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Study on Fatigue Failure Mechanisms and Constitutive Model of

Freeze-thaw Fractured Sandstone under Triaxial Compression
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(School of Civil and Architecture Engineering, Xi'an University of Science and Technology College, Xi'an 710054, China)

Abstract: The high and steep fractured rock slopes along railways and highways in western regions are
prone to disasters such as slope instability under the combined effects of freeze-thaw cycles and fatigue
loading, which necessitates in-depth research on the failure mechanisms of freeze-thaw fractured sand-
stone under triaxial fatigue compression. To investigate the macro-micro fatigue failure patterns of
freeze-thaw f[ractured sandstone, macroscopic mechanical tests were conducted on fractured sandstone
specimens under triaxial fatigue compression, accompanied by simultaneous acoustic emission moni-
toring. Additionally, nuclear magnetic resonance (NMR) tests were performed to analyze the micro-
scopic failure characteristics, and an internal variable-based fatigue constitutive model was established.
The results showed that the shear failure angle was positively correlated with the f{racture dip angle,

while the peak strength and strain were negatively correlated with fracture dip angle. The primary frac-
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tures in sandstone generated secondary fractures. With increasing fracture dip angle, the failure severi-

ty intensified, and failure modes became more complex. The acoustic emission ringing count increased

with increasing fracture dip angle, and the cumulative ringing count during the failure stage far exceed-

ed that during the fatigue loading stage. After 20 freeze-thaw cycles, the T, spectrum exhibited a small

left shift, and after fatigue loading tests, all peak signals increased significantly, even showing a new

fourth peak. Based on rock internal variable theory, a fatigue constitutive model using axial residual

strain as the internal variable was established, and the theoretical results were in good agreement with

the experimental curves.

Keywords: freeze-thaw; fractured sandstone; fatigue; failure mechanism; acoustic emission; nuclear

magnetic resonance test; constitutive model
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Fig.3 Stress-strain curves under triaxial static compression
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Fig.8 Curves of dynamic elastic modulus, residual axial

strain, and cycle number of fractured sandstone

5 2y PR A 5 R A 0 O AR il 1] A R
MR, Bl 3 PR AR R A

AR 3 (1) I X ZEBRAD 5 1O 78 35 By Be it 47 2 8K
AR AR IR T, A RIRT 0.9, M P4
o M9 ] R S R A A A R T UL 2
AW, A SR AT D) A g b 2 e o i 2 B D
I 95 15 AT M

x1 #HEHNESHY
Table 1 Model fitting parameters

2Bt o/ () A n m R’
30 3.761 5.545 0.016 0.964
45 3.037 5.030 0.022 0.912
60 3.442 5.353 0.017 0.933
90 2.526 3.814 0.040 0.921

g5 o & 30TREEUR - HEiik

A 45 ERBE -~ AL
0 60" IR - - WALk
30T o 90 LB - - i

;--A'—A—A—A—'A"A--A--A—AFA--A-A-A-A—A-A..A.A..AJ
)‘O"O'O'O"0"0"0"0—0—0'-0--8--9—0—0-0--6-0.-0—0

% hAACA—A & = —A A A A A4
™~ A A A A A-A-A A A AA
@,

15F

10 loo-oro @ ®99-0-00:026-0-00.084

5 1 1 1 1 1
0 200 400 600 800 1000

N
PO AN T 2B B0 5 9 55 0 23k 6 500 5 40 il ¢
Fig.9 Fatigue loading test data and fitted curves of sand-

stone with different fracture dip angles

5 & i

(1) =B 9% 57 R 4 A TR VR Bl 2R B D o g = 4k
Jit e e 5 A, T B ATT AR SO, SRR R R R
WA AR JE IR, 8 IR 25 0 T 2 2% Ak 5 W (B9 12
AR5 LB L AR G .

(2) = Hh 2 55 1T 45 VR b 2R B b 2 7 i S i R
BT, ST IR % K B 2 B D o SR AR BE G KT
e, FLAE R IR By B R IR 4% BOR T8 55 By B Rk
Bl

(3) B Bl 3L AR 90 25 R R WD, BB S 7 U
T3 20 ) , T3 BB/ N ZE R B AR o 9 97 il
WG, A WA 5 19 0 ] I, B 2 ol IS DO e . 7
We 55 ff 2 AL BN T, R B e 9 R UKL 2 45 72 S O

685



59, WUNLBE 2, WAL R '/ YT R IE MK

fLER

o

(4) e T4 A0 A 728 o e, o S7 DLl ) B A

PN A i B 5 AR AR G R a5 P A 2R

HAW) G A G AT 5E

S 3k

[1]

[2]

[4]

686

JE 8% A, T E DS, AE L VRALE BRI P T e X e
LB IR S T [T ] B A R T AR 241, 2023, 43
(4):887-895.

