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Abstract

Therc an: a numher of engineering situations where fluid-saturated geological media can be

subjel.:led to thennal effects. Thesc indude the disposai of heat- emining nuclear fuel wastes

in saturated geological formations. extrJl.:tion of energy resourœs such as oil and natural

gas by steam injel.:tion and the recovery of geothermal energy by ground sourl.:e heal

eXl.:hangers. The objective of this thesis is to study Ihe coupled thermal-hydrological

nlcl.:hankal (T-H-M) response of fractured geologil.:al media by the compulational

implementation of mathematical modeIs. From the generalization of Biofs c1assical theory

of l.:onsolidation of a saturated porous elastic medium to include thermal effects. we first

derived the equations goveming coupled T-H-M prol.:esses in saturated geological media.

ln order 10 obtain numerkal solutions for the governing equations. the finite element

method was used. A finite element l.:omputer code. FRACON (FRActured media

CONsolidation) . was developed in order to simulate plane strain and axisymmetrk

problems. Eight-noded isoparametril.: elements were developed tO represent the inlact

regions of the geologkJl medium. while special joint elements were developed to simulate

disl.:rete joints. The intact regions of the geological medium was assumed 10 exhibit linear

elaslkbehaviour. The joints between intact regions were modelied by constitutive

relationships which reprodul.:ed both Iinear elastic and nonlinear elasto-plastir responses.

The elasto-plastic stress-sO'ain relationship of the joint was formulated by appeal to c1assicaI

theories of interface plastidty. The elasto-plastic model for joint behaviour thus formulated

is l.:apable of reproducing many of the fundamental features of mechanical behaviour

a.~~ociated with naturally occuring joints. such as dilation under shear and sO'ain softening

due to surface asperity degradation. Funhermore. the thesis preser.ts a physically-based

i i



•

•

•

hydraulic model of the joint that permits the inclusion of the cffects of shcar dilmilln and

gougt> ,roduction on the permeability of the joint.

The development of the FRACON code followed an extcnsive procedure of c'o,k

verification via analytical solutions and intercode comparison. A unillUC set of benchmark

problems was proposed in order to perfonn code verification for couplcd T·H-M .

The FRACON code was used to interpret certain laboratory and tïdd experiments.

induding the foUowing:

- coupled T-H-M labor,ilory experiment on a block of cementitious material

- lab experiment~ on joint shear behaviour under constant normal stress and constant

normal stiffness conditions

- coupled shear-flow laboratory experiment on a joint

- Field experlments of fluid injection in a horizontal fracture in a ~'fanitic rock mass

Lastly. the FRACON code was used to simulate the coupled T-H-M response of a rock

mass to radiogenic heat from nuclear fuel wastes buried in the rock formation. The coupied

H·M response of this rock mass to a future glaciation scenario was also simulated. Il was

shown that the mechanical/hYlitaulic regimes of the rock mass could be significantly

changed by the above two factors. The importance of the consideration of T-H-M

processes in the overJ1l scheme of safety assessment of sites targeted for nuclear fuel

waste repositories is supported by the findings of this thesis.

i i i
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Résumé

Les effets thermiques dans les formations géologiques saturées sont importants dans

certains projets. comme par exempte: !'évacuation en profondeur des déchets de

combustibles irradiés dans les formations géologiques saturées.!'extr.lction des ressources

naturelles comme le pétrole et le gaz naturel par la méthode d'injection de vapeur. et

l'exploitation de l'énergie géothermique. L'objectif de cette recherche est d'étudier par

l'implémentation numérique de modèles mathématiques. le phénomène de couplage

themlique-hydrologklue-mécanique (T-H-M) dans les milieux géologiques fracturés. Pour

indure ks effets thermiques. nous avons effectué la généralisation de la théorie de

consolidation des milieux poro-élastiques saturés de Biot. et ainsi obtenu les équations

différentielles décrivant le phénomène de couplage T-H-M de ces milieux. Pour obtenir les

solutions numériques de ces équations. nous avons utilisé la méthode des éléments finis.

Un logiciel en éléments finis. FRACON (FRActured media CONsolidation). a été

développé pour simuler les problèmes axisymmétriques et en déformation plane. Des

éléments isopardmétriques à huit noeuds ont été développés pour simuler la partie intacte du

milieu géologique. et des élements spéciaux ont été développés pour simuler les joints. Le

componement de la partie intacte est considéré linéaire élastique alors que les joints peuvent

avoir un componement élastique ou élasto-plastique. La relation contrainte-déformation de

ces joints a été formulée à partir des théories classiques de la plasticité des interfaces. Le

modèle élasto-plastique ainsi formulé peut prédire plusieurs traits fondamentaux du

comportement mécanique des joints rocheux naturels. comme la dilatation due au

cisaillement. et le radoucissement dû à l'endommagement des aspérités. De plus. nous

avons développé un modèle hydr.lulique du joint qui permet de simuler l'influence. sur la

perméabilité. de la dilation et de la formation des débris causées par le cisaillement

iv
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Le logiciel FRACON a été soumis à l.ne vérifi~ation intensive par comparaison aux

solutions analytiques et par comparaiso:! des résultats avec d'autres logiciels. Un ensemhle

de probli:mes de référence a ainsi été proposé pour permettre la vérification de logiciels

semblables au logiciel FRACON.

Le logiciel FRACON a été utilisé pour interpréter de nombreuses expériences en laboratoire

et in-situ:

• Une expérience en laboratoire du couplage T-H-M sur U:l bloc de roche arrjfidelle

• des expériences en laboratoire sur le comportement au cisaillement des joints rocheux, à

contrainte nonnale et rigidité nonnale constantes

- une expérience en laboratoire du couplage mécanique-hydraulique d'un joint rocheux

- des expériences in-situ d'injection de fluide dans une fracture horizontale dans une masse

rocheuse granitique.

En dernier lieu, le logidel FRACON a été utilisé pour simuler l'effet de la chaleur produite

par les déchets de combustibles nucléaires sur le comportement T-H-M d'une fonnation

géologique contenant ces déchets. L'effet d'une future période glaciaire a aussi été étudié.

Nous avons trouvé que le régime hydro-mécanique de la masse rocheuse peut ~tn:

profondément modifié par ces deux facteurs. Nous recommandons de considérer le

phénomi:ne de couplage T-H-M dans l'évaluation de la sûreté des sites potentiels pour

l'évacuation de déchets radioactifs.

v



•

•

Acknowledgements

Many individuals are responsible for making this resean:h work possible. il is a pleasure to

acknowledge their contribution:

My thesis supervisor. Professor A.P.S. Selvadurai is cieepl)' thanked for his guidance.

careful review and encouragement. From the dose interaction we had. man)' new ideas and

improvement to this work ha~ resulted. The completion of this thesis would not he possible

without him.

1sincerely thank my employer. the Atomic Energy Control Board. for ils fmancial suppon

and for allowing me time to pursue funher knowledge. ln particular. 1sincerely thank Mr.

M. Duncan. Mr. G. Jack and Mrs C. Maloney. who gave approval for the financial and

time committment required for this projecl

My Section Head at the Atomic Energy Control Board. Mr. K. Bragg. is panicularl)'

responsible for encouraging me to undenake this research work. His moral support and

his patience and comprehension during the last months of preparing this thesis deserve my

deep gratitude.

1sincerely thank my colleague at the Atomic Energy Control Board. Mr. P. Flavelle for his

constructive comments on the publications resulting from the research performed during

my doctoral studies. Mr. D. Metcalfe. Mr. V. Poliscuk. Dr. D. Bouomley. Dr. J. Wallach.

and Dr. S. Lei. also from the AECB. are also sincerely thanked for the peer review they

provided on these publications.

vi



•

•

•

The laboratory personnel at Carleton University. Mr. K.K. Kouloufakos. MT. P.

Carnaffan. Mr. R. Weidelich are also sincereIy thanked for performing the laboralOry

experiment on the block of cementitious materiaJ.

1am also indebteci to my co-participants in the International OECOVALEX projecl. Many

new ideas and concepts came from the OECOVALEX workshops durint: the las\ \hree

years of operation of this projecl. 1 am grateful in particular to Professor O. Stephansson.

of the Royal Institute of Technology • Stockholm. for the peer review he provided on the

paper we submilted to a special issue of the International Journal of Rock Mechanics and

Mining Sciences. 1also thank Dr. J. Rutqvist. from the same institution. who provided the

experimental data for the borehole mjection tests. Dr. J. Noorishad. from the Lawrence

Berkeley Laboratory. is also specially thanked for the many inteF.sting discussions we had

on T-E-M codes. rock joint behaviour and also Iranian culture and history.

En dernier lieu mais non pas le moindre. je voudrais sincèrement remercier mon épouse

Phuong et notre fille Stéphanie pour leur patience et compréhension. Au cours de ces

derniers mois je crains bien que mes devoirs de père de famille ne soient un peu négligés.

vii



•
Abstract

Table of Content

............................................................................................. 11

Résumé iv

Acknowledgements vi

List of Main Symbols xiü

List of Figures xx

List of publications resulting from the work performed for this thesis xxiv

1

1.1

1.2

1.3

• 1.4

1.5

1.6

I.7

1.8

1.9

INTRODUCTION Al'iD LITERATURE REVIEW

The multiphase nature of geomaterials 1

Theory of isothermal consolidation 2

CoupIed thermal-mechanical-hydrological processes in geological media.

Extension of the dassical theory of consolidation to indude thermal effect~ 4

The Canadian Concept forthe Disposai of Nuclear Fuel Wastes 7

Litenlture review of coupled thermal-mechanical-hydrological processes in dense

sparsely fractured rock masses in the context of nudear fuel waste disposai 12

Literature review on joint behaviour and joint element~ 16

Computational models for coupled T-H-M processes in geological media 20

Objectives and scope of this research 23

Statement of originality 27

•

2

2.1

2.2

GOVERNING EQUATIONS OF THERMAL COl'iSOLIDATION

The continuum representation of a porous medium 30

Generalized Dar.;y·s law goveming fluid flo\\' 32

viii



2.3

• 2.4

2.5

2.6

The generalized principle of effective stress and stress·strain relationships 33

Equation of energy conservation 3X

Equation of equilibrium ~o

Equation of fluid ma~s conservation 41

•

3 FINITE ELEMENT FORMULATION OF EQUATIONS OF

THERMAL CONSOLIDATION

3.1 The Galerkin method ~7

3.2 Finite element formulation of goveming equation for plane strain conditions ... ~9

3.2.1 Galerkin formulation of the heat conduction equation 50

3.2.2 Galerkin formulation for the equilibrium equation 52

3.2.3 Galerkin Formulation for the fluid mass conservation equation 55

3.2.4 Finite element disl..eùzation 57

3.2.5 Solid isoparameoic element 59

3.2.6 Joint Element 65

3.3

3.4

4

4.1

4.2

Axisymmeoic conditions 71

Time marching scheme and stability ]X

VERIFICATION OF THE FINITE ELEMENT CODE FRACON

One·dimensional isothermal consolidation S2

Isothermal consolidation of a semi·infmite medium under plane strain and

. . d' . sr:lX1symmemc con loons ~........ l

4.3 Thennally induced consolidation of an infmite medium with an embedded

cylindrical heat source 91

4.4 Consolid;:tion of an infinite medium with an embedded line heat source 97

4.5 Consolidation of an infmite medium with a discoidal heat source !Oo

• ix



•

•

•

4.6 Non-isothermal consolidation of a soil column .. 103

4.7 Constant pressure test in ajoint 107

4.8 Conclusion '" 113

5 SIMULATION OF A LABORATORY EXPERIMENT ON AN

UNFRACTURED CEMENTITIOUS MATERIAL

5.1 Descriptionoftheexperiment 114

5.2 Numerical simulation 116

5.3 Conclusions 123

6 A MODEL FOR. THE MECHANICAL AND HYDRAULIC

BEHAVIOUR OF ROCK JOINTS

6. 1 Overview of models for the mechanical and hyclraulic behaviour of rock joints .124

6.2 E1astoplastic formulation for the mechanical behaviour of rock joints 128

6.2.1 Patton' s saw-tooth mode1 128

6.2.2 Derivation of the el?.5to-plastic stiffness matrix of the mode1 by P1esha .132

6.2.3 Parameters of the Plesha's mode1 135

6.3 Joint Hydrau1ic Behaviour 141

7 SIMULATION OF LABORATORY AND FIELD EXPERIMENTS ON

JOINTS AND JOINTED ROCK

7.1 Joint shear under constant normal stress 144

7.2 Shear under constant stiffness 151

7.3 Effects of shear on joint permeability •••...•...••.•.••.. 155

7.4 Scale effects .........................•......... ..•.. .••• •...... ..•... 159

7.5 Simulation of field injection tests •••••...•••••••••.••.••••••••..•••••.••••.•..••....•. 161

x



7.5.1

• 7.5.2

7.5.3

7.5.4

7.5.5

7.5.6

•

Measured data 163

Input data 164

Simulation results for pulse test 167

Simulation results for hydraulic jacking test 16S

Simulation resull~ for constant pressure test 17U

Sensitivity of simulated results to sorne key par.lmeters 171

7.6 Conclusions 172

8 APPLICATIONS TO NUCLEAR FUEL WASTE DISPOSAI.

8.1 Rock mass response to radiogenic heat from a nuckar fuel waste repository '" 175

8.1.1 Conceptual and fmite element models of a hypothetkal NFW repository 175

8.1.2 Assumed properties of rock mass and fraçture zones - Referençe çase. 17S

8.1.3 Results for reference case analysis with the FRACON çode 1SO

8.1.4 Parametric study lYS

8.2 Glaciation impacts on a nuclear fuel waste repository 2U2

8.3 Conclusions 2U')

9 CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions 211

9.2 Recommendations for future studies 216

REFERENCES ••••.••.•••.•••••..••...••••••••••••.....•••.•..••.••••••..•••• 2211

APPENDIX A • RELATIVE IMPORTANCE OF THE HEAT CONVECTION

COMPONENT

A.I Assessment of the importance of heat convection for competent rock 243

• xi



•

•

•

A.2 Assessment of the importance of heat convection for fra'.:ture zones 244

xii



•

•

•

List of Main Symbols

Latin symbols

[B] : the maaix relating strain to nodal db"lacement~ in the finile clement method

c: joint asperity degradation coefficient due to shearing

c' : cohesion component of shear strength in the Morh-Coulomb criterion

Cf: gouge production factor due to shearing ofjoint

Cv : coefficient of con;;0lidation

C: the specific heat of the bulk medium

Caw. Cw• Ca : the compressibilities of. respectively. the air/water mixture. water and air in

an unsaturated porous medium

[CP] : "coupling matrix" between pore pressure and displacement~ in the finile element

formulation of the equations of thermal consolidation

[CM] : "Mass matrix" resulting from the formulation of the equations of heattT'Jnsfer and

pore fluid flow

di;' : elastic components of a joint stiffness maaix

dij"P : elasto-plastic components of a joint stiffness matrix

dui": the elastic components of the relative displacement at the surface of a joint

dUiP: the plastic components of the relative displacement at the surface of a joint

[D] : maaix relating stress to strain in the finite element method

Dn : the normal component of the stress-strain maaix for joint e1ement~

Ds : the shear component of the stress-strain matrix for joint clements

Dsn and Dn.<: off-diagonal components of the stress-strain matrix for joint element~

eij : components of small strain tensor

xiii



•

•

•

e"J : components of small strain tensor due to effective stress

ëij :componenl~ of small strain tensor due to pore fluid pressure

eh: the hydraulic aperture of a joint

Cm : the mechanical apcnure ofa joint

E: Young's modulus

f: proportionality factor relating the hydraulic and mechanieal apcnurcs of a joint

F: yield critcrion in the theory of plasticity

Fi: component of the volumetrie body force vector.

FHI : the outward heat flux through the boundary B at node 1 in the finite element

formulation of the heat flow equation

FQJ : the heat generation rate at node 1 in the finite element formulation of the heat flow

cquation

{Fhl and {F., : res']lectively the vectors representing the body force, and the force applied

at the boundary B in the fmite element formulation of the equilibrium equation

gj: component of the acceleration due to gravity

G : one of the IWO Lamé's constants

JCS : joint compressive strength in Barton/Bandis joint strengrh criterion

JRC: joint roughness coefficient in Barton/Bandis joint strength criterion

Kr: bulk modulus of the fluid

Ko : the bulk modulus of the solid matrix

Ks: the bulk modulus of the solid grains

Kij : components of the hydraulic conductivity tensor

[KI: the "stiffness matri,;" rc:.ulting from the finite element formulation of the equation of

equilibrium

[K1 : the "stiffncss matrix" for the joint clement in the joint local x'-y' coordinate system

xiv



•

•

•

[KM) : the "heat tlow resistance matrix" resulting from the finite e1ement formulation of the

equation of heat transfer

[KP) : the "f1ow resistance matrix" resulting from the finite element formulation of the

equation of pore f1uid f10w

kij: component of the intrinsic permeability tensor

kni : the nonnal stiffness of a joint at zero normal stress

kn: joint elastic normal stiffness

m : empirical coefficient of the Hoek and Brown's criterion for rock mass failure

M : the number of moles in the ideal gas law

n : the porosity of the medium

NK (Xi) and Nl (Xi): interpolation functions (or shape functions) used in the finite element

fonnulation of the governing equations,

p : the pore f1uid pressure

PK: pore f1uid pressure at node K

Pabs : the absolute pressure in a f1uid

Palin: the atmospheric pressure

1pl: vector of nodal pressures resulting from the finite eiement fonnulation of the

governing equations

qic : the rate of heat f10w by conduction in the ith direction [W/m2)

qjconv : the rate of heat f10w by convection in the ith direction [W/m2)

Q: plastic potential function in the theory 0: plasticity

R : the universal gas constant used in ideal gas law

Rand r: rebound value (m) from the Schmidt hammer test perfonned respectively on a

clean, dot unweathered joint surface and on a ~joint surface. The value of leS can be

correlated to R and r.

xv



•

•

•

s: empirica' coefficient of the Hoek and brown's criterion for rock mass failure

Sr : degree of satur.ltion

T : temperature

TK : temperature at node K

T* : nonnalized time used in the theory of isothennal consolidation

{T1 : vector of nodal temperatures resulting from the finite element fonnulation of the

goveming equations

[Tr] : Coordinate tr.msfonnation matrix used for joint elements

u: displacement of the solid matrix in the x-direction

u, : component of the displacement vector in the solid matrix in the ith uirection

UiJ : component of the c1isplacement veetor in the solid matrix in the ith direction at node J

Ur .Uz.Ug : the displacement components in respectively the r.ldiaI. axial and hoop directions

for axisymmetric problems

u : relative displacement of the joint surfaces in the sh= direction

u l''ak: relative displacement of the joint surfaces in the shear direction corresponding to the

peak shear stress

v : displacement of the solid matrix in the y-direction

V: relative c1isplacement of the joint surfaces in the nonnal direction

vm : maximum c10sure ofa joint in compression

V. Vv • Vw and V. : respectively the total volume. volume of voids. volume of water and

volume of air in an unsaturated porous medium

Vf: volume of fluid in a porous medium (equal to Vv • the volume of voids for a saturated

medium)

Vif. VL< : the components of the velocities. respectively of the fluid and the solid. in the ith

xvi



•

•

•

direction

Wp : me plastic work produced by the shear stress in a joint

Greek symboIs

a. : Biot's coefficient of consolidation given by me equation:

Ko0.=1-Ks

0.* : joint asperity angle

0.*0: initial value of joint asperity angle

~ : me coefficient of volumetric mermal expansion of me porous medium

~f : me coefficient of volumetric mermal expansion of me fluid

~s : me coefficient of volumetric mermal expansion of me solid material

dÀ: a scalar multiplier used in me theory of plastidty

{Ii1: vector of nodal displacements of me solid matrix resulting from me finite element

formulation of me governing equations

liij : Kronecker delta function (=1 if i=j; = 0 otherwise).

Ev : me volumetric strain

<P : friction angle

<Pb : angle of pure friction resistance of c1ean (unweathered) planar surfaces

xvii



•

•

•

y: a value: bc:twc:c:n 0 and 1 use:d in finite difference time marching schemes

Kil: component of the thennal conduetivity tensor of the bulk medium

À: one of the two Lames constants

~: the viscosity of the fluid

v : Poisson's ratio

P : the density of the bulk medium [kg/m3]

Pr : the density of the fluid [MfL3]

cr: normal stress across a rock joint

cry : total stress in the vertical direction in a rock mass

crh. : average total stress in the horizontal direction in a rock mass of the Canadian Shield

crhe: higher bound of the total stress in the horizontal direction in a rock mass of the

Canadian Shield

cre: the uniaxial compressive strength of intact samples of the rock mass. used in the Hoek

and Brown failure criterion

cr,j : component of the total stress tensor

croij : component of the effective stress tensor

cr' If : the effective major principal stress at failure in the Hoek and Brown failure criterion

cr'3 : the effec-jve minor principal stress in the Hoek and Brown failure criterion

1: : shear stress in a joint

xviii



•

•

•

tpc:lk : peak shear stress in a joint

(1;.'1'\) : local coordinate system for isoparametric elemenl~

xix



•
Figult. I.I

Figure 1.2

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

• Figure 4.5

Figure 4.6

Figure 4.7

•

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.1 1

Figure 4.12

Figure 4.13

List of Figures

The Canadian Shield (from AECL. 1994-a) 9

The conceptual design for a NFW repository (From AECL. 1994-a) 10

Finite element discretizalion of domain R 57

Eight-noded isoparameoic elements 60

Joint element 66

Cylindrical coordinates 72

Finite element mesh for one-dimensional isothermal consolidation 82

Pore pressure evolution at different depths 83

Vertical seulement of the surface 85

Effect of integration constant y 86

Finite element mesh for consolidation of a half-space under plane strain

or axisymmeoic conditions 89

Plane strain and axisymmeoic isothermal consolidation 90

Thermally induced consolidation of poroelastic medium - Booker and

Savvidou's (1985) problem 92

Consolidation of an infmite medium around a cylindrical heat source 94

Cylindrical heat source - Variation with rime of temperature and pore

pressure at different locations 95

Cylindrica1 heat source - Effeets of integration constanq 96

Consolidation around a line heat source 98

Line heat source- Variation of temperature and pore pressure with time . 99

Consolidation around a disc-shaped heat source 101

xx



•

•

•

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.IS

Figure 4.19

Figure 4.20

Figure 4.21

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 6.1

Figure 6.2

Figure 6.3

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Discoidal heat source- Temperature and pore pressure evolution Ill2

Non-isothermal consolidation of a soi! column 10-1

Non-isothermal consolidation of a soi! column - Surface senlement Ill5

Schematics of borehole injection test IO~

Finite element mesh for borehole injection test III

Pore pressure evolution in the joint Il 1

V . 1 d· 1 . h .. ~ertlca ISp acement ln t e JOint 11_

Flow from the sealed borehole section into the joint . 112

Pore pressure transducers used in the heated cylinder experiment

(from Selvadurai. 1994) ... 115

Heated Cylinder - Finite element mesh 117

Heated cylinder - temperature and pore pressure evolution 121

Heated cylinder - Effect of degree of saturation on pore pressure 122

Patton's (1966) joint model . 13ll

Schematic illustration of the many orders of asperities for real joints... 137

Hyperbolic relationship for normal behaviour of rock joints..... 140

Variation of asperity degrJdation coeificient with normal stress 146

Finite element model for joint shear under constant normal stress

condition 147

Shear under constant normal stress -Shear stress

vs shear displacement 14X

Shear behaviour under constant no:mal stress conditions - joint dilation 149

Effects of degradation on shear stress 150

Effects of degradation on clilation ISO

Effects of degradation on the asperity anglt> 151

Finite Element Model for Shear under constant Normal Stiffness

xxi



• Figure: 7.<)

Condition 153

Joint behaviour under constant nonnal stiffne:ss conditions............. 154

•

Figure 7.10 Sche:matics of the hydromechanical experiments perfonned by Bandis

et al. (l9l!51 and Makurat et al (1990) 156

Figure 7.11 She:ar dilation calculated via the FRACON code for Bandis et al. (19H51

exp.:riment ... .... .... ... ........ ....... ....... .... . ... . .......... . ...... .. .. ... 157

Figure 7.12 Effects of shear on joint penneability - Bandis et al. (l9H5) experiment .I5H

Figure: 7.13 Scale effects on joint shear 160

Figure 7.14 Scaleeffectsonjointdilation 161

Figure 7.15 Nonnal stress vs nonnal displacement relationship for fracture 163

Figure 7.16 Finite element mesh for borehole injection tests 166

Figure 7.:7 Pressure at injection point· Pulse Test 16li

Figure 7.1l! Hydraulic jacking test 169

Figure 7.19 Constant pressure test............................................ 170

Figure 8.1 Schematic of rock SO"UI.1ure for competent rock. moderately fractured

rock and fracture zones (from AECL. 1994·a) 176

•

F· ..,?Igure 0._

Figure li.3

Figure liA

Figure 8.5

Figure 8.6

Figure 8.7

Figure 8.8

Figure 8.9

Radiogenic heat oUlput from the waste repository 177

Finite element mesh for waste repository 17li

Time-dependent variations of pore pressure and temperature at the

centre of the repository - Reference case !lll

Typical temperature contours around the NFW repository 182

Typical pore pressure contours arouild the repository- Reference case. 183

Defonned configuration of the mesh - Reference case 185

Vertical profile of total stresses near centre of repository •

Reference case 187

Vertical profile of effective stresses near centre of repository •

xxii



•

•

•

Figure 8.10

Figure lU 1

Figure lU2

Figure X.l3

Figure lU4

Figure lUS

Figure X.16

Figure 8.17

Figure 8.1 8

Figure X.l9

Figure Il.20

Figure 8.21

Figure 8.22

Figure 8.23

Figure 9.1

Figure A.I

Figure A-2

Figure A-3

Figure A-4

Reference case 1X9

Stress evolution at Point l, near centre of repository - Reference case. 191

Stress evolution at Point 2, at edge of repository - Reference case 191

Stress evolution at Point 3 (63 m from edge of repository) -

Reference case 192

Stress evolution at Point 4 (19 m from fault zone) - Reference case 192

Stress evolution at Point 5 (adjacent to fracture zone) - Reference case. 193

Water particle trajectories - reference case .. ... .. .. ...... .. ... .. .. .. .. .. 197

EffeclS of permeability and Young's modulus on pore pressure 19X

Stress evolution at point 3 at 37 mfrom frJcture zone - Case 2 200

Comparison of flow paths of water particle from edge of repository 201

Conceptual Model for a glaciation scenario 203

Finite element model for glaciation impact study 205

Deformed shape of the repository host rock due to glacier 20(,

Glaciation imp'lct - Typical excess pore pressure contours 207

Gl ... T' al . J • • "( <'aCiatlon Impact - YPIC' water paruc e tr'JJeetones _)"

T-H-M l:tbof'<ltory experiment on jointed granite

(from Selvadurai, 1995-b) 21 X

Geometry for Ogata's (1970) one-dimensional solution to the

. cliff' . "4"convectlon- uSlOn equatlon _ _

Relative importance of heat convection in competent rock 244

Importance of heat convection for fracture zone ncar the heat source 245

Importance of heat convection for a fracture zone located far from the

heat source . .. 246

xxiii



•

•

•

List of publications resulting from the work

performed for this thesis

1. T.S. Nguyen and A.P.S. Selvadurai.. A Model for Coupled Mechanical and Hydraulic

Behaviour of a Rock Joint', International Journal of Numerical and Analytical Methods in

Geomechanics (in press).

2. T.S. Nguyen and A.P.S. Selvadurai, 'Coupled Thermal-Hydrological-Mechanical

Processes in Sparsely Fractured Rock', Special Issue on Coupled T-H-M processes,

International Journal of Rock Mechanics and Mining Sciences (in press).

3. T.S. Nguyen and A.P.S. Selvadurai••An Elasto-Plastic Model for Mechanical and

Hydraulic Behaviour of Rock Joints'. Int Workshop on hydro-thermo mechanics of eng.

clay barriers and geological barriers, 1995. Montreal (in press).

4. A.P.S. Selvadurai and T.S. Nguyen, 'A parametric Study of the Effeets of Coupled

Thermal-Hydrological-Mechanical Processes on a Nuclear Fuel waste repository', lnt.

