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Abstract: In order to study the evolution of fracture permeability under shear action, a Weierstrass random fractal function
was used in Comsol to generate a single fracture, and the relative displacements of two fracture surfaces were adjusted to

simulate shear action. Changes of {racture width under different shear displacements and the defined range of nonlinear effects
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under different flow rates were analyzed, the factors affecting fracture permeability in shear process were determined by using
scatter plot and function curve fitting, and the quantitative relationship was given. The results show that the probability density
distribution of the gap width meets the standard Gaussian distribution without shearing, but with the shearing process, the
Gaussian distribution of the gap width is destroyed and only reflects parts of the characteristics of the standard Gaussian
distribution. When the shear occurs, the permeability first has a decreasing process, and then fluctuate within a certain range.
The smaller aperture is unfavorable to the water flow through near the contact area. When Re>>9. 6, the fluid begins to develop
from linear to nonlinear. The influence of fracture aperture on fluid seepage characteristics during shear deformation of single
fracture of rock is simulated, which provides some reference for analyzing the geothermal change caused by fracture

deformation in geological bodies.
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mer formula

2 T LA TR AR B LA B 910 2o 8 v i) Y6k X 25 A 00 DT 2 19 T AR ) 24 4 A 1) 5% ) — 2% b JO 2% % T i 1) B
B, FEBT YA AR R, B — /NG o AN S a5 R M O LS fh B Y S BRI )G G KT 44 N )
SR o 76 BY Y1 3k i e 0] f e R — L2 K004 S 6 R R A1 A e LA W) b ok R e e T A U Ak . b2 T
fR 7K 124 AT A 5 R TS AE AR O AR 2 S8 05 ()2 A0 T 2 i P s T e A S SR A R [ B Ay 41
AT AARE i, B T2 0 TR H 5T 1 R A0 B R IR A P L AR ) MR A% L K TR K O 1 I
WIAb B SR AR M 5T A N IR R A A AR AL S L 5 R B TR B A M ST 5 A 2R KO T A R T AN Ay
e AN 34 5 o5 ) 0 0 5 B R P 3 T KRS B2 A R S Wi e 0 R I SRR TR AT NI E BB — Ed LT
AEHAZ B T R, A A R TR B S ECH AR 2, R ERURS FE S T AR Z, L B 4EE D | 3% T A R
JES R R, FRLRE B4 B8 4 R, b B )2 9 2 80 BARTON 2550 1 A 35 BEOHURE 2 2 80 JRO)
2l JRC 5B SE4E A3 T — A0l LA B0 K 7 7 B A9 28 38 A8 X 25 57 U 5 R rpoRLDRS 5 28 Ak BT
T A A H R K B AR AL B AR A A R AT

T AN T 22 TR 1804 ST s 2 fi T R e A0 T 54 18 70 6 R T R Bl 2 P 1T R TN R 2 B . HUA PR
2 o IX 38R 70 5T J5E J 0 7 T e 0 ) I 7 S i 3k s R A R L IR A T R T Mk Y S B B T
A FCAE FH T AR BR 2 0 B9 1 7 KU B L A OSSP S 1K 95 1 v 4t 2 b A O s i 2 B G L B
JE PRI A T2 A0 A AN SS B B 52 AN /R RS R L 2 A4S 3 22 18] A 2 ol v ARURIAE B A9 A R 2 1) % AR AR
b . S Bk 55 A 1 K R 2 e A

AR S 2 A PR R T BY 1R T 6 BB FLAR S A BB EAT T A ML TE R R 4 Ak 0 B AR L R B R A Y
R, BRI, R B — VP AR i Q & TR KRB OC R L 7T LU A Forchheimer 24 20
(RIS~

1 HEKREHERER
TR 8 1 PR R A B 1) 32 S R AT LA Navier-Stokes B iR , 7ERRE T % 07 F2 T LA'S AL -
1 ;. du
f*;Vp—ﬁ—/zVu—at—ﬁ—(u-V)u, D

Ko HTRH B su RTRARR R K p MIRARSI T R J75 f Wik 7 @ E f RN T8 ) ik
g B fl=g. (B2, EHR A — 2R 2 0 R] AR 0 3 9 N-S 7 B R A S IR, o T fifb ik, 25
T4 KR ZLBREFRT AL N 2 A AT 3 F 2 ASSEA7 M) B9 28 0. R B B Q 5 3 B T i 1 A 3
2% 5B 19 ¢ B 1 Boussinesq T FRZS Y.

