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Fig. 2 Schematic picture of gliding box-counting of joint

lacunarity (modified after Smith Jr et al. ,1986)
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(a)—schematic diagram of gliding box method (»=2), in which
the red box is the gliding box and the small black box is the joints
fractal; (b)—schematic diagram of gliding box method (r=4), in
which the red box is the gliding box and the small black box is the

joints fractal
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Fig. 3 Intense deterioration area in Three Gorges

Reservoir area—bedding bank in Jiaodingfeng 17
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(a)—binary image of rock mass joints in upper and lower
measuring windows of Jiaodingfeng 17 drawdown zone (modified

from Yin Yueping et al., 2021); (b)—fitting curve of fractal
dimension of rock mass joints corresponding to measuring window ;
(c)—lacunarity curve of rock mass joints corresponding to

measuring window
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Fig. 4 Medium deterioration degree area in Three Gorges
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(a)—binary image of rock mass joints in upper and lower measuring
windows of Jianchuandong 2% drawdown zone (modified from Yin
Yueping et al. , 2021); (b)—fitting curve of fractal dimension of
rock mass joints corresponding to measuring window; (c)—
lacunarity curve of rock mass joints corresponding to measuring

window
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Fig. 5 General deterioration degree area in Three Gorges
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(a)—binary image of rock mass joints in upper and lower measuring
windows of Bawu Gorge drawdown zone (modified from Yin Yueping
et al. » 2021); (b)—fitting curve of {ractal dimension of rock mass
joints corresponding to measuring window; (c¢)—lacunarity curve of

rock mass joints corresponding to measuring window



BT

1] ] B 45« = e 2 X 0 AT A A 45 A 2 TR AT A5 36 A B AT 5

2403

1605 AA7 . ARG LU TH T 2 b A I # e 4k
PE AT 2008 4 BN 7 G2 154 I & A A B
%A 2019 AEFAHE I A AR (BB 45, 202D)

Pl 3 rf 7 TOUUAE I 5 ol 5 R T 0 R 8 Ak 45 Ak s 2
MR ARGt 11 KA AE B G, A R A5 i & A
A 30 8 G PR S B HOIR ) iR R R R . Hh A 4R it
el LAWY L B AR S Ak, R T 3 % A
& A ECR AR T BT S . AR
T4t B {6 M. AD, = D, (2019) — D, (2008) =
0. 2146, H X I A9 BRI A G #h 2R & 22 W T B
X W I A 2 AT B AR g, T 0 A A X
TN 5) I V& Ab B I T B SAR A R R B G I
THEWHZ L AMETHE, B4 85 b gk
D, VAJRIRE A G BB R, 2 Bk iy AR
R, B 4 s R 25 A s sm B0 Y & 2R 2
SIE AD, =0. 0984, BRI A G 2 2 IS5 T
e, B5 Rk b — B ek Ol % AD, =
0. 0054 , BRITAH A Gr) il e 2 B H G055 T R .

BCA 3. 4.8 5 7 4e%80 D, #h 2R LA K Bl 5
A G 4 n] LB B 2], 20 4 B4 i 20 56 &
HR? Hf ik 0,99, 2R WA AR I % 1 # 4 fk 4y B HE
fEHT & . Hk i T R B Ak I AE 7R L o dE B
SEILCTAE T R B T B T R, B bR
JERR X AR B R B . R R A AR
BN S ERK RE BRI ) 5% A I
R AR, BRIE A& R R, MEITER
P BB BRI A GO XER R, X H S R B
TREE T RT3 0 R Y B AP 8 R
AR L L AN o S 0 RS B T A Sy 2 5
F18 o L2 A ARO00 RUBE I DU 2 TR 45 A 33 40 R0 £L B A
BRI, S5 RERR KM LR,

AT 50T EA S BBt EREA X
b 5 ERSE r WE YA SE . T Wk AT DR SR

D7 2 R RUBE o R Z0 ) i R B A Gr) A b
B o XA SO BIUE A G IR E (E 3c,
K de. B 50 s BEBORN KT 200 A% o0 500k 17 15 i 2
BN A BRI O I S B RSP 2~2.5 m) . SR Bk
T A ) 2 B 28 e 4 mi R HE A R REV (R AE
5T RS T BRAE R — Fh o W] R AL T B
XFFARSCHARTT I % REV RF FIRIELA K 2~
2.5 m 247 /NFI G AR R SF 5~19 m, A LR A
WM RSF 5~19 m & 0] DL 201 34K 5 3 ok 28
(8 53 A 5 O