Workshop on hydro-thermo mechanics of eng. clay barriers and geological barriers. 1995,

Montreal (in press).

5. A.P.S. Selvadurai and T.S. Nguyen, 'Computational ModeIling of Isothermal

Consolidation of Fractured Porous Media', Computers and Geotechnics, 17 (1). 1995,

39-73.

6. A.P.S. Selvadurai and T.S. Nguyen. 'Coupled Thermal-Hydrological-Mechanical

xxiv



•

•

•

Processes in Geological Media'. 1994, Proc. of the ln!. Conf. on Comp. Meth. in Slruc!.

and Geo!. Eng.. University of Hong Kong. 1994.

7. T.S. Nguyen and A.P.S. Selvadurai. • Modelling of thermal consolidation of sparsc:ly

fraclured rock in the context of nuclear waste management', 'Rc:cem dc:vc:Jopmc:ms in

porQelastjcity', Winter annual meeting of ASME, Chicago. 1994.

8. T.S. Nguyen and A.P.S. Selvadurai, • Thermo-poroelastic response of a fractured

geological medium', 8th International Conference of the International Association for

Computer Methods and Advances in Geomechanics, Morgantown. West Virginia. 1994.

9. T.S. Nguyen. V. Poliscuk and A.P.S. Selvadurai, • Effects of Glaciation on a Nuclear

Fuel waste Repository', Canadian Geotechnical Conference, Saskatoon. 1993.

10. A.P.S. Selvadurai and T.S. Nguyen, • Finite Element ModeIling of Consolidation of

Fractured Porous Media'. Canadian Geotechnical Conference. Saskatoon, 1993.

xxv



•

•

•

CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 The multiphase nature of geomaterials

Geomaterials such as soil and rock are basically porous multiphase materials. The solid

phase of a geomaterial consists of an assemblage of nùneral particles. For a rock. the solid

partides are cemented while for a soil. such as sand. silt or clay. the strength of the solid

assemblage is mainly due to the frictional resistance at the contact points and interlocking

between the particles. The solid assemblage. also called the solid matrix or solid skeleton•

is pervaded by discontinuities such as pores. cracks and microcracks. These

discontinuities. which we shaH simply refer to as pores. can be filled with one or several

types of pore material. The pore material could be a fluid in a liquid state. such as water or

oil. a fluid in a gaseous state. such as air or natural gas. or a solid such as ice. In soil and

rock mechanics terminology. a geomaterial is said to be saturated when its pores are fùled

exdusively with a liquid (usually water). and unsaturated when the pores contain both a

Iiquid and agas (usually air). During thermal. hydraulic and mechanical loading of a

porous geomaterial. the various components of the multiphase geomaterial respond

individually and also interact with one another. It is this mutual interaction between the

various phases of the geomaterial that makes its behaviour distinct from the bt 'olviour of

single phase materials.
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1.2 Theory of isothermal consolidation

The earliest recognition of the importance of the multiphase nature of geomaterials is

generally attributed to Terzaghi (1923). In the development of the "theory of effective

stress", Terzaghi postulated that when a saturated geomaterial is subjected to an external

loading. this loading is part1y carried by the solid skeleton and partly by the pore fluid. The

abiIity of the pore fluid to share the external loading is an important development in the

understanding of the mechanical behaviour of geomaterials. The second important

development is the influence of the multiphase nature of the geomaterial on its time

dependent response to the externalloading. This second aspect is clearly demonstr.ued by

Terzaghi (1923) in the development of the classical theory of "soil consolidation".

Terzaghi postulated that when a low permeability soil such as clay is subjected to an

externalloading, this load is initially carried by the pore fluid rdther than the solid skelelon.

Consequently, the pore fluid pressures immediately increase after the application of the

externalloading. As time progresses, flow of the pore fluid takes place from regions of

high pore pressures to regions of lower pressures. This pore fluid redistribution results in a

graduai pore pressure dissipation accompanied by a graduai transfer of the external loading

to the solid skeleton. The graduai increase in the stresses within the solid skeleton resulting

from that load transfer leads to a change in the geometrical configuration of the solid

assemblage and a reduction in the pore volume which manifest in the form of consolidation

of the soil.

The original developments of Terzaghi (1923) were restricted to the one-dimensional

behaviour of a saturated soi!. where the elastic soil skeleton is assumed to be isotropic and

both the pore fluid and the solid particles are assumed to be incompressible. Biot (1941.

1955. 1956) extended these concepts to include in particular three-dimensional effect~•
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finite compressibility of pore fl uid and solid particles and anisotropie behaviour of the soil

skeleton. In the theories proposed by Terzaghi (1923) and Biot (1941. 1955. 1956).

temperatures are assumed constant and consequently thermal effects are ignored. In this

thesis we will use the term "theory of isothermal consolidation" to refer to the theories

proposed by Terzaghi (1923) and Biot (1941. 1955. 1956), although the term "theory of

poroelasticity" is also commonly encountered in the scientific literature.

The literature on the theory of isothermal consolidation is quite extensive and no attempt

will be made to coyer ail historical and recent developments. The review by Schiffman et

al. (1969), Christian (1977), Schiffman (1984). and the texts by Lewis and Schrefler

(l9X7) and Selvadurai (l995-a) contain exhaustive information on the fundamental aspect~

of the theory and recent development in analytical and computational aspects. The solution

techniques could be divided into IWO main categories: mathematical methods and numerical

methods. Mathematical methods are concemed with the development of exact analytical

procedures for the solution of the goveming equations of isothermal consolidation. usually

with simple geometries of the geomaterial domain and with various types of boundary

conditions. Analytical solutions for cases when the geomaterial domain is subjected to a

traction (distributed load) at a boundary are given by McNamee and Gibson (1960).

Schiffman and Fungaroli (1965). Gibson. Schiffman and Pu (1968). In addition to these

traction boundary value problems, mixed boundary value problems involving structures

with varying degrees of flexlbility (from infinitely flexible to infinitely rigid) either

embedded in or in contact with the geological medium have been examined by Agbezuge

and Deresiewicz(l974), Chiarella and Booker (1975). Gaszynski and Szefer (1978),

Selvadur.u and Yue(l994), Yue and Selvadurai (1994. 1995) and Lan and Selvadurai

(1995). The use of purely mathematical methods for the development of analytical solutions

for problems in isothermal consolidation represents difficult exercises in particular due to
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the time-dependency associated with the response of the geological medium. For this

reason and in view of the interest in the application of the theol)' of isothermal

consolidation to practical problems. attention has been focussed mainIy on numerical

methods. such as the finite element method and the boundary integral equation methods.

These numerical methods aIIow the development of approximate solutions even for

complex geometries, boundary conditions and material behaviours. The finite element

method has been the most widely used in engineering applications. The earliest application

of the finite element method for the study of isothermal consolidation problems is due to

Sandhu and Wilson (1969). These studies were followed by the work of many

investigators including Christian and Boehmer (1970), Hwang et al. (l97\), Ghaboussi

and Wilson (1973). SmaII et al. (1976). and Selvadurai and Karpurapu (l9X9).

Applications of boundary integral equations tO problems in isothermal consolidation are

given by Cheng and Liggett (1 984-a and b). Cheng and Predeleanu (l9X7) and in the text

by Brebbia (1984).

:.3 Cou pied thermal·mechanical.hydrological processes in geological

media. Extension of the c1assical theory of consolidation to include thermal

effects

The primary focus of this thesis is the examination of the influence of thermal phenomena

on the behaviour of saturated porous geomaterials. The influence of heating of geological

media have important consequences or applications in a variety of problerns associated with

oil and gas recovery by steam injection techniques, geothermal energy extraction from

underground reservoirs, and in the development of methodologies for the underground

disposai of heat emitting nuclear fuel wastes. For example in the recovery of oil and gas
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resourl:es. reservoir production is stimulated by the injection of water and/or hot steam into

wells drilled into the resourl:e bearing formation. The hydraulic/thermal cracking of the

rœk formation indul:ed by this injection increases the permeability of the rock formation

and inl:reases the llow rates of oil and gas to the recovery wells. In order to design the

layout of the network of the injection and recovery wells. it is necessary to gain an

understanding of the non-isothermal consolidation behavio::r of the resource bearing

formation (see for example Noorishad and Tsang. 1987: Huang et al. 1990). In the context

of geothermal energy extraction. the removal of hot water from the geological formation

I:an result in land subsidence. The use of the theory of isothermal consolidation can resuIt

in inal:l:urate estimates of this subsidence (Lewis and Schreller. 1987). Cool water is

usually reinjected into the geothermal reservoir to minimize the above subsidence and te

minimize environmentaI pollution associated with the high salinity of the recovered water.

The reinjected water is much colder than the rock formation of the geothermal reservoir. In

order to determine the optimum reinjection rate. considerati~ns of thermal effects need to be

included in the theoretical formulation and computational modeIIing of the problem (

Borsetto et al.. 1981 J.

A further example of the importance of ther;:~1 effects in the behaviour of geomaterials is

encountered in the disposaI of heat emitting nuclear fuel wastes (NFW) in deep geological

formations. Since the wastes will generate heat for hundreds tO thousands of years. the

structural stability of the geological formation and the groundwater movement within the

formation can be inlluenced by the thermal pulse associated with the stored wastes. The

groundwater movement in particular can have a significant influence on the rates of

radionuclides migration. It is anticipated that the waste containers will fail in the future by

graduaI corrosion or accidentaI breaching. Contaminants from the wastes will then migrate

through the groundwater system and will eventually reach the ground surface (Atomic
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Energy of Canada Ltd. 1994-a). Due to the multiphase nature of geomaterials. the thennal

(T). mechanical (M) and hydrological (H) processes taking place in the geological

formation around a NFW repository are mutualty dependent. The coupling of these

processes could be interpreted within the theoretical framework of the theories of

consolidation previously described. with the additional consideration of thermal effecls.

However. until now. safety assessments of potential NFW repositories have been

performed without taking into account the full coupling between these processes. The

importance of coupled T-H-M processes in NFW disposai was widely recognized les:; lhan

a decade aga (Tsang. 1987: de Marsily. 1987). Sorne scientists (e.g. de Marsily. 19li7)

suggest that the disposai of NFW in geological formations should be delayed untillhe

phenomenon of coupled thermal (T) -mechanical (M) - hydrological (H) processes in

geomaterials is adequately understood. However. research activities in theoretical.

experimental and computational aspects of coupled T-H-M processes have started to

increase only recently (Pusch. 1990: SKI. 1993: Peano. 1995).

The primary motive of this thesis stems largely from the recognition of the imponance of

coupled thermal(T)-hydrological(H)-mechanical(M) phenomena in geologicalmedia to the

safe disposaI of heat emitting nuclear fuel wastes. The thesis will focus on these

phenomena as they relate to the study of both intact and fr<lctured geological media thal

could be encountered in a repository setting. However. the modelling methodology

proposed in the thesis. based on an extension of Biot's (1941. 1955. 195/\) theory of

consolidation to include thermal effects. is believed to be readily adaptable to other

engineering endeavours.

So far. we have presented the general theoretical background for the methodology

proposed in this thesis. In the remaining sections of this chapter. we will review the
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problc:ms whkh are specific to the study of coupled T·H·M processes in sparsely frdctured

roà masses around typkal NFW repositories.

1.4 The Canadian Concept for the Disposai of Nuclear Fuel Wastes .

Many countries, including Canada. Sweden. France. the USA. ltaly. Belgium. Finland.

Switzerland. Germany. etc. which util:~e nuclear energy for electricity production are

investigating methodologies for the permanent disposaI of the nuclear fuel wastes produced

by their reactors. The disposai concept which is most likely to be implemented and being

extensively studied by these countries consisls of burying the wastes in repositories located

in deep geological formations composed of such materiaIs as granite. sait or clay. A lypicaI

concept for NFW disposai in dense crystaIIine rocks. the Canadian concept. is described in

more detail in this section.

ln Canada. Atomic Energy of Canada Ltd (AECL) is studying a concept where the heat

emitting wastes will be emplaced in rooms in the Canadian Shield (Figure 1. 1). The

granitic rock formations of the Canadian Shield have an estimated age of more than 500

million years and geologislS generally agree that these formations have remained relatively

stable during the last hundreds of millions of years under a variety of geological and

geochemical processes. According to the current conceptual design proposed by AECL

(1994·a). a repository (figure 1.2) consisting of a series of disposaI rooms would be

excavated at a depth of 500 to 1000 m in a granitic rock formation of the Canadian Shield.

The preferred emplacement method being proposed by AECL involves the in·floor

emplacement option. where three rows of boreholes would be drilled along the length of

each room (figure 1.2) . Corrosion resistant containers containing the wastes would be
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emplaced in the boreholes. A buffer material. consisting of a mixture of sand and bentonite

would be packed around the containers in the boreholes: after ail boreholes have been

filled. the disposai room would be filled with a backfil1 material consisting of a mixture of

clay and crushed granite. When such a repository is completely fil1ed and sealed. it is

generally recognized that groundwater is the primary agent that couId transport

contaminants from the wastes to the surface. The fluxes of the water borne migration of

contaminants would be minimized by sever.i1 barriers. By vinue of their low dissolution

rates. the waste forms themselves will constitute the first barrier. The waste containers if

properly designed should be structurally stable. and have a very slow rate of corrosion.

Owing to their low hydraulic conductivities and high chemical sorption potential. the butler

and backfill will minimize the rates of contaminant migr.ltion through them. The combined

allenuation effects of this multiple barrier system should be such that the time required for

the contaminant~ to reach the surface will reduce the radioactivity and concentration of these

contaminants tO levels harmless to humans and the environmenl
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According to the current conceptual design of AECL for such a NFW repository. the

geologicaJ barricr is probably the most effective one (AECL. 1994-a). In this research. we

will focus our attention on aspects of thermal. hydrological and mechanical processes

relevant to the natural geological barrier. Aspecl~ related to the T-H-M behaviour of the

engineered geological barriers (i.e. the buffer and the backfill) are also the subject of

extensive research and will not be discussed in this thesis (see e.g. Pusch. 1990). The

performance of the natural geological barrier ultimately depends on its groundwater regime.

To minimize the groundwater flow rates. a desirable characteristic of the host rock

formation for NFW disposaI wouId be the scarcity of joints. Conceptually. the geological

formation would consist mostly of relatively intact rock with the possible presence of

discrete fr..lcture zones. ln the relatively intact rock. water moves mainly in a network of

pores and micrex;racks and also sparsely distributed joints. This relatively intact rock is also

referred ta as "sparsely fractured rock" (AECL. 1994-a). Fracture zones. on the other

hand. are planar structures consisting of highly fractured and damaged rock. They are the

most hydraulically conductive features of the rock mass. Their dimensions (length.

thickness> can vary with the geological processes that were responsible for the creation of

the fracture zones. Their length could be of the order of hundreds to thousands of metres

and their thickness could be of the order of metre~ or :ens of metres. ln order to achieve

optimal isolation. the wastes should be emplaced remote from these fracture zones. The

initial groundwater regime would be disturbed by several factors and events: excavation of

the rooms would be the fust disturbance: the thermal pulse generated by the heat emitting

wastes is the second factor; future geological events such as glaciation'would also be

potentially important factors adversely affecting the performance of the geological barrier.

To study the effects of these disturbances on the host rock. it is necessary to examine the

mutual interaction between severa! processes. These are identified as hydrological (H).

mechanical (M). chemical (C) and thermal (T) processes (Tsang. 1987). In the present
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work. we only C"onsider the influence of three processes: Hydrological. Mcchanical and

Thermal.

1.5 Literature re\'iew of coupled thermal.mechanical.h)'drological processes

in dense sparsely fractured rock masses in the context of nuclear fuel wastc

disposai

Recent experimental and theoretical studies give sorne insight into possible effecl~ ofT-M

H coupling (interaction) on the behaviour of dense sparsely fractured rock masses tha!

could serve as a geological medium for a nuclear fuel waste repository. Given the three T.

M. H processes •Tsang (1987) considered the following four coupling combinations:

(i) Hydrological(H) - Mechanical (M) coupling

When extemal loads (such as the weight of a glacier) are applied to a rock mass. a new

state of stress would be established. resulting in opening or c10sing of the cracks.

microcracks. joints and fracture zones. These processes can lead to either an increase or a

decrease in the hydraulic conductivity of the rock mass. When the state of stress

corresponds to failure conditions. the formations of new joinl~ could also occur resulting in

an increase of the bulk permeability of the rock mass. One of the above effects was

observed at the Stripa mine in Sweden, where a drift was excavated in granite ( Case and

Kelsall, 1987). A zone of compressive stress of 2.5 m thickness was formed adjacent to

the walls and this alteration in the stress slate resulted in a deerease in the hydraulic

conductivity of the rock from 1xl0.8 to 3.5x 10.9 cm/s.
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ln the early stages of the application of an external Ioad, an increase in porewater pressure

will occur due to the low penneability of the rock mass. This result~ in a decrease in the

effective stresses, which, according to the principIe of effective stress, influences the

mcchanical responsc and possibly the strucruraI integrity of the rock ma.~s.

As discussed previously, M-H coupling couId bc treated with either Terzaghi's or Biofs

theory of consolidation. These theories have hcen applied to soiIs with considerable

success. In our opinion, in order to apply these theories with confidence to sparsely

fractured rocks, in the conrext of NFW disposaI, further theoretical and experimental

developmenl~ are needed .

(ii) Hydrological (H) - Thennal (T) coupling

ln the conrext of NFW disposaI, heat is transferred from the wastes to the surrounding

geological media by the processes of conduction and convection. The convective

component is due to the bulk movemenr of the groundwater. and is directly proportional to

the water velocity. Since this velocity is expected to bc smalI , the convection componenr

and thus the H -> T coupling is often omitted from the formulations of computational

models. We will funher discuss the relative imponance of convective heat transpon in

chapter 2 and in appendix A.

There are. however, indications that the T -> H coupling component should not be

negIected. Heat transfer influences flow by two basic effects: buoyancy and thennal

expansion. Rae et al (1983) conducted finite element modelling of T<->H coupling in a

cylindrical block of clay, 5.5 min height, 6 m in diametcr. with an embedded 100 W heater

placed aIong the axis. The solid matrix is assumed to bc rigid: thus mechanical effects are

13
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ignored. Rae et al. (1983) observed that:

- At early times. thennal expansion of the pore water is the dominant cause of porewater

flow resuiting in radially diverging flow from the heat source.

- At 1ater times. buoyancy effects are dominant: water flow in this stage is govemed by the

difference in density between the heated water and cooler water away from the source. Hot

water rises away from the heat source, experiences cooling. reverses the f10w direction and

descends to lower regions of the clay block: this resull~ in closed-Ioop streamlines referre:d

to a~ convection cells which fonn in the vicinity of the heat source. The velocities and pore:

pressures during this stage are much smaller than those observed during the early stage.

- At a transition stage belWeen the above two stages, the pressures and velocities decre:ase:

constantly.

Although the work of Rae et al. (1983) refers to a clay, the above processes can also occur

in other porous media such as unfracture:d rock. Hickox and Watl~ (1980) pe:rforme:d

numerical analyses of coupled T-H effecl~ in a rigid porous medium around a cylindrical

heat source with a decay in the rate of heat emission'. The: re:sults obtained by Hickox "nd

Watts (1980) are quaiitatively similar to those obtained by Rae et al.(I983).

(ili) Thennal - Mechanicai coupling

ln generaI. mechanicai processes directly influence heat tr,msfer processes by changing the

length of the heat transport paths. Since the displacement field in the porous medium is

expected to be small compared to the original dimensions of the system, this dire,:!
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influence is negligible. Thus. the M -> T coupling could be neglected.

The T -> M coupling is one process that has been examined quite extensively in the

literature in geomechanics. in panicular in the context of NFW disposaI. For example. in

nuclear fuel waste disposai schemes. the heat generated by the wastes will perturb the

ambient temperature distribution in the rock mass surrounding a repository. This will result

in thermally induced stresses and deformations in the rock mass possibly leading to the

disturbance of existing joint~. or the formation of new joints. Extensive modelling work

has been carried on the above subject ( see for example AECL. 1994-b ). With a proper

spacing of the waste containers and the emplacement rooms, it was shown that thermally

induced jointing of the rock formation could be minimized. It is noted that in the research

conducted by AECL (1 994-b), porewater pressures are omitted. The rock is treated as a

single phase medium and the fundamental effective stress approach as mentioned in (i) was

not utilized.

(iv) Fully coupled T-M-H processes

The fully coupled T-H-M analysis integrates the influences of ail processes. It is the most

complex combination, where both experimental and theoretical developments are needed.

Existing mathematical models for fully coupled T-H-M processes are discussed in section

1.7 . Experiments to investigate coupled T-H-M processes are very rare. The Heater Test (

Schneefuss et al., 1988) is an in-situ experiment performed at Grimsel, Switzerland in

order to investigate full T-H-M coupling. Two heaters were directly placed in holes

vertically drilled from the floor of a test drift located at a depth of 550 m in a granitic rock

formation. The power output was controlled in such a way that maximum temperatures in

15



•

•

•

the system would not exceed 90 oC. Schneefuss et al. (1 ':IRX) reported the results from tht:

activation of one of the IWO heaters. After one year. a temperdture of 55 oC was obtaincd in

the rock. at a distance of 0.5 m from the heater: this decreases to 40. 20. and JO oC (

ambient) at 1. 2.8 and 8.5 m respectively from the heat source. At 0.5 m from the sourct:.

pore pressure increased by 1 MPa very rapidly (within 1 or 2 months) but reverted to

ambient conditions after about one year. The same behaviour was observed at 1 m. but the

increase was smaller (0.4 MPa). Radial stresses increased by 10 MPa at 0.5 m. XMPa at

1m. and 6 MPa at 2 m from the source. Deformations were very small . and only slightly

higher than the resolution of the instruments. The permeability of the rock mass did not

seem to be affected by thermal effects and remained essentially constant throughout the

dWdtion of the experiment

1.6 Literature review on joint behaviour and joint elements

Discontinuities in rock masses. which shall be referred to as "joints" in this work.

constitute planes of weakness in the rock mass from the point of view of its mechanical

behaviour. From the point of view of hydrdulic behaviour. joint~ are more conductive than

the surrounding intact rock. Joints have critical importance in NFW disposaI. since they art:

the preferred paths for contanùnant transport Ur.:ler extemalloads.sliding along the joints

is likely to occur. Due to the presence of asperities at the joint surfaces. dilation usually

accompanies the shearing process. leading to an initial increase in the joint apenure and

permeability. The asperities of the joint walls have finite strength and are gradually

destroyed during the shearing process. Gouge material is produced by the damage of the

asperities and the accumulation of the gouge rnaterial can result in the reduction of flow in
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the joint in the latter stages of the shearing process. The very limited number of

ellperiments (Bandis et al., 1985; Makurat et al.. 1990: Benjelloun. 1991) which

investigate the effects of shear on joint permeability show that the rate of increase of the

permeability slows down as shearing proceeds and in later stages, the permeability could

de'-Tease as a result of gouge production.

Fundamental research work on joints has mainly focussed on their mechanical behaviour.

Patton (1966) proposed a bilinear strength criterion for rock joints. Following Patton's

(1966) work. other shear strength criteria were suggested. including the studies by Ladanyi

and Archambault (1970). Jaeger (1971). BaTton and Choubey (1977) and Bandis et al.

(1981). Banon and Choubey (1977), and Bandis et al. (1981) introduce the empirical

coefficient~ 1RC (Joint Roughness Coefficient) and JCS (Joint Compressive Strength) in

their strength criterion. These empirical coefficients are easily detennined either from

laboratory tests or from in-situ tests and they are a measure of the roughness of the joint

surface (1RC) and the strength oi the asperities (JCS). Empirical relations are proposed by

these authors in order to include scale-dependency of 1RC and JCS. The strength criteria

proposed by the above authors delineate the state of stress that separates pre-sliding and

post-sliding behaviours of the joints. ln order to prediet the stress-strain behaviour of joints

in both stages. numerous constitutive relationships have been proposed. These

relationships could be categorized into two main classes. The incremental relationships (see

e.g. Goodman and Dubois. 1972; Goodman. 1976; Heuze. 1979; Heuze and Barbour.

1982; Leichnitz, 1985; BaTton et al.. 1985; Boulon and Nova. 1990; Benjelloun. 1991)

consist of piecewise Iinear relationship between the increment of stress and the increment of

strain. These relationships are usually developed from direct shear tests under constant

normal stress. The use of incremental relationships under different load paths is not

straightforward and is described for example by Archambault et al. (1990). Amadei and
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Saeb (1990). Skînas et al. (1990). Boulon and Nova (1990). and Benjelloun (199 Il. The

second category of constitutive relationships are the elasto-plastic relationships. derived

from the theory of plasticity. The models which fall into this class assume that prior to

sliding. the deformations are elastic (recovenlble). Post-sliding behaviour is characterized

by plastic (irrecoverable) deformations. The state of stress that separates ela.~tic from plastic

behaviour is defined by appeal to a yield criterion. Numerous elasto-plastic models exist in

the literature. These include the formulations given by Ghaboussi et al. (1973). Roberds

and Einstein (1978); Hsu Yun (1979). Pande and Xiong (1982). Desai and Fishman

(1987) and Plesha (1987). Reference to further recent work is also !liven by Selvadurai and

Boulon (1995). The elasto-plastic approach has a particular appeal since different load

paths and directions could be accommodated. Among the above models. the one proposed

by Plesha (1987) is particularly attractive due to its simplicity and its ability to capture

cenain fundamental aspects of the mechanical behaviour of real joint,. such as dilation

under shear and strain softening (decrease in shear stress in the plastic stage) due to

surface asperity degradation.

For predicting the hydraulic behaviour of rock joints. the parallel plate model. developed

from the application of the Navier-Stokes equation for laminar incompressible f10w

beIWeen IWO parallel smooth plates. is employed. This procedure is widely used to

calculate the effective permeability k of a fracture (see e.g. Benjelloun. 1991). The

permeability of the joint is thus expressed as a function of it~ effective opening to f1uid

flow. called the hydraulic aperture. Since natural fractures are quite dissimilar to ideal

parallel plates. the hydraulic aperture of the fracture is not equal to it~ mechanical aperture.

Empirical relationships beIWeen the mechanical and hydraulic apertures were proposed by

Barton (1982). Elliot et al. (1985). Witherspoon et al. (1979). Benjelloun (1991) and

Boulon et al. (1993). The effect of gouge production on the permeability of the joint•
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however. is not accounted for in these relationships.

AIl of the above constitutive relationships for joints can be irnplemented into finite element

codes. using special joint element~. Since the pioneering work of Goodman et al. (1968).

joint e1ements for mechanical processes have been developed by numerous researchers.

Gens et al. (1995) c1assify these joint element~ into three categories:

- Link element~ which essentially consist of pairs of springs in the normal and shear

direction connecting opposing nodes ( e.g. Anderson and Dopp.l966: Ngo and Scordelis.

1%7: Fr.lnk et al.. 19l)2: Ahmad and Bangash. 1987). These Iink elements do not have any

physical dimension.

- Special joint elements of finite length and small but finite thickness (e.g. Zienkiewicz et

al.. 1970: Ghaboussi et al.• 1973: Pande and Sharma. 1979: Desai et al.. 1984: Griffiths.

19X5: Schweiger et al.. 1990).

- Special joint element~ with finite length but zero thickness (Goodman et al.. 1968:

Tardieu and Pouyet 1974: Carol and Alonso. 1983: Beer. 1985).

For the last IWO types of elements. Ghaboussi et al. (1973) and Wilson (1977) advocate the

use of relative displacement as independent degrees of freedom. in order to avoid ill

conditioning of the element stiffness matrix. This situation occurs when large numerical

values are encountered in the off-diagonal terms of the stiffness matrix resulting in 10ss of

accuracy in the final solution. Pa.1de and Sharma (1979) showed that the problem of iII

conditioning could be avoided with a smaller aspect ratio (ratio of length to thickness) of

the joint e1ement and the limiting ratio depends on the accuracy of the computer and on the
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nature of the problem being solved.

