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STRAIN-DEPENDENT HYDRAULIC CONDUCTIVITY FOR SINGLE ROCK
FRACTURE AND FRACTURED ROCK MASS

CHEN Yifeng, ZHOU Chuangbing, SHENG Yongging
(State Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan University, Wuhan, Hubei 430072, China)

Abstract: Regarding single rock fracture as a non-associated elastic-perfectly plastic medium, an analytical model
of the mechanical aperture and the hydraulic conductivity is developed for the fracture subjected to normal and
shear loadings, and the model is validated by an existing shear-flow coupling test under wide range of constant
normal stress and increasing shear displacement. On this basis, by regarding rock mass as an anisotropic
continuum with one or multiple sets of critically oriented fractures, a methodology is developed to address the
change in hydraulic conductivity resulted from engineering disturbance under the framework of material
nonlinearity. An equivalent non-associated elastic-perfectly plastic constitutive model with mobilized dilatancy is
presented to describe the global nonlinear response of the rock system under complex loading conditions. By
resolving the deformation of fractures from the equivalent medium, a strain-dependent hydraulic conductivity
tensor suitable for numerical analysis is formulated, where the normal compressive deformations of the fractures
are considered; and more importantly, the effects of material nonlinearity and post-peak shear dilatancy are
integrated. The proposed model is capable of describing the reality of the post-peak dilatancy behavior,
deformation characteristic and changes in hydraulic conductivity of a real fracture and fractured rock mass by
using non-associated flow rule with a mobilized dilatancy angle. Numerical simulations are performed to
investigate the changes in hydraulic conductivities of rock masses under mechanical loading or excavation.
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Fig.1 Sketch of a rock specimen with a hard fracture under
normal and shear loads
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Fig.2 Shear stress and normal displacement versus shear
displacement curves under constant normal stress
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Fig. 7 Computational model for dam foundation with two sets
of orthogonal fractures
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Table 1 Geometrical and mechanical parameters for dam and
dam foundation with two sets of orthogonal fractures

En/GPa  pn  cg/MPa o:I(7) Wrol() E/GPa He
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k ke
R bo/mm  s/m " 1 s 1 R 3 e 3
/(GPa+*m 7) /(GPa*m ") /(KN *m °) /(kN * m ~)
100 1 1 30 10 27 24
erIMPa () wl(%) Ty & c/MPa (")
04 35 26 100 0.006 7 15 48
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Fig.8 Major hydraulic conductivities in three positions of dam
foundation with overloading factor
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Fig.10 Principal equivalent permeability vectors in dam
foundation for overloading factor y= 2.5
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Fig.11 Sketch of a circular excavation in a biaxial stress field
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Table 2 Geometrical and mechanical parameters for the rock
mass around a circular tunnel
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Fig.12 Finite element meshes for simulation of a tunnel
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tunnel excavation

1.0x10*

—a— kg/ko(l‘xx)

3
1.0x10 R0
g LOX10% T — = = kolko(Q. Liu %07
= 10x10' | "ttt hlko(d. Liu 07)
W
w 1.0x10° .
¥\ 1 3
T 1.0x107
1.0x10 %}
1.0x107%L
(@) A-F7 1 (6=0°)
1.0x10*
1.0x10° N R kylko(HX)
1L0X10° | A J Tko(RX)
=4 — = = klko(J. Liu %17
 1.0x10" T \ = e ko lko(). Liu £07)
w&
¥ 1.0x10°
o 1.0x10 ' F
1.0x10 2

1.0x103 ¢
(b) EH 7 1E(60=90°)
14 XU N PR TE G, BEIE A S K5 IE R
HIHZREE RN A
Fig.14 Excavation-induced hydraulic conductivity ratios
around a circular tunnel in a biaxial stress field



254 121

Wit VA 55 AR FRURK 10 SR B SRR AR ) A% SR PEBIFST

© 2451 -

11— AR N AR 73 AR AN ] o

(2) —FH KA A J5 35 v 5 2B B AR 1Y
e . Liu ZURAT B RMR 52 U V5 5 s
AT LG R 7 B SR R 1A AR, T AR S AR
IRPEAKE BRI 1 WA R T STAR BNAR

(3) J. Liu AP g BB 4 B 1) A D) i K
7o D= R AN o

(4) ASCH Sy — LA Sy 2 20y
HEITHSE S H, RN B BUBT SR . 2R
TR W ERIDD [ W LSS, 3 I TR S b 1 o
BRI EE SR s A AMRBG IR T, AT T3
250K AUk T

