wmOoE 5 &
Explosion and Shock Waves

DOI: 10.11883/bzycj-2025-0171

SaIPEREERA TES R R
MBS NFERHES R HE

sREL m L AL ERY GKEL?

LA TSN TR0, YI95 AT 210094; 2. i3 TR &Rl 5 TR, 15 FiR 210094)

W OE: N OE S TEREIREE L (Ultra-High Performance Concrete, UHPC) 7E&iR-VEm & 15 T HshE
JiEEE, RAER 2 2UE 4 AR AT (Split Hopkinson Pressure Bars SHPB) R46 R4ty M T 25~600 °CIiR & K
90~200 s BAZA YU 4 C140 UHPC BAHELE R, RGO 1Sk Sardif S rEH FAMBHRGRES NAZ, Pt &
J1-WiAE R R RAIATERS, 87 1 IR 5 A BRI He a2 Jy M Re s L, JFEE TIREARRZ 1E T Holmquist-
Johnson-Concrete (HIC) AR EARID . £5 R R UHPC 18R s 45 T RENEESE I N AR R am b v, HiE
TR B g5k B MRS AR B 7050 M A BRI T IR AN 5 B AR R AN I PINEIE T s TEAHRIREE N, 2
NAZZR A NE] UHPC [IRATERE o 24385 400 °Cl, UHPC F:44 95 b S04 4T e AL SU1d A Al 2 4k 52 B 0G 1k At A s
E, SR H RS EA IR R e It B BB BRAEAE /) BIEEI HIC JBRINEH T XM EHE SR S i i &
1’Eﬁ3TE’~JiJJ*jJ$”‘T$%EﬂﬁQ B0 BRI AT O ZE R 37 T RE 22 A U iE S YA SR A B A 7 5 2508 9%

KR HEMERRRE T Sl SHPB R0 WEARL; SRR BN )4 R

FESES: 03473 EFRFERMRE: 130.353 XHEAFRIRES: A
Research on dynamic mechanical properties and constitutive model

of ultra-high performance con¢rete under coupled high

temperaturé and impact effects
ZHANG Chen!, GAO Fei!, HE Rui!, WANG Zhen!, ZHANG Guokai?

(1. School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, Jiangsu, China;
2. School of Safety Science and Engineexing, Nanjing University of Science and Technology, Nanjing 210094, Jiangsu, China;)
Abstract: Ultra-High Performanee/Goncrete\(UHPC), featuring high strength and toughness, is applied in military-civilian
protective engineering. During seryi¢elitendures both static loads and coupled high-temperature impact effects; clarifying its
mechanical behavior undey’such coupling provides data support for protective structure design. To investigate the dynamic
mechanical properties f WHPCSunder coupled high-temperature and explosive impact effects, a 75 mm-diameter high-
temperature Split Hopkinsof Préssure Bar (SHPB) test system was employed, incorporating a heating furnace with a precise
temperature contfol profocol. This system ensured accurate regulation of test temperatures and reliable transmission of impact
loads, overcoming’thd technical challenge of simulating high-temperature impact coupling environments. Prior to formal tests,
C140 UHPC specimens were fabricated in accordance with standard protocols, with strict control of mix proportioning, casting,
and curing regimes to guarantee material homogeneity. Uniaxial compression tests were conducted over a temperature range of
25-600 °C, where four key temperature points (25, 200, 400, 600 °C) were selected to encompass the typical thermal response
range of UHPC in protective engineering scenarios. For each temperature level, dynamic loading was applied at strain rates of

