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Visualization experiments study on coupling process of flow-erosion in
rough fractures and evolution of permeability

WANG Ting, WANG Zilong, LI Yanlong, HE Yaning
(State Key Laboratory of Eco-Hydraulics in Northwest Arid Region of China, Xi'an 710048, China)
Abstract: The karst areas are widely distributed in Southwest China where there are abundant water resources. They will be the
main battlefield of development of water resources in China. It is very important to explore the basic law of the coupling
process of flow and erosion and its influences on the permeability of the rock mass so as to ensure the rationality of the site
selection, the safety of the construction and the long-term operation of these hydraulic engineering facilities in the karst areas.
For this purpose, a flow visualization experiment device with a soluble transparent rough fracture is designed. The erosion
experiments in rough fractures are carried out to investigate the influences of the flow rate on the erosion morphologies, erosion
rate, transition of erosion patterns and evolution of permeability of the fractures. The results show that with the increase of the
flow rate, the erosion patterns shift from compact to wormhole, and finally to uniform patterns. Based on the penetration theory,
an efficient Da number Daefry is defined. Then, the criteria for the transition of erosion patterns from compact to wormhole and
from wormhole to uniform are defined as Daetr1~10 and Daetr1~1 respectively. The criteria are validated by the experimental
results. The coupling effects of flow and erosion increase the permeability of fracture, and their trends do not accord with the
cubic law. With the same aperture enlargement, the permeability of wormhole erosion increases the most rapidly and is much
greater than the cubic law. The required breakthrough volume of "wormhole" patterns is the smallest. This research can provide
a theoretical and experimental basis for the prediction and evolution of permeability control of karst processes in natural and

engineering applications.
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Fig. 1 Schematic diagram of a flow visualization system for
erosion experiments and details of rough fracture
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Fig. 2 Image post-processing method for reconstruction of

aperture change caused by erosion in rough fractures

1.4 EEFSHIRE
ﬁﬁﬁl@é’iﬂ%ﬁﬁ’]ﬂ’ SASFARHE, AW gt
VA b UG VA i R B AN A0 TR R 8, W A
E%B’lltﬂ: B, A B R AN R T R AR
FEEME (B 2 (g)), DLl—[E & BI{E<Ab> = <bo> Fi 1L,
N EG, CIERECAT Gt b v E g . Al



1666 = + I B % 2025 4F
ARG R R A X3 R SR i ok X3 1) T L AR 25 44 o BRI I=Roo K38 (6) RN =Ry, 15
TE SUE IR EE Sy A A IR S XA A 2 L. RyDaggy ~1 . )

[F, o> B YR De (it BT R I AR, Kz
KRN T MATLAB 143 %40 THAH Fraclab
(https://project/inria.fr/fraclab/), K FARfE & 11T E0AR
THED TR

2 RMmERFENIESES

1130 a LISk, BN BT Pe 1 Da $k
Ty 52 1A b A X 1) 7 L Daccord 2503 T 5of A 50 2 v ok
FERIRF TS, 8 H B s R« gL v i =
HIlE S S R AT Pe=1, X1 MR ATE Da<1
TE G ST FE 1, Golfier ZE1 et £ LA R HOVA it 36,
155 T AR Pe B Da s FeAt . B1EAT I, AL
KHIEFE Pe F1 Da 0 2 =, B — 2 MRIR
Mo WM, WEFEN AR VA 8 T PRI B SRR AL
IR IR . Panga PR ER AT TR
) A BT 1) PR NMRRIE S (L F L) RRIEZ
FUAN 5 R s IE R, e L i S R AT
TR EEKE, [, N EiE e R s T im %5
BAE . ARSOKR e AR R R R A, 75 &
T [ 4 TR LBV ks 5 O B 4
2.1 BHMFEKENEXNES

