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Abstract: There are numerous large-scale rock slopes in the surface mines of China, which are easily affected by multiple
factors such as complex geological topography and natural, engineering disturbances, thereby resulting in frequent land-
slide disasters. Especially in northwest China, the landslides in surface mines occur frequently due to the complicated to-
pographical and geological structures, harsh climate and environment, as well as long-term engineering disturbance, which
seriously threaten miner’s life and property safety. From the perspective of macro-micro damage evolution of characterist-
ic slope rock masses, this study conducted the freeze-thaw test, the frost heave force evolution test, and the uniaxial com-
pression test of fractured rock masses in the potential landslide area, based on the actual engineering geological and envir-
onmental characteristics of high-steep rock slope at an surface mine in Xinjiang province. Where multi-faceted research
approaches including engineering field investigation, theoretical analysis and laboratory experimental research were adop-
ted, and the theories and methods of rock mechanics and soil mechanics were integrated. Through these tests, the mass
loss, wave velocity attenuation and frost heave force evolution characteristics of fractured rock masses with different in-
clinations (0°, 25°, 50°, 75°) were analyzed under different freeze-thaw cycles, and the strength and aging characteristics
of fractured rock masses under different load conditions, along with the evolution of their mechanical properties under dif-
ferent freeze-thaw cycles were revealed. On this basis, combined with the synchronous acoustic emission test, the final
rock fracture mode, the morphology and macro-micro propagation mechanisms of cracks during the rock deformation and
failure process were expounded. The results show that under the action of freeze-thaw cycles (0, 10, 20, 30 times), the sat-
uration mass of rock masses increased first and then decreased, while the P-wave velocity showed a decelerated decay.
The evolution of frost heave force could be divided into five stages: the incubation stage, the heaving stage, the stabiliza-
tion stage, the secondary heaving stage and the melting stage. Moreover, the generation of frost heave force, the time re-
quired to reach peak and the peak values were all positively correlated with the fracture inclination. The peak values of
frost heave forces of rock samples with crack inclinations (0°, 25°, 50°, 75°) are 3.68, 3.88, 4.04, 4.13 MPa, respectively.
The frost heave effect resulted in a decreased strength of rock masses due to the repeated tensioning action, which was a
major cause of slope instability in this cold region. The stress-strain relationship of rock masses under uniaxial compres-
sion and the trend of crack volume strain were roughly the same, which could be divided into five typical stages: the mi-
crofracture closure stage, the clastic deformation stage, the yield stage, the crack acceleration stage and the post-peak
stage. The compressive strength and elastic modulus of rock masses decreased linearly with the increase of freeze-thaw
cycles, while increased linearly with the increase of fracture inclination. According to the final fracture morphology of
rock samples and the Gaussian mixture model-based classification of microcracks, the tensile fracture was the predomin-
ant microfracture mode of rock samples (up to 54.2%), followed by the mixed mode (up to 42.3%). With the increase of
freeze-thaw cycles (20-30 times), the proportion of mixed-mode microcracks increased and that of shear cracks decreased.

Moreover, the macroscopic failure mode was the mixed tensile—shear failure.
Key words: rock slope; fractured rock mass; frost heave force; freeze-thaw cycle; fracture mode
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Fig.13 Macroscopic fracture modes of specimens after differentfreeze-thaw cycles
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Fig.14 Mesoscopic crack classification of rock specimenswith 0° fracture inclination angle under different freeze-thaw cycles



512 1 M RS FEX R R T 2B s AR R R e S ) 2 R i B o 5% 4697
i ST S e
R “RA L
400 400
350 350
N y, N
T 300 < 300
5 250 & 250
= =
200 200
150 150
100 100
50 . & 50 )
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
RA/(ms + V) RA/(ms + V)
(a) FRAIGFROX (b) FRALEIR 107
530 32.6% I SiE3e 530 38.7% * KT
500 U mamg 0 AR
o e 9% ks
L 350 L 350
300 Z 300 12.3%
& 250 K 250
200 200
150 150
100 100
50 50 ;. .
ol B0's LT IR i e B
0 1 2 3 4 5 6 1 8 0 2 3 4 5 6 1 8
RA/(ms - V') RA/(ms - V")
(c) R RAEIR204K (d) VREMEA30IK
B 15 ZABRF 2505 RN R PR ALE IR BT AW 2480 50 2 1 1L

