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Abstract: In order to study the relationship between the geometrical feature and the nonlinear flow properties of rough-walled
rock fractures, a numerical model based on the fractal behavior is proposed to characterize the three-dimensional geometry of
rough-walled fractures. By solving the N-S (Navier-Stokes) equation directly, the effects of mean aperture, standard deviation
of aperture and different fractal dimensions on the Forchheimer flow characteristics of fractures are investigated. The
Forchheimer equation is validated to describe the nonlinear relationship between the flow rate and the pressure gradient. The
results show that with the lower flow rate, the linear coefficient increases and the hydraulic aperture decreases with the
decreasing mean aperture and increasing standard deviation of the aperture, thus the empirical relation for the hydraulic aperture,
the mean aperture and the standard deviation of aperture is put forward, while the effects of the fractal dimension almost can be
ignored. On the contrary, with larger flow rate, for the flow pattern changing from linear to nonlinear flow, as the mean aperture
decreases and the standard deviation of aperture and the fractal dimension increase, the nonlinear coefficient increases, and the
critical Reynolds number decreases, with the range of Rec being 11.16~39.3.
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Fig. 2 Comparison of morphologies of fracture models for u=0.8
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represents small aperture)
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Fig. 3 Modeling process for three-dimensional rough fractures
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Table 1 Analysis of grid independence

BILRSE MigdE KA YIEL ghig
/mm /10* ] 17/GB /Pa
0.250 66.58 8 73 59 #» 4.68 110.92
0.230 80.94 12 4y 28 ¥ 4.86 103.77
0.200 113.52 19 43 22 # 5.82 95.112
0.180 143.68 34 4y 23 Fb 6.09 90.053
0.175 152.47 59 4 10 b 6.34 89.12
0.170 164.69 90 43 46 ¥ 6.30 87.509
0.160 189.04 165455228 6.56 86.55
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Fig. 4 Relationship between flow rate and pressure gradient
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Table 2 Values of linear coefficient 4 and nonlinear coefficient B

TS kR D=2.1 D=22 D=2.3 D=24 D=2.5
f#/mm /mm A B A B A B A B A B
0.09 7.9881 0.8631  8.0081  0.9063  7.9850  0.9245  8.0201  1.0886  7.9810 1.1948
0.12 8.1592 1.0319  8.1831  1.0395 8.3549 1.1386  8.1942  1.2533  8.3403 1.2722
0.70 0.15 83122 1.0427 85025 1.0754 84001 1.1766  8.4931  1.3884  8.6016 1.5342
0.18 8.7742 1.1996  8.7086  1.2634  8.7903  1.5410  8.8561  1.5730  9.0268 1.8872
0.21 93183  1.3650  9.0407  1.9623  8.9406 23172  9.0750  2.5956  9.6689  2.6839
0.09 6.5077 0.6359  6.5082  0.6476  6.5181  0.6737  6.5301  0.6708  6.5595  0.7189
0.12 6.6114 0.7013  6.5928  0.8232  6.6005 0.8222  6.6883  0.8853  6.6451 0.9675
0.75 0.15 6.7716 0.7821  6.7630  0.8663  6.8099  0.9138  6.8346  1.0207  6.9403 1.0424
0.18 7.0165 0.9409  7.0303  0.9758  7.0799  1.1197  7.1480  1.1841  7.2179 1.3674
0.21 7.3457 1.0103 73609  1.1502  7.3260  1.3037  7.4201  1.4182  7.6003 1.6886
0.09 5.4034 0.4757 5.4458  0.4823 53659  0.5485  5.3438  0.5740 53992 0.5922
0.12 5.4444 05018  5.4855  0.5276  5.4405  0.5953  5.4694  0.6206  5.5305  0.6438
0.80 0.15 55328 0.6351  5.5351  0.6505  5.5571  0.6903  5.6169  0.7380  5.6962  0.7999
0.18 57546  0.6519  5.6861  0.7334  5.7750  0.8330  5.7980  0.8662  5.9162  0.9422
0.21 59371  0.7400  5.9073  0.7968  5.9457  0.9684  6.0859  1.0399  6.1693 1.2410
0.09 44743 03796 44783  0.3949  4.4466 04224 45273 0.4204 44770  0.4775
0.12 45770 03917  4.6725 04285  4.6931  0.4406 4.6128 04738  4.5644  0.4814
0.85 0.15 4.6240 04168  4.6540 04926  4.6321 05152 47123  0.5528  4.7514  0.5866
0.18 47719 04638 4.7216  0.5441 47519  0.6109 4.8300  0.6132 49185  0.6987
0.21 4.8836 0.5452  4.8808  0.5772 49173 0.6806 4.9958  0.7364  5.1056  0.9202
0.09 3.7816 0.2981  3.7857  0.2999  3.7941  0.2996  3.8015  0.3186  3.7873  0.3434
0.12 3.8605 03122 3.8300  0.3352  3.8388  0.3376  3.8633  0.3639  3.9077  0.3656
0.90 0.15 3.9244 03393 3.9207  0.3507 3.9756 03782  3.9765  0.4225 4.0178  0.4993
0.18 3.9775 03738  3.9765  0.3965 4.0512 04002  4.0533  0.4836  4.1303  0.5552
0.21 4.0892 0.4038  4.0805 04779 41200 0.5300 4.2182  0.5797 43172  0.6987

