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Numerical study on permeability properties of three-dimensional rock fracture
under coupled stress-seepage-dissolution process
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Abstract: Based on the lattice Boltzmann method, the evolution of seepage velocity field and solute concentration field is
simulated by the double-distribution functions, and a numerical model is proposed to study the coupling mechanism of
stress-seepage-dissolution in three-dimensional rock fracture. The evolution of fracture permeability properties is discussed
considering the effects of seepage velocity, normal stress and dissolution rate. The results show that when the seepage velocity
is low, the ions dissolved from the fracture wall cannot be transported in time, which results in a higher concentration and a
lower dissolution rate at the outlet, the dissolved fracture is shaped as a "bell mouth". Increasing the normal stress decreases the
fracture width and slows down the solute transport rate, which significantly reduces the dissolution at the fracture outlet,
limiting the development of its permeability. When the wall dissolution rate is low, the fracture permeability shows a
continuous and slow growth. As the dissolution rate increases, the dissolution amount at the outlet is significantly less than that
at the inlet, which leads to a slow development of fracture permeability until the wall surface at the outlet exhibits significant
dissolution, and the fracture permeability shows a rapid growth trend. The results can provide important theoretical support for
the quantitative evaluation of permeability of rock fracture under acid corrosion.

Key words: rock fracture; stress-seepage-dissolution coupling; permeability property; lattice Boltzmann method; numerical

simulation

o

5] = P 4 28020, — 7 A s e AR I [ T R 5 K

ERLIE T AR, g T IR B e e IR, AT B A RS R B — T

B, W R AR AR S R R T, —

%% ﬁ@%ﬁ f@@ﬁm¢ﬁ¢ EEW@%@ HEWB: EXEREFELSTH (42167022)
S HE: -11-

RV R AR, Pl e AL AR R 20231130

*@fE/EH (E-mail: zhangjiaming@kust.edu.cn)




% 2 3

HARTT, S BB SR T =4ea A RS ER R EUE T ST T 429

BB T VA R 2 32 T3 Ry, TV i E
{545 2R BB T PR LRI TR 300 R A SN AP, gk — 28 e
BHBE R B, FEERRBIIR B
PFEREVERNLE, W TR R A U B
i B HER A SO E AN AR R RS

P A1 2738 B A AR AR S B i R A
M N sE s, JHR T RENHETAE. £l
IS 5, B BB A KA TR T BN
AR AT R BSE R, JF e 1 & B
HBBIER S . RSB T /A RSB E
WG, 30T 1 R R AR RS A A N 2B 1) J LT TR
FURFIE SIS FURE AL . BER R T e T2
B KRR, 4T TAKEER TR S Z
BRFPE A . Gan PR T LR UK BT
WhiaEe, A TR R 2EBREE R B
8. Wang SR CO, KA KA ZEBRES, B
T I R AT, BT 2R R %A
BRI, I 78 e LLAER IR BB it #2 22 BR A AT
VTV AR L SRR T B T LART T30 DA B A A B [
SN TSI K SE N A, JRAAR s AR
BRI R =B - RS AR FA LR DA S SRR 3 R 1
I A o DRI B AAOL AR B T A S8 34
NAARBBRAATIENEEFR. Ak, #EE
SR SL T IR PR N 4B R IR R A E R
W TR, HR A R TEZ T R H T T4
ELSRAF o 2 A S BB DR A B 2 BRI VA 72
AT THUEE S, FRRT TR R AT BOT RS AL R
YRR N 25 2L BRI oL o kit S5 T BR B
TERRIT T LT 26X AR N 48 N2 IS5 1 TS 2 1 52
W), ZEPEAEPIE T HAG R RS R 10 Y — 4 28 SRR AR
A, FRAA R ITEI L 128 X LA TR SR IR
T EEXT RGBT AE s . FAR UK A R 2
IIMERRNL T S ROE S A RIS IS MRS B EUE
B, sk T FLACP WL 1 R -2 A 1F
RN AERRBIRERE . S8, ARREITE. ARZES
RS TS AR K Sk A G B
%, BT EIRTEM . SR ARRGE, (A REAER
A REU RS 2B 11 1) 2 % T LART T30 55 LA ) PR AH LA
ML, DL 5| RS B o 0]

