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Uniaxial Compressive Mechanical Behavior of Fractured Sandstone
After Freeze-Thaw Cycles Under Displacement Constraints

WANG Qianyun, ZHU Tantan”* , SHENG Kexin, MA Fuwang, LIAO Daoyang, YANG Yi
(School of Highway, Chang’an University, Xi'an, Shaanxi 710064, China)

Abstract; To study the mechanical behavior of fractured sandstone after freeze-thaw cycles under
displacement constraints, a customized constraint device was used to apply displacement constraints to
the sandstone specimens. Through the freeze-thaw cycle tests and uniaxial compression tests, the
variation law of resistivity during the freeze-thaw cycles was investigated, and based on the results of
uniaxial compression tests, the effects of fracture inclination, the number of freeze-thaw cycles and
displacement constraints on the mechanical properties of the rock mass were analyzed. Real-time
monitoring of the fracture propagation process during compression reveals the fracture propagation law
and failure modes of the specimens. The results show that during the freeze-thaw cycles, the resistivity
changes periodically: it increases when cooling down and decreases when warming up Under the
displacement constraints, the peak displacement of the specimen increases first and then decreases with
the increase of the fracture inclination angle. When loading from both directions, the peak displacement
decreases first and then increases with the increase of the number of freeze-thaw cycles. The uniaxial
compressive strength and elastic modulus of the fractured sandstone decrease first and then increase with
the increase of the inclination angle, and reach the minimum at 45°. Displacement constraints inhibit
fracture freeze-thaw damage when the number of freeze-thaw cycles is less than 30 times. and exacerbate
the specimen damage when it is greater than 30 times. The larger the fracture inclination angle is, the

faster the crack extension speed is, and the more the crack tends to propagate horizontally. According to
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the crack fracture morphology of specimens, the failure modes can be divided into X-type and Y-type.

Key words: fractured sandstone; freeze-thaw cycles; uniaxial compression; mechanical properties;

crack evolution
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Fig. 1 Prefabricated single-fractured sandstone specimens

1.2 REAHR

IRYG T, Se X AE AT VR A PR AL B AT
PR RAGHRE, S HEBAA T UG PR IR B
N H210.,20,30.40 50 I, MBI E ) A #5249 G
RAAD 5 1 24T R B2 ), 3 58 SR FH 2 1 B4 24 3R
B BRI I 7 5 29 A Bl 4 a3 19 n %
J5 T 2o i) AR 295 7 1), B %k 4 in 2%
TEWE 1, & WE 2,

HREMEFRTE LK-225G BRI 460 46 vh vE AT,
PAKH R AR I K ] CMTS5605 HL 17 g ik B AL, iR
FEFLBH IR R A CXT2519 22 3% A BELIRAY . AR 4
] € DX 3 3 AR A, K VR T R T R 3 TR 1A
-20~20 °C, ZHIA R H R BG40 8 )
WEN 10 h, FoA R 25 B B AT | Ak By
BRI 5 h WWE 3, IREE BRI . (1) Bk
FETEZR IR K HI23 18 h, FiFH SRH E 25 1K AL
FE 48 h BRI T R WK 45 (2) Tk i



48

LCI | A = N S S SR S = 1)) 2026 4F

®1FRMEAREEAMERLRTE

Tab. 1 Test scheme for uniaxial compression after freeze-thaw cycles
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Fig. 2 Part of the equipment required for the tests
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Fig. 3 Temperature variation within a single freeze-thaw cycle
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Fig. 4 Changes in resistivity of the sandstone specimen

during freeze-thaw cycles
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Fig. 5 Typical changes in resistivity of the sandstone

specimen within a single freeze-thaw cycle
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loading directions and the number of freeze-thaw cycles

2.3 HIhHE BT
2.3. 1 AR B Y 5

B 10 o, & 2B VRS B9 B0 5 B
FART R | HLBE A 2L B A i3 K, P o
JE 52 /N i 3G K A, 90° (i A R RE I B R i
FE et se B A T R B, B R 5 R AR AL RR
5 A IR AT A e A S DDA OG0T AR A/
(30° 45°) B, 8 U) R gr = AR IR, 87 V11 )
prarw =2 37 N U o L N I = K WA 15 S
45°fi 1A 0 7] 2R B T 2L SR 0 ) ) AR —
5,085 TR D) S P RE, PR R R SR I A
R (60° 75°F1 90°) B}, 5K 47 2 8L Ak Ay 32 A IR
L, B YIMEIR &7 L s/ )y | 46 1 77 5 | R )
FEREIR (5 L3, DT G 4 T R Y R A BT
FE B