90-200 s™', a range aligning with the strain rate characteristics of explosive impact on protective structures. During testing, a
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high-frequency data acquisition system was utilized to capture strain and temperature signals in real time, from which stress-
strain relationships of specimens were derived via signal processing techniques including wave shaping, using the two-wave
method. Beyond strength and strain metrics, UHPC toughness was quantified using the area under the stress-strain curve. To
develop a constitutive model suitable for high-temperature impact conditions, the Holmquist-Johnson-Concrete (HJC) yield
surface was modified by integrating temperature-dependent parameters. Finally, numerical simulations were conducted using
finite element software, where the modified HIC model was employed to simulate the dynamic compression process of UHPC.
Simulated stress-strain curves were compared against experimental results with respect to peak stress, peak strain, and curve
morphology to validate the rationality and accuracy of the modified yield surface equation. Results indicate UHPC shows
significant strain rate hardening under high-temperature dynamic compression, while high temperature degrades its mechanical
properties. Peak strain and toughness evolution stem from synergistic temperature and strain rate effects—peak strain is
proportional to strain rate at constant temperature. Toughness slightly increases at 315-375 °C du€ 0/ hydration, with maximum
at 400 °C and minimum at 200 °C under fixed strain rate. Higher strain rate intensifies damage at‘tlic‘same temperature; above
400 °C, matrix degradation and steel fiber oxidation cause overall brittle failure, but the local core remains intact with residual
bearing capacity. A temperature softening factor was proposed based on decreasing dynainic gldstic modulus with temperature to
modify the HIC yield surface. Simulated stress-strain relationships agree wely withy expeximents, confirming the modified
equation’s applicability. Findings provide theoretical and data support for safety/design‘and evaluation of military-civilian
protective engineering.

Keywords: Ultra-High Performance Concrete; High-temperature Split Hopkinson Pressure Bar (SHPB) test; Temperature effect;

Strain rate effect; Dynamic mechanical properties
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Fig5. Stress equilibrium diagram of specimens subjected to 0.30~0.40 MPa gas pressure impact under 25~600 °C
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Fig7. Macro morphological evolution of UHPC specimens post thermal exposure at 25~600 °C
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BHEHERS FIOPUERERE . & =&/, NLENNARZR, & NSHENAR, BUEN 1"
3.1 EFREESHHIHE
3.1 B EFHAR K
BT OSCERBOANEE R E UHPC 3 R 4B 45 3, H AR RN AR 5 T ik S 80 M AR 43 73 N
0.0172. 0.0016, #EF1FE RGN 0.09. FIFHCH K 25 °C R 302 77254R 50 B0 X Ak N AR
FHURRE C TG . EFESHT, FEWBREKE IR, RIER 4 FAE NAZ R T 1
IR SH, H-f(-D) K, SRPMEIESHE, Kb LA ENE RPN, HEl
SSIG IR, BUEN 0.068. WIE 14 (a) Fizw, I P=1/3 SAEGEELIREE S8R, S&Hsa
SEEENERN S (&) -RAER (In(g")) RAEMLZE. ETE 14 (b)) WEREREE BRI AR
ES (8
R3O BSRBBUE
Table 4 Static-dynamic test data

% PUE SR/ MPa & 7
104 147.10 1.00 0.33
102 148.20 1.05 035
85.38 153.10 1.34 0.45
95.52 153.90 1.37 0.46
140 —m— 10! : T e Intersection point .
Lol —— 102 ¢! | Loa Fitted curve
—A—85.38 5!

=)
(o8}
T

-1
084l —v—95.52s

=1+0.0033In(¢")
0.0033 R*=0.97

[a—

(=1

—_
T

c
C=

Dimensionless equivalent stress
Dimensionless equivalent stress

P=1/3 100 =
OOO . L L L 1 1 1 1 1 1 1 1
-0.1 0.0 0.1 0.2 03 0.4 0.5 10 -8 6 -4 2 0 2 4 6
Dimensionless hydrostatic ‘préssure In(¢")
() o AN E RS 5 -H KA Jagk aih 2k (b) TCEINEERUN )55 AR HE 0T B ) I ith 2k

Bl 14 RAR AR R E I E
Rigl4. Determination of strain rate coefficient parameters

3.1.2 AH SR A BFR

S ATMEIAIMONRRIE, W A=c/ f£30R, Hde REEETy, T =l s 4 100 v RS 1
WI”“ B AR R Al 1] I 32 BRI S 3N ) o5 Ja )T AN 5] R L . oy, DARSCAOLER e P
BB FKIEPRES . BALAREDOR G, AR 8 A0 Bl S B 2 ) L BE R B & R R s 4, T
FEIR-PEAEHEN] (Mohr-Coulomb) 5 A FIFEAE T MR T c 5EEM @ B 15 (a) iRkt
ZIPREREE, B 15 (b) Jyim it RETR e L TEAN [ 1) BE /R [ A R IR 2% 28
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Figl5. Determination of HJC yield surface parameter A by UHPC triaxial confining<pressure, test
RGFEEIEMA 0, o, =0f, UHPC B HIER ) 0, = o, s A MR’ UHPC MRS i
XM EN ST 0, = 0,(=1,2--) Foxe. HE 15 (b) AIHL, 1E A0,0,Q,HVAQ 0,0, H 517l :
(0—03)/2