wb
C12p
P .Q Wit ., m*/s30, HHEBUKIIE . m: —Vp FEIEER KN, Pa/m,Vp=dp/dxsw KB 5
B m, 7E = 4ERE AR o B B T IRV 0 5 1) 0 SE B . 3K (2) S TG B SR SR ) 4% P A A AR I B0 A ST
JE A, HRBLHL HE Q SRABER R/ —Vp KM, SEZUKTIBRYE 0, B =KT 2

Q=

Vp (2)



%2 1 WAL LA i 0 ST 5 V) AT 8 O 1 T AL LA 209

EL,

290 AN AR 0 5 e AT T B 220 L B R B K R T R BB O R R AR AR KR
TR R 7 R R B R PSR O R A R A0 5 08 M Ak T B L O R 4k s K, o U B
U 850, A5 0 52w R BT 2000, ST O A HEAS TS L AR 3E 4 M i W Forchheimer J7 2 36 38 7 5(
mrEe,

—Vp =AQ+ BQ". (3
XA R B R R 5 S5 T U R KIS 2 S 805 06 Q RN T M52 s Q7 Bt T R

2 BHRHYISRKEE
2.1 BHETFHRRMERIR

DBEFE R L A 5 1R 7 25T BB A B ) ik A A7 A A% 39 U, BV I 1) I J J Ok 5 R A7, S5 A T
KA ZETE AT 2 L OB AT LR Ak R T 2 S A R E 1 R S5 TR A AR 5E Bh (DL D) L s R ST
DI #E B LA LA R S BEAT B 9T d AR BT VI 2 A

a) d=0 mm b) d=2 mm ¢) d=4 mm

d) d=6 mm e) d=8 mm

Al ERATRENERTER
Fig.1 Schematic diagram of selecting specific shear state

2) AT W T 5 YT ad T A B A L KB T ok e A AV A Ok B ), 32 R T A 0 BT 4 R T
OS2 % 187 L B2 64 JLARTHE 285 ¢ AR A8 A B 0 KL J32 43 foh 1o R 25, DT 5 | B AR 7 2Rt v 0 W R P K 2R
2.

DWFFEXS G bR AR5 R v ) 19 7K 7 B 2R B T AT AT £ B2 AR b AR

D WARBCE R K A Y BSOS R LK 2%
2.2 YEERESHFRE

HUANG %% 5 3 # 7 = A HURE 28 B AL 5808 0 1) HLRE B L B U0 B 25 [ 38 % 38 s e bk R i i
e S0, LIU 5520 58 2o H0E vk A ik R RS 3 18T, JF L B0 T LRSI A I8 W Y DDk AL AR BT R OR
Weierstrass BEHLZME oK BOR A2 K F- 2288 R 4540 T Y A s AR AR, BRIk T .

2, (2 y) = D CA P sin[A (2, cos B, + y,sin B,) +A,] . o)
k=1

Koz, oy ) BT FAF AL E (o y, ) B S AR BR s C, S0 IR KR o 1E 25 43 A B9 A7 B 70 37 (%) Bl HLER
DA RAIBARRE A, M B, ATEL0, 2x | LR IS2) 0 A (A B ST R BB AL 0 .5 A A s T B e B
RIS sk A BEALECR) N, AR SCE 15050, 5y, HXTR 2.y BHATALFR



210 FCIE A S N S 2024 4F

# Weierstrass BEHLTE BREGT B S 2R T 208 0 HOS B0 DL axt #2085 A COMSOL w1, £ i 46
(R Ak PP 3o o RN A LA B4 L A5 B T 2 TR 1 R B A AR AR R

