Additionally, the relationship between the penetration coefficient Kq and the compres-
sive strength fc for UHPC with strength grades C100-C200 was derived, providing a valuable refer-
ence for evaluating the anti-penetration performance of UHPC with different strengths. (3) By compar-
ing the experimental results with other empirical formulas, the accuracy of the modified Berezan for-
mula was verified. This formula could accurately predict the penetration depth of long-rod projectiles
into UHPC with strength grades C100-C200 at impact velocities of 200-700 m/s, providing useful
guidance for the design of UHPC protective structures.

Keywords: penetration; UHPC; numerical simulation; long-rod projectile; modified Berezan formula
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Fig.1 Finite element model of UHPC target and long-rod

projectile
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Fig.3 Mesh division of UHPC target and long-rod projectile
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Table 1 Material parameters of 35CrMnSiA

W/ (kgem *) BRMERCE/GPa ARSI JH R /MPa

7 850 194 0.30 1675
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Table 2 Main parameters of KC model

ETRe f./MPa f./MPa a,/MPa a,/MPa ! oy sy
UHPC-1 100 6.479 22.220 0.001 789 22.130 0.004 938
UHPC-2 120 7.316 26.666 0.001 491 26.556 0.004 115
UHPC-3 150 8.490 33.330 0.001 193 33.195 0.003 292
UHPC4 180 9.588 39.996 0.000 994 39.834 0.002 743
UHPC-5 200 10.285 44.440 0.000 895 44.260 0.002 469
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Table 3 Comparison between numerical simulation and

experimental results

ZHITRE /mm H YL EAS /mm
e A ®m K s R
i i =% A i =%

e Hk/
%5 (mes )

1# 820 274 285 4.0 239 257 7.5
2% 690 239 253 5.9 226 243 6.9
3% 800 155 167 7.7 80 85 6.2
44 365 530 557 5.1 890 930 4.5
5% 294 209 202 3.5 250 235 4.1
6% 345 227 241 6.3 320 295 7.8
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Fig.4 Comparison of target damage between experiments and numerical simulations at different penetration velocities
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Table 4 Technical specifications of conventional guided

weapons

HHRAFMS d/m L/m L./d P/kg #-#55
GBU-24A  0.370 4.32 1.66 874 BLU-109B
GBU-28B  0.368 5.84 0.87 2000 BLU-113
GBU-16 0.36 3.7 1.94 227 MKS83
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Fig.5 Numerical simulation of penetration depth
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Fig.6 Relationship curves between relative penetration depth and compressive strength
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Fig.7 Comparison of penetration coefficients for concrete

with different strengths
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i A P 57 . UHPC =21 R ECS PR B O R L
%9, 1% H T K AT 4k £8 200~800 m/s {2 ] UHPC
UK, A5 3] UHPC =21 R 505 % 5~6 FI
RTHRMEBS LR . 256 2 S AW E M
UHPC {21 & 8, AR 3 E UHPC 2 &5 K, 590
JESRBE [ R AT HLA N

K,=2.32X10°(f) " (3)

#&5 UHPCEHZE(300 m/s)
Table 5 Penetration coefficients of UHPC (300 m/s)

UHPC 5 i % 4 C100 €120 C150 C180 €200
GBU-24A 510 4.53 4.30 4.14 3.97

K,(<1077) GBU-28B 5.09 4.65 4.40 4.19 4.06
GBU-16  5.04 4.70 4.52 4.19 3.95

6 UHPC i) ZE(500 m/s)
Table 6 Penetration coefficients of UHPC (500 m/s)

UHPC 38 i 55 9 C100 C120 €150 C180 C200
GBU-24A  5.10 4.69 440 4.12 4.01
K,(X1077) GBU-28B 5.09 4.70 4.40 4.20 4.05
GBU-16  5.09 4.83 4.32 4.16 3.98




%7 UHPCEHZEE(700 m/s)
Table 7 Penetration coefficients of UHPC (700 m/s)

UHPC 5 FE 55 9% C100 C120 C150 €180 C200

GBU-24A 509 4.73 435 4.19 4.05
K,(X107") GBU-28B 5.10 4.70 4.40 4.21 4.06
GBU-16  5.10 4.62 4.34 4.15 4.04

%8 UHPCE4# R %(200~800 m/s)
Table 8 Penetration coefficients of UHPC (200~800 m/s)

