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Effects of freeze-thaw cycles on dynamic fracture initiation characteristics
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Abstract: In order to investigate the dynamic initiation and evolution of mode I crack in surrounding rock under the action
of freeze-thaw cycle, taking a cold area tunnel as the engineering background, the freeze-thaw cycle test and large-scale drop
weight test were carried out by using tunnel model specimens that were made of green sandstone in Sichuan province. The
dynamic mechanical characteristics of specimens after different freeze-thaw cycles were measured and discussed. The elastic
modulus and Poisson’s ratio of the specimens were calculated by longitudinal wave velocity, shear wave velocity. The dynamic
strain gauges were glued at the incident plate and transmitted plate to collect voltage signals. The voltage signal was applied to
calculate the curves of dynamic loading versus time recorded from the incident plate and transmission plate. Crack initiation
time was determined by using a crack propagation gauge (CPG) measuring system. A traditional finite element method code
was applied to establish some numerical models to calculate the curves of dynamic stress intensity factor under impact loads.

The experimental-numerical method was used to determine dynamic fracture initiation toughness according to crack initiation
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time. A scanning electron microscope (SEM) was applied to analyze the micro-structure of sandstone material after different
freeze-thaw cycles, and the mesoscopic damage mechanism of rock materials was obtained. The test results show that the
longitudinal wave velocity, shear wave velocity and elastic modulus of sandstone gradually decrease with the number of
freeze-thaw cycles, while Poisson’s ratio increases with the number of freeze-thaw cycles. The crack initiation time and
dynamic initiation toughness of rock material decrease with the number of the freeze-thaw cycles. The cement material inside
the rock will loss due to the effect of freeze-thaw cycles, and the pores and micro-cracks of the sandstone also increase with the
number of freeze-thaw cycles.

Keywords: freeze-thaw cycles; tunnel model; dynamic initiation toughness; mesoscopic damage mechanism
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Table 1 Mechanical parameters for five groups of specimen

FREhE L% JARR L MERE/GPa AIEE/ (ms™) REPEHH/ (m-s™) PR/ % R/ %

0 12.52 0.262 12.56 2562 1455 0 0

10 12.96 0.270 10.50 2378 1334 7.2 8.3
20 13.35 0.276 9.14 2254 1253 12.0 13.9
30 13.87 0.283 8.10 2153 1185 16.0 18.5
40 14.51 0.286 7.31 2085 1141 18.6 21.6
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it i (mes™) AL ZLT ] /s ARRHE/ (MPa-m'?) BHAMAEA/ (MPa-m's™")
0-1 6.56 362 3.09 10 404
0-2 6.59 374 3.29 10716
0-3 6.61 367 3.18 10 603
10-1 6.48 375 2.87 9410
10-2 6.53 371 2.77 9082
10-3 6.48 366 2.66 8 866
20-1 6.57 381 2.54 8274
20-2 6.51 389 2.75 8730
20-3 6.56 386 2.66 8445
30-1 6.52 393 241 7670
30-2 6.56 397 251 7952
30-3 6.59 390 231 7549
40-1 6.56 395 2.11 6762
40-2 6.50 392 2.04 6623
40-3 6.47 399 221 7015

3 HEERVENITE

SIS BT BRI ORI R SGE 2R T B2, HA o A sh R 2P . sh S A
A IR . AR SCRAS B ABAQUS A FRICH AR A B - BB 1531 sh A 2P L, JF HEBAEAR [R] 3l
BATAE R, URERE PR 8 UCEON 5 100 BB ) 2858 20 B A2

043104-6



5 41 45 FWI, 55 VRAIIEERRS 54t 1 BUR B 0 Sh AR 2R M M AL 55 4 3]

301 RIE-BEE

TR0 AR A P R AR S A g FH 32 Sk e 5 0 R (R AT P A A8 o 1 B U 4
30 e il v ok 6 15 1) 07 A B AR g 2 A Bl A By il £, SR FH LSy B I AS ] S A A AT 2 . 7
BB AT 43, R H ABAQUS A3 B T 20 A1 50145 1 565 1000 45 114 0 285 28K Ay oty £ it o 3800 3 4 1) (B AR 7R I
3E A T B AT A5 21 A7 A0 W) 30 28 2 4 T i LR RS0 1 T R
32 BEEHEPEITE