2015l 2y, ‘ ‘2 0‘5 1 é)m;
-0 e "\“ L0

s ~ | Nl

0 mm <40 mm
-5 -5
'40
¥y i X 0 yz X 0
a) BRI b) BT X B e

B2 LTHZAEYA
Fig. 2 Uper and lower rock mass model
Hoh B WA o T K 50 mm, iy y FHKEE N 20 mm, ] A SE BRI AL 2B, ik
B2 30 mm X 20 mm (% P XS A B 5 90 L Cl ] 2 e e 40, I3 T s )
COMSOL 75 #4724 PR3 Wi 05 B, 1 50 22 2% 58 00 2 B AR 2 A0 K Tm) ) 3 M LA R ) (4 5, 2800
WO A AS TR] o L G 2 2 1 U T A ) A ) 30 40 G B A O SRS B2 5 0 SR AR I, COMISOL 75 45
PUHL T K 2 3038 S 40 A R S MRS 2 FpAs AU, AR A5 700 S R 8 8 R AR S Ll ol oK i 286 1 R AT 4 T AR B
5P 4H (1938 31 7 72 (N-SEquations) 15 31 24 Bt /K i 32 A 9 B 2 5L 78 B A A AR 2P N-S r B i o B X
.

au au au au . ap (92u 92u azu)
p(at+uax+v9y+u'az>—pf 3 +p ax,+a 2+822 ,
dou du dvu dvu - Ip (897; A%y azv)
p(at+“ax+”a +wa) ofs ay+/‘72+3‘”‘+az"‘ ’ )
dw dw dw dw - ap (82w 2% w 92w>
ooy Gy ooy T s ) e =St ulGE R

Ko MR E kg/m’ susvw FRARLE BF 20 5 (2 sy ) R BE 43 i, m/s5 p W EGR, Pas £ N5
PEARBRIRARAZ (9 H0 T3 Ny p R IR S /B . Pa - s,
P&l 3 T 7R oy 24 BB R A 5 3 1Rl S i A Ak i AR E
qlr =0, (6)
Kp o, RERREADAE OWPIABLR, RO FRRD, BhFREDR,
IR AR
v, | 'y =wv,;, t =0,
p.I, =0, t =0,
KDy AR D, RO o, 9 AT AW b6 38 B BE (8 B A 0. 05~0. 40 m/s, [E]F§ 0. 05, 3%
8 A FE AL, 290 A X T a6 00 42X 4 9 FL B9 L 08 T AR 0 B A A M AR e B AR IR s =1, 2, -+, 8, 0K
BRI KRB WA B 1 o B i FRBRA 0, ,\/H'.H
LR AR COMSOL |77 i N-S J5 #2153 2L 4 1Y -
“HEW A . AR COMSOL H i1 2 i e, F
0 A AR AT R 43 o R P O DA ) oG R SRy B A AL
DAY UL % 6 mm (4 455 81 4 {5, DU TG 44 I A 390 43 I AR —
126 386 NHLIG, X F AN A 46 44, B A 4k v 2h i

Forchheimer Jr B HIZEHE 51 19188 % HH FE A AT sy B3 RUPRABABEE B AR A i K
= Fig. 3 Research scope and boundary condition

7

Wa
L

AT — 4

BT

setting of fracture model



%2 1 WAL LA i 0 ST 5 V) AT 8 O 1 T AL LA 211

— Vp =AQ + BQ* :kﬁu+kﬁu2, (8)
M
=~3v,’ (9

A :Q M AW A m"/s; A NEMETNRE Pa s s+ 10 3B HAEL IR L IBTHE R E X107 Pa » s;
k., ﬁ%ﬁ‘ﬁ:{%&ﬁ$9mz;ki ﬂ:’l‘[‘ﬁ‘f&"@iﬁ%,mz;u ﬂ‘j'le:jﬁ/l:{ﬁ%’m/%yﬂ ﬁ@ﬁ?ﬁfﬁ,Pa * S5k ﬂg%l@éﬁ$9mzy
S g i 8 AT I A m®
XF T LB )X B R Re SEATANR 2 X
Re ="—, (10)

o Lo BT s B B 5 ) B R B m
AP AR B E K B B e B0, 0015 1 AR Q HRCHS M R 5t H T AR B9 SRR 5 S MAESSUK
BRIE b, 5w BT Vp WA LRI IE S22 Ap SRBEKE L B,