sing =
(o3 +0,)/2+c-cotp )
0_13=1+sin¢>. 2 Cos®
1-sing 1 Asing
o, /2
singp =————4 6)
%+c~cot(p
A1) P HES AR FR R, 280 5 R 3R R B R & -
o, =0, -tan’ (£+£j+ 2c-tan(£+2j 7)
) 4 2
AL 3 (6) A3 (7) FT LA 3
oli:as'tan2(z+2J+ac (®)
4 2

f @) A%, A B WO BT ISR ) o I —FE R EN ) o, » TSR ZFEEE T
UHPC (1 EE# A, F QBN AT 2R R ) e o SCRRBSIT R T 5558 % UHPC —HliF KR4,
WS R OO A8 e 5 R AR 2 B B E AR ™ 8, 2 IR I e P e v e
(PR R 3t L PR 0 T R, PR TR = =i 25, 3% FH SCHRST AR — 40 C140 385 (1) UHPC — il
Rl R d, AR (AT b, 32 ) ¢ =35.8 MPa. L@ F AU RIS UHPC
TR PR SREE N 147.1 MPa, i ATES84=0.243
3.1.3 5% BA /N th# <

BH B AN T, N IR SR 5=J;Q@
RH, @ =R MR AT . 42 N6Y)
W 87 A5 2 O S AINE, HIC A J R T 77 T L 5_OitO G
B TR 3.

& =] A(-D)+BP"] ©) KRAOT, o, =0, FIFICHRPES

B UHPC 8 (D=0), iit®(10) UHPC [BJE S2305088, 3788000 — bR AL
SRARA IR F 900 — e 8K R 47 P 51— 4k FBAUE RS N, W 16 FiR,
N S 5, B B=15N=05.

12



mOE 5 &
Explosion and Shock Waves
1.8
= Triaxial confining pressure
17 data points!**! d
16 Fitted curve
15F
glat
13F —
5=0243+1.5%P%
12F R*=0.96
L.L1F
1.0 1 1 1 1 1 1
03 04 05 06 _07 08 09 10
P

K 16 Jo Ak S8l &
Figlé. Fitting of yield surface parameters
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BHRE 25 °C, T, WKL UHPC S IRIR MBI . @R O RS A 2R P, SRAR IR —
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SINBEPACH T )5, KSR S5 4, B A3, R AR E R w26 1F T sh &y

R UHPC [ 240 2155 19 HIC JE AR R 2500 T 3% 4 P
* 4 FREIEET HIC BIRESH
Table 4 HIC yield surface parameters under different temperatures
MRA—A  B—hE R R R R
WEMBEZA HHETB BN BT & 28 C

25 0.243 1.5 0.5 1 0.0033
200 0.17 1.05 0.5 0.7 0.0033
400 0.09 0.56 0.5 0.375 0.0033
600 0.01 0.06 0.5 0.04 0;0033

3.2 BUERMERI R S0
3.2.1 SHPB # M UAE A 69 3 5 5 A0 A 5009 5

NG IE G ) HIC Ji& AR 5 FER) A HEPE, JF 8 SHPB 2h78 o b, \ 2 B i v o iR 56 15 2
NSRRI, I LS-DYNA 1) DEFINE_CURVE <8 7 T8 NS i BLEE DN NS . 385
UHPC #4715 52503815 HIC AR A B 240, YR SCIRRO S i e RS T R S Ui
¥, WFE 5. 6 fin. H5 UHPC 2 JA5% ] CONTACT ER@DING SURFACE TO SURFACE i,
FEAT AV B S O 1.3.1 TR H, =486 R oA 19 R

Table 5 Damage parameters

p/(g-em®) T/MPa Fc/MPa D D,

1

2.46 10 147 0.05 1
Incident rod UHPC Transmitting rod = 6 RAHIESB
Pl 19 SHPB — 4k fR A5 Y Table 5 Equation of state parameters
Fig19. SHPB (Split Hopkinson PressureBaw), 3D Finite p/(g-em®) P/MPa K, /GPa K,/GPa K,/GPa
Element Model
2.46 49 8.5 17.1 20.8

