
ROCK MECHANICS AND FRACTURE HYDROLOGY SEMINAR (EGEE 596) Sp 2004  
 
Credits:  1 
 
Instructors:  Derek Elsworth & Phillip Halleck 
 
Content:  Continuum mechanics, states of stress, strength of geologic materials, mechanical behavior 

of fractures in rock, multiphase flow and reactive chemistry. 
 
Objective:  Develop an appreciation of the basic concepts of continuum mechanics and reactive 

chemistry applied to flow, transport and reaction in rock fractures.  
 
Meeting:  TBA 
 

1. Introduction 
2. Stress and Infinitesimal Strain  

Brady, B.H.G. and Brown, E.T. (1983) Rock Mechanics for Underground Mining. George, 
Allen & Unwin. 527p. 
Chapters 1+2 
Also: 
Intro:   www.ems.psu.edu/~elsworth/courses/geoee500/GeoEE500_4.pdf 
Coupled Flow:  www.ems.psu.edu/~elsworth/courses/geoee500/GeoEE500_1.PDF 

3. Rock Mass Structure  
Brady & Brown (1983) Chapter 3 

4. States of Stress near engineering structures 
Notes and Spreadsheet 

5. Rock Strength and Deformation  
Brady & Brown (1983) Chapter 4 

6. Behavior of Discontinuities 
i. Mechanical and Hydraulic 

Gangi (1978) 
Brown and Scholz (1986) 
Tsang and Witherspoon (1981 & 1983) 
Cook (1992) 
Zimmerman and Bodvarsson (1996) 

ii. Chemical 
Yeh () 
Bethke () 
Steefel and MacQuarrie () 
 
 

 
Grading:  100% oral contact. 
 
References 
 
Brady, B.H.G. and Brown, E.T. (1983) Rock Mechanics for Underground Mining. George, Allen & Unwin. 
527p. 
 
 

 1

http://www.ems.psu.edu/~elsworth/courses/geoee500/GeoEE500_4.pdf
http://www.ems.psu.edu/~elsworth/courses/geoee500/GeoEE500_1.PDF


Brown, S.R., and Scholz, C.H., 1986, Closure of Rock Joints: Journal of Geophysical Research-
Solid Earth and Planets, v. 91, p. 4939-4948. 
 
Cook, N.G.W., 1992, Natural Joints in Rock - Mechanical, Hydraulic and Seismic Behavior and 
Properties under Normal Stress: International Journal of Rock Mechanics and Mining Sciences & 
Geomechanics Abstracts, v. 29, p. 198-223. 
  
Gangi, A F, 1978.    Variation of whole and fractured porous rock permeability with confining 
pressure. International Journal of Rock Mechanics and Mining Sciences & Geomechanics 
Abstracts, vol.15, no.5, pp.249-257, Oct 1978 
 
Tsang, Y W; Witherspoon, Paul A., 1983. The dependence of fracture mechanical and fluid flow 
properties on fracture roughness and sample size. Journal of Geophysical Research. B, vol.88, no.3, 
pp.2359-2366. 
 
Tsang, Y W; Witherspoon, Paul A. 1981. Hydromechanical behavior of a deformable rock fracture 
subject to normal stress. Journal of Geophysical Research. B, vol.86, no.10, pp.9287-9298. 
 
 
A Partial Bibliography of Flow and Transport in Deforming Rock Fractures 
 
Bai, M. and Elsworth, D. (1994) Permeability changes during subsidence over a mined panel. R. Mech. and 

R. Eng.  
Bai, M. and Elsworth, D. (1999) Deformation, Flow and Transport in Porous and Fractured Media. ASCE 

Press, in press, 400 pp.  
Bandis, S. C., A. C. Lumsden and N. R. Barton (1983) Experimental Studies of scale effects on the shear 

behavior of rock joints. Int. J. R. Mech., 20, 249 - 268. 
Barton, N., S. Bandis an K. Bakhtar (1985) Strength, deformation and conductivity coupling of rock joints. 

