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Fig. 1 Control parameters of fractures in rock mass location
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Fig. 2 One stochastic realizations of the fracture network
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Fig. 4 Sketch map of flow path along the grid

(a) mergence of two fractures within a grid, (b) actual vertical component of the inclined fracture L, sin(6) shorter than that of the “‘stair step’” pattern L sin(6),

and (c) actual vertical component of the inclined fracture L, sin(6) longer than that of the ““stair step’” pattern L sin(6)
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Fig. 5 Flow path along the grid,the horizontal line represents
fissure cell of Type I,and the inclined line represents

fracture cells of Type 11
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Fig. 6 Model of cross-fissure flow
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Table 1 Comparison of measured values, finite difference values, finite element values, with theoretical values of cross flow

T K51 Qpp/om™s ™ O/ em®s”! £ PR 2253 WIHE 43 2 /em Ovop/em’ s Ox Fﬁ/cm2~s"
1 11.1792 11.6667(4.36%) A=6.300 12.1960(9.10%) 11.1111(0.61%)
A=3.150 11.4499(2.42%)
2 5.2789 A=5.625 5.5743(5.60%)
A=4.500 5.3619(1.57%)
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Table 2 Comparison of finite difference values and theoretical values of intersection heads

TR T8 KB H e/ cm HBR 25 WIkE 53 HE%/em Hyop/cm 2%} R 2 /om
1 39.219 A=6.300 39.193 —-0.026
A=3.150 39.218 —0.001
2 8.066 A=5.625 8.088 0.022
A=4.500 8.049 —0.017
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Table 3 Statistical distribution of characteristic parameters of fractures for Case 1
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Fig. 7 Stochastic generation of fissure networks (one realizations for Case 1 (7a) and Case 2 (7b))
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Table 4 Node coordinates and simulated heads by DFN and MODFLOW for Case 1 (Unit: m)

A ) @ @ ® ® D) @ @
X 074 317 488 733 787 874 893 683 127 428 676 343 540
Y 293 338 252 128 164 222 234 319 728 545 394 780 573

Hppx 9.75 824 754 679 662 631 614 666 683 737 661 670 677

Hyon, 000 975 823 751 676 660 628 614 663 682 736 658 668 675
Hyon, 005 976 821 749 671 655 625 613 659 679 731 655 666 672
Huyon,o 975 819 744 663 648 616 610 652 679 729 649  6.68  6.68

Err. Hyopoox  0.00  —0.01 —0.03 —0.03 —0.02 -0.03 000 -0.03 -0.01 -0.01 -0.03 -0.02 -0.02

Err. Hyopoos ~ 0.01  —0.03 —0.05 —0.08 —0.07 -0.06 -0.01 -0.07 -0.04 -0.06 -0.06 -0.04 —0.05

Err. Hyopo, 000  —0.05 —-0.10 -0.16 -0.14 —0.15 -0.04 —0.14 -0.04 -0.08 —0.12 —0.02 —0.09

A @ @ @ @ ® @ @ @ @ @
X 700 758 672 772 816 708 888 897 913 923 896  9.79
Y 405 345 606 437 364 868 563 548 554 504 000 5.8

Hie 6.54 647 658 632 628 588 508 507 506 514 662 502

Hyiop, 0.02 6.52 6.44 6.57 6.31 6.27 5.88 5.08 5.07 5.06 5.14 6.60 5.02
Hyiop, 005 6.49 6.41 6.54 6.29 6.25 5.87 5.07 5.07 5.06 5.13 6.55 5.02
Hyiop, 0.1 6.43 6.35 6.50 6.24 6.22 5.86 5.08 5.07 5.06 5.12 6.48 5.01
Err. Hyop 0o —0.02  —0.03 —0.01 —-0.01 —0.01 0.00 0.00 0.00 0.00 0.00 —0.02  0.00
Err. Hyop 0os —0.05 —-0.06 —-0.04 —-0.03 -0.03 -0.01 -0.01 0.00 0.00 -0.01 —0.07  0.00
Err. Hyopo,  —0.11  —-0.12 -0.08 -0.08 —0.06 —0.02  0.00 0.00 0.00 —-0.02 -0.14 —0.01