Limited investigations have been conducted to determine the perfonnance of joint e1ements

which include coupled T-H-M processes. Noorishad et al. (IlJli4) developed the two

dimensional (2·0) finite element code ROCMAS to analyze coupled T-H-M processes in

fractured rock masses. Discrete joints are represented by the four-noded zero-thickness

element formulation proposed by Goodman et al. (l96li) for mechanical and thermal

processes while for flow processes. the joints are represented by a two-noded line element.

Guvanasen and Chan (1991. 19lJ5) developed a three-dimensional (3-D) finite e1ement

code. MOTIF. which has features very similar to the ROCMAS code. The joint element in

the MOTIF code is a 3-D version of the formulation given in the ROCMAS code. For

mechanical and thermal processes. it is an ll-noded hexahedron. while for flow processes.

it is a four-noded plane element. Huyakom and Pinder (19113) showed the formulation of a

special joint element for lWo-dimensional analysis of coupled flow and mechanical

processes. This is a thin. four-noded clement characterized by a length L and a thickness b.

At aH four nodes. the degrees of freedom are displacements and pore fluid pressure.

Huyakorn and Pinder (19113) did not provide any numerical results on the actual

performance of this element

1.7 Computational models for coupled T-H-M processes in geological

media

Computational codes for the silT'.alation of coupled T-H-M processes in geological media

are scarce. AlI the codes found in the literature use the finite element method to solve the

governing equations. The governing equations solved by these computer codes are
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formulated from a generalization of Terzaghi's or Biot's theory of consolidation to include

thermal effects. Most of these codes are more suitable for the analysis of soil behaviour.

since Terzaghi's (as opposed to Biot's) principle of effective stress theory is adopted (as

discussed later in chapter 2) and no joints are included. To our knowledge. only three

codes appear to be suitable for the analysis of coupled T-H-M processes in fractured rock

ami could be used for the safety assessments of NFW disposaI systems. These are the

ROCMAS code (Noorishad et al.. 1984). the MOTIF code (Guvanasen and Chan. 199 I.

1995) and the FRACON code developed during this study.

Aboustit et al. (19115) developed a 2-D finite element code for thermo-elastic consolidation

of porous media. Ohnishi et al. (1987) also developed a 2-D code for elastic porous media:

the code was later extended to include 3-D effects (Ohnishi et al.. 1990). Lewis and

Schrefler (19117) developed the finite element code PLASCON to simulate non-isothermal

consolidation of poro-elastic and poro-elastoplastic media. The code was verified against

Booker and Savvidou's (I9115) analytical solution for consolidation induced by a

cylindrical heat source. Britto et al. (1 9l(9). Senevira01e et al. (1994). and a research group

at ISMES in Bergamo. ltaly (see e.g. Hueckel et al.. 19117) developed finite element codes

similar to PLASCON. in order to study thermal elasto-plastic consolidation in cIays. One or

ail of the following two types of elements are formulated in the above codes: an

isopammetric eight-noded element. where ail degrees offreedom are calculated at ail nodes

and an isoparametric element where displacements are calculated at ail nodes and pore

pressure and temperature are obtained only at the corner nodes. Aboustit et al. (1985)

found that the first type of element is more prone to spatial oscillations in the pore pressure.

especially at carly times. The above codes do not have joint elements and thus discrete

discontinuities in rock masses cannot be included. In addition. ail of the above codes except

the PLASCON code. use Terzaghi's effective stress principle. which has Iimited
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applicability for the study of hard rocks (see e.g. Rice and Cleary (1976) and chapter 2 of

this thesis).

To our knowledge. at the present !Ïme. the only codes that can be used to simulate coupled

T-H-M processes in fractured hard rock are the ROCMAS and MOTIF codes. and the:

FRACON code developed in this study. The ROCMAS code is a 2-D finite element code:

that has both solid elements in order to represent unfractured rock and joint elements to

represent discontinuities in the rock mass. The MOTIF code is a 3-D finite clement code

that also has solid and joint elements. The governing equations in ROCMAS and MOTIF

are based on a generalization of Biot's theory of consolidation to include thermal effects.

The MOTIf and ROCMAS codes use incrementally linear rclationships to simulate the joint

mechanical behaviour based on. respectively. the models by Barton et al. (19X5) and

Goodman (\ 976). Both codes used the parallel plate model for the joint hydraulic

behaviour. The solid clement in the ROCMAS code is a four-noded quadrilateral clements

and in the MOTIF code. it is an eight-noded hexahedron. Ali degrees of freedom are

calculated at ail nodes of the solid element in both codes. As previously mentioned. the

joint element in both codes are a zero-thickness type of element. Since the nodal topology

of the e1ement is defined differently for f10w and and for mechanical processes. the

ROCMAS and MOTIF codes necessitate the definition of two meshes: one for analyzing

the thermal and mechanical effeets and another one for the analysis of pore fluid flow.

Invoking certain simplifying assumptions. Booker and Savvidou (19X5) provided

analytical solutions for the coupled T-H-M equations. A volumetrie heat source with a

constant power output embedded in an infinite porous medium was examined. The

simplifying assumptions are:
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- The: he:at sourl:e has the same properties as the host porous medium:

. The: porous medium is homogeneous. isotropie and fully satur.lled.

- The: solid skc:Ieton is line:arly elastil: and obeys Hooke's law:

- The: pore f1uid and the solid material fonning the solid skeleton are incompressible

• The hydraulit: l:onductivity is constant

Due to the limiting assumptions of Booker and Savvidou's (1985) solution. complex

boundary conditions and nonlinearities which are prevalent in most practical problems

cannot be modelled. The development of numerical methods is therefore: a justifiable

alternative. Nevertheless. analytical solutions (such as those given by Booker and

Savvidou (1985)) are invaluable in providing benchmarks for verifying the accuracy of

numerical schemes.

1.l1 Objectives and scope of this research

Il is clear from the above literature review that coupled T-M·H processes in porous.

sparsely fractured geological media. such as granitic rock. are still in an early stage of both

theoretiC'dl and experimental development. Specifically. attention should be focussed on the

following alo-pects of the modelling and computational developments:

il The development of a mathematical model should go hand in hand with' its verification

and validation. In the COnlext of NFW disposai. verification is the process by which the

accuracy of the computational model is established. Verification could include such

activities as comparison with analytical solutions for simple geometries and boundary

conditions and comparison with other computational models that solve the sarne goveming
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equations. Validation on the other hand consists of comparing the predictions of the modd

with experimental observations derived from either laborJtol)' tests or in-situ experiments.

The progress in code development for T-M-H coupled processes has been hindered by both

the Jack of available analytical solutions to achieve verification. and the lack of experimental

data tO conduct validation exercises. T!Jis fact has been widely recognized (Cook. !9li7:

Witherspoon. 1987) . An international projecl. DECOVALEX (SKI. IlJ93). has recently

been initiated. with the objective of developing fundamental models. performing code

verification and validation exercises. and designing experiments to further perform

validation exercises to refine the fundamental models. Test cases are defined in the

DECOVALEX project tO aIlow the participants to develop models. make predictions.

compare such predictions with results of others. with analytical solutions and with

experimental data.

iil The design of laboratory or in-situ experiments and the interpretation of the results are

problematic without mathematical models capable of simulating the experimenl~.

iii) Although the theories of isothermal consolidation developed by Terzaghi and Biot have

been widely and successfuIly used to predict the consolidation behaviour of soils. more

studies are needed in order to extend the theories to sparsely jointed rocks. especially when

temperature effects are included. ln contrJ.~t to soils. the solid gr.tins in rocks are cemented.

Furthermore. rock formations. in contrast to soil masses. are charJcterized by the presence

of discrete joints.

iv) In order to handle complex geometries and boundary conditions effectively and

realistically. it is '1ecessary to develop numerical methods. such as finite e1ement methods

or boundary integral element methods. The fmite element method has the greater appealto
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engineers and is widely used in engineering applications. As discussed previously. with

thl"rmal consolidation problems. numerical difficulties couId be experienced with the finite

element method.

v) Joints are planes of weakness in a rock mass and their existence could have a dominant

effeet on the overall rock mass behaviour. Although individual joints have been the subject

of much research. both from the mechanical or hydraulic perspectives. their coupled T-H

M behaviour is still not weil understood.

The primary objective of this research is to further our understanding of coupled T-M·H

processes in sparsely fractured hard rock by focussing anention on the al>l'ect~ highlighted

by the above points i) to v) . The secondary objective is to assess the implications of this

coupling on the performance of a hypothetical NFW repository built in a representative

geological formation. In order to achieve these objectives. our methodology would be to

develop a mathematical model based on Biot's theory of consolidation. with extension to

non-isothermal cases and with the incorporation of joints or discontinuities. The

development of this model would go hand in hand with laboratory experiments performed

at Carleton University (see Selvadurai. 1994) and by the general scientific community

interested in problems of the same nature.

The research plan of this t.'1esis is as follows:

il Formulate the general goveming equations of thermal consolidation of a poroelastic

medium with a clear definition and discussion of the assumptions used in such a

formulation. This will be the focus of Chapter 2.
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ii) Develop a finite element code to numerically solve the coupled T-H·M equations

obtained in i). Solid elemenl~ are formulated to account for the behaviour of intact rock and

joint elements are formulated to account for the behaviour of joints. The finite e1ement

formulation is out1ined in chapter 3.

iii) Perform verification of the code against a set of analytical solutions developed by

Booker and Savvidou (l9X5) and others. These verification problems could constitute a

useful set of benchmark problems for others who are engaged in code d~velopmenl.

Verification is discussed in Chapter 4.

iv) Simulate a laboratory experiment, performed at Carleton University (Selvadurai, 1994).

for coupled T-H·M processes on an intact cementitious material. The description of the

experiment and il~ numerical simulation with the FRACON code is discussed in chapter 5.

v) Introduce nonlinear constitutive relationships for joints. Plesha's (l9X7) elasto-plastic

model, with asperity degradation was adopted and extended to include hydraulic behaviour.

The formulation of the extended Plesha's model is given in chapter 6.

vi) Using the joint model developed in v), simulate both laboratory and field experimenl~

in jointed rocks performed by other researchers. These simulations are discussed in chapter

7.

vii) Simulate coupled T-M-H behavioui 'lf a typical NFW repository. Simulate effecl~ of a

glaciation scenario on the response of such a repository. The above applications to NFW

disposaI are described in chapter 8.
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In Chapt~r 9, we provide conclusion and recommendations for future work.

1.9 Statement of originality

1. To our knowIedge, this is the fust time a computer code has been deve!oped for the

examination of coupled T-H·M processes in intact and fractured rock with a systematic

degree of code verification and validation. The governing equations are derived and

expressed as far as possible in terms of fundamental physical parJmeters (as opposed to

empirical coefficients). The derivation is shown step by step with all the fundamental

principles and the underlying assumptions are clearly defined. The set of problems with

analytical solutions is unique and couId constilute benchmark test problems for other

deve!opers of computational schemes.

2. The joint mode! incorporated into the FRACON code makes it distincùy different from

similar codes. such as MOTIF and ROCMAS. since il is capable of reproducing elasto

plastic behaviour with strain softening and accommodating via plausible constitutive

assumptions the effect of gouge production on f10w behaviour of rock joints. To our

knowledge. this is the first time that the influence of gouge production on the hydraulic

be~aviour of joints is incorporated in a joint model . Several improvement~ in the joint

mechanical model has also been brought to the original model proposed by Plesha (1987):

this indudes the derivation of the model parameters from the IRC and lCS coefficients.

scale effects and the effects of normal stress on shear stress and shear dilatancy.

3. The joint element formulated is a six noded thin element where displacements are

obtained at ail six nodes and pore f1uid pressure and temperature are obtained only at the
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corner nodes. We believe that problems of spatial oscillations could be avoided with this

type of element. To our knowledge. thb is the frrst time such an element is fom1ulated for

coupled T-H-M processes.

4. The T-H-M experiment in an intact cementitious material as wel! as its mathematical

simulation are considered to be unique. The author participated in the design of the

experiment. and provided input during the construction and performance of the experiment.

5. This is the frrst time that the simulation of coupled T-M·H processes in the rock mass

around a NFW repository is attempted in order to assess the implications on the safety

performance of the repository.
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CHAPTER 2

GOVERNING EQUATIONS OF THERMAL

CONSOLIDATION

Biofs thc:ory of consolidation can be generalized to include thermal effects (see e.g.

Borseno et al.. 19l! 1: Bear and Cor<lpcioglu. 19l! 1: Booker and Savvidou. 1985 and Lewis

and $chrefler. 1987) . The parameters that enter into these equations. as weil as the

panicular forms of the goveming equations tend to differ from author to author. depending

on the fundamental assumptions invoked in the derivation and the objectives of the r<lnge of

applications. ln this section. anention is devoted to a clear defmition of the basic principles

and assumptions required for the formulation of the equations goveming non-isothermal

consolidation which will be adopted in the developmem of the FRACON code.

ln developing the equations governing quasi-static non-isothermal consolidation. the

fundamental assumption is that the porous medium could be idealized as a continuum.

Although this idealization is a priori accepted in fluid or solid mechanics. for the mechanics

of porous media il requires sorne justifications as discussed in section 2. I. Having adopted

the continum assumption. the basic principles of continuum mechanics (namely

conservation of energy. mass and momentum) could then be invoked. These basic

principles are universally applicable. irrespective of the nature of the medium being

considered. Furthermore. in order to arrive at a weil posed set of equations (i.e. a set of

equations in which the number of unknowns equals the number of equations). it is
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necessary to make additicnal assumptions which pertain to constitutive responses

governing mechanical effects and transfer/tnmsport processes: these include the following:

1. The law goveming the flow of the pore fluid through the solid skeleton (Darcy's law)

2. Stress-strain relationship for solid matrix( constitutive laws )

3. A principle grNernïng the interaction hetween the fluid and the solid (effective stress

principle)

4. Heat transport mechanisms and in particular Fourier's law of heat conduction.

Unless otherwise stated. a Cartesian tensor notation will be used. with Einstein's

summation convention applied on repeated indices. ln addition. in most parts of this

thesis. the sign convention for the normal stresses and the pore fluid pressure will be

regarded as positive for tension fields. We will c1early indicate the situations when this sign

convention is reversed.

2.1 The continuum representatioll tif a porous medium

If one point ofa porous medium is arbitrarily considered. that point could he located either

in the pore fluid or in the solid matrix. In the mechanics of porous media. we will see in the

following sections that one needs to define properties such as porosity and permeability,

which are characteristic properties of both phases. For example. porosity is defined as the

ratio of the volume of the pores over a given total volume of the porous medium. If the

arbitrarily chosen point is located in the solid phase, then the porosity is zero; if il lies in a

pore. then the porosity at this point is one. In the sarne manner. the permeabilily al the point

heing considered would he zero if the point lies on a solid particle and it would be infmite if
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the points lies in a pore. Thus, if one considers the microscopie scale of a porous medium.

i.e. the scale of each individual pore and each individual solid grain, the application of the

laws of continuum mechanics is problematic. since such properties as permeability and

porosity wouId be discontinuous functions. In order to overcome the above difficulty. the

laws of continum mechanics are expressed on a larger scale, called the macroscopic scale,

with the consideration of a REV (Representative Elementary Volume). Although the

concept of a REV was implicitly adopted by many investigators, including Darcy (IS56)

and Terzaghi (1923), the concept was only later formalized by Hubben (1940) and

precisely defined by Bear (I972). A REV is a finite volume in a porous medium that

contains a number of pores and of solid grains and that surrounds a point mathematically

defined in that medium. The mean properties and also the mean parameters in the REV are

assigned to the mathematical point. For example consider the temperature parameter. The

volume av~age of temperature of the pore fluid contained in all the pores of the REV is

calculated. This average temperature is then assigned to the mathematical point surrounded

by the REV and it is called the pore fluid temperature at that point. Similarly, the volume

average temperature of all the soUd particles in the REV is calculated. This average

temperature is assigned to the same mathematical point. and is calIed the temperature of the

solid at this point. With the introduction of the REV, a propeny such as porosity is easily

defined. The porosity at a point in space is simply the ratio of the volume of pores over the

volume of solids in the REV containing the point. The REV should be large enough to

contain a sufficient number of pores and solid grains so that the mean value of a given

propeny or parameter has a statistical significance. On the other hand, the REV should be

sufficiently smalI 50 that the variations of these properties and pararneters from one domain

to the next may be approximated by continuous functions so that the use of infinitesimal

calculus is still appropriate.
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The concept of a REY is adopted in the remainder of this thesi~·. Thus. when we refer to a

certain property or parameter at a point. this property or paramete.. is more precisely the

volume average of the same property or par.lmeter of the REY surroJnding that point.

2.2 Generalized Darcy's la\\' governing fluid flo\\'

Darcy's (1856) law describes with reasonable accuracy the process of flow of fluids in

most geological materials (Freeze and Cherry. 1979). For water flow in soils. the law has

been applied routinely (see e.g. Cedergren. 1967). ln rocks. the law has been successfully

applied in the mining industry to predict groundwater inflows into mines (see e.g. Franklin

and Dus~eault. 1989) and in the petroleum industry tO predÎl;t reservoirs yield (se:e e.g.

Huang et al.. 1990). In the context of NFW disposaI in geological formations. the:

applicability of Darcy's law is also a key feature. For example. in orde:r to predict the:

transient water inflow in the main shaft after its excavation at the Underground Re:search

Laboratory. in Whiteshell. Manitoba (Canada). flow in both sparse1y fractured rocks and

fracture zones were assumed to obey Darcy's law. The predÎl;ted results compare:

reasonably weU with the aclUal inflow rates (AECL. 1994-c).

In most routine geotechnical applications. the pore fluid is water at a constant temperature

and the original form of Darcy's law is assumed to be appropâate. Where either thermal

effect.~ are important. or in instances where the pore fluid is not water, the original form of

Darcy's law has to be recast in a form which takes into account the characteristics of the

permeating fluid (Huyakom and Pinder. 1983) •Le. :

(2.1 )
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The parameters of the above equations are defined as follows (with typical SI units given

between square brackets):

V,f. VIS are, respectively, the velocities of the fluid and the solid [m/s]

PI : is the density of the fluid [kg/m3]

J.l: is the viscosity of the fluid [kg/m/s]

k'j: is the intrinsic permeability tensor [m2]

n : is the porosity ofthe medium [dimensionless]

g,: is the ith component corresponding to the acceleration due to gravily [m/52]

A generalization of Darcy's law as in equation (2.1) is essential when one deals with fluids

other than water. The hydraulic conductivity K;j (gener.llly referred to as the permeability in

most geotechnical applications) is defined by the following expression that includes a

component which is independent of the f1uid (kij). and a f1uid-dependent component

char.lcterized by ils viscosity and density, Le. :

P~
K.. =-k··

1) J.l 1)

(2.2)

•

The viscosity and density of most f1uids are generally temperature-dependent. When

thermal effect.~ are considered. appropriate experimentally derived temperature-dependent

functions should be used for these IWO properties.

2.3 The generalized principle of effective stress and stress-strain

relationships
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The application of externalloads results in the development a total stress field crij' In an

idealized representation of a porous continuum. using tI'. :oncept of a REV. it is assumed

that every point of the medium is representative of both the solid and the fluid phases in the

REV surrounding that point. Thus at every point in the continuum. the total stress cr,j

could be decomposed into one component bome by the fluid and another component called

effective stress. The above principle of effective stress was fust postulated by Terzaghi

(1923). In Terzaghi's (1923) effective stress principle. both the pore fluid and the material

composing the solid skeleton are assumed to be incompressible. Biot (1941) later extended

Terzaghi's concept to include finite compressibilities of the fluid and the solid material.

However. the compressibility coefficients of these two materials are not explicitly

expressed in Biol's fonnulation but are incorporated into empirical coefficients which also

depend on the e1astic properties of the solid skeleton. Zienkiewicz et al. (1977) proposed an

alternative fonn of Biol's principle of effective stress where aIl equations are expressed in

tenns of fundamental physicaI parameters. In the following derivations. we adopt the

alternative fonn of the principle of effective stress proposed by Zienkiewicz et al. (1977).

The fluid is assumed to be incapable of resisting any shear. thus the stress component

borne by the fluid is a scaIar and is referred to as the hydrostatic flu:d pressure or simply

the fluid pressure or pore pressure. The total stress can be expressed in tenns of the fluid

pressure and the effective stress as follows:

cr·· = 0:' +Ô..p1) 1) 1) (2.3)

•
where O"ij is the total stress tensor. cr"ij is the effective stress tensor , p is the pore pressure

and Ôij is Kronecker's delta function (=1 if i = j: = 0 if i '1' j).
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• The total stress field will result in deformations of the porous solid skeleton and the pore

fluid. For small deformations in the solid skeleton, the strains in the solid skeleton are

represented by the small strain tensnr e'j , defmed as:

(2.4)

where Ui are the displacement components of the solid skeleton.

The above strdin could be divided into !wo parts: those associated with the actions of p and

il Since p is hydrostatic. it induces only a volumetrie deformation of the solid.l:Illin.s :

•
- p
ekk=j(

•
or in term of individual components:

where K. is the bulk modulus of the solid materia1.

ii) The action of dij result in strain components e'ij.

The total strain is the sum of the above strains:

-e··=e··+e··IJ IJ IJ

(2.5)

(2.6)

(2.7)

•

ln the principle of effective stress proposed by Terzaghi (1923). due to the assumption of

incompressibility of the solid grains, Ks is infinitely large and consequently, the flI"st

component of the strain tensor is negleeted. Thus the deformational behaviour and failure

conditions of the solid matrix is only dependent on the effective stress. This assumption is
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•

generally valid for saturated soils. but as we shall iIluslf".Ite later, might he inaccur.lte for

cemented materials such as rocks.

Next we consider the stress-strain relationship between cr'ij and e'ij' The study of these

constitutive relationships is the subject of much ongoing research (see e.g. Desai and

Siriwardane. 1984: Chen and Ba1adi, 1985). These relationships describe the drained

behaviour of the geo10gical material. Le. under conditions of zero or constant pore

pressure. The simp1estlinearized constitutive re1ationship is Hooke's law for isotropie

elasticity. Linear elastic behaviour serves as a useful tirst approximation for the study of

intact hard rocks which are subjected to stress states below the failure level (see e.g.

Franklin and Dusseault. 1989: Pande et al.. 1990). For simplicity. we will use Hooke's

law in this thesis. although extensions to other constitutive relationships applieablt: to

ane1astic media could be accommodated. Considering the combined effecl~ of stresses and

thermally induced deformations. Hooke's Iaw cou1d be wrillen as:

(2.8)

•

ln equation (2.8) G and À. are Lamé's constants: ~ is the coefficient of volun.etric thermal

expansion of the drained material: KD is the bu1k modulus of the drained malerial: T is

temperature measured from a reference state.

Lamé's constants (À and G ) and the bulk modulus ( KD ) are re1aled to the more familiar

Young"s modu1us (E) and Poisson's ratio (v) by the following relations:
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E

G= 2(1+v)

À= vE
(1 +v)( 1-2v)

2 E
Ku =À+'3G = 3(1-2vl

(2.9)

Upon substituting (2.7) and (2.8) into (2.3) and perfonning sorne algebraic manipulations,

the total stress- total suain relationships can be wrinen in the fonn:

• whc:rc: :

Ku
lX= 1-

Ks

(2. ID)

(2.11)

•

Ir is noted that the coefficient lX enters into Biofs (1941) equations of consolidation as a

single phc:nomenological parameter. ln Terzaghi's (1923) equaüons of consolidation, Ct is

always c:qual to one. lt can be verified that. when one neglects the frrst part of the strain

tensor in (2.7), one would obtain a value of Ct equal to unity in (2.11). Examining etjuation

(2.1 1J, a value of Ct equal to one corresponds to the case when the solid grain material is

considered incompressible with respect to the matrix (i.e. K. »Ku. as irnplicitly assumed
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•

by Terzaghi (1923) ). This is true for soils. For rocks. this introduces inaccuracie:s:

consider for example the typical properties of intact granite from the Canadian Shield

(AECL. 1994-b):

E= 30xI09 Pa

v =0.25

Ks = 5xIOIO Pa (for quartz and most minerais)

From (2.9). Ko = 2xlO 1O Pa and thus <1=0.6.

2.4 Equation of energy conservation

The general equations of energy conservation for a porous medium is derived by

considering the solid phase and the fluid phase individually (Hassanizadeh and Gray. 1979:

Bear and Corapcioglu. 1981). One thus obtains (wo equations of energy conservation: one

for the pore fluid and one for the solid phase. Each of these equations states Ihal the rdte of

heal inflow into a control volume of eilher pore fluid or sclid materiaI will be balanced by

the increase in the internai energy in the control volume. The components of heat flow

usually considered are :

i) heat conduction

ü) heat convection

üi) heat exchange be(Ween the (wo phases

Bear and Corapcioglu (1981) have shown that at a given point of the porous medium. the:

heat exchange belWeen the solid and fluid phases is very rapid compared 10 other trdnsport
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•

processcs and thus a state of thennal equilibrium could be assumed to ex"t between the

two phases, i.e. at every point of the geological medium. the temper.lture in the pore fluid

and the temperatllre in the solid phase are equal. By adopting the assumption of thennal

equilibrium. the rwo general equations of energy conservation in a geological medium are

reduced to one equation that is applicable to the bulk medium. Le. the fluid/solid mixture.

The above equation of energy conservation for the bulk medium contains rwo components

of heat flow: heat conduction and heat convection.

Heat conduction is the tr.lnsfer of heat by the activation of solid and fluid particles. without

their bulk movement. The rate of heat flow by conduction is govemed by Fourier"s law.

which states that the rate of heat flow is proportional to the temperature gradient:

(2.12)

where:

qjC is the heat flux by conduction in the ith direction [WIm~l

T is temper.lture [oC]

Kjj is the thermal conductivity tensor [W/ml0C]

Heat convection on the other hand is due to the bulk movement of the fluid and ~t)!:~

particles. ln a poroelastic medium. the movement of the solid particles is negligible as

compared to the movement of the fluid particles: thus it is the fluid flow which is mainly

responsible for the convective heat transfer. The rate of heat transfer by convection is

proportional to the rate of fluid flow. It can be shown that for geological media with low

penneability. such as granitic rock masses. heat convection is negligible when compared
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• with heat conduction (Booker and Savvidou. 19li5: Aboustit et al.. 19li5: Seneviratne et

al.. 1994: see also Appendix A for funher justification).

ln this work we assume that heat conduction is the main mode of heat transfer. and that

Fourier's law is applicable. The equation governing conservation of energy is redu,ed to

the following simplified form:

•

~(IC .. é')T) + q = PC
êlT

êlx· I;JX' êlt
1 )

where:

lC,j is the thermal conductivity tensor of the bulk medium [Wlm/oC)

pis the density of the bulk medium [kg/m']

C is the specifi, heat of the bulk medium [J/kg!OC)

q is a volumeoic rate of heat generation [W/m']

2.5 Equation of equilibrium

(2.13)

We assume that the velocities and acceleration terms associated with the movements in the

solid and fluid phases are such that the inertia terms can be neglected. For a continuum. the

equation of quasi-static equilibrium is:

•
êlc;··1)
-+F=Oêlx. 1

)
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• where F, is the volumetrie body force vector.

Substituting the constitutive equation (2.1 0) into (2.14), we oblain :

(2.15)

Substituting the strain-displacement relation (2.4) into (2.15). we oblain:

(2.16)

• 2.6 Equation of l1uid mass consenation

For an elemental volume V cf the medium. the net flux of fluid mass through the boundary

of the volume is equaI to the rate of fluid mass accumulation. i.e.

(2.17)

•

whl':re n is the porosity of the medium and Vif. VL< are • respectively. the velocities of the

pore fluid and the soIid.

The right hand side of (2.17) CO'l!d be expanded as:

(2.18)
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• Since a change in p and Twill result in a change in volume. PI' is a fum:tion of p and T.

Thus for variations dp and dT. the variation in Pr would he:

(2.19)

•

where Kr and ~r are respectively the bulk modulus and the coefficient of volumetrie thennal

expansion of the Îiuid.