55 4 ESLVaE R 200 ALY N epr Y SR e S A L 51

Loor VYYYVWYYY TFRRRITR VYVVVYYYY
S| _____ SORWPEERE B K,
90F b 73 = < 73 + V4

£385 < Bl 2

580 O L) o

o (@) SIBARRE (b) ELREIUR () AFEI)
70

2l 12 4RO S

:E+60 L Fig. 12 Schematic diagrams of the constraint reaction force
55+ > e = K1

2.3.3 AR X SRR A 1Y 5

15 30 45 60 75 90 105
faifa/C)

P10 FERS 29 AT SR e 5in 5 2L B A 19 G 3%
Fig. 10 Relationship between uniaxial compressive
strength and fracture inclination angle under

displacement constraints

2.3.2  VRREEPR YO 358 5 (Y 5

B0 o, RGP0 5 R0 T o B2 1 251K
Toe e, HRE R BE VR R IR SR OB 3 I 2 T
s, X — G R W], URmh i A Rl T ke
PR RIK A5, TERLRE SRS R , BU iR B TR
20 YRR BAG RIS /N L T 332 PR R R 540
WA 1 55 1P AT (B 12) 41 25 T 5
BRGNS Ty, 2R ) /N AR
BRPAT A, NITTBD T VR G 300 A A 3 15 SRR
P TIEEPURSREE . SR, 295 1 4R 2R3 K
SRR — 2P IR T R AR 5, i id
THURSRER S AL e, HEL 11 R, ARELE
30 YR, LS5 1) BT R 53 5 i T AR 2937 [0
30 YJm AR I, HLZHRT7 1) 1 A8 AR IR B K TR 2y
HI7 1

951

SRR DR R

%ﬁﬁiﬂ?&'&o}?ﬂ\dolza .

(=)
W
T

(o)
(=]

10 20 30 40 50 55

TRBVER B/ X

Bl 11 AR 1h) E SR 58
W VRl AR 2 U 3 A2 AR
Fig. 11 Relationship between uniaxial compressive
strength in different loading directions and the

number of freeze-thaw cycles

P L 13 AT 57 B 24 SR A5 1 L P A B 150
Ny N SR DN ) SR IS P s N K
PR B A AR 22 5% 30° 450 £ 1A LA
BYUIMEIR A 3 AR BT 5T 5 B B AIC, AH R ) T AR
TR, SR 3/ Horr 45040 i Bt e i
JE BRI, PRI I S PR AR B B /0N 5 60°  75° . 90° fii £ i
BEVI DI X 45 5 | ke i 5K PLme 38 ok 3, HL A gk
P 35T A AU R B S TSR [
LGNS AT RN, PSR A

75 90 105

15 30 45

60
1is/°)
Pl 13 (RS AR T s AR e R B A 15K 2R

Fig. 13 Relationship between elastic modulus and fracture

inclination under displacement constraints

2.3.4  UREIMEIRUREON SR i 15 M)

Bl 14 R AR IRy )b A i B v
E PR UCECY 1 A 2R R R g (AR f s ROR
6], 2SR 1 1 55 A 3R R /1N, R Rl B
50 YR ) SRR IR T 29 R 7 [n] 5 2 R0 [ B
PER R E VR ALAEER 30 YA IR /1N, 30 YR hins
TR, o 40~ 50 IKFFEIREK 15 8. 05% . ZrHT
JEA , PRAE R 30 ~50 YK 29 3R T3 AN W K %
TR = B S ) TR 497, 0 R T R A B ) 4540
SR, T BO AR B 5 R R A 3 R AR
(B AR E 0 2  RRIGER 30 YRR , 205 77 1) Yy i
R T AR 2oy 1) 1T 30 WS WA R, X &M
PRALIEER 30 WG P28 K 10 29 R T A2 Y