Fig.15 Mesoscopic crack classification of rock specimens with 25° fracture inclination angle under different freeze-thaw cycles
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Fig.16 Mesoscopic crack classification of rock specimens with 50° fracture inclination angle under different freeze-thaw cycles
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Fig.17 Mesoscopic crack classification of rock specimens with 75° fracture inclination angle under different freeze-thaw cycles

3 4 &

1) BFFE T ARSI (0°, 25°, 50°, 75°) B4R A
FEAR AR EE T A K AR TR o RIERTR, &
B ARL RN 5T i 2 IR SE B IS U/, 28105 30 YR PR il
6 P8 J5 , 10 5T & 40 2K 2R 43 1R 0.012%. 0.016% .
0.018%. 0.019%; VR4 E FX A I s g 21, 1R N
NI Ik ok L D TR A Y, 30 YR B G BRI 3 TEk
A 15.06% ., 19.21%. 20.27% . 19.80%; S4Bk
Ik L R B R IKE. RRE B i
MBe . TE LB 5 N BLAIRY By, Bl BRI A A3 R (0°,
25°,50°, 75°), ZRMK T B A B TE] 4300 R 30 50, 60,
65 min, ik FI I (VR ik 77 BT it ] 4350k 65, 75, 85,
105 mins, V& {E ¥k ik 7153 51 R 3.68. 3.88. 4.04, 4.13
MPa. HHA] UL, 7RI, TRk 7 A: | RS IEE
ST I I] | DE AR R/ IN S BRI AR S AE AR DG . RIKAE T
fif A AR TF B 7 I B HIAE H, SEGA A A
ST, SRR TE X R e M E LA

2) WFSE T B BT s B Ll e B AR | B o)
75 N BESAAR TR AR A AR o A RN -1 AR 2
;1 —ZE SR TN AR (T8 85 KB [R], 7 KB A
PG BB B AS IR B B L IR B B . AP IERR
TR R B | WSS BRRE 5 BB, I H RSO AR

FEME IR H BB 0 00 85 A, T 4R SR 2 AR R 1 ) 4
FERAEERE R T, 1R 2B A 2 BT o B R
B AT BRI, AR ME MR RR AR Dl 55 . SRR AR
P2 155 B R RGP OB B8 0, A %) i B A
B LML T B TEA R RRLSA R T, AR R iR
JEE TRV A o L £ 1 R S R

3) X T AH [RIEUAR A, Bl R Rl SR B, B
TR IAMEAE R 2k A 24, IF B b T 1]
ZLTR R Bl o AEAH R R AR R, 24BN A A 00Fn
25, FAE AR RSN T ZLBAL T 4 o] P o 2 B
Wit , AR RS 2 th BRI R AL TR R R
BRfF R S0 7500, S HR LT JL-F- AN 2o 1 il 284
Bt 22 W > T o] LB o A R R I, X A AR S5 4 1 52
M 541K

4) 38 328 7 AW R B S RT AL, A R AL
ZECH F, & e KB B 54.2%; HR MR G244,
KB 42.3%, BY VIR SR /D, HHE 40% LR . B Uk
B 3 I, TR A RS A — R R N, 2
SR 0 kg 1 4 1A 11 52 A P o

2% X #k(References):

[11 XIFR, 224 5%, B RR, % BRIFREG U FIRZS X %42
JEERE R R S MR I]. A D12 S TR 244, 2012, 31(S1): 3357~



5512 34

Ml ARAF: FEX R KB B PR A R R R iR S ) 2 P IR 5

4699

(2]

[3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

(1]

[12]

[13]

[14]

3362.

LIU Xiling, LI Xibing, GONG Fengqiang, et al. Safety isolation lay-
er thickness and acoustic emission monitoring of cavity under open
pit benches[J]. Chinese Journal of Rock Mechanics and Engineering,
2012, 31(S1): 3357-3362.