The porosity n is a function of p. T and the effective stress cr'ij . In order to establish the

relationship between these quantities. we follow the methodology of Bishop (1973). We

examine the variation in volume of an elemental volume V of the medium. under the

combined action of a total stress increment dcrij and a temperature im:rement dT. The total

stress increment could he funher divided into an effective stress increment dcr'ij and a pore

fluid pressure increment dp.

i) The change in volume of the solids due to dp is:

•

dV
s
= (l-n)Vdp

K.

The total change in volume due to dp is:

where Ks is the bulk modulus of the solid material.
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• ii) A~~ording to a theorem adopted by Bruggeman et al. (1939) and laler demonstra!::..i to he

valid by Biot (1955). the area of solid in any plane of area A intersecting the element is (1

n)A. The average increment of effective stress in that plane acting on the soIid is thus

da';j(l-n). The change in volume of the solids due to da'jj is:

•

.
dcrkk

dV.=V 3K•

The total volume change due to da'jj is:

dV=

üi) The volume change of ;.'::: solids due to dT is:

dV. = (I.n)V~.dT

(2.22)

(2.23)

(2.24)

where ~. is the coefficient of volumetrie thermal expansion of the soIid material. The total

volume change due to dT is:

dV= V~T (2.25)

•

The change in pore volume. dV(. is the difference between the sum of al1 the dV (equations

2.2 I. 2.23 and 2.25) and the sum of the dV. (equations 2.20. 2.22 and 2.24). After

simplifil,:ation. we obtain:
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(
dP (1 1 )dC1kk )dVr= V n- + - - - -- +(~ - (I-n) ~,)dT
K, KD K, 3

By definition:

dp (1 1)dC1~dn= n-+ -.- --+(~-(l.n)~s)dT
K, KLJ K, 3

From equations (2.3) and (2.10), one has:

Thus:

(n-a)dp
dn = K, + adekk + ((I.a)~ - (I-n) ~s)dT

Using (2.19) and (2.29), equation (2.18) becomes:

d [ (n n a*dekk . dT]-(npr)=Pr - ---+- +a-+l(l-a)~-(I-n)~s·n~r)-
at Kr Ks K, at at at

Assuming that:

(:!.:!6 )

(:!.27 )

(2.2X)

(2.29)

(2.30)

(2.31 )

•
equations (2.1) and (2.2) can be used to express the equation of fJuid mass conservation
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• (2.17) in lh~ following fonn:

d ( k ii( dp )) (n n ex *p- - --+Plg . ---+- +aXi Il aXj J Kr Ks Ks al
d (aui) aTex- - + ((I.ex)~ - (I-n) ~ - nR r)- =0at axo s .... at

1

(2.32)

•

•

Equations (2.13). (2.16) and (2.32) form the set of g.oveming differential equations for

thermal elastic consolidation of porous media. The primary unknowns are the displacement

field Uj. the pore fIuid pressure p and the temperature T.
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CHAPTER 3

FINITE ELEMENT FORMULATION OF

THERMAL CONSOLIDATION

ln this chapte:r. we: use the Galerkin's technique: to de:velop the: finite c:lement

approximations of the equations governing consolidation under non-isothermal conditions.

Under plane strain and axisymmetrÏc conditions. only two (inste:ad of three) spatial

coordinates need be considered. We will devc:lop two types of c:lements 10 analyze: plane

strain and axisymmetric proble:ms: eight-noded isoparametric elements to re:pre:sent

unfraclUred porous media. and special six-node:d interface c:leme:nts to re:pre:sent

discontinuities.

The governing equations are as follows:

•

~(1C.aT)+q= PCaT
ax· 'Jax· at

1 J
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• when::

1: =n(_1 __1)~
C Kr K, K, (3.2a)

(3.2b)

•

The goveming equations are applkable to the general three-dimensional case. Under plane

str~in conditions. the goveming equations (3.1 a. band c) maintain the same form. with the

indkes i and j taking values of 1 to 2. For axisymmetric conditions. the governing

equations have to be transformed into cylindrical coordinates. First. we will perform the

finite clement formulation of the plane strain case. The axisymmetric case will be discussed

in a subsequent section of this chapter.

3.1 The Galerkin methud

The Galerkin (1915) method is widely used in the finite element formulation of

groundwater problem (see e.g. Pinder and Gray. 1977; Huyakorn and Pinder. 19S3). The

Galerkin method is a special case of the general method of weighted residuals. Basically.

the objective of these methods is to obtain an approximate solution to partial differential

equations of the form:

L\l-f=() (3.3)

•

Where \l =\l(Xj) is the unknown solution, which is a function of the coordinates Xj: R is

the bounded domain where the equation is defined; Lis an operator: f = f(xj) is a known

function of Xj.
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• Consider n discrete points (nodes) of the domain R where at each point I. u would assun1l'

the value uI' It is assumed that for any other point of R. of coordinates xJ• U could 11l'

approximated by the the following function:

(3.41

•

Where NI = NI(Xj) are some chosen functions of the coordinales xj (usually polynomialsl.

called interpolation or shape funetions.

Since û =û(xil is not the crue solution. replacing the value of u by û in (3.3) results in a

residual R., given by:

(3.5)

The method of weighted residuals consists of minimizing the error between the truc

solution u and the approximate solution û by redueing the residual Re to zero. in an aver.lgc

sense. The nodal values UI are caleulated by solving the eonscraint equation that results

from setting the aver.lge residual to zero:

f. wi (J.û -f) dR = 0 • for 1=1 .....n
(3.6)

•
where WI are weighting funetions whieh are funetions of the eoordinates Xj. ln the Galerkin

48



•

•

method the weighting functions WI are selected to b: the same as the interpolation functions

NI. Whc:n ail nodal values 1)1 are obtained, by solving equation (3.6), the approximate

value û could be obtained for any other point of R by making use of equation (3.4).

3.2 Finite element formulation of governing equation for plane strain

conditions

Consider the goveming equations of thermal consolidation (3.1 a. b, and c) in a domain R

with boundary B. Using Galerkin's method, these equations can be transformed into

matrix equations where the unknowns will be temperature. displacement and pore pressure

at the nodal points. Following Galerkin's procedure briefly described above. let us

consider n discrete points(nodes) of R where the temperature and fluid pressure are TK

and PK (K=1•..• n). and N nodes of R where uil (i = 1. 2: J= 1..... N) are the

displacements at sorne time t. The fluid pressure and the displacement vector for any point

of coordinates Xj in the domain R are approximated by the following relations:

T= T(xj.t) = NKTK

P = p(Xj.t) = NKPK

Uj = Il,(Xj.t) = NJ uiJ

(3.7)

(3.8)

(3.9)

•

where NK (Xj) and NJ (Xj) are interpolation functions (or shape functions): K=l •...•n

and J=1.....N: uiJ is the displacement of the solid skeleton at node J in the ith direction.

ln the above equations. the indices in capitalleners (such as K and J) refer to noJai values•
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• while the indices in smaIlletters (such as i. j) refer to coordinate directions. In the above

equations. the summation convention applies to the repeated nodal indices K and J lover n

and N respectively) as weil as to the coordinate indices (over a value of 2). This surnmation

convention holds true for the remainder of this chapter.

3.2.1 Galerkin formulation of the heat conduction equation

Substituting the eguation of heat conduction (3.1 a) into the weighted residual eguation

(3.6) yields:

•
where 1 = \,......n.

According to Green's theorem :

l êJg lêJf ~f-.dR =- g-dR + fgnjdB
R êJXj R êJxi B

(3.10)

(3.11 )

where f. g are functions of Xi and t in R. and ni is the unit normal vector to the boundary B.

Applying Green's theorem to (3.10):

•
l êJT l êJNi êJT ~ ~ êJTl'r.JK··-n·dB - ...-K··~dR + qlifrlR- pCIif,....,...dR=OB 'Jdxj 1 R aXj 1Jaxj R lU R •dt
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•
Substituting the approximation equation (3.;) into the above. one oblllins:

f ilFJj il l'Jj( r.,.. n- ilTK
JR dXj Kij dxj TKdR + JR pC"1l~Kë)tdR =

fB f'ljKij&~ nidB + IR ql'rJ'lR

(3.13)

The above equation could be ;::xpressed in matrix form as :

•

!rKH}{T} +pqCMX~} = {FH} + {FQ}1

where:

(3.14)

(3.15)

(3.16)

FH, is. by c'::finition. the outward heat flux thraugh the boundary B at node 1and is given

by the expression:

•

FH J = f l'r.IK..~n.dBJB 1Jaxj 1
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• and FOI is the heat gener.ltion rate at node 1: Le.

3.2.2 Galerkin fonnulation for the equilibrium equation

(3.1 Xl

•

Substituting the equation of equilibrium (3.I.b) into the weighted residual equation (3.6)

gives:

i{'" ]a-Uj a-Uj àp aT
N G""+ (G+À.)::I.. ". + lX,,\" - ~KD"\"+ Fi dR = 0uX'uX' U"'uX' uX' uX'R J J 1 J 1 1

(3.1 \1)

where I=J......N

After application of Green's theorem. equation (3.19) becomes:

f (au. au.} l (au. au.) aN JNp _1 +_J .dB. G _' +_J -dR+
JB aXj aXj J R aXj aXi àY.J

•
+ IB NI (À.~:~ + ap - ~KDT}i dB - IR (À.~:~ + ap - ~KDT) :: dR +

IR NJFjdR=O
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•

Substituting the approximation equations (3.7)-(3.9) imo the above. one obtains:

where. from (2.\0):

&juation (3.2 \) can he written in manix form as:

IIKIlO} +cx[CPllp} = {J1,} + {F.}+~KclCP]{T} 1

where:

1p} and {o} are the vectors of nodal pressure and nodal displacements:
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•

{UII} \
U~l

PI

(pl = PK and {BI = {UU\ (3.24)
u:!J)

Pn
{UIN}

u:!N

{Fb) and (Fa) are respectively the vectors representing the body force. and the force

applied at the boundary B whose components are respectively given by the first a'ld the

second term of the right hand side of equation (3.21).

The component.~ of the "coupling" matrix [CP] are given by the following equation:

(3.25)

•

AIso, [K] is the well-known "stiffne.s matrix" of 1inear static problems. 1t is generally

wril!,~n in the following form:
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• (3.26)

•

101 is the stress-strain matrix. For linear elastic. isotropie materials. [0) depends on two

constants: E and v (or Gand À.). [B] is the matrix relating strain to nodal displacemems

which depends on the shape functions NI. Both matrices depend on the dimensionality of

the problem and on the assumed stress conditions when the problem is simplified imo a

two-dimensional situation (plane strain. plane strt:ss or axisymmetric). Explicit forms of

[DI and [B) will be given in subsequent sections for plane strain and axisymmetric ca~es.

3.2.3 Galerkin formulation for the fluid mass conservation equation

Substituting the fluid mass conservation equation (3.I.c) into the weighted residual

equation (3.6). one obtains:

(3.27)

Applying Green's theorem to (3.27). one obtains:
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• Substituting (3.7) -(3.9) into the above equation. one obtains:

(3.2lJ)

The equation (3.:9) can be \\Tinen in maoix form as:

• where:

i di"l k jj aN K
KPlK = ----dR

R aXj Il aXj

(3.30)

(3.31 )

•

[CPF is the transpose of [CP] defined previously (3.25).

[CM] is defined in equation (3.16).

(FQ) is me inward fluid flux wough me boundary B and is defmed by the first tenn of me

right hand sid of equation (3.29); (F~l is me gravity driven fluid flux defined by the

second terrn of the right hand side of equation (3.29).
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• The matrix equations (3.14). (3.23) and (3.30) are the fmite element approximations for the

governing equations of isothermal consolidation (3.l.a- 3.l.c).

3.2.4 Finite clement discretization

Following standard finite element procedures. the domain R is divided into Ne subdomains

E called finite elements. Each element has n nodes for displacements ca1culations and N

nodes for pore pressure and temperature ca1culations. Ali elements are joined together at

these nodes (figure 3.1).

•

•

/
Boundary B

Figure 3.1

Domain R

Finite element discretization of domain R
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• The shape functions in equations (3.7) to (3.9) are defined only at the lc:vel of ea,h

individual elements. The choiee of the partieular form of these shape fun,lions should

assure continuity of the pressure p. temperature T and displaœment u, at the ,ommon

boundaries between elements. The previous matrix equations (3.14). (3.23). (3.30) are

wrinen for each element. The global equation for the whole domain R is obtained by

summations of ail the matrix equations written at an elemental kvel:

•

N
ie~ 1([KH];eIT) + pC[CM]je{~D) ={FH} + {FOI

~ 1 {dP} T{dÔ})ie~ Il-[KPI ie{P}- ce[CM]je dt + et[CPl je dt =

(3.32)

(3.33)

(3.34)

•

Ea,h of the elemental matrices in the above equations are obtained by integration over the:

do:nain enclosed by the individual element. For example. the components of the: element

matrix [KP]ie are given by:
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•

Two type:s of e1e:me:'lS will now be developed: a mixed ll-noded/4-noded solid element for

the: porous medium and a mixed 6-noded/4-noded joint elementto handle discontinuities in

the: porous medium.

3.2.5 Solid isoparametric element

The type of elements we use for the porous medium is a mixed 8 noded-4 noded

isoparametic element used by several researchers (eg Aboustit et al .• 1985: Smith and

Griffiths. 1YXX: Selvadul".ll and Karparapu. 1989). The displacemems are calculate:d at the

II nodes of this element. while fIuid pressure is caIculated only at the 4 corner nodes (see

figure 3.2). Aboustit et al. (l9X5) have: shown that spatial osciIIations in the solution

obtained for the pore pressure could be avoided with this type of element as opposed to the

X-noded element type where aIl degrees of freedom are calculated at aIl nodes. The physical

e:xplanation for this type of oscillations is as follows. FIuid pressure has the same

dime:nsion as suess. Suain is directly related to suess via the [D] matrix. Since suain is

e:xpre:ssed in terms of spatial derivatives of displacements. the polynomials used as

interpolation fur."tions for fluid pressure should consequently be one order lower than the

ones use:d for displacements. Nguyen (1991) has also found that the regular 8-noded

isopar.lmetric element couId lead to significant spatial osciIIations of the pore pressure field.
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(ç.'1) = (0.1)•
y

(ç.'1) = (·1,1)

5
(ç.'1) = (1,1)

, 3
(ç.'1) -= (0,-1) (ç,'1) = (1,.1)

•

1
(ç.'1) = (·1,·1)

• x

Figure 3.2 Eight-noded isoparametric elemenl~

The interpolation functions in (3.7) to (3.9) are defined in the local coordinate system (1;.1'0

as:

(3.36.a)

•
and:
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N
_-(I-ç)(l-11)(I+ç+11)

1- 4

N
_ (1 + /;)(1 -11)(-1 + /; -11)

3 - 4

N
_(1+/;)(1+11)(-1+/;+11)

5 - 4

N
_ (1-1;)(1 +11)(-1 -/;+11)

7- 4

..:...(1_-....:.112~)('-1_-/;.:c..)N -x- 2

(3.36.b)

Temperature. pore pressure and displacemenl~ within the elements are related to the nodal

values as:

•

T = liri TI +~ T3+ ~ Ts+~ T7

p = liri PI +~ P3 +~ P5 +~ P7

u, = f NJuiJ
J = 1

The global and local cordinates are related by:
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• (3.3li)

where 1=I .....Xand summation is applied to repeated indices.

With the explicit definitions of ail the shape functions given by equatians (3.36). ail the

element matrices in equations (3.32) ta (3.34) can he obtained by integratian aver the:

elements. For example. the element stiffness maDi.\ is given by:

•

i [B]T [D](B)dxdy = f. 1 fI [B]T [D](B] det!JI dè;dll

-1

where [JI is the Jacobian defined as:

(3.3'./)

(3.40)

•

For plane suain problems. the suain-displacement matrix is given by (see e.g. Smith and

Griffiths. 1988):
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aN!
0

aNs
0ax! ax!

[B) = 0
aN1

0
aNs (3.41 )

aX2 aX2

aN) aN! aNs aNs
aX2 aXl aX2 ax!

For plane strain conditions. the stress-strain matrix is given by (see e.g. Smith and

Griffiths. 1988):

v* 0

E*
v* 1 0 (3.42)[0]=-,

1-v*-

0
l-v*

0
2

where:

•
E* = E,

(l-v-)
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• v* = v
(l-v) (3.44)

The integrations in equation (3.39) are performed numerically using Gaussian quadrature

techniques (see e.g. Smith and Griffiths. 1988).

The components of the strain tensor defined in equation (2.4) are re1ated to the nodal

displacemenl~ for each element as:

( Ut

vI

• r"}e:!2 = [B] (3.45)

2el2

UR

Vg

where for convenience of notation, u) is the displacement of the solid matrix in the X=XI

direction at node J and V) is tlte displacement of the solid matrix in the y=X2 direction at

node J.

•
The total stress-total strain relationship (cf. equation 2.10) becomes in matrix form:
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•
{ ~::} = IDI{ :~~ }-13K[){~)+ cx{~)

0"12 2el2 0 0

3.2.6 Joint Element

(3.46)

•

•

Huyakorn and Pinder (1983) showed the formulation of a special joint element for the

analysis of the isothermal consolidation of fractured porous media. This element has four

nodes. and is characterized by its length Land thickness b. This element falls into the

c:ategory of "thin element" as formulated by several investigators (e.g. Zienkiewicz et al..

1970; Ghaboussi et al.. 1973: Pande and Sharma. 1979: Desai et aL. 1984: Griffiths.

19S5: Sc:hweiger et al.. 1990). The same interpolation functions are used for displacement~

and f1uid pressure. Although no numerical example was presented by Huyakom and Pinder

o9S3). it is likely that this type of element could lead to numerical instabilities. for the

same î.ltionale indicated previously for the 8-noded isoparametric element.

Considering the above. we devc,uped a joint element with 6 nodes (figure 3.3). The

displacements are calculated at all six nodes while the fluid pressure is calculated only at the

corner nodes. The element is categorized as a straight "thin element"' with thickness b. and

length L. The local coordinate system is defined i~ term of the global ones as:
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•

{ X:}={XI}+[C~SIj/ sinlj' Vx}
y YI -SIOIj/ COSIj/ J\ y

where Ij/ is the angle be,ween x' and x and (Xl_YI) are the coordinate:s ofnod~ 1.

y' 4

2~Y (or zl /'"

,~~

..'
~,""'\Ijf

,--- --- x (or r)

Figure: 3.3 Joint element

(3.47)

The displacements along the bonom edgc (1-2-3) and along the top edge: (/\-5-4) are:

interpolated with respecteè to the nodal displacements as:

•

, , , ,

Utxll = NlUI + Nzuz + N3u3
, , , ,

voo,=Nlvl +Nzvz+N3v3

u~p = NIU~ + Nzu; + N3U~
, . . ,

Vtop = NIV6 + Nzvs + N3v4
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• and the interpolation functions are defined as:

, ,
NI(x') =2 x'-IL-· 3 x'lL + 1

, ,
N2(x') = ·4x'-1L-+ 4x'lL

, ,
N3(x') = 2x'-IL-· x'lL

(3Al))

•

u' and v' are the displacement along x' and y' respectively. Il could be secn lh~ll the)" arc

assumed to vary as a quadratic function of x'.

The slr.lin component~ could be expressed in term of displacement~as:

au~"e··=--x ~ àx'

•

Vtup -- Vix'1
e)'.)'. = b

u'op • Ulx., av;",
2e .. = + "x'x)' b CI

Substituting (3.48) into (3.50), one obtains:
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•

UI

vI

l ' •• )
\ Cy'y' = IBI

(3.51 )

"c ..- xy

Uh

Vh

ln cq. (3.51). lB] is thc stress-displacement matrix (dimension 3x12) whose entries

contain expressions of NI and their derivatives with respect to x '. For plane strain

.:onditions:

aN) aN2 aN
0 0

,
0 0 0 0 0 0 0ax' ax' ax'

N N2 N, N, N2 NI
IBI = li

1
0 0 0 0 0

b b b b b b

NI aN I N2 aN2 N, aN N N2 N, ,
0 0

1
0

b ëJx' -T ëJx' b ëJx' b b b

(3.52)
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•
The stiffness matrix for the joint element would no\\' he gi"en in the x' -y' "l1l1rdill:It,·

system by:

\.'.5.' )

•

where [0] is the stress-strain matrix. For plane straill conditions. IDI Wl1uld take th,'

following form:

D .. CI 0
"

[D] = CI Dn Dn, \.'.54 )

CI D,n D,

Where On = Dyy is the normal component of the stress-strain matrix: Ds = D, 'y' is the

shear component of [D] . D,n and Ons are equalto zero for linear elastÎC behaviour: they

become different from zero when dilatancy of the joint due to shear is introduced (cf.

chapter f».

The components of the [K '] matrix were analytically derived. In order to ohtain the

stiffness matrix [K) in the global coordinate system. one needs to pcrform the following

tr.msformation:

•

[K) = [Tr) .[Kl. Tr<lnspose[Tr)

with:
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•
(Tri =

lAI
lAI (J

lAI
lAI

(J lA]
[A]

(3.5(;)

[
COS~I Simjl]IAI= .
-smljl cosljI

(3.57)

•
In orderto derive the remaining matrices in equations (3.32). (3.33) and (3.34) forthe joint

element. the interpolation functions for the f1uid pressure have to be defined. The fluid

prt:ssure and the temperature inside the element are expressed in tenns of the corner nodes'

pressure and temper.ilure as:

•

p(x'.y')= l'l';PI + l'rzP, + ~P4 + ~P6

T(x'.y')= l'l';TJ + f'l;T, + ~T4 + ~T6

Where the interpolation functions are defmed a~:

, . "- x y xy
N1=1----+-

L b bL

_ x' x'y'
N..,=---

- L bL
, ,

- xy
N,=-. bL

, "_ \' xv
N4=~--'

b bL
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• The above interpolation functions are lincar functions of x. and y'.

The expressions for ail the matrices in (3.32). (3.33) and (3.3'+) can no\\' l~ casily (kri\'cd.

For instance:

h

• \,'=0
... ,;:=0 .

•
(3.(,(1 )

Where: [Tl is the Coordinate transformation matrix pre\'iously defincd.

AIl the: integration for the: joint e:lc:me:nt matrices are pe:rformed analytit:ally.

3.3 Axisymmetric conditions

ln order to obtain the equations governing axisymmetric problems of thermal consolidation.

equations (3.1 a). (3.1 b) and (3.1 c) have to bc: rewritten in the: cylindrical coordinate:s (r.

e. z) defmed by the following transformation rule (figure 3.4):

•
x=rcose
y = r sine

z=z
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• By using the chain rule and performing differentiation of the equation (3.fil). one can

prove the following results:

iL == cllse (J _ sinll .iL
dx . dr r de

iL == sine (J + clIse .iL
dy . dr r ae

z

(3.62)

•
x

y

•

Figure 3.4 CyIindricaI coordinales

The axisymmetric condition requires the follOl,ving:
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•

;)T = 0
de

êJp
dB =()

U. =0

where Ur =U 1 and U1 =U2 are the displal:ement components in the rand z direl:lions.

respel:tively: and UH is the dispiaœment in the direl:tion perpendil:ular 10 the r-z plane.

Applying the differentiation rule (3.62) 10 equations (3.1 a) to (3.1 l:) and invoking the

axisymmetric l:onditions defined by equation (3.63). we obtain the following governing

equations for axisyrnrnetric conditions:

(3.64 al

(3.04 bl

(3.64 l:1

where:
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•
i. j vary from 1 ta 2 with x)=r. X2=Z. U1 = Ur and U2 = u,

E, is the volumetrie strain given by:

au, u)
f =-+
'V rJx, x)

(3.65)

•

The Galerkin finite element procedure was applied to equations (3.64 a) to (3.64 c). to

oi:ltain the matrix equations equivalent to (3.32) to (3.34). The only differen<:es between the

plane strain ;:nd axisymmetric cases are as follow.

The integrals that define the elemental matrices in equations (3.32) to (3.34) are performed

for the plane strain case with:

dE", dxdy

For the axisymmetric case:

dE = rdrdz

The matrices [BI and [DI for the plane strain ca~.es are defined previously. For the

axisymmetric case. an additional component of s:rain in the hoop direction (direction

perpendicular to the r-z plane) exists:

(3.66)

•

The strain-displacement matrix now relates the strain components to the nodal

displacemenls according to the following relation:
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•

=[B]

UzN

(3.67)

•

where I=I....N. with N=li for eight-noded isopar..metri<.: elements and N=6 for joint

elements. Url and Uzi are the displacements of the solid skeleton at node 1 in the rand z

directions. respectively.

For eight-noded isoparametric elements:
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•

v v
J-v 0

J-v
v V

J-v 0
J-vE(1-v) (3.69)

[DI = (1+vX I -2V) 0 0
J-2v

2(1-v)
0

v v 0J-v J-v
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For joint e1ements:

[B] =

aNI
(1

aN:!
(1

aN,
nai'" ax' rh: (1 (1 (1 n Il Il

NJ N! N, N, N, NI
(1 'b (1 'b (1 -b Il b Il Il hh

NI aN I N! ilN! N, aN, N, N!
(1

NI
a,' 'b ax'

(1
h Il

b b il,' h "NJl,X1S'I' -N 1sin'V N1l;()S'V -N2sin", N~co"'l' -N~sin~' N;\c(ls~' -N3·,;jn~' N2't l s'l' -N2sin'l' N I,us'l' -N 1'_11I'1'
~ :!r ~ !r ~ !r ~ !r ~ !r ~ !r

(3.70)

with r= r(node 1) + x·COS'!' (see figure 3.3 where r replaces x and z replaces y in the global

coordinate system for axisymmetric cases)

and:

Dx•x.. 0 0 a
0 On On. 0 (3,71)[0] =
0 O.n O. 0

0 0 0 0 88
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•
3.4 Time marchirog scheme and stability

In orde:r to. handle nonlinearities, encountered in the elasto-plastic joint model to be

introduce:d in chapter n, we differentiate the matrix equation of equilibrium (3.33) with

re:spect to time t in order to obtain an incremental formulation of this equation. This

prc>cedure is widely used by others (see e.g. Zienkiewicz et al.. 1977: Lewis and Schrefler.

19X7)

The: system of matrix equations (3.32) to (3.34) to be solved now becomes:

•
(3.72)

(3.73)

(3.74)

•

For nonlinear problems. the matrices in the above equations are tangential matrices that

relate increment~ of response (dÔ,dp, dT) to increments of extemal loads (e.g. dFJ. These

matrices are dependent on the current state (Ô,p.T) of the system.
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• Let us use the following finite difference scheme for time discrctization:

XY= (!_y)XlJ + yXI

dX XI_XU
dl = lit

(3.7:' )

(3.76)

•

where lit is a time increment. XlJ. XI. XY are the value of a quantit)' X at times t. t+ iiI and

t+yDt respective!y: y is a value between 0 and 1. When y=0 . the finite difference schemc is

called fully exp!icit: when y= 1. it is called fully implicit: when y=O.5. it is calied the Crdnk-

Nicholson scheme.

Applying the finite difference scheme (eljuations 3.75 and 3.76) for dp/dt. dll/dl. dT/dl and

pin eljuations (3.72). (3.73) and (3.74). one obtains the following global matrix eljuation:

•

[/{KH] + pqCM]{T}! = {FH}1 + {FQ}1+ [(y-1)[KH]+pC/Ii~LM]{T}lJ

[

[K] a[CP] VIll}l}

a[CP]T -yIitfKP]- ce[CM] j\ 1p} ! =

[

[K] a[CPJ V(1lIO}

a[Cp]T (1- y)lit[KP]-ce[CMj j\ (plo +

{
{Fa}!-{Fa}O+{Fb}I-{Fb}OU~KclCP] [0] V{T}I_{T}O}

IFQ}Ylit+ IF~IYlit n [0] -~elCM] J\{T}I - {T}o
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•

•

Whc:n (T)O, 1010 and (plO are known. the solution of c:quation (3.i7) will givc: {TIl .

10)1 and Ip)l. Bookerand Small (1975) and Lewis and S~hrene:r (19l\7) have shown that

for "(>112. the: finitc: ditference scheme given by equation (3.75) and (3.76) as applied ta

problems of consolidation is unconditionnally stable in time (no oscillations of llJe solution

with the: time variable: would be found). For eight-noded isoparamc;c elements where ail

dc:grc:e:s of freedom are cakulated at ail eight nodes. Aboustit et al. (1 9l\5) have shown that

spatial oscillation in the pore pressure field (especially at early times) could be avoided for

some problem~ when y is doser to one ( y=O.1l75 in the example given by Aboustit et al..