%5 IRELOR UHPOREAMIES
3.2.2 HAAME L R 5 M
FIH A SHPBA MReB Y, FF/& UHPC ZhaS i BUEAAL, SHPB EE 540l 45 R AL B 75 5
AR, UEA AR Bl 20 45 H T TR — iR BE T I i 2H v i e ) HRE AR A A SR S e A Rt
oo adik B 20 FREER I, 7E 25~600 CHRELL AL, AZIEJE RIS ) HIC AR e % B I Hh R Ak
UHPC 1 BB B J155AT N . AE 600 CHRUUTHL T, B 778732 it 28 B8P B 1) 5 77 T30 AE D /),
TEVE J5 B TRIAE fm R, (HIEAE S TROME 5 R R ZE7E 5% AN o H T IR EE L N HERE A k), 14
M JJJ5, UHPC TR, A IGEH N )RR BAIE L. BUEBL R 8, 8 i 1E e Ak
75 PR BEWEFLLT PN UHPC AE il i i B & 260 T I Rt . (REUEROE R R, T2
UHPC W& EMET4E. 4iakl, SR IR REHER iR UHPC 44, 7525 REEMNAR
RS VR & 2R A TR, LR UHPC 7E myild iy B s i 72 .
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Fig20. Comparison between numerical simulation results and experimental results of UHPC under dynamic impact

4 &5

KA R SHPR R Gi 0t C140 i = 1 fejR &t LA RE 25~600 °CiiFEVERIS 90~200
s~ AR R Y ) S A AR AATRRE B T T, A T iR A R A /EF  UHPC ZZWESR . A
IS B AR, 2 IR TVE IE 7t Re R Bt HIC ARy J7 F2 0 i AR 25,

FH BN EE LR

u>@ﬁﬁmﬁ%°%ifmmm*7% AR RIS 2 T RS AR R A SN o A [ AR e
BRI N, HLBhaSu i v B B 0 FE R B2 g i B A1

(2) MARZS RN 55 FE A B 520 UHPC {22 W SRR AS . 200 °CHY UHPC ZEMLIE S K AE
BEAR, BEARTR; 400 °CHY UHPC A NL M, FHAME R AEREA,; 600 °CR KA, it
T HH IR £ 4 S A S B0 BT AT T, fER—BE T, NARSRGEOR, AR ™ E; b5 R
FERI3EIN, 200 ‘CHF UHPC J:44 i T 2875 I sz = AR FLRR, 90 st AR 33 il oy N8 R AR 3R .
400°C B KA F= W 53 R Fe AR S 4, UHPC BN JE S8BT 5E 8. 600  "CHY, A4 1 5 )

X 45147 -

(3) T RE VR T B A V(A RIS . )1 128 A B Bk 1 % 2 5 0 8 2 7 ) B R A o
UHPC 7£ 25 'C. 400 CAHl1 600 C2&AF N ypiht, HAiaSEE N AR Z 21EH; 200 Copdi ™, BT
UHPC WHBRIRIE Ve, HESIEEN AR E £t #IrEm, F-—EE FiZ% UHPC 13

15



mOE 5 &
Explosion and Shock Waves

PEE N AR LGSR Ry [Al—NARZ TN, UHPC HIRERMIEE )2 BE M, $ITEAE 200 C AR,
£ 400 “CIS i1 T /KA S B IR 5 IR, 600 C il FECRER S50, REERILRE /) T 1% .

(4) 3 UHPC fE i i FHIZhA 2R R, B ISR NN AL FR G NAZ IE T HIC
AR 75 AE, Il R T BUE A EORIAE 1 R S H A B, S REMMEIE A 1 HIC JE
HR T e RALE UHPC £E i 5 i i & 15 F N 30 1 22 i N

S22 3Rk

[1]  AE5, s, E3L 7 e P R VR b o PR RE AT FUE R (D). EES LR, 2018,  37(1):10-20.  DOI:
10.16552/j.cnki.issn1001-1625.2018.01.023.

REN L, HE Y, WANG K. Research progress on impact resistance of ultra-high performancg’concrete[J]. Bulletin of the
Chinese Ceramic Society, 2018, 37(1):10-20. DOI: 10.16552/j.cnki.issn1001-1625.2018.00023;

(2] GRkARS, VE4E, SKEHL, S5 AR SR S UROTERED]. S TR, 2023144(S1):152-159. DOIL: 10.
12382/bgxb.2023. 0731.