R4 R R SR 1 P L R R IR 5 5 A 19 124 B 280, 78 ABAQUS Hr a7 A A Y — 4
BOEARY, 23 B B S A5 i B R T . R0 R ST S = A s, BV R A
VLI BRI, R R H 1/4 75 AT 5 50 DUIE B 24 a0 g i v 7 9 A S 1 AR A AR IE E R IR
A, BUEBLIL G A% R 15 L an ] 8 TR o

PPttt

8 B R R R A

Fig. 8 Sketch map of numerical model

W &1 7 v i 3 25 28 it 2 % A0 R 1 0 30 B R VR AR BB AL Y T W 3, I HL 7R BOE A% AL v i
i far 2% D25 SR 0 B2, SEAT A R A B 28 1 AN R R RGP U BUS B 5 A A e A TR et 3y
YEHTT (R 3h 280 g5 B2 1~ i 26, 454 3.3 15 il 45 A S 24t ], 45 31 5 20300k 0 2 28 24 B T L6 2,

9 R R AL N-1 IR 248 BT 45 3, N SRR VR A IR L, 1 om0 5 — AU,
DL th— 3 5 MR S TSR A R . X TR RAE PR ECH 0 YR 0-1, AR 4 e 45 SR Al
ZAETE 362 ps W LA AL PG, R AL bR 1 362 s B 21006 07 A9 20 A A 9 (6 R Rl 1 1) s 25 4 3 B o
3.09 MPa-m'?, 2iy 5 A b 5 K AHL, VR Rl 8L
10, 20, 30 (3844 10-1, 20-1, 30-1 (#2244 4
FE43 0k 2.87, 2.54, 2.41 MPa-m"?, Bl FR K

8% af
R 40 WHIBLIE 40-1, S SR AWEM S E£
2.11 MPa-m'™, g 5 AMAPE N-1 OBV, M, 23 ¢
{1 0-1 BRAE T 31.7%, MR BE R ) . 141 10 Qéfgn Ll
FF 7 VR OR S R AL e 2R, R B 4y s
FIR AR R AR ER LIS 1. 2. 3 M F 93 “ : , i
SRR . LS M2k il LS . B 0 100200 300 400 500
PR TG FR U 38, R B 3 25 R 2L 7R el
AN, BT W e, A L) 5 SO0 W I 3 By SERBHDINE
ﬂ-ﬁ }5/]\ ) Fig. 9 Calculation results of dynamic initiation toughness

043104-7



5 41 45 FWI, 55 VRAIIEERRS 54t 1 BUR B 0 Sh AR 2R M M AL 55 4 3]

3.4
. 4 No.l
32¢ e No.2
& A = No.3
a e 301 — Fitting curve
s s
£S5 28}
QG
A2 24t
e . >
22t -
A
2‘0 1 1 1 1 1
0 10 20 30 40
N

K10 PRERCECS S R I 5 R 2k

Fig. 10 Relationship between freeze-thaw cycles and dynamic initiation toughness

4 TRIRET R T84 o

T AT 1 E R T AR v G 2o U 0 T3 A 5 A7 2L 25 ) LA e o A R W 2 M B — i T Y 5
RPN AR SOR il i B X 28 e AN [ R R B R B e P i 4 T T SRR AR AT LN, 4545 5 21
TAEFLBR R A AR AL ARR K 2 50 wm RUBE (9 MR EAT 434, Al 11 TR

(d) N=30 (e) N=40
11 TR AR ETRIE

Fig. 11 Scanning electron microscopes of sandstone

K 11(a) Rl 0 Uit AR, FLER RN 12.52%, PIEBFLIR 2 LI, RESS M B0, R4k F
B A DR KR B 11() TR 10 B E R, ISR ] IS E 11(a) 22 5] LR R, X —
AT AL IR 2 AR R 12.96%, FLIR T BI7K 73 77 LR VR IIK T, %o 25 i s IR, 1ORE 6 18T i T e 454
5 IO 7% T AS P-4, 5 R RELRE , A3 B 22 s TR 9 0 A e 1 URE 3R 18] 11(c) SRl 20 W IREE, 5
] 11(b) A e 22 50, 1aRF 2 1T 19 IS 285 ) I It 2 748 22 S B R R S WA I, 3201 JL-F- 180 P A Y X, 3R
B RS, 76 FLBRK vKORE A8 B VR A F T FLI & & e, FLBR A8 Sy 13.35%; 51 11(d) ¥kl 30 1%
i AR, FLIRRAE Ry 13.87%, WA & B 45k WA (b A R ALt B, 56 1 ahb 2 R e 45 400 I 97 2k
W2, JOREA] e 2R Bl R RN 55, PR A FLBR o b R L IE A BHE S ECRILE B [ 11(e) M
il 40 YIS (R, FLBRSREN 14.51%, JLREEE Y 2 7™ 5, 28 A 4 A B I A %, AL Bt AR R ok i £