52

LCI | A = N S S SR S = 1)) 2026 4F-

(RERI R RTT 1)) i T — 7 B R AR, 3%

REAIG T s s

6.8 -

PSR /GPa
o o o
(8] » (o)}

IS
=)
T

5.8

10 20
URRLERIRH/ R

P 14 ARy 1) L SRR 5 VRRRE PR ORI OC &R

Fig. 14 Relationship between elastic modulus in different

30 40

loading directions and the number of freeze-thaw cycles

2.4 WMRBEUMESHFER

AR B0 A e 4 106 P R B RO 2, e M 2R
PR R B RS, L R T, R e
14 = IR 2 55 VTR IR T 2R B v
T 23 B AR U AR ZREUN B LT, 43 53] %k 10 5 )
VEFARLARAE T, 2 Bl RS0 sl ol 3 R A

PRI BB 24 B0 e i R T R AR AN )
BB T W B B s B AR SO U B Y
WA A 41 URE iy i 24 3 A AT 0 (E
15) ,ANTRME A T 2420 e i A2 Al IR s =X 22 7
B,

(1) 30113

T S4B oy B SR B B (ML 1.2)
Bt fr R BN, B 1 A YR, AL 2 1)
Ay, HE— 2 aRE , R IO D
G0, 2850 e i g A B T SRR I
J& . B, a0y R B, T Wi AR A B )
Ry, fERL 2 iR EIR AL BRI AR 3,
W10 T R A R B IS T
FAGCHTIE ;8L 2 FELEMIBERE ™= A ik T4 R
AL 2 R T 2%, 240 3 SiE i 2 3 URE T, SRR
REPIBIE SR,

(2)45°Mmi A iAAE

T 2B E e A 3 4,V R IR S
30° AR IR 2Bl Bl far 2k B HG I, 0B
JE AT TR o B e S TR 3 4 PR
AR B IR TS PR 4 B AR I Rk AR
2905 PRI L AT TR 4, &, 4804

Y\ > i\/\g v/ﬂ’\}‘

172 e v T
] 5 — [ 1
(a) 30°BiAREE
| | <.
5 ; ! v
374 3 V% o as A ke !
- (o) sBiEEE
} I N———) &/m T !
/ i i M e A A
ot ) 3 | B
(c) 60°BifiRRE
— =4 , o7
/ / I L ee . fr {+ f+ J*
9 1 1 3|
(d) 75°BUf ke
I -
| | ] | O I v o
Io o o | e |

(&) 90 A IARE

K15 REE A HL

Fig. 15 Fracture evolution



B4l

ER R AR LR R VR RS S R4 12411 53

TR LT 1R A 0 Jeg 30 DX 38 e e e, S 4
3 F S T, R REIR

(3)60° 75 M i i FE

60° . 75° M A AL AR AL, XA AE T 75° 40 A ik
FEMEPERRIE S B B, Bl LB 2 1 S AR 2 4k
248, 480 5 ] 24P e A B BN, A
QU T Y, TR RS A LY R, A
Taf R, 2425055 190 S4B 2 18] 1) S A R
W5 R 22y OO X 3 i 4 e, B,
e b7 9 R i R SO il 28 3R 0 2 iR A% O
DX el e W, A 0 284 20 Ak b A BT B 8] 5T 5
12798

(4) 90° i 1 i FE

U 2B oA AR 2 A A, R AH
I — 220 X8, Bl 7 2 S I, 2508 X
VIR R BT 2ESCEE Sk 1 AR R WK
SE5 R B AR IR, S B E B
WA AT, 2R TR ) B R TR ARRAE

Xof Lt & 30, T 4 B AR X R 0T R [
Rt B BAT 2 5, YA Sy 60°,75°,90°
B, S R 2 R /N, R O Il R T K Y
] 5 M UFA R 30° 45°HF, RS0k R A 3 K K
FEXTFERY T, Bl R B0 138 n , ey g
PR B2 P R AIE 320 3T 55 Ak, i IR ek A A Y P
{3798

P4 LA R 47 5 R R R He P A, A5 )R
FER IR AL (F 16) o RIS, ik
FEBIRAR A3 Ry Y B Fiex 17 o<y B IR