FHRE LB VS I~ b o A P AR e XA 9 - S B
JiRER] Ron - 2223,

2
€ _p2l 5L koac-cy - @

5_ r67 or
N CONBEWIRE; Ava=1/bo NIERIEIA; ke N
RO GE s Dy NSRS RE I A [ 1) 2 T3 BOE
KR4, D=(or, + A Pe), 2.=0.5, a, =147 HZEH
I0 R B E R e 2 [ B . Lichtner 2RS4 HI T 2441k
BB AL T AR, X (4D BT R
C(r)=Cpy —(Coq = Ce o (5)
N Ceg AR [ RIVA IS IE £ R I 5 K
&, TR A
[ = Igabj . (6)
X Dacr=rkeriRo<bo>/Q: Fo kes=k/[ 1+k{bo)/(DSh)]
FoRBERBUEMEZ, Bk, Ro <bo>, O, D #EA W
B R s Sh N AR B0, S 5
Sh=5P). n NIRRT, ASCH =1,
2.2 “HIL” BMS5HARMAIEFFIE
P A R P s R AR 1 B K 1 5
K Ro LAY E . MFFEKE [ KTRBKE R
i, s O ST, B IR HEIE, AT
PRBE RN« HUFL” VA [m) 250 S0 T T AR (1) 26

n{by )
XA (7) 50 WA Da 3 Dagrre HR4E
ke Dager 05 SLBAK Da, Pe %5t S, AT 848
1 1 Pe
Da :D_a+§
w2, F (7), (8) BRAL, “HiAL” WA 5
TR AR 1) SRR R R U
DayR,  DaSh Ry, _
n<b0> ~ PeDa+ Sh n<b0> -
Al UL, 5 X Daegr 5 Pe 1. Da B 2B~
Rov T <bo> 3 HH K o
2.3 RERME “HIL” BHANIRFFIE
LR B /N TREKE RNy, K&
AR MU AEAEE N FTIEIE, AT A T SR Tk
1Cy=lfRo, AR E M AN B e Ay “ dufl”
WG TN I=pRo, Nhy=0.1 NHEL, TR
PTG RN 2R 1710, ARHERLG 45 R BUI UE .
BETT, BRERVE R Bl VR B A
Daggy =10 o (10)
Pk, S&5 7RSO Pe, Da, Iy Dacip
B, #E80, Wkl Px.
#1838 Pe, Da, Dacr {&

Table 1 Experimental of Pe, Da and DaefrL value

()

)

Daggy =

i/

(mL'mg{‘) Pe Da Li/cm y Dacst, L
0.05 4.4 0.236 0.18 0.04 29.90
0.1 8.8 0.118 0.36 0.09 14.90
0.5 44 0.024 1.79 0.47 2.90

1 88 0.012 3.58 0.94 1.40
2 176 0.006 7.16 1.88 0.74
3 264 0.004 10.70 2.83 0.49

3 HERPM
3.1 AR TR I8 X

N T ARG N T 2B I R 2 5 e AL
i, JFR T — RIIAFFUE N BB R-E ik, @57
TR IE R B VA O S AR, W 3 R
3 (a) (A~F) At 0=0.05~3.0 mL/min,
X Péclet £ Pe=4.4~264, WIUHTTE<bo>=300 um i}
(1) 6 ZHIe a5 AL, mr 0 3 Bl Y i g 18] 3 ()
(A~B) SR EEER, B3 (a) (C~D) %R
CHEL” W, B3 (a) (E~F) SRS EE
HH P A B A ARV VRN TB] RO AN T 3, 2R 2 AR
1z B v () 3 BN AT ARR R I FE AR A (BB, %
WERERLHEMRE, IR ETLAE; R
RF ALK T REIF M, BRI 7 L,



1667 = + o Rk 2025 4
0 02 04 06 08 >1 0.8
Ab/mm T .
0.6
260
£
7&0.4
)
<
A"
174 0.2

87

et

43

9.0

4.3

0 90 180 270 360

0.2 0.4 0.6 0.8
Ab<by>

(a) HDREZLBRAF T S LA

o)
(b) HhERmEIFEA LR
024,
020} BIRRBR
« 0167
¥ ERHL (a5)
K o.a2f
WsgEmh (f5)
0.08f
0.04f
02 0.4 0.6 0.8 1.0
BRI BE /mm
(c) BOUETTEE S i S

& 3 MARREAMESTEUEERRTFESHEL

Fig. 3 Evolution of erosion features of rough fracture with erosion time
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