3 HEYIERERSTS TR

3.1 BREb(x,y)

SR TG A Ny Y L A AR 1 AT LR S R 2 BRAR G 0 0L DA R BT ) 3k R B T BRI b (2o ) (B A3 A
15 OS2, T3 T 2% Y DR S 5% XA B S {8, 22 1T = 4 20 A [/ UL BT 4D, oA T i 60 2360 B R AR 3R
IZAL BT R /DS S B2 TR T XU R B SE A 0 mm, RUTIZA E RIS G, BTN
G3 AT 5 22 BT 7R 0 4 fiok X s B A BT DU s i, TE W 398 45 SR o K 22

30 400(mm)
00102030405060.70.8091.01.1
e) d=8 mm f) d=10 mm
B4 BHWRELRYEPRIEM= L0 H B
Fig. 4 Two-dimensional distribution histogram of fracture morphology and aperture in each shear state
ST BRI Z TR SRR B TE R b (o y) FEAS TG AL 155 307 00 A HL A, B0 4038 40 A 1 TR
R I ) PR A B R A GE A BT UDIRZS TS T AR B L 2 RS A 7 L AR S R



212 FCIE A S N S 2024 4F

25 25 25
20 20 .20
15 % 215 = 15h,
Z 0 g 10 G 210 >7
z = 0y a7 R=0979 x
- % R=098 % 55; % R=0.979
5 7 5 % 5 7
% e
0010203 04 05 06 07 08 0 010203 04 05 06 07 08 0 010203 04 05 06 07 08
b/mm mm
a) d=0mm b) d=2mm c)d 4mm
25 25 25
20 20 20
< - °
s 7 2 S
¥ pvd 7
£ 15 g 2\ 5:5 1504
Z 10 E 100> E w0l .
% >~§-( R=0975 D R=0977
5 R=0962 7 ' 55
5 5% v 52% 5 / $§
0 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 07 08 0 0.1 02 03 04 05 06 0.7 08
b/mm bmm b/mm
d) d=6mm e) d=8mm f) d=10mm

BS ETMRETHREREMA (xR ESHAFTH

Fig. 5 Frequency distribution histogram of aperture function value b(x,y) in each shear state

MNIEL S B LAt o oK & A= 5 U0 I I8 0 430 28 40 A A5 G 56 8 00 8 8T 0 A L 1 287 B 9 B 0T B A A R R
s X AWUEW] T Weierstrass FAL5ME o6 5000 & B 5 BE & 59 U)o B2 A #E47 . /N BR 98 (0. 1 mm DLTF) H B0 A4 43
RIR AL TRE AR (@ =0 mm) 43I R 10 mm B, /NP5 A XS A5 38 I 24 20 26 5 7 B B
B (0.3 mm) LR MR KT B 9E L EAECR RS 2 B et
3.2 KRR

ANFE SO TR/ —Vp R O Q MR WK 6 iR . H AL 1% 4345 1% B AT A1, B
B Q WM, —Vp LIAEL MM G K X BOS BT R & M CR B R 5 1 AR H#2kE,
Vi3 2 >R i Navier-Stokes TG HI—Vp 5 Q WX AR [AIAE vl f# ] Forchheimer ﬁﬁiﬁﬁ#Lo ik
S TR B2 T R AL 3h £ G b bk Rk 80 U R AR T . BEARPY AN Y R R Re > 1
WS N AR E W AR R TR AE Y F IS Re = 1~10 B, —Fhd 3 5 s X (] g R B 3k 09 047 o 9
B D S XA SO AR B i 7 TR .

500 - 500

= d=0 mm ~Vp=2.890+0.570" = d=6 mm
e J=2mm R>=0.999 9 e d=8 mm
d=4 -
R b w0l Omm ~Vp=2910+0.540"
; R=0.999 9
~ I ~
£ Ky £ -
< 300 - S £ 300 -
£ £ & "
IS Vp=3.490+0.640? o 3 A
—Vp=3. . = L QAU 4
T200f  R=09999 B200f  —Vp=3.120+0.560" ,,"1
S R=0999
A Ll
o e TVpmA10+0.620° T Up=3010+0 470
100 R R*=0.999 8 100 - o R=0.999 9
B ~ :
A pr
¥
0 5 0 15 2 25 30 0 5 10 15 20 25 30
0x107/ (m¥s ) 0x107/ (ms)
a) d=0.2.4 mm b) d=6,8,10 mm