ZHANG Z H, WANG W, ZHANG G K, et al. Damage properties of cencrete, deterioration after different high
temperatures[J]. Acta Armamentarii, 2023,44(S1):152-159. DOI: 10. 12382/bgxb.2023. 0731.

3] #E gL %, % SiREEEEERE SRR RN, THEJI%:,  2025,42(04):97-109. DOI:
10.6052/j.issn.1000-4750.2022.12.1052.

YANG T, YANG Y K, LIU Z X, et al. Investigation on Mechanigal Propérties of ultra-high performance concrete after
High Temperature[J]. Engineering Mechanics, 2025,42(04):97-109. DOI: 10.6052/j.issn.1000-4750.2022.12.1052.

[4] XIONG M X, LIEW R J Y. Spalling behavior and residual tesistance of fibre reinforced ultra-high performance concrete
after exposure to high temperatures[J]. Materiales de'€onstruccion, 2015,65(320):10-20. DOI: 10.3989/mc.2015.00715.

[5]1 Bz, Do, SRR, S IEVERRIRE LEESGR R SRR 7 0], RERR AR IR, 2022,41(12):4245-
4253. DOI: 10.16552/j.cnki.issn1001-1625.20221017.002.

MAO Z H,MA QK, ZHANG J C, et al. Experimental Research on Strength Degradation Law of Reactive Powder Concrete
after Elevated Temperatures[J]. Bulletin of| the Chinese Ceramic Society, 2022, 41(12):4245-4253. DOI:
10.16552/j.cnki.issn1001-1625.202210174002.

[6] YANG H, ZHAO H, LIU F. Residuahcube strength of coarse RCA concrete after exposure to elevated temperatures[J].
Fire and Materials, 2018,42(4):424~435. DOI: 10.1002/fam.2508.

[71 KRISHNA D A, PRIYADARSINIR S, NARAYANAN S. High temperature effects on different grades of concrete[J]. S
adhan’a, 2021,46(1):1:42. POI: 10.1007/312046-020-01536-6.

[8] ZHANG H, ZHANG\W, CGHEN Y, et al. Study on the dynamic impact mechanical properties of high-temperature resistant
ultra-high performance\ concrete (HTRUHPC) after high temperatures[J]. Journal of Building Engineering, 2024,
91:109752°DOI10.1016/j.jobe.2024.109752.

(9] ESLfE, BEE, MR, & NAFYRE N RIREE L m s 30 AR R AU ). @SR, 2010,13(05):620-
625. DOI: 10.3969/j.issn.1007-9629.2010.05.011.

WANG L W, PANG B J, YANG Z Q, et al. Dynamic behavior of steel-fiber reinforced reactive powder concrete after
exposure to high temperature[J]. Journal of Building Materials, 2010,13(05):620-625. DOI: 10.3969/].issn.1007-
9629.2010.05.011.

[10] GAO D, ZHANG W, TANG J, et al. Effect of steel fiber on the compressive performance and microstructure of ultra-high
performance concrete at elevated temperatures[J]. Construction and Building Materials, 2024,435:136830. DOI:
10.1016/j.conbuildmat.2024.136830.

16



mOE 5 &
Explosion and Shock Waves

[16]

[17]

(18]

[19]

(20]

[21]

(22]

(23]

(24]

SUHY,XUJY,REN W B. Experimental study on the dynamic compressive mechanical properties of concrete at elevated
temperature[J]. Materials and Design, 2014,56: 579-588. DOI: 10.1016/j.matdes.2013.11.024.

CHEN L, FANG Q, JIANG X, et al. Combined effects of high temperature and high strain rate on normal weight
concrete[J]. International Journal of Impact Engineering, 2015,86:40-56. DOI: 10.1016/j.ijimpeng.2015.07.002.

YU X, CHEN L, FANG Q, et al. A concrete constitutive model considering coupled effects of high temperature and high
strain rate[J]. International Journal of Impact Engineering, 2017,101:66-77. DOI: 10.1016/].ijimpeng.2016.11.009.
KOUXY,LIL, DU XL, et al. Elastoplastic dynamic constitutive model of concrete with combined effects of temperature
and strain rate[J]. Case Studies in Construction Materials, 2023,18:5-10. DOI: 10.1016/j.cscm.2023.e01905.

ERE, PRARE, AREOE, 45 iR E RPC SIAAMEA L SHPB IR IGIET]. MRRCZE B TR 2016,
17(6): 10-23. DOI: 10.12018/ji.ssn.1009-3443.20160304002.