043104-8



B4 % FEWRK, 55 VRAMEFRXT &t 1 B ) S AR 2R R e L 55 4 3

A Ao X L AN [ R Rl PR R 35 0 A R TOR 2 50 pm RUZ IS L BE 18T 4, nT AR H AR
LG58 UREMG IR 22 T B A AR A5 W) BORL IS, (R A0 B ) ORE 22 [ A9 B 4 VAR 22, AT 3 B0 4
BRI AL, FLBRARAE K, I HAT KALBR B, B P 0 A (Rl SR 0t i 2 R il A1 AR U 50 4 96 i 7%
2, X LA LAY A A T BORD S B 75 W) 2 P RE BRI JEE T

5 & i

AR SO R A R ST BEA T R B P U8 S 3h A b o i, A5 B0 TR AR S AN R OB R R
TEPRE T AR5 28, RS - B A R ABAQUS A1 FROCHMH I T sh Ak 2 L, I %F
TP BEAT B B0 LA S VR R AT P00 0 A sl S W SRR R A 52, A B LT 4542

(DA OTEL R 5 32 2 TR RRE R A0, S BRI A2 RO e T 0% . B VR R
PRUCE RGN, T W0 B T R, BT R BE R, J5 T R B ), VREEIEER 40 W
B AP T T 18.6%; T 10 10 LM ASE bk 43 566 VAR Rl A0 PR U 8P 184 T 8 T /1, R ER 40 YU
INTA1.8%; THH L DI il 3 V4R R0 P U K50 B0 38 032 48 K, 38 R Rt 32 O LI, 40 IR RRB AR BR 5 B K T
9.16%,

(2) Zh 252 20 J3E BB A7 U Rl A1 P00 38 T i, Ll IS Ry BEAR KA ], 3R AE 225 40 TRV
FIEER G, R BE R AR 1 31.7%, Ui R R 2100 A 4 ) 2l 285 76 240 2 R IR K

(3) Hh T URBAG PR 5200, 5 B0 A3 0% J 45 ) Jor it A A it PR R, 22 [ B R 45 P o, R
FLB S AW RLLE T 22, AT RAE H AR 20 ) 24 VERE T B

S Hk:

(1] sk, Rk a, AR, 55, BEIE J€ XA 0 AR IR HE KBRS [J]. A )15 5 TR, 2018, 37(S2): 3489-3499.
DOI: 10.13722/j.cnki.jrme.2016.1115.
GAO Y, ZHU Y Q, ZHAO D P, et al. Study on classified suggestion of tunnel in cold region and thermal insulation-
considered drainage technology [J]. Chinese Journal of Rock Mechanics and Engineering, 2018, 37(S2): 3489-3499. DOI: 10.
13722/j.cnki.jrme.2016.1115.

(2] EA), S5, s O URRIE T 24808 1 BRIE 2540 M AR R R [D]. IR R TR R 72241, 2020, 41(7): 1016-
1021. DOI: 10.11990/jheu.201901077.
XIA C C, BAI X Y, HAN C L. Deformation rules of surrounding rock and structure of permafrost tunnels under freezeing-
thawing cycles [J]. Journal of Harbin Engineering University, 2020, 41(7): 1016—-1021. DOI: 10.11990/jheu.201901077.

(31 EAW, BCFE, #hH S FRREFR S AF T 2 DX BB AT i IR TERE [J]. M R I AR R A% 24), 2020, 41(3): 347-356.
DOI: 10.11990/jheu.201811029.
XIA C C, HUANG W F, HAN C L. The study of service performance of tunnel lining in cold zone when suffered from freeze-
thaw cycles [J]. Journal of Harbin Engineering University, 2020, 41(3): 347-356. DOI: 10.11990/jheu.201811029.

