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Dissolution patterns and permeability evolution of rock fractures with
different inclination angles
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(1. State Key Laboratory of Water Resources Engineering and Management, Wuhan University, Wuhan, Hubei 430072, China;
2. Key Laboratory of Rock Mechanics in Hydraulic Structural Engineering of the Ministry of Education, Wuhan University, Wuhan, Hubei 430072, China)

Abstract: The dissolution process induced by reactive fluid flow in rock fractures significantly impacts geotechnical engineering
safety, while the dissolution mechanisms of inclined fractures under gravitational effects induced by solution density differences
remain unclear. This study systematically investigates the dissolution patterns and permeability evolution of fractures with different
inclinations through pore-scale numerical simulations and visualization experiments. Results indicate that buoyancy-driven
convection caused by solution density differences generates “vortex-like” flow structures during inclined fracture dissolution, where
buoyancy convection along the fracture length dominates channel development, whereas gravitational effects in the vertical direction
can be negligible. A criterion for the transition of dissolution patterns was established using the Richardson number (Rin): When Riu >
10 (buoyancy-dominated regime), increased inclination promotes wormhole growth and reduces the required injection volume for
breakthrough; when Rin < 10 (forced convection-dominated regime), dissolution patterns are governed by injection velocity,
manifesting as compact dissolution, wormhole dissolution, or uniform dissolution. A theoretical model for optimal injection velocity
incorporating gravitational effects was developed, enabling accurate predictions across varying inclinations. This research provides a
theoretical guidance for seepage control in underground engineering within soluble rock formations and offers critical insights for
safety assessments in CO: geological storage, in-situ leaching mining, and related applications.
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MR ATVR BA LB T, SR N SRBIR
A, R BL e R SR RBOE IR L) 4 £,
I, PVBT 5E SCNEEH TR ZE 408 /N N HTURI Z ) 1/4
I BV NV AR AR S HTA 2L 00 2 SRR FR T OB .
R TS B B It S m R VR s, T 7 4
HTANH Pe R PVBT BB A8 1L. H
BIRT %N, 38t PVBT (50 5% S 5 ik
1] X I PR AR XS 5 P B I AH DG o FE iR DO 3 S AR X
T (Riy<10), VFJIXEEEAHX RN, BN
AL AR IIEAS . WA A6 LA B B R AL
FHIE. BRI, AH[E Pe % 0ifA K0 PVBT &H
A MR SR E AT CRig>100, A
Pe #U T PVBT i WA 39 0 i sk ), 3 i DR A 1 £
BRI = IR AE K DL BB R 1
Ko

0/0)
0 90 Pe
- -
10.5 21 63 105 158 210 421 631 1052
(-] o & v < 4 (-3 o L
60
I
>
=%} -3
i) 2
= 40 g8l “.I
:EL—{ "b‘“b“"" 5
2 30} . Y
< S TS W
= o1 3 i
K 20 R P
Galbop < g 3 o
0 9§’TIJXTJﬁIE'F(’R|H ]O.) AR Rir-10)
102 100" 10° 10! 102 103 104
Riy

B 7 AR Pe TR KIERE (PVBT) BElA KRN
Fig.7 Pore volumes to breakthrough (PVBT) versus Rin
for different Pe

K 8 45 T AR~ PVBT B Pe 11
ALk, B0 SRRNRE S WM PVBT



553 40 YL AR A AR T S 12 R A A 1003

SEMARES S, HAEML. mEmTH, £
ANTFEIZERRAA T, PVBT #RBE Pe A3 n 2 B Se ik
NESERIES, B/ ME R BUE T E Pe T (B
REEEAGUED . BEERBE B S, ) Pe h
{9 PVBT /), I HEAEEAFUER B Pe A0

/N,

I B9 PVBT

%

B8 ARMATREHERE (PVBT) B Pe A3/
Fig.8 Pore volumes to breakthrough (PVBT) versus Pe for
different inclination angles

DT R, TEZ2 LA BE Y, BAEEAN
AL THTAUIE 0 B RE R IS R B Da B E AN
SH AT 2, BRI R, IR RN B A & LA
B E A EATE . B, AWFRIIANT L
BENSHAT, ZSHEEW R MIE AT AR,
T RAFZLRIE L FE R IR . 3805 OBE 2 AT AH
HAEM . SAMZEENSE (AT HRFEE N
N R A RATUAR (R RE R . B N 2 5 EE R T
) (7 b, HARAE S SRR A 55, AN
01 M T 2R K B 7 1Al K VF R IR, =
kApsgsind/eg » FeH K NFHIEZIE 2, k =hy /120545,
Rl 25 R ) 3B A BRI I E RN S 5 A,
ATLLE N