Int. J. R. Mech., 22, 121 - 140. 
Békri, S., J. F. Thouvert, and P. M. Adler (1995) Dissolution of porous media, Chem. Eng. Sci., 50 (15), 

2765 2791. 
Békri, S., J. F. Thouvert, and P. M. Adler (1997) Dissolution and precipitation in fractures, Eng. Geol., 50 

48, 283 - 308. 
Berkowitz, B. and J. Zhou (1996) Reactive transport in a single fracture, Water Resour. Res., 32 (4), 901 

913. 
Brown, S. R. and C. H. Scholz (1985) Closure of random elastic surfaces in contact. J. Geophys. Res. 90, 

5531 - 5545. 
Brown, S. R. and C. H. Scholz (1985) Closure of rock joints. J. Geophys. Res. 91, 4939 - 4948. 
Bryant, S.L., R.S., Schechter, and L.W. Lake (1986) Interactions of precipitation/dissolution waves in ion 

exchange in flow through permeable media. J. AIChE, 32, 751-764. 
Burton, B. (1999) Theory of pressure solution by indentation and in porous solids. Materials Science and 

Technology, 15, 586 - 595. 
Canals, M. and J. D. Meunier (1995) A model for porosity reduction in quartzite reservoirs by quartz 

cementation, Geochim. Cosmochim. Acta, 59 (4), 699 709. 

 2



Dewars, T. and P. Ortoleva (1990) Force of Crystallization during growth of siliceous concretions. Geology, 
18, 3, pp. 204-207. 

Dewars, T. and P. Ortoleva (1990) A coupled reaction/transport/mechanical model for intergranular pressure 
solution, styolites and differential compaction and cementation in clean sandstones. Geochim. et 
Cosmochim. Acta., 54, 1609-1625. 

Dijk, P. and B. Berkowitz (1998) Precipitation and dissolution of reactive solutes in fractures. Water. 
Resour. Res., 34(3), 457 - 470. 

Dreybrodt, W. (1996) Principles of early development of karst conduits under natural and man-made 
conditions revealed by mathematical analysis of numerical models.  Water Resources Res. 32(9), 2923-
2935. 

Durham,W. B. and B. P. Bonner (1995) Closure and fluid flow in discrete fractures, in Fractured and Jointed 
Rock Masses, L. R. Myer, N. G. W. Cook, R. E. Goodman, and C.-F. Tsang (Eds.), Balkema, 441 - 446.  

Durham, W.B., W.L. Bourcier, and E.A. Burton, Direct observation of reactive flow in a single fracture. 
Water Resour. Res., 37, 1, 1-12, 2001. 

Elias, B.P., and A. Hajash (1992) Changes in quartz solubility and porosity due to effective stress: an 
experimental investigation of pressure solution, Geology, 20, pp. 451 - 454. 

Elliot, G. M., E. T. Brown, P. Boodt, and J. A. Hudson (1985) Hydromechanical behavior of joints in the 
Carnmenellis granite, S.W. England, in Proc. Int. Symp. on Fundamentals of Rock Joints, O. 
Stephansson (Ed.), Balkema, Rotterdam, 249 - 258. 

Elsworth, D. and Goodman, R. E. (1986) Characterization of rock fissure hydraulic conductivity using 
idealized wall roughness profiles. Int. J. R. Mech. 23, 233 - 243. 24 

Elsworth, D. (1993) Computational methods in fluid flow. Chapter 6 of Comprehensive Rock Engineering, 
Ed. J. Hudson. Pergamon Press. 173-190. 

Fluid Dynamics International. (1995) Fidap User’s Manual. 
Gale, J. E. (1982) The effects of fracture type (induced versus natural) on the stress-fracture closure - 

fracture permeability relationships, in Proc 23rd U.S. Symp. Rock Mechanics, R.E. Goodman and F. 
Heuze (Eds.), 290 - 298. 

Gentier, S. (1986) Morphologie et Comportement Hydromechanique d’une Fracture Naturell dans une 
Granite sous Contrainte Normale. Ph.D. Thesis, Universite d’Orleans. 