JUSAAAE I S 22, AH 3 TS R R v
EARBAR AR AR, AAEEH LS
DR ER Y 7 R IASCES T SHAATAE T
FEscbriz o H1B 13 A, 524 1) S o W ae
T3, FEE T2 )5 B AS TR R X AE K [
A& = M T 7 S N T ARV T 5 G
2 M IBIE AR WA 145 [ S PR (LI 14)
FEAREIT 1810 = 0°) L, A2 X Ik BRI 142 (1) 16
fELL b, TR EUN, 2000 154, HAEEE
Jila(0 = 90°)k, AZTEIX FNERIEIX A 43 73 20
NFEIEARI) 2, 4. ARTB DRV AR AR
F7RAK ) B EIE R E EHLR EREIE R ECE
M I EIT TR &y IR

5 & it

R T ARSI AL VE PG, 23l E 5T AR B
SRR RIS B R TR B N A B A A, T2
TAFE AT 2 T AR BT T iy 3R
DI Ag 3RS . SEHUBOT BERUK ) e 3 B b
B, IR BT A R Ba T S0 SRR A AT A 1Y
BATHAE; AR A 5 A e 4l
17y AFlEE . SEITRE, AHRAS A ISR I 55
OB i Rl e R . Rl BN ) -
AR TEAFAE R AR QIR AL P S A R, ST
KA, e R BUA AP S OT 12 80N 80 24 1F
AU B IE K R TSk, IRl A
BIRFFUIEE A ARE A B 5. BRSO B A Mg
B AR A AR S X1 Y 3 B P BRI T 42
BURBE R AR FFAL .

AT R ER A I R

(1) B LR R RS IE R P E OB T 22 T 5
NAZ, AN A, IWIAEK - Tk & Hr e A
T LA B FE R UA AR B A LR 2R

(2) ISR R IR AT OB PR R R B, 3d
LT BT IK A1 7% 18 A BV S BT IO X e A
PEI R

(3) XTI B A A IR (AR B L, 3
(KI953% 28 B TR TR 50 T L S I S SIS B0 J
MIBTAKEFYE . AR TEAT I RIK )4k G BEARALARAE, W]
PSSR AT S B AR AT 25 45 10K - IR T
Tt

(4) 25 W VT SRR B AEAT BROGRE PP 5
B, R B Rt K P TR K - TR i)
A T HUE T o

S X3k (References):

[1]  Jing L. A review of techniques, advances and outstanding issues in
numerical modeling for rock mechanics and rock engineering[J].
International Journal of Rock Mechanics and Mining Sciences, 2003,
40(3): 283 - 353.

[21  Louis C. Rock Hydraulics[A]. In: Muller L ed. Rock Mechanics[C].
New York: Verlay Wien, 1974. 287 - 299.

[31 KranzR L, Frankel A D, Engelder T, et al. The permeability of whole
and jointed Barre granite[J]. International Journal of Rock Mechanics
and Mining Sciences and Geomechanics Abstracts, 1979, 16(2):
225 - 234.

[4] Jones F O. A laboratory study of the effects of confining pressure on
fracture flow and storage capacity in carbonate rocks[J]. Journal of
Petrol Technology, 1975, 9(2): 21 -27.

[51  Nelson R A. Fracture permeability in porous reservoirs: an experimental
and field approach[Ph. D. Thesis][D]. Texas: Department of Geology,
Texas A and M University, 1975.

[6] TKES, SREA. HBE BRSNS RIS e
2, 1997, 18(4): 59 - 62.(Zhang Yuzhuo, Zhang Jincai. Experimental
study on seepage flow-stress coupling in fractured rock masses[J].
Rock and Soil Mechanics, 1997, 18(4): 59 - 62.(in Chinese))

(71 b, BRI, BOHEMe. =4ER/EH R RIS R Y
I T[] A4 )15 5 TR 43R, 1999, 18(2): 133 - 136.(Zheng
Shaohe, Zhao Yangsheng, Duan Kanglian. An experimental study on
permeability law of natural fracture under 3D stresses[J]. Chinese
Journal of Rock Mechanics and Engineering, 1999, 18(2): 133 -

136.(in Chinese))



* 2452 -

HA D1 TRER

2006 4F

(8]

[]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

ANESR, HOKPE, XA, A5, AR RS i - K -
NG AR KRR & TR, 2001, 23(2): 196 - 200.(Liu
Yachen, Cai Yongging, Liu Quansheng, et al. Thermo-hydro-
mechanical coupling constitutive relation of rock mass fracture
interconnectivity[J]. Chinese Journal of Geotechnical Engineering,
2001, 23(2): 196 - 200.(in Chinese))

Esaki T, Du S, Mitani Y, et al. Development of a shear-flow test
apparatus and determination of coupled properties for a single rock
joint[J]. International Journal of Rock Mechanics and Mining
Sciences and Geomechanics Abstracts, 1999, 36(5): 641 - 650.
Chen Z, Narayan S P, Yang Z. An experimental investigation of
hydraulic behavior of fractures and joints in granitic rock[J].
International Journal of Rock Mechanics and Mining Sciences, 2000,
37(7): 1061-1071.