1 2 1
;' =Pe, || —+— (15)
A gJ(DH Shj1+OJP%

e Pe, Jy 25 I 0 im AE H O 5e 3 2,
Pe, = (U + Uy )by /Dy, o

K9 Je/x 7 PVBT 5% &M ALK T RENS
BoA Z KR HEWR, ERaREGMT,
PVBT MHZIITE A =32 M2 /ME, RV
A =32 568 SRR NI TE AN [R1 2 BT AR T 1 e A
EANTUE . EIX—RUE T, RBEE R EE
B, IR B RAEIN BT AR E b . BB

TR TE RIS A FAE T R IA T A B
HEEAVUE B S TR, X7 264 T B AR S
ERHEARSE L. HEEENE, RER UL,
WIAHRE R S TERE, AT R R BRI M A KB E R T
AHFAE = A — i . fE SRR L SRR T,
CA I 5 2% B 2R BRELRS P38 o VA Tk T 285 PR 52 M A A
BREOL, SRT, FEVE SR E AR, R
SOME G ARAF BN 7R 0 FE o B8 P AR AL FT RE 2%
ORI ARG ETE, BRI RIGEMF Pe Hok
PENER S S EEATENE, I RIS TE
MK, AR TR i R B DXk, AT A3k 2
TRAE o JRAE AT T LR T 5 R0 R
TR R R AL A REE, SR T8 5 S A P X ki~
B A LR SN R SO0 B 2, (HASAER R
W T i R ANIRTT -

90 "
O -
70 L p i R
R
60 R
50 |
40 b
30 |
2

PVBT

10 F

4 ll()1 | l(l)2
AL
B9 NREMA T REN KRR (PVBT) BEA™ 1324k

Fig.9 Pore volumes to breakthrough (PVBT) versus A}
for different inclination angles

5 4

ARSCEEAHUE AL TGRS A 8 54T
RGRIT T ARG BRI IR R 5 1808 R
TR 7T . 1 St 24 BB UL A bl T AR 6 45
BGAIE 1 5 RE VA T 2 P AR Ak R FLIBSUR BE RS v 0
BOEAGERE, B SRR E A F A A
REZL R il FR I BB A, HRoR T E R8N (Hp
TERAAEEZNE T, EHEET R
D AR I S B el A KI5 R AR
fEMISZ M, LT B 08 R B A g
WHPE (Rine. Pecfl Pey), HE—BHES T % &M
AL B AR N TR B TRIAR A, A TRE %
G RO R T EE S, EEAARIT:

(1) TEMIRIZERR b, 8 k08 3 BE i 5
ALK BE T M T 5, B35 B M i i S



1004 Fe) +

% 2026 4

LR AT A o B8 BE /N AN RN v R S i 1)
s, 5 NaCl difk RN PR iliE, [N &
) PR AR T T PR A R DV o 3 T 7 0 ) S IR
B, BEMER “Wein” MahEii . 28K T
I ONHRAE L 51 e e E A liE K E A
FIFZE R 1 BT 24P 7 A E
RRSLSMEL/AN, AT DA o

(2) SRR o V5 bt 2 1R 52 M B e T3 1 0F
it -5 BRI R BE AR KD, BI R R AL CRiy ).
Riy > Riy,. I CRiy, =100 RBRE T IR E S
B, MRS R AIRE I EAHE Pe
BN, R G2 (R e 0 AR HUR B AR
KL RBIERE K. Rip < Riy, B 2R A 5
| DO T s = VNG B W24 5+ 2D 5/ NP 12 £
IS 20 ZLBR b = 2R B35 52 ma s EME AU,
Pe<<Pe. INA T 2 I 5 2 iE AR 2, Pe.<Pe<Pe,
IR A HURE TR, 11 Pe=Pey I 35534 ih
(5

(3) EF IR FEFELT (Rig>Rig, ), &
Bt 6 A1 164 0 472 2 O ) R B FSE g, Rtk
SR FVEVRCR: (PVBT) [t 10 A A 186 K i k) 5
sl S (Rip < Riy, ), BN A
B, AR T PVBT JEA—2. FET A
WER, JEOL T B U AR B R E N R 1S
TRIAEEAY . S5 R, ARMBUA R R A UHE
BIHILAE A, =32 B,

2 % X W

[1] ZHOU C B, CHEN Y F, HU R, et al. Groundwater flow
through fractured rocks and seepage control in geotechnical
engineering: theories and practices[J]. Journal of Rock
Mechanics and Geotechnical Engineering, 2023, 15(1):
1-36.