Grader, A. S., M. Balzarini, F. Radaelli, G. Capasso, and A. Pellegrino, Fracture-Matrix Flow: 
Quantification and Visualization Using X-ray Computer Tomography. Symposium on Dynamics of 
Fluids in Fractured Rocks, Lawrence Berkely National Laboratory, Berkely California, in February 1999. 

Goodman, R. E. (1976) Methods of Geological Engineering in Discontinuous Rocks, West Publishing, New 
York. 

Gratier, J.-P. (1993) Experimental pressure solution of halite by an indenter technique. Geophys. Res. Lett., 
20, 1647 - 1650. 

Greenwood, J. A. and J. B. P. Williamson (1966) Contact of nominally flat surfaces. Proc. R. Soc. Lond. A, 
295, 300 - 319. 

Groves, C. G. and A. D. Howard (1994a) Minimum hydrochemical conditions allowing limestone cave 
development, Water. Res. Res., 30 (3), 607 615. 

Groves, C. G. and A. D. Howard (1994b) Early development of Karst systems, 1, preferential flow path 
enlargement under laminar flow, Water Resour. Res., 30 (10), 2837 2846. 

Hajash, A., T.D. Carpenter, and T.A. Dewars (1998) Dissolution and time-dependent compaction of albite 
sand: experiments at 100˚C and 160˚C in pHpH-buffered organic acids and distilled water. Tectonophysics, 
295:(1-2), 93 - 115. 

 3



Hakami, E. and Stephansson, O. (1993) Experimental technique for aperture studies of intersecting joints, in 
Proc. Int Symp. EUROCK ‘93. L. Ribeiro e Sousa and N. F. Grossman (Eds.), Balkema, 301 -308. 

Howard, A. D. and C. G. Groves (1995) Early development of Karst systems, 2, Turbulent flow, Water 
Resour. Res., 31 (1), 19 26. 

Houseknecht, D. (1988) Intergranular pressure solution in quartzose sandstones. J. Sediment. Petrol., 30, 
568-577. 

Itasca Constultants (1998) FLAC3D User’s Manual. 
Iwai, K (1976) Fundamental studies of fluid flow through a single fracture. Ph.D. Thesis, University of 

California, Berkeley. 
Kaufmann, G. and J. Braun (1999) Karst aquifer evolution in fractured rocks. Water Resources Res. 35(11), 

3223-3238. 
Lichtner, P. C. (1985) Continuum model for simultaneous chemical reactions and mass transport in 

hydrothermal systems. Geochim. Cosmochim. Acta, 49, 779 800. 
Lichtner, P. C. and M. Seth (1996) Multiphase-multicomponent nonisothermal reactive transport in partially 

saturated porous media. Proc. Int. Conf. on Deep Geological Disposal of Radioactive Waste, Winnipeg, 
Canada, September, 3-133 - 3-142. 

Lin, W., J. Roberts, W. Glassley and D. Ruddle (1997) Fracture and matrix permeability at elevated 
temperatures. Workshop on Significant Issues and Available Data. Near-Field/Altered-Zone Coupled 
Effects Expert Elicitation Project, San Francisco, November. 

Liu, C. and T. N. Narasimhan (1989a) Redox-controlled multiple-species reactive chemical transport, 1. 
Model development, Water. Resour. Res., 25, 869 882. 

Liu, C. and T. N. Narasimhan (1989b) Redox-controlled multiple-species reactive chemical transport, 2. 
Verification and application. Water. Resour. Res., 25, 883 - 910. 

Liu, X., Ormond, A., Bartko, K., Li, Y., and Ortoleva, P. (1997) A geochemical reaction-transport simulator 
for matrix acidizing analysis and design. J. Pet. Sci. and Eng., 17, 181-196. 

Louis, C. (1966) A study of groundwater flow in jointed rock and its influence on the stability of rock 
masses. Rock Mechanics Research Report No. 10, Imperial College, London. 