L FRR LT R AR S K R T T]. AT (4,
2020(24): 58-59.

CAO He. Progress and development trend of open pit mining techno-
logy[J]. World Nonferrous Metals, 2020(24): 58—59.

TR M, R, 5 BIRORDFIE BRI 5 R d R R
[7]. BE2R% 242, 2024, 49(S1): 129-153.

WANG Zhongxin, TIAN Hui, WANG Dong, et al. Evolution and fu-
ture prospect of scientific objectives of open-pit mining[J]. Journal of
China Coal Society, 2024, 49(S1): 129-153.

MR e, B 20, 2, 4. SERMIIR A 1F T 88 R 1 A a1 R b
B 3 3 R e R IR LA [9]. B 2 A, 2022, 47(3):
1168—-1179.

CHEN Yanlong, CUI Huidong, LI Ming, et al. Dynamic mechanical
properties and failure mechanism of saturated coal-measure sand-
stone in open pit mine with damage under real-time low-temperature
conditions[J]. Journal of China Coal 2022, 47(3):
1168—-1179.

MU, FkAbE, 1 AR, 45, 5 f RS A7 B 1R K et A2 H r ol
SERERTIELT. RO 5% 2 TR, 2019, 36(3): 542-548.

WU Shunchuan, ZHANG Huajin, XIAO Shu, et al. Study on time-

Society,

varying target reliability of open-pit slope considering service life[J].
Journal of Mining & Safety Engineering, 2019, 36(3): 542—548.
QU Y L, CHEN G L, NIU F J, et al. Effect of freeze-thaw cycles on
uniaxial mechanical properties of cohesive coarse-grained soils[J].
Journal of Mountain Science, 2019, 16(9): 2159-2170.
JIAJL, SUN K G, WEI Y, et al. Prediction of frost heaving stress in
saturated sandstone in unidirectional freezing conditions[J]. Interna-
tional Journal of Civil Engineering, 2023, 21(11): 1725-1738.
YANG X R, JIANG A N, ZHENG S. Analysis of the effect of freeze-
thaw cycles and creep characteristics on slope stability[J]. Arabian
Journal of Geosciences, 2021, 14(11): 1033.
JINGJJ, WU Z J, YAN W J, et al. Experimental study on progress-
ive deformation and failure mode of loess fill slopes under freeze-
thaw cycles and earthquakes[J]. Engineering Geology, 2022, 310:
106896.
GUO C B, ZHANG Y S, ZHANG Y N, et al. Freeze-thaw cycle ef-
fects on granite and the formation mechanism of long-runout land-
slides: Insights from the Luanshibao case study in the Tibetan Plat-
eau, China[J]. Bulletin of Engineering Geology and the Environ-
ment, 2023, 82(10): 394.
EVERETT D H. The thermodynamics of frost damage to porous
solids[J]. Transactions of the Faraday Society, 1961, 57: 1541.
MILLER R D. Freezing and heaving of saturated and unsaturated
soils[J]. Highway Research Record, 1972, 393: 1-11.
LEI D X, LIN H, WANG Y X. Damage characteristics of shear
strength of joints under freeze—thaw cycles[J]. Archive of Applied
Mechanics, 2022, 92(5): 1615-1631.
I, A A, T, S5, iRm0 2T SRR RD A ) S

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Wi 2438 Ak 58 o M 0], A A 5 TR AR, 2018, 37(3):
709-717.

SHEN Yanjun, YANG Gengshe, WANG Ming, et al. Experiments
on the damage characteristics and fracture process of single-joint
quasi-sandstone under the cyclic freezing-thawing and cyclic load-
ing[J]. Chinese Journal of Rock Mechanics and Engineering, 2018,
37(3): 709-717.

LU Y N, LI X P, CHAN A. Damage constitutive model of single
flaw sandstone under freeze-thaw and load[J]. Cold Regions Sci-
ence and Technology, 2019, 159: 20—28.

%, e, LA, K RBCE RS EDTE D] A L
J12%, 2023, 44(2): 345-354.