UHPC 58 Ji#
” C100 €120 C150 C180 (€200
R

K,(<10°7) 5.09 4.68 4.38 4.17 4.02

2.4 {EIEBerezan A 5 H M EGZ AN ALK

T B AE Pk B Berezan 2 2 1Y E i ME 5 Al &
PE K H 5505 2 R MR AT R L RS
At 5 A A= 000 OR B T 28 3 — R AT X b, A4
NDRC 4 &%, C. W. Young /4 &% LI J ACE /4
KRB 8 R, MTLLEH ,ACEARYS
NDRC 28 2CAE F0 ) AT 5K 4= 15 UHPC #0844 1Y
TR 45 Wi F AR AR, C.W. Young 2 2 il T ) 45 SR U]
TR . A SCB IE A Berezan 23 20X} K AT 3L 1A 42
B UHPC 9 000 45 5 5 850 (8 1045 L 1 22 80/0N , Tl

ISR ROR Fe
600
® Test result for 160MPa UHPC™!
so0k— Berezan modified formula in the present study
' =+= NDRC formula
— ACE formula

g 400+ - - Young formula
E 95% B{5HF e i
o 300F  95% M P e
Q
a

200 250 300 350 400
V/(mes™)

K8 BR Berezan A5 % H &5 A AT
Fig.8 Comparison between modified Berezan formula and

commonly used empirical formulas
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BT B OE R KC IR B+ A f s R, R H
LS-Dyna # 37 T KT 54K 2 %1 UHPC $24K 19 A B
JUAR Y I AE T N GR5 B B 5 i SE A b — 2P R
T UHPC ) KC A< #4152 Y 2500, 81 S i A 7Y 5 4K

Yo g AR 2506 7.7% LATF il B B LT 58 T B
JE 38 & 100~200 MPa () UHPC 7&K AT # 14 200~
800 m/s Wi 3 BE T Ay 4= 10 T B A8 A AR L 45 31
R

(DK AF s AR 1 2 0 5 UHPC $E R $T
A %, UHPC M0 58 B 19 42 = A AT Hbi iz
1V BB (4 $2 Tt (H 3 Fl O 34 B B 0 R 8 B 1 4 1 8

(2) BB A0 25 SR 1) o] 5 RO 42 T3 e 3
5 A5 2 (10 25 FBCHE JEAT S0 UE , [A]BEAS T 5 R AR
C100-C200 ) UHPC 2 R # K, S Ht 5 B £ Z [H]
(56 2, N PEAL AR [A] 58 8 UHPC (3043 1) 7 A 42 it
THMENS% .,

(3) 38 i Xt it e 25 R A H b 2 56 A X B IE
J5i 1 Berezan 28 3 09 i #0 PE 15 2] T 504, % A X AE
fif v Bty T K AT SR 7E 200~700 m/s % 0 JE R
15 190 3 B 45 4% C100-C200 (1) UHPC = 81 % BE , hy
UHPC By 45/ g s A 25 48 5 .

SR

(1] BJ74E . NIE L R i A 7 B 47 AR 7E 2R Ok 4 b

MVE AL [C L/ R TR E B 40 TR 4y &
S Im PSS B LU EAR S KA E AR TR
2745 ,2004:1-9.
Yue W Y. The role and position of protective engineer-
ing in future wars as viewed from recent local conflicts
[C] //The Fifth Council and the Ninth Academic Con-
ference of the Protective Engineering Branch of the Chi-
na Civil Engineering Society. Changchun: China Civil
Engineering Society, 2004:1-9.(in Chinese)

(2] GR/ANAR, WAE, FoMRAT . S I I 4 I 53 AT 9 OR

TOARFFE B LI ] RAL T 5, 2020(11) : 31-36.
Zhang X D, Hu H, Jiang L J. Analysis of tactical and
technical characteristics of US navy tomahawk cruise
missile [J]. Aerodynamic Missile Journal, 2020 (11) :
31-36. (in Chinese)

[3] Redondo-Mosquera J D, Sanchez-Angarita D, Redon-
do-Pérez M, et al. Development of high-volume recy-
cled glass ultra-high-performance concrete with high
C3A cement[J]. Case Studies in Construction Materi-
als, 2023, 18: e01906.

[4] Alkaysi M, El-Tawil S, Liu Z C, et al. Effects of silica
powder and cement type on durability of ultra high per-
formance concrete (UHPC) [J]. Cement and Concrete

Composites, 2016, 66: 47-56.