¥+ Boltzmann /7B A W E . THOIESE T
Feml, EZRAIER . RN 2500
BSOS T AR I R, S, T
1 Boltzmann J7i%, F% 8RB R R RA S
FEURE B 117 [0 (100 98 [0 R 5 FH S AT 2 (PO ALt
BURAEH TSR 255, @ 7 S4B A A
BRI - As &E R M EUE TR A, FEhie

TBUGUE . SRR TN H A A5 PR 3 2R
BB R A A R o

1 ERIHE&EDR
1.1 AAHBESR-AMBEIERIE
e AR BN RAR SRR, His e sh &
SYE M 5T B ST AE T A
pg—l;+p(u'V)u=—Vp+V(Vvu) » (1)

P» _
at+V(pu) 0 - 2)

K p NIIRE R u NIRARIB R ; ¢ B a];
p NETI; v NRARRIIEEN B .
FLBR A (P TSR T R XA O R
‘Z—f +(u-V)C=V(DVC) 3)
K CONBEIIRE; D R IY BUR L.
A A R AR T, IR A I R, TR
iR B T A P 9 ek sz 2355 2 — P 31 77 2 R A AR LS,
Co _k(c, - C.) - (4)

D
on

A Gy M- HAEFVEFUREE: n 9l AABE
TR INELTT ) ke NTE TR SDERR ;. Ceq NIE T
() PRSI FE
1.2 FBEERERALE

AN JEE AR TR TE IR, REBRAE L A B AR
M T =diae, HNE R 52 244 . Bandis
SEUSIE ST T A RO R ) 5 5 A R ) P S AT N ()
I 2R 2

o = Auk g

n

)

U —Au
K o, NEBUEIRINTI: Au A AR A AL
5 kno AVIEEIE M NIFE REL, A5 ko BN 20 GPa/m;
umax N2 AR KGR, BONHIIET 357 B
€ o

X (5) AR w15 BN R A& LR 56 0% F) B
JIE )R FR A
0.,%

(6)

Au =
ke, +0,

n

VUL A 2R BT R S R B 5% R TR R

o,
ezeo—Au:eo[l—k elaj o (7)
n0~0 n

A e MK AR T IRBITEL .

2 #&F Boltzmann #{EREE!
2.1 EEIpERLER



430 "+ T OB % M

2025 4F

YEF Qian ZEUTHREH ¥ D3Q19 #ERY (3 i3],
19 D EFHUE L) RAINS TR B A, B EeE
FEANE 1 e ANEREANIREM,  BHGE L AL
TitEH
Julr+ e Att+ A0 = £,(r,0)+— me)fuﬂ

(x=0,1,2,3,---,1 8) o (8)
R fo (e 00 £ (ry 0 AP 0 BEZIZ51] £ b o
I T S ORE T 40 A0 B MR P B AR B B Ar
K s o NS T R A 1) e o o O
BRI, T D3QLO ML, 19 A7 A
BRNI R e

o1 -rooo0oo0o1-11-1r1-11 100 0 0
e=c

=000 1-1r001-1-11020 0 01 -1 1 -1

o0 o0 o0 01 -10o0 o0 o oT1-1-11T1-1-11
)

R ¢ I TIEREE, =A/At, Ax AETHK.
HE PSR L9 (r ), ATRINN

f?u,g:m%P+5gﬁ+Eﬂﬂl—”Z})um

. 2¢! 2c;
s e g Tk
e, HIUEDN
(¢ =0)

y es=c*/3; wa N a JT A _ LRI AR

1/3

o, =11/18  (a=1~6) . (11
136 (a=7~18)

AR P EZ AR CERE py BE u. 571 p
FIeEh i v %) SHWSHIRNRR, ATRRN

18
EDI A
a=0
18
uz—Zera )

(12)

) )
1 e €0, i

0 ey
€8 | T

—r g
)
: €17 \!
| [T E S P VI N I
i N

&1 D3QI19 &&Y
Fig. 1 D3Q19 model
2.2 KREImERR
Hﬂi%bf"iii%yﬁ’]idiﬁ Yo (3) mrEn, KA
BERMERR, XpERaE B 1B #os FE R p