H6 Z¥Wiaf T —Vp f#Q # % B & Forchiheimer 2 X, 4t 4

Fig. 6 Q scatter plot versus —Vp and the fitting of Forchiheimer formula under various shear displacements



%2 1 WAL LA i 0 ST 5 V) AT 8 O 1 T AL LA 213

80 500
)
70 B v 4
» 400
60 - L _
Pe g .
S0r ‘ 2 300 K
~ = -Vp=2910+0.540* '
& 40t d = R*=0.999 9 K
d & 200 | !
30p ,” ' ek
7/ "
oo 100r ~ l ~yp=2910
0L -l Re=9 6 i - T 'p=2.
AT
L T ‘ ‘ | . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
0x 107/ (m¥s) O x 107 (m¥s )
a) UGS RIE b) Darey A LA LL

B7 FitskHRE£EEA Forchiheimer 5 Darcy AR+ H 4 R4 E (d =6 mm)
Fig. 7 Reynolds number and flowdiagram and Forchheimer formula and Darcy formula

calculation results contrast figure (d =6 mm)

24 Re<C9. 6 B}, Forchheimer A 35 Darcy AXFEARY) & W Z W 8 T EFHAGHEE R ORE Q
B 380, B Re™>9. 6 B, 4 26 A0 25 i 2 BE 3 K, 8 HE T s 3 K 2= 20X 10 " m’ /s i, K 1B E — Vp B
FHHIN T2 200 kPa/m., “HAARLRME S R E N &, Wt & BQ®/AQ AW il K, SR K I AY IR kM 4
HE 8 Ok e B 5, B P A4 B ) B T 4 R T I ) Forchheimer 23 2 7 W 85 Darcy 2 20, 2LB P 19 37 14
AR ARG E -l CI a2
3.3 HUIXMEEMEEMm ) ‘

e N N o Pk fal BEAR /N
KUY AFRAOEBELZET . BEXRE S5 5r -

ik d MXRWME 8 Frax., AN s —&nf, B3R P w2005 ms
—SEE I NS, R BB A DR, o
P AR D B A TR 0,05 m/s KRE L TR
0.4 m/s Bt , BIERWBEZ N 2X10 " m”, X RAMK

VAR B 7K 0 R AT DA R BB i R B T A R
PRAKF AFA DE T 57 U1 1 B 1 R AL S AR
— 2 AR T L A R A A A (EAR R A S R [R] — BT
DI ARS TR L B A DR B34 0 808 R0 22 57 R A

d/mm

BARHUNG S AL QERR IR TAMBIK o 7o i 55 st 25 5 3
Uﬁ/J\o gl?‘?@”ﬁ@ﬂﬁ%jﬂ 10 mm\/\DYJﬁgM 0.05 m/S 417?5’: }E/VCZ‘)?%Q

SEINEN 0.1 m/s BB BRI T 25 0.3X10 " m” itk Fig. 8 Line chart of permeability versus shear
AR —R AT A DR A M 0. 35 m/s K 2 0.4 m/s displacement at different inlet velocities

B BB R T 0.1X10 " m’,

DU = 85 1078 y b 68 v [R] A7 B AR VR A 2L B AF
GEX I, an & 9 s A AL R i Ay 2L 4
il 26 an i 10 FR .

ML 10 BT LA Y 400 ff R 285 48 T A B 5 43 A 35 )
Wit 5 4 55 U 3k R B 98 4 A 34 5 B0 B 0 A AN B Ak i 4k
AR Eh R K M 1L AT, B SR I A X R D,
L2 ZE M B GI 2 . W) 4G 55 U)ARFS TR ) 43 A A2 Al B9 I y—10 mm & B E A BT
J2 B K B AS NG Bl . e D08 B ER 15 43 A 1% it A EE (=0 mm)
{Eﬁ%%ﬂ)ﬂﬂﬁ}?ﬁ,ﬁ/\ﬂbﬁ@i’«]&ﬁjﬁ 0.2 m/s E‘J%ﬁ: Fig. 9  Schematic diagram of cross-section position for
T H R R Za) B AT A T e R K R A K AR Ak calculating aperture at y=10 mm (d=0 mm)