Lowell, R. P., P. van Cappellen, and L. N. Germanovich (1993) Silica precipitation in fractures and the 
evolution of permeability in hydrothermal upflow zones, Science, 260, 192 - 194. 

Makurat, A., N. Barton, N. S. Rad and S. Bandis (1990) Joint conductivity variation due to normal and shear 
deformation, Proc. Int. Symp. on Rock Joints, N. Barton and O. Stephansson (Eds.), Balkema, 535 - 540. 

Maini, T. and G. Hocking (1977) An examination of the feasibility of hydrologic isolation of a high level 
repository in crystalline rock, in Geologic Disposal of High-Level Radioactive Waste Session, Annual 
Meeting of the Geol. Soc. of Amer., Seattle, Washington. 

Middleton, T. A. (1990) The effect of chlorinated solvents on the permeability of fractured clays. M.Sc. 
Thesis, University of Waterloo. 

Morse, J.W. and R.S. Arvidson (2002) The dissolution kinetics of major sedimentary carbonate minerals.  
Earth Sci. Reviews 58, 51-84. 

Mourzenko, V. V., S. B´ekri, J. F. Thouvert and P. M. Adler (1996) Deposition in fractures, Chem. Eng. 
Comm., 148 (15), 341 - 364. 

Moore, D.E., Lockner, D.A., and Byerlee, J.A. (1994) Reduction of permeability in granite at elevated 
temperatures, Science, pp 1558-1560. 

Ohnishi, Y., and Kobayashi, A. (1993) Thermal-hydraulic-mechanical coupling anslysis of rock mass. 
Chapter 7 of Comprehensive Rock Engineering, Ed. J. Hudson. Pergamon Press. 191-208. 

 4



Olsson, W. A. and S. R. Brown (1993) Hydromechanical response of a fracture undergoing compression and 
shear. Int. J. R. Mechs., 30, 845 - 851. 

Palmer, A. N. (1975) The origin of maze caves, Natl. Speleol. Soc., 37, 56 76. 
Palmer, A. N. (1991) The origin and morphology of limestone caves, Geol. Soc. Amer. Bull., 103, 1 21. 
Peach, C.J., and C.J. Spiers (1996) Influence of crystal plastic deformation on dilatancy and permeability 

development in synthetic salt rock. Tectonophysics, 256, 1-4, 101-128. 
Piggott, A.R., Analytical and experimental studies of rock fracture hydraulics, Ph.D. Thesis, 252pp., 

Department of Mineral Engineering, Pennsylvania State University, University Park, August, 1990. 
Piggott, A.R. and D. Elsworth, Laboratory studies of transport within a single rock fracture, in Proc. Int. 

Symp. Rock Joints, Edited by N. Barton and O. Stephanson, pp. 397-404, Balkema, Rotterdam, 1990. 26 
Piggott, A.R., J. Xiang and D. Elsworth, Inversion of hydraulic and electrical data for the determination of 

fracture aperture. Proc. U.S. Symposium on Rock Mechanics, Norman, Oklahoma, June, pp. 1135 - 1144, 
1991. 

Piggott, A.R. and D. Elsworth, A comparison of methods for characterizing fracture surface roughness, in 
Proc. Int. Symp. on Jointed and Fractured Rock, Edited by L. Mayer, Lake Tahoe, California, USA, 
1992. 

Piggott, A.R. and D. Elsworth, Analytical relations for flow through obstructed domains, J. Geophys. Res., 
97, 2085-2093, 1992. 

Piggott, A.R. and D. Elsworth, Laboratory assessment of the equivalent apertures of a rock fracture, 
Geophys. Res. Lett., 20(13), 1387-1390, 1993a. 

Piggott, A.R. and D. Elsworth, Characterization of fracture aperture by inverse analysis, Can. Geotech. J., 
30, 637-646, 1993b. 

