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Table 1 Mix proportions of concrete specimens

Materials Cement Sand Aggregate Water

Mass(kg) 349 706 1152 200
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Table 2 Mechanical properties of concrete under quasi-static compression at different temperatures

T Compressive strength Elastic modulus
°C) (MPa) (GPa)
20 44.1 28.9
-5 46.5 29.5
-10 47.4 29.9
-20 51.2 30.3
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Fig.1 Typical quasi-static stress-strain curves of concrete at different temperatuzes
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Table 3 SHPB test results

T Strain rate Compressive strength ~ Peak strain
(°0) (s (MPa) (%)
94.4 50.5 0.64
20 205.2 56.3 0.38
326.8 64.1 0.41
100.1 52.0
-5 223.0 57.1
3283 67.0
128.1 54.3
-10 224.7 60.3 0.55
328.5 68.1 0.33
129.5 7.4 0.55
-20 222.1 0.61
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Fig.4 Dynamic stress-strain curves of concrete under different temperatures and strain rates
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Table 4 Parameter setting of LF-NMR tests.

Paramete; Value Parameter Value
F.(MHz) 20 t, (ms) 0.05
fs (KHz) 200 G, (db) 20
Av (Hz) 496243.25 Gy 2
PWs (us) 6.40 N, 10000
PWigo (us) 11.20 A 8
RD (ms) 5000 P 3

t, (ms) 0.06 N, 120002
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Table 5 Volume fractions of liquid water and ice in concrete at different temperatures

Temperature (°C) 20 -5 -10 -20
O 16.34% 16.03% 15.45% 14.29%
@i 0% 0.34% 0.97% 2.23%

2 AFRE S SHEN ST
2.1 FARE SRR G E

RFAE NI R 7 A ol B F 278, AR B RS SRS 54053 1) RHIT ¢
FOBE 0 RIS, TR

f=3J,-0,=0 (5)
o,=(1-D)-0,(P)-R(0).DIF (¢)« Do, (6)

K, S RS AR 6 (P). RO DIF(E) 3 SN R KL ST B A Ko N AR 225508 ()
SRR D NGEETUI TR o NTRRIRE .

B0 A SO A IR 00, FLBR /KR 45 UK IR R 3 0 1 B Rk S R B 45 MR, B0 1
T RS R SR Ak, ASCH] QNRE R MR T K R ARG AT R R TB IE . Y
AR T 0°C B, UKARFR B0 I S B AR g H], S50 Ky B ARSI 0 52 kot 55«

Ko, T>20°C

T V)
Aexp(—z) +¥,,T <0°C

KT(T):

A, Ky RAEFLBRES U T EAC R IV E ] K N IREEAEE: yos A b YN 5P EMIRIR R
ORI G S 2, HHOAS [N B AR A TR A e 2 AT AR e 15 o

XFTIREEEARL, RSB 2 S KB R I R R E SO (38 & D,

[29],
D =1-¢%=1-¢ ¢ (8)
A, p= gamv?, g=m+3, m Ny Weibull BMHIEESE, HTRAM K P EBYIGE LS

3(mF 3)
RIS M ARRFE, o N5 RESAZA R R E L v ARSI BB Y Rk i {532

B D, AL G NI AL 3t R B0,

TEFR IS, AU Ege B St AT TABIE, TS R4 28 A v F R 26 P 4
PHAEN o 3% 322 T AR SCEGUER) SHPB 8)7S 4556 -5 52 R A LU AR IR 19 32 S AL T 3208 s
BUREIR, AR50 0 2 W B A B 9 B e s AR TR FE R 52 e Ak T IR EE AL o RIS ER T 2 TR 30
PRI RG], A SCE AR SR A AT IR EAEIE .

2.2 MM E P-alpha RS F 2K R



[/ B S S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

S R B IR TR Bt - Sh AT O A B (BB M AT, 72 ABAQUS #i >R H] Fortran
WEMS T VUMAT 7R, JFl S U 0 kAT K i .

FERUETH S, AT RE TR BB I BT 1R B e+ Ar RIS EE Y,
ABAQUS EFEFF ] VUMAT A& A 41T (8] 20 (2 NASHE & As, LLRSEROR A & o iRAEARL A ) [F]
Ve, R N AR K R B O R BRI R A, RV AR TK BT A, -

Ag, =Ag,, (9
Ae=Aa—%AgkkI (10

SR RS T, /KR 7175 B P-alpha RS T RRIATRE T E Hr . ARIEAL N AR F N AR 1
B, g WL EE R, @i Herrmann & SEALRIBUH R Y 5 8 E2P WA IR AL B o™
o BEJE, KLt ae S B AR R 48 LL AR 2 D8 2R AL i R 7 P/ AR E R A 1 FLB T
SRS R R FR K E F1 P
P =A4u + Az:usz + Asﬂ.i +(B, + B i, ) pye

trial 1 ( 1 1 )
P = a[r[gl })v (/ur > e)

N, u =ap/ p, -1 NEEFEBUEALL, e NHARE: 4,4 ANZ TR, B, B NM1%EZ
FEAICH, P-o IR TTRER I A (12) TH RGBT AEIE L a0 A1 Xu S5B2E5 IS4, Wk