30 20

P xS
= 20— \\10%1




214 FCIE A S N S 2024 4F

1.0
0.5
0 1 1 N ! 1 i d=0 mm
10 - 5 10 15 20 25 30
0.5 \_‘/\_'______/\
0 | /:\ e d=2mm
1.0 - 5 10 15 20 25 30
05k /\
=) 0~ 1 h I f d=4 mm
g 1.0 5 10 15 20 25 30
=
0.5 <‘ﬂ’///’—\\\__,/”—_\\\‘
0 . 1 ! ' /;- d=6 mm
1.0 10 15 20 25 30 35
0 : ! ! _ d=8 mm
1.0 10 15 20 25 30 35
i
0 L A L L ' d=10 mm
10 15 20 25 30 35
x/mm

B10 EFEaB THRAELRESE 7 aaH B
Fig. 10 Distribution map of aperture at cross section along = direction

under various shear displacements

o)
—e

03
2.6
2.3
2.1
1.8
1.5
1.2
1.0
0.7
0.4
0
a) d=0 mm b) d=0.5 mm
Pa Pa
x103 x103
|3»9 53
3.5 438
3.1 42
27 3.6
23 3.1
1.9 )
2.5
1.5
2.0
L0 14
0.6 -
b 0.8
0
¢) d=1 mm d) d=2 mm

M1l Awifiik} 0.2 m/s T mES A A
Fig. 11 Distribution of initial shear pressure at inlet velocity of 0.2 m/s

Y BN N E 2 mm B, R EFI BN T 3. 4X10° Pa, bt B /K 3 38 1 24 B A9 BHL 7 38 i, 400 46 85 91 By
Bz SRR Y

FTIED 12 W7 R0 2 A 2 A B I, B R G0 2 DR R0 AR X S AT D S AR T 8 2, U e H 7 R I ke AR 5 R B oz B
A8k s R R B UL 5 b T Ak DCBELRS 1 R A B U Bl I A 2 B8 o 1 Mk IX 4k 2200 2l L SRR Y £ AR AR ik IX
Sl B 30T 75 R A o 2 B T O3 A 11 A B BT IR T A A T /IR TE B L 4 4 A R e DX e )
W Ut Bl ) FL AR AR 2 TR A O sl 1 T RRAR /N  S BURR IR B R R o A AN 2

B UIMIRE TR ER b 5 A SEERE o, BB WA 13 B (BLd =2 mm ) . Z5RE0],
B RBEA A TS BR R A AR L N A BRI EN 0. 1 m/s HENZE 0.3 m/s I BB R AR T
291.4X10 "m*, KT HIFBER G A TSR E ) 0 7R 2R U0 R BRORN E bR RO R HEAT AR LA
AT, 2 Fh R B A FREE WS 1 BTk, 7T LA R B R pRER B A SE 3 & B8 R? 3R T 1, £ sk 8k
L5 SN ERR X W] Forchheimer J7 F (UK R0 AT LS 4 b 26 3k 35 UIR S T RB5 T LA .



%2 1 WAL LA i 0 ST 5 V) AT 8 O 1 T AL LA 215

20

0 10 20 30

(mm)

[
0 0102030405060708091.01.1
a) d=0mm Lk b) d =0 mmfi FE A

0 0.10203040.50.60.70.8091.01.1
¢) d=2mm JiZk d) d =2 mmB g A

B12 ANo#REH0.2m/sHAELEME > H T E

Fig. 12 Comparison of streamline and aperture distribution at inlet velocity of 0.2 m/s