[2] LING B, SODWATANA M, KOHLI A, et al. Probing
multiscale dissolution dynamics in natural rocks through
microfluidics and compositional analysis[J]. Proceedings
of the National Academy of Sciences of the United
States of America, 2022, 119(32): €¢2122520119.

[3] WANG T, HU R, YANG Z, et al. Transitions of
dissolution patterns in rough fractures[J]. Water Resources
Research, 2022, 58(1): e2021WR030456.

[4] ZHOU C X, HU R, DENG H, et al. Surface-volume
scaling controlled by dissolution regimes in a multiphase
flow environment[J]. Geophysical Research Letters, 2023,

50(18): €2023GL104067.

[6]

[7]

[10]

[11]

ETAE, RDUA, ARk, 5. 3R R B BuL 5k
E PR R RE RS R R S A, A A
225 T RE2EHR, 2015, 34(5): 1013-1021.

HUO Ji-xiang, SONG Han-zhou, DU Jing-nong, et al.
Coupled fluid flow and chemical dissolution model based
on surface reaction and mass transfer control in a rough
fracture[J]. Chinese Journal of Rock Mechanics and
Engineering, 2015, 34(5): 1013-1021.

DENG H, PETERS C A. Reactive transport simulation of
fracture channelization and transmissivity evolution[J].
Environmental Engineering Science, 2019, 36(1): 90-101.
DETWILER R L. Experimental observations of deformation
caused by mineral dissolution in variable-aperture fractures[J].
Journal of Geophysical Research: Solid Earth, 2008,
113(B8): 1-12.

LI S, KANG Z, FENG X T, et al. Three-dimensional
hydrochemical model for dissolutional growth of fractures
in karst aquifers[J]. Water Resources Research, 2020,
56(3): e2019WR025631.

FRIEDG, B, 2BR0T, 5. StHIIRVIMRS X MAE A
ORI K SCAKAL SRR AR D], AKOSCHE R TR, 2022,
49(4): 19-29.

CHEN Wang-guang, ZENG Cheng, GONG Xiao-yu, et al.
Hydrological and hydrochemical regime of a typical
subterraneous river in a deep canyon karst area: a case
study in the Santang underground river, Guizhou[J].
Hydrogeology & Engineering Geology, 2022, 49(4):
19-29.

MracE, 200M, T7°, 5. MRS 4Lt s i e il
B b R 45 A T e TR o T 7). HBRAE 2, 2023, 52(1):
94-104.

CHEN You-zhi, JIANG Fu-wei, YU Ning, et al
Geological conditions and genesis of red karst landforms
in Hunan-Chongqing-Guizhou[J]. Geochimica, 2023, 52(1):
94-104.

TRINCHERO P, IRAOLA A, BRUINES P, et al
Water-mineral reactions in a translated single realistic
fracture: consequences for contaminant uptake by matrix
diffusion[J]. Water Resources Research, 2021, 57(10):
€2021WR030442.

FU X, CUETO-FELGUEROSO L, BOLSTER D, et al.
Rock dissolution patterns and geochemical shutdown of
COz-brine—carbonate reactions during convective mixing
in porous media[J]. Journal of Fluid Mechanics, 2015,

764:296-315.



3 3 %

AL AR o R R G s o 508 1 R A L

1005

[13]

[15]

[16]

[17]

[18]

[19]

[20]

(22]

PANGA M K R, ZIAUDDIN M, BALAKOTAIAH V.
Two-scale continuum model for simulation of wormholes
in carbonate acidization[J]. AIChE Journal, 2005, 51(12):
3231-3248.

ROMANOV D, GABROVSEK F, DREYBRODT W.
Dam sites in soluble rocks: a model of increasing leakage
by dissolutional widening of fractures beneath a dam[J].
Engineering Geology, 2003, 70(1-2): 17-35.

VR, 27, Bk, & Hlm AR GOKESIEE
FACEHE BT TELT). o LRE%AR, 2019, 41(4): 610-616.
CHEN lJian-sheng, L1 Ping, WANG Tao, et al. Chemical
dissolution of seepage around dam foundation of a
reservoir in eastern margin of the Tibetan Plateau[J].
Chinese Journal of Geotechnical Engineering, 2019,
41(4): 610-616.

TRITHE, BRI, VPR, SE.RE e O RE A U
BB S TR U], KRR, 2023, 54(8):
942-954.

