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Fig. 1 Mineral composition of sandstone
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Fig.5 Uniaxial stress-strain curves of red sandstone Fig. 6 Effect of freeze-thaw cycles on uniaxial strength
under different freeze-thaw cycles and elastic modulus of red sandstone
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Pl 10 Ch) S AN [A] Bl 47 o e {0 58 B2 5 198 P R 2 [ A O 3% o MCPEL v ] U A = Al TR i i 0L
VR RGPPSR I 5 IR S A U A P32 A AT P R 9 0 2 1 A R SRR BOR T 5 R L
P U {5 J32 o 5 R 48 R U S8 A ot PR I L S TR AR BRI A FE R TR B
SUAE B AR P A R o o oA 0 A U0 2R B s 2 o T L i P R Rl 48 A3 1) 55 A/ A
S S SRR B VR R AR PR U SN T R R N 5 2 e R AR R AR PR A T R T B W B
R PN R AL e A BRI IR L R AAE ) R LT B BN R G A S A PR = R 4 L
AR 55 R A DR WA B8 AR A A AE R BRAE B0 5 W LU, RIVA A e i Hh B8 WL AR B0 X5 L BT T
58 5 M9 2R BT A TR
4.3 HBMEMER TR ERNHFER

S 1) AT B ORI B B9 5 MU SRR AR A P 11 o . RSSO0 L ARG R 0 Uil Dy Sy
(9 B D RSEIR « 28 D VR R 3 2 R ) R DR ASE 3R B A il 1) B SRR IR L IR SR B0 47 T I 45 1) . Hog R
% VO s Z34 T 4 0 S AR R A S0 S T AN BT I EL X4 PR RO P68 2 10 WOR L R IR R B
R RO B4 SR 2 WSO S o 3k AT A DR DA R R 08 A I T B T 2 A5 PR SRR B0 B0 RBUH T 4 e/
FERE Y 7 1 ™ T2 J S 3 ) 9 V)R IR+ i 26 R Tl 0 B U800 S0 L A D9 R A BRI R O
5 MBS AN AT AR T B B N7 [ T B 2 . e BRAERTT iR 2
2R B BT DR L EL S R AR PR BGE B 10 WU L 7% WL IR B S0 AS 5 R A A RSO 2L

5 LIRhEHEEI R L H S 4

5.1 EEREREEAEN
JRE J0K V26 A 5 2 9 DU DA A 2 A B e R R 0 DT A L 0 sl T L % 9 107 e R R IR T e R N
o FER/INENL T 00 s HNEAFIELRIER R L I

1+ sing 2 ccoso
1— singo(73 * 1 —sing

o0 T A BT TR SR 5 o O FRTRAHSC R B c A A BES s o o BN BRI f . T 12 fir
71 AN [ VR Rl A PR OCRUR D o A (5 B2 5 R T B D) S R P O 2 R MR G R B RP W 0. 958~0. 996, 41

(2)

o= o + qos =



758 Lo N % (2023 4E) 45 38 45
BIFRE e AFEMR A
FTOX FT2/X FTS/X FT107% FT20/% FT 0% Psz FT:« FT 10/% FT20/R
(a) 0:=0 MPa ) &5=3 MPa
FT 0% FT2/% FT5/” FT10/%x FT20% FTO/ FT2/’% FIS5/R FT10/% FT20%
(c) g5=6 MPa (d) o5=9 MPa

B11 A [E) R G B T B 25 o WU IR R AE
Fig. 11 Macroscopic failure characteristics of sandstone under different freeze-thaw cycles

o T A U T JBE O 2 A Y D) 50 e 0 00 AN ) R T AP B ) S e Y i

—= == FTO  ---d--- FT2iK 61 1%
80[ —-@--FTSK --o---FTIOK 2
0 e --Fro% 6
g oo B i <
% 50f p SR § s
| - X < &
= 40 s = :
&30 .ol o 3 s =
¥ g = :
2047 2 9
10}
0 : . ; 1 . ' ; 3
0 3 6 9 0 3 10 . 20
FEL . /MPa YRR KB 1

P12 AN ] VR ARG R OB T o WG {50 B2 55 LT 19 56 R 13 RPAE 3R 3 RN BE A AR 5 VR AT PR RO OC &

Fig. 12 Relationship between peak strength Fig. 13 Relationship between sandstone cohesion
and confining pressure of sandstone and internal friction angle and number
under different freeze-thaw cycles of freeze-thaw cycles