Xof SC R CBRBRF- 45, 2021) v i A7 e 80 0 6 39 47
ISR D, DL TRER AD, (i i 1T
N TEJRA BTG R b IR 45 D,
VLR THAE(E AD, W] LR G (% 20 R 43245 1R 4 {72
JE. M AD,=0. 15, A1k H i Z ;S 0. 08<<AD,
<0. 15, AR B EL 2 AD, <<0. 08, Ak 1k
— M (R D, P — o B hr 17 5K 5 R
R R, 5k HEHAER Det . AT, AT,
AGST fE#EAT R 3 B AR — 3,

MNE L RE, T4 AD, 5 o), 5
AGST Z5 HATIR U (04 AH O M, 0 52 B0 B 2 1K 45 fe 2
FER] BB R . B3R 1 T 10 A4
s HE AT A OC G T LA 3 A, AT A 40 dE RO 2 (R
AD, 5 AJ,, \AGST B4 EEINT

AJ,,=0.03151e'"* AD, (6)
AGSI=1.013¢"*"AD, (7N
a6 (D S5KE 6. 7w, 4T
{8 AD, 5 AJ,, LB AGST 2z [8) a] 5% F 45 B ek 5
PLE ML RE R 4303k 0. 967.0. 923, Al WLKE A
R AT A T A AR DN T 2 Ak BE T g
SR - E R, L AT, D&
AGST 3 &, K & 4k o 450 T4 AD,
A DAAR i b 220 0 3 AR B 4 AR AR

R1 ZREREHESUSBENEREER
Table 1 Table of classification index range for rock mass degradation in Three Gorges Reservoir area
LR i 5, Det AT, AT, AGSI D, (2008) | D,(2019) AD, TH4EME AD, 73245 b
e >0. 069 6.23 12.5 20.3 1. 2343 1. 5505 0.3162
_— g 17 0. 075 1.25 2. 50 6.8 1. 4050 1. 6196 0.2146 AD,>0. 15
AR 0. 052 0.74 1.48 5.1 1. 2862 1.5114 0. 2252
ARES =0. 080 0. 69 1.38 5.8 1. 4920 1. 6465 0. 1545
o 27 0.032 0.62 0.93 3.3 1. 4280 1. 5264 0. 0984
LGl h R B 0.043 0.45 0. 68 3.1 1. 4488 1. 5404 0.0916 0.08<<AD,<0. 15
M BE 0.023 0.43 0. 65 2.9 1. 3744 1. 4756 0.1012
B JJ 06 0.017 0. 24 0.48 3.4 1. 5549 1.5972 0. 0423
— & 3 0. 009 0.25 0.38 1.7 1. 3756 1. 4303 0. 0547 AD,<20.08
L35 e 1 0. 0002 0.10 0.15 1.5 1.5413 1. 5466 0. 0053




o R

2404 http://www. geojournals. cn/dzxb/ch/index. aspx

i
2023 4

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
AD,

K6 ZRBEXMBEWEN AD, 5 AT, KRE
Fig. 6 Relationship between AD, and AJ,, of typical

bank slope in Three Gorges Reservoir area
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Fig. 7 Relationship between AD, and AGSI of typical

bank slope in Three Gorges Reservoir area
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and phase transition calculation of deterioration crushing

TE = J3E IXHP 32 PR 95 A A I i e AT B
B AR — D N R IR E A T
TR R I R T R e OGS L A R R 4 A T e AT
I 221, 5 SRS R PR R 2T I, RT REA 3 Al R Ak
T—FLIE R TR IE SR . A SCH I A R T4 1
TR PG 0 20 i B R U e AR A A R 5 A T
A 78 I 20 R A A £ 8 7 1 9 A L VAl R B AR e AR
B — M £ AN FE . W BR O 4R T A B A A
DR 11 P B A 4 DX e R 2 T A BIL L = HEOE A
il A2 SRS R A 2 L XA AR 4 AR A LR CRT RE Y
BB DA A ] 2 A7 Y [T A DR A

4 258

SR FH A0 T8 BRAE HP B 43 T8 2 B L R i T (E ) = gk
JI DX AR U BE K 25 R 4 AR B (BRI 43 T RE 1 4
T R A A 8] D R % e a3 R AT T R0 2B o, 1R
R EELR