WANG J H, CHEN W X, ZOU H H, et al. Dynamic constitutive model and SHPB testsyfor, RPC-filled steel tube after
exposure to high temperature[J]. Journal of PLA University of Science and Technologyys2016, 17(6): 10-23. DOI:
10.12018/ji.ssn.1009-3443.20160304002.

LIANG W B, ZHAO J H, L1 Y, et al. Research on dynamic mechanical propertiesand constitutive model of basalt fiber
reinforced concrete after exposure to elevated temperatures under impact loading[J]. Applied Science, 2020, 10(21): 7684.
DOI: 10.3390/app10217684.

SHEMIRANI A B, NAGHDABADI R, ASHRAFI M J. Experimental and numerical study on choosing proper pulse
shapers for testing concrete specimens by split Hopkinson pressure bar apparatus[J]. Construction and Building Materials,
2016,125:326-336. DOI: 10.1016/j.conbuildmat.2016.08.045"

R, LHR, B, B S AR SCI b K ot B DRICW b B B AR R S ph i sl J 22 Sl s 2. 5=
Joi 4 ERRE 02 SRR AR A P8 SCER. USA: 56 B WA SRR 2 ML TAE &, 2004:77-146.

SONG B, JIANG X Q, CHEN W N. Pulse shaping,technique in Split Hopkinson Pressure Bar tests[C]// Laboratory of
Shock Dynamics, University of Science and Technology, of China. Proceedings of the Third National Symposium on
Experimental Technology of Explosive Mechanics. USA: University of Arizona, 2004:77-146.

FER. AR T R IMLLEE 1. dbat: B ARG, 2022: 245-249.

GAO G F. Introduction to stress wavesdn solids[M]. 1st Ed. Beijing: Science Press, 2022: 245-249.

FtR, FREE. oI AR RS AT [T]. R IE S, 2019, 39(3): 033103. DOI: 10.11883/bzycj-2017-
0405.

GAO G F, GUO Y B. Analysis-0fithe-dynamic compressive test of high strength concrete[J]. Explosion and Shock Waves,
2019, 39(3): 033103/DOI: 10, [1883/bzycj-2017-0405.

PR, i NSRRI R S AR AT (D). FRZRIER: MR ZRTE DAL R, 2014:44-50.

LUO B F. Study on the\bursting law and mechanical properties of active powder concrete at high temperature[D]. Harbin:
Harbin Instituté.of Technology, 2014:44-50.

FEALH, BUAE, [ BAEIE, A%, PRCvHEIU R v R R A i PR SR ARVUR [T BRI S et 2018, 38(1): 224-232.
DOI: 10.11883/bzycj-2016-0305.

KANG Y M, JIA Y, LUO Y C, et al. Critical vapour pressure for explosive spalling of high-strength concrete based on
Mohr-Coulomb criterion[J]. Explosion and Shock Waves, 2018, 38(1): 224-232. DOI: 10.11883/bzycj-2016-0305.
PRAKASH R K R, MATHANGI D P, SUDHA C, et al. Experimental investigation of reactive powder concrete exposed
to elevated temperatures[J].  Construction and  Building Materials, 2020, 261:119593. DOI:
10.1016/j.conbuildmat.2020.119593.

ZHAO J, ZHENG J J, PENG G F, et al. A meso-level investigation into the explosive spalling mechanism of high-
performance concrete under fire exposure[J]. Cement and Concrete Research, 2014, 65:64-75. DOI:

10.1016/j.cemconres.2014.07.010.

17



mOE 5 &
Explosion and Shock Waves

(27]

(28]

[29]

[30]

[31]

[32]

ZNh, WER, WRITHE, 5. il a T AR Bl R RELT]. R KE S5k, 2017, 37(3): 405-414. DOIL:
10.11883/1001-1455(2017)03-0405-10.

JIANG M, GUO Z K, CHEN W X, et al. Mechanical properties of reactive powder concrete-filled steel tube after exposure
to high temperature under impact loading[J]. Explosion and Shock Waves, 2017, 37(3): 405-414. DOI: 10.11883/1001-
1455(2017)03-0405-10.

RF, BT, FREAE. BRI KR AR YRR G H A RGP AT IR ST, MR S b,
2022, 42(3): 033301. DOI: 10.11883/bzycj-2021-0178.