AR B o A A [a) B s T A9 068 {5 52, 2355 SO I 7 (880 o 5 JEE 0 208 24U 45 B AS [R) R R 47 20 O R
WE BRI c SINEEEES o BT 13 Hhal LUA B I b 6 VR BlIE 20 U 38, 025 26 3R 1 A
FEASE S B W/ . Jerh B R DA URR IR IR AR AT 5 U SEACRAR 5 W LLJS B3R 1 JT 0 R L Y R AR
FRIBF] 10 YCLLJS L A 6 5 0 DR T 5 DA B 48 A 7 VR 4 A 400 30 DR T e L SR PR R BGA B 5 WU
RSB T BRI G2 . 32 R o — O T AR I A B 4 R ) R 2 20 ik 4 S BUA RE L3 . 3 — D T K
ARl R 45 DK e A PR BRURZ K 77 A 1A M2 T (o A 45 R B S 3 ol R 28 R 0 R O JBE 45 A 1 DR/
T VR Rl A0 B0 301 o 451 45 5 B R AT A ) DA R AR A 3 N R R R A R I 0 A A0 DRI S e 3 T
H B R WL SR I P AR R AT A [ A I 3R AP 5 e 40 DA B 4 0 N 286 2R g 3 e e iR R — 2 R e
5.2 HARMENMEREREMMEE ST
DR ARG VR A P X A (UL 45 A0 P9 52 00 SR R R 5 41 8 0T AS [ R Tl A0 P O B8R R A fR UL 45 A 0L
AR AN 14 JoR R VR R0 2 A B 0B A 4 9 0K 2 18] 554 A 0 5 76 28 D VR BRAR 36 2 W L
%%ﬁﬁé FAL BRSO W R O DR O T T ORI K AR RO [ L R T B o AR R )
K A8 A TR L% T S OB U U JR A 405 0™ A DR A S SRS A A ) R T 45 Ak > VR PR IR F 5
YIS, — SE ™ 49y JBORE 8 107 7 2, A A L 2 R A i 30 i DR A R G 3 i e o 0 A0 R AS BT A A PR v



6 M MK FOAE 2000 R AR B = 7“2 A R AR A L 759

A5G, T B W) i A SR BT SR L DTG 2 A A A B 5 S VR B B IR ) 10 YR 7 1) UK I 45 5K A
JERAR T i 30— S FLAR R FL B s S VR REIR 2R I5 B 20 Y 6 ) KL 1 45 7 B2 i — A0 IR, — 28
PRBUEL /N (4 7 ) UK AN P15 o A 5 2 o 0 W W TS D el /b LA ) 7 0 AR ™ 2 2 I 2 0 il S8 B
F% BURE 52 28 7 il 18 22 1 TIOR3 2 DR DA 7K DKOR A 7 2R R T 73 A IR 48 40 AR+ LA R Tl 47 3 ek o AOAS
W38 ok LB A L BT AL 2 O R B o DT I (RS A 0y RS ) T 4 K B LA SR IR A g R ) e
PR AREFL I AR AL R B Y R B AR K B A o B TR Bl A A TR £ TR L VR LR PR — 7 i
W AR A W OR8] )8 25 S 2 55— 5 T (o — S8 ™ Uy UK e DA T 5 10 2 R o B TR )
AERY T R

FTO i% FT2 ik FT5 i% FT10 % FT20 ik

P14 A [a] VR Rl A 2R U B0 B0 5 1R L B 4T 4 2R

Fig. 14 SEM images of sandstone samples after different freeze-thaw cycles
6 Zit

A S 3 T A [ VR Rl A0 R BT A AR A B i R U IF ST T R RS A SRR R AE L 2 BT
T ARG PR U W B A2 A s R AL L T DROWL AR B 23 A T R RO PR X AR R . B
T

(D AR 5 WUR B 26 ) 2 T T 4Rt BRI EE, 5 IE 10 I 280k 7 B, ER A
i .10 Y 15 Yy R Bl BEAL B — 2 2 LR B0 IR A — 855 7 /N 0K 4 7% L 15 ICE] 20 TR
DR T R

