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Research on creep characteristics and pore structure evolution
characteristics of freezing-thawing rocks

SONG Yongjun, MENG Fandong, BI Ran, ZHANG Kun, ZHANG Jun
(School of Architecture and Civil Engineering, Xi'an University of Science and Technology,
Xi’an, Shaanxi 710054, China)

Abstract: The rock mass of open pit in cold regions is often affected by freezing-thawing cycles and long-term
loads. In order to explore the influence of cold region environment on the stability of rock mass, the red sandstone
of a project in northern Shaanxi is taken as the research object, starting with the macroscopic creep characteristics
and meso-structure evolution characteristics of freezing-thawing rocks. The evolution of macro-mechanical
indexes and meso-parameters during the creep process of freezing-thawing red sandstone is quantitatively
analyzed through the loading and unloading creep test of freezing-thawing rock and the NMR detection. The
results show that the pore size distribution fluctuates in a small range when the stress level is between

0.30,,—0.50,., and when the stress level increases to 0.50,,—0.60,,, the proportion of small holes (7,<10 ms)
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decreases and the proportion of large holes (7,>10 ms) increases, and freezing-thawing aggravates the increase of

porosity in the creep stage, and the effect of freezing and thawing on porosity growth is more significant at high

stress levels. The fractal theory is introduced to characterize the complexity of pore structure. It is found that the

large pores have obvious fractal characteristics, while the fractal characteristics of small pores are not obvious. The

total pore fractal dimension Dy is positively correlated with porosity. The complexity of pore structure only affects

the creep mechanical properties of rock when the porosity is large. The freezing-thawing-damage creep model of

freezing-thawing effect and creep damage is established. The model curve can well reflect the creep characteristics

of the freezing-thawing rock, which is in good agreement with the experimental curve. This study can provide a

theoretical basis for rock engineering construction in freezig-thawing environment.

Keywords: creep test; freezing-thawing cycle; NMR; porosity; fractal dimension; creep model
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Fig.1 Rock sample size and installation instructions
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Table 3 Stress loading values at various levels in the uniaxial
creep test of sandstone under different freezing-thawing
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Fig.2 Graded loading and unloading creep stress loading
method of freezing-thawing rock
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Fig. 4 Creep curves of different freezing-thawing rock samples

0301 g monk L4 g vemon
—&— HRRI30K 1ol —@— VR0
~ 0251 k60K i Rk60TK
=
s 1.0t
L 020 5
~ B 23 0.8
F0.15F e g
i = :
; e Ho6t
2 g : %
52 0.10 g - H .
= o::] 7/
K3 s 04} .
B 0.05t - E
o 0.2 e
oLE g — g g
0.30, 0.40, 0.50,. 0.60, 0.30, 0.40,, 0.50,, 0.60,
N 17K R 17K

(a) WA HARA LI (b) IBPERARAE P 26
E5 IRTEE BTSSR SMmELXR
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0.30, 0.40,



- 74 - K ST S5 TR 5T %5 6 44

—B—0.30,,
’s —& = 0.40,,
0.50, _¥
—¥ - 0.60, -
<20} s P
i P
o i
53(3( 15 P ~
& e
= 10 v
5 L
g—— = =B -———-—%
0 g——— g .
0 30 60
R YA€

B9 FERBFLEEEER N

Fig. 9 Effect of freezing-thawing times on porosity increment
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2023 4F

R TE, S VR RCE A0 7R e FLBR 25 4 T AL R AT 5T =75 -

LB IR HE R Dy B L 1 7K SF- 19 28 1R 35 5 AL
B R AR A S — 2, BB e g g LT N 1 KF
BIIE 0.60, i 2w B THAG S . TR T3 K BRI,
ERRPUEIE 1 B8 ) B, 1 0y O B S FLBR 4
Hay 9 52 2 T M B AR R MG A, HL B A L g 7K F B 4
Tk, IO AS W BSR4 T2 b 1 30 i 284 3
e Al 5 B8 N, R HE REE A IR O, A R IR I Y
RE 778 55, LB AR FL B 199 2% 52 e PR RO B9 A, &
B AR Dy 2RI R o TR, DR S A2 K
206 o 73 2 e PAY S R ] F) 286 3R 0 R e 4 i 38 8 A o
%, B/ FL AN DRI i A AR R, 3 T 5 320 PAY S a5 o
TGN, 32 VR Rl A A0 8™ B A S B A I ) A o3
Ft15.00.60,) Ak Dy BT N B3

X P12 v i B R AT AR, R LR R A
BIFLBRE S Dy BAEARSE, BAG Mk A 5C R B (R
HRT 0.87, RUIFLBEZEE S Dy Z 1] BEAH G . AL,
B3 73 T e RO S, R R e A 0 FL BRSO, BRIy
T YRR, FEALBR I 2% 1) K B AR B ALK

2lr @ — . - ROk
& — - — FERBOK
20} RA60

y=36.821x—73.989
19F (R=0999) x
\ .

S K
= / N
& 18 L, y=44.547x-91.251
= - (R=0.871)
: |
7 7 &
X 8_- -
® ~

Ll
i 1=23.048x—40.018 ( R==0.912)

242 244 246 248 250 2.52 2.54 2.56 2.58
Dy

B12 D, 5IBERNXR
Fig. 12 Relationship between D, and porosity

3 HFREAENEELX R IEm

R 5T Uk il e A 1 LB B B L R 25 e 5 A R
XL PR 2R 3 [ 1 FH 6 2 LI A8 7 2547 M I 52, 22 il
A e 7 AR i R A I A e R 43 i) 55 LB B RN Dy 1) =
X RZE(E 13) . F i e A R, X BLAL 45 H o il
30 WA =X RIE . HE 13(a) Al AL AR 9
P IO A ik i L B ) 1 R K, Y LB R R
WA % OO R IR B AT N E AW Y N
B, Bl 0 I8 dE 5 38, SR R AR R I Rk, R
il A FLBR 5 b Y A2 2R 7 AL A KB A X
SR M AR AR B I S A, A L B RE A TR A LT
O3 TE B, R A I YA N AR B . R 13

(b) AT, 5 il A A 2 0 7 o R A2 L L JEE S o0 I 4
KOy 5 i 5 AR AR AR, PRI, X A2 K i 2
PE T B VR A A, 7R LG A2 B Be, B I TR A9 3E RS, X
A BB W R A, LR B 2 3K, FLBR S B
2%, BEMTRZ 0 1 VR Rl A 10 25 UG 22 T1 44T N

2.460 16.79 "\&i\vic
0, 2.475 16.06 ,X\}%%-

(a) XFIRIEN AR H 5

W%/ (102 h")

Fazsh

(b)) X R 2SI AR A ) 2R
B 13 MEXRLRMERAMEENFIT AN

Fig. 13 Influence of two factors on creep mechanical behavior

4 FRERETER

4.1  URAhes A0 o
24Tl 0T ) Ay 4 ik B i — (R, A RS
AT, N AR 2 A 475 ) I AR S B A
(1) 52 ) A A I 3 0 A By BE N g 7 A 1 4
3, PR ol 3 A I B RIRR o I A B BEA A R A5
FREE NG, g A A5 A8 i (D) ok il i Jon 3k i A% By
B, 2 R VR RS2 e R B PR R O 4 1k, B 14
oRAR 3 A U R T G o
Abel 450 AL S R -
_ i de()

= (5



- 76 - K ST S5 TR 5T

(N, D)

B 14 HERGEETE

Fig. 14 Freezing-thawing damage viscous element

Kb o——NE J1/MPa;
Wik
— Al /h,
=0 i, b FoRBMIIER; 2 =1 1), X
FORFWR; 2 0<y<1 i, BAUAT R B T HAL S
PRI AR A 22 [] R
8 Z A0 Abel Bhar R AL G AR
1, =m (D) =m,(1-D,) (6)
A D— R B L.
i Rl 7 065 72 ok R e ) 4 5 I T 2 R 4R
PRIFIOC 2P, BD
D.=1-e™ D
AP o—— 5 L0Rb 11 BT K VR Rl UCBORH DG 1 R U
5 ZRA Abel Fhiar A SCFR, 455 50(5)—(7)
133

v many I [E(D]

o =(ne P €))
A phe ——5 VR Rl EIOR G HL 6 s 1] 78 10 10 2 P
NI IRFEAAS I, A
ez Eﬂi% (9)

S ATy +1+K)

Ko K—— Rk L
r—n s ek .

4.2 ERARRORIE ST

B b SO AT, AN [R] R Rl S A AR UK 28 T Ok L R
A FUIN G AR B B, LR FE L I ) RS R 2k e
(] 253 5% M) 2 A 1) 855 A8 R . 42 B 1Y Poyting-Thomson
T R A T i sz Wl 5 A M LS (1% i s A R RS A G A
BB, HJCHk R WG AR By B . PRI, AR SCHE Poyting-
Thomson #& A ELfilf [ 53 K — > H1 48 R %K Abel % 4w Fil
S M IO I R 2H B A 8 8 P AR 3R 7 S A I Bt

& 15 R i) Poyting-Thomson #E5Y, Hivh E | E,
Fin 2 5 IR EOHE G 2480, o AR IIREE . HA
FITREN

4 0<0; At

5% 6 Hi
E|(N)E>(N)
e= — ( - E,) e [EWHENn ') (10)
E,(N) E,(N)+E,(N)
M o=0, I
E1(N)E>(N)
= 7 (1- E\(N) e EWN)+Ex(N)m ’)+
E,(N) E,(N)+E,(N)
g (@ (1D
L, (N) & I(y+1+K)
1 (N)
[(N
E,(N) '7
« —y

O-S

15 Bi## Poyting-Thomson 1= 5!
Fig. 15 Improved saturated Poyting-Thomson model

4.3 BRI N S HOHER

A b SO AR U8 KO, SR T 1stOpt KA A Y
i 4 R DA S U R 28, 45 8145 B 1 KF T
MBI S RO G S50 . i TR iR R, X LA
TURH 30 YRR OB SR AU A R, e BNk s
FIEL 16 JIr 7 o AN 5] O Bl e Ao 5 R0 40045 45 2R AR UL,
Y 518 25 R W) 5 RAF, BERS [R] I 18 34 B I8 I | ek

BT | A A T A R e I e R

RS BTEESY

Table S Creep model parameters

E, E, m mn

WAER by iGpa AGPah) AGPah) T M R
F—8 129969 19.024 2245 — — 0.97
WY 89972 13931 1.568 — — 0.95
HEH 52979 12401 1.496 — — 0.98
WU 22135 9.671 1054 — — 0.93

BT 10973 8066 0.809  0.0013
[ e TN 4 =

0.161 0.169 0.91

5 it

(1) 24 W 1 KEAE 0.36,, ~ 0.50,, 8] 25 AL, [ T
TR X LA o3 A 0 AR A AT B S e, BT AT A R R AL
T2 53 A T8 — A28 /N W 0 B PR 38 3, LB 3 R /DN
MR SIIKFAE 0.50,6 ~ 0.60, BIAZFBES, KAL & H %
SRIGIN, /NFL o L35 SESRBEAIR, FL B 1 i L S 34 K
HURROME 73X — 4% .

(2) /L&A B 1 5 JE KR 1E, D, 5 1K F2Z
[B] S EAHSC, Dy BN 3 KSF 4 THE 18 1 R, AR e
1E 0.60,., AL 535, H D, 5 LK EE 8] Y 5¢ 52 A] H IR 2tk



R TE, S VR RCE A0 7R e FLBR 25 4 T AL R AT 5T <77 -

2023 4F
307 © 030, 0.6,
2.5 < 0.4, ¥ 0.7,
8050,  — AL
o 20
= e
15t
=
ﬁ 1.0
0.5
O -
0 2 4 6 8 10 12
I ]/
B 16 R HERIIOE fh 2k
Fig. 16 Creep model validation curve
PRSCA 348

(3) FLBR 25 48 52 2% e J3E AU L B 2 5 I A0
Rl Ay W 2 A 5 A B RS e, 43 I8 AR BOBR O, i 1
70 RIS 722 R 23R 7 A ) L B RE T s LR 4 4 &2
TR I LB B BOR, A S2 40 ™

(4) 7. Poyting-Thomson 5% & [ KEfiff -, A 4% 7 il
A NG AR R BRI — R B R I A, T
JE T R R e A T AR IR L 2RI, B AR LG
AR 5 S R )& R AT, 68 HERG KA [8) R @l s i
S B G AR AR

£E#k ( References ) :

[1] LIU Yanzhang, CAI Yuantian, HUANG Shibing, et al.
Effect of water saturation on uniaxial compressive strength
and damage degree of clay-bearing sandstone under
freeze-thaw [J]. Bulletin of Engineering Geology and the
Environment, 2020, 79(4): 2021 — 2036.

[ 21 SHI Lei, LIU Yang, MENG Xiangzhen, et al. Study on
mechanical properties and damage characteristics of red
sandstone under freeze-thaw and load[J]. Advances in
Civil Engineering, 2021, 2021: 1 — 13.

[3] HUANG Shibing, LIU Quansheng, CHENG Aiping, et al.
A statistical damage constitutive model under freeze-thaw
and loading for rock and its engineering application[J].
Cold Regions Science and Technology, 2018, 145: 142 —
150.

L41 skidesn, 2155, BHFHR, 5. REIGH T RS
WA g SRR 5 (1], 4 7%, 2020, 41(2): 1 -
12. [ ZHANG Fengrui, JIANG Annan, YANG Xiurong,
et al. Study of shear creep experiment and model of

granite under freeze-thaw cycles[J]. Rock and Soil

[5]

[6]

[7]

[9]

[10]

[11]

Mechanics, 2020, 41(2): 1 — 12. (in Chinese with
English abstract) ]

WONG T F, BAUD P. The brittle-ductile transition in
porous rock: A review[J]. Journal of Structural Geology,
2012, 44: 25 — 53.

WU Xiang yang, BAUD P, WONG T F. Micromechanics
of compressive failure and spatial evolution of anisotropic
damage in Darley Dale sandstone[J]. International Journal
of Rock Mechanics and Mining Sciences, 2000, 37(1/2):
143 — 160.

B, A, SR, A URERIRIE T A AR 4
R 2 NOEEWE I Sk R 1], B0 1% 5 AR
#, 2018, 37(3): 545 — 563. [ YANG Gengshe, SHEN
Yanjun, JIA Hailiang, et al. Research progress and
tendency in characteristics of multi-scale damage
mechanics of rock under freezing-thawing[J]. Chinese
Journal of Rock Mechanics and Engineering, 2018,
37(3): 545 — 563. (in Chinese with English abstract) |
SRR, 22K, 17 K08, 5. GRRMIE IR AP T A A
LR AR IR D). A A 15 TR¥EIR,
2012, 31(4): 731 — 737. [ ZHOU Keping, LI Jielin, XU
Yujuan, et al. Experimental study of NMR characteristics
in rock under freezing and thawing cycles[J]. Chinese
Journal of Rock Mechanics and Engineering, 2012,
31(4): 731 — 737. (in Chinese with English abstract) |
AR, JABEF, AT VRS AE K A LB K R
5 5k i B R A SCER A A (0] e 2 i, 2015,
40(8): 1783 — 1789. [ LI Jielin, ZHOU Keping, KE Bo.
Association analysis of pore development characteristics
and uniaxial compressive strength property of granite
under freezing-thawing cycles[J]. Journal of China Coal
Society, 2015, 40(8): 1783 — 1789. (in Chinese with
English abstract) |

WRIEI DR, J342, INKE, %6 R TR) IR 22 R il D o i A8 4
PE R o B R BB oY L. A A R 5 LR
i, 2021, 40(10): 1962 — 1975. [ CHEN Guoging,
WAN Yi, SUN Xiang, et al. Research on creep behaviors
and fractional order damage model of sandstone subjected
to freeze-thaw cycles in different temperature ranges[J].
Chinese Journal of Rock Mechanics and Engineering,
2021, 40(10): 1962 — 1975. (in Chinese with English
abstract) |

AR, WA, AT R A L e v AR UL 2 A
i o0 e R A (] % 1 0127, 2007, 28(12): 2579 —


https://doi.org/10.1007/s10064-019-01686-w
https://doi.org/10.1007/s10064-019-01686-w
https://doi.org/10.1016/j.coldregions.2017.10.015
https://doi.org/10.1016/j.jsg.2012.07.010
https://doi.org/10.13722/j.cnki.jrme.2017.1295
https://doi.org/10.13722/j.cnki.jrme.2017.1295
https://doi.org/10.13722/j.cnki.jrme.2017.1295
https://doi.org/10.13722/j.cnki.jrme.2017.1295
https://doi.org/10.3969/j.issn.1000-6915.2012.04.012
https://doi.org/10.3969/j.issn.1000-6915.2012.04.012
https://doi.org/10.3969/j.issn.1000-6915.2012.04.012
https://doi.org/10.13225/j.cnki.jccs.2014.1158
https://doi.org/10.13225/j.cnki.jccs.2014.1158
https://doi.org/10.13225/j.cnki.jccs.2014.1158
https://doi.org/10.13722/j.cnki.jrme.2021.0064
https://doi.org/10.13722/j.cnki.jrme.2021.0064
https://doi.org/10.13722/j.cnki.jrme.2021.0064
https://doi.org/10.3969/j.issn.1000-7598.2007.12.018

78.

7K SCHb BT TR b S

5% 6 4

[12]

[13]

[14]

[15]

[16]

[17]

2582. [ PENG Ruidong, JU Yang, XIE Heping. Fractal
characterization of meso-structural evolution during
tension of limestone[J]. Rock and Soil Mechanics,
2007, 28(12): 2579 — 2582. (in Chinese with English
abstract) |

oo W, S RT, AR F IR A A0 R AR A 1 43
AR (1), 551 1% 5 TR 240, 1999, 18(5): 503 —
506. [ GAO Feng, XIE Heping, WU Jingbo. Fractal
analysis of the relation between rock damage and rock
fragmentation[J]. Chinese Journal of Rock Mechanics and
Engineering, 1999, 18(5): 503 — 506. (in Chinese with
English abstract) ]

P, BREUE, B s, 45, W LS IR S5 K I 408 LA
WHoE (1], & A0 )12 5 TR 4K, 2005, 24(3): 461 —
467. [ LU Bo, CHEN Jianping, GE Xiurun, et al. Fractal
geometry study on structure of jointed rock mass[J].
Chinese Journal of Rock Mechanics and Engineering,
2005, 24(3): 461 — 467. (in Chinese with English
abstract) |

TAN Hao, SONG Yongjun, GUO Xixi. Analysis of
porosity, permeability, and anisotropy of sandstone in
freeze—thaw environments using computed tomography
and fractal theory [J]. Fractals, 2021, 29(8): 2150239.
KU, T EBE, BRALAE . A7 )2 % Y ISRM YL
FIEWbR AT D). 5 A %5 TR%R,
2010, 29(12): 2456 — 2468. [ ZHENG Hong, FENG
Xiating, CHEN Zuyu. Standardization and digitization for
isrm suggested methods of rock mechanics laboratory
tests[J]. Chinese Journal of Rock Mechanics and
Engineering, 2010, 29(12): 2456 — 2468.(in Chinese with
English abstract) ]

AR N R SRR E AR B AR 2 A Bl AR A
B 77 1 A% 1 GB/T 50266—2013[S]. bt 50 . i [H i}
R HY it 2013, [ Ministry of Housing and Urban-Rural
Development of the People’s Republic of China. Standard
for test methods of engineering rock mass: GB/T
50266—2013[S]. Beijing: China Planning Press, 2013.
(in Chinese) |

X, AR, B, 55 Sk B IS S BOW b i e
S PR WL By 2 ke M SE L] K SOt Bt T AR
i, 2020, 47(5): 108 — 115. [ LIU Chao, YUAN Wei,
LU Junfu, et al. A study of the micro-macro-physical and
mechanical properties of silty mudstone in the bottom

drum section of a railway tunnel[J]. Hydrogeology &

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Engineering Geology, 2020, 47(5): 108 — 115. (in
Chinese with English abstract) ]

MOMENI A, ABDILOR Y, KHANLARI G R, et al. The
effect of freeze-thaw cycles on physical and mechanical
properties of granitoid hard rocks[J]. Bulletin of
Engineering Geology and the Environment, 2016, 75(4):
1649 — 1656.

5, Vrom, XUER, % B TROREILIR 5 A R HH A
R A R 0 55 K R JEE ) s e BIE Y (0], 7K S
Hb St T2 M 3T, 2020, 47(5): 142 — 149. [ HE Pan, XU
Qiang, LIU Jialiang, et al. An experimental study of the
influence of loess salinity on combined water film
thickness based on NMR and nitrogen adsorption
technique[J]. Hydrogeology & Engineering Geology,
2020, 47(5): 142 — 149. (in Chinese with English
abstract) |

HE Xinxin, CHENG Yuanping, HU Biao, et al. Effects of
coal pore structure on methane-coal sorption hysteresis:
An experimental investigation based on fractal analysis
and hysteresis evaluation[J]. Fuel, 2020, 269: 117438.
DUNN KJ, BERGMAN DJ, LATORRACA GA. Nuclear
magnetic  resonance:  Petrophysical and  logging
applications[M]. New York: Elsevier, 2002.

TANG Zongqing, ZHAI Cheng, ZOU Quanle, et al.
Changes to coal pores and fracture development by
ultrasonic wave excitation using nuclear magnetic
resonance[J]. Fuel, 2016, 186: 571 — 578.

BRI 2, E 5, TRB K, L RIEFME T AL A
Pl 00 2O R BE 9 (0. 7K SCHb BT T AR M 5, 2021,
48(5): 65 — 73. [ QI Lirong, WANG Jiading, ZHANG
Dengfei, et al. A study of granite damage in the macro and
microscopic scales under freezing-thawing cycles[J].
Hydrogeology & Engineering Geology, 2021, 48(5): 65 —
73. (in Chinese with English abstract) ]

CHEN Longxiao, LI Kesheng, SONG Guilei, et al. Effect
of freeze-thaw cycle on physical and mechanical properties
and damage characteristics of sandstone[J]. Scientific
Reports, 2021, 11: 12315.

JAREE, SR, RN, 45 BT BRI IR R AR
B A B A AR AT (D). A 128 5 TR
2, 2014, 33(3% 1] 2): 3523 — 3530. [ ZHOU Keping,
HU Zhenxiang, LI Jielin, et al. Study of marble damage
evolution laws under unloading conditions based on

nuclear magnetic resonance technique [J]. Chinese Journal


https://doi.org/10.3969/j.issn.1000-7598.2007.12.018
https://doi.org/10.3321/j.issn:1000-6915.1999.05.002
https://doi.org/10.3321/j.issn:1000-6915.1999.05.002
https://doi.org/10.3321/j.issn:1000-6915.1999.05.002
https://doi.org/10.3321/j.issn:1000-6915.2005.03.016
https://doi.org/10.3321/j.issn:1000-6915.2005.03.016
https://doi.org/10.1142/S0218348X2150239X
https://doi.org/10.16030/j.cnki.issn.1000-3665.202001001
https://doi.org/10.16030/j.cnki.issn.1000-3665.202001001
https://doi.org/10.16030/j.cnki.issn.1000-3665.202001001
https://doi.org/10.16030/j.cnki.issn.1000-3665.202001001
https://doi.org/10.1007/s10064-015-0787-9
https://doi.org/10.1007/s10064-015-0787-9
https://doi.org/10.16030/j.cnki.issn.1000-3665.201910002
https://doi.org/10.16030/j.cnki.issn.1000-3665.201910002
https://doi.org/10.16030/j.cnki.issn.1000-3665.201910002
https://doi.org/10.1016/j.fuel.2020.117438
https://doi.org/10.1016/j.fuel.2016.08.103
https://doi.org/10.16030/j.cnki.issn.1000-3665.202103073
https://doi.org/10.16030/j.cnki.issn.1000-3665.202103073
https://doi.org/10.1038/s41598-021-91842-8
https://doi.org/10.1038/s41598-021-91842-8

2023 4F

R TE, S VR RCE A0 7R e FLBR 25 4 T AL R AT 5T =79 -

[26]

[27]

[28]

of Rock Mechanics and Engineering, 2014, 33(Sup 2):
3523 — 3530. (in Chinese with English abstract) ]
ZHANG Jian, DENG Hongwei, DENG Junren, et al.
Fractal analysis of pore structure development of
sandstone: A nuclear magnetic resonance investigation [J].
IEEE Access, 2019, 7: 47282 — 47293.

BPRAE, 200, EARSE, AF. B8 B KB A e
TR A (7). K SCH B T RE 5T, 2022, 49(6):
90 — 96. [ FENG Chenchen, LI Ao, WANG Zhiliang, et
al. A Study of mineral composition and micro-structure
characteristic for Jinping marble[J]. Hydrogeology &
Engineering Geology, 2022, 49(6): 90 — 96. (in Chinese
with English abstract) ]

A, XPWE, ELLIR, 5 K-EEA T BBl s &
KA ARG [T]. K SCHB BT T RE 3R, 2021, 48(2):
106 — 113. [ LI Anrun, DENG Hui, WANG Hongjuan, et
al. Constitutive model of water-damaged silty mudstone
interactions[J].

Engineering Geology, 2021, 48(2): 106 — 113. (in

under water-rock Hydrogeology &

[29]

[30]

Chinese with English abstract) ]

JAZAMG, EHE, Bam, & BT A
AR (1], h ERE Y e RO,
2012, 42(3): 310 — 318. [ ZHOU Hongwei, WANG
Chunping, DUAN Zhigiang, et al. Time-based fractional
derivative approach to creep constitutive model of salt
rock [J].
Astronomica), 2012, 42(3): 310 — 318. (in Chinese with

Scientia Sinica (Physica, Mechanica &
English abstract) ]

XUARIE, B 2o, RAT%, A Wb B AL i 0 A A
K Burgers B2 B e it 5 0w A (I A £ TR &),
2011, 33(11): 1740 — 1744. [ LIU Dongyan, ZHAO
Baoyun, ZHU Keshan, et al. Direct tension creep
behaviors of sandstone and improvement and application
of Burgers model[J]. Chinese Journal of Geotechnical
Engineering, 2011, 33(11): 1740 — 1744. (in Chinese
with English abstract) ]

YmiE: x| AR


https://doi.org/10.1109/ACCESS.2019.2909782
https://doi.org/10.16030/j.cnki.issn.1000-3665.202204023
https://doi.org/10.16030/j.cnki.issn.1000-3665.202204023
https://doi.org/10.16030/j.cnki.issn.1000-3665.202204023
https://doi.org/10.16030/j.cnki.issn.1000-3665.202004007
https://doi.org/10.16030/j.cnki.issn.1000-3665.202004007
https://doi.org/10.16030/j.cnki.issn.1000-3665.202004007

	1 试验方法
	1.1 试样制备
	1.2 试验方案

	2 试验结果
	2.1 冻融岩石蠕变力学性质
	2.1.1 单轴强度试验
	2.1.2 蠕变行为

	2.2 蠕变过程中冻融岩石孔隙结构细观参数演化
	2.2.1 孔径分布变化特征
	2.2.2 孔隙度的演化规律
	2.2.3 蠕变过程中的分形特征


	3 冻融岩石细观结构演化对宏观特性的影响
	4 冻融岩石蠕变模型
	4.1 冻融岩石损伤黏性元件
	4.2 蠕变模型的建立
	4.3 模型验证及参数辨识

	5 结论
	参考文献