(4] JIR3E, SR ERE, PREAR. JE X REIE & AHAR LA G B WA S EUE 0T [J]. BEIE %, 2018, 38(2): 144-150. DOL: 10.3973/
j-1ssn.2096-4498.2018.52.020.

W

NA T X, ZHANG G Z, CHEN J D. Coupling numerical analysis of heat transfer and seepage flow of surrounding rocks with
phase transition in cold region tunnels [J]. Tunnel Construction, 2018, 38(2): 144—150. DOI: 10.3973/j.issn.2096-4498.2018.
$2.020.

(5] W7, fp Ak, 4, 55 RE-FRIIA 8T SR A 10 ) B W 2 AL IR 3 BT (1), a0 1o S TR SRR, 2018,
37(3): 709-717. DOI: 10.13722/j.cnki.jrme.2017.1296.
SHEN Y J, YANG G S, WANG Ming, et al. Experiments on the damage characteristic and fracture process of single-joint
quasi-sandstone under the cyclic freezing-thawing and cyclic loading [J]. Chinese Journal of Rock Mechanics and
Engineering, 2018, 37(3): 709-717. DOI: 10.13722/j.cnki.jrme.2017.1296.

(6] W7, i s At SR e, 45, RRMG PRV T SR 2B SR e Jo S A 100 40 20 s K i ST 2R PR J T (0], A1 12 5 T
P27, 2017, 36(3): 562-570. DOI: 10.13722/j.cnki.jrme.2016.0122.

043104-9


http://dx.doi.org/10.13722/j.cnki.jrme.2016.1115
http://dx.doi.org/10.13722/j.cnki.jrme.2016.1115
http://dx.doi.org/10.11990/jheu.201901077
http://dx.doi.org/10.11990/jheu.201901077
http://dx.doi.org/10.11990/jheu.201811029
http://dx.doi.org/10.11990/jheu.201811029
http://dx.doi.org/10.3973/j.issn.2096-4498.2018.S2.020
http://dx.doi.org/10.3973/j.issn.2096-4498.2018.S2.020
http://dx.doi.org/10.13722/j.cnki.jrme.2017.1296
http://dx.doi.org/10.13722/j.cnki.jrme.2017.1296
http://dx.doi.org/10.13722/j.cnki.jrme.2017.1296
http://dx.doi.org/10.13722/j.cnki.jrme.2016.0122
http://dx.doi.org/10.13722/j.cnki.jrme.2016.0122
http://dx.doi.org/10.13722/j.cnki.jrme.2016.1115
http://dx.doi.org/10.13722/j.cnki.jrme.2016.1115
http://dx.doi.org/10.11990/jheu.201901077
http://dx.doi.org/10.11990/jheu.201901077
http://dx.doi.org/10.11990/jheu.201811029
http://dx.doi.org/10.11990/jheu.201811029
http://dx.doi.org/10.3973/j.issn.2096-4498.2018.S2.020
http://dx.doi.org/10.3973/j.issn.2096-4498.2018.S2.020
http://dx.doi.org/10.13722/j.cnki.jrme.2017.1296
http://dx.doi.org/10.13722/j.cnki.jrme.2017.1296
http://dx.doi.org/10.13722/j.cnki.jrme.2017.1296
http://dx.doi.org/10.13722/j.cnki.jrme.2016.0122
http://dx.doi.org/10.13722/j.cnki.jrme.2016.0122

B4 % FEWRK, 55 VRAMEFRXT &t 1 B ) S AR 2R R e L 55 4 3

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

SHEN Y J, YANG G S, RONG T L, et al. Localized damage effects of quasi-sandstone with single fracture and fracture
behaviors of joint end under cyclic freezeing and thawing [J]. Chinese Journal of Rock Mechanics and Engineering, 2017,
36(3): 562-570. DOI: 10.13722/j.cnki.jrme.2016.0122.

TREAM, A AL VRRLERE TN 2000 5 1 2 E R I S B 4 AT (0], D127 5 528, 2013, 35(3): 57-61. DOL: 10.6052/1000-
0879-12-379.

ZHANG H M, YANG G S. Mechanical property experiment and damage analysis of red sandstone under freeze-thaw
environment [J]. Mechanics in Engineering, 2013, 35(3): 57-61. DOI: 10.6052/1000-0879-12-379.

57, B4 5%, TV, G5 UREE BRI AE b B R 5 40 B~ SR L 23 B i FHBIFSE (0. kU1 R L, 2014,
36(3): 632—639. DOI: 10.7522/j.issn.1000-0240.2014.0076.

