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Abstract: Aiming at theJack ‘of material model parameters in the numerical simulation of projectile penetration into C120 ultra-
high-strength reinféiced conerete, a systematic study was conducted on the static and dynamic mechanical property testing of
ultra-high-strength concreté, and the calibration of parameters for the Holmquist-Johnson-Cook (HJC) constitutive model. The
experimental program in€luded static uniaxial compression tests, triaxial compression tests, Brazilian splitting tests, quasi-static
compression tests under various loading rates, split Hopkinson pressure bar (SHPB) tests, and one-dimensional Lagrange high-
pressure shock tests. Based on the systematic experimental data, the strength parameters, damage parameters, and equation of
state parameters of the HIC model were determined through curve fitting methods. The experimental results demonstrated that
C120 concrete exhibits significant strain rate sensitivity, with compressive strength increasing substantially as strain rate increases

from quasi-static to dynamic loading conditions. The calibrated HIC model parameters include the normalized cohesive strength
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coefficient, pressure hardening coefficient, and strain rate coefficient. Numerical simulations of projectile penetration into C120
concrete targets were performed using the calibrated parameters in LS-DYNA finite element software. Validation tests were
conducted with projectiles penetrating concrete targets at high velocity. The simulation results showed that the residual velocity
error was less than three percent compared to experimental measurements, confirming the accuracy of the calibrated model
parameters. This research provides reliable material model parameters for anti-penetration performance analysis and numerical
simulation of C120 ultra-high strength concrete protective structures.

Keywords: C120 Ultra-high strength concrete; static mechanical performance; dynamical mechanical performance; Holmquist-

Johnson-Cook model; parameter calibration
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Fig.4 Relation curve of stress with strain archived by uniaxial compression test
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Table 2 Uniaxial compression test results

Y5 ARALL JE4EH & /(GPa) PUEEE /(MPa)

D-1 0.20 17.31 124.38

D-2 0.21 17.49 117.95

D-3 0.19 18.68 134.99
FEME 0.20 17.83 125.77

R 2 7l 4, il D-3 iR i E, 23 134.99 MPa; D-2 FtERE AL, N 117.95
MPa, =/MALF5RE 5 FEME R Z RN 7.33%. #54 GB/T  50081-2019 (VREEYFE /724 AE il 56

GFRE ARG, WP E— RO EABE ) 2.5~3.5 £5B3%1, &
&%, B 53.49 GPa.
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Fig.6 Relation curve of stress with displacement archived by Brazilian splitting test
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Table 3 Brazilian splitting test results

G5 PLHiEE / (MPa)

P-1 4.95

p-2 5.68

P-3 4.99
SERIME 5.21

=R BUE S T EE R Z R RN 9.02%, £F4& GB/T 50081-2019 (JREELYE 122 ERE LG
JIERRAE) BRGNS EME I ZE AR 15%HE, =AM IRER AR, Eak3 ™
185 C120 B E TR IREE L IHREEA 0.041, (LT e+ A H 0.09:0:1005, KU
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Table 4 Triaxial compression test results

Rl R/ PUE S E/(MPa) JE 4155/ (GPa) TR L TR N
(MPa) P FE MR CFE WRE Pl /MPa) /()
124 17.31 0.20
0 118 126 17.49 17.83 0.21 0.20
135 18.68 0.19
171 29.85 0.37
10 173 175 30.22 30.54 0.38 0.39
181 31.55 0.42
232 36.30 0.31
417 29.68
20 241 237 37.85 37.0 0.34 0.32
238 36.85 0.31
266 32.70 0.29
40 270 272 33.25 33.4 0.31 0.30
280 34.25 0.30
287 33.45 0.46
60 293 34.1 0.48
290 33.90 0.50
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Fig.7 Triaxial compression test results
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Fig.10 Mohr’s circle of stress
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Fig.11 Results of quasi-statié compression under various strain rate
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}(aBIe 5 Results of quasi-static compression test
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TRBE AR PAEAN R AR 286N IR0 9 B K SRR AR 45 A1) T3 6L R AUy % R0 AR 327K -
B 3-4 DMERCATIRIG S R IME,  RBON A PBE NAR 2 B A, Ul 26 4n &1 16 s .
* 6 hSHFMRENRER
Table 6 Results of ultra strength concrete SHPB test