WA IR E A WUY . S TRETFECE, R
D3Q7 #R (AL er-e1s B HUE L 7 17]) RALIUIRJE
R ER, HEA RN

1
g, (r+e At,t+At)y=g (r,t)+ —[gzq (r,t)—g, (r,t)]
T

(¢=0,1,23---,6) o (13)
X go (r, 05 g2 (0 3508 t W23 [0 r it o
77 180 37 HPRL1 53 A BRSPS 0 A RGN
WL I TC B N5t T4 B[]
WRIE AT AT R, AR
e -u (e-u o
g ag) (9

X D3Q7 A, X a=0 IR w=1/4; HE
Bl 0~1/8. L u WAR YRS g I A IS 2 B =C
(12) K75, HULSZBUBIIEE 7 5K E S R RS
YER

FIRE C Y BURE D I RR N

6
C:Zga ’
a=0

1
D=c! (Tg ——jAt o
2

2.3 EiRFAHEBE

N TN R A HEAT SR B, SR Kang ZE018)
&t P [ A BE BT VE AT BB T AR, G AR AR AR
WIiFEN

gl H=Co, |1+

(15)

ov,

o

T W ] T AR AR P38 X 2 ) A A
R Vo J9T8 5 EE R AR

Akl B | N W MR el A/ B AR T 1R N )

SRR Y 00 224 [ 5 o A O3 Bk FE AR -1

=AV,k(C,~-C,) (16)
5 AN

P LR, BETH B AR AR VA AR, AT s R AR
RN o %l%%am Vi I8N0 B, i E
A 551 B AR A

2.4 LREH

N T AU R S AR R TG R A S A, SR
A WK FE )2 B 5 R R AR SRR S [ A 2 A] PR A
HAEA, HEWTEITRRAN
fi(xp t+A)=fi(x ©) & (17)
s x5 ] AR BE [T AH AR BT s 7 IR AT
Tt v [ A BE THT ) 7 [0, T — U3 7R HAH R 7 1
X T [ AL I S Y, SR A Zhang SEP1$E H
I FE - I s =X, Hor A RN
g.(xy t+A)=—-g,(x, D+20,C, - (18)
TEA%F Boltzmann B8 f, K H Guo 25RO i 3EF



H2W

HARTT, S BB SR T =4ea A RS ER R EUE T ST T 431

M ANFERS SR SRR P o 1) [ 730 5 oA e
RN

T D=1 (%0 O+ (% D=1 (% D] (19)
s X AT R xor N ST A AT IR

= A RE S PHEIR B M 3
3.1 FAMEHPREEE A A

N T B R BE T AR ARIR S I BEALYE, R A
Founier S5 H [ HH O (L V2 A4 42 — 4R RE 2L BT
B, EPRENL 4 MRS EYIGEE H, Ha,
Hs, Hi W2 () Fors SRERIEMHELZN 20
THE A BB A A DA O B AR,
B2 (b) Fione feda, S EE TR E 5% I 8530 Hh i R
HCM B TR, W 2 (o) FR, DAL,
LE M = 4R B TR

e R E A

H,+H
H23:L+ ‘max
2
2
H
:Ji&+mw
2
H1+H2:H3+H4+hmax'5 .
Xt 68 0~1 ZIAIMIBENLEL  Amax FTRBLI) AL
NG

H,, (20)
H,

Hy =

Hj

H,

Hy H3
H; H,
(a) ABVIHBRE (b) —W& BERIER A
Hzy
Hy
Hia
Hyy
Hy
Hyp

(c) ZRRERHERTE

B2 shliREETEE

Fig. 2 Diagram of midpoint interpolation method
¥ 6.4 mmX6.4 mm [FTHEIKI B Ne X Ny =
64><64 E(JIX_X‘H%" 4 /l\ﬁ)ﬁﬂ(]%}g Hl’ H2’ H3’ 1_]4§i~

BCEN 0.0 mm, /e BN 0.7 mm, KA PO ETE
P T = ERTRE R, A 3 .