(DT V& 1 A R B 5 Mk o A B 43 TR T8 1
MEWZ TR BG4 D, KT H B3 A
7, I TR X ST A GO W/NF 3, B
Bl 1T R ST 3G, o A Y HE R R AR, ST
HAG)MEREZELI SN REV HEKR T
PR B AR T, 25 Ak 75 2 A 3 A ) T N34 4
WA R,

(2) T4 P& A PR B B0 FH4E (. AD, W] LA
2 AR B AR, Y AD, =015, 41K %
AL TR S 3R BN 45 45 24 0. 08<<AD, <<0. 15, 51k

fRAEBREL; 24 AD, <<0. 08, #r ik 5 AL F B — ik,
HAOa4 5T 48 AD, 5 AT, .AGST i /& 15 50 bk %
P

(DB T KA 5 R T BE 19 25 Ak 1 i A A
B AR . RABILEITE T A RS hmgn
T 7577 A B 1 1 AR AR 5 JB) oA T <50 4. 83T T 2
Fofr TR B A3 AR Al A A 2, o A BE U A
H AT AR S s B AR 00

(D5 HER0 D, 22 W00 RS 52 0 552708 7 i
U TFAEERS I E B G REm NG RE . &
WAE AR AL A rh 64T 2 R 40 T8 4R 80T 55
PEAE Ol =k R X B 45 Ak Tk T 4 AR T A Y
A,

References

Cai Jianchao, Hu Xiangyun. 2015. Fractal Theory in Porous Media
and Its Applications. Beijing: Science Press (in Chinese).
Dochez S, Laouafa F, Franck C, Guedon S, Martineau F, d’Amato
J. Saintenoy A. 2014. Multi-scale analysis of water alteration
on the rockslope stability framework. Acta Geophysica, 62(5) :

1025~1048.

Feng Xiating, Ding Wuxiu. 2005. Meso-mechanical experiment of
microfracturing process of rock under coupled mechanical-
hydrological chemical environment. Chinese Journal of Rock
Mechanics and Engineering, 24 (9): 1465~ 1473 (in Chinese
with English abstract).

Gagnepain ] J, Roques-Carmes C. 1986. Fractal approach to two-
dimensional and three-dimensional surface roughness. Wear,
109(1-4): 119~126.

Gibson J R, Lin H, Bruns M A. 2006. A comparison of fractal
analytical methods on 2- and 3-dimensional computed
tomographic scans of soil aggregates. Geoderma, 134 (3-4).
335~348.

Hoek E, Brown E T. 2019. The Hoek-Brown failure criterion and
GSI-2018 edition. Journal of Rock Mechanics and Geotechnical
Engineering, 11(3): 445~463.

Huang Bolin, Yin Yueping, Zhang Zhihua, Wang Jian, Qin Zhen,
Yan Guogiang. 2019. Study on deterioration characteristics of
shallow rock mass in water the level fluctuation zone of karst
bank slopes in Three Gorges Reservior area. Chinese Journal of
Rock Mechanics and Engineering, 38 (9): 1786 ~ 1796 (in
Chinese with English abstract).

Huang Bolin, Yin Yueping, Yan Guogiang. Li Bin, Qin Zhen,
Wang Jian. 2020. A study on in situ measurements of
carbonate rock mass degradation in the water-level fluctuation
zone of the Three Gorges Reservoir, China. Bulletin of
Engineering Geology and the Environment, 80 (2). 1091
~1101.

Huang Bolin, Yin Yueping, Li Bin, Bai Linfeng, Qin Zhen. 2021.
Simplified numerical model and verification for the impulse wave
generated by situated collapse of a dangerous columnar rock
mass. Rock and Soil Mechanics, 42 (8). 2269 ~ 2278 (in
Chinese with English abstract).

Ju Yang, Xi Chaodong, Zhang Yang, Mao Lingtao, Gao Feng, Xie
Heping. 2018. Laboratory in situ CT observation of the
evolution of 3D fracture networks in coal subjected to confining
pressures and axial compressive loads: A novel approach. Rock
Mechanics and Rock Engineering, 51(11): 3361~3375.

Kou Miaomiao, Liu Xinrong, Tang Shangding, Wang Yunteng.
2019. 3-D X-raycomputed tomography on failure characteristics
of rock-like materials under coupled hydro-mechanical loading.



o R

2406 http://www. geojournals. cn/dzxb/ch/index. aspx

i
2023 4

Theoretical and Applied Fracture Mechanics, 104: 102396.