(b) “XH” Bk (128

(e) “XM” IR (1130

16 MR
Fig. 16 Failure modes

WA 3 ARG 1 RRECRAEY R
W12, 55 A AR S R A DX N I I 2 2 AR 2
or, PEGZIXBURREIFBT . RN, 20 3 KR EfE
GRop AR B AN PN S TAAL (S E IV S
JEIF B AARE, SR ZIE Y B BORRRAE, <X
LU 27N S w2 T a1 e oY 4
WA, X B [RIREAAAE 2 A% T2 RS R X,
7] A 7 ] 2R it TS 0 1 43I ) 5 5 8, Ly
JREHAR 0 2 A v, A AR I ) P PR B R
ARG U AL 2B A A X WK o 2 26
1 2RURLE R G0™ A T Bl S8 Bt o o el 2%, 97 e
T3 10l 5 Z i 3 RREUE AT B 2100 4
Wy s 2RI A A TR e R e, 52
BTE 3 265080 1 4R TR 1), AR IR 25 5t — Mg
W — e

3 #Hig

AR o ] A A T R B Y £ D R
TP T AR RGPS, R TR B B L, 2 B
T ORRRIA A PP R AR O AR, R
WA A e, MR AT T B R 4 R, BE ST T
R ARTE MUY |5 R i B 20 A, 1R B A R
45

1) TEGRR AR R A o R v B 30 5 A 0 4
AR RES B BE PR B A S 2 0 T Bl B BTG
S, B RELAR PR U N, 1R R S LR T
W FLBHL AR

)AL AR T, 1 A (LA % il 24 Bt
TR Y R SEHE K DN, FE BT S 45° ik 51 i
RAE . AELYHTT 0] AL FT5 1] i g E o7
R A H AL, B A b Bl o Rl 07 B R0 1
FE TR LTt

3N AR R AT, BB AT T o JBE | Sk
A AT A ) 39 R G DN R O, AR AR D 450
ISR B B /IMEL . B VR Rl PR OCECRY 38 T, i A
TR, Sl T 5 E S T S R, R
AR BN B 1 30 YRR, 29 37 [n] 1 S0l bt e o
JEEF G AR 2 T AR Y 3R T 1 30 UK s U
R,

4) A [RMBAR B RS0 e T 1] A a] J60 B
TR S SULR L, 9 o 52 PR P DA e
A, BURE T ) Tk PR, IRE R A BN A,
PRI 3 X R A Y AL HR X
T 2 BRI



54

o TR R cE M (A R ORE ¥ )

2026 4%

S 3k

[ 1] Zhu Jiebing,Xu Dongdong, Wang Bin, et al. A study on

[2

[3

[4

[5

(6

[7

]

[

[

[

[

[

the freeze-thaw damage and deterioration mechanism of
slope rock mass based on model testing and numerical
simulation[ J|. Applied Sciences, 2022,12(13) :6545.
Liu Hongyan, Yuan Xiaoping, Xie Tiancheng, et al. A
damage model for frost heaving pressure in circular rock
tunnel under freezing-thawing cycles[ J]. Tunnelling and
Underground Space Technology,2019,83.401-408.
TS BT VIR A VR B BR S5 T BE A AL
SWEREIRAE AL BE 23 Bir K 4 R 5 v 15 94 3 T o7 O R
BEFELT ] AL TR RS2 4 (A AR B iR) , 2026, 43
(2):28-35+73.

Pei Zihao, Xie Yong, Sha Linchuan, et al. Failure
mechanism analysis of covered slopes under freeze-thaw
cycles and relationship between freeze-thaw interface and
sliding surface [ J ]. Journal of Hebei University of
Engineering ( Natural Science Edition) ,2026,43(2) :28-
35+73.

XIS B UK, BRAKK , 4. 2B TR IR IR ) Kok ik
i AL HLH 0 22 BT [T]. %A £ 0157, 2016, 37
(6) :1530-1542.