®5 HET LR (E62, Bfm, BITR)
Table 5 Node coordinates and simulated heads by DFN and MODFLOW for Case 2 (Unit: m, partial nodes )

TR ) ® @ @ @ @ @ @ @)
X 3.17 3.25 3.28 3.30 3.66 3.74 3.88 3.98 4.68 4.75 5.03 6.19 6.22
Y 12.56 1258 1653 1248 1424 12.18 16.09 18.02 1334 1834 13.03 10.56 11.16
Hpen 8.88 8.86 8.78 8.86 8.64 8.83 8.71 8.65 8.58 8.65 8.55 8.55 8.42
Hyop, 0.04 8.87 8.86 8.77 8.87 8.64 8.83 8.70 8.64 8.58 8.64 8.55 8.55 8.42
Hyiop, 0.1 8.90 8.89 8.80 8.88 8.68 8.86 8.73 8.67 8.60 8.67 8.58 8.57 8.44
Hyop, 02 8.94 8.93 8.85 8.93 8.75 8.90 8.80 8.74 8.67 8.74 8.65 8.60 8.55

Err. Hyop,o0s  —0.01 0.00  —0.01 0.01 0.00 0.00 -0.01 -0.01 0.00  —0.01 0.00 0.00 0.00
Err. Hyop, 0.1 0.02 0.03 0.02 0.02 0.04 0.03 0.02 0.02 0.02 0.02 0.03 0.02 0.02
Err. Hyop, 02 0.06 0.07 0.07 0.07 0.11 0.07 0.09 0.09 0.09 0.09 0.10 0.05 0.13

Rl @ @ @D @ @ @ @ @D
X 6.56 7.02 7.05 7.05 7.07 7.22 7.39 7.82 7.82 7.94 7.96 7.99 8.00
Y 10.68  11.27 9.99 11.28 11.23  10.90  10.95 8.91 9.48 11.13 1141 1042 10.29
Hppy 8.46 8.38 8.40 8.38 8.38 8.37 8.35 8.26 8.28 8.30 8.33 8.29 8.29
Hyiop, 004 8.47 8.38 8.39 8.38 8.38 8.36 8.35 8.26 8.28 8.30 8.34 8.29 8.29
Hyiop, 0.1 8.49 8.40 8.41 8.40 8.40 8.39 8.38 8.28 8.30 8.33 8.36 8.32 8.31
Hyop,0 8.55 8.49 8.44 8.49 8.49 8.47 8.47 8.35 8.37 8.44 8.45 8.42 8.41

Err. Hyop,o0a  0.01 0.00 —0.01 0.00 0.00 —0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Err. Hyop, 01 0.03 0.02 0.01 0.02 0.02 0.02 0.03 0.02 0.02 0.03 0.03 0.03 0.02
Err. Hyop, 02 0.09 0.11 0.04 0.11 0.11 0.10 0.12 0.09 0.09 0.14 0.12 0.13 0.12
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T4, 3F MODFLOW HYBS BUZLE I 4695 3 4 BT 9

Hpyey 1 28656 152 22 (B K Sk I 25 Hyppy) 53 9114 Err.
Hyion, 010~ BIT. Hyop, g5 Ert. Hyop 0n( 35 4) o X T8
B 2(BEAY IR 20 mx20 m) , MK A = Fh A& 23 R 43
A A= 020 m, A=0.10 m Fl A=0.04 m, XF ¥ fi) A
IR k535K Hyon, 020 Hyion, .10, Hyion, 004 5 Hpew [
20 1 25 (B Sk I 25 Hpew) 53514 Err. Hyop, 020+
Err. Hyop. 010~ EIT. Hyop, 004( 2 5) o