WEN L, LI X B, YIN Y B, et al. Study of physico-mechanical properties of granite porphyry and limestone in slopes of open-
pit metal mine under freezing-thawing cycles and their application [J]. Journal of Glaciology and Geocryology, 2014, 36(3):
632-639. DOIL: 10.7522/.issn.1000-0240.2014.0076.

&%, 28 47 S, RIESE, A5 AR R DX TA] R R R A W B S R S g e TR R (9], TR J157, 2017, 34(5):
247-256. DOI: 10.6052/j.issn.1000-4750.2015.11.0921.

WEN L, LI X B, TANG H Y, et al. Study of physico-mechanical characteristics of rock under different frozen-thawed circle
temperature range and its engineering application [J]. Engineering Mechanics, 2017, 34(5): 247-256. DOI: 10.6052/j.issn.
1000-4750.2015.11.0921.

Mg, 5B, PMR. RAVIGERE R A A R ey ead B4t oT (1], oK TR 224, 2019, 52(S1): 1-7. DOL:
10.15951/j.tmgexb.2019.51.001.

CHEN Y L, ZHENG K, SUN H. Meso-research on the development of rock surface crack under freeze-thaw cycles [J]. China
Civil Engineering Journal, 2019, 52(S1): 1-7. DOI: 10.15951/j.tmgcxb.2019.s1.001.

XU, ERFUK, FHEAOK, 55 ARIRURES AR B BRI 0 S BB RE ST ). & b TS24I, 2015, 37(9): 1572-1580.
DOI: 10.11779/CJGE201509003.

LIU Q S, HUANG S B, KANG Y S, et al. Numerical and theoretical studies on frost heaving pressure in a single fracture of
frozen rock mass under low temperature [J]. Chinese Journal of Geotechnical Engineering, 2015, 37(9): 1572-1580. DOI:
10.11779/CIGE201509003.

XNk, Vrarar, EME, 55 FRIALED A 19 SHPB R B0 AT 58 B 40 WL 43 #7 [1]. 4k 3h 5 whif, 2017, 36(20): 203-209. DOL:
10.13465/j.cnki.jvs.2017.20.031.

LIU SH, XU JY, WANG P, et al. An SHPB experimental study and microscomic analysis of freeze-thaw red sandstone [J].
Journal of Vibration and Shock, 2017, 36(20): 203-209. DOI: 10.13465/j.cnki.jvs.2017.20.031.

GHOLAMREZA K, REZA Z S, YASIN A. The effect of freeze-thaw cycles on physical and mechanical properties of upper
red formation sandstones, central part of Iran [J]. Arabian Journal of Geosciences, 2015, 8(8): 5991-6001. DOI: 10.1007/
$12517-014-1653-y.

GHOBADI M H, BABAZADEH R. Experimental studies on the effects of cyclic freezing—thawing, salt crystallization, and
thermal shock on the physical and mechanical characteristics of selected sandstones [J]. Rock Mechanics and Rock
Engineering, 2015, 48: 1001-1016. DOI: 10.1007/s00603-014-0609-6.

JAE:, RATW, R, S RS b B T RRIE BB AR (). A A% TR, 2017, 36(6): 1363-1372.
DOI: 10.13722/j.cnki.jrme.2016.1403.

ZHOU L, ZHU Z M, DONG Y Q, et al. Dynamic response of cracks in tunnels under impact loading of medium-low speed
[J]. Chinese Journal of Rock Mechanics and Engineering, 2017, 36(6): 1363—1372. DOI: 10.13722/j.cnki.jrme.2016.1403.
JiZE, R, R, 5. op g N BRIE RS R RE RIRAT R (3], RKE S b, 2018, 38(4): 785-794. DOL:
10.11883/bzycj-2016-0383.

ZHOU L, ZHU Z M, DONG Y Q, et al. The propagation characteristics and failure behavior of crack in tunnel under impact
loads [J]. Explosion and Shock Waves, 2018, 38(4): 785-794. DOI: 10.11883/bzycj-2016-0383.

fHE 3, iSE T, SRR, A5 PRE v B0 5 R BLA S S TR SRR E (0], A0 1% 5 TREAAR, 2019, 38(10):
2022-2020. DOI: 10.13722/j.cnki.jrme.2019.0323.