[ 3 dulHREESE A = 4G 2L R T

Fig. 3 Three-dimensional rough fracture surface generated by

midpoint interpolation method
=R PR MR
MG SCRR[22] A RS REBR A M M 7V, e
Ji 2R IR P 2 ) A5 e Al ) REL M 28 8 1 A B R e
I, SRR A B3I 2.5 mm, FKF4AE3) 0.5 mm,
R3320 BB, WA 4 (a) Fios, e
EEMIZE z=6 mm DA K FEEMI R z=0 mm XIBIHT A
FFHERT, WITERL T =B REBR A5 R 2, dniEl 4 (b)
F7R o BERT BRI S AL NP SR BEIT, O 1
N RH L S0 A A R BB R AN 2, ERUE T
HHAE PG 25 B T KON 0.5 mm (6 R X3

JKFE4E5H0.5 m

3.2

(b) RUBSZIBRE: I 2 R
Bl 4 =4 IRE AR R

Fig. 4 Diagram for generating three-dimensional rough fracture

structure

BN R IR ) = 4R RS 0 R R AT 46T L B



432 "+ T OB % M

2025 4F

KA FT 0v=20, 40 MPa /£ N I gk AT 1
Giitardr, Wik s fis. WS rfbiE H: MBI
FE AR TRZIMBENLYE, HIEMLRE ESA0.
[FI, B30 5 28R I FESAE RS A /N s T AE v ) B
7720, 40 MPa MIfERF, FHIFREEIIME 53 kN
1.79, 1.39 mms

0.12
----6,=0 MPa, ¢p=2.49 mm
- o-“=20 MPa, €0=1.79 mm
010 6,=40 MPa, ¢;=1.39 mm
0.08+ N\
M II S
£ 06l F\ X
% 0.06 h ; ‘\
] VAR
/ \
0.04 - U K \
7 ’ \
/ K \
- 4 ’I
0.02 K AN .
7 ’ >

P . ) r L
0 05 10 15 20 25 30 35 40
BB B e/mm

5 NEFEERM DER THIREFE S
Fig. 5 Distribution of fracture aperture under different normal

stresses

4 FRBIIGE
4.1 IHR-I BRI IE
N T AR FUS R R - e 8, TS
Boltzmann /i85 7 Uk 6 FrsI B asis, pERd
RS EER R F8A0L, THEVEEDA Ne X Ny X
Nz= 200X 50X50. JtfRab T2 maIREs, HifE
u=0.002. TEVIGER Y, FARHIERIEE A C=0, AR5
MM DAENIRE Co=1 IV, RN BR
N D=0.288 . %I { AT LA B — A B FE SR A I
I
oc, oc Dazc

ot o ox’ @1
B BRI A6 SR A AL TR A
(0 < x <+0)
=G >0, (22)
C(x,0)| . =0 t>0) -
X3 BT R ) R ) AT e 1)

C, X —ut X +ut
C(x,t)z;{erfc(zﬁj— xp(Dje fc [ZJEH o
(23)
BRI o) AT B, IRk G I o Ak
(y=25, z=25) {ETHEK A N=2000 F1 N=5000 K}, ¥
Jo AR P55 43 AT B AR SCHUB 5 AT Al EAT T 23 Rt L
Wik 7 Fros. B 7 AU, ASCHUE RS AT A

EWE, RRREMNN 2.7%, EFRUEH T it

TH AR A A Kb BRI 5T 38 R 56 Y9 H v R T R
Tk .
u=0.002 élu
__________________________________ /e.)Q
4 4 y//
N N,=200 |

& 6 IR-i#nEmrERE

Fig. 6 Diagram of convection diffusion problem

12,
o AICHES (N=5000)
1.04 n AR (N=2000)
\ — FBHTR (N=5000)
0.8 - RRATR (V=2000)
0 06
-
® 04
02
ol Rk EER.o
~02

25 50 75 100 125 150 175 200

7 B BURE DN A E RS AT REXTEE

Fig. 7 Comparison between proposed numerical and analytical

solutions for solute concentration distribution
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