1<J1l5). Intuitively. when the pore pressure p varies very r.lpidly. a value of Yequal or close

to one: is preferable. since pY at an intermediate time t= tfl+YÔt is closer to pl than pO. As

will be shown in the next chapter. this is particularly true for thermal consolidation

prob1c:ms wherc: the thermally induced pore pressure varies rapidly with time. We

experien~c:d very little spatial or temporal oscillations in the numerical results for the

verification problems shown in the next chapter. when values of y dose to 1 (typically

0.1175 or 1) were chosen.

The finite elc:ment formulation described in this chapter has been implemented in a

FORTRAN code. FRACON ( FRActured medium CONsolidation). In order to verify the

code the results derived from the computational model are compared with a series of

benchmark problems. which are primarily analytical solutions. The results of these

verification activities are discussed in chapter 4.
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CHAPTER 4

VERIFICATION OF THE FINITE ELEMENT

CODE FRACON

Verification of a computer code is the process by which one assures that the code gives

adequate numerical solutions to the governing equations. Verification could include such

activities as comparison of the code results with analytical solutions or intercode

comparison (i.e. comparison with the results of other codes which solve the same

equations). For isothermal cases. analytical solutions for one-dimensional consolidation are

available from Terzaghi (1 Y23). for two-dimensional plane str.lin or axisymmetric

consolidation from McNamee and Gibson (1960). Booker and Savvidou (19XSl derived

the analytical solutions for the non-isothermal consolidation problem related to a volumetrie

heat source embedded in a saturated porous medium. In this chapter we will perform

verification of the FRACON code by comparison with both analytical solutions and with

other codes.

In ail problems simuIated in this chapter and in the remainder of this thesis, gr.ldual mesh

size and time step refinemenl~ are used until the further refinements do not result in

significant changes in the numerical solutions. Only the results from the "converged' mesh

size and time step are shown in a1l the examples. More details on this procedure are
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• dis<.:ussccl hy Sclvaclurai and Nguycn (1')l)5).

4.1 Onc-dimensional isothermal consolidation

Terzaghi (1 \123) provided an analytical solution for the problem of the one-dimensional

consolidation of a soil column of thickness H. with an impermeable base. subjected to a

total stress po which has a time variation in the form of a Heaviside step function. The

finite element mesh and the boundary conditions for this problem are shown in figure 4.1.

•
Free draining

z
H •

Impermeable

•
Figure 4.1 Finite element mesh for one-dimensional isothermal consolidation
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• The following dastic propenies are used in the finite element analysis:

E = 35x 10'1 Pa

v =0.2

For an isotropie medium. ail the off-diagonal coefficients of the hydraulic eonduetivity

tensors are equalto zero. and ail diagonaltenns are equal. The following value is used:

K" = Kyy = Ku =K =10·11 mis

The Joad at the surface is assumed to be : po = -30x 106 Pa: and the thickness His:

H=5ll0ll m

•
1.~5 ..,....----------------,

0.i5

0.5

O.~5

o

·O.~5+--...--....--.,.--""T----j
o
g
ci

T"

o

o FKACON - IiH=lI. J"1

An:llylil:al rcsull .
IiH=O.5i'i

Analytil:al rC!loull .
IiH=1I.11I4

•
Figure 4.2 Pore pressure evolution at different depths
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• Figure: 4.2 shows that the finite element results for the pore pressure variations with time

agre:e wc:Ii with the: analytical results. The variations of normalized pore pressure p/Po with

normalized time T* at two different depths are shown in figure 4.2. The normalized time is

define:d by:

(4.1)

and Cv is the coefficient of consolidation. that is related to the hydraulic conductivity K and

the: elastic constant~ by the relationship:

•
KE(\-v)

Cv = -Pf-g':":(1-;-2~v7.)(:'i-1+-v"":")

where g is the acce1erdtion of gravity and Pr is the density of the pore fluid.

ln figure 4.3. the normalized surface senlement:

Gw
PoH

(4.2)

•

(where G is the shear modulus and w is the absolute senlement) is shown as a function of

time. The agreement between the finite element and the analytical solutions is excellent.
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• 0.4

0.3

;;. [J FRACoN
~ 0.2
~

" An:llY1ical

0.1

0
0

0 ci0 ::::: c; 0

T'

Figure 4.3 Venical senlement of the surface

• The above results of the FRACON code were obtained with a value of the integration

constant )'=0.875. Figure 4.4 shows that with )'=0.5 sorne oscillations in the computed

pore pressures occur at low values ofT" (T*<O.OOI). For large values ofT", the finite

element analysis compare very weil with the analytical solution. For lower values of y (0 or

0.2), the solution is unstable.
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- 'J.75
~
if 0.5
~
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0.25"""C-

O

·0.25

ë -<= -<= 0: -0:

o y = 0.5

o y =0.875

Ana1ytic:~

•

•

Figure ~.4 Effect of inte!!ration constant y

4.2 Isothermal consolidation of a semi-infinite medium under plane strain

and axisymmetric conditions

McNamee and Gibson (1960) developed analytical solutions for the axisymmetric and

plane strain problems related to isothermal consolidation of a half-space subject to a

pressure Po at the free surface. For plane strain conditions. the loaded area is a strip of

width Za. while for axisymmettic conditions. the loaded area is a circuJar region of diameter

2a (see figure 4.5). McNamee and Gibson (1960) developed integral expressions for the

displacements. stresses and pore pressure. These infinite integrals can be numerically

evaluated by using a suitable quadrature scheme. Simplifications can be made for the

expression of the pore pressure when the Poisson's ratio is zero: i.e.

86



•

•

where:

X=x/a (rIa for axisymmetric case). Z=zla and:

t
~COS(Xç)Sinç for plane strain

K(X.Ç) = lt'o

Jo<xç)J 1(ç) for axisymmetry

erf is the error function. defmed by:

., (X •
erf(x) = iirJo e~'dE

Jo and JI are Bessel functions of the flfst kind of order 0 and 1 respectively.

(·Ul

(4.4)

(4.5)

•

The finite element mesh and the boundary conditions for this problem are shown in figure

4.5. The following input data are used:

a=5869 m

Po = -30x106 Pa

E=35x109 Pa

v=O

K (hyclraulic conductivity for isotropie medium)=5xl 0.11 mIs
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The: numerical and analytical results arC' compared in figure 4.6.a and in figure 4.6.b.

rcspe:ctivc:ly. for plane str<lin and axisymmetric conditions. In the numerical computation. a

value: of r=U.X75 was used. The agreement is quite good. considering that in the finile

ele:ment analysis, artificial boundaries al finite distances from the loaded area have to be

imposed. The FRACON code tends to overpredict the values of pore pressure with the

boundary conditions shown in figure 4.5. Typically. at the peak of the pore pressure vs.

time curve. the numerical value for the pore pressure is 3'ir higher than the true value

obtained with the analytical solution; atlate times (T* =10). the boundary effects become

more important. and the overprediction in the numerical result reaches a value of 30'ir. A

second analysis. with a zero pore pressure condition specified at the right hand side

boundary. was perfonned with the FRACON code. That resulted in an underprediction of

the results by the finite element method. with typical absolute values of the underprediction

similar to the fonner case. For both plane strain and axisymmenic conditions. the Mandel

Cryer effect (i.e. the development of a "peak" in the time-dependent response of the pore

pressure) is manifested at aIl nodes being considered. The above phenomenon was

mathematically demonstrated by Mandel (1950. 1953) for a brick-shaped body uniaxially

loaded underplane strain conditions; and Cryer (1963) for a sphere subjected to a unifonn

pressure at its surface with free-draining conditions at this surface. The Mandel-Cryer

effect has also been experimentally observed (Gibson et al.. 1963; Verruijt. 1965). For the

example of the uniformly loaded sphere. the Mandel-Cryer effect can be physic~I1y

explained as follows (Cryer. 1963). At early times in the consolidation process, aImost ail

of the volume change occurs near the surface where drainage occurs. Thus, the region near

the surface will tend to contract, resulting in squeezing of the central regions.

Consequently. the total radial stress in the central regions wiII increase. As there is little

volume change in the central regions. the effective stress must remain constant and thus the
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• pore pressure must rise.

Node 91

ble

for
metric

Impermeable

,••••• Po Free draining p=O
~

.... x (or r- axisym
case)

-~
"'" 'Y

,/

Impermea

1

Node 9

Node 15

•
z

Finite e1ement mesh dimension 500m ffix50()(J() m

Node'J: x=O z=45071
Node 15: x=O z=36776
Node 91: x=5869 z=36776

Figure 4.5 Finite e1ement mesh for consolidation of a half-space under plane strain or

axisymmetric conditions
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The integration in equation (4.3) is performed numerically using the symbolic manipulation

code MATHEMATICA (Wolfram Research Inc. 1993. V.2.2). For the axisymmetrk case.

the numerical integration did not converge for node 9. due to the proximity of this node 10

the loaded area. Thus the resuits for that node i:; not shown in figure 4.6.b.

4.3 Thermally induced consolidation of an infinite medium with an

embedded cylindrical heat source

Booker ai1d Savvidou (1 9ll5) examined the problem of thermally induced consolidation of

an infinite homogeneous saturated poroelastic medium due to an embedded volumetrie heat

source V of constant intensity q (figure 4.7).

The intpgral expressions for the temperature and pore pressure are:

(4.6)

(4.7)

•
where:
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<I> ={( I-n)~, + n~I}(À+2G) - ~(À+2~)

R=(( x-x,)2 + (y_y,)2 + (z-z.)2) 112

x,.y,.Z, are the coordinates of a point inside the volume V (see figure 4.7)

y

(x.y.Z)

(4.lÎ)

(4.9)

(4.10)

Z
T. p. u. = 0 at x. y. Z = - co or + co

1

T. p. u. = 0 an = 0
1

•

Figure 4.7 Therma1ly induced consolidation ofporoelastic medium - Booker and

Savvidou's (1985) problem
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Booker and Savvidou's solutions. equations (4.6) and (4.7). are used to obtain analytical

results in this section and sections 404 and 4.5. In this section. we consider a cylindrical

heat source. The same problem has been simulated by Lewis and Schrefler (1l)~7) with the

finite element code PLASCON. using an unspecified system of units. For purposes of

eomparison. we use here input data identical to those specified by Lewis and Schrefler

(1987) with the assumption that this data has consistent units:

rJdius of cylindical source: 0.3

height of cylindieaI source: 2

q= 176lt39

E=6000

v = 004

K (hydraulic eonduetivity for isotropie medium) = UAx 10.5

le (thennal conduetivity for isotropie medium) = 1.02857

pC=40

n (porosity) = 0.5

~ (volumetrie thermal expansion coefficient of the solid matrix) = 0.9x JO.!>

~s (volumetrie thermal expansion coefficient of the solid grain materia1)= 0.9xlO·('

~r (volumetrie thermal expansion coefficient of the pore fluid)= 0.63x10·5

The finite element mesh used for this problem along with the boundary conditions are

shown in figure 4.8. Axisymmetric conditions are specified. The results for the temper;'-:-rre

and pore pressure at three different nodes are shown in figure 4.9. The results from the
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•
FRACON code compare weil with the ar.alytical results. It could be seen that at ail poinl~ .

the pore pressure increases due to thermal expansion of the pore nuid. and then gradually

dissipates as the medium is allowed to consolidate.

z

r

eable

J~
Impermeable

Imperm

...
t ~e9

Impermeable
r

•
Impermeable

node 65 ----.

Heat source ......

•
node 5

Node 5: x=O.3 z=O
Node 9: x=O.914 z=O

Node /\5: x=O z=J.

•
Figure 4.8 Consolidation of an infinite medium around a cylindrical heat source
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Figure 4.10 Cylindrical heat source - Effects of integration constant y

The numerical results shown in figure 4.9 were obtained with the FRACON code using an

integration constant y=O.R75. Figure 4.10 shows that values c10ser to 1.0 give a more

accurate numerical result. The Crank-Nicholson scheme. with y=O.5 significantly

underestimates the pore pressure increase. The above result shows that. in contrast to the

associated isothermal problem (cf. section 4.1). thermally induced pore pressure varies

much more rapidly with time. Consequently, it is recommended that a value of "(=1 be

utilized in performing the time integration schemes for most thermal consolidation

problems. This value of y is utilized in the remainder of the problems considered in this

thesis.
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4.4 Consolidation of an infinite medium with an embedded line heat suurce

We consider here the thermal consolidation problem for a line source of 1m length emining

heat at a rate of q =40 Wfm. The schematic description of the physical problem is

iIIustrated in figure 4.11. The finite element mesh and the boundary conditions arc also

shown in figure 4.1 1. Plane strain conditions are assumed in the finite element analysis.

The line source runs through node 1 shown in figure 4.11. The following propenies.

typical of a cementitious material used in an experiment performed at Carleton University

(Selvadurai, 1994: cf. Chapter 4). were used in the analysis:

n = 0.001

E =27 GPa

v =0.24

K =IxlO-12 mis

li: =0.563 JfmlsfoC

pC =2x106 Jfm3foC

~< = B= 0.2xlO-4 oC-!

~f= O.4xlO·) oC-!
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Figure 4.11 Consolidation around a line heat source
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Figure 4.12 Line heat source- Variation of temperature and pore pressure with time
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The lemperalure and pore pressure at nodes 3 and 9 are shown in figure 4.12. Except for

sorne early time (1<100 s) oscillations for both temperature and pore pressure close to the

heal source (node 3. at a distance of 0.014213 m from the source). there is reasonable

agreement belWeen the numerical and analytical resull~.

4.5 Consolidatiun of an infinite medium with a discoidal heat source

The same type of porous material as in section 4.4 is considered. The heat source now has

the shape of a disco with a heat output q= 1000 W/m2• The schematic description of the

physical problem is illustrated in figure 4.13. The finite element mesh and the boundary

~onditions are also shown in figure 4.13. Axisymmetric conditions are imposed in the fmite

element analysis. The disc-shaped heat source is centered at node 1 (figure 4.13): it has a

radius of 0.0339 m. extending from node 1 to node 5.

As shown in figure 4.13. the agreement between numerical and analytical results for

temper.ilure and pore pressure is satisfactory. Close to the source (node 5) the temperalUre

is underpredicted by the FRACON code: the pore pressure is underpredicted at early times

but the peak and post-peak values for the pressure are overpredicted. The above results for

node 5 suggest that. when accurate numerica1 results are required near the heat source. a

more refmed mesh discretization will be needed.
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4.6 Non-isothermal consolidation of a soil column

We perform here an intercode comparison for the problem of the non-isothermal

consolidation of a soil column which is subjected to the combined action of a Heaviside or

step function of heating and loading at its surface. To our knowledge. there is no recorded

analytical solution for this problem. The problem was simulated by Lewis and Schrefler

(1987) using the finite element code PLASCON and is analyzed here with the FRACON

code. The finite element mesh and the boundary conditions used for the FRACON analysis

c-e shown in figure 4.15. The mesh size and the initial time step used in the FRACON

analysis is comparable to those used by Lewis and Schref1er (1987). Plane strain

conditions are imposed. The surface of the soil column is submitted at time 1=0 to a surface

pressure po and a temperature increase dT. Both loads will remain unchanged in value for

lime t>O•

The input data for the analysis with FRACON are the same a~ the ones used by Lewis and

Schref1er (1987), and are in unspecified units:

Po =-1

dT=50

E=6000

v=O.4

K = 0.4xlO·5

K = 1.02857

pC=40

n =0.5
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The variation of the surface setùement with time is shown in figure 4.16. A visual

comparison between figure 4.15 and a similar curve from Lewis and Schrefler, 1987 (fig.

7.0. curve c) shows excellent agreement between the FRACON and PLASCON results.

The peak of the senement curve is due to the non-isothermal. elastic nature of the problem.

The temperature increase dT tends to expand the soil column and create upward movement

of the surface, while the applied pressure Po has the opposite effect The setùement of the

surface (middle curve) is the sum of the individual displacement caused by po (upper

curve) and dT (lower curve). The transient surface settlement due to Po reaches a steady

state value sooner than the transient upward displacement due to dT, resulting in the

observed peak. The upward movement due to the temperature still takes place after the peak

is attained, resulting in rebounding of the surface. The final steady-state senlement is

reached when both the thermally and mechanically induced displacements are at steady-

state.

The exact value of the steady-state settlement and stresses for the above problem can be

obtained analytically by writing Hooke's law (cf. equation 2.8) and imposing the following

conditions:

One obtains the following expressions:
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t. = H (po(1+V)(1-2V) + 13(1+V)BT)

E( I-v) 3(1-v)

vpo-E 13 l)T., 3
0""" =O"zz = 1 --v

where H is the height of the soil column and t. is the surface seulement

(4.11 )

•

•

One then obtains the following almost perfect agreement between the exact and numerical

resuIts:

t. = O.2':!\I5x 10-3 (FRACON) vs. 0.2994x 10.3(exact)

0"'xx = 0"'zz = -0.8167 (FRACON) vs -0.8167 (exact)

4.7 Constant pressure test in a joint

A method for detennining the permeability of a joint in a rock mass involves the injection of

water into a borehole intersecting the plane of the joint. These tests are described in detail in

chapter 7. Let us consider a horizontal joint in a rock ma~s. The type of injection test called

.• the constant pressure test" consislS of sealing a section of the "orehole at the elevation of

the joint. and injecting water in the sealed section. Once a certain value of the pressure is

reached. this value is maintained constant. The flow rate is then measlJred. The flow

transient is a function of the constant pressure in the sealed borehole section. and of the

permeability of the joint and it~ normal stiffness. Assuming that the joint is axially

symmetric around the borehole (see figure 4.17) and that the joint behaves in a linear

elastic manner, one can obtain an analytical solution to the problem in the folIowing
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Figure 4. 17 Schematics of borehole injection test

•
Assuming that flow takes place only radially along the joint. and neglecting the

compressibility of both the water and the solid grains. the equation of fluid mass

108



•
conservation under axisymmenic isothermaI conditions (3.64 c) for the horizontal fracture

becomes:

(4.12)

where k is the permeability of the fracture in the radial direction.

We funher assume that displacement in the joint takes place only in the normal direction.

Then:

(4.13)

•

where On is the normal stiffness of the joint (cf. equation 3.71).

Substituting (4.13) into (4.12), one obtains the foUowing uncoupled equation for pressure

transient in the joint:

.2.(k[apD+ l(k[apD+..Lap = a
dr II ëïr r II dr On dt" (4.14)

Equation (4.14) has the form of a c1assical diffusion equation. For the following boundary

and initial conditions:

p=po at r=rj and p=O at r=ra for t>O : p(r)= 0 at t = 0 (4.15)

•
the solution of equation (4.14) is available in standard textbooks (see e.g. Crank, 1975;

Chapter 5). ln equation (4.15), ri is the radius of the borehole, ra is the radius of the joint
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and po is the constant pressure maintained in the sealed section of the borehole (see figure

4.1(,).

The above problem was simulated with the FRACON code. The fmite element mesh with

the boundary conditions is shown in figure 4.18. The following properties of the joint are

used:

Dn=106 Pa

k = 2.4 xlO·11 m2

rj=U.028 m

joint aperture b= 3x10·6 m

fn=2m

po=-7.5 MPa

The fluid pressure and the vertical displacement at different radii in the joint are shown in

figures 4.1 <) and 4.20. Good agreement between the finite element results and the analytical

solutions couId be observed. The fluid flow from the sealed borehole section into the

fracture is shown in figure 4.21. Again the agreement between numerical and analytical .

values is good.
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Figure 4.20 Venical disp1acement in the joint
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Figure 4.21 Flow from the sealed borehole section into the joint
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4.8 Conclusion

Verification is an important aspect of modern computational modelling exercises. For

example. in the context of nuclear fuel wa~te management. the safety performance of NFW

disposai systems is assessed with computer codes. These codes should be extensivel)'

tested for accuracy. Code verification is the frrst step in building confidence in the adequac)'

of a computer code as a tool to perform safety assessment. The next step in building this

confidence is by comparing the code's result.~ with experimental data. and this will be the

subject of chapters 5 and 7.

The availability of analytical solutions is a necessary prerequisite to perform code

verification. Due to the present focus on numerical methods among the majority of

investigators. analytical solutions for non-isothermal consolidation problem~ are searce. To

our knowledge. the only solutions available for non-isothermal consolidation problems arc:

the ones developed by B~oker and Savvidou (1985) for unfractured saturolted poroelastic

media. These solutions were presented in this chapter. To our knowledge. no analytical

solution exist for thermal consolidation effects in joints. Due to the importance of code

verification. we feel that more emphasis should be brought to mathematical methods in

future investigations.

In this chapter. we have compiled a series of verification problems that include both

isothermal and non-isothermal effects. For these problems. good comparisoÎl both from the

point of view of trends and actual magnitudes. was obtained between the numerical results

of the FRACQN code and the analytical resuit ,. The results presented in this chapter are

considered an important development since the verification problems which were presented

can constitute a set of benchmark problems for other code developers.
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CHAPTER 5

SIMULATION OF A LABORATORY

EXPERIMENT ON AN UNFRACTURED

CEMENTITIOUS MATERIAL

ln order to validate the extended theory of Biofs consolidation presented in chapter 2 for

unfractured porous rock, a laboratory experiment involving the heating of a saturated

synthetic rock was performed al the civil engineering laboratory at Carleton University

(Selvadurai, 1994). Experimental investigations of cOl;9led T-H-M processes in

unfractured rock are very rare. In this chapter we present a description of this

experiment and its simulation with the FRACON code.

5.1 Description of the experiment

Complete descriptions of the experimental details and procedures are given by

Selvadurai (1994). A cylinder, 50 cm in diameter and 46 cm in height was cast with a

special mixture of cementitious SIKA grout using a sono-tube as a mould for casting the

cylinder. The SIKA grout was chosen due to its high degree of workability and low

shrinkage potential. Three pore pressure tranducers were positioned along the axis of
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the mould with thin plastic string harnesses prior to placing the SIKA grout. They were

located at distances 01 16 mm, 34 mm and 72 mm Irom the surface 01 the cylindrical

block where a heater would be emplaced, The details 01 the pore pressure transducers

are shown in figure 5.1. Type K thermocouples were also positioned close to the pore

pressure transducers and at salient points closeto the heater.

(0) ALD-MP... Wlnlature Tronaduc."

(b) DImensIons of th. Pressure Tranaducer

•
Rgure 5.1 Pore pressure transducers used in the heated cylinder experiment (Irom

Selvadurai, 1994)
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The grout was mixed with sand in a rotary mixer and wet sieved to remove partieles

larger than 5 mm. The mixture was then poured into the mould and the plastic wire

harnesses were removed from the grout mixture at the completion of pouring. The mould

was removed alter 10 days of curing in a moist atmosphere. Alter an additional 18-day

curing period. the cylinder was vacuum saturated. The cylinder was then immersed in

water and a heat source was applied at the surface. Temperatures and pore pressures

were continuously recorded by a computerized data acquisition system during the

experiment.

5.2 Numerical simulation

The properties of the grout material were measured separately by condueting tests on

smail samples made from the same grout mixture used for casting the cylinder:

Thermal conduetivity: " = 0.563 W/m/oC

Heat capacity: pC = 2x106 J/m3/0 C

Poisson ratio: v=0.24: Young's mOdulus E = 26.65 GPa.

Coefficient of volumetrie thermal expansion of the dry grout: 2x10,S/oC

Hydraulic conductivity : 10-14 to 10-12 mis
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We have simulated this experiment with the FRACON code, using the above values as

input data. The physical setup of the experiment is shown in figure 5.2. The

axisymmetric finite element mesh and the relevant boundary conditions are also shown

in Figure 5.2. Since the measured value of the hydraulic conductivity is very low,

undrained conditions are assumed in the analysis. The values for the calculated

temperature agree weil with the axperimental results (Figure 5.3). In order to compare

the calculated pore pressure with the experimental results, the assumption of slightly

imperfect saturation, has to be made. This assumption results in a modified value of

compressibility of the air/water mixture in the pores, as described below.

When the degree of saturation Sr is high (80%<:Sr<:100%) one can neglect capillary and

surface tension effeets (Vaziri et al., 1992). The porewater/air mixture could then be

considered as a homogeneous single phase f1uid, albeit with a higher compressibility

than pure water. The relationship between the compressibility of the equivalent single

phase pore fluid and the degree of saturation could be derived as follows.

Consider a volume V of the porous medium, with a volume Vv of voids. The void space is

occupied partially with water and partially with air. By definition:

Va = V,. (I-Sr)

where Vw and Va are respeetively the volumes of water and air.

(5.1)

(5.2)

•
When a pressure dp is applied to the water/air mixture, a volumetrie compression in
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• the voids dVy results, such that:

dVy dV", S dVa 1 S-=-- r+-( - r)
Vy V'" Va

The compressibility of the air/water mixture is. by definition:

C =_1 dVv
'w Vy dp

From (5.3):

(5.3 )

(5.4 )

(5.5 )

•
where Caw• Cw• Ca are the compressibilities of, respectively. the air/water mixture.

water and air.

Let us assume that the law of ideal gas is valid for air:

P.hsV. = MRT (5.6)

where M is the number of moles, R is the universal gas constant. T is the absolute

temperature (oK) and Pabs is the absolute pressure :

•

P.bs = P31m + P

where Patm is the atmospheric pressure and P is the relative pressure.

Differentiating equation (5.6) with respect to p, one obtains:
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• J dV. 1
C =---=--

" V" dp P.h, (S.S)

Defining cQmpressiQn as pQsitive, and substituting the value Qf Pabs from equation (S.?)

into (S.S), we obtain:

C - J
.- P +P.lm

Equation (S.S) then becomes :

(S.9)

(S.10)

•

•

ln the governing equation (2.32) • the bulk modulus of the pore fluid could now be

defined as:

(5.11)

The value of KI would depend on the unknown p, making the equation nonlinear. A direct

iteration method was incorporated in the FRACON code to handle this nonlinear

behaviour.
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Figure 5.3 Heated cylinder - temperature and pore pressure evolution
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• It is assumed that the degree of saturation of the cylindrical block varies from 94% to

99% • with a higher degree of ~aturation near the outer surface. The top three horizontal

layers of elements surrounding point 2 (figure 5.2) are assigned a value of Sr=99%:

the next two layers of elements surrounding point 4 are assigned a value of Sr=97.5%:

and the remaining elements are assumed to have a value of Sr=94%. With these

modifications to the degree of saturation. a good match is obtained between the calculated

and measured pore pressure values (compression is considered positive) as shown in

Figure 5.3. Figure 5.4 shows that the absolute value of the pore pressure is sensitive to

Sr. while the time transient is not much affected.
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Figure 5.4 Heated cylinder • Effect of degree of s<'!turation on pore pressure
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5.3 Conclusions

Thermally induced pore pressure increases result in a reduction of the normal effective

stresses and could adversely affect the strength of geomaterials. Although these increases

have been experimentally observed for clays and could be predicted by the theory of

thermal consolidation (see e.g. Hueckel el al.. 191\7), to our knowledge this phenomenon

has never been experimentally observed in rocks. A unique experimenl to investigate

coupled T·H·M processes in a cementitious porous material, used to simulate hard

porous rocks, was briefly described in this chapter. The results of the experiment show

that thermally induced pore pressure increases can indeed occur in rock·type materials.