6\ 7 ﬁﬁ}j_‘_\‘o
1
ay(T) = (12)
1L g ) - (T
R6P-aREHFESH

Table 6 P 7.0 equation of state parameters

Parameter Value Unit
A 35000 MPa
A 40000 MPa
As 9000 MPa

By 1.22

B, 1.22
P, 25 MPa
P, 6000 MPa

n 3.0
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Table 7 Initial distention

Temperature(°C)

Parameter
20 -5 -10 -20

oo 1.1953 1.1957 1.1965 1.1979
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Fig.9 Flowchart of the FEA solver with a userdefined VUMAT subroutine
* 8 AWIEEIEEES Y

Table 8 Plasticity parametets of the constitutive model

Parameter Value
P 1.5282¢9
q 1.15
p 0.03
B 1.6
m 0.61
¢ 4.02e-5
ny, 1.6
A 1.6
N 0.61
h 2.96e2
n 1.6

®9 KEEMXMIRBET

Table 9 Ice content-dependent damage factor

Temperature(°C)

Parameter

K, 1.99 1.70 1.24 1.04
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Fig.10 Comparison of simulated’and experimental waveforms at 20°C
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Fig.11 Compatison of simulated and experimental stress-strain curves under different temperatures and strain rates
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Fig.12 Comparison of macroscopic fracture mq)hologies and simulated damage contours of specimens at typical

temperatures
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Fig.13 Comparison of volume evolution of high-damage zones at room temperature and -20°C
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Fig.14 Numerical penetration model and projectile‘dirhenisions
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Table 10 Compatison of depth of penetration under different mesh sizes

Mesh size (mm) 4 3 2 1

Penetration depth
10758 11.58 12.13 12.27
(em)

FEF2R 10 1] Al EE PR U A 4 mm AR OCIE/NE 1 mm, RERAT/INIE RGN, (2 R ST
/N 2 mm K DEBA R PR AR PR, 72 2mm 5 1mm PERRAR RS, RIRAALIEE N
1.15%, Ut WGV BED SORS B CORE AR IRS RO AR . BRI, SR80 2 mm AR 9HEAR P& R
. AT R BRI R

SHR A e R AR VR e L AEARE — PR RE R K s 0 5 R N AR R B R B 1S e
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Fig.15 Comparison of numerical damage predictions and experimental cratermorphologies of penetrated concrete targets
*x 11 RUREEREHESER

Table 11 Experimental and numeérical penétration results

Initial projectile Penetrationydepth Average crater diameter
Condition Error Error
velocity (m/s) Gem) (em)
Partial
Experiment 830m/s 11.77 22.52
penetration
3.1% 6.4%
Partial
Simulation 830m/s 12.13 23.96
penettation

3.2.2 fREBARA M

A R BE T B2 B 1 SRS 08 il LSRR IR T 5844 DL 830 m/s )i i
TR AR B T 7 AT T B, BT MRS R AR 12 Pron, Kl 16 g 7 EBUE B A
(7 P T SRR AR S P PR N () PO A M e i a5 R AT AN, BEE IR PR, SR R 2R MNIRE
SRGIR/N R, 200 F TR FRREN 1213 cm, M0-20 CIREFREZEESE 11.44 om,
PUH RN 1/59 % WA E JORETT AR Y, 3R R A R R BT R 2 NG IT It S AR R 1R
WA W B AR, oA S W16 3 e 51 A IR B R Wk SR TERN 3 &, & 0
RN AR 2 AR R 2 R U AR, BEAE AR ST RN BRSO R EE AR E R AR B
FRARAKI I TT A6 S48 S . FESRIXIS, PRSI R, A R S bl b

& 12 TEIRE FEHMMRRHELER
Table 12 Simulated projectile penetration depths at different temperatures

7(°C)

20 -5 -10 -20

Penetration depth (cm) 12.13 11.95 11.68 11.44
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Fig.17 Comparison of penetration damage contours of concrete targets at different temperatures
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A Constitutive Model for Concrete under Low-Temperature Conditions and Its

Application in Penetration Simulations

YU Baoxiang, NING Jianguo, XU Xiangzhao

(State Key Laboratory of Explosion Science and Safety Protection, Beijing Institute of Technology, Beijing 100081, China)
Abstract: In polar resource development and high-latitude cold-region engineering, concrete structures are
frequently subjected to the coupled effects of low temperatures and dynamic loading. To accurately
investigate the mechanical response under these conditions, Split Hopkinson Pressure Bar (SHPB) tests were
conducted within a temperature range of 20 °C to -20 °C, and the properties of concrete under different
temperatures and strain-rates were characterized. Based on the experimental findings, an improved dynamic
damage constitutive model was developed by incorporating the temperature coefficient into the damage
evolution equation. This model was further integrated with the Equation of State’(EOS) and the RHT yield
criterion to fully account for low-temperature effects. The proposed model wag numerically implemented via
a Fortran-based Vectorized User Material (VUMAT) subroutine. The accuracy ef-this user-defined model
was rigorously verified by comparing numerical stress waveforms and, fracture,morphologies with SHPB
experimental results. Finally, the validated model was applied to simulate“projectile penetration into low-
temperature concrete targets. The results demonstrate that low temperatures/significantly inhibit penetration
damage and reduce penetration depth. This phenomenon is attributed to the combined filling and bonding
effects of pore ice, which enhance the target’s resistance to impact and large deformations. These findings
provide a solid theoretical basis and numerical framework fof the impact-resistant design and safety
assessment of structures in cold regions.

Keywords: concrete; dynamic loading; low temperature; constitutive model; penetration; damage
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