JIA Peng, WANG Xiaoshuai, WANG Dechao. Study on the freeze-
thaw deformation characteristics of saturated fractured rocks[J].
Rock and Soil Mechanics, 2023, 44(2): 345-354.

o, EF, KIEH, 55, 1K SEBE R A R K O A e vk
IFFE[N). S5 7127, 2021, 42(8): 2141-2150.

QIAO Chen, WANG Yu, SONG Zhengyang, et al. Experimental
study on the evolution characteristics of cyclic frost heaving pres-
sure of saturated fractured granite[J]. Rock and Soil Mechanics,
2021, 42(8): 2141-2150.

BRI, 1 R, GG, 55 JE T InSAR (G I b 3R AR
AUV D). %111, 2024, 2(1): 54-63.

GUI Zhichen, XU Liangji, LIU Xiaopeng, et al. Monitoring surface
residual settlement of closed mines based on time series InSAR[J].
Journal of Green Mine, 2024, 2(1): 54—63.

FRILTT, R, S, 45, +/ 8RR RA I BOKAMT R 25 G HLH
HEFE[I]. A 15 5 TR, 2022, 41(11): 2365-2375.

CHEN Hanging, CHENG Hua, CAO Lu, et al. Research on the
comprehensive mechanism of freeze-thaw hysteresis and water mi-
gration of soil/rock[J]. Chinese Journal of Rock Mechanics and En-
gineering, 2022, 41(11): 2365-2375.

CHEN Y F, LIN H. Deterioration laws of Hoek-Brown parameters
in freeze—thaw multi-fractured rock mass[J]. Theoretical and Ap-
plied Fracture Mechanics, 2023, 123: 103716.

ZHANG G Z, CHEN G Q, XU Z X, et al. Crack failure characterist-
ics of different rocks under the action of frost heaving of fissure wa-
ter[J]. Frontiers in Earth Science, 2020, 8: 13.

AT, BRI K, 55 SR TRk I AR AR (0], S5
2R, 2019, 44(6): 1742-1752.

SHAN Renliang, BAI Yao, SUN Pengfei, et al. Experimental study
on frost heaving pressure properties in fractured red sandstone[J].
Journal of China Coal Society, 2019, 44(6): 1742—1752.

ZHOU X P, NIU Y, ZHANG J Z, et al. Experimental study on ef-
fects of freeze-thaw fatigue damage on the cracking behaviors of
sandstone containing two unparallel fissures[J]. Fatigue & Fracture
of Engineering Materials & Structures, 2019, 42(6): 1322—-1340.
XUHEEE, SRR, BERFUK, 55 VRMLIE T T 2B 2E b A W SR AE 5
SREERATIE]. A L1, 2018, 39(S2): 62-71.

LIU Yanzhang, GUO Yunlin, HUANG Shibing, et al. Study of frac-
ture characteristics and strength loss of crack quasi-sandstone under
freeze-thaw cycles[J]. Rock and Soil Mechanics, 2018, 39(S2):
62-71.


https://doi.org/10.3969/j.issn.1002-5065.2020.24.026
https://doi.org/10.3969/j.issn.1002-5065.2020.24.026
https://doi.org/10.1007/s11629-019-5426-7
https://doi.org/10.1007/s40999-023-00852-2
https://doi.org/10.1007/s40999-023-00852-2
https://doi.org/10.1007/s12517-021-07290-1
https://doi.org/10.1007/s12517-021-07290-1
https://doi.org/10.1016/j.enggeo.2022.106896
https://doi.org/10.1007/s10064-023-03427-6
https://doi.org/10.1007/s10064-023-03427-6
https://doi.org/10.1007/s10064-023-03427-6
https://doi.org/10.1039/tf9615701541
https://doi.org/10.1007/s00419-022-02136-y
https://doi.org/10.1007/s00419-022-02136-y
https://doi.org/10.1016/j.coldregions.2018.11.017
https://doi.org/10.1016/j.coldregions.2018.11.017
https://doi.org/10.1016/j.coldregions.2018.11.017
https://doi.org/10.1016/j.tafmec.2022.103716
https://doi.org/10.1016/j.tafmec.2022.103716
https://doi.org/10.1016/j.tafmec.2022.103716
https://doi.org/10.3389/feart.2020.00013