Tang X, Zhang W Y, Tong G Q, et al. Experimental
study on dynamic characteristics of loess in Xining area
under freeze-thaw cycles[ J]. Journal of Disaster Preven-
tion and Mitigation Engineering, 2023,43(4) : 887-895.
(in Chinese)

W EE A PN R L AF L R AL PR R VS AR
VKAt 5 D) g A R e W S (7] B R TR A
% ,2022,42(6) :1267-1279.

QiuE X, He Q L, Sun X W, et al. Experimental study
on shear mechanical properties of moraine soil in south-
east Tibet under freeze-thaw cycles[J]. Journal of Di-
saster Prevention and Mitigation Engineering, 2022, 42
(6):1267-1279. (in Chinese)

R WA S8 R L AR AT T VR R AT PR AR
AN E I SRR ST ] By KK T AR A4, 2020,
40(6):1009-1017.

Liao H H, Chen Y L, Li S M, et al. Mechanical prop-
erties of sandstone under freeze-thaw cycling and chemi-
cal corrosion [J]. Journal of Disaster Prevention and
Mitigation Engineering, 2020, 40 (6) : 1009-1017. (in
Chinese)

MO L IR A SRR RN g b A A R A BT
T B B2 ) 5 e R 0 Bk [T ] B R AR A 4R
2016,36(5) : 804-810.

Xiao J Q, Zhang Q W, Zhang S K. Influence and in-
verse deriving method of the uniaxial compressive
strength in cyclic loading test of rock[J]. Journal of Di-
saster Prevention and Mitigation Engineering, 2016, 36
(5):804-810. (in Chinese)

R XA AR T, A A 0 PR ) 2R AR A T
IR AR AR B0 W 5T [T ] R B2 B0, 2021,49(4)
199-205.

LiS G, Liu S B, Lin HF, et al. Experimental study
on deformation and failure characteristics of coal under
graded cyclic loading and unloading [J]. Coal Science
and Technology,2021,49(4):199-205. (in Chinese)

[7]

[8]

[9]

KRB L R A, RS A VR BRI T S ) AR R D
PO AR AEBTSE (T ). A A 5 5 TR 2 AR, 2021, 40
(8):1513-1524.

Song Y J, Yang H M, Tan H, et al. Triaxial creep
properties and model of red sandstone under freeze-thaw
environment [J]. Chinese Journal of Rock Mechanics
and Engineering,2021,40(8) : 1513-1524. (in Chinese)
X, SEEE X4 AR B T b A FL AR
Joe BV AR R AL [ ] 3 241, 2022, 47 (3 1) : 77-89.
Liu XY, Chai Z Y, Liu X, et al. Study on pore frac-
ture propagation and unloading failure characteristics of
saltire under cyclic loads[ J]. Journal of China Coal Soci-
ety,2022,47(Supl) : 77-89. (in Chinese)

7 WS R/ X K R O 87 = A () W e ek U R
Ry AR A R 22 B9 55 BERL[T]. 3R 1 %, 2022,43(4)
995-1008.

Zhang Q, Wang J B, Song Z P, et al. Microstructure
variation and empirical fatigue model of salt rock under
cyclic loading [J]. Rock and Soil Mechanics, 2022, 43
(4):995-1008. (in Chinese)

T A R, XL 5 A IR AT 20T T SR AR 2
ik e R fig i A (7] A £ 12, 2017, 38(6) -
1600-1608.

Wang H, Yang T H, Liu H L, et al. Mechanical prop-
erties and energy evolution of dry and saturated sand-
stones under cyclic loading[J]. Rock and Soil Mechan-
ics,2017,38(6) :1600-1608. (in Chinese)

R AT AR AR AF A IR B I 2548 A A 0 R
(AR B B R PR IR B S [T ). A A 1% 5 TR
#2,2019,38(5) :900-911.

Zhu L, Pei X J, Cui S H, et al. Experimental study on
cycle loading and unloading damage and strength charac-
teristics of rocks with vein defects[J]. Chinese Journal
of Rock Mechanics and Engineering, 2019, 38(5) : 900-
911. (in Chinese)

B IR 2w, A IR AR TR N ) e A 9
S5 45045 B R BCE L 5 e W o [T, e R 2 % 4R
(H B2 , 2021, 52(8) : 2725-2735.