Plummer, N.L., Wigley, T.M.L., and Parkhurst, D.L., The kinetics of calcite dissolution in CO2 – water 
systems at 5 to 60˚C, and 0 to 1 atm CO2. Am J. Sci., 278:2, 179-216, 1978 

Polak, A., D. Elsworth, H. Yasuhara, A. S. Grader and P. M. Halleck, Permeability reduction of a natural 
fracture under net dissolution by hydrothermal fluids. Geophys. Res. Lett., 2003. 

Power, W.L. and W.B. Durham (1997) Topography of natural and artificial fractures in granitic rocks: 
implications for studies of rock friction and fluid migration. Int. J. R. Mech. and Min. Sci., 34, 6, 979-
989. 

Pyrak-Nolte, L. J., L. R. Myer, N. G.W. Cook and P. A.Witherspoon (1987) Hydraulic and mechanical 
properties of natural fractures in low permeability rock, in Proc. 6th Int. Congress of the Int. Soc. for R. 
Mechs., G. Herget and S. Vongpaisal (Eds.), Balkema, 225 - 231. 

Rimstidt, J. D. and H. L. Barnes (1980) The kinetics of silica-water reactions, Geochim. Cosmochim. Acta, 
44, 1683 1699. 

Sanford, W. E. and L. F. Konikow (1989) Simulation of calcite dissolution and porosity changes in saltwater 
mixing zones in coastal aquifers. Water Resour. Res., 655 667. 

Savage, D. and C. A. Rochelle (1993) Modeling reactions between cement pore fluids and rock - 
implications for porosity change, J. Contam. Hydrol., 13, 365 378. 

Sevougian, S.D., Lake, L.W., and Schechter, R.S. (1995) KGEOFLOW: A new reactive transport simulator 
for sandstone matrix acidizing. Soc. Pet. Eng. Prod. Facilities, pp 13-19. 

Siemers, J. and W. Dreybrodt (1998) Early development of karst aquifers on percolation networks of 
fractures in limestone.  Water Resources Res. 34(3), 409-419 

Siddiqi, G., B. Evans, G. Dresen, and D. Freund (1997) Effect of semibrittle deformation on transport 
properties of calcite rocks. J. Geophys. Res., 102, B7, pp. 14,765-14,778. 

 5



Sims, J.E., D. Elsworth and J.A. Cherry, Flow and transport in fractured clay till: a laboratory study, EOS, 
Transactions, Amer. Geophys. Union, 72(44), 167, 1991. 

Sims, J.E., D. Elsworth and J.A. Cherry, Stress dependent flow through fractured clay till: a laboratory 
study, Can. Geotech. J., Vol. 33, No. 3, 449 - 457, 1996. 

Sims, J.E., D. Elsworth and J.A. Cherry, Evaluation of stress-dependent equivalent fracture apertures using 
solute, bacteriophage and particulate tracers. Submitted for publication 2004. 

Singurindy, O. and B. Berkowitz, Flow, dissolution, and precipitation in dolomite.  Water Resources Res. 
39(6), 1143, doi:10.1029/2002WR001624, 2003. 

Steefel, C. I. and P. C. Lichtner (1994) Diffusion and reaction in rock matrix bordering a hyperalkaline 
fluid-filled fracture, Geochim. Comochim. Acta, 58 (17), 3595 - 3612. 

Steefel, C. I. and P. van Cappellen (1990) A new kinetic approach to modeling water-rock interaction: the 
role of nucleation, precursors and Ostwald ripening. Geochim. Cosmochim. Acta, 54, 2657 - 2677. 

Steefel, C. I. and A. C. Lasaga (1990) Evolution of dissolution patterns: permeability change due to coupled 
flow and reaction. In Chemical Modeling in Aqueous Systems II,ed. D. C. Melchior and R. L. Bassett, 
ACS Symp. Series, No. 416, 212 - 225. 

Sundaram, P. N., D. J. Watkins, and W. E. Ralph (1987) Laboratory investigations of coupled stress-
deformation-hydraulic flow in a natural rock fracture, in Proc. 28th U.S. Symp. On R. Mechs., I Farmer, 
J. Daemen, C. Desai, C. Glass and S. Neuman (Eds.), Balkema, 585 - 592. 