Liu Quansheng, Huang Shibing, Kang Yongshui, et al.
Preliminary study of frost heave pressure and its influence
on crack and deterioration mechanisms of rock mass[J].
Rock and Soil Mechanics,2016,37(6) :1530-1542.
XISRFE  RRIKOK , 88 2% , A5, LB A A VR Rl 4t 0 G B )
R FORBLLT]. A 712 ,2012,33(4) :971-978.
Liu Quansheng, Kang Yongshui, Huang Xing, et al.
Critical problems of freeze-thaw damage in fractured rock
and their research status[ J]. Rock and Soil Mechanics,
2012,33(4) :971-978.

XSRS BERFOK, FEAOK, A5 IR A LS A1 R Rk S
WSHKBIE RO ()], o 1 5 TR,
2016,35(10) :2000-2012.

Liu Quansheng, Huang Shibing, Kang Yongshui, et al.
Study of unfrozen water content and frost heave model for
saturated rock under low temperature[ J ]. Chinese Journal
of Rock Mechanics and Engineering,2016,35(10) :2000-
2012.

BRFOK XR P, B 27 45 AR A AR ik O 5
HIRY IR J]. & 1715 ,2018,39(1) :78-84.
Huang Shibing, Liu Quansheng, Cheng Aiping, et al.
Preliminary experimental study of frost heaving pressure
in crack and frost heaving propagation in rock mass under

low temperature[ J ]. Rock and Soil Mechanics, 2018, 39

[10]

[12]

[13]

(1):78-84.
Tan Xianjun, Chen Weizhong, Liu Hongyuan, et al. A
unified model for frost heave pressure in the rock with a
penny-shaped fracture during freezing[ J]. Cold Regions
Science and Technology,2018,153:1-9.
DGR ORI, T, 45, 55 7K 2B R o A2 b R ik
TSN R W [T ], a1 1 5 TR,
2022,41(9) :1832-1845.
Jia Hailiang, Zhao Siqi, Ding Shun, et al. Study on the
evolution and influencing factors of frost heaving force of
water-bearing cracks during freezing-thawing process[ J].
Chinese Journal of Rock Mechanics and Engineering,
2022,41(9) :1832-1845.
HHE, 2R, E 5, & KA a2 BEIK 1 5
ARG AT TE [T ]. a1 155 TR AR, 2022, 41
(S1) .2857-2868.
Tian Zhen,Li Yinping, Wang Guibin, et al. Experimental
study on frost heaving force and deformation of water
saturated red sandstone fractures J ]. Chinese Journal of
Rock Mechanics and Engineering, 2022, 41 ( S1):
2857-2868.
SRALEE, BAUE , T 2. RRER TR RSB &
AR TS (1], BRI, 2023,39(12) : 124-
127+132.
Zou Kongyi,Mao Quansheng, Wang Heng, et al. Study on
damage characteristics of rock mass with different cracks
morphology under freeze-thaw action[ J]. Modern Mining,
2023,39(12) ;124-127+132.
e A SWINE SR BERE, A, TR KRS T R
AAOVRERR AR (D). A 1 J1%,2017,38 (7)
1999-2006.
Pei Xiangjun, Meng Minghui, Yuan Jinke, et al.
Freezing-thawing characteristics of fractured rockmass
under dry and saturated conditions[ J]. Rock and Soil
Mechanics,2017,38(7) :1999-2006.
Zhang Guangze, Chen Guoging, Xu Zhengxuan, et al.
Crack failure characteristics of different rocks under the
action of frost heaving of fissure water[ ] ]. Frontiers in
Earth Science,2020,8;13.
OLHT, XSRS . 5 A1 R BB AL 23 B Rl g 2
RIWWFE[T]. A A 125 TR, 2005, 24 (17)
3076-3082.
Xu Guangmiao, Liu Quansheng. Analysis of mechanism
of rock failure due to freeze-thaw cycling and mechanical
testing study on frozen-thawed rocks[ J]. Chinese Journal
of Rock Mechanics and Engineering, 2005, 24 ( 17) .
3076-3082.



5 4 1]

EHL A LR LA R YRR B R4 2 AT R 55

[15]

[16]

[17]

[18]

[19]

[20]

[21]

F AR X, W8S, 45, J8 IR RO B R B a1k
R O RFIE B ) AR PRI A T [ )] MR 254
2024,49(12) .4687-4700.