4 & IF 5
B R LA R AR L o R [ 9 U0 bR A B &
TR R G407 B LT 4598 ab
1o % 2 U1 0 0 % 9 4 6 R e BT AvA RS
RS A B E T BHLA I R R T M s TR 00 b X | T
LR HEAT L T 0T U0 B ER T B T o A TR G 4 /"* S
i /NS 1 917 388001 B S 10 36 43 A 147 ] RPN
P 9 0 B RS E 396 2 85 0 4 A R T reoom
2) 24 Re<C9. 6 i}, Forchheimer A3 5 Darcy 24 0 01_1 ofz (;_3 0f4
IR G IR TR T R S B O el (s )
Q I, B Re ™0, 6 i, 41y 28 i) 25 i 7 i 14 , %4 B13 ko MABZRIHSFRK
B0 U 0 Al 2 A B T A A 10 B W R e M (d =2 mm)
s, I Forchheimer 23 203 W7 i 89 Darcy 233, % Fig. 13 Comparison of fitting between quadratic function and
B2 o 0 375 K T B i 35 25 0 T power function of k-v, scatter plot (d =2 mm)
OIEWYVIHEI A B B T OIE M s T2 A1 RRATMRETHERL 5ADERAR
B T ) i 5% 2 2 ol T SB A1  %F AK 37 £1 L B4 g v, A WE R L E
TSE £ BB/, BEZ B U0 47, 43 fol i AR Ak 4 TR Tab.1 Summary of fitting curve R” of permeability # and
%ﬁﬁ%ﬁ s @@ﬁﬁﬁﬁi j]u Jﬂ;]:ﬁ!g‘gﬂ:gg{gﬂ/gﬁﬁﬁﬁj&%ﬁ actual inlet velocity v, in different shear states
FRMEAT . D940 RIS — & i ok B A CUSCPRILEE o, BA0 @/ s — W R
DL R BB BRI /)N 0 0.974 0.955
FEBY AR IR o B T 5 U FE A A% 2 3 i B 92 725 j g: zij g: ‘;zz
LT BB I Pk 2 O A R 2K L R 7 A ) I o 006
I 25 TR 22 )R 4 X 4 B0 O 7 A e K B B Wi L A S 1 8 0. 961 0. 997
0.984 0.997

B — B I T BT I R X e A Bl 2 A R R AT 0




216

FCIE A S N S 2024 4F

— B IRIT AR A I 5T i ZEIR AR A R A A0 1 39 DA X8 i 2

£ # 3t /References

[1]

2]

(3]
(4]

[5]

(6]

[7]

L8]

(9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]
[22]
[23]
[24]

[25]

[26]
[27]

[28]

GHAMGOSAR M,BAHAADDINI M, ERARSLAN N, et al. A new experimental approach to quantify microfractures in the fracture
process zone (FPZ) under various loading conditions[ J]. Engineering Geology,2021,283. DOI: 10. 1016/j. enggeo. 2021. 106024,
MURALHA J,GRASSELLI G, TATONE B, et al. ISRM suggested method for laboratory determination of the shear strength of rock
joints: Revisedversion[ ] ]. Rock Mechanics and Rock Engineering,2014,47(1):291-302.

BARTON N,CHOUBEY V. The shear strength of rock joints in theory and practice[ ] ]. Rock Mechanics,1977,10(1) :1-54.
BAHAADDINI M, HAGAN P C,MITRA R.et al. Experimental and numerical study of asperity degradation in the direct shear test[]J].
Engineering Geology,2016,204 :41-52.

SINGH H K.BASU A. Evaluation of existing criteria in estimating shear strength of natural rock discontinuities[ ] ]. Engineering Geology .
2018,232:171-181.

BESLIC B R L R SF L R ER BT UIAE R = bk 2B AR L VRS AR T BUE BT T[], 24 1 0124, 2023,44(9) : 2757-2766.

YU Liyuan, YANG Hanqing, WANG Xiaolin, et al. Numerical study on nonlinear hydraulic properties of three-dimensional rough joints
under cyclic shear conditions[ ] ]. Rock and Soil Mechanics,2023,44(9) :2757-2766.

LI Bo,JIANG Yujing, KOYAMA T,et al. Experimental study of the hydro-mechanical behavior of rock joints using a parallel-plate model
containing contact areas and artificial fractures[J]. International Journal of Rock Mechanics and Mining Sciences,2008,45(3) ;:362-375.
BAHAADDINI M. Effect of boundary condition on the shear behaviour of rock joints in the direct shear test[ ] ]. Rock Mechanics and Rock
Engineering,2017,50(5) : 1141-1155.

SELVADURAI P A,GLASER S D. Laboratory-developed contact models controlling instability on frictional faults[J]. Journal of Geo-
physical Research:Solid Earth,2015,120(6) :4208-4236.

BARTON N. Review of a new shear-strength criterion for rock joints[ J]. Engineering Geology,1973.7(4) :287-332.