WU P, ZHOU F, LI Q H, et al. Experimental study on the resistance of the ultra-high toughness cementitious composite
material-fiber concrete composite targets subjected to twice projectiles impact[J]. Explosion And Shock Waves, 2022,
42(3): 033301. DOI: 10.11883/bzycj-2021-0178.

IR, BRE,  BPREAE. BRIV S AR N R A R BE AR U, LR 1542019,
36(09):50-59. DOI: 10.6052/.issn.1000-4750.2018.03.0147.

XU S L, CHEN C, LI Q H, et al. Numerical simulation on dynamic compressive/behavior of ultra-high toughness
cementitious composites[J]. Engineering Mechanics, 2019, 36(09):50-59. DOI: 10:6052/jxissn.1000-4750.2018.03.0147.
BT, B EIEKIE R S A RRE S ARG SRR AT (D). « Wi, WITLR%:,  2018:55-56.  DOL:
10.27461/d.cnki.gzjdx.2018.000077.

ZHAO X. Experimental and theoretical study on the dynamie properties /of ultra high toughness cementitious
composites[D]. Zhejiang: Zhejiang University, 2018:55-56. DOI:10.2746%/d.cnki.gzjdx.2018.000077.

R, EIR, RN, S5 ARG AT R R R B REET]. HRIE S R, 2025, 45(01): 3-17. DOL:
10.11883/bzycj-2024-0097.

WU X T, WANG Z, ZHOU H, et al. Study on dynamic ymechadi¢al properties of high-temperature concrete with different
cooling methods[J]. Explosion and Shock Waves, 2025:45(1): 3-17. DOI: 10.11883/bzycj-2024-0097.

DU Y X, WEI J, LIU K, et al. Research on dynamic eonstitutive model of ultra-high performance fiber-reinforced concrete
[J]. Construction and Building Materials, 2020, 234:117386. DOI: 10.1016/j.conbuildmat.2019.117386.

R, AL, ZEHGHG. TRVt HIC AMERE S8 e S T]. e S bl 2023, 43(5): 053102. DOI:
10.11883/bzycj-2022-0343.

SONG S, DU C, LI Y Y. Determindtionvand application of the HJIC constitutive model parameters for ultra-high
performance concrete[J]. ExplosiomAnd*Shock Waves, 2023, 43(5): 053102. DOI: 10.11883/bzycj-2022-0343.

W,  TfEE ZMPTIREE R AR AT )] K TRESR, 1991, 24(3):1-14. DOI:
10.15951/j.tmgexb. 1991:03.00 I

GUO Z H, WANG.CZxlhvestigation of strength and failure criterion of concrete under multi-axial stresses [J]. China Civil
Engineering Journal, 1991, 24(3):1-14. DOI: 10.15951/j.tmgcxb.1991.03.001.

PFMSHs. / /AR RS T vk AR R LA R R S 22 VEREBT T [D]. KA REEKE, 2019 40-44. DOIL:
10.27356/d! cnki.gtjdu.2019.004796.

WU P T. Study of static mechanical properties of ultra-high performance concrete under triaxial stress states [D]. Tianjin:
Tianjin University, 2019: 40-44. DOI: 10.27356/d. cnki.gtjdu.2019.004796.

TIAN X C, TAO T J, LOU Q X, et al. Modification and application of limestone HJC constitutive model under the impact
load[J]. Lithosphere, 2022, 2022 (Special 7):6446087. DOI: 10.2113/2022/6443087.

EweK, FEk, Fik  BetERRETPOTRED].  FERSYR, 2022, 50(8): 2190-2195. DOLI:
10.14062/j.issn.0454-5648.20220127.

WANG X F,ZHOU H L, WANG H L. Shear strength of ultra-high performance concrete[J]. Journal of the Chinese Ceramic
Society, 2022, 50(8): 2190-2195. DOI: 10.14062/j.issn.0454-5648.20220127.

18



mOE 5 &
Explosion and Shock Waves

[36] YU R, SPIESZ P, BROUWERS H J H. Numerical simulation of ultra-high performance fibre reinforced concrete
(UHPFRC) under high velocity impact of deformable projectile [C]// Federal Office of Bundeswehr Infrastructure. 15th
International Symposium on Interaction of the Effects of Munitions with Structure(ISIEMS2013). Germany: Defense
Threat Reduction Agency, 2013, 1-10.

&

o

2
N

& A

19