7 4=10%kg/sY/m’; B=10"kg/m®,
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Fig. 6 Local distribution of streamline (y=20 mm, x=25~32 mm)
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Fig. 7 Relationship between hydraulic aperture and geometric
characteristics
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Fig. 8 Relationship between non-Darcy inertia coefficient and
geometric characteristics
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Table 3 Comparison of fitting parameters with different apertures

FF FE ¥4 /mm n m n c R?
0.70 1251 2294 -78.76 197.5 0.8792
0.75 846.2 -1563 6045 1642 0.9763
0.80 603.1 -1084 -34.12 1024 0.9580
0.85 536.7 -1015 -32.87 1009 0.9372
0.90 5345 -1003 -2943 979 0.9432
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Table 4 Summary of critical Reynolds number of flow in rock fractures in existing literatures

SCHR o JFEE/ pm Rec G WAReS
Konzuk %24 IR TR R Y){E=381 2.8~143 ESR7Y
Javadi Z520) e 4 5 o SRR — 0.001~25 = PR
Zhang %50 b 5k R 6.14~18.95 3.5~24.8 ENIRK

Zimmerman 252 =YEZAp YI{E=149 1~10, 20 HUE A
Chen %531 TIBCERR N A — 25~66 M7
Qian Z526] N THRE AT R 2 1000~2500 245~759 = S
Rong %27 1854 2 T — 1.5~13 ENIRR
ENTIS YR RE LR 700~900 11.16~39.3 A,

" Re>Re., M1 AE A M H R NIT A, RN H

Forchheimer BYARZEVEIRBNRFTE; Re FRELHG K ZFN1E

&2 1R FHARSSS TR MRS, o] 2 AN T, iR S 00 R
§m fE. I 9 AL HARAPEHER, BEE u . 0
B | apoi A D K, Rec MR EE FREEA, BRI E
T | 22533 BB /IN . R S AR A 2 50 B R TR B K, 75
12r 05 FRRZ 5 & A Forchheimer ZIAELE TR . 32 T u
005 012 015 018 021 N 0 A1 D SRR A Rl B2 AR R R AR A K
[ SEUR AN IR, R R IFCENT I, Bt

LRVEIRRE BO SN, s BRI R IR 0% R M 5 R 14 11 57

35 D5 E R, LI Forchheimer B HE LR 1tk ShARAE .
£ AHTFEEE RS 4=0.7~0.9 mm, 6=0.09~0.21 mm,
£ D=2.1~2.5 [FIfIKERM, TG Rec N 11.16~39.3, i
i B EEONT 11,16 I, VBT Sy e R,
S o} 533 PN LT 393 B, ISURFYEAF & Forchheimer

s Jifd. %4 BEETHET ReMTIRME, ATLABH,

009 0.12 bﬂé’%"wm"“ 021 W VAL S AR, FFEMEXS Ree A A FIFE

(b) u=0.8 mm FEMIE . IR 1) 2 B0 7R B Rec KZV5ET 10, R
f8f Javadi 55211 Rong 5P7[E#FR A8 K 5 R B idEAT

© BRCRIHTTS, B3 Rec ML SR —8,
S X 22 S 1) 3 R R 2 B LR AEAS TR, B Qian
% % RO SR 4 AR T 25 BN AR I, R
flgg e post BEXT Rec IIRZMARE K o
i ey

—vD=2.4

20 ——D=2.5

1 1 1 ]
0.09 0.12 0.15 0.18 0.21
FrfEZE S/mm
(c) u=0.9 mm

B9 A EERSILAEHEN X &R
Fig. 9 Relationship between critical Reynolds number and
geometric characteristics
&% EiEH
Rec AR ARA i AL FLE NAR LRI AU ) 75
WL ATLAHRAIBZARGS : 2 Re<Rec, /KUiRTE
RONARN, BVEAERT &5 A, e LT 4

4.4

5 & 1
JES BT B BUERRL, BT T A AR SRR L

fAIRFAEXS HE Forchheimer BNVB IR IR, &
ERE| 4 S450.