Liu Xinrong, Jing Rui, Miu Luli, Han Yafeng, Deng Zhiyun, Xiong
Chao. 2020. Reconstruction models and typical case analysis of
the fluctuation belt of reservoir bank slopes in Wushan. Chinese
Journal of Rock Mechanics and Engineering, 39 (7). 1321 ~
1332 (in Chinese with English abstract).

Lu Bo, Ge Xiurun, Zhu Donglin, Chen Jianping. 2005. Fractal
study on the representative elementary volume of jointed rock
masses. Chinese Journal of Rock Mechanics and Engineering,
24(8): 1355~1361 (in Chinese with English abstract).

Mandelbrot B. 1967. How long is the coast of Britain? statistical
self-similarity and fractional dimension. Science, 156 (3775):
636~638.

Mandelbrot B. 1982. The Fractal Geometry of Nature. New York:
WH Freeman and Company.

Mutlutiirk M, Altindag R, Tiirk G. 2004. A decay function model
for the integrity loss of rock when subjected to recurrent cycles
of freezing-thawing and heating-cooling. International Journal
of Rock Mechanics and Mining Sciences, 41(2): 237~244.

Roy A, Perfect E, Dunne W M, Odling N, Kim J. 2010.
Lacunarity analysis of fracture networks: Evidence for scale-
dependent clustering. Journal of Structural Geology, 32(10):
1444~1449.

Smith Jr T G, Lange G D, Marks W B. 1996. Fractal methods and
results in cellular morphology—dimensions, lacunarity and
multifractals. Journal of Neuroscience Methods, 69 (2): 123
~136.

Tu Xinbin, Wang Sijing, Yue Zhongqi. 2005. Fractal fragmentation
of weathered rock and its application in engineering geology.
Chinese Journal of Rock Mechanics and Engineering, 24 (4):
587~595 (in Chinese with English abstract).

Vadakkan T. 2009. Lacunarity of a binary image. MATLAB

http://www.
fileexchange/25261-lacunarity-of-abinary-image.

Wang Lugi, Yin Yueping, Huang Bolin, Dai Zhenwei. 2020.

Central , mathworks.  com/matlabcentral/

Damage evolution and stability analysis of the Jianchuandong
dangerous rock mass in the Three Gorges Reservoir area.
Engineering Geology, 265: 105439.

Xu Liming, Wang Qing, Chen Jianping, Zhou Fujun, Tan Chun.
2011. Study of correlation between fractal dimension and RQD
of three-dimensional jointed rock mass. Chinese Journal of Rock
Mechanics and Engineering, 30(S1): 2667 ~2674 (in Chinese
with English abstract).

Yan Guogiang, Huang Bolin, Qin Zhen, Dai Zhenwei, Zhang Quan.
2022. Rock mass deterioration model of bank slope based on
high-precision 3D multiperiod point clouds in the Three Gorges
Reservoir, China. Quarterly Journal of Engineering Geology
and Hydrogeology, 55(1): qjegh2020-100.

Yin Yueping, Yan Guoqiang, Huang Bolin, Dai Zhenwei, Qin
Zhen. 2020. Geological strength index of the slope rock mass
deterioration process of the hydro-fluctuation belt in the Three
Gorges Reservoir, China. Journal of Hydraulic Engineering, 51

(8): 883~896 (in Chinese with English abstract).

Yin Yueping, Huang Bolin, Li Bin, Zhang Zhihua, Yan Guoqiang,
Zheng Jiahao. 2021. Research on deterioration index of karst
rock mass in water level fluctuating zone of Three Gorges
Reservoir area. Acta Geologica Sinica, 95(8): 2590~2600 (in
Chinese with English abstract).

Zhang Yanbo, Xu Yuedong, Liu Xiangxin, Yao Xulong, Wang
Shuai, Liang Peng, Sun Lin, Tian Baozhu. 2021. Quantitative
characterization and mesoscopic study of propagation and
evolution of three-dimensional rock fractures based on CT.
Rock and Soil Mechanics, 42 (10): 2659 ~ 2671 (in Chinese
with English abstract).

Zhang Yongshuang, Ren Sanshao, Guo Changbao, Yao Xin, Zhou
Nengjuan. 2019. Research on engineering geology related with
active fault zone. Acta Geologica Sinica, 93(4): 763~775 (in
Chinese with English abstract).