It is shown that the theory of thermal consolidation implemented into the FRACON code is

capable of simulating these pore pressure increases. Due to the imperfect saturation of

the pores, we have proposed a new procedure to interpret effects of slightly imperfect

saturation, by assuming that the mixture of water and air in the pores could be

considered as an equivalent single phase pore fluid. This procedure is shown to be weil

supported by the good comparison between the calculated and experimental results.
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CHAPTER 6

A MODEL FOR THE MECHANICAL AND

HYDRAULIC BEHAVIOUR OF ROCK JOINTS

6.1 Overview of models for the mechanical and hydraulic behaviour of rock

joints

Discontinuities in rock masses. which shaH be referred to as "joints" in This thesis.

constitute planes of weakness in the rock mass from the point of view of it~ mechanical

behaviour. Joints have CTitical importance in NFW disposai. since They are the preferred

paths for contaminant transpon. Under extemalloads. sliding along the joints is likely to

occur. Due to the presence of asperities at the joint surfaces. dilation usuaHy accompanies

the shearing process. leading to an increase in the joint apenure. As a consequence. the

joint becomes more permeable. The asperities of the joint walls have finite strength; during

shear. mechanical degradation of these asperities occurs. and dilation of the joint would

cease at later stages of the shearing process. In This process. gouge material is being

produced by the damage of the asperities and the accumulation of the gouge material can

result in the reduction of flow in the joint The very limited number ofexperiments (Bandis
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et al.. 1985: Makurat et al.. 1990: Benjelloun. 1991) which investigate the effects of shear

on joint permeability show that the rate of increase of the permeability slows down as

shearing proceeds and in later stages. the permeability could decrease as a result of gouge

production.

Patton (1966) performed experiments on anificial joints with regular "saw-tooth sh'!;;.:d"

asperities moulded with plaster of Paris. He proposed a bilinear mode! of a shear srrength

criterion for the joint; at low normal stress. the joint shows dilation during shear due to

overriding of the asperities: at high normal stress. shearing through the asperities occurs

and not much dilation is observed. Ladanyi and Archambault (1970) • Jaeger (1971 ).

Banon and Choubey (1977) and Bandis et al. (19111) proposed similar strength criteria.

with a smooth transition belWeen the two extreme types of response proposed by Panon

(1966). Banon and Choubey (1977). and Bandis et al (1981) introduced the empirical

coefficients 1RC (Joint Roughness Coefficient) and JCS (Joint Compressive Strength) in

their strength criterion. These empirical coefficients are easily determined in the laboratory

or in-situ and they are a measure of the roughness of the joint surface (JRC) and the

strength of the asperities (lCS). Empirical relations are proposed by these authors in order

to include scale-dependency of JRC and JCS. The above strength criteria delineate the stale

of stress that separates pre-slidiag and post-sliding of the joints. ln order 10 predict the

stress-strain behaviour of joints in both stages. numerous constitutive relationships have

been proposed. These relationships could be categorized into twO main classes. The

incrementa1 re1ationships (Goodman. 1976: Goodman and Dubois. 1972: Heuze. J979:

Heuze and Barbour. 19112 : Leichnitz. 19115 : Banon et al.. 1985: Bouloi' and Nova. 1990 :

Benjelloun. 1991) consist of piecewise linear relationship between the increment of stress

and the increment of strain. These relationships are usually developed from direct shear

tests under constant normal stress and their use under different load paths is not
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straightforward. Graphical methods to u.'e these models to predict shear behaviour under

constr.lined dilaùon (or constant normal s'jffness) have been proposed with sorne success

(Archambault et al.. 1990: Amadei and Saeb. 1990: Skinas et al. 1990). Boulon and Nova

(I~90) and Benjelloun (1991) proposed an incrementaI approach with directional

dependency. In this approach. the stress-strain matrices are determined from elementary

stress paths derived from laboratory tesl~ (such as shear under constant normal stress

conditions). A weighted interpolation procedure between the elementary stress paths is

used to determine the inl.:remental stress-strain matrix for other stress paths. The second

category of constitutive relaùonships are the elasto-plastic relationships. derived from the

theory of plasticity. The models which fall into this c1ass assume that before sliding. the

deformations are elastic (recoverable). Post-sliding behaviour is characterized by plastic

(irrecoverable) deformations. The state of stress that separates elastic from plastic

behaviour is defined by appeal to a yield criterion. For example. Roberds and Einstein

(1978) used the strength criterion proposed by Patton (1966) as the yield criterion to

formulate their elasto-plastic mode!. Str.lin-softelÙng (decrease in shear stress in the plastic

stage) often found in experimental behaviour of joints could not be predicted from the

model proposed by Roberds and Einstein (1978). Numerous elasto-pla~tic models exist in

the literature. These include the formulations given by Ghaboussi et al. (1973). Hsu Yun

(1979). Pande and Xiong (1982). Desai and Fishman (1987) and PIesha (J 987).

Reference to further work is also given by Selvadurai and Boulon (1995). The elasto

plastic ::pproach has a particular appeal since different load paths and directions could be

accommodated. Among the above models, the one proposed by Plesha (1987) is

particularly attractive due tO its simplicity and its ability to capture certain fundamental

aspects of the mechanical behaviour of real joints, such as dilation under shear and strain

softening due to surface asperity degradation.
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For predicting the hydraulic behaviour of rock joints. the parallel plate mode!. developcd

from the application of the Navier-Stokes equation for laminar incompressible !low

between two paraUd smooth plates is employed. This procedure is widdy used to calculate

the effective permeability k of a fracture (see e.g. Benjelloun. ILJLJ 1). The permeabilil)' of

the joint is thus expressed as a function of it~ effective opening to fl uid flo\\'. calied the

hydraulic aperture. Since natural fractures are Cl lIite dissimilar 10 ideal paraUd plaIes. the

hydraulic aperture of the fracture is not equal to its mechanical aperture. Empirical

relationships between the mechanical and hydraulic apertures were proposed by Banon

(1982). Elliot et al. (1985). Witherspoon et al. (1979). Benjelloun (1991) and Boulon et

al. (1993). The effect of gouge production on the permeability of the joint. however. is not

accounted for in these relationships.

In this chapter. we employ the methodology proposed by Plesha (1987). based on the

cIassical theory of plasticity. to formulate the stress-strain relationship for a rock joint We

ilIustrate a procedure whereby most of the parameters of the constitutive relationship for a

joint could be estimated from two widely used and easil} measurable empirical coefficients

proposed by Banon and Choubey (1977) and Bandis et al. (1981): na:ll.::Iy. the JRC (joint

roughness coefficient) and JCS (joint compressive strength). In order to ~erive a

relationship between the permeability of the joint and its mechanical aperture. we further

assume that gouge production during the shearing of the joint is related to the plastic work.

The extended version of the model proposed by Plesha (1987) is implemented in the

FRACON code. This chapter is restricted to the analysis of joints without infilling materiaI.

Temperature effects on the strength of the joint are assumed to be negligible. Based on the

experimental data from Stesky et al. (1974). this seems to be a justifiable assumption. at

least for temperatures below IOOoC .
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• 6.2 Elastoplastic formulation for the mechanical behaviour of rock joints

6.2.1 Patton's saw-tooth modd

The surface a~perities of dilatant rock joint:. are irregular in shape and height. Nevenheless.

their basic mechanical behaviour could be explained by assuming an idealized two

dimensional saw-tooth pattern as proposed by Patton (966). This idealization is adopted

by Plesha (1987) and several other researchers (e.g. Roberds and Einstein, 1978). Thus it

is useful to review the basic concept of the model attributed to Panon (1966).

Consider a joint with perfectly planar contact surfaces (figure 6.1), subjected to a normal

compressive stress cr and a shear stress "C. Sliding will not occur if:

• 1"C1 < (-cr) tan cp (6.! )

where tan cp is the coefficient of friction between the two contact l'Ianes. This is the basic

Coulomb friction mode! for non-dilatant behaviour.

To formulate the mechanical response of the joint in the context of the theory of plasticity, it

is necessary to define a criterion at which yield occurs at the joint. For an interface

exhibiting Coulomb friction. we have:

•

F("C. cr)= 1"C1 +0' tan cp

such that when F=O. sliding occurs. resulting in irrecoverable (plastic) deformation.
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We introduce the relative displacement between the two adjoining planes constituting the

interface. such that. u=u1 is the relative displacement in the shear direction (direction 1) and

V=U2 is the relative displacement in the normal direction (direction 2). When F=Il.

increments of stress will give rise to incremcnts of plastic deformation. In order to

determine the direction and magnitude of plastic deformation. it is necessary to define a

plastic potentia! function Q=Q(t. cr) such that:

dur = d).~ (li.3)
1 aai

where i=1.2: cr 1 = t and cr2=cr : dUjP are the plastic components of the relative

displacement at the surface of the joint and d). is a scalar multiplier.

By imposing the constràint that only shear traction can produce pennanent deformation due

to sliding. Michalowski and Mroz (197!!) proposed that. in the case of surfaces in perfectly

plane contact:

•

Q=ltl
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v. cr
2

U.'

v. cr

2

U. ,

,

a) Perfectly plane joint surfaces

,

'ex

b) Regular saw-tooth joint surfaces

Figure 6.1 Panon's (1966) joint model
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• ln Patton's model shown Figure 6,1. the asperities have regular angles of inclination a'

with respect to the horizontal direction. Along a t)'pical asperit)' inclined at angle a*. tlie

relationship between the "macro' values of the stresses t and cr and the "Iocal' or "micro'

values of the stresses tu and cru can he obtained by appeal to local equilibrium at the

inclined sliding plane: i.e.:

•

'tu = (t cosa* + cr sina*) cosa*

cru =(t cosa* • cr sina*) cosa*

Movement will st.art a10ng the asperity if according to (6.1):

And thus the yield criterion for the saw-tooth joint model is:

F =1cr sina* + t cos a* 1+ tan$ (t cosa* - cr sinet*)

Sinülarly. the plastic potential function is defined as:

Q= 1cr sina* + t cos a* 1

(6.5)

(fi.6)

(6.7 )

(6.Xl

(fi.'!)

•

It is noted that as the asperity angle a* reduces tO zero. equations (6.8) and (6.9) reduce to

the results of equations (6.2) and (6.4) applicable to a joint which exhibit Coulomb friction.
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• /i.2.2 Derivation of the elasto-plastic stiffness matrix of the model by Plesha

ln the fonnulation presented by Plesha (1987). sliding along the asperities is eonsidered.

When the magnitude of the applied shear stress is such that F. as defmed in equation (6.8).

is less than zero. only elastit deformations in the shear direction take place. Plastic or

irrecoverable deformations in both shear and normal directions take place when F=O. The

total increment of relative displaeement at the joint. du;. in this case. is the sum of an elastic

and a plastic eomponents: Le.

dUj =dur +dur

where the superscript.~ e and p respectively stand for elastie and plastic.

(6.10)

•
When plastic displaeements oecur. the asperities of the joint are damaged. resulting in a

decrease of the asperity angle. Plesha (1987) assumes that the asperity angle decreases as

an exponential function of the plastic work produeed by shear:

(6.11 )

wht:re CL*o is the original asperity angle. c is a degradation coefficient and Wp is the plastic

work produced by the shear stress. whose im:rement is given by:

dWP= 'tduP (6.12)

•
From the consideration of asperity damage. strain softening behaviour will now oecur in
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• the joint during plastic deformation. i.e. both the yield surface and the potential surfacc: as

defined respectively by equations (6.8) and (6.9) will shrink in the t- a stress spacc:. Both

F and Q will now be functions of not only t. a but also of the plastic work (i.e. F=F( t.

a,Wp) and Q=Q(t. a.Wr-j.

The increment of stress daj is related to the increment of elastic displacement at the joint

by:

•

da· = de. du"1 IJ J

where di] is a matrix of elastic stiffnesses ( Palm in SI unit~)

Combining (6.3). (6.10) and (6.13). we obtain:

da· =d".(du-dÀ~)
1 IJ J Qa:

J

At the onset of yield. F=O and dF=O: consequently :

dF = 3~ida; + a~pdWP = 0

(6.13)

(6.14)

(6.15)

•

From the defmition of the plastic work, equation (6.14) is equivalent to the following

expression:

(6.16)
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And from equation (6.14):

ilF de (du _ dl.. êJQ )+...QE.. 'tduP = 0
da 1)) da- ilWP

1 )

From equation (6.17):

with:

and:

êJF ilQ
H = ilWp'ëtt

Substituting equation (6.18) into equation (6.14). one obtains:

da =dePdu-
1 1) )

where di! is the elasto-plastic stiffness matrix, given by:

(6.17)

(6.1 R)

(6.19)

(6.20)

(6.21)

(6.22)

•
With explicit expressions of F and Q as given in equations (6.8) and (6.9), the elasto-

plastic stiffness matrix could be explicitly fonnulated as a function of the current stress

levd by using equation (6.22). The coefficients of the [D) matrices in equations (3.54) and
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(3.71) of chapter 3 are obtained by multiplying the elasto-plastk stiffnesses in e4uation

(6.22) by the joint thickness b.

6.2.3 Parameters of the Plesha's mode!

The parameters required by the mode! proposed by Plesha (19R7) are the ela.~tic stiffness

constants. the degradation factor c. the initial asperity angle cx*o and the friction angk !p.

Usual!y. one assumes that l :

d~1 = k s

d~, =kn

dh=d21 =0

where ks and kn are respectively the elastic shear and normal stiffness.

Plesha (19S7) estim.iled the parameters of the mode! by calibrating the results of

experimental data derived from shear test under constant normal stress. We propose here

that most of these pararneters can also he estimated from the Banon's empirical coefficients

1RC and JCS. First, we note that the surface asperities in real joints do not follow a regular

1 The rationale for the off-diagonal e!astic stiffnesses to he zero is provided, for example
by Plesha (1987). For example. suppose that an increment ofelastic shear displacement duc
is irnposed on the joinL According to equation (6.13), the increment in normal stress will
he:
da=d21 duC

Because the contact surface is macroscopically smooth, the same change in da should
result when an increment -duc is imposed. Consequently:
d21 =0
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pattern as idealizcd by Patton (lY/\/\) and Plesha (l9S7) (figure 6.2). Several orders of

irregularities exist. and each order will be activated depc:nding on the size of the sample and

the magnitude of the normal ~1ress. For high normal stresses. the higher-order asperities

will be subjected to through-shear and sliding will occur only along the lower order

asperities (with lower effective angle ex*). Similarly. for larger joint samples. the lower

order asperities will be activated. It is cIear from the above discussion that the effective

asperity angle for real joints will depend on the size of the joint. the magnitude of the

normal stress. and the strength of the joint wall material. These factors could be taken into

account if one adopt.~ the Barton - Bandis empirical expression for the peak shear envelope

as the yield criterion:

(6.23)

Before the start of asperity degradation. we note that the yield condition given by equation

(/'i.S) can be rewrinen as:

1tl + cr tant cjl + cx*lll =() when cr sinex*o + t cos ex*o > 0
1tl + cr tant cjl- cx*ol = 0 when cr sinex*o + t cos ex*o< 0

(6.24)

Assuming that no asperity degradation occurs before the peak shear stress is mobilized and

by comparing equations (6.23) and (6.24). we can write:

(6.25)
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Figure 6.2 Schematic illustration of the many orders of asperitie:s for re:al joinl~

The coefficients 1RC (dimensionless) and lCS (MPa) and the friction angle $ can he: e:asily

estimated from [wo tests: the tilt test and tl::: Schmidt hamme:r te:st. To de:te:rmine: $. an

artificial clean joint is prepared by diamond-sawing of a rock specimen containing the: real

joint. and sandblasting the surfaces. The jointed rock ~l'ecimen is then tiltc:d until sliding

occurs along the: clean joint. The tilt angle mc:.1sured will he: equal to $h' The: angle: Cl'h is

assumed to reflect pure frictional re:sistance: of a clean (unweathe:red) planar surface. The:

friction angle $ for the real joint also reflecl~ pure frictional he:haviour. Ne:ve:rtheless. the:

real joint contains gouge matC'rbl originating from the failure of surface asperities. From the:

results of 135 shear tests on natural joints. Barron and Chouhe:y (1977) has proposc:d the:

following empirical relationship be[Ween $ and $h: Le.

(6.26)

•
where. Rand rare rebound value (expressed in units of m) from the Schmidt harnmer test
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• performed respectively on a clean.~ unweathered surface and on a~joint surface.

The joint wall compressive strength lCS is obtained from a simple empirical relation with

the Schmidt rebound value:

LoglU lCS = 0.00088pR + LOI

Where lCS is in MPa. p is the density of the dry rock in kN/m3.

(6.27)

The value of lRC. on the other hand. is determined from the tilt test. by using equation

(6.23)

lRC =(~,-$)/log (lCS/cru) (6.28)

•
where ~l is the tilt angle when sliding occurs and cro is the self-weight induced nonnal

stress aL"ting on the joint. at the instant of sliding.

The par.lmeters lRC and JCS are both scale-dependent. Barton et al. (1985) proposed the

following elT'piricaI relaôons to account for scaIe effects:

JRC =lRC~CJ.()·02JRCo

JCS =JCS~CJO.03JRCo

(6.29)

(6.30)

•

Where lRCo and JCSo are laboratory scale values, for joints with nominal size La= 100

mm and 1RC and lCS are values for larger samples. of size L.

Barton et al. (1985) also observed that Upcak (the shear displacement corresponding to the
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• peak shear stress t""ok' under constant normal stress conditions) is independent of the

normal stress but is scale dependent: i.e.

_llJRC)033
"""ok - 500\ L

(6.3 \)

Assuming a \inear elastic response of the joint up to the peak shear stress. we obtain. from

equations (6.23) and (6.31). an expression for the ela.~tic shear stiffness k, as follows:

(6.32)

•

•

The normal stiffness kn can be determined by performing simple compression tests on

jointed rock specimens. The most comprehensive experimental investigations on the normal

closure behaviour of joinl~ under applied normal stresses are due to Bandis et al. (llJX 1).

ln these stuaies. 64 pairs of specimens. with a wide range or rock types and surface

roughness were tested. Each pair of ~"pecimensconsisted of one jointed specimen and one

unj.>inted specimen. Normal compression tesl~ were performed on both specimens. The

deformation of the unjointed specimen was subtracted from the one of the jointed specimen

in order to obtain the net deformation properties of the joint. Typically. several cycles of

loading-unloading were performed. Strong hysteresis was observed for the frrst few cycles

and the hysteresis progressively disappeared with the number of cycles. The third or fourth

cycles are generally considered to be representative of in-situ conditions. The normal

stress-closure curves have the shape of steep hyperbolae. Several authors (Goodman,

1976; Bandis et al., 1981) adopt hyperbo\ic relati,)ns to describe these experimental

curves. For example. Bandis et al. (1981) proposed the following hyperbolic relationship
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• (figure 6.3):

-k v
a - ni I-v/vm

(6.33)

where kni is the normal stiffness at zero normal stress. and vm is the maximum cIosure of

the joinL

v (normal
displacement)

Compression

a

t
Tension

~ Closure opening •
vm

1 1 ---
_

___~~~.J•••••
k ·r .-"ru ~ ••_.---........--•

•
Figure 6.3 Hyperbolic relationship for normal behaviour ofrock joints
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• The normal stiffness at any level of ncrmal stress is then:

k = gO"=k {'I 0" )-2
n dv n v k . + 0"m nI

(6.34)

•

The parameters kni and vm that enter into equation (634) are best determined by

performing simple compression tests on jointed rOl:k samples.

The remaining parameter required for the model is the degradation I:oeffident 1:. Limited

experimental data show that c is a function of the normal stress. Hutson and Dowding

(1990) and Qiu et al. (1993) have experirnentally found that the I:oefficient 1: inl:reases with

the normal stress. while Benjelloun (1991) has found the reverse trend. Obviously. more

experimental data is needed in order to establish I:orrelations be!Ween c. the normal stress

and also possibly the JRC and JCS coeffidents. In this thesis. we use a I:alibration

procedure to establish the relation between c and 0" (cf. chapter 7).

6.3 Joint Hydraulic Behaviour

The parallel plate model. developed by the applil:ation of the Navier-Stokes eyuation for

laminar incompressible flow between !wo parallel smooth plates. is usually used to

calculate the permeability k of the joint (see e.g. Benjelloun. 1991): i.e.

(6.35)

•
where eh is the hydraulic apenure of the joint.
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• Sin~e naturaJ fractures are quite dissimilar to ideal paralleJ plates. the hydrauli~ aperture of

the joint is not equal to its me~hani~al aperture. Barton (19!i2) proposed the following

empirical relationship to estimate the hydrdulic aperture from the mechanical aperture:

(6.36)

•

•

where eh is in j.tm. em (also in j.tm) is the mechani~aI aperture of the joint.

Elliot et al. (1 9H5) and Witherspoon et al. (1979) proposed a linear relationship betwet"n the

hydraulic and mechanical apertures:

(6.37)

where ehU is the initial hydraulic aperture.llem is the variation in me~hanical aperture due to

the combined effects of compression and shear as discussed in section 6.2 and f is a

proportionality factor. Benjelloun (1991) experimentally confirmed the validity of equation

(6.37) and found that f varies belWeen 0.5 to I. This factor comes from the roughness of

th:: joint walls. A factor f=1 applies to the limiting ideal case of paralleI smooth plates; this

situation prevaiIs only when the joint is relatively open. with apertures of the order of mm.

For most other cases. f<l. The geometry of :l1e flow path has an important influence on f.

For re~tilinear laminar flow. fis generally close to 0.8 and for radial flow. f is close to 0.5

(Benjelloun. 1991).

ln this thesis. we adopt the Iinear relationship belWeen the hydraulic and mechanicaI

apertures given in equation (6.37). During the shearing of a joint. dilation occurs as
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• discussed in section 6.2. This diJation results in an increa.~e of the mechanical aperture tiell\'

Equations (6.35) and (6.37) indicate that the permeability of the joint should increase with

joint shear. Bandis et al. (1985) experimentally observed such an increase in permeabilit)'.

Nevertheless atlater stages of shearing. the permeability of the joint decreases. This laller

observation is attributed to the effect of gouge production due to asperity breakagf:. that

could not be explained by the existing models. similar to those defined by equations (6.36)

and (6.37). In order to simulate the effect of gouge production on the joint permeabilit)'. we

assume that this effect is related to the plastic work due to shear. Adopting the form of the

relation proposed by Plesha (equation 6.11), we assume thatthe factor f in equation (6.37)

is related to the plastic work produced by the shear forces according tO the following

equation:

• «1.3X)

•

where Cr is a gouge production factor. Il is very likely that the additional parameters fll and

Cr introduced in this section could be empirically related to 1RC. lCS and cr. A detailed

experimental program will be needed in order to arrive at specific correlations.
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CHAPTER 7

SIMULATION OF LABORATORY AND FIELD

EXPERIMENTS ON JOINTS AND JOINTED

ROCK

The joint model described in chapter 6 w"s implemented in the finite element code

FRACON. ln this chapter. we show the use of the FRACON code to simulate some

labor.llory and field experimenl~ on rock joints and jointed rock masses.

ln order to he consistent with the usual convention in rock and soil mechanics. compressive

normal stresses and pore pressures are considered positive in this chapter and also in

chapter X.

7.1 Shear under constant normal stress

Most laboratory experiments on joints are performed under constant normal stress

conditions. These conditions apply mainly to geomechanical problems associated with rock

slope stabiIity. where the focus is on the analysis of the sliding movement of rock blocks

near the surface of a slope. The constant normal stresses aeross the joints between these

blocks is due to the weight of the blocks themselves.
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We show here the simulation of experiments involving shear under constant nonnal stress

perfonned by Skinas et al. (1990). The tests were conducted on 15x 10 cm mode! joints.

These joints were cast from natural joint surfaces. using a brittle. anificial material

consisting of a sand-barytes-cement mixture. Skinas et al. (1990) showed experimental

resull~ for joints with the following properties:

JRC=9. 12. 15 and 18

JCS=2R MPa

cp =370

We perfonn a simulation with the FRACON code of the tests performed on the joint with

JRC=9. The input data to the FRACON code are:

JRC= 9

JCS=28 MPa

cp = 370

Three levels of nonnal stress are considered: 1. 2 and 5 MPa. In order to obtain a good fit

belWeen the calculated and experimental results. different values of the asperity degr.ldation

coefficient c are assumed for different nonnal stress values: I.IxI04 mIN (cr=IMpa).

OAx 104 rnIN (cr=2MPa). O.25x104 (cr=5MPa) mIN. The above values of c are plotted as a

function of the ratio of the nonnal stress to the atmospheric pressure in figure 7.1. The

equation of the best fit curve is a1so shown in figure 7.1. Figure 7.1 shows that the asperity

degradation coefficient decreases with increasing compressive normal stress. This
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• observation is consistent with experimental results obtained by Benjelloun (1991).

However. as mentioned in chapter 6. HUlSon and Dowding (1990) and Qiu et al. (1993)

observed the reverse trend.

Cl

'"'"=V"•=.".....

c =7.577E-04(cr/Patmr8.g~3E.OI

1.25E·04

Z I.lJlJE·lJ4E-()

'E
Cl> 7,SOE·US
.9
a;
0
() S.OOE·oS
c
.2
<;;

• '0
~ 2'soE-oS
Cl
Cl>
0

U.OOE+lJO
=

cr/Patm

Cl c v:ùue c:aJibr.led from
constant normal stress tcsL~

P.UlI is the atrnospheric pressure (P3lm =105 Pa)

Figure 7.1 Variation of asperity degradation coefficient with nonnal stress
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• The finite element model consists of one single joint element (Figure 7.2). Constant nonllal

stresses are applied on the element. and shear displacement are imposed on the appropriate

nodes. ln figure 7.2. it is noted that. as in the previous chapters. u.v denote the absolute

displacements while u. v denote the relative displacemenl~ berween the walls of the joint.

The results for shear stress versus shear displacement are shown in Figure 7.3. A

reasonably close fit is obtained between the results derived from the numerkal moddling

and the experimental resull~. Figure 7.3 shows that the shear strength of the joint increases

with the normal stress level. On the other hand. the displacement value corresponding to

the peak shear stress does not depend on the normal stress level. but only on the size of the

joint sample (cf. equation 6.31). These observations are also consistent with experimental

results obtained by other researchers (e.g. Bandis et a\.. 19X1: Benjelloun. 1991 J.

Constant Normal stress
y.v. V

Forced shear dis lacement

x~ u, u

u,v : absolute displacements
u.v: relative djsplacemenl~ in the joint

Figure 7.2 Finite element model for joint shear under constant normal stress condition
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Figure 7.3 Shear under constant normal stress ·Shear stress ('t) vs shear displacement
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The joint dilation due to shear is shown in Figure 7.4. For a value of the nc:mal stress of 1

MPa. the FRACON code overpredict~ dilation by approximately 15/k when compared to

the experimenta1 results. This might be due to an inherent feature of the imp1ementation of

the mode! of Plesha (1987) into the FRACON code, in the sense that the model does not

allow the joint surfaces to approach one another as the asperities are degraded. Plesha

(1995> included this damage deformation in a reeent version of his model. The FRACON

code neverthe1ess correct1y prediclS decreasing di1ation with increasing normal stress, as

found experimentally by numerous researchers (e.g. Bandis et al, 1981; Benjelloun, 1991).

No experimental data were given by Skinas et al (1990) for dilation at normal stress values
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• of 2 MPa and 5 MPa.

1.5E·03,-------------,

FRACON· 0=1 MPa

------- FRACON· 0=2 MPa
5.0E·04

••....••.•.•...•....•......-_....._-
•••-.,. •••••••••• FRACON • 0=5 MPa

.........
O.OE.OO ~"""---"'T'"----..,------1

1.0E·03

Ê-

Figure 7.4 Shear behaviour under constant normal stress conditions· Joint Dilation

,
LU
C')

•
o
o
+

LU
o

C\l
o.
LU

u (m)

C\l
o
LU
C\l

C\l
o -(r- Experimental

cr =1 MPa

Figures 7.5. 7.6 and 7.7 ilIustrate the effects of degradation on the joint behaviour. for a

typical case (normal stress of 1 MPa). From Figure 7.5. it may he observed that the joint

will behave in an elastic-perfectly plastic fashion if there is no degradation (c=O). For this

latter case. Figure 7.6 shows that dilation of the joint will take place indefinitely at a

constant rate. while this rate will de\,;rease and tend to zero if degradation is considered.

Figure 7.7 shows :hat due to degradation (case when c=I.!xIO-4 miN). the asperity angle

gradually tends tel zero.
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7.2 Shear under constant stiffness

Skinas et al. (1990) a1so presented results of shear tests performed under çonstant extemal

stiffness conditions. The external stiffness variations were açhieved by inçorporating

springs of different stiffnesses which restrained normal rnovernent of the joint sarnples.

The joints were then sheared by the application of a forçe in the shear (horizontal) direction.