=2 NARZE /(/s) PUESRE /(MPa) RIIWAR /(%1076
1 74.12 195.3 4461
2 92.36 2104 5566
3 167.2 2335 6954
4 181.76 245.6 7659
5 209.43 234.8 7623
6 217.2 240.35 8476
7 246.34 2552 9216
8 2477 242.41 9268
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Fig.16 Curves of ultra strength concrete stress under various strain rate
% SHPB A% & # BRI, SHPB X RF (@30mm) /M FHEFSARIASF (O50mm) , 7IfE
AAAE—RE MRS RS . AR Li M MengBOG TR+ SHPB w3 it 7T, ulfF R 30-100

10



mOE 5 &
Explosion and Shock Waves

mm Y5 AL, SREEZER/NT 5%; Bischoff A PerryBURBF AR, RHRUNX S5 50 2 o
A7 (DIF) HUENaAH IR, HRERIRHRN, ASCR ARSI AE AR EE (MR 4.17x10° 5! I 5
J¥% 138.42 MPa) {EJyit% DIF f2EAE, THARPRAERRIAIOHAR, DI/ RT 225 M. 50 3ReS
[f) DIF {6 (1.41-1.84) 53CHRRIER) C100-C120 iR#E L DIF i IEA 25234, R RFHHIE
TATRR, AN AR

IO FRAT 1 SR S VR RE T AE 74/5~248/s ARG Bl NI BIAS R AR R B o AEIX NIRRT Y,
T o SR P VRt A A BUR 5 E o, 7F 195MPa~255MPa 2 [1], &, 7E 4461 X 106~9268 X 106 2 [
TEARBO AR PE T, i o B TRt ) 20 A Pl P e B B AR S (M R AR ARG AR, I 17
Fi7R . P TR B KR R )7, 8 v PRt P SR 2 A 5 8 A PR I
IEZRPEMCHE, W 18 fr, K& mECR R =),

260 0.010

— st b — wul
250 . 0.009 |- A A

0.008

o283

= 0.007h

WK

0.006 1

0.0054

0.00:

190 1 1 1 1 1 1 1 1 1 1 4 1 1 1 1 1 1 1 1 1 1
60 80 100 120 140 160 180 200 220 240 260 60 80 100 120 140 160 180 200 220 240 260
FAE (s R ()

17 B2 Sl 70 s - B AR R R K18 JRABNAR - M AR 3G AR

Figl6 Dynamic uniaxial compressivestrength-strain rate ) ) ) ) ) )
) ) Figl7 Failure strain-strain rate relationship
relationship

o, = 0285+182 (1)

£, = 2.55¢—5£+2.84¢e—-3 )

R S ) RS AR e F OB B 19 I, RIAERMA, IRt RIR 5

FORESER N MR 18 TTLLE S MR T (74 5D B R T ROR (1020 mm) 5 SEBEZLRE

Bt BIRERT (246 5O/ MR EE, BHNTERAD (Smm) , MR, X g
BT 52 ke T A8 2t e N 2 e e

=N

74s7! 925! 167s! 217s! 246s!
19 [N A8 ZR 5 VR ik B AR A2 B P 2 i

Fig.19 Strain rate effect on concrete fragment degree

3 BEAEMR
YRR R R MR R, R REE BT GPa B ARA . SRFI 40 20 Bt —4
PR B LRI B T C120 7 o ok R VR - 1 o I o e e

11



mOE 5 &
Explosion and Shock Waves

20 e P bk Y H IR B
Fig.20 Lagrange test device of high pressure shock

WIS ILEAT 7 5 AR ) TOU IR RSt an B 21 Bt ) Bv@80x10mm )7 i
AT 1 B ©80 > 30mm ) J5 VR #k A [F]-Co B TR0 A, AN A B 200 e il 4 s BEL 100

X

Bl 21 s b vl ik
Fig.21 Ultra high strength congrete specimen of high pressure shock test
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Table 7 Results of ultra high strength concrete high pressure shock test