1095



[6]

[7]

[9]

[10]

[11]

[13]

[14]

M, {5, AR . UHPC B 37 T8 kL 58 3
JELI]. i TR, 2023, 45(1): 1-7.

LaiJZ, He Y, Ren H Q. Progress of UHPC protective
engineering material research [J]. Protective Engineer-
ing, 2023, 45(1): 1-7. (in Chinese)

Wang W, Song X D, Yang J C, et al. Experimental and
numerical research on the effect of ogive-nose projectile
penetrating UR50 ultra-early-strength concrete [J]. Ce-
ment and Concrete Composites, 2023, 136: 104902.
HCHE SR A T, BRI T R R R B L DU A L B
Mo g AR K g S B O BCLT]. AR Ji 27, 2018, 35
(7): 167-175, 186.

Zhang W H, Zhang Y S, Chen Z Y. Penetration test
and numerical simulation of ultral-high performance con-
crete with a scaled earth penetrator[J]. Engineering Me-
chanics, 2018, 35(7): 167-175, 186. (in Chinese)

Wu H, Fang Q, Chen X W, et al. Projectile penetra-
tion of ultra-high performance cement based composites
at 510-1320m/s[J]. Construction and Building Materi-
als, 2015, 74: 188-200.

Maca P, Sovjak R, Konvalinka P. Mix design of UHP-
FRC and its response to projectile impact[J]. Interna-
tional Journal of Impact Engineering, 2014, 63:
158-163.

Wang S'S, Le HT N, Poh L H, et al. Resistance of
high-performance fiber-reinforced cement composites
against high-velocity projectile impact[J]. International
Journal of Impact Engineering, 2016, 95: 89-104.
Kong X Z, Fang Q, Wu H, et al. Numerical predic-
tions of cratering and scabbing in concrete slabs subject-
ed to projectile impact using a modified version of HJC
material model[ J]. International Journal of Impact Engi-
neering, 2016, 95: 61-71.

YR, WA, TR, 45 R AT BROG R B R R
MR 05 A BT T ). i W B2 4R, 2010, 24(5):
377-382.

Lian B, Jiang J W, Men J B, et al. Simulation analysis
on law of penetration of long-rod projectiles with high
speed into concrete [ J]. Chinese Journal of High Pres-
sure Physics, 2010, 24(5): 377-382. (in Chinese)
LA, R, RGERE, S5 AT R R R 1 TG R
R BE LS8 BF 52 KOOT ST [T]. S 0 5 b i,
2020, 40(9) : 54-65.

Wang J, WuHJ, ZhouJ Q, et al. Experiment research
and crater analysis of long rod hypervelocity penetration
into concrete [J]. Explosion and Shock Waves, 2020,
40(9) : 54-65. (in Chinese)

VWD, BRm i, s AT, A5 MR R AR AN e

1096

[15]

[16]

[17]

[18]

[19]

[21]

[22]

TREELAOHLE[T]. 2 T 224, 2022, 43(1): 37-47.
Lyu Y Q, Chen N X, Wu H J, et al. Mechanism of
high-velocity projectile penetrating into ultra-high perfor-
mance concrete target [J]. Acta Armamentarii, 2022,
43(1): 37-47. (in Chinese)

Fe g, BEE, B, F . AR E BRI
FETHRAST]. AR TR, 2021, 54(10) : 36-46.
Wang A B, Deng G Q, Yang X M, et al. A new gener-
al formula for calculating penetration depth [J]. China
Civil Engineering Journal, 2021, 54 (10) : 36-46. (in
Chinese)

HERAR, RAE A, JeaEbk, A SRR AR IR B 1
R0 U B BF 5 [T]. R 0 5 ek i, 2024, 44(2) -
136-150.

Nie XD, WuX Y, Long Z L, et al. Research on pene-
tration depth of projectiles into ultra-high performance
concrete targets [J].
2024, 44(2): 136-150. (in Chinese)

LiuJ, WuC Q, SuY, etal. Experimental and numeri-

Explosion and Shock Waves,

cal studies of ultra-high performance concrete targets
against high-velocity projectile impacts[J]. Engineering
Structures, 2018, 173: 166-179.

Feng J, Gao X D, LiJ Z, et al. Influence of fiber mix-
ture on impact response of ultra-high-performance hy-
brid fiber reinforced cementitious composite [J]. Com-
posites Part B: Engineering, 2019, 163: 487-496.
CaoYYY, YuQL, Tang W H, et al. Numerical in-
vestigation on ballistic performance of coarse-aggregat-
ed layered UHPFRC [J]. Construction and Building
Materials, 2020, 250: 118867.