These test conditions correspond to the situation that can ce encountered in rock joints

located at sorne depth within a rock rnass. In this siruation. the tendency for dilation of the:

joints is restricted by both the .~orrnal stresses on the joint and the: stiffness of the

surrounding rock mass. We perforrn simulation of these tests under external spring
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stiffnesses of 1.03.3.33 and 13.33 GPa/111 and an initial normal stress of 1 MPa. The joint

sal11ple has properties similar to those described in the previous section. ln particular. the

degradation coefficient is assumed to vary according to a power law of the normal stress as

shnwn in ligure 7.1. The coefficients of this power function are estimated by the best lit

curve deriwd from the discrete calibrated values obtained l'rom the simulation of the shear

tests t1nder constant nomlal stress. The normal stiffness of the joint. which does not play a

mie in the pn:viotls case. has to be taken into account under the current conditions. ln the

.absence of experimental data. we assumed that kn is given by eljuation (6.34). with kni =

2x 10'1 Pa/m and vm =Xx 1o-~ m.

The lïnite clement model t1sed in the FRACON code is shown in ligure 7.li. The stiffness

of the springs is simulated by an eight-noded clement which has dastic properties and

hcight H eljuivalent to the corresponding spring stiffness Kn:

H=lm

E = 1.033 GPa (for Kn=\.()33 GPa/m). 3.33 GPa (Kn=3.33 GPa/m). 13.33 GPa

(Kn= 13.33 GPa/m)

v=o
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Figure 7.l! Finite element mode! for shear under constant normal stiffness condition

Shear stress and normal stress are shown in figure 7.9. Good to fair agreement is obtained

between the FRACON resuIts and the experimental data. Both set of results show thatthe

sùffness of the external springs. because it restrains dilation. results in a "sttengthening"

of the joint. It is imPOrtant to note that the pre-yie!d behaviour of the joinl~ is essentially the

same for all values of external stiffness. The post-yield behaviour shows a completely

different picture. For zero external stiffness (which is equivalent to constant normal stress

conditions). the shear stress decreases due to asperity degradation. This is the strolin

softening behaviour discussed in the previous section. When the external stiffness

increases. the joint exhibits a str.nn hardenin_ tesponse. As shown in figure 7.9. both the

shear and normal stresses increase when sheariné- continues beyond the yield point.
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'.3 Effects of shear on joint permeability

Bandis et al. (1985) showed results of hydro-mechanical experiments perfonncd on rock

joints composed of gneiss. The experimental configuration was a biaxial cell (Figure 7.10).

The joint sample was [IfSt consolidated without shear by equally increasing the values of

the normal stresses 0'1 and 0"2 • The joint was then sheared by maintaining one load

constant and increasing the other one. At specifie values of the shear displacement. the

permeability of the joint was determined by injeeting water through the joint and measuring

the flow rate. Bandis et al. (19115) recorded the evolution of the joint permeability with

inl.:reasing shear displacement Although both the normal and shear stresses varied during

the experiment Bandis et al. (1985) assumed constant normal stress conditions to simulate

the evolution of joint permeability during one typical experiment. The assumed constant

normal stress was the average value of the actual normal stress. In this chapter. we also

computationally simulate the experiment by assuming constant normal stress conditions.

The finite element model used in the FRACON simulation is the same as the one shown in

Figure 7.2. with the same boundary conditions. The following values of joint propenies

were estimated by Bandis et al. (1985) and are used as input to the simulation :

JRC='

JCS = 110 MPa

Joint length: L= 0.15 m

Average normal stress: 1.5 MPa

ln addition to the above values, an asperity degradation fal.10r c=1.5x10-4 mIN is assumed.
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Figure 7.10 Schematit:s of the hydromechanical experiments perfonned by Bandis et al.

(1985) and Makurat et al .(1990)

When sheared the joint dilates. The dilarion calculated by FRACON is shown in Figure

7.1 1. This dilation is accoliipanied initially by a corresponding increase in the penneability

of the joint (Figure 7.12). However, this penneability decreases later on due to gouge

produced by joint asperity breakage. Bandis et al. (1985) could not simulate this

penneability decrease (Figure 7.12), using Banon's (1982) model (cf. equation 6.32). The

FRACON code simulation, with a gouge production factor Cf =0, produces similar results

to those presented by Bandis et al. (1985). Assuming fo =1 and Cf = 0.001 mIN (cf.

equation 6.34), the m!llds in the penneability variations predieted by the FRACON code

agree relatively weil with the experimental results. Most importanùy. the tendency for the
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reduction in the permeability of the joint with in~,.easing. shear is correclly predicted.
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Fig.ure 7.J 1 Shear dilation calculated via the FRACON code for Bandis el al. (19H5)
experiment
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7.4 Scale effects

Bandis et al. (19X 1) studied s<:ale effe<:ts on joints by making identi<:al p:lirs of rel'li<::ls of

natural joints. using a brittle modd material. These artiti<:ialjoint s:unpks \Vere tl'stl'd full

size or were divided into smaller samples for separate testing. The tests performed \\we

shear tests under <:onstant nomlai stress <:onditions.

ln this study. the s<:ale effe<:ts in the tests ..:ondu..:ted by Bandis et :11. (!9X 1) are simulml'd

by using dle properties given in dleir studï.:s:

Ln= fl ..:m

lRCn =!fl.7

lCSo= 2 Mpa

Nonnal stress = 24.5 kPa

S..:ale effe..:ts are simulated with the FRACON ..:ode by the use of the cmpiri..:al c4uations

(0.29) and (fl.30) for lRC and lCS respe..:tivdy. The tinite demcnt mesh used in dle study

;s similar to the one shown in figure 7.2.

Figure 7.13 shows that the FRACON ..:ode ..:orre..:tly predi<:ts that with in..:reasing size. the

strain softening phen'Jmena are less pronoun..:ed. i.e. the joint behaviour be..:omcs less

brittle. With in..:reasing size. the shear stiffness prior to failure deaeases and the

displaœment re4uired 10 reach the peak shear stress increases. For larger specimens, the

shear strength of the ioint is underestimated by the numerical moddling. with a maximum

dis..:n:pancy of approximatdy 20'k .
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Figure 7.13 Scale effects on joint shear

Figure 7.14 shows scale effects on joint dilation. The FRACON code correctly predicts a

•

decrease in shear dilation with larger samples. The experimental data shows that dilation

stans bc:fore the peak shear stress is attained. As can bc: seen in Figure 7.14, the model by

Plesha (19l!7) incorporated in the FRACON code assumes Iinear elastic bc:haviour in the

pre-peak phase. Thus dilation is predicted to occur only aiter when the peak shear stress is

attained. For reasons already discussed in section 7.1. with the smaller joint samples, the

FRACON code overprediets the dilation value.

160



• 2.0E·O:! .,.------ --,

I.SE·O:!

Cil
~ I.OE·O:!

>

S.OE·04

O.oE+OO -G!~~~:.:.:.:.-T-:::::;...---,...._-----l

8

'".,.
u (ml

FRACON L=6cm

FRACON L=12cm

FRACON L=36cm

--,a-- Exp. L=6cm

---sr-- Exp. L=12cm

_._...... Exp. L=36cm

•

•

Figure 7.14 Scale effect~ on joint dilation

7.5 Simulation of field injection tests

The International project. DECOVALEX (SKl. 19(3). was initiated in 1991. with the

objective of developing. verifying and validating computer models for simulating the

Thermal-Hydrological-Mechanical (THM) responst. of fractured hard rocks. Simulation

problems are pre-defined to allow the researchers tO develop models and to compare

predictions with a variety of computational solutions. analytical solutions and experimental

data. One such problem of DECOVALEX. called test case no. 6 (TC6). consislS of the

simulation of field borehole injection tests conducted in a single horizontal fracture:

(Rutqvist. 1993). A venical borehole. 56 mm in diameter. was drilled in hard crystalline:
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rock. at the Lulea University of Technology. Sweden. The borehole intersected a horizontal

fracture at a depth of 356.7 m. A 65 cm section of the borehole. containing the fracture.

was isolated by packers. Three types of injection tests were performed by pumping water

into the isolated section according to the following methods:

rh" pulse test: thls consists of instantaneously raising the pressure in the isolated section

and then "shutting in" the pressure within the sealed section. The pressure in the isolated

section will decay to the original pre,sure as flow through the fracture takes place. The test

results are presented in the form of the variation of the pressure in the borehole with time.

The hydqulic jackjng test: this consists of raising the pressure in the section in a stepwise

manner and measuring the raIe of water injection into the section. Each pressure level is

maintained for a period of approximately one to two minutes. in order to achieve an

apparent steady flow rate. hefore increasing the pressure to the next leveI. The test results

are presented as pressure versus flow rates.

Th, constant pres'ure te't: this consisls of increasing the pressure in the section to a certain

lev.:1 and then maintaining it constant during the entire test. The flow rate versus time is

monitored. In the present case. a constant pressure of approximately p = Il.4 MPa is

maintained for more than 10 minutes in the isolated borehole ., .tion.

A characteristic nonlinear coupled hydraulic/mechanical behaviour of the rock massl

fracture system is apparent in it., response to the borehole injection tests (Rutqvist et al.•

1990). This hehaviour can he interpreted in the context of Biofs theory of consolidation.

and could thus be simulated with the FRACON code. We present here the simulation

results for TC6. with the finite element code FRACON.
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7.5.1 Measured data

The following properties of the intact rock were obtained from laboratory ~-:sts on drill ro<:k

cores:

Young's modulus: E = 80 GPa

Poisson's ratio: v =0.25

Density: 2800 kg/m3

Compression tests on a core containing a joint was performed and typical curves of normal

stress versus normal displacement of the joint were obtained. A cyclic loading proct:durt:

was adopted: the third loading/unloading cycle is generally considt:red rt:prt:st:ntativ.: of in

situ conditions. The unloading curve from the third cycle is shown in figurt: 7.15. Wt: only

show the unloading curve because during the injection tests. the port: p~essure incrt:ast:s

and thus the normal effective stress across the joint decreases. The in-situ tot:ll normal

stress across the joint was estimated to be between 8 and III MPa. The tot:ll normal stress

due to the weight of the overburden is equalto 9.9 MPa atthe depth of the joint and Falls

into the estimated range of the in-situ normal stress. The joint radius was roughly

estimated to be in the 1 m - 5 m range.
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7.5.2 Input Data

The finite element mesh with the assumed boundary ,onditions is shown in figun: 7.11\.

Axisymmetric conditions are assumed.

A calibration pro,edure is performed by varying the properties of the rock mass and the

joint within a representative range. The following set of input parameters used in the

FRACON simulation provides the best fit belWeen cakulated and experimental resulls:

•
Young's modulus of rock mass: E =70 GPa
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Puissun's ratio of rock mass: v = 0.25

Pe:rmeability of rock mass: IO·I~ ml

radius of fracture: : 4.lJ m

The: Young's modulus of the rock mass used in the analysis (70 GPa) is slightly lower than

the value obtained from an intact core (SO GPa). This is considered to be a reasonable

assumption due to scale effects and the likely presence of microcracks in the rock mass.

The normal stress-normal displacemem relationship for the fracture is a~sumed to follow a

hyperbolic function. equation (6.33), as shown in figure 7.15. The experimental curve (for

unloading during the third cycle of the laboratory experiment) shows a stiffer behaviour of

the fracture than the one assumed in the FRACON simulation. Due to scale effects. a less

rigid in-situ behaviour as used in the FRACON analysis is considered a reasonable

assumption.
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Figure 7.16 Finite e1ement mesh for borehok injection tests

The parallel plate model. developed from the application of the Navier-Stokes eljuation for

Iaminar incompressible flow between two parallel smooth plates, is used to cakulate the

penneability k of the fracture (cf. equation 6.35). Eljuation (6.37) that relates the hydraulk

aperture of the fracture to ilS mechankal apenure is adopted:

ch = cha + f.~cm (7.1)

•
where eho is the initial hydraulic aperrure. ôem is the variation in mechanical apenure and f

is a correction factor that varies from 0.5 to 1 (as suggested by Benjelloun, 1YYI).
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In the FRACON simulation of the boreholc inje<:tion tests. we used:

eh" = 17 !lm

f=l.

The in-situ total normal stress in the FRACON simulation is assumed to be 8.6 MPa and is

15% lower than the stress due to the weight of the overburden.

The hydraulic <:onditions at the outer r.ldius of the joint are dictated by the permeability of

the rock mass. As the pressure propagates outward from the injection point. the pressure at

the outer radius of the joint increases from an initial ambient value to a value that should be

lower than the initial normal stress ( any higher pressure is not admissible. since the rock

mass is assumed to have negligible tensile strength and fracture toughness). In the

FRACON <:ode. an internai control was included to impose a higher limit of p= 8.6 MPa at

the nodes <:orresponding to the outer radius of the joint.

7.5.3 ~imulation results for pulse test

For the pulse test. an additional "fluid element'" was added to the finite element mesh of

figure 7.16. al the inje<:tion point. This element is in fact a joint element. with very high

permeability. with a volume equal to that of the sealed section (0.00062 m3) and with a

compressibility equal to the measured combined compliance of the water and the equipment

(2.2x 10·9 Pa·1). The calculated pressure at the injection point compares very weIl with the

experimental one. as shown in figure 7.17.
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Figure 7.17 Pressure at inje<:tion point - Pulse Test

7.5.4 Simulation resull~ for Hydrauli<: Ja<:king Test

ln figure 7.lll , the results of the FRACON simulation are compared to the experimental

results of the hydrauIic jacking test. Satisfactory agreement Oetween the simulated and the:

experimental data is observed. Both sel~ of data show that at injection pressures below the:

in-situ total nonnal stress across the joint, the flow rate is quite low. The resistan<:e to

opening of the joint at low injection pressures cornes mainly from the nonnal stiffness.

without any significant contribution from the surrounding rock mass. For pressures above

the in-situ nonnal stress, the joint nonnaI stiffness is very low and the aperture of the joint

increases drasticaliy, resuiting in a very rapid increase of its permeability and•
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• t:Onscyucntly. of thc fla\'.' ratt:. Tht: rigidity of the system in tht: latter çase is almost entirely

due tn the rigidity of the surrounding rm:k mass.
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Figure 7.18 Hydraulic jacking test

The tr.msition from low to high flows derived from the FRACON simulation happens more

abruptly and al higher injection pressures as compared to the experimental data. It is likely

thatthis is primarily due to the fact that there is no account for fracture propagation in the

FRACON simulation. As noted before. in the FRACON simulation the outer periphery of

the joint is fixed in s'Pace and the pressure at this location is anificia1ly subjected to a higher
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• limit equalto the normal in-situ stress. The FRACO:'\ ,ode al ways dll,,'ks f,'r tlll" \';tilll' of

pressure at this !o,ation: when the higher limit is rea,hed. the pressur,' al this ",,"'Ilion is

maintained ,onstant at that value for subsequent time steps and tlll" flo\\' r;II,' is t\tus

bounded by this imposed hydrauli, ,ondition. ln rcalit)', an outward fra,tur,' prop;lgation is

likely to happcn. resulting in an in,rease in the radius and the aperture of th,' .ioint and

allowing for an in,rease in the Ilow rate.

7.5.5 Simulation results for ,onstant pressure test

...__..-.---.

• ---<)0--- ExpcrÎml:nl;11

FRACoN

•

c
or,

lime (s)

Figure 7.1l) Constant prcssun:: test

ln figure 7.19. the FRACON results are compared with the experimental results for the

constant pressure test Again the simulated results are consistent with the experimental data.

For a joint with constant permeability, analytical solutions (sec e,g. Crank, 1975) show

thatthe flow rate sharply increases very early in lime, since the hydraulic gr.ldient is very
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high. This flow the:n gradually de:cre:ases to a steady state-value. as the pore pre:ssure is

dissipatcd radially into the: fracture. Both the experimental and simulated results show that

the ahove: be:haviour occurs only at the: early stage. lasting approximately 60 s. during

which the high pre:ssure: at the: inje:ction point has insufficient time 10 propagate radially

towards the: outer boundary of the fracture. After that early stage. a graduai increase of the

flow rate is observed. This type of behaviour is indicative of the ntlnlinear nature of the

mechanical/hydraulic processes that prevail during the test. because 01 the high water

pressure: (inje:ction pressure of p = Il.5 MPa. higher than the in-situ normal stress of lU:'

MPa). The high pressure of the injected water leads to a drastic opening of the fracture

(maximum opening of 70 J.lm compared to an initial hydraulic aperture of 17 J.lm ).

re:sulting in an increase of its permeability by several orders of magnitude. Consequently.

the flow rate increases with time and reaches a steady-state value when the aperture

distribution in the fr.lcture reaches a stable value. as shown in figure 7.19.

As compared to the experimental data. the FRACON resulls shows a steeper increase in the

flow rate and a lower steady state flow value. during the highly nonlinear phase. We

believe thatthis cornes from the fact that crack propagation atthe outer radius of the joint

could not he simulated with the code. as explained carlier.

7.5.6 Sensitivity of simulated results to sorne key parameters

ln sections 7.5.3. 7.5.4 and 7.5.5. we only showed the results from the set of input data

that provides the best cC'mparison between the calculated and the experimental results. ln

order to arrive to these best fit resulls. numerous simulations with different sels of input

da~a had to he performed. For the pulse test. the joint apenure does not change much due to

the shon duration of the test. Consequently. we found that the results of the pulse test are
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most sensitive ta the initial hydraulÎl: aperture. Higher values of this par;lllll"ll'r rl'sult in

faster pressure dissipations in the isolated boreholc section. For the hydr;luli<' jacking ;lIld

constant pressure tests, the results are very sensitive ta the initial in-situ normal stress, IIIl"

Young's modulus of the rock mass and the joint radius. These parametl'rs dell'nnilll" Ill<'

rigidity of the system at high injection pressures, directly influence the degree of opening llf

the joint and, consequently, affect the fla\\' rate thruugh the joint. Lower values of Ihl'

initial in-situ normal stress and of the Young's modulus of the rock mass, and higlwr

values of the joint radius all result in higher flow rates for the constanl pressure test and thl'

hydraulic jacking test For the hydraulic jacking test. the transition pressure fromlo\\' f10w

rates to high flow rates is lower for lower initial in-situ normal stress. To a Icsser dl'gree

than the above factors, higher permeability values of the rock mass result in higher flow

rJtes for the constant pressure and hydraulic jacking tests. Due ta a more signiticant amount

of water diffusing tranversdy from the joint into the surrounding rock mass, the lime fnr

longitudinal pressure propagation in the joint is longer. Thus the sleady-state value of f1nw .

for the constant pressure test is reached atlater times as compared ta cases with lower rock

mass permeability,

7.6 Conclusions

The joint model developed in chapter 6 has been implemented in the finite clement code

FRACON. In this chapter, we have shawn the use of the code la simulate several

laboratory experiments: shear tests under constant normal stress and under constant normal

stiffness conditions performed by Skinas et al. (1990); and coupied shear-flow experiments

performed by Bandis et al, (1985). The model performs quite satisfactorily in simulating

the trends observed in the above experimems. Seale effects. as evidenced from the
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cxpcrimcntal rcsults of Bandis et al. Il 9X J) • are also correctly predicted by the proposed

modcl. To bcllcr prcdict dilation. the model could be improved by incorporating a damage

cicformation component as suggested by Plesha (J 1.)95) and by assuming that plasiicity

phcnomcna can also occur prior 10 the attainment of the peak shear stress.

The FRACON code was also used tO simulate several borehole injection tests conducted in

a natural fracture. The code successfully predicted the significantly nonlinear nature of the

coupling between flow and mechanical processes that prevaiI in these tests.
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CHAPTER 8

APPLICATIONS TO NUCLEAR FUEL WASTE

DISPOSAL

The Canadian concept for the disposai of heat emitting high levd Nu\:lcar Fud Wast"

(NFW) involves the deep burial of the wastes in a plutonic roà mass of th.: Canadian

Shield. Due to the longevity of the radioisotopes. a NFW disposai systcm is rcquircd tll

provide protection tO human health and the environment from th.: hazards of contaminant

release which could last for tens of thousands of years. The plutonic rock mass is a major

barrier against contaminant release tO the environment. In this chapt.:r. we pr.:sent \:cnain

scoping cakulations with the FRACON code to assess the impact on th.: performance of thc

natural geologi\:al barrier due to the following: a future glaciation scenario and the intluenc.:

of radiogenic heat produced from the wastes. The Nudear Fuel Waste Disposai progr.lm in

Canada is in an early stage of concept feasibility studies. A specifie sit.: that would host a

NFW repository is yet to be selected. Consequently. the scenarios modelled here are meant

to be indieative of generic conditions applicable to a hypothetical site. In thOlt contcxt. thc

use of simple but conservative assumptions in building scenarios in order to assess thc

robustness of the concept is thought to br:: preferable to sophisticated assumptions which do

not have site-specifie data to support them. The regulatory document R-104 ( Atomic

Energy Control Board. 1987) requires that the safety of the repository has to be
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dernonstrated for the tirs! IlJIHJO years. Il is with this time frame In mind. that the analyses

presented in ùlis chapter are perfomled.

Throughout this chapter. compressive sr:'::sses and pore water presSûre are considered

positive according to me usual convention in r",:k and soil mechanics.

Il. 1 Roek mass reponse to radiogenic heat from a nuclear fuel waste

repository

X.I.I Conceplual and finite element models of a hypometical NFW repository

A plutonic rock mass of the Canadian Shield that wouId contain a NFW repnsilory would

ideally be competent. mostly unfractured with the presence of few major fracture zones

which are easily distinguishable from the competent rock mass. Field data from the

Underground Resean:h LaboralOry (AECL. 1994 a.b and c) at Whiteshell. Manitoba.

indicate that near the ground surface (up to 200 tO 500 m deep). the rock mass is

moder.ltely fr.lctured and .:ontains networks of intereonne.:ted joints. However. at greater

depths. the field data suggest that the rock mass is of very good quality and contains few

dis.:ernible fractures uutside the major fracture zones (figure 8.1). This relatively

unfr.lctured competent rock is also referred to as "sparsely fractured" rock. We will refer to

this sparsely fraclured rock mass as "competent" rock in this chapter. ln the competent

ro.:k. water moves in a nelwork of pores. microcracks and sparsely distributed joints which

are generally not inter.:onnected. The major fracture zones are defined as zones of

fra.:tured. broken rocks. which are hundreds of metres (or more) long and tens of metres

(or more) thick. These fracture zones usually have very different mechanical and
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• hydrogeological characteristics when compared with th,' r"I1l~lillillg t"l'Il1!,,'t"1lt ro,'k 111;1".

U,ually they are more hydraulically condu<:tive and prone tn ,h";lring 1I1llkr Iarg" <'\t,'rnal

Joads, such as the weight of a glacier or the heat generated by th,' wast," .
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•
Figure 8.1 Schematic of rock structure for competent rock. moderately fractured rock ar.c!

fr.lcture zones (from AECL. 1994·a)

A hypothetical repository situated at a depth cf 1000 m in a typical pluton of the Canadian

Shield is considered in this section, The repository occupies an area of 2000 m by 2000 m.

•
The total amount of wastes contained in the repository. will result in an initial heat

generation Tate (per unit are« of the repository) of 10.4 W/In~. This rdte decays to '.15% after
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1 year. XlJ'!c after IOCICI years and Jess than 1O'ft after JC1000 years. due to the del:ay in

radioa~livily of Ihe waSles (figure X.2). The above dimensions of the hypotheti~al

reposilory and ils heal ~hara~terislks baskally follow the con~eptual design of AECL

( JlJlJ4-b,.

10

7.5

-....)..
~ 5
:::;
~

::r

2.5

[J

c

time (yr)

Figure K2 Radiogeni~ heat output from the waSle repository

We assume that the repository is located in a competent rock mass disrupted by the

presen~e of IWO venical fracture zones. 20 m thick. at 100 m from IWO opposite edges of

Ihe reposilory. Assuming plane -strain conditions. the rOl:k mass response was simulated

with the FRACON l:ode. It is shown by AECL (1994-b). that the plane strain simplification

will result in slightly higher temperatures and thermally induced stresses. as compared to

the more realistk 3-D problem. Consequently. the analysis shown here is considered to he
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• conservative and the approach used is consistent \Vith the objt'ctive descrihed in tht'

introduction of this chapter. The finite clement mesh used in the sllldy is shown in Figure

X.3. Eight-noded isoparametrÎC clements are used 10 represent the rock mass while six

noded joint elements are used to represent the fracture zone. The boundary conditions

invoked in the analysis are also shown in Figure S.3. Due to the assumed symmetry

conditions, only half of the repository is considered.

Plane of symmetry

No heat. fluid flow

•

z

Repository

y

Fracture zone

H' t p.T =()

-
• ~

~ ~
.. x ~

h" /r

•
Figure 8.3 Finite element mesh for waste repository
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X. J.2 Assumed propcrties of rock mass and fracture zones - Reference case

For the reference case analysis the following properties of the rock mass and the fracture

zone an: assumed:

For th, rock rnass:

permeability k: IO·IR m2

Young's modulus E: 35xl09 Pa

Poisson's ratio v: 0.2

Effective porosity n: 0.005

For the fracture zone:

penneability k: 10·15 m2

Shear stiffness Ds = 35x lOb Pa

Normal stiffness Dn =35x1OR Pa

The thermal properties for bath the rock mass and the fracture zone are assumed to be:

K =3 W/rnJ°C

C= 1145 J/kg;oC

Phy"jcal prQperty ofpnTe \Valet. SQ]id grajns and solid matrix:

Compressibility of water Cr = IlKr =4.5xIO·1Q Pa-I

Compressibility of the solid grains Cs= IlKs =2xIO·11 Pa- I
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density of solid grains: Ps=2?00 kg/m3•

density of pore water: pt=1000 kg/m3•

Coefficient of thermal expansion of solid matrix and solid grains: p'. Ps=0.24x10..\ oC,,

Coefficient of thermal expansion of pore water: PI-0.4x1 0-3 oC,,

The above thermal/mechanical/hydr.lulic properties of the rock mass are considered t)'pical

for competent plutonic rock masses of the Canadian Shield (Gale. l'Jli2: AECL. 1'J'J4-h.

cl. Much more uncenainties exist for the definition of propenies for fr.lcture zones. The

shear and normal stiffness values of fracture zones in the Canadian Shidd are largdy

unknown because of the lack of field measurements to determine these mechanical

propenies. Permeability values. on the other hand. which have been estimated for fr.lcture

zones atthe Underground Research Laboratory site. vary in a r.lnge of 10·1~ m~ -lll·17 m~

(AECL. 1994-c). The value of permeability for the fr.lcture zone used in the reference case

analysis corresponds roughly to the mean value of the above range. Il is noted that for

water at 15 oC. the hydraulic conductivity values (in mis) is 7 orders of magnitude higher

than the values of permeability (in m~). For examp1e a value of permeability of 10·1~ m~

would correspond to a hydraulic conductivity of )().5 mIs. For the sake of simplicity

consistent with the generic site discussed earlier. ail propenies are assumed constant and

only 1inear elastic analyses are performed in this chapter. ln particular. due to the lack of

data on the mechanical properties of the fracture zones. the elasto-plastic joint modd

discussed in chapters 6 and 7 is not used in this study.

8.1.3 Resu1ts for reference case analysis with the FRACON code
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Figure 8.4 Time-dependent variations of pore pressure and temperature at the centre of

the repository - Reference case
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Temperature Field - 70 years

Temperature Field - 5000 years
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Figure 8.5 Typical temperature contours around the NFW repository
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The: te:mpc:rature: and the pore pressure increases at the centre of the repository are shown in

figure: RA. The temper.llure increase shows two peaks. 50uC at 70 years and 55°C at 5000

ye:ars: this is consistent with results of others (AECL. 1994-b). The presence of two

the:rmal peaks is due to the nature of the heat output from the fuel wastes. The fll'st peak is

due: 10 short-lived radio-isotopes which generate heat at a high rate but for short rime

periods: the: second peak is due to longer-Iived isotopes that generate heat at 10wer rates but

for much longer times. Temperature contours are shown in figure R.5 for the two times

corresponding to the temperalUre peaks at the centre of the repository. It could be seen that

at 70 years. the perturbation in the temperalUre is limited to a rock mass approximately 200

m thick surrounding the repository. At 5000 years. the thermal perturbation extends to the

ground surface:.