(D 7 TRAEHOER, RBRAR IR, R
TR FEAR SRR s T FERRAE ZE bR, BRI &S AR
TR, R A A 2.

(2) Forchheimer 75 F% fg 1 H 4t i R A 2R FRIA
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B ZE RN TR, B 37 07 58 3R BBk oK
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(4) BEEITPEIIE IR/ biiE 22 A0 53 T 4E 0T 1
K, Forchheimer 77 F2AEZRME REOE K, I 57 1A EU
N, FEIAF Rec EH Y 11.16~39.3,

SE -

[1] SNOW D T. A parallel plate model of fractured permeable
media[D]. Berkeley: University of California of Berkeley,
1965.

[2] ZIMMERMAN R W, AL-YAARUBI A, PAIN C C, et al.
Non-linear regimes of fluid flow in rock fractures[J].
International Journal of Rock Mechanics & Mining Sciences,
2004, 41(3): 163 - 169.

[3] ZHANG Z Y, NEMCIK J. Fluid flow regimes and nonlinear
flow characteristics in deformable rock fractures[J]. Journal
of Hydrology, 2013, 477(16): 139 - 151.

(4] Bk b, BEETe, M, S ARLIEB TN RBE RIS
IR ], A TRESAR, 2020, 42(6): 1050 -
1058. (YAO Chi, SHAO Yu-long, YANG lJian-hua, et al.
Effect of nonlinear seepage on flow and heat transfer process
of fractured rocks[J]. Chinese Journal of Geotechnical
Engineering, 2020, 42(6): 1050 - 1058. (in Chinese))

[51 & X, W, 23K AF JRC RIS FRBRAS R
HHEBABT ). ThERE M S R,
2019, 49(1): 30 - 39. ZHANG Ge, TIAN Yuan, LI Ying-jun.
Numerical study on the mechanism of fluid flow through
single rough fractures with different JRC[J]. Scientia Sinica
(Physica, Mechanica & Astronomica), 2019, 49(1): 30 - 39.
(in Chinese))

[6] CHEN Y F, ZHOU J Q, HU S H, et al. Evaluation of
Forchheimer equation coefficients for non-Darcy flow in
deformable rough-walled fractures[J]. Journal of Hydrology,
2015, 529: 993 - 1006.

[71YIN Q, MA G W, JING H W, et al. Hydraulic properties of 3D
rough-walled fractures during shearing: an experimental
study[J]. Journal of Hydrology, 2017, 555: 169 - 184.

(8] MR, AW, £ 16, 5. Al i AR S AR T
FB WM. &L J1%, 2013, 34(7): 1913 - 1922,
(XTAO Wei-min, XIA Cai-chu, WANG Wei, et al. Analysis of

fluid flow through a rough joint considering effect of contact

area[J]. Rock and Soil Mechanics, 2013, 34(7): 1913 - 1922.
(in Chinese))

[9] TSANG Y W. The effect of tortuosity on fluid flow through a
single fracture[J]. Water Resources Research, 1984, 20(9):
1209 - 1215.

[10] f& U, Fh 5%, RTEHE, &5 HDRES A RERCE ALt
BRI R RIS IRAIE[D]. A 1%, 2018, 39(9): 3294 -
3302, 3312. (XIONG Feng, SUN Hao, JIANG Qing-hui, et al.
Theoretical model and experimental verification on
non-linear flow at low velocity through rough-walled rock
fracture[J]. Rock and Soil Mechanics, 2018, 39(9): 3294 -
3302, 3312. (in Chinese))

[11] CHEN Y D, LIAN H J, LIANG W G, et al. The influence of
fracture geometry variation on non-Darcy flow in fractures
under confining stresses[J]. International Journal of Rock
Mechanics and Mining Sciences, 2019, 113: 59 - 71.

[12] WANG C S, JIANG Y J, LIU R C, et al. Experimental study
of the nonlinear flow characteristics of fluid in 3D
rough-walled fractures during shear process[J]. Rock
Mechanics and Rock Engineering, 2020, 53(6): 2581 - 2604.

