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Impact dynamic mechanical properties of frozen soil with freeze-thaw cycles
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Abstract: During engineering construction and service in seasonally frozen soil regions, frozen soil is often subjected to the
combined action of freeze-thaw (F-T) cycles and impact loading, which changes its physical state and mechanical properties. In
order to explore the effect of F-T cycles on the impact dynamic mechanical properties of frozen soil, in this paper, the typical
frozen soil was taken as the research object, and the effect of F-T cycles on the impact dynamic mechanical properties of frozen
soil was comprehensively studied with the help of high and low temperature F-T cycles experimental equipment and a split
Hopkinson pressure bar device, through F-T cycles experiments with different F-T cycles numbers, freezing experiments at
different temperatures, and impact dynamic experiments with different strain rates. The results shows that there is an F-T
cycles effect in frozen soil. With the increase of the number of F-T cycles, the peak stress of frozen soil decreases to a certain
extent, but after reaching the critical number of F-T cycles, the peak stress remains stable. According to the hydrostatic
pressure theory, it is believed that the F-T cycles mainly changes the mechanical properties of frozen soil by changing its
microstructural characteristics. Meanwhile, the frozen soil also exhibits obvious strain rate effect and temperature effect, and its
peak stress increases with the increase of strain rate or the decrease of temperature. The F-T damage factor was defined by the
peak stress, and the impact damage was deduced by a statistical method that it assumes the microstructure strength of frozen

soil satisfies the Weibull distribution, a damage viscoelastic constitutive model based on the Z-W-T equation was proposed.
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The model can better describe the impact dynamic mechanical behavior of frozen soil after F-T cycles and provide reference
for the impact dynamic damage of frozen soil in seasonally frozen soil regions.

Keywords: frozen soil; freeze-thaw cycle; impact; damage; constitutive model
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Table 2 Experimental results of frozen soil with freeze-thaw cycles under impact loading
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op/MPa /% op/MPa /% op/MPa &ol%
-10 550 6.74 4.07 7.16 4.13 6.96 4.11
-15 550 8.71 421 8.42 4.14 8.53 3.91
0 350 8.55 2.34 8.29 2.54 8.19 245
-20 450 9.67 3.36 9.78 3.25 10.11 3.68
550 11.13 434 11.06 4.18 10.69 4.29
-10 550 6.22 4.16 591 431 6.42 4.20
-15 550 7.75 3.96 7.55 3.91 7.82 412
1 350 7.48 2.39 7.64 2.58 7.51 2.44
-20 450 8.37 3.43 8.64 3.15 8.74 3.5
550 9.61 4.10 9.51 4.13 9.81 4.07
-10 550 5.96 4.13 6.40 4.15 6.41 4.26
-15 550 7.41 4.19 7.95 4.24 7.11 4.11
3 350 6.72 2.74 7.03 251 7.11 2.82
-20 450 8.97 3.41 8.54 338 8.62 3.45
550 9.31 423 9.54 411 931 4.08
-10 550 6.15 432 6.32 4.23 5.92 4.22
-15 550 7.42 428 7.12 4.18 7.71 413
5 350 7.11 2.28 7.02 221 7.21 2.34
-20 450 8.54 3.08 8.61 3.03 8.54 2.94
550 9.62 413 9.36 4.11 9.51 3.92
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Fig. 5 Stress-strain curves of frozen soil for different cases (7= —-20 °C)
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D=1-exp {—%(8—) } (15)
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Fig. 10 Z-W-T constitutive model

R AAE Ry —Fh Z AR A BB, TE b B 1 T S8R B S A8 A2 SRR 0 [Rl I, TR - 7E o
AT B RS, AT DU R A v i AR BRI S B SRR, () Z-W-T SRR IR R
B P S A AT .t T AR SR, VR B g -0 AR 2 LR R Z k5, R el Z-W-T
BB PP AR PR IR AL R LR . (RIS, R S ge R W, 60,38 7 10~ 107 4%, 6,38 % 9 10°~107*
G, W FHZE2 6 DG, B AT 23 Tl XA R 7 3 A0 g IR AR R B BT, EANARSG I X R A A A g
AR R e IR st ) RUBE 1070~ 107 SR i, AR Maxwell 143 A A2 005 (14 B[] S A28 sth, K 3R £ Sk — A~ fa7 2 14
S I EHL i TR AR E B GAR N, EXR b sh A 1247 o AR s AR s . IRt Z-W-T
BRI 28 1 ASFRGRI50A] L) 20 o BICHERY Z-W-T 4Ky 75 B2 T AR N