4700 % £ Z % 2024 4E5 49 %
[25] TR, RXSEEE, TN, A5 K 4B R Al R b R g Ak A [34]  FBUL, HHEEE, BRALKE. 0 J122 % N ISRM AU B i bt
M R EAFFE[). A 2 5 TARRER, 2022, 41(9): 1832-1845. FCRECFAAR[T]. 5 1275 TR, 2010, 29(12): 2456-2468.
JIA Hailiang, ZHAO Siqi, DING Shun, et al. Study on the evolu- ZHENG Hong, FENG Xiating, CHEN Zuyu. Standardization and
tion and influencing factors of frost heaving force of waterbearing digitization for isrm suggested methods of rock mechanics laborat-
cracks during freezing-thawing process[J]. Chinese Journal of Rock ory tests[J]. Chinese Journal of Rock Mechanics and Engineering,
Mechanics and Engineering, 2022, 41(9): 1832—1845. 2010, 29(12): 2456—2468.
[26] BREAZ, SRALIE, R4, 55, SRMETURA X L Hb @SR AR AT ot e [35] AR AN RILFNE AR P R £ @ B8, TR PRI I T s A o
SRAI]. a5 11, 2023, 1(1): 101-118. GB/T 50266—2013[S]. dt.5T: H Tl H ikt 2013.
CHEN Shaojie, ZHANG Libo, LI Zhenhua, et al. Research progress [36] e B S E K RIS, KR K B TR e A i g6 A R: . SL/T
and prospect of building utilization in coal mining subsidence 264—2020[S]. db5t: HEZKAIKE H R, 2020.
areas[J]. Journal of Green Mine, 2023, 1(1): 101-118. [37]1 BM8, BRA =, kg, 45 AREMEPME R D209 1A S 2L
[27] LUH Q, BAO W X, YIN Y, et al. Experimental study on multi- PIAAIE RS [T]. 55 £ T R4, 2023, 45(4): 805-815.
scale damage and deterioration mechanism of carbonaceous slate XIAO Peng, CHEN Youliang, DU Xi, et al. Mechanical properties
under freeze-thaw cycles[J]. Bulletin of Engineering Geology and of sandstone under freeze-thaw cycles and studies on meso-damage
the Environment, 2023, 82(12): 458. constitutive model[J]. Chinese Journal of Geotechnical Engineering,
[28] RIIZE, FEARLS, i FUMR. VREIFE R 2400 A B B TS K S 2023, 45(4): 805-815.
PERFFET). KRB 5% 4 TARR2EIR, 2023, 40(2): 408—419. [38] SHI Z M, LI J T, WANG J, et al. Fracture behavior and damage
SONG Yongjun, CHENG Keyan, MENG Fandong. Research on evolution model of sandstone containing a single pre-existing flaw
acoustic emission characteristics of fractured rock damage under under discontinuous fatigue loading[J]. International Journal of
freeze-thaw action[J]. Journal of Mining & Safety Engineering, Damage Mechanics, 2023, 32(1): 3—27.
2023, 40(2): 408-419. [39] KEFA, Jslffa, A DCHE, 55, VREMEER T e 122 Rk M A L 240l
[29] XUJTC,LIUY T,NIY D. Hierarchically weighted rough-set genet- FEFFE[]. R 544 TR, 2021, 38(4): 819-829.
ic algorithm of rock slope stability analysis in the freeze-thaw LU Xiang, ZHOU Wei, CAI Qingxiang, et al. Mechanical proper-
mountains[J]. Environmental Earth Sciences, 2019, 78(6): 227. ties and meso fracture mechanism of mudstone under freeze-thaw
[30] Z), FEmIZE, Bk, S KGR XA B R AR ke 2s 4 cycle[J]. Journal of Mining & Safety Engineering, 2021, 38(4):
SRR S B 5 0], TR B4R, 2020, 28(6): 1319-1328. 819-829.
LUO Luguang, PEI Xiangjun, HUANG Rungqiu, et al. Spatial-tem- [40] FENG Q, HOU S J, LIU W W, et al. Study on the simulation meth-
poral differentiation characteristics and rate of freeze-thaw erosion od and mesoscopic characteristics of rock freeze-thaw damagel[J].
of rock slopes in periglacial area[J]. Journal of Engineering Geology, Computers and Geotechnics, 2023, 153: 105038.
2020, 28(6): 1319-1328. [41] EH, EIEEK, P, 55 PR AR FVRBRICA TS BT RA-AF FF
[31] HUANG S B, LU Z X, YE Z Y, et al. An elastoplastic model of E BB [0]. i E A B4R, 2022, 35(8): 118-128.
frost deformation for the porous rock under freeze-thaw[J]. Engin- WANG Guilin, WANG Rungiu, SUN Fan, et al. RA-AF character-
eering Geology, 2020, 278: 105820. istics of acoustic emission and failure mode of Karst-fissure lime-
[32] QIAO C, WANG Y, LI C H, et al. Catastrophe instability analysis stone under uniaxial compression[J]. China Journal of Highway and
of rock slopes with locked segments in open-pit mine due to Transport, 2022, 35(8): 118—128.
freeze—thaw weathering[J]. Bulletin of Engineering Geology and the [42] JUSY,LID S, JIA J Q. Machine - learning - based methods for
Environment, 2022, 81(4): 135. crack classification using acoustic emission technique[J]. Mechanic-
[33] (HESHK, 2k, el 45 JE X IR R T MO —sh B A B ik PE ). al Systems and Signal Processing, 2022, 178: 109253.
I HEEAR, 2024, 49(S1): 274284, [43] ZHANG H Y, GUO J Q, SUN F Y, et al. Experimental study on