Ren J, Xu Y X, Zhao X X, et al. Dynamic mechanical
behaviors and failure thresholds of ultra-high strength
low-alloy steel under strain rate 0.001/s to 106/s[J].
Materials Science and Engineering: A, 2018, 719:
178-191.

SR, B, FLRR, B2 TR UHPC #E
A543 B R 2800 Y B BRI TR LT ). v R B 24 3R
2024, 38(3): 161-173.

Zong X H, Wang Y, Kong X Z, et al. Numerical inves-
tigation on damage and failure of UHPC targets subject-
ed to dislocation multi-attacks [J]. Chinese Journal of
High Pressure Physics, 2024, 38(3): 161-173. (in Chi-
nese)

Su Q, Wu H, Fang Q. Calibration of KCC model for
UHPC under impact and blast loadings[J]. Cement and
Concrete Composites, 2022, 127: 104401.

Zhang F L, Shedbale A’ S, Zhong R, et al. Ultra-high

performance concrete subjected to high-velocity projec-



[24]

[25]

[26]

[27]

[28]

[29]

tile impact: Implementation of K&.C model with consid-
eration of failure surfaces and dynamic increase factors
[J]. International Journal of Impact Engineering, 2021,
155: 103907.

LiJ, Zhang Y X. Evolution and calibration of a numeri-
cal model for modelling of hybrid-fibre ECC panels un-
der high-velocity impact [J]. Composite Structures,
2011, 93(11): 2714-2722.

Luccioni B M, Ardaoz G F. Erosion criteria for frictional
materials under blast load [J]. Mecdnica Computacio-
nal, 2011, 30(21): 1809-1831.

B SRS BT R BE R LA RBOMESE DL
A MEATHLTOR %, 2016.

Xue J F. Research on the performance of projectile pene-
tration and perforation into concrete target [D]. Nan-
jing: Nanjing University of Science and Technology,
2016. (in Chinese)

Yang Y Z, Fang Q, Kong X Z. Failure mode and stress
wave propagation in concrete target subjected to a pro-
jectile penetration followed by charge explosion: Experi-
mental and numerical investigation [J]. International
Journal of Impact Engineering, 2023, 177: 104595.
LiuJ, Liu C, Qu K F, et al. Calibration of Holmquist
Johnson Cook (HJC) model for projectile penetration of
geopolymer-based concrete
(G-UHPC)[J]. Structures, 2022, 43: 149-163.

g R . 1R 1 B AT 4 49 R B L bR i M H A
WD) Fat: faH T K%, 2023,

ultra-high  performance

[30]

[31]

[32]

[33]

Zhang W. Anti-penetration test and numerical simula-
tion of ultra-high performance fiber reinforced concrete
[D]. Nanjing: Nanjing University of Science and Tech-
nology, 2023. (in Chinese)

FE A EE K R LR AKX A
BrlI]. B T#2,2020,42(6): 1-7.

Wang A B, Deng G Q, Zhang L, et al. Rationality
analysis of concrete penetration formula [J]. Protective
Engineering, 2020, 42(6): 1-7.(in Chinese)

L2 I o o I O [ 71 /AN W R R S
MERT (7], #5242, 2008, 20(2) @ 20-23.

Zhou J N, Jin F N, Wang B. Discussion on projectile
parameters in Gepesaun formula[J]. Journal of Ballis-
tics, 2008, 20(2): 20-23. (in Chinese)

Li Q M, Reid SR, Wen H M, et al. Local impact ef-
fects of hard missiles on concrete targets [J]. Interna-
tional Journal of Impact Engineering, 2005, 32(1/2/3/
4): 224-284.

SR ALHERS L BR T, 55 s AR AR B b ROBE S i
W55 B s #r [T ], B30 T4, 2020,42(2) : 1-10.

Wu B, Ren H Q, Chen L, et al. Experimental study
and theoretical analysis of scale effect of projectile pene-
trating concrete [J]. Protection Engineering, 2020, 42
(2): 1-10.(in Chinese)

U. S. Department of the Army. Fundamentals of protec-
tive design for conventional weapons[ M ]. Washington,

D.C.:Headquaters, Department of the Army, 1986.
(A% .RE)

1097