0'=E08+E2f0téexp (—t;—T)dT 17
FEFE R A RN T, 20 (17) v LUE el
0 = Eoe + Exfhés {1—exp<£)} (18)

FUA w451 0 AR A £ DR 5, UL R A B % e B 4 £ 280 s PR AR R A Y T LA 08 -

o= fexp {—i(fﬂ {E8+E2928 l—exp(é> } (19)

n \ &

3 FHREILGIE
AR SO 45 0 R B A R RSB0 6 A B VR I L bl S bR S B

091411-10



542 8 &R, 5 URBIVIEER R i sl A g %9 1

WEE A 187 ) Xk 7 PR UEE L IOE A ¢ Z-W-T ASFA R L 1) 5P R | 5P R R E, LA S 6, o ,ﬁﬂj Jf 38 i WL
JIARE, & i SR ST -R AL MERAR R, Eo\ Ey . 6, millid /D “HGE A1 8] . il ad S5 M-S T
ESBARME, WAL 3~4,

<3 FHERSH (T=-20°C)
Table 3 Constitutive model parameters (7 = -20°C)

FREMIE B &ls! E/GPa E,/GPa 6 /us &r m f
550 1.636 11.23 0.705 0.0131 1.16 1.000
0 450 1.667 7.36 0.971 0.0116 1.23 1.000
350 1.606 4.19 2.863 0.0088 123 1.000
550 1.655 9.16 0.671 0.0129 133 0.871
1 450 1.560 8.63 0.919 0.0114 1.32 0.871
350 1.624 445 2.721 0.0086 1.33 0.871
550 1.732 10.23 0.513 0.0139 1.13 0.847
3 450 1.630 13.21 0.541 0.0122 1.21 0.847
350 1.652 13.52 0.779 0.009 1 1.11 0.847
550 1.648 14.51 0.542 0.0137 1.14 0.852
5 450 1.625 11.01 0.467 0.0119 1.07 0.852
350 1.626 14.06 0.467 0.009 1 1.17 0.852

T4 KGERSH (6=5505")

Table 4 Constitutive model parameters (¢ = 550s7")

VRAME A REL 7/°C Ey/GPa E»/GPa 62 /ps & m f
-20 1.636 11.23 0.705 0.0131 1.16 1.000
0 -15 1.522 7.25 0.577 0.0134 1.03 1.000
-10 1.340 13.22 0.127 0.0131 1.02 1.000
-20 1.655 9.16 0.671 0.0129 1.34 0.871
1 -15 1.531 16.12 0.209 0.0129 1.12 0.888
-10 1.335 9.01 0.151 0.0131 1.05 0.939
-20 1.732 10.23 0.512 0.0139 113 0.847
3 -15 1.541 10.39 0.257 0.0134 1.14 0.881
-10 1.381 4.07 0.397 0.0134 1.02 0.893
-20 1.648 14.50 0.542 0.0137 1.14 0.852
5 -15 1.455 8.86 0.623 0.0134 1.01 0.875
-10 1.153 10.83 0411 0.0131 1.06 0.878

OIWT R 3~4 nl UL B, B T RE BRI, s R RO O o OBORE A 5 R L A R L Y
e R T 8 R, BS0fe VR b A PR RS I R PRI, 405 A 59 P 50 B e 1 R 0 SR A X — A L AR
PRI AN, VREIRERIS, R i B A 25 A i R4S [R5 3R Ak, PRLIKG, S0Pk 3 R E, B BUE AN 2 [N R Al
RO T K AR A . B2 T A S RO UL, ARAAR SO S B 2 5 PEAS Ky T A, BT RT
BAFEIE TR AN - AR 2 . BIE 2k 5 SR i 2 an A 11~12 FoR.