WA~ MODFLOW B i 7 4 F 5 45 A
i) DFN 5 %1 AH [A], 3 20 % 42 5 MODFLOW #5481 %
o AT Ouop i BB T T HBIR Ooens
e A LA K, SR R B E — R/
fE, I 102 m*s, M 2B F K R A 10° m*s
THEAHELD 6 NN, UM S B R AR
B EATTHS

(D5 1(E 8b) F M #% A=0.10 m, A=0.05 m.,
1 A=0.02 m & 43 I5F , MODFLOW [ i Vi & 45 #
8 Owon 23 3 J9 1.808x10° m’s'm™', 1.727x10°°
m’ss 'm . Al 1.710x<10° m*s " 'm ™y Ouop 5 Open
AIXTRZE, PIFRAN RS (A= 0.02 m Fl A= 0.05 m) )5
4300 1.36% il 2.37%, T ML & (A=0.10 m) {43
K, N 7.17%. % 4 7% MODFLOW 487K 3k
Hyop 1 DEN BE4UIK 3k Hypey B9 25 5 (X0 {E) , X T
K 41 M A% (A= 0.02 m) g 0.00~0.03 m, 411 [ 4% (A=
0.05 m) >4 0.00~0.08 m, 1 FL M 4% (A=0.1 m) 24 0.00~
0.16 m, %553 B, #5445 i) MODFLOW #4817k
Al H 25 DEN ALK Sk, (FORL IS W 3 AR Ah 1K
3k (3R 4 19 Err. Hyop, 0.0 A TAE) , KARARK(E A A 7E
B IX (K 8b T @, @, @, @, @,
Q@)

IAT 9 7K Sk 22 B, KL A% 351 o0 iz R T 24 B K
SO BT R IK 0B EE AR, . AR 6 T LR
S R 3 g T K T SR PR B, R I s A A % 1) 4
B s I L K29k m i, oy S O-@m R
B ST 0.08 m, 15 5 -0 0.03 m, 17 5 O—
@H 0.06 m(F& 6 &5 H B MH) , 76 B8 2 24 X 3 )
i K B2 1 BRSO 8 S RRAIR T K 3k o

FHEGZ T, A5r T 58 % 24 B 43 A DX 30 B i
7 5. @~GDANE([&] 8b), T L[] Ltk =i il CHL I 4%
FATETER 6 1977 S @—C% 0.04 m, 15 5 ©—6)
M@—60¥IH 0.05 m), (HIX LT S AK K ZEF (K 4
F9 15 1 @~CDFN G Err.Hyop,, ) /N T H8 25 0 X
B SRRk R, RPAEND R LFART H

SR KRR, TN T B AT R AR 2

(2) B4 2(1& 9b) HI M 4% A=0.20 m, A=0.10 m,
1 A=0.04 m 1] 43 BF , MODFLOW Y B i 1 #5541
15 Ouop 73 91 4 1.231x10° m*s"'m™', 1.195x10°
m’s 'm L A 115510 m* s m s Ovop 5 Open
AH 15 2, K5 40 R A% (A= 0.04 m) 1] 53 I 2.39%,
AR B /N, 41 P (A= 0.10 m) #1431 K 5.94%, i
LB A8 (A= 0.20 m) # 53 Bf 3K 9.13%., 3£ 5 47w
MODFLOW #& i 7K 3k Hiyon A1 DFN #5480 7K 3k Hipew
M) 25 S5 (48 % E ), X5 T8 48 I 4% (A= 0.04 m) H
0.00~0.01 m, 4 M % (A=0.10 m) >4 0.01~0.04 m, i ¥l
K #( A=0.20m) N 0.02~0.14 m. X5 40 ™ % 1)
MODFLOW #&4U7K Sk JE 5 421 DFN 48K Sk, (A
W A% 52 = A T K Sk (3 5 19 Err. Hyop, 020 N IETH),
R 25 AT R AR S BRI SR 2L
A DX (& 9b 7 55@, 60, @D, 63, @3, 69).