P /(GPa) D, /(knv/s)
75 Wk Py U ems) ikt Ff o Aglemd) yz

7.08 3.56

1 7.37 7.21 0.83 3.68 3.61 3.12 0.30
7.18 3.59
8.87 3.82

2 9.25 9.04 0.97 3.96 3.88 3.20 0:33
9.18 3.86
10.46 4.01

3 10.83 10.60 1.09 4.10 4.05 3.28 0.37
10.51 4.04
10.98 4.17

4 11.41 11.17 1.10 431 4.3 3.24 0.35
11.12 424
13.09 443

5 13.62 13.32 1.23 4.58 4.50 3.31 0.38
13.25 4.59

B v “r

D (km/s)

D, =1.84+2,10/
R =0943 8r

P=52940,026°

R =0871

L L L L L L L
o8 0.9, Yo L1 1.2 L3 0.30 0.32 0.31 0.36 0.38
U (km/s) n

i3 i D~ sk 24 i DT H s
Fig.23 Relation curve of D=V, Fig.24 Relation curve of P—p
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D, =1.84+2.10U, (3)
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AR s SIE8ONE S M) F) A AL ARG R 118190, R FL BRI e ()t IR VR = SR RHE RAR T L i AR 2 A sy
HKIE T 54T, O LS-DYNA HIRFTO A5, T2 N RS AR e e 3 25
Wi ML AT o HIC BRI IR 1A N/ 5K s 0 RS I RIAE R 2 [Al ) o0 R, 1 BEA R g REAE Y
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SEFERR W 25 AR, REN:
o*=[A1-D)+B-P™]-[1+C-In(¢")] )
Arh, BRNEUNJo*=0clf,, o NERFRRNS, fAFSHUERE: D NHHEEF, D=1
TR, D=0FXRIHNG. PALENGHFKIES, P=plf., p NERFEKES: & Nk
BNNARR, & =¢/é), e NBHENEHE, & NEBRNAER., 4. B. CHN HFRFERE.

r 3
o_1=
D =00KIEH)
Smax ————— X =z =
e D = 1R
o,
2, é*>1
g==1
o*=[4(1-D)+BP*N J[1+ Cln(s")]
T*(1-D) P*

K 25 JR#EE L HIC #REF AR

Fig.25 HJC constitutive model of ultra strength soncrete
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D (P +T )[)2 > EF;THH (6)
X, D D, ARFEBUIZEG  EF,, MR ) /N B VERAZ
4
h
N Aep + 4
™) D Z iz +’u§P
E}:;Tllll
3
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Fig.26 HIC damage model of ultra strength concrete
HIC WRETTRER A 27 Fros iK1 P MVRRAN AR 1 1) o B ek BOEAT Hiiik

K- Hs H < Hegn

P= Pcrush + Klock (/’I - #crush )5 :ucrush < H < #lock (7)
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B‘uck _________
P F = ,

crush , :

v
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K 27 REEL HICRE TR =
Fig.27 Ultra high strength concrete HIC equation of state model
MRIEC (4) 1 HIC R IR, ERFS BB PR RIG T, 0 0 B ik RIS AARE AR B fh
(D=0) Wf, HP = /3, WMP* = 1/3; FRALR: 5SHRAL R, A8, We'=1. HILA:

1 N
A+B|—| =1
+ (3} (8)
deEF R (4 AT

a*=1+Clné* )
FIHR (9) X% 4 BRI BER AT RYE R G, WASE W 28 Fr R & 2k
o =0.0047In& +0.9665 ([HTZE$0.979) , HAHIEMHMNTRAKC = 0.0047 .