XU Li-qun, ZHAO Shao-feng, SHEN Zhen-zhong, et al.
Seepage and dissolution analyses for impervious structure
of dam foundation in super-high rockfill dams with soil
core[J]. Journal of Hydraulic Engineering, 2023, 54(8):
942-954.

SRETE, ARENE, M. A RIS IE A VI
X FBEEI T[], &+ 1%, 2003, 24(5): 795-799.
ZHANG Gui-jin, XU Wei-ya, LAI Miao. Leaching of
solution rock and permeability study under karst-engineering
geological condition[J]. Rock and Soil Mechanics, 2003,
24(5): 795-799.

SOULAINE C, ROMAN S, KOVSCEK A, et al. Mineral
dissolution and wormholing from a pore-scale perspective[J].
Journal of Fluid Mechanics, 2017, 827: 457-483.
SZYMCZAK P, LADD A J C. Wormhole formation in
dissolving fractures[J]. Journal of Geophysical Research,
2009, 114: B06203.

ZHOU C X, HU R, LI H W, et al. Pore-scale visualization
and quantification of dissolution in microfluidic rough
channels[J]. Water Resources Research, 2022, 58(11),
€2022WR032255.

LI K, HU R, ZHANG Y N, et al. On the permeability-
surface area-porosity relationship for dissolving porous
media[J]. Advances in Water Resources, 2025, 196:
104900.

GOLFIER F, ZARCONE C, BAZIN B, et al. On the

ability of a Darcy-scale model to capture wormhole

[23]

[24]

[25]

[27]

[28]

[29]

[30]

[32]

formation during the dissolution of a porous mediuml[J].
Journal of Fluid Mechanics, 2002, 457: 213-254.

HU R, LI K, ZHOU C X, et al. On the role of gravity in
dissolving horizontal fractures[J]. Journal of Geophysical
Research: Solid Earth, 2023, 128(3): €2022JB025214.
HU R, WANG T, YANG Z, et al. Dissolution hotspots in
fractures[J]. Geophysical Research Letters, 2021, 48(20):
€2021GL094118.

SPOKAS K, PETERS C A, PYRAK-NOLTE L. Influence
of rock mineralogy on reactive fracture evolution in
carbonate-rich caprocks[J]. Environmental science &
technology, 2018, 52(17): 10144-52.

Ew, BE8, Mak, & MA-BREMEESEN
RS RBERAERT U], A 7027, 2020, 4108 T
1): 30-40.

WANG Ke, SHENG Jin-chang, GAO Hui-cai, et al. Study
on seepage characteristics of rough crack under coupling
of stress-seepage erosion[J]. Rock and Soil Mechanics,
2020, 41(Suppl.1): 30-40.

AMELI P, ELKHOURY J E, MORRIS J P, et al. Fracture
permeability alteration due to chemical and mechanical
processes: a coupled high-resolution model[J]. Rock
Mechanics and Rock Engineering, 2014, 47(5): 1563-
1573.

POLAK A, ELSWORTH D, LIU J, et al. Spontaneous
switching of permeability changes in a limestone fracture
with net dissolution[J]. Water Resources Research,
2004, 40(3): W03502.

LUO H, QUINTARD M, DEBENEST G, et al. Properties
of a diffuse interface model based on a porous medium
theory for solid-liquid dissolution problems[J]. Computational
Geosciences, 2012, 16(4): 913-932.

LI L, GRACIE R, DUSSEAULT M B, et al. Modeling
and verification of non-linear mineral dissolution processes
with buoyancy effects[J]. International Journal of Rock
Mechanics and Mining Sciences, 2023, 161, 105257.
KT, ED, . SRR KB AR
BUERLT]. BEIE 53 N TRRR FBIR, 2024, 6(1):
94-104.

PENG Yi, ZHANG Wen, WANG Han-xun,

E AP
2%
52 m.,

et al
Numerical simulation of seepage field of underground
water-realed oil depot in an island[J]. Hazard Control in
Tunnelling and Underground Engineering, 2024, 6(1):
94-104.

EADZAL==N B
R, F5,

PRI, 2. KI5 KB s T K &



1006 Fe) +

71

% 2026 4

[33]

[34]

[37]

[39]

[41]

[42]

T 75 X L D). R 5 MR TR R EB A, 2023,
5(1): 32-44.

ZHOU Cai-gui, LI Jing, LIANG Qing-guo, et al.
Comparison of water inflow prediction methods of hydraulic
diversion tunnels during construction[J]. Hazard Control
in Tunnelling and Underground Engineering, 2023,
5(1): 32-44.

NSO, HEIE, . BRI A A RS IE
HIERAE VL], R R AR EBIR, 2023, 5(1):
1-7.