e 7 iR, HMEKE L B RS L K28
e A A AT, SRTIT, Lo (ARG 28 D98 Ak 11 4H LE 20 R A%
FHL A& A T4 Lo RS A A% A= 0.04 m fE[H]
I 326 46 0 R R /N ) SRR (A 3R 7 15 5 @—60L,
9 0.03 m., G0—GDL, & 0.05m. @—GDL, }y 0.06 m),
T 4 A 1) SRR L RE S AR A b 4223 36 7 1Y .
SERABRACRE L, DA AR A5 52 B i) 24 B I 2% i 1 A
Kk
2.3 ZUBE L i X E FMODFLOW By FC 4= B4 4l

sEA R

W B BB vy 1) — 2% 3% ] 2 i 2 A R 22 45 )
K, X F RG] 1R 40 A% (A =0.02 m) . 21 M #% (A =
0.05 m) FIHL M 4% (A =0.10 m) , 3£ T MODFLOW #%
LU Owop 5 DFN B & Qpe AR R 2253
WK 15.81%., 16.76% F1 20.98% ., XF T &5 2 A 44
PIA% (A =0.04 m) . ZHFIA% (A =0.10 m) FAH 4% (A =
0.20 m), 3T MODFLOW 48l A9 i Quop 5 DFN
UL I 5 Open AT 1R 22 535128 4.35% . 10.68% Fl
18.17%, 38 3 WA () T H 53 45 SR 3R B, 4B 8 vty
X} 3T MODFLOW 14 24 it —3% 282 4 Jou A5 A fr) A5 4D 5
A AN] ZWE R 5

24 it i

S0 1R 2R K Sk AE LS A, Y
A (B A A 7R 8 5 1) S8 B 20 A X o RELIAR 1) 23 P
TRBIRIE L AR AR Ly, SO ABY RiH]
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Table 6 Comparison of MODFLOW inclined fissure length, stair step length and DFN flow path
(Case 1, Unit: m, partial nodes) (The bracket value indicates error between L;and L.)
DFN AR LB IS g 7SS
T I FHLRAS YA A% HE AN FELRAS YA A% T AN
¢ L:(0.10 m) L (0.05 m) L (0.02 m) L, (0.10 m) L, (0.05 m) L, (0.02 m)
@-6D 0.52 0.50(—0.02) 0.51(—0.01) 0.53(+0.01) 0.70 0.70 0.72
@-@ 1.52 1.48(-0.04) 1.50(=0.02) 1.51(=0.01) 2.00 2.05 2.06
@D-® 0.62 0.54(—0.08) 0.60(—0.02) 0.62 0.70 0.80 0.82
®-® 0.22 0.22 0.22 0.22 0.30 0.30 0.28
@3-® 0.22 0.20(-0.02) 0.21(-0.01) 0.22 0.20 0.25 0.28
@-@ 0.93 0.85(~0.08) 0.92(-0.01) 0.92(-0.01) 1.10 1.20 1.18
30-® 0.71 0.67(0.04) 0.70(-0.01) 0.70(-0.01) 0.90 0.90 0.90
@-® 0.79 0.76(~0.03) 0.78(-0.01) 0.79 1.00 1.05 1.04
®-® 0.84 0.81(-0.03) 0.87(+0.03) 0.83(-0.01) 1.10 1.20 1.14
@-6D 1.64 1.66(+0.02) 1.63(=0.01) 1.64 2.20 2.15 2.16
@-® 1.52 1.53(+0.01) 1.50(—0.02) 1.52 2.10 2.05 2.08
@-@® 2.06 2.09(+0.03) 2.06 2.06 2.60 2.60 2.62
@-®@ 2.74 2.82(+0.08) 2.75(+0.01) 2.73(-0.01) 3.80 3.70 3.66
©®-@ 0.78 0.76(~0.02) 0.79(+0.01) 0.78 1.00 1.00 1.00
®-® 1.86 1.80(—0.06) 1.87(+0.01) 1.87(+0.01) 2.50 2.60 2.60
@-B 0.64 0.64 0.65(+0.01) 0.64 0.90 0.90 0.88
@-@ 1.69 1.70(+0.01) 1.66(—0.03) 1.71(+0.02) 2.40 2.35 242
B-® 1.05 1.08(+0.03) 1.04(-0.01) 1.05 1.50 1.45 1.46
@-@® 0.61 0.63(+0.02) 0.63(+0.02) 0.61 0.80 0.80 0.78
O-@ 0.26 0.32(+0.06) 0.27(+0.01) 0.26 0.40 0.35 0.34
@-® 0.83 0.78(—0.05) 0.81(—0.02) 0.82(—0.01) 1.10 1.15 1.16
©®-@ 0.78 0.76(—0.02) 0.79(+0.01) 0.78 1.00 1.00 1.00
@-® 0.22 0.22 0.22 0.23(+0.01) 0.30 0.30 0.32
®-@ 0.18 0.22(+0.04) 0.18 0.17(-0.01) 0.30 0.25 0.24
@-Q 0.17 0.22(+0.05) 0.16(-0.01) 0.16(0.01) 0.30 0.20 0.20
@-60 0.27 0.32(+0.05) 0.27 0.28(+0.01) 0.40 0.35 0.36