1.06 | -
]
1.05
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[
n 1.03
*Q«
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1. 024
10l N N
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Fig.28 HIC strain rate coefficients fitting curve of ultra high strength concrete
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* 8 mEMERIESR
Table 8 Results of high pressure shock test

EE P2/ (MPa) PURHEEE 0,/ (MPa) P* o*
0 126 0.33 1.00
10 175 0.51 1.31
20 237 0.73 1.72
40 272 0.93 1.84
60 293 1.09 1.85

FE iSO, BRI LG, S M e! =0.008, HILATELEF,, =0.008 . 5 REE]—M

HD, =1, P*=1/61
EF

TP AT (11)

1
AI3E] D, =0.038
FERESHOT I, BIREELRE £ ATREI P, = [ /3=4192MPa\, REIEE:

c_ E
2(1-2v)

=29.72 GPa (12)

crush
A% RS IR A8 ISR B o i (1 P 2 SLER R ¢ =17% » WIS 3 g1 = 0.022 ¢
A ORI s, A AR R RSB A K, =19GPa . K, =—69GPa. K, =350GPa .
XS A BRI = AR 40 0 — PR AT AR S, IR SRR g — P EREATRAS, WK
B, =16GPa.

it B IATHE, ¥ HIC AMIER SHI T3 9,
x Y BERERELT HIC MRHERISH
Table 9 HIGumodel preferences of ultra high strength concrete

e = P | K& 10,0043 (13)

A B C N f./MPa  SFMAX  G/GPa RO
0.33 156 0.0047 0.73 125.77 7 18.8 2400
P un/Mpa Werush Poa/MPa Mg KI/GPa  K2/GPa  K3/GPa  T/MPa
41,95 0.0043 1600 0.022 19 -69 350 5.2
DI D2 EFMIN
0.038 1 0.008

E, BT RGIE CI20 RE LB S 2R CRMES . =8B, ErEEERD. 38
SHPB 16 (W AZ% 74 /s % 248 /s Rl R oA B H AR, FRE T EAE R E S
(A. B. C. N). #iifiz# (D1. D2) FURESHESE (K1. K2. K3) fFERHI5EHE HIC A S5,
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Fig.29 Practicality photo of C120 ultra high stref 'i
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Fig.30 Process efprojeetile penetrating ultra high strength concrete drone
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Kk, ot IR
B
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Table 10 Material model parameters of the projectile

p/(kg.m3) G/GPa A/MPa B/MPa N C M TM/K
7850 77 1372 835 0.247 0.062 0.84 1793
TR/K EPSO/s-!
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Fig.31 Simulation model of projectile penetrating ultra high strength ¢ cré&

Kl 32 RIS HEE R
Fig.32 Penetrating s, 0f pro'j}ctile penetrating ultra high strength concrete drone
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Fig.33 Simulation result of penetrating velocity and time course curve

AR VEAL IR W RCRE S EVURN AT SE RO SR S PEFR bR, ELHR SRR 1 30 S5 80O ELAE H it 2
HHRERAER, WRAMEIOR, ST, FRRIMEZ MBI GEE . R SRR
FIXTEEINER 11 BoR, M BARE S R ARE AW 2.4%, WIE 13T AChRE K HIC B S 4 hE
i AER TN 30 FUR A C120 YREE L 1R AIRLR .
& 11 REEEMHREESR

Table 11 Experimental verification and simulation results
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W (m/s) R RH (m/s) PR FLATE (m/s) w7 (%)
1421.4 387.5 378.3 24

6 & 1

EEXHRAY) C120 8 5 B VR e A1 FLRT 7 MRS K S0 52 I, RGuIFRE T C120 #8 sk
FEVREE LA R R4 . S REAE . TR, MR SRR . 304 SHPB K m R rh iR,
AT TIRE L ME IS S E RS, AT T HIC MEMERI AL, R C120 8 o B VR i+
PiEH R T E B, FELERA:

(1) C120 #Bf 50 B TR AE - i B T R SR N 125.77MPa, JE4Ef &N 17.83GPa, JHIALL N
0.20, FRHNHTRIGEE N 5.21MPa;

(2) C120 VR LA BB N AR ZIE RN, RIARFEH 8.33E-04/s #2H B 217E-03/s I, VR EE
FAR B AU SR 1 124.00MPa 275 4 138.42MPa; NARR M 7413/ FRTH 5 247.7/s I, UL ®
J% 1 195.3MPa 25 £ 242.41MPa;

(3) AR T C120 #Esm LRG58 31 HIC MRS $, GRS E S8, s 5m
REHESH . BUFRR TR, BSR4 R AIRETN2,4%, FTHAER TN 3R
5 R VR - R A RN
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