SUN Wen-bin, CAO Zhen-bo, DONG Fa-xu. Characterization
method of rock fracture permeability in fault fracture
zone[J]. Hazard Control in Tunnelling and Underground
Engineering, 2023, 5(1): 1-7.

COHEN C, BERHANU M, DERR J, et al. Buoyancy-
driven dissolution of inclined blocks: erosion rate and
pattern formation[J]. Physical Review Fluids, 2020, 5(5):
053802.

PHILIPPI J, BERHANU M, DERR J, et al. Solutal
convection induced by dissolution[J]. Physical Review
Fluids, 2019, 4(10): 103801.

BERHANU M, PHILIPPI J, COURRECH DU PONT S,
et al. Solutal convection instability caused by dissolution[J].
Physics of Fluids, 2021, 33(7): 076604.

DIJK P E, BERKOWITZ B, YECHIELI Y. Measurement
and analysis of dissolution patterns in rock fractures[J].
Water Resources Research, 2002, 38(2): 5-1-5-12.
GUERIN A, DERR J, COURRECH DU PONT 8§, et al.
Streamwise dissolution patterns created by a flowing
water film[J]. Physical Review Letters, 2020, 125(19):
194502.

LI K, HU R, WANG T, et al. Buoyancy-driven dissolution
instability in a horizontal hele-shaw cell[J]. Langmuir,
2024, 40: 4186-4197.

OLTEAN C, GOLFIER F, BUES M A. Numerical and
experimental investigation of buoyancy-driven dissolution
in vertical fracture[J]. Journal of Geophysical Research:
Solid Earth, 2013, 118(5): 2038-2048.

AHOULOU A W A, TINET A J, OLT¢AN C, et al.
Experimental insights into the interplay between buoyancy,
convection, Journal of
Geophysical Research: Solid Earth, 2020, 125(11):
€2020JB020854.

TR, W, BUR, & B PRI R A thid
TR T AL BUER BT FC[J]. /K SCHb T AR HE BT, 2023,

and dissolution reaction[J].

[43]

[46]

[48]

50(2): 178-188.

ZHANG Zi-yi, HU Ran, LIAO Zhen, et al. Visualization
experimental investigation into the dissolution processes in
rough fracture under gravity conditions[J]. Hydrogeology &
Engineering Geology, 2023, 50(2): 178-188.

LI K, HU R, CHEN X S, et al. Phase diagram and
permeability evolution for dissolving vertical fractures in
a gravity field[J]. Advances in Water Resources, 2024,
185: 104633.

KOLDITZ O, RATKE R, DIERSCH H J G et al. Coupled
groundwater flow and transport: 1. Verification of
variable density flow and transport models[J]. Advances
in Water Resources, 1998, 21(1): 27-46.

GUEVARA MOREL C R, VAN REEUWIIK M, GRAF T.
Systematic investigation of non-Boussinesq effects in
variable-density groundwater flow simulations[J]. Journal
of Contaminant Hydrology, 2015, 183: 82-98.
CALCADA L A, MARTINS L A A, SCHEID C M, et al.
Mathematical model of dissolution of particles of NaCl in
well drilling: determination of mass transfer convective
coefficient[J]. Journal of Petroleum Science and Engineering,
2015, 126: 97-104.

STARCHENKO V, LADD A J C. The development of
wormholes in laboratory-scale fractures: perspectives
from three-dimensional simulations[J]. Water Resources
Research, 2018, 54(10): 7946-7959.

RFER, dKERR, FANR, S 25 8 N A B
R A AT B TR ERT FL ] A 0%, 2024,
45(12): 3596-3612.

LIU Xin-rong, ZHANG Ji-lu, ZHOU Xiao-han, et al.
Deformation and seepage characteristics of precast fractured
rock mass considering the influence of axial stress[J].
Rock and Soil Mechanics, 2024, 45(12): 3596-3612.
R, HE, Fa, 5 AR EZAE IR S BTY)
WA E RS REEBIT L )]. &%,
2025, 46(34 T 1): 437-453.

LI Bin, SHEN Hai-meng, LI Qi, et al. A numerical
simulation of dynamic evolution of permeability during
granite shear process under different confining pressures[J].
Rock and Soil Mechanics, 2025, 46(Suppl.1): 437-453.
UPADHYAY V K, SZYMCZAK P, LADD A J C. Initial
conditions or emergence: what determines dissolution
patterns in rough fractures?[J]. Journal of Geophysical

Research: Solid Earth, 2015, 120(9): 6102-6121.