B 7K T80 BERBARA , e Al 4 B 1 SR RR AL 8 3 R A1
TRk o MHEHCZTT, A7 F 585 248 53 A X 38500 5 ff
MY AL, 1T R L R Al H I Y K S AR AL
1) 22 S 8 /N TFHR 2 rh s XY s i K Sk 22 57, R
95 7E B I B A T AR Y A K SR TR, A
TN T eI R 2

BRG] 2 1) REL DO A% 1) A3 S AR X A T K Sk,
KB L0 WS A T B L K 2 9 Al 3 AR A .
MODFLOW #% {8l 7K 3k Hyop F1 DEN A48 7K 3k Hipey
PR 22 S AT R AR AT s B R/ | B 2% 1 2L Bt 0
X

WEFE R B, S 1R A ) o SEAARAL T K3k,
6 A0 X 32 /1N T L A RD A 2 B R BB 1, R i
W A=0.02 m A XF T F 3% T 0 A9 75 i B @— G0
LK 0.17m, @—@H L, 4 0.18 m) . i H] 2 HLX
T 3 SEAR B i A T K Sk, K 40 A% 43 SRR R
AT LT A5 A A S (B 2, RS Al A% A=0.04 m
A F B S 0 Z4E 5 A 0.03 m. 0.05 m Al
0.06 m) o PI/NF45) 38 3k A0 A A 1T KR T BR Al 5%
2%, K5 20 WA BOAG T L, RE A R 1 325 30T EL S 5
B BE L, MTTRAS SR 10 2 B 190 246 7 1 K 3k

MODFLOW [ 1] 43 R~ 6 5 3 o 225 5 i 58
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TEWE: 5T MODFLOW A9 & HU LB W 45 15 i 43+ B 11

% 7 MODFLOW M#&FHSE 6K ES DFN imshigExdtt (Efl 2, Bfim, BoTR)
(ESEMERT L L WIRE)
Table 7 Comparison of MODFLOW inclined fissure length, stair step length and DFN flow path

(Case 2, Unit: m, partial nodes) (The bracket value indicates the error between L; and L)