Zhao B, Xu T, Yang S Q, et al. Experimental and nu-
merical study of fatigue damage of highly stressed rocks
under cyclic loading [J]. Journal of Central South Uni-
versity (Science Edition), 2021,52(8) :2725-2735. (in
Chinese)

w4 YN, R R A TR RS T B
O VRENRRAE BT L LT, & & %, 2017, 38(7) £ 1999~
2006.

Pei X J, Meng M H, Yuan J K, et al. Freezing-thaw-



[13]

[14]

ing characteristics of fractured rock mass under dry and
saturated conditions [J]. Rock and Soil Mechanics,
2017,38(7):1999-2006. (in Chinese)

FE R, AR SR B TR AL b A
95 Sy B R AR AL [ T] 5 12 5 TR e,
2012,31(9):1888-1900.

Wang 7Z C, Zhao ] G, Li S C, et al. Fatigue mechani-
cal properties and constitutive model of granite under cy-
clic loading[J]. Chinese Journal of Rock Mechanics and
Engineering, 2012,31(9) : 1888-1900. (in Chinese)
ETL S BT IR 7 R TR A
B AE b o s O B AL I R AR AT S [T ] e e 5
TR, 2022,41(7):1325-1337.

Wang Y, Yang H N, Yi X F, et al. Investigation on
fracture evolution of pre-flawed hollow-cylinder granite
under increasing-amplitude cyclic loads [J]. Chinese
Journal of Rock Mechanics and Engineering, 2022, 41
(7):1325-1337. (in Chinese)

S N Pk Sk b S N G TR S SR T AP
LB AL 0 A WAL S R G R S R EOE ST,
A1 TR, 2021,40(10) : 1976-1989.

Wang Y, Gao S H, Meng H J, et al. Investigation on
acoustic emission characteristics and fracture network
patterns of pre-flawed granite subjected to increasing-
amplitude fatigue loads [J]. Chinese Journal of Rock
Mechanics and Engineering, 2021, 40(10) : 1976-1989.
(in Chinese)

[ bR 2 5 TR R AR - DZ/T 0276.20—
2015[S]. Jbnt . e AR SR [ £ 55 58, 2015.
TR A A B U5 ¥ bR GB/T 50266—2013[S]. b
A E T RAE, 2013,

T AL, R AR REE TR S R A A
R PR e B A AR IR A A [T ). TR M AR R

[19]

[20]

[21]

[22]

2019,27(6) :1199-1207.

Zhao J J, Xie M L, YulJ L, et al. Experimental study
on mechanical properties and damage evolution law of
fractured rock under freeze-thaw action [J]. Journal of
Engineering Geology, 2019,27(6) :1199-1207. (in Chi-
nese)

Yang S Q, Yang J, Xu P. Analysis on pre-peak defor-
mation and energy dissipation characteristics of sand-
stone under triaxial cyclic loading[J].Geomechanics and
Geophysics for Geo-Energy and Geo-Resources, 2020, 6
(12):1199-1207.

RFLE KREGE AR5 BT RS A 355
gihm TR B R tEF e [T ] 8 A i 5 LA
#£.,2019,38(4) :825-831.

Song Y J, Zhang L T, Ren J X, et al. Study on dam-
age characteristics of weak cementation sandstone under
drying-wetting cycles based on nuclear magnetic reso-
nance technique[J]. Chinese Journal of Rock Mechanics
and Engineering, 2019,38(4) :825-831. (in Chinese)
PRIR4E, AR, FEH, 55 ORGP 25 1 4 e
7 3 E AR L] K VLR = B B4k L 2017, 34 (1)
98-103.

Chen Z J, Wang L H, Wang S M, et al. Loading and
unloading mechanical characteristics of rock under freez-
ing-thawing cycles[J]. Journal of Yangtze River Scien-
tific Research Institute, 2017, 34 (1) : 98-103. (in Chi-
nese)

Teui N, EH R, A5 A AL o AR AR A B
[J]. 45+ 71%,2012,33(12) : 3529-3537.

Qiao L P, Wang Z C, Li S C, et al. An internal-vari-
able creep model for rocks[J]. Rock and Soil Mechan-
ics, 2012,33(12):3529-3537. (in Chinese)

(AL B iE)

687