Z % x #

SR, TR . 2015, 2L EATEIE S A, U Bl R
it

WERE, THF. 2005, N H-KFE-L2EE T A A w4 #2 i gn
W, A A NS TR, 2409 1465~1473.

B, BREROT, SkEifE, Tofd, ZBEE, EEMR. 2019, SR TRE
KA RPN A RS T 5. A A S TRER,
38(9): 1786~1796.

B AR, BRIRSF, 2R, FIARE, B 20210 HORSE A MR I 2
R AR IR AL B E AR 5 A . A+ 1%, 42(8) . 2269
~2278.

XHroe, sh, BEA, W, BB, . 20200 KILEETE
R R TR AR A S L R G M. A A S TR,
39(7): 1321~1332.

P BB, RARK, BRSNS, 2005, I AR AL B TT K 1940 E
TJUMIFSE. A 1% 5 TR, 24(8): 1355~1361.

B, TEAL B, 2005, KU A A A RERE 20 B B H T AR
T . A S TR, 24(4) 0 587~595.

BRI, T, RS, BAEE, . 2011, =485 MU R 4
5 RQD M CHEWIIE. AA 155 TRE%R,. 30(S1D): 2667~
2674.

BRBROT, EIEE, BiAR, fRuiH, BER. 2020, =K T I A
B Fr A g Ak o B b R B AR AR F 5. KR F R, 51(8) . 883
~896.

BEURF, wEAR, ZRiE, skAkde, EIEE, L. 20210 ZIREX
VR U A R % b 3R R BF gE. MR 22 R, 95 (8) . 2590
~2600.

SeHABE, TRERA, X, Bhu e, T, B, FhAK, H SR
2021, BT CT WA A = 4 2L 8 & R AE K ¥ 8 8 16 40 08 oF
K. HE %, 42(10): 2659~2671.

TR, E=, WK, Y, FAREMH. 2019, W Wi TR M
FRWEFE. Hif2Ed, 93(4) . 763~775.



57 1] ] B 45« = e 2 X 0 AT A A 45 A 2 TR AT A5 36 A B AT 5 2407

Research on fractal characteristics and evolution prediction of rock mass
deteriorating in bank slope drawdown zone of the Three Gorges Reservoir area

YAN Guogiang' >, HUANG Bolin"**, YIN Yueping"” , HU Lei*”, CHEN Yunfei*®
1) Faculty of Engineering » China University of Geosciences (Wuhan), Wuhan » Hubei 430074, China ;
2) Hubei Key Laboratory of Disaster Prevention and Mitigation ,
China Three Gorges University, Yichang , Hubei 443002, China ;
3) College of Civil Engineering & Architecture, China Three Gorges University , Yichang » Hubei 443002, China ;
4) China Institute of Geological Environment Monitoring , Beijing 100081, China

x Corresponding author : bolinhuang @aliyun. com
Abstract

The key to the deterioration of bank slope rock mass in the Three Gorges Reservoir area lies in the
continuous expansion of rock mass joints. The fractal theory is used to study the deterioration degree,
deterioration crushing phase transition time, and development trend of the bank slope measuring window
rock mass in the upper and lower drawdown zone. The main conclusions are as follows: the distribution of
rock mass joint deterioration has fractal properties, and the steep and gentle turning point of the A (r)
curve can be regarded as the lower limit of the REV rock mass size. On the whole, deterioration makes the
growth of rock mass joints develop to a more uniform and denser trend, showing the characteristics of
dimension increase. Further, the deterioration classification standard is established by using the joints
fractal dimension increment AD,. Fractal dimension increment value AAD,, the increment of area joint
number AJ,, , and the variation of geological strength index AGSI satisfy the exponential function
relationship. Finally, two joints fractal dimension deterioration evolution modes are proposed. The
corresponding evolution prediction and analysis can be carried out by using calculation formula of rock
mass deterioration and crushing phase transition time, and the prediction of rock mass deterioration and
crushing phase transition time is based on secant estimation. Due to the high statistical stability of fractal
dimension D, , it can meet the needs of engineering applications. This research provides a new method for
the investigation of bank slope deterioration degree and the prediction of deterioration evolution in the

Three Gorges Reservoir area.

Key words: rock mass deterioration; crushing phase transition time; fractal theory; evolution

prediction; Three Gorges Reservoir area