(2) R PRI 470 T o B8 ) I 32 28 e AR R R BB PR R 5 W, IR R UG I 10 O o R Ak 470 s o
JE 728 A B 23 /0 (LR B PR AR e o R 2T

(TR — R F . B & VR B8 PR OCEC 6 0 2080 5 W (B 55 B R BT e B R e i B8 A 7 o
M B2 WL RSO 5 245 VR ARG BR RO B A 10 YIS, BRI X 54 5 5 Wi O 4 A B OB 5 10
UK, P il 453 00 0] 5P PR A B S MR K

CA) A [6) VR Rl 47 B Y BSUI 1 RL 45 F A IX ) oA 48 O il 0 3 Ak LS 1) 40 00 R 28 45 2Ry
B 2 R0 ORI 45 Ak BB MU RE S L IR 5 IR A UKL A L TP 10 IR A A
ZE AR LT B IRER 20 Y A PR R BN BB ) OREAS 145 8 0 5K 0 e LR B T o S REOR e R
UKL 73 45 ik h 2 A BORL A LR

S Uk

s

(1] J%E. SR A, BEK, % PEELIM] JEat B2 sk, 2000 (ZHOU Youwu, GUO Dongxin, QIU
Guoqing., et al. China permafrostl M]. Beijing: Science Press, 2000 (in Chinese))

[2] Lai Y, Hui W, Wu Z, et al. Analytical viscoelastic solution for frost force in cold-region tunnels[J]. Journal of
the China Railway Society, 1999, 31(3):227—234.

[ 3] Krautblatter M, Funk D, Friederike K. Why permafrost rocks become unstable: a rock-ice-mechanical model in
time and space[]]. Earth Surface Processes & Landforms, 2013, 38(8):876—887.

[4] FreireLista D M, Fort R, Varas-Muriel M J. Freeze-thaw fracturing in building granites[ J]. Cold Regions
Science & Technology, 2015, 113:40—51.



760

Lo N % (2023 4E) 45 38 4

£5]

L6]

L7]

£8]

L9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Bk, R, B, S VR T AR ke 2 ROEM S ke (T, Ha i35 TR,
2018, 37(3):545—563 (YANG Gengshe, SHEN Yanjun, JIA Hailiang, et al. Multi-scale study and progress on
mechanical characteristics of rock mass damage in freeze-thaw environment[ J ]. Chinese Journal of Rock Mechanics
and Engineering, 2018, 37(3):545—563 (in Chinese))

REBEE, M, BAER, . URAE N AR R R0 BE L0 55 305 00 2R e [T ). s K2 (AR B MO .
2020, 51(12):3493—3502 (SONG Yongjun, CHE Yongxin, CHEN Jiaxing, et al. Mechanical characteristics of
damage in red sandstone with different saturation under freeze-thaw action[]] Journal of Central South University
(Science and Technology), 2020, 51(12):3493—3502 (in Chinese))

SR . ZLRD A VR R R 25 R T S O A LA BT S LD K. BK R, 2020 (ZHANG Junyue. Study on
damage evolution law of red sandstone under freeze-thaw cycle conditions[ D]. Chongging: Chongqing University,
2020 (in Chinese))

Tz Feit, BRE, % MO A R ERIR )] & £ J5%%, 2014, 35(9) 2433 — 2442 (FANG Yun,
QIAO Liang, CHEN Xing, et al. Experimental study on cyclic freeze-thaw of sandstone in Yungang Grottoes[]].
Rock and Soil Mechanics, 2014, 35(9):2433—2442 (in Chinese))

Park J, Hyun C U, Park H D. Changes in microstructure and physical properties of rocks caused by artificial
freeze-thaw action[J]. Bulletin of Engineering Geology & the Environment, 2015, 74(2) :555—565.

Liu T Y, Zhang C Y, Cao P, et al. Freeze-thaw damage evolution of fractured rock mass using nuclear magnetic
resonance technology[ J]. Cold Regions Science and Technology. 2020, 170:102951. 1—102951. 13.

Shen Y, Wang Y, Wei X, et al. Investigation onmeso-debonding process of the sandstone-concrete interface
induced by freeze-thaw cycles using NMR technology [ J]. Construction and Building Materials. 2020, 252:
118962.

Feng Q, JinJ C, Zhang S, et al. Study on a damage model and uniaxial compression simulation method of frozen-
thawed rock[J]. Rock Mechanics and Rock Engineering, 2022, 55(1):187—211.

Mousavi S, Tavakoli H, Moarefvand P, et al. Assessing the effect of freezing-thawing cycles on the results of the
triaxial compressive strength test for calc-schist rock[J]. International Journal of Rock Mechanics and Mining
Sciences, 2019(1):90—104.

XVE, WYL, B, S GREIMER s Z A O Rt n A R IR T, R 5% 2 TR, 2021,
38(4):830— 839 (LIU Hui, LIN Jianghao, YANG Gengshe, et al. Acoustic emission test on tensile damage
characteristics of sandstone under freeze-thaw cycle[J]. Journal of Mining and Safety Engineering, 2021, 38(4):
830—839 (in Chinese))

AL UE, OB BTN RN AR I Ty = R A S R A ) A Re R (T ] B i A%, 2019, 34(1):73—78
(FAN Lifeng, XU Chao. Study on uniaxial compressive mechanical properties of freeze-thaw rock based on
different strain measurement methods[ J]. Journal of Experimental Mechanics, 2019, 34(1):73—78 (in Chinese))
BRI . skBE, PR, BRAEIER T A A R m ALY RS BB R )] LARTRAR, 2019, 5204 1.1
—7 (CHEN Yulong, ZHANG Ke, SUN Huan. A fine study on the propagation process of cracks on rock surface
under freeze-thaw cycle[J]. Chinese Journal of Civil Engineering, 2019, 52(Suppl. 1) :1—7 (in Chinese))
KEM, BIEAL. A A VRAT L R R AL T E R R AR, 2011, 40(1):140— 145, 151
(ZHANG Huimei, YANG Gengshe. Mechanical experiments of rock freeze-thaw and damage propagation
characteristics[JJ. Journal of China University of Mining & Technology, 2011, 40(1):: 140 — 145, 151 (in
Chinese))

Trie. B9, RIEM, . MRKRBAE RS R IK O s b e il mr e [T 1. & £ 1%, 2021, 42(8) 2141 —
2150 (QIAO Chen, WANG Yu., SONG Zhengyang, et al. Experimental study on the evolution characteristics of
periodic frost heave force of water-saturated fractured granite[J]. Rock and Soil Mechanics. 2021, 42(8):2141—
2150 (in Chinese))

Riid, A, A PR, 5. URAUVEIS N U A 1 = Rk S A W AL A S [T]. R 54 TR, 2021, 38
(4):819—829 (LU Xiang, ZHOU Wei, CAI Qingxiang, et al. Mechanical characteristics of mudstone under
freeze-thaw cycle and study on mesoscopic fracture mechanism[J]. Journal of Mining and Safety Engineering,

2021, 38(4):819—829 (in Chinese))



6 M MK FOAE 2000 R AR B =l 7“2 A R AR A5 L 761

Triaxial mechanical properties and damage mechanism

of the freeze-thaw cycle of red sandstone

YE Yongpeng', YANG Shengqi’”?, SUN Bowen®

(1. School of Mechanics and Civil Engineering, China University of Mining and Technology, Xuzhou 221116, Jiangsu, China; 2. China
State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology, Xuzhou

221116, Jiangsu, China)

Abstract: Freeze-thaw destruction of rocks is one of the natural disasters that cannot be ignored in the
cold zone project. In this paper, the influence of freeze-thaw cycles on the physical and mechanical
properties of petrophy was explored, and conventional triaxial tests of red sandstone under different
freeze-thaw cycles were carried out, and the evolution of physical and mechanical parameters with the
number of freeze-thaw cycles and confining pressure was analyzed. The results show that macroscopic
cracks and the middle diameter of the rock sample increase significantly when the freeze-thaw cycle
reaches 5 times, and the size of the rock sample increases accordingly with the development of
apparent cracks. In the uniaxial case, the uniaxial compressive strength decreases with the increase of
the number of cycles, and the fastest decline occurs in the first 5 times, and after more than 2 times,
the rock sample is converted from brittle failure to ductile failure. In the triaxial case, the peak
strength of rock samples decreases with the increase of the number of freeze-thaw cycles, and the
largest decrease occurs after 5 freeze-thaw cycles, and the confining pressure has a greater effect on
the elastic modulus 10 times before the freeze-thaw cycle, and the freeze-thaw damage has a greater
effect on the elastic modulus after more than 10 cycles. The [reeze-thaw cycle observed through the
microstructure will reduce the tightness of the connection between rock mineral particles, increase the
diameter of rock pores, and on the other hand, disintegrate rock particles and destroy the integrity of
rock particles.

Keywords: freeze-thaw cycle; red sandstone; macroscopic cracks; deformation characteristics; frost

heave force H microstructure