T A 0T L B TSRS P AT B N - AR 2, T UK B, B AR S S i A B A — 2L
Yo TABY AT LA 3 o 7S VR b B AR ARGV | R RERONE | UREEER O LA B =B AR A R B i 2 Ak B
A EAERE . PRI, AR SO 57 45 s 286 S8R PEAS AR R L7 5 VR BT PR 0% - o il s A8 S0 IR S OHEA
MU, Bk 1% Y P S A R
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12 = 55057, exp.
10 ® 4507, exp.
I A 35057, exp.
gl —550s7", cal.
& —450 s, cal. &
= —350s ", cal.| =
2 06 2
5 5
72 4 72
2
0 1 2 3 4 0 1 2 3 4
Strain/% Strain/%
0 (a) 0 cycle 0 (b) 1 cycle
= 55057, exp. = 55057, exp.
1ok e 450!, exp. 1ok e 450!, exp.
a 350s7!, exp. a 350s7!, exp.
gl —550s7!, cal. gl —5505s7!, cal.
g ——450 s, cal. g ——450 s, cal.
= 6 350 s, cal. = 6 350 s, cal.
8 g
Sy c oy
2 2
0 1 2 3 4 0 1 2 3 4
Strain/% Strain/%
(c) 3 cycles (d) 5 cycles
B 11 AHFIREE AR R AR 22 7R+ A i 42 S5 S ih 26 (T=—-20 °C)

Fig. 11  Theoretical and experimental curves of frozensoil at the same temperature and different strain rates(7=—20 °C)
12 = 20 C, exp. 12 = 20 °C, exp.
ok e —15C,exp. ok e —15C,exp.

4 —10 C, exp. 4 —10 C, exp.
gl — =20 C, cal. gl — =20 C, cal.
S — —15 C, cal. & — —15 C, cal.
= i —10 °C, cal. = = — —10C, cal.
2 6 2 6
Z g
c oy “ oy
2 2 4
0 1 2 3 4 0 1 2 3 4
Strain/% Strain/%
1 (a) 0 cycle 1 (b) 1 cycle
= 20 C, exp. = 20 °C, exp.
1ok e —15C, exp. 1ok e —15%C,exp.
4 —10 C, exp. 4 —10 C, exp.
g — =20 C, cal. 8 — =20 C, cal.
s ol — —15 C, cal. s ol — —15 C, cal.
> —10 C, cal. > —-10 °C, cal.
% 6 2 6
2 2
7 7

Strain/%
(c) 3 cycles

B 12 AHENZERAERAE TR L Bhe L 5 92tk (6= 550s7)

Fig. 12 Theoretical and experimental curves of at the same strain rate and different temperatures (¢= 550 s™")
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4 & it

XFR T HEAT TR AR 2 R DL R G PR OB s B A S, LT URRIAR B R AR T
J A 25 AL, O3 i KO 7 S5 R 0T 25 AU AL BRARCHE TR o 8 S WA IR E 1 B WL,
JIE R VR AR AT AT, O 256 4R S 1 1l 2 US40 Weibull 34 1 il 50403, B 57 17 AT LASA 34 R Rl A0 31
VR il sh 5 2 AT N R DI B SR P EAS A B Y, B A5B N .

(1) U 1 U (IS i 3 4% R 0 A 0 50 %) 18 I i g A1, € R o P A #9807, R A7 A8 2ot
AR VR BB AL R AR AT 25 Ay 2 PR R o (ELVR R P 800 A7 75 M SR R U, 24 3K 31X — i S
BUR, VR T B ELIS TR AR AR E o AN, VR A7 A R AR 5 A AR A, ALV g i IO A 5 114
T L A R AR T

(2) BB OPIR S A — 5 R BE b nT LA MRS T R 1) BE 1R SR AR, WA N 3 AR il i A Hp
T ARGUREIR BB A AR, H B SCAY R A A3 PR3 T L e 4 3 R R AT B 08 R L A 5 AR o O
HLE T8 5 5 HE AT Weibull 7335 4fi 5 A4 el 453 0 2 18 20T DS 3t SR AE R 7 ool e A o B9 458 40 £k

(3)Z-W-T B AR AR Maxwell A5 P - B i IV 78 24 il aod i PP oA AN B iy Bz, K 2k 26 AR IO F AN
R VR R el s 12T o BT BGH 1) Z-W-T BEAY T DR b i R R b i i sh 28 00 22 AT
N o G HST BRI DY, URRAE PR VR A b T R 3l 25 ) 2 PR R T LB L R AT
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