Tian Sen, Zhao Ying, Si Hu, et al. Experimental study
on freeze-thaw damage characteristics and mechanical
properties of fractured rock mass of surface mine slope in
cold region[ J]. Journal of China Coal Society,2024,49
(12) :4687-4700.

BT EEE MG S BARR A R K T R
WRFIE[ 1], R FIR ,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.

Lu Hanqing, Bao Weixing, Yin Yan, et al. Experimental
study on multi-scale damage and deterioration mechanism
of carbonaceous slate under freeze-thaw cycles [ J].
Bulletin of Engineering Geology and the Environment,
2023,82(12) .458.

Haeri H, Shahriar K, Marji M F, et al. On the strength
and crack propagation process of the pre-cracked rock-
like specimens under uniaxial compression|[ J]. Strength
of Materials,2014,46(1) :140-152.

HIHSZE p A, 2 e, 55 VR AL PR TR SR LR
b SR A I 8O0 K S e W AR AT (U]
£171% 5 T R4, 2017,36(3) :562-570.

Shen Yanjun, Yang Gengshe, Rong Tenglong, et al.
Localized damage effects of quasi-sandstone with single
fracture and fracture behaviors of joint end under cyclic
freezing and thawing [ J ]. Chinese Journal of Rock
Mechanics and Engineering,2017,36(3) ;:562-570.
S, B AL, URRIRET T Z0R0 e Ty 22 R K
BT (1], 122 55008, 2013,35(3) :57-61.

Zhang Huimei, Yang Gengshe. Mechanical property
experiment and damage analysis of red sandstone under
freeze-thaw environment[ J ]. Mechanics in Engineering,
2013,35(3) .57-61.

HOEIR 207, B Ak, =m0 R RBE A
FEPEIRERRTFE [ J] . RBUEE TR %2441, 2013,35(9)
91-95+106.

Lu Yani, Li Xinping, Xiao Taoli. Mechanical characters

[23

[27

and failure mechanism of fracture rock under triaxial

loading[ J . Journal of Wuhan University of Technology,

2013,35(9) :91-95+106.

PR, 20T, SR, =l R 6 A T VR il 2

PRk e BmE LA (1], 5+ S5, 2014,35(6) ;

1579-1584.

Lu Yani,Li Xinping, Wu Xinghong. Fracture coalescence

mechanism of single flaw rock specimen due to freeze-

thaw under triaxial compression [ J ]. Rock and Soil

Mechanics,2014,35(6) : 1579-1584.

] RE R L] R, SRR N &S it
HACRFUERTTE[ ], 5596 0975 ,2022,37(5) - 701-710.
Zhu Changxing, An Yeming, Li Weidong. Research on
damage evolution characteristics of transparent rock
under uniaxial compression[ J]. Journal of Experimental
Mechanics,2022,37(5) :701-710.

] Kang Zhiqiang, Wang Zhilei, Shao Luhang, et al. Surface
crack evolution patterns in freeze-thaw damage of
fissured rock bodies [ J]. Journal of Mountain Science,
2024,21(9) :3094-3107.

] WA S, SR T, S A VR ARG PR

FEBEN]. A+ TR ,2016,38(10) ; 1775-1782.

Shen Yanjun, Yang Gengshe, Rong Tenglong, et al.

Proposed scheme for freeze-thaw cycle tests on rock[ J].

Chinese Journal of Geotechnical Engineering, 2016, 38

(10) :1775-1782.

WRIEEZR. URRAE PR TR 200K A W) 311 A e e

HACHLEBESE D], HIR 1 PRACH R5:,2023.

Chen Haidong. Study on the physical and mechanical

[}

characteristics and deterioration mechanism of fractured
limestone under freeze-thaw cycle [ D ]. Chongqing:
Chongqing Jiaotong University ,2023.

X, T, e 5, A AN TR AR B 2B A Rl
AR AL BRI AT [ 1], S50 J12,2024,39(4)
518-528.

Zhao Na, Wei Shuai, Wang Laigui, et al. Analysis of

[

fracture evolution process of single fractured rock mass
based on uniaxial compression[ J]. Journal of Experi-

mental Mechanics,2024,39(4) .518-528.

(DULGAH TKETH)