:1::&lj1~~MI
2 to 2.5 1.5 to 2 1 to 1.5 0.5 to 1 Mpa

Figure ~;'6 Typical pore pressure contours around the repository- Reference case
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The pore pressure increase in the centre of the repository shows a peak of approximately

2.5 MPa at 55 years (figure 8.4). This pore pressure increase is due to the fa..:t that th..:

thermal expansion coefficient of the water is higher than that of the sol id matrix. Due to the

low permeability of the medium. drainage is slow and the pore water expansion is

impeded. resulting in pore pressure increases at the initial stages. At the later stages.

migration of water from the heat source takes place gradually allowing the porc pressure III

dissipate. Typica! contours of pore pressure increases are shown in Figure li.(, (at 55

years). These pore pressure contours suggest that high hydraulic gradients are thermally

induced in the vicinity of the repository. These gradients can allain values of up to IOll'lr

(i.e. severa! orders of magnitude higher than typical regional gradients in the Canadian

Shield which are in the order of 0.1 %) resulting in increased groundwater veloo:ities

diverging from the repository. The existing groundwater regimes will therefore be

significantly modified by the thermal pulse. It can also be observed that the fracture zone

aclS as a drainage feature and would constitute a preferential pathway for the movement of

groundwater tO the surface. Another implication of these high pore pressures is that

effective stresses will be reduced. possibly resulting in either a reduction of the strength of

both the competent rock mass and the fracture zones or in the creation of new fr.lctures.
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Figure 8.7 Defonned configuration of the mesh - Reference case

A typical defonned configuration of the modelled region is shown in Figure 8.7. These

results indicate that shear movements are induced in the fracture zone. an uplift of the

ground surface is induced directly above the repository and thennal expansion of the rock

matrix takes place around the repository. These displacements are relatively small

(maximum vaIue of 50 cm). but can induce significant disturbances to the stress regime and

as a consequence. the structural integrity of the rock mass in the vicinity of the repository

has to be further assessed. We will now have a closer look at the thennally induced

perturbations tO the stress and groundwater regimes in the rock mass and in the fracture

zone.

Herget (1980) reported a compilation of in-situ stress measurements in the Canadian

Shield. In the majority of cases. the minor principal stress corresponds to the vertical
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stress. whieh is primari!y due to the weight of the ovcrburden. Thc major prindpal sU'l'SS is

oriented in a horizontal direetion. and is mainl)' duc to [CelOnÏl" forecs. Hcrgcl (IlJXO)

proposed the following equations for estimating the in-situ strcsscs:

crv =0.02Ci5 h (Mpa)
(X.I )

crh" -= Ci.Ci7 + ll.03ll2 h (Mpa)
(X.2)

crhc =123Ci + ll.ll5XCi h (Mpa)

where cr,. is the vertieal stress: crh" is the average value of the horizont.t1 strcss for thc

Canadian Shield and crhc is the higher values of horizontal stress in thc rangc of valm's

reported by Herget (19XO): and h is the depth below the ground surfaec (in units of m). In

equations (X.! )-(X.3). total stresses (as opposed to effective stresses) are eonsidcrcd.
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Figure 8.8 Vertical prome of total stresses near centre of repository - Reference case
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The heat generated by the wastes will change the above original in-situ state of stress. The

total vertical and horizontal stresses along a vertical section through the centre of tht'

repository are shown in figure 8.8 at two specific times: 55 years after wastcs

emplacement. when the thermally induced pore pressure is at its peak. and at 101100 years

when the temperature atthe centre of the repository is near its second peak and the thermal

perturbation extends to the ground surface. In figure 8.8. the x coordinate corresponC!~: III

the horizontal direction. the y coordinate comesponds to the vertical direction. and the

initial stress distribution is assumed to follow Herget's values for avt'rage conditions.

defined by equations (8.1) and (8.2). Figure 8.8 shows that along a vertical sel:tilln

through the centre of the repository. the vertical stresses are not significantly changed while

more important changes are found for the horizontal stresses. The results shown in figure

8.8 are consistent qualitatively and quantitatively to results given by AECL (1 '.l'.l4-bl.

However. in contrast to the analyses by AECL (19'.l4-b). in order to assess the rock mass

failure conditions. we will consider effective stresses instead of total stresses. as follows.
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Figure K9 Vertical prome of effective stresses near centre of repository - Reference case
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Figure 8.9 shows that due tO thennal effects. along a venical section through th<' c<'lllre (lf

the repository. the horizontal effective stress increases in the vieinit)' (lI' the rep(lsitor)'.

while il decreases near the surface. At WOOO years. a zone of tensi\t.' stresses could he seen

ta have formed down to a depth of approximately 25 m l'rom me surface. Horizolllally this

zone would approximalely occupy an area of 200mx200 m ahove l!le centre of the

repository. If me tensile strenglh of rock is neglected. it is likely that venical fractures will

form in this zone. 11le zone of tensile .:racking has limited extenl. This zone is at a distance

of l}75 m from the repository and is not expected ta significant1y influence the groundwatcr

flow field in the vieinity of the repository. Figure KY also shows thatthe c:ffective verticul

stresses in the rock mass along a vertical section through the centre of the reposilOry

decreases at early times (55 years) due to the pore pressure buildup shown in figure XJ,.

As the pore pressure dissipates. the effective vertical stresses gradually increase and

become more compressive due ta thermal effects.

The competent rock mass between the edge of the repository and the fracture zone is of

particular importance, sinee it is part ot the groundwater flow path witt me minimum !r.lvel

time ta the ground surface. Figures 8.10 to 8.14 shows the evolution of effective stresses

at four points located in that envelope of competent rock (point 2 at the edge of the

repository: point 3 at a distance of 1i3 m l'rom the repository and 37 m l'rom the fracture

zone: point 4 at Il) m from the fracture zone: and point 5 adjacent to the fracture zone) and

at me centre of the repository (point 1). Since the shear stresses are small. it is evident

(l'rom figures 8.10-8.14) that the minor principal stress is practically equal ta the venical

stress. while the major principal stress wCLlld be practically horizontal. either in the z

direl.'tion (perpendicular ta the plane of the mode1Î. in the vicinity of the repository (point 1

and 2) or in the x direction at points doser ta the fracture zone (points 3. 4 and 5).
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Figure: lU 1 Stress evolulion al Point 2. al edge of repository - Reference case
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Figure 8.12 Stress evolution at Point 3 (63 m from edge of repository) • Reference case
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Figure 8.13 Stress evolution at Point 4 (19 m from fault zone)· Reference case
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Figure: ll.14 Stress evolution at Point 5 (adjacentto fracture zone) - Reference case

ln order to verify whether the above stresses will resu1t in fracruring of the competent rock

mass • the: empirical Hoek and Brown (198ll) failure criterion was adopted:

•

ln whkh:

cr'lf is the effective major principal stress at failure.

cr':l is the effective minor principal stress

cre is the uniaxial compressive strength of intact samples of the rock mass

m •s are empirical constants.
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The above criterion was formulated in terms of effective stresses. since these stresses

govem the mechanical behaviour of saturated geological materials. The following values

were adopted (AECL.1 994-b) in the computations:

(Je = 19U MPa

m=17.5. s=0.19

The above values suggest a rock mass with a "very good quality" designation (Hoek and

Brown. 1988). Using the above values. it is found thatthe major principal stress at points

1 to 5 have a maximum value of approximately 45 MPa and at alltimes are lower than the

major principal stress at failure given by the Hoek and Brown criterion (minimum value of

approximately 160 MPa). If the initial in-situ horizontal stress is a~sumed to be in the upper

bound (equation li.3) of the envelope given by Herget (19liO) instead of the aver.lge value

(equation 8.2). the maximum value of the major principal stress would be approximate1y liO

MPa. For this condition. there is still a high margin of safety against failure of the

competent rock mass surrounding the repository.

Il is assumed that in the fracture zone. failure is governed by the Mohr-Coulomb failure

criterion : Le.

te= ci t:IJl<l>'+ c'
(8.5)

where:

'tr is the shear stress at failure

(J" is the effective normal stress acting across the fraL1Ure zone
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• c' and ~. are respectively the effective values of the cohesion and the angle of internaI

fri<:tian

AECL (1994·b) has reviewed the data available for the values c' and ~'for fracture zones

in gr,lnite and has proposed the following mnges:

~': 25 ta 400

c': 0 to 240 kPa

As a conservative estimate of these parJmeters. we assume that c'= () and ~'= 33°. It is

observed that the shear stress levels in the fracture zone are at ail times below the shear

stress at faiJure according to the Mohr·CouJomb criterion.

The thermally induced pore pressure triggers outward flow from the repository. ln order to

assess the rate of migration of potentially contaminated groundwater. the trajectories of

.....ater partides from points near the centre and from the edge of the repository are

cakulated according to the equations:

x(t) = Xo + f~ v.(x.y.t) dt

y(t) = Yo + f~ vy(x.y.t) dt

(8.6)

(8.7)

•
where :

x(t) and y(t) are the coordinates of the particle position at time t. Xo and Yo are the
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coordinates of the partide position attime O. and:

k rJp
vV<x.y.t) =- - "\
. n Il uy

where k is the penneability of the rock mass. Il is the viscosity of water. n is the porosity

of the rock mass and p is the pore pressure (positive in compression).

The calculated trajectories of groundwater movement during 10000 years are shown in

figures lU 5 a and b. At 10000 years. the water partide from near the centre of the

repository travels approximately 10 m in an upward direction and 6m in a horizolllai

direction (towards the fault zone). The partide from the edge of the repository travcls

mostly in a horizontal direction towards the fr.lcture zone. Once a water partide h'IS reached

a frJcture zone. it will migrJte relatively quickly to the ground surface. At IOlKlO years. the

partide from the edge of the repository has tr.lvelled a horizontal distance of approximatcly

30 m but is still 70 m away from the fracture zone. From the above discussion. il is

evident that for the rock mass properties assumed in this hypothetical repository scenario. a

zone of competent sparsely fractured rock of IOOm between the repository and a major

frJcture zone would provide an effeLtive barrier for contaminant migration due to therrnally

induced groundwater flow.

196



• 2.lJl2E-03"T""--------------,

2.010E-03·

1 1 1

g g g 8- - - -'" '" t:J t:J

'" .. -<: oc

2.008E+03·

c
c

c

''''''.0;. l~"
2,07~

Ê-

Vault centre
x (m)

a) Near centre of repository

2005 "T""---------------------,
o

o
o

o

200:! -
c

C
oO

/

o°/"
AJ:lrl=co 0 0 0 0 0

2nnn+--...'.....,----.....----.----.....,~--_ip : ~ ~

20n 1 -

2004 -

2n03 -
Ê-

•

Vault edge x (m)

b) from edge ofrepository

•
Figure 8.15 Water panicle traje1.1ories - reference case

197
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Figure 8.16 Effects ofpermeability and Young's modulus on pore pressure

The effects ofrock mass permeability, fracture zone permeability and rock mass Young's

modu1us are evaluated by considering the following cases, which are in every way similar

to me above reference case except for me following differences:
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• case: 1: rock mass perme:ability: 10.20 m2 (2 orders of magnitude lower than in the

reference case)

• case 2: rock mass permeability : 10·20 m2 and E=70 Gpa (2 limes higher than in the

reference case)

• case 3: fracture zone permeability 10.13 m2 (2 orders of magnitude hi~her than in the

reference case)

• case 4: rock mass permeability: 10. 19 m2 (1 order of magnitude lower than in the

reference case)

Figure X.16 presents a comparison of the pore pressure at the centre of the repository for ail

the separ-.ne cases. It can be seen that decreases in the rock mass permeability (case 1and 4)

results in substantial increases in the peak pore pressure. The thermally induced pore

pressure would remain high for longer durations when compared to the reference case. A

decrease in the permeability combined with an increase in the Young's modulus of the rock

mass (case 2) results in a funher increase in the pore pressure. which would be six times

higher than in the reference case. An in~7ease in the permeability of the fracture zone by

two orders of magnitude (case 3) does not have any discemible influence on the pore

pressure in the centre of the vault.

Case 2 is the most critical for rock mass stability. since the high thermal1y induced pore

pressure (up to 15 MPa) would substantially reduce the minor effective principal stress

(ao)")"). Figure 8.17 shows the stress evolution at point 3. at a distance of 37 m from the

fracture zone. It may be noted that in this case the effective vertical stress becomes tensile

(ao)")"<O). This tension zone is found to extend from the fracture zone to approximately a

distance of 50 m towards the edge of the repository. Horizontal crdcks would form in the
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• tension zone and the original envelope of 100 m of .:ompetent ro,k whkh existed belween

the repository and the fra.:ture zone .:ould be redu.:ed to 50 111.
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Figure 8.17 Stress evolution at point 3 at 37 m from fr<i.:ture zone - Case 2

ln figure 8.18, the flow paths of a particle of water from the edge of the repository are

compared for the different .:ases. Although the pore pressure and the hydraulic gradients

are higher for cases 1 and 2 (when compared with the reference case), the water partide has

only moved a horizontal distance of approximately 10 m towards the fracture zone in

)0000 years (compared to more than 30 m for the reference case), due to the significantly

lower permeability of the rock mass. With an increase in the permeability of the fracture
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• zone (case 3). il exhibilS a stronger drainage effecl . As a consequence. the flow palh

becomes more horizontal and the path length is slightly increased compared with the

reference ca~e. For case 4. although the penneability of the rock mass is ten times lower

compared to the reference case. the tr'dvel distance for a partiele of waler is nOI significamly

reduced. since the thennally induced hydraulic gradienl~ are much higher.
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Figure 8. 18 Comparison of flow paths of water partiele from edge of repository
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8.2 Glaciation impacts on a nuclear fuel wasle reposituQ'

Geologists expect that in approximately 10000 to 20000 years. the Canadian Shield couId

b<:: exposed to a new glaciation period. similar to the ones that occured cyclically during the

pasl An ice cap could impose a load on the ground surface of up to 30 MPa near the centre

of the cap and 15 MPa near the edges. If an ice cap fonns on the ground surface ahove a

NFW repository. the load due to its weight can significantly affect the stru.:tural and

hydrogeological characteristics of the rock mass containing the repository, The FRACON

code was used to model the impact of a glaciation scenario on the perfonnance of a NFW

repository.

When a rock mass is subjected to glacial loading. it will respond both mechanically and

hydraulically in a coupled manner. Furthermore. even for temperatures below zero. the

pore fluid will be unfrozen due to its salinity and due to the high pressures exerted hy the

glacier. Based on a review of geological studies of past glaciation events (Nguyen et al..

11.)1.)3). it is inferred that a future glacier could cover up to half of the Northem hemisphere.

The ice is thickest in the centre, around 3 km. resulting in a load of 30 MPa on the ground

surface; near the edges the thickness would be about 1.5 km. with a resulting pressure of

15 MPa. The response of the rock mass hosting a NFW repository to ice loading will be

different depending on its location ( far away from or near the edges of the glacier) not

only because of the difference in magnitude of the loads associated with variable ice

thicknesses. but aIso due to the different hydraulic and structural boundary conditions

applicable to each case. Mathematical modelling of both cases with the FRACON code has

been reported by Nguyen et ai. (1993). The most critical scenario for the performance of

the reposilory is the one when il is 10cated immediately at the edge of a glacier. This

scenario is reported in this chapter.
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Figure li. l '1 Conceprual Model for a glaciation scenario

The conceptual model for a glaciation scenario is iIlusO'ated in figure 8.19. Under the

load of the glacier. geologists estimate from past glaciation periods that the surface of the

eanh will be depressed by up to 1km. This downward movement is primarily attributed to

the flow of the viscous mande (Cathles III. 1969: Walcott. 1970 a and b; Selvadurai.

1979). In this study. we are primarily interested in the mechanical and hydrogeological

disturbances in the upper part of the earth crus!. where a NFW repository might be located.

•
The finite eJement model for the region of the earth's crust near the toe of the glacier is

shown in figure 8.20. Only the upper 5 km of the crust is represented: it is a.~sumed that the
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deeper portion of ti:" crust is impermeable and hehaves as a rigid body. C'onseljuently. [hl'

lower boundary is assumed tO he impermeable. Since we are only interested in the rc1atin'

deformations in the crust (and not in the absolute movement which is due mainly to the

fIow of the mantle) the lower boundary is also considered to be fixed in the venÏt::11

direction. We further assume that the interface between the crust and the mantle is relativdy

smooth. Consequently, the lower boundary is assumed to be free of shear traction.

Considering the lateral extent of the ice sheet. the left boundary of the geological medium is

fixed in the horizontal direction. Th~ upper boundary of the modelied region is assumed 10

be free draining. The ice loading is represented by a normalload of stress intensity 15 MPa

applied at the ground surface. Vincent and Prest (19R7) have estimated that the rate of

advance of a continental glacier is of the order of 0.1 km/year (i.e. quite rapid when

compared to the transient period of hydrological/mechanical disturbances that it would

induce in the upper crust). lt is therefore assumed that the glacialloads can he modelled as a

normal surface load of intensiry 15 MPa which is imposed instantaneously and has a time

variation in the form of a Heaviside step function.

ln this analysis. we assume that the glacial surcharge load extends to the position of the

vertical frdcture zone. The fr.lcrure zone is 20 m thick and extends tO the entire depth of the

mode!. Joint elements are used to simulate the fracture zone and sol id isoparametric

clements are used to simulate the unfr.lctured rock mass. The location of the fr.lcture zone at

the edge of the glacier is a conservative assumption. since the rate of groundwater fIow is

expected to he higher near the edge of the glacier where a hypothetical repository is located.

The mechanical/hydraulic properties of the rock mass and the fracture zone used in this

analysis are the same as the ones used in the reference case cited in section 9.1.2.
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Figure X.20 Finite dement mode! for glaciation impact study

Abo. for simplicity consistent with the generic site discussed earlier. the properties of both

the competent rock mass and the fracture zone are assumed to be uniform with depth.

Furthermore. both the competent rock mass and the fracture zone are assumed to be linearly

e!astic.

A typical deformed configuration of the mesh is shown in figure 8.21. It can be seen that a

discontinuity in the displacement field is created at the fracture zone. It could also be

inferred that the glacier might induce high shear stress in the fracture zone and significantly

perturb the existing equilibrium stress distribution in the competent rock mass. especially

ncar the toe of the ice sheet
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Figure li.2! Deformed shape of the repository host roà due to glacier

We assume that the Mohr-Coulomb criterion is applicable to the fracture zone. and that the

Hoek-Brown faiIure criterion is applicable to the competent rock mass. We use typic.. '

values of parameters for these criteria and typical values of initial in-situ stresses utilized in

section li. 1.3. The results l'rom the finite element simulation indicate that the stresses

induœd by the glacier combined with the initial in-situ stresses l:ould result in failure of

both the fracture zone and the rock mass at depths less than 200 m.

Typical contours of excess pore pressure are shown in figure li.22. It can be seen that the

fracture zone acts like a hydraulic sink and would constitute a discharge l:onduit for the

migration of groundwater to the surface. These contours also suggest that high hydraulil:

grJdients are induced by the glacier. These gradients couId reach maximum of the order of

IOO'À; (several orders of magnitude higher than normal regional gradients). In order to

assess the effects of these high gradients on contaminant migration from a repository

located near the edges of the glacier. the tr'<Ijectories of typical particIes of water are

calculated. according to equations (lUi)-(lL9).
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Figure R.22 Glaciation impact - Typical excess pore pressure contours

TypicaJ migration paths for particies of water are shown in Figure 8.23. Particles land 2

are al a depth of 500 m: particles 3 and 4 are at a depth of 1000 m. Particles land 3 are

located :WO m from the fracture zone. while 2 and 4 are located lOO m from the fracture

zone. Afler 20.000 years particles 1, 2 and 3 have travelled a distance of less than lOO m

and have not reached the fracture zone. Particle 4 reaches the fracture zone in about 6.000

years.

The main findings from this rather elementary idealized model are consistent with the
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• geologists' observations on the effects of past glaciations. as follows:

- structural fai!ure in competent rock masses and fracture zones reactivation would likely

happen in the upper few hundred metres of the earth crust only

• the groundwater regime is profoundly perturbed
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Figure 8.23 Glaciation impact· Typical water parn~je tT'djectories
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8.3 Conclusions

The: FRACON code: was used for the: pre:liminary assessments of the impact of the heat

senerated by nuclear fuel wastes and of glaciation loads on a sparsely fractured plutonic

rock mass. representative of conditions that can be encountered in the Canadian Shield. The:

thermal. mechanical and hydrological disturbances due to these two factors were

traditionally analyzed by neglecting the coupling between the T-H-M processes. From the

scoping calculations shown in this chapler. where This coupling is considered. several new

results were found:

- both the heat pulse generated by the wastes. and the loads associated with a future ice age

have Ihe ability to significanùy perturb the groundwater and stress regimes in the host rock.

- Both the pore pressure generated by a glacier and the heat generated by the wastes can

accelerate the movement of contarninaled waler 10 the ground surface. In ten thousand

years. this acceleraled r.lle results in flow distances of tens of metres (due to heat effects) to

more than 100 m (due to glacier) in addition to any flow distance dictaled by the natural

hydmulic gmdientthat exisled prior to the thermal and glacial loadings.

- Very 10w permeability of the rock mass will not always ensure lower groundwater flow

rate since the thermally induced hydraulic gradient~ are higher for lower permeabilities. ln

sorne extreme cases. when a low permeability is combined to a high Young's modulus of

the rock mass. the high pore pressure generaled by the waSle heat can induce tensile cracks

in the rock mass. and the buffering distance provided between the repository and a fracture

zone couId be reduced .
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A waste reposilOry should ide:ùly be located in a competent sparsely fractured rock mass. al

a "safe" distance from major hydraulic conduits such as highly permeable fracture zones.

The basis for the minimum distances between these hydraulic features and the repository

should be established by consideration of the thermal/hydraulic disturbances due 10 the

therm:ù pulse and future geologic:ù events such as glaciation. The regulatory document R

104 (Atomic Energy Control Board. 19l!7) requires that the safety of the repository has to

be demonstrated for the frrst 10000 years. Considering coupled T-H-M proccsses. thl'

analyses performed in this chapter suggest that the thickness of the envelope of competent

rock between the repository and a fracture zone should be at Ieast 100 m. Howewr. therl'

are practicallimitations in providing such an envelope. It would be diflicult to find large

regions of competent rock in the Canadian Shield that could contain a 4 square kilometre

repository and at the same lime provide a minim:ù distance of 100 m between the repository

and major fracture zones. Lower order fractures. of thickness up 10 1 cl11. cannot be

detected by present geophysic:ù site investigation techniques. The undete..:ted fractures in

the competent rock envelope couId be extended by T-H-M processes to provide preferential

groundwater flow paths and the implications of such contaminant rra~spon pro..:esses have

to be further assessed. From the above uncertainties pertaining to the competent rock

envelope. it wouId seem advisable that more reliance should be brought to engineen:d

barriers such as the container. the buffer and the backftll.

By an:ùyzing the therm:Ù. stress and flow regimes of a rock mass without considering the

influences of coupling be~een these processes. it is likely that some safety features of

importance to a repository could be unwittingly omitted. Il is recommended that detailed.

site-specifie assessment of a future repository should be conducted by taking into account

the coupled nature of thermal-mechanical and hydrological processes.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

9.1 Cunclusiuns

The equations goveming coupled Thennal-Hydrological- Mechanical processes in saturated

geological media were derived by the generalization of Biofs cIassical theory of

consolidation of a poroelastic medium. These goveming equations were expressed in tenns

of dearly defined physical parameters and a detailed description of the assumptions used in

the developments was provided. Since the compressibilities of the pore f1uid and the solid

grains were taken into account in the derivation of the goveming equations. the theory of

coupled T-H-M processes thus fonnulated is particularly applicable to both saturated rocks

and soils. where in the latter effects of compressibility are usually neglected.

ln order to numerically solve the goveming equations. the finite element method \Vas used.

A finite element computer code. FRACON. was developed to examine both plane strain

and axisymmetric problems. Eight-noded isoparametric elements were developed to

represent the unfractured regions of a geological medium. while special six-noded joint

elemenl~ were developed to simulate discrete joinl~. The unfractured regions of a geological

mc=dium were assumed to exhibit linear elastic behaviour. The joints were assumed to

exhibit both linear elastic or nonlinear elasto-plastic behaviour. For the development of

these two types of elements. polynomials were used as shape functions. The shape
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functions used to describe the variations in the pressure and temperature fields are one

order lower than those used for the displacement field. It was shown that spatial

oscillations of the ca1culated pore pressure can be minimized with these element

formulations.

The development of the FRACON code followed an extensive procedure of code

verification via analytical solutions and code-to-code comparison. A set of benchmark

problems was defined and could be used by other investigators to perform code verification

for similar coupled T-H-M computer codes.

Irregular asperities are present on the surfaces of a natur.ll rock joint During shearing. the

joint dilates as a result of ride up at the asperities. Also. the shearing process can result in

breakage of the asperities. resulting in the decrease of the dilation rate and strain softening

of the joint. In order to reproduce the above fundamemal aspects of the mechanical

behaviour. the c1assical incremental theory of plasticity applicable to nonlinear interfaces

was used to fonnulate the stress-stntin relationship for the joint. The two-dimensionallocal

geometry of the joint surfaces was idealized by a series of regular asperities with constant

effective angle with respect to the shear direction. Following the work by Plesha (1 \JX7 J.

it was assumed that asperity damage can be related to the plastic work of the shear stress.

As a consequence. the asperity angle was assumed to be a decaying exponential function of

this plastic work of the shear stress at the joint. In this thesis. the above concept was

extended to describe the hydraulic behaviour of the joint in the foUowing manner. Dilation

of a joint during shear leads to an increase of it~ penneability at the initial stages. At later

stages. as gouge is produced from breakage of the asperities. the flow path will be impeded

and this process has the overall tendency to decrease the permeability of the joint. The

results of Iimited experimental work available in the literature indicate that shcaring of the

212



•

•

•

joint leads to an initial increase followed by a deçrease of the joint penneability. Existing

modds for the hydrauIiç behaviour of joints do not alIow for the prediction of the above

phenomenon. In the present work. the inçrease in the hydraulk aperture was assumed to be

proportional to the increase in the mechanicaI apenure. The results of severaI experimental

investigations in the literature have confinned this assumption. These investigations also

showed that the façtor of proponionality f between the hydraulk aperture and the

mechanical apenure varies between 0.5 and 1.0 depending on the geometry of the flow

direction. In this thesis. we assumed that gouge produçtion is due to the plastic work from

the shear stress. and thus the façtor f was assumed to be a deçaying exponential funçtion of

the plastk work. The parameters of the proposed joint model could be back-çakulated from

shear tests under çonstant normal stress çonditions with penneability measurement and

normal dosure tests. Alternatively. rnost of these pararneters could be estimated frorn the

empiriçal çoefficients JRC and JCS. Using the laner approach. the influence of the nonnaI

stress on dilation and sçale effects become integral aspects of the proposed mode!.

The FRACON code was used to interpret a wide range of Iaboratory and field

experiments. induding the following:

- çoupled T-H-M laboratory heater experiment on a cyIinder of çernentitious material with

low penneability

- laboratory experiments on joint shear behaviour under constant normal stress and çonstant

normal stiffness conditions

- coupled shear·flow laboratory experirnent on a joint

• field experirnents of fluid injection in a horizontal fracture in a granitic rock mass

The laboratory experirnent on the block of cernentitious rnaterial showed that owing to

thennal effects. the pore pressure increases as a consequence of the differences in the
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thermal expansion between the pore water and the solid matTÏx. This effeçt is also valid for

slightly imperfeçt saturation of the pores. Using the FRACON çode. we were able to

prediçt the trends observed in the experiment.

The FRACON code with the elasto-plastk joint mode! was also used 10 simulale several

laboratory experimenl~ involving roçk joints. These are: shear tests under çonstant nonn;t!

stress and under constant normal stiffness çonditions: and çoupled shear-flow experimellls

performed by other researçhers. The mode! perfonned quite satisfaçtorily in simulating the

trends observed in the above experiments. For joint shear under çonstant normal stress.

phenomena such as the post peak strain softening and joint dilation were çorreçtly

predicted. Scale effