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Abstract: This study conducted time-dependent compression tests on asperities with different height-to-radius ratios using ultra-
hard gypsum. According to Hertz contact theory, the attenuation laws of the elastic modulus of different asperities over time were
fitted. Time -dependent closure tests were performed on fresh fracture surfaces of red sandstone and limestone under varying
normal stresses. By integrating wavelet analysis, region growth algorithms, and the reference surface method, a novel approach
was developed for identifying the mesoscale asperity morphology of rock fractures, and compared the differences in the number,
height, and height-to-radius ratio of asperities before and after the experiment. Utilizing Boussinesq's solution, an influence matrix
was constructed to account for interactions between asperities. Based on the law of the elastic modulus decaying over time,
enabling time-dependent closure calculations for different rock fractures under variable stress conditions. This approach precisely

analyzes the temporal evolution of strain, contact area, and contact stress for individual asperity, with simulation results matching
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experimental data in terms of damage area and creep deformation. The study reveals the pivotal role of asperities with distinct

mesoscale morphological features in the time-dependent closure process of rock fractures under compression.

Key words: rock fracture; asperity; morphological characteristics; time-dependent closure; Hertzian contact; rock mechanics.

0 5%

TEF S =R s H AR 5 0T, 5 U5 45 14 5%
YT I ) bl R P R R A e e 2 B TR
15 B R AL C O, Hb 5T B 47 MBI EE I & M
REWREROT R R TR R . 2R TR A
e ML N ) PR B R A R R BR AR T ) (Viswanathan
etal., 2022). ZLBLIA 4 BE AT LABH A% R #% , 3]
DAFE itk 5 47 T8 i 2 15 55 )22 45 44 56 8 M (Rohmer er
al., 20165 Chen ez al., 2023) ; {H 7 3 55 %) 1 #4 R 58
U AU el s O T, R A S B B 0 R
A8 Wl ™ ) 24 BR VR TR RO L R, BB I AR
B AT R 2 3 0 TR TR K 2 4 5 0T R AL Y
KBl a2 — (PN, 2007 ; 5K 52 52 il IR fge
2020; 221§ 4%, 2021; Kang et al., 2022; Rz T4,
2024).

TE AW RUEE B, S0t Mg 2 A 224 B 2% T 7 4 0L
JRUBE B KK ™R 454 Gl 3 8 pm-mm & 2¢) , H
JUART 5 AIE A 465 v B L ity 38 22 42 R0 23 [] 9 A 55 2 80
FaR Al N A e e ol o B N i ) S 1 R N S
TEAT Sy K AR BAE OG22 45 i 09 [ 8 . O 13 7 4 43
B AT A B3, 27 28 AT 0™ A ARE Tk i B0 A AR e
AR F0 4 ) T A 22 B JL AT 2 20 (Brown and Scholz,
1985; Pyrak-Nolte ez al., 2016;Ma ez al., 2023). J&
rh W 2R TET Y AR T RN A2 g R v AT DL Hertz % i 1
T A i R, i AR 3 S 0 A A Tl A [ A A A
To A3 A0 137 3 TC 55 R B[R] A, (] B L 58] A 5 78 B g
WA AR B I O BR 42 i R AR, A A 2k e R T AR Y
N 335 BT L bR, PR B T2 SR (Clavarella er
al., 2006; Greenwood, 2006; Tang and Zhang,
2021).

N R 37 T B M R 0 5 KR (E AT 5 R R R T
WA RER) 2 5 R 4 o U, R A A BT A A SR M
B4 T A 9] 25 (Brot ez al., 2008). F WL (4 HEAR Jy
IR B TE AR 2 A 2 ER AR 09 AR i LA
FAFBE A R e 24 W T ) PR AR R R A B T
FH o 2% 12 fioh 3232 23 B 1800 4 1Y 07 2% e 1 (Green-
wood and Williamson, 1966). 5 £ & , f# ™ 4k Jf: 9k
18 A B8 1 K A4 1 37 T 4 3 R U 3R HE AN [ 7 g 7K

SR B OR A A [ A T AR, HC A S i AR 5 0 ) R
TH 78 1Y, 2 Bl B[] 8 £k (Song ez al., 2025). 52 JL
fu[ TR AR 52 e, B A S T 5 S R 3 AR R R[] 4K
sV AR T R s 2 (1) 7R E AR A R R L 0
U /0N T 42 floh T BRSO A T 4 e B b s 0 g DX B
TR S AR R GO R e T A L S BOHE il 1 2 Ak B
5 Z0 ) N 7 4 (Chung ez al., 2010; Rostami et
al., 2014) ; (2) B0 AR 80k ~F- , 9 it 21 Je KL ) 8
A BE R 2% B R s AR BUBRU N | 0B 25 ) kA JRy R R K
(Serati et al., 2015). 5L J 48 38 B> 0T 1R 5 0 i)
AH G G 1 B0 AR A 2 DI B0 rh At Y L dd i
SR 1 2 AR 3] 45 BRVEC, B L N AR R [R] 45 ) B
HWUESHIKARR I T RELBAR, NH
AR Y | 5 BB R AT Garofalo i 78 J5 2 (Malamut et
al., 2009; Ovcharenko ez al., 2009; Goedecke et al.,
2010). Ji ok , % A1 2 T 20 2 B8 Ao 1 41 5 At
AU B A B0t A 22 a) B AR B T T 0 AR R
(Matsuki ez al., 2001;Kang ez al., 2020).

LA Xof R RS 224 B T A 2 floh g 22 AE Y 2 R 4R
T ) 32 s A ek B A 0L ) — 2 R A
BEIE L (Li et al., 2015, 2022; Kumamoto et
al., 2017; Alamos et al., 2022) , T Z.0& 1T 242 4 &
I B A R [R) A 5 M (Matsuki e al., 2001; Kang et
al., 20205 Alamos et al., 2022) , FFJ&: [N R % 58
FETE A B [R) L. — A Bl 2 25 A0 55 G 1 R 3R
AT A ™ A 1 52 S R A8 P X 5 59 — A 2 R 2 RS A R
SR 3 BB T B A R824 10 T k. TE LB
Gk A ep gk 1) 28 O 3 R 2D BOC BB AR
F9 ;3 A v R0 R AL ) 4 ) (L ez al., 2015) , AN ]
AW A BRI AL 22 S S BT O AR
50 5 I 28 P G ML B oAk . B B R S, B0
TTE 3 7E 2L W2 P 5l 8 vh R 43 DG B R AR L
W AL AR 052 07 e M 25 T T 55 4% 8 ) 1R
WOAAAE W 3 25 . e 1H E 7 B04E R L B R i
fik 107 2 R S T AR B Ak T Bl 25 P A L 328 S AR AE
SR, H2 i A2 T /N 8 B A 2 i A 1 ) 2 b 3
4K (Kumamoto ez al., 2017). & {18 & ¥ I A2
Job e A o R A SR R DR T R 5 R A
P 45 2 B0BE I 8] 58 4 7 AR Y IR (Matsuki ez al.,



498 HERFF=  http://www .earth-science.net

51 %

2001;Sun, 2007;Song et al., 2025) , X Fh 2 K iy i
B0 s 7 R S v L B AR ) 0 SR T
PO B ™ A8 35 07 1T, B8 1 7 2 2006 T 0 A 4 (]
Sy A FUAR] Z2 R VE (Ciavarella ez al., 2006) , 43 B
WE R EE T E &\ K (Kang ez al., 2020) ;43 K
051 5y 5 R 3 W 2 RS W P 52 ), B PR 25
(Wenetal., 2022).

BEOXF b aR )8, g 5 TR [A] m AR ERO AAR Y
2 B 50T I 2 R AR R % e e L A5 R T
R TR) AR o™ AR 3 A T %) ek B R 5 R, R
FH/NGE S b e X8R RS w2 T
— A S A O R B A R s AR
W 3 00 vk 5 S BB B RN B AR e g
K H Boussinesq fif & 57 5% W 5 B 38 0 T 25 IR 0N
P Z A0 AH R R 4 fil B3k O R T ORI [ i )
YERN 2000 55 R A BB 32 e B A8 T 65 BU(E 1
AT A7 v ARUR AR AR AR AE s S L 45 AR
50 WL A A H R T 1 2E G AR R L T 4 0
R A o™ R 2 fol T B R R ) EE 43 A ) 2
Bl i 722 P 5 B R I TE LB

L B A 52 T i 250728 JE 5

1.1 ROE S E R e

LY OR T SR N DU NG o W T NI
BT BURRAE . — FBORE 0m™ R  SCh B AN (6] 40 i v
T AW B R A, (1)
=1, (1)

R

P L O™ S E (mm) s R oV -2EAR (mm).

K R R ZF BB AR T 4 RO ] S AR (A-
1:0.5,A2:1.0,A-3:1.5,A-4:2.0) LN AL ke, IT
T 22 e R I S A I 1 T, HL AR
B )5 %8 WRTF BF 9T (Song et al., 2025). i & B
o R AN RN AR (AL AT A-2) R M s WD IR
2 fi TG B K, 43 P 28 1 B T B 7 1 E T 1)
fof AT, 1% 1) I8 AS TRk /0 | 422 fh T REUR W
K, PR A B 8] K 2B G2 4 AR T, AT S5 BRI ) B
A3 A7 T 3K BP9 SR i o DB 4T 0 3 5 = AR
Fb A R R B A (A3 1 A-4) %) G 45 o ThT AR/ L 4R
viig & AE N 9 B v S TRD DY G vk R R N T, TR R
8 o T S A A Sl v ARUOR S A AR B AR i R T AR S
KRR AR T e R

R 4 75 2% 1 fol L0, 8 M o A2 R 1 AR T 11 6

L i

W LVDT

B - o ol
KT i it Byi wd |
e - ). 8 .

Al ,](A-z R LS ]

B AR AR ™ AR 1 52 6 I i s
Fig. 1 Semi-ellipsoid gypsum samples of A-1~A-4
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Fig.2 The time-dependent compression experiments of A-1 to A-4 under an identical load
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Table 1 Parameters of different types of rock samples
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Table 2 Parameters of different types of rock samples
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Fig.3 Experiments on time-dependent closure of rock fractures under compression
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