Swan, G. (1983) Determination of the stiffness and other joint properties from roughness measurements. R. 
Mech. R. Eng., 16, 19 - 38. 

Tang, D. H., E. O. Frind and E. A. Sudicky (1981) Contaminant transport in fractured porous media: 
analytical solution for a single fracture. Water Resour. Res., 17, 555 564. 

Tada, R., Maliva, R., and Siever, R. (1987) A new mechanism for pressure solution in porous quartzose 
sandstone. Geochim. et Cosmoshim Acta, 51, 2295-2301. 

Taylor, G. (1943) 
Tsang, Y. W. and P. A. Witherspoon (1981) Hydromechanical behavior of a deformable rock fracture due to 

normal stress. J. Geophys. Res. 86 (B10), 9287 - 9298. 
Tsang, Y. W. and P. A. Witherspoon (1983) The dependence of fracture mechanical and fluid properties on 

fracture roughness and sample size. J. Geophys. Res. 88 (B3), 2359 - 2366. 
Walsh, J. B. (1981) Effect of pore pressure and confining pressure on fracture permeability. Int. J. R. 

Mechs., 18, 429 - 435. 
Weyl, P.K. (1959) Pressure solution and force of crystallization - a phenomenological theory. J. Geophys. 

Res., 64, 2001-2025. 
White, W.B., Karst hydrology: recent developments and open questions. Engineering Geology, 65:85-105, 

2002. 
Yasuhara, H., Elsworth, D., and Polak, A. (2003) A mechanistic model for compaction of granular 

aggregates moderated by pressure solution. . J. Geophys. Res. 108(B11), 2530, 
doi:10.1029/2003JB002536. 

Yasuhara, H., Elsworth, D., and Polak, A. (2004) The evolution of permeability in a natural fracture: the 
significant role of pressure solution. In press. J. Geophys. Res., 35 pp. 

Yeh, G. T. and Tripathi, V. S. (1991) A model for simulating transport of reactive multispecies components: 
model development and demonstration. Water Resour. Res., 27, 3075 3094. 

Yeo, I. W. (1997) Anisotropic hydraulic properties of a rock fracture under normal and shear loading. Ph.D. 
Thesis, Imperial College, University of London. 

 6



 7

Zhang, S., S. Cox, and M. Paterson (1994) The influence of room temperature deformation on on porosity 
and permeability in calcite aggregates. J. Geophys. Res., 99, 15,761-15,775. 

Zhang, S.Q., Tullis, T.E. and Scruggs, V.J. (1999) Permeability anisotropy and pressure dependency of 
permeability in experimentally sheared gouge materials. J. Struct. Geol., 21, 7, 795-806. 

Zhao, C.B., Hobbs, B.E., Muhlhaus, H.B., and Ord, A. (1999) A consistent point-searching algorithm for 
solution interpolation in unstructured meshes consisting of 4-node bilinear quadrilateral elements. Int. J. 
Num. Meth. in Eng., 45(10), pp. 1509-1526. 

Zhu, W.L., Montesti, L.G.J. and Wong, T.F. (1997) Shear-enhanced compaction and permeability reduction: 
triaxial extension tests on porous sandstone. Mech. of Mater., 25, 3, 199-214. 

Zhu, W.L. and Wong, T.F. (1997) The transition from brittle faulting to cataclastic flow: permeability 
evolution. J. Geophys. Res., 102, B2, 3027-3041. 

Zhu, W.L. and Wong, T.F. (1999) Network modeling of the evolution of permeability and dilatancy in 
compact rock. J. Geophys. Res., 104, B2, 2963-2971. 

Zimmerman, R. W. and G. S. Bodvarsson (1996) Hydraulic conductivity of rock fractures. Transp. in Porous 
Media. 23, 1- 30. 

Zoback, M. and J. Byerlee (1975) The effect of microcrack dilatancy on the permeability of Westerly 
Granite, J. Geophys. Res., 80, 752-755. 

 
 
 


	A Partial Bibliography of Flow and Transport in Deforming Rock Fractures