KOYAMA T, LI Bo, JIANG Yujing, et al. Numerical modelling of fluid flow tests in a rock fracture with a special algorithm for contact
areas| J]. Computers and Geotechnics, 2009, 36(1/2): 291-303.

LI Yi,CHEN Yifeng.ZHOU Chuangbing. Hydraulic properties of partially saturated rock fractures subjected to mechanical loading[ ]].
Engineering Geology,2014,179.:24-31.

SUN Zihao, WANG Liangqing,ZHOU Jiaqing,et al. A new method for determining the hydraulic aperture of rough rock fractures using
the support vector regression[ J]. Engineering Geology,2020,271. DOI: 10. 1016/j. enggeo. 2020. 105618.

SNOW D T. A Parallel Plate Model of Fractured Permeable Media[ M]. Berkeley: University of California, 1965.

FIIE A B e R 5 L 45 BT BV T BE B A 2L Y0 s 5 Kk A B R AR AR L ). 5 A 13 5 TR . 2010, 29 (sup2) :4131-4138.
BAI Zhengxiong, CHEN Yifeng,ZHOU Chuangbing.,et al. Post-peak dilatancy and its evolution of hard rock fractures under normal and
shear loads[ J]. Chinese Journal of Rock Mechanics and Engineering,2010,29(sup2) :4131-4138.

RENSHAW C E. On the relationship between mechanical and hydraulic apertures in rough-walled fractures[ ]J]. Journal of Geophysical
Research:Solid Earth,1995,100(B12) :24629-24636.

ZIMMERMANR W,BODVARSSON G S. Hydraulicconductivity of rock fractures[]]. Transport in Porous Media,1996,23(1) ;1-30.
CHEN Yifeng,ZHOU Jiaqing, HU Shaohua, et al. Evaluation of forchheimer equation coefficients for non-Darcy flow in deformable rough-
walled fractures[J]. Journal of Hydrology.2015,529(Part 3):993-1006.

HUANG Na, LIU Richeng,JIANG Yujing. Numerical study of the geometrical and hydraulic characteristics of 3D self-affine rough frac-
tures during shear[]]. Journal of Natural Gas Science and Engineering,2017,45:127-142.

LIU Richeng, HUANG Na,JIANG Yujing,et al. A numerical study of shear-induced evolutions of geometric and hydraulic properties of
self-affine rough-walled rock fractures[]J]. International Journal of Rock Mechanics and Mining Sciences, 2020, 127. DOI; 10. 1016/j.
jjrmms. 2020. 104211.

DANG Wengang, WU Wei, KONIETZKY H,et al. Effect of shear-induced aperture evolution on fluid flow in rock fractures[ J]. Comput-
ers and Geotechnics,2019,114, DOI; 10. 1016/j. compgeo. 2019. 103152.

MA Haichun,CAO Yuan, QIAN Jiazhong,et al. Theoretical study of the mesoscopic mechanism of rock fractures during normal deforma-
tion[J]. Rock Mechanics and Rock Engineering,2023,56(8) :5719-5733.

ROSE H E. On the resistance coefficient-Reynolds number relationship for fluid flow through a bed of granular material[ J]. Proceedings of
the Institution of Mechanical Engineers,1945,153(1) :154-168.

BEAR J. Dynamics of Fluids in Porous Medial M]. New York: American Elsevier,1972.

FRGE /AN TR KB A O AELRMEB WAL 1], 4 1%, 2003 (sup2) :120-124.

WANG Enzhi, HAN Xiaomei, HUANG Yuanzhi. Discussion on the mechanism of percolation in low permeability rocks[J]. Rock and Soil
Mechanics,2003(sup2) :120-124.

A7, F R R UK S I R M, b s E KRR R 2004,

R I /1AR 45 U B 56 98 VA S ML BB B . 8 )% 15 TR 2010,20(7) + 1404-1408,

WANG Yuan.GU Zhigang, NI Xiaodong, et al. Experimental study of non-Darcy water flow through a single smooth fracture[ J]. Chinese
Journal of Rock Mechanics and Engineering,2010,29(7) :1404-1408.

QIAN Jiazhong, LIANG Min, CHEN Zhou, et al. Eddy correlations for water flow in a single fracture with abruptly changing aperture[]].
Hydrological Processes,2012,26(22) :3369-3377.