FU A Q, WEI'L Y, SU H J, et al. Experimental study on static fracturing mechanical characteristic of marble after cyclic
impact loading [J]. Chinese Journal of Rock Mechanics and Engineering, 2019, 38(10): 2022-2020. DOI: 10.13722/j.cnki.

043104-10


http://dx.doi.org/10.13722/j.cnki.jrme.2016.0122
http://dx.doi.org/10.6052/1000-0879-12-379
http://dx.doi.org/10.6052/1000-0879-12-379
http://dx.doi.org/10.7522/j.issn.1000-0240.2014.0076
http://dx.doi.org/10.7522/j.issn.1000-0240.2014.0076
http://dx.doi.org/10.6052/j.issn.1000-4750.2015.11.0921
http://dx.doi.org/10.6052/j.issn.1000-4750.2015.11.0921
http://dx.doi.org/10.15951/j.tmgcxb.2019.s1.001
http://dx.doi.org/10.15951/j.tmgcxb.2019.s1.001
http://dx.doi.org/10.15951/j.tmgcxb.2019.s1.001
http://dx.doi.org/10.11779/CJGE201509003
http://dx.doi.org/10.11779/CJGE201509003
http://dx.doi.org/10.13465/j.cnki.jvs.2017.20.031
http://dx.doi.org/10.13465/j.cnki.jvs.2017.20.031
http://dx.doi.org/10.1007/s12517-014-1653-y
http://dx.doi.org/10.1007/s00603-014-0609-6
http://dx.doi.org/10.1007/s00603-014-0609-6
http://dx.doi.org/10.13722/j.cnki.jrme.2016.1403
http://dx.doi.org/10.13722/j.cnki.jrme.2016.1403
http://dx.doi.org/10.11883/bzycj-2016-0383
http://dx.doi.org/10.11883/bzycj-2016-0383
http://dx.doi.org/10.13722/j.cnki.jrme.2019.0323
http://dx.doi.org/10.13722/j.cnki.jrme.2019.0323
http://dx.doi.org/10.13722/j.cnki.jrme.2016.0122
http://dx.doi.org/10.6052/1000-0879-12-379
http://dx.doi.org/10.6052/1000-0879-12-379
http://dx.doi.org/10.7522/j.issn.1000-0240.2014.0076
http://dx.doi.org/10.7522/j.issn.1000-0240.2014.0076
http://dx.doi.org/10.6052/j.issn.1000-4750.2015.11.0921
http://dx.doi.org/10.6052/j.issn.1000-4750.2015.11.0921
http://dx.doi.org/10.15951/j.tmgcxb.2019.s1.001
http://dx.doi.org/10.15951/j.tmgcxb.2019.s1.001
http://dx.doi.org/10.15951/j.tmgcxb.2019.s1.001
http://dx.doi.org/10.11779/CJGE201509003
http://dx.doi.org/10.11779/CJGE201509003
http://dx.doi.org/10.13465/j.cnki.jvs.2017.20.031
http://dx.doi.org/10.13465/j.cnki.jvs.2017.20.031
http://dx.doi.org/10.1007/s12517-014-1653-y
http://dx.doi.org/10.1007/s00603-014-0609-6
http://dx.doi.org/10.1007/s00603-014-0609-6
http://dx.doi.org/10.13722/j.cnki.jrme.2016.1403
http://dx.doi.org/10.13722/j.cnki.jrme.2016.1403
http://dx.doi.org/10.11883/bzycj-2016-0383
http://dx.doi.org/10.11883/bzycj-2016-0383
http://dx.doi.org/10.13722/j.cnki.jrme.2019.0323
http://dx.doi.org/10.13722/j.cnki.jrme.2019.0323

B4 % FEWRK, 55 VRAMEFRXT &t 1 B ) S AR 2R R e L 55 4 3

[18]

[19]

[20]

[21]
[22]
23]

[24]

[25]

jrme.2019.0323.

WANG M, ZHU Z, DONG Y, et al. Study of mixed-mode I/Il fractures using single cleavage semicircle compression
specimens under impacting loads [J]. Engineering Fracture Mechanics., 2017, 177: 33—44. DOI: 10.1016/j.engfracmech.2017.
03.042.

E5E REW, TME. ohali i 24 R 89 1/ 10525 BRSBTS (7). 41 )17 5 TR 4R, 2016, 35(7): 1323~
1332. DOI: 10.13722/j.cnki.jrme.2015.1260.