DFN AR BB AR
A ; FLRE 0 A% Ha AN A FLRE 20 A T A A%
¢ L (0.20 m) L (0.10 m) L:(0.04 m) L, (0.20 m) L, (0.10 m) L, (0.04 m)
®-®@ 0.89 0.89 0.89 0.88(-0.01) 1.20 1.20 1.16
®-@ 1.20 1.28(+0.08) 1.22(+0.02) 1.19(-0.01) 1.80 1.70 1.64
©-@ 0.60 0.63(+0.03) 0.63(+0.03) 0.62(+0.02) 0.80 0.80 0.76
©-© 0.60 0.63(+0.03) 0.63(+0.03) 0.59(-0.01) 0.80 0.80 0.76
(OX) 0.67 0.60(-0.07) 0.61(—0.06) 0.66(-0.01) 0.60 0.70 0.80
@-® 0.72 0.85(+0.13) 0.71(-0.01) 0.74(+0.02) 1.20 1.00 1.04
O-@ 0.53 0.57(+0.04) 0.58(+0.05) 0.52(-0.01) 0.80 0.80 0.72
@-® 0.08 0.20(+0.12) 0.10(+0.02) 0.08 0.20 0.10 0.08
®-@ 0.15 0.20(+0.05) 0.14(-0.01) 0.17(+0.02) 0.20 0.20 0.24
@-® 0.11 0.00(—0.11) 0.10(—0.01) 0.13(+0.02) 0.00 0.10 0.16
@-6D 0.06 0.00(—0.06) 0.00(—0.06) 0.06 0.00 0.00 0.08
@-Q 0.03 0.00(-0.03) 0.00(—0.03) 0.04(+0.01) 0.00 0.00 0.04
30-@D 0.05 0.00(-0.05) 0.00(-0.05) 0.04(-0.01) 0.00 0.00 0.04
@D-@ 0.36 0.45(+0.09) 0.45(+0.09) 0.36 0.60 0.60 0.48
@D-® 0.43 0.45(+0.02) 0.42(-0.01) 0.43 0.60 0.60 0.60
-6 0.18 0.00(—0.18) 0.14(—0.04) 0.16(—0.02) 0.00 0.20 0.20
3-8 1.54 1.52(-0.02) 1.52(-0.02) 1.56(0.02) 2.00 2.00 2.04
(33-Go 0.58 0.63(+0.05) 0.63(+0.05) 0.59(+0.01) 0.80 0.80 0.76
33-® 0.80 0.72(-0.08) 0.78(-0.02) 0.79(-0.01) 1.00 1.10 1.12
@-6 133 1.28(-0.05) 1.28(-0.05) 1.32(-0.01) 1.80 1.80 1.84
@-® 0.92 0.89(-0.03) 0.94(+0.02) 0.92 1.20 1.30 1.28

D NN 3 D VR VAN DK E ik I R R
fiE, [R]85 R LAYS A3 A (] RD AR, — i 3 3t
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MODFLOW-based analysis on seepage in discrete fissure networks

WANG Jinli', CHEN Xi’, ZHANG Zhicai’, KANG Jianrong', HU Jinshan'
(1. School of Geography, Geomatics and Planning, Jiangsu Normal University, Xuzhou, Jiangsu 221116, China; 2. School of Earth System Science,
Tianjin University, Tianjin 300072, China; 3. College of Hydrology and Water Resources, Hohai University, Nanjing, Jiangsu 210098, China )

Abstract Studies on karst bedrock fissures face challenge in modeling due to the heterogeneity and anisotropy of
fissures. Groundwater primarily flows through fissure and pipe networks within karst aquifer systems, while the
bedrock pores and micro-fissures mainly serve as water storage. Therefore, the ideal hydrological model for karst areas
is the continuum—fissure—pipe model. Fissures, as the main pathway for groundwater flow, significantly influence
seepage in fissure media due to their connectivity. The fissure—continuum model (FC), which integrates the advantages
of continuum models and discrete fissure network (DFN) models, can realistically characterize the dual texture of karst
aquifers. The FC model can also account for matrix diffusion and water exchange between the matrix and fissures.
However, this model remains challenging to accurately determine water exchange between rock matrix and fissure
media.

This study was based on the statistical distribution of fissure geometry and hydraulic parameters. It utilized the
Monte Carlo stochastic simulation technique and MATLAB program to generate a two-dimensional fissure network
diagram that mirrored the distribution of actual rock fissures. The adjacency matrix of an undirected graph of graph
theory was employed to represent the intersection relationships between fissures in the fissure network. In addition, this
study utilized percolation theory to eliminate isolated fissures and clusters of isolated fissures that cannot conduct fluid.
This approach facilitated the generation of a first-level connectivity diagram. Fissures with single nodes were then
eliminated to create a second-level connectivity diagram, and dead-ends in fissures were eliminated to generate a third-
level connectivity diagram. Based on the connectivity diagrams of fissure networks, the cubic law and the continuity
equation for seepage were applied to establish a single-phase, saturated, and stable DFN model. Each fissure in the
connectivity diagram was mapped onto a finite difference grid to develop an FC model that combines DFN with
MODFLOW. When eliminating the fissure dead-ends, computational rounding may result in the loss of some nodes.
Therefore, the second-level and third-level connectivity diagrams were separately used for DFN seepage simulation
and FC seepage simulation, respectively. Simulation programs were developed to reproduce cross-fissure test
scenarios, and two multi-fissure cases were analyzed to investigate the effects of finite difference grid resolution and
fissure dead-ends on the accuracy of stable seepage simulations. The DFN was used as a metric to evaluate the

correctness and validity of FC model code writing.
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This study was based on the statistical distribution of fissure geometry and hydraulic parameters. It utilized the
Monte Carlo stochastic simulation technique and MATLAB program to generate a two-dimensional fissure network
diagram that mirrored the distribution of actual rock fissures. The adjacency matrix of an undirected graph of graph
theory was employed to represent the intersection relationships between fissures in the fissure network. In addition, this
study utilized percolation theory to eliminate isolated fissures and clusters of isolated fissures that cannot conduct fluid.
This approach facilitated the generation of a first-level connectivity diagram. Fissures with single nodes were then
eliminated to create a second-level connectivity diagram, and dead-ends in fissures were eliminated to generate a third-
level connectivity diagram. Based on the connectivity diagrams of fissure networks, the cubic law and the continuity
equation for seepage were applied to establish a single-phase, saturated, and stable DFN model. Each fissure in the
connectivity diagram was mapped onto a finite difference grid to develop an FC model that combines DFN with
MODFLOW. When eliminating the fissure dead-ends, computational rounding may result in the loss of some nodes.
Therefore, the second-level and third-level connectivity diagrams were separately used for DFN seepage simulation
and FC seepage simulation, respectively. Simulation programs were developed to reproduce cross-fissure test
scenarios, and two multi-fissure cases were analyzed to investigate the effects of finite difference grid resolution and
fissure dead-ends on the accuracy of stable seepage simulations. The DFN was used as a metric to evaluate the
correctness and validity of FC model code writing.

Results show that the total flow simulation values and head simulation of the fine grid under the two test
conditions are in good agreement with the theoretical values of DFN. However, the node heads and total grid flow
simulated by the FC model in two cases are either overestimated or underestimated in the coarse grid. Although
elongated paths of grid flow Lg between cells are corrected by increasing the permeability coefficients of the cells, the
coarse grid based on MODFLOW cannot accurately analyze the length of inclined fissures Lf on the grid. If the size of
selected coarse grid is larger than the distance between two adjacent fissures, part of the two adjacent fissures will be
merged in the grid, thereby shortening the actual flow path. Secondly, the length of inclined fissure Lf. is either
overestimated or underestimated. The inaccurate analysis of flow paths will lead to an increase in the estimation error
of flow rates and heads, especially in dense fissure zones near the center of the model domain. This effect can be
greatly alleviated by refining the grid. The fissure dead-ends have non-negligible effects on MODFLOW grid flow. In
this study, the MODFLOW-based FC model can be used to solve the pressure distributions between interconnected
network of fissures and the rock matrix, overcoming the difficulty of determining water exchange between rock matrix
and fissure media. This study can realize the expression of heterogeneity and anisotropy of fissure permeability in
numerical computational units, which will promote the understanding of MODFLOW simulation of fissure flow based
on connectivity.

Furthermore, The size of the MODFLOW grid should be determined in combination with the size of the study
area, which should be small enough to capture the detailed features in the flow, and large enough to reduce the
computational time and cost. Generally, the grid size is determined by a trial algorithm. When FC approach is applied
to the actual watershed, the spatial variability of topography and landform factors should also be considered, such as

coupling surface elevation DEM data.

Key words DFN, connectivity, MODFLOW, seepage, fracture-continuum model
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