FU Helin, LI Huan, LI Jie, et al. Research on freezing-dynamic
combined damage characteristics of carbona-ceousphyllite in cold

region[J]. Journal of China Coal Society, 2024, 49(S1): 274—284.

acoustic emission characteristics in the fracture process of granite
under dry and saturated state[J]. Geotechnical and Geological En-

gineering, 2022, 40(10): 5213—5231.


https://doi.org/10.1007/s10064-023-03493-w
https://doi.org/10.1007/s10064-023-03493-w
https://doi.org/10.1007/s12665-019-8241-0
https://doi.org/10.1016/j.enggeo.2020.105820
https://doi.org/10.1016/j.enggeo.2020.105820
https://doi.org/10.1007/s10064-022-02635-w
https://doi.org/10.1007/s10064-022-02635-w
https://doi.org/10.11779/CJGE20220219
https://doi.org/10.11779/CJGE20220219
https://doi.org/10.1177/10567895221123090
https://doi.org/10.1177/10567895221123090
https://doi.org/10.1016/j.compgeo.2022.105038
https://doi.org/10.3969/j.issn.1001-7372.2022.08.011
https://doi.org/10.3969/j.issn.1001-7372.2022.08.011
https://doi.org/10.3969/j.issn.1001-7372.2022.08.011
https://doi.org/10.1016/j.ymssp.2022.109253
https://doi.org/10.1016/j.ymssp.2022.109253
https://doi.org/10.1007/s10706-022-02212-8
https://doi.org/10.1007/s10706-022-02212-8
https://doi.org/10.1007/s10706-022-02212-8

	0 引　　言
	1 试　　验
	1.1 岩样采集与预制裂隙制备
	1.2 冻融循环与冻胀力演化试验
	1.3 单轴压缩与同步声发射监测试验

	2 试验结果分析
	2.1 冻融循环试验研究
	2.1.1 岩样饱和质量变化
	2.1.2 冻融作用下裂隙岩体的纵波波速变化

	2.2 裂隙岩体冻胀力演化试验研究
	2.3 冻融循环作用下裂隙岩体宏观力学特性研究
	2.3.1 冻融循环作用下裂隙岩体应力−应变曲线特征
	2.3.2 冻融作用对裂隙岩体强度与弹性模量的影响

	2.4 裂纹分类与破裂模式分析

	3 结　　论
	参考文献