[13] BAP. 23T U R s £ A R D). 5 £ AR
224k, 1992, 14(1): 14 - 24. (XIE He-ping. Fractal geometry
and its application to rock and soil materials[J]. Chinese
Journal of Geotechnical Engineering, 1992, 14(1): 14 - 24.
(in Chinese))

[14] BROWN S R. Fluid flow through rock joints: The effect of
surface roughness[J]. Journal of Geophysical Research: Solid
Earth, 1987, 92(B2): 1337 - 1347.

[15] LIU R C, HE M, HUANG N, et al. Three-dimensional
double-rough-walled modeling of fluid flow through
self-affine shear fractures[J]. Journal of Rock Mechanics and
Geotechnical Engineering, 2020, 12(1): 41 - 49.

[16] % %% A ARBRARBANEE R S LS A T T
[]. A7, 2016, 37(8): 2254 - 2262. (LI Yi. Unsaturated
hydraulic properties of rock fractures and their variation
law[J]. Rock and Soil Mechanics, 2016, 37(8): 2254 - 2262.
(in Chinese))

[17] YE Z Y, LIU H H, JIANG Q H, et al. Two-phase flow
properties in aperture-based fractures under normal
deformation conditions: analytical approach and numerical
simulation[J]. Journal of Hydrology, 2017, 545: 72 - 87.

[18] WANG J, NARASIMHAN T, SCHOLZ C. Aperture

correlation of a fractal fracture[J]. Journal of Geophysical

Research, 1988, 93: 2216 - 2224.



11

OB, S BRI LT AE X L Forchheimer T 45 4% 4 (1) 5 i 2083

[19] ZENG Z W, GRIGG R. A criterion for non-darcy flow in
porous media[J]. Transport in Porous Media, 2006, 63(1): 57
- 69.

[20] JAVADI M, SHARIFZADEH M, SHAHRIAR K, et al.
Critical Reynolds number for nonlinear flow through
rough-walled fractures: the role of shear processes[J]. Water
Resources Research, 2014, 50(2): 1789 - 1804.

[21] ZOU L C, JING L R, CVETKOVIC V. Shear-enhanced
nonlinear flow in rough-walled rock fractures[J].
International Journal of Rock Mechanics and Mining
Sciences, 2017, 97: 33 - 45.

[22] WANG Z H, XU C S, DOWD P, et al. A nonlinear version of
the Reynolds equation for flow in rock fractures with
complex void geometries[J]. Water Resources Research, 2020,
56(2): 1 - 12.

23] EER, HHT7, WM, 55 A RBT RS 20 s
TR SEMRT AT D). S5 TFEA4R, 2016, 38(7): 1262 -
1268. (WANG Zhi-liang, SHEN Lin-fang, XU Ze-min, et al.

Influence of roughness of rock fracture on seepage

characteristics[J]. Chinese Journal of Geotechnical
Engineering, 2016, 38(7): 1262 - 1268. (in Chinese))

[24] KONZUK J S, KUEPER B H. Evaluation of cubic law based
models describing single-phase flow through a rough-walled
fracture[J]. Water Resources Research, 2004, 40(2): W02402.

[25] CHEN Y F, HU S H, HU R, et al. Estimating hydraulic
conductivity of fractured rocks from high-pressure packer
tests with an Izbash's law-based empirical model[J]. Water
Resources Research, 2015, 51(4): 2096 - 2118.

[26] QIAN J Z, ZHAN H B, LUO S H, et al. Experimental
evidence of scale-dependent hydraulic conductivity for fully
developed turbulent flow in a single fracture[J]. Journal of
Hydrology, 2007, 339(3/4): 206 - 215.

[27] RONG G YANG J, CHENG L, et al. Laboratory
investigation of nonlinear flow characteristics in rough
fractures during shear process[J]. Journal of Hydrology, 2016,

541: 1385 - 1394.

o BmERS

DOI: 10.11779/CIGE202111001 —3 7 & 1
DOI: 10.11779/CIGE202111002 —3 7 & $HE
DOI: 10.11779/CIGE202111003 —3Z %t $H[E
DOI: 10.11779/CIGE202111005 —3Z %t $H[E
DOI: 10.11779/CIGE202111006 —3Z % fa $H[E
DOI: 10.11779/CIGE202111007 —3 %t $H[E
DOI: 10.11779/CIGE202111008 —3Z % fa #h[E
DOI: 10.11779/CIGE202111010 —3 7 & 1
DOI: 10.11779/CIGE202111014 —3 & 1HE
DOI: 10.11779/CIGE202111015 —3 F & 1HE
DOI: 10.11779/CIGE202111016 —3 F & 1HE

...................................................................... (BHi 1)
...................................................................... (5 3)
...................................................................... =)
...................................................................... (5 2)
...................................................................... (5Hi 6)