WANG M, ZHU Z M, WANG X. The growth of mixed-mode I /Il crack under impacting loads [J]. Chinese Journal of Rock
Mechanics and Engineering, 2016, 35(7): 1323-1332. DOI: 10.13722/j.cnki.jrme.2015.1260.

WANG Q Z, FENG F, NI M, et al. Measurement of mode I and mode II rock dynamic fracture toughness with cracked
straight through flattened Brazilian disc impacted by split Hopkinson pressure bar [J]. Engineering Fracture Mechanics., 2011,
78(12): 2455-2469. DOLI: 10.1016/j.engfracmech.2011.06.004.

TEPr 598 2 B UenB. TR A SRS T EAniE: GB/T 50266—2013 [S]. dbatH EiH-Rl kit 2013: 17-18.

WA, W J 2 B S ] [M]. JEs: QU BT ik, 2006: 19-22.

GREGOIRE G, MAIGRE H, RETHORE J, et al. Dynamic crack propagation under mixed-mode loading-comparison between
experiments and X-FEM simulations [J]. International Journal of Solids and Structures, 2007, 44: 6517—-6534. DOI: 10.1016/
j-1jsolstr.2007.02.044.

B, VEZE, 255 3, 45, i fer 0T 46 B 82 20T D - GO IR B 9T (7], 5 12 5 TR AR, 2019, 38(11): 2172-2181.
DOI: 10.13722/j.cnki.jrme.2019.0185.

TAO M, WANG J, LI Z W, et al. Meso and micro-experimental research on the fracture of granite spallation under impact
loads [J]. Chinese Journal of Rock Mechanics and Engineering, 2019, 38(11): 2172-2181. DOI: 10.13722/j.cnki.jrme.2019.
0185.

ARAEEE, SOKHE, By, AF. R-EAEH N A T2 Rk R A s s 54 [9]. & 7177, 2019, 40(9): 3447-3456.
DOI: 10.16285/j.rsm.2018.1002.

DENG HF, ZHI Y Y, DUAN L L, et al. Mechanical properties of sandstone and damage evolution of microstructure under
water-rock interaction [J]. Rock and Soil Mechanics, 2019, 40(9): 3447-3456. DOI: 10.16285/j.rsm.2018.1002.

GiEmE £ 5 %)

043104-11


http://dx.doi.org/10.1016/j.engfracmech.2017.03.042
http://dx.doi.org/10.13722/j.cnki.jrme.2015.1260
http://dx.doi.org/10.13722/j.cnki.jrme.2015.1260
http://dx.doi.org/10.13722/j.cnki.jrme.2015.1260
http://dx.doi.org/10.1016/j.engfracmech.2011.06.004
http://dx.doi.org/10.1016/j.ijsolstr.2007.02.044
http://dx.doi.org/10.13722/j.cnki.jrme.2019.0185
http://dx.doi.org/10.13722/j.cnki.jrme.2019.0185
http://dx.doi.org/10.16285/j.rsm.2018.1002
http://dx.doi.org/10.16285/j.rsm.2018.1002
http://dx.doi.org/10.1016/j.engfracmech.2017.03.042
http://dx.doi.org/10.13722/j.cnki.jrme.2015.1260
http://dx.doi.org/10.13722/j.cnki.jrme.2015.1260
http://dx.doi.org/10.13722/j.cnki.jrme.2015.1260
http://dx.doi.org/10.1016/j.engfracmech.2011.06.004
http://dx.doi.org/10.1016/j.ijsolstr.2007.02.044
http://dx.doi.org/10.13722/j.cnki.jrme.2019.0185
http://dx.doi.org/10.13722/j.cnki.jrme.2019.0185
http://dx.doi.org/10.16285/j.rsm.2018.1002
http://dx.doi.org/10.16285/j.rsm.2018.1002

	1 试验方案
	1.1 试件模型及材料的选择
	1.2 冻融循环试验
	1.3 冲击试验
	1.4 裂纹扩展计及其工作原理

	2 试验结果分析
	2.1 确定材料参数
	2.2 冲击载荷计算
	2.3 裂纹的动态起裂时刻

	3 动态起裂韧度的计算
	3.1 试验-数值法
	3.2 动态起裂韧度计算

	4 破坏断裂面的细观分析
	5 结　论