AR, BRAGET, A5 BN fE ] E R BS AT S 0]
BN TSR, 2003, 22(10): 1651 - 1655.(Liu Caihua,
Chen Congxin, Fu Shaolan. Study on seepage characteristics of a
single rock fracture under shear stresses[J]. Chinese Journal of Rock
Mechanics and Engineering, 2003, 22(10): 1 651 - 1 655.(in
Chinese))

XA, BRMNHT, A5 YN AERTR A A NS
HIRIHT T[], A 02 5 TR AR, 2002, 21(8): 1194 - 1198.
(Liu Caihua, Chen Congxin, Fu Shaolan. Testing study on seepage
characteristic of a single rock fracture under two-dimensional
stresses[J]. Chinese Journal of Rock Mechanics and Engineering,
2002, 21(8): 1194 -1 198.(in Chinese))

JARISE, REICHR. MR Iy RS RSB PE R SEIR [0]. e,
1997, 19(2): 154 - 163.(Zhou Chuangbing, Xiong Wenlin. Influence
of geostatic stresses on permeability of jointed rock masses[J]. Acta
Seismologica Sinica, 1997, 19(2): 154 - 163.(in Chinese))

Snow D T. Anisotropic permeability of fractured media[J]. Water
Resources Research, 1969, 5(6): 1273 -1289.

Oda M. An equivalent continuum model for coupled stress and fluid
flow analysis in jointed rock masses[J]. Water Resources Research,
1986, 22(13): 1845 -1 856.

JEBIL, RSO, XUARE G A AF PR AR IB R[] A

S5 TR, 1996, 15(4): 338 - 344.(Zhou Chuangbing, Xiong

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Wenlin. Permeability tensor for jointed rock mass in coupled seepage
and stress fields[J]. Chinese Journal of Rock Mechanics and
Engineering, 1996, 15(4): 338 - 344.(in Chinese))

Liu J, Elsworth D, Brady B H. Linking stress-dependent effective
porosity and hydraulic conductivity fields to RMR[J]. International
Journal of Rock Mechanics and Mining Sciences and Geomechanics
Abstracts, 1999, 36(5): 581 - 596.

Huang T H, Chang C'S, Chao C Y. Experimental and mathematical
modeling for fracture of rock joint with regular asperities[J].
Engineering Fracture Mechanics, 2002, 69(17): 1977 - 1 996.
Alejano L R, Alonso E. Consideration of the dilatancy angle in rocks
and rock masses[J]. International Journal of Rock Mechanics and
Mining Sciences, 2005, 42(4): 481 - 507.

Barton N, Bandis S C. Effects of block size on the shear behaviour of
jointed rocks[A]. In: Proceedings of the 23rd US Symposium on
Rock Mechanics[C]. Rotterdam: A. A. Balkema, 1982. 739 - 760.
Zhou C B, Chen Y F, Sheng Y Q. A generalized cubic law for rock
joints considering post-peak mechanical effects[A]. In: Proceedings
of GeoProc2006[C]. Nanjing: Hohai University Press, 2006. 188 -
197.
Barton N, Bandis S, Bakhtar K. Strength, deformation and
conductivity coupling of rock joints[J]. International Journal of Rock
Mechanics and Mining Sciences, 1985, 22(3): 121 - 140.

Pande G N, Xiong W L. An improved multilaminate model of jointed
rock masses[A]. In: Dungar R, Pande GN, Studer JA, ed. Proceedings
of Numerical Models in Geomechanics[C]. Rotterdam: A. A.
Balkema, 1982.218 - 226.

Chen S H, Egger P. Three-dimensional elasto-visco-plastic finite
element analysis of reinforced rock masses and its application[J].
International Journal for Numerical Analytical Methods in
Geomechanics, 1999, 23(1): 61 -78.

Pusch R. Alteration of the hydraulic conductivity of rock by tunnel
excavation[J]. International Journal of Rock Mechanics and Mining
Sciences and Geomechanics Abstracts, 1989, 26(1): 79 - 83.
Kelsall P C, Case J B, Chabannes C R. Evaluation of excavation-
induced changes in rock permeability[J]. International Journal of

Rock Mechanics and Mining Sciences and Geomechanics Abstracts,

1984, 21(3): 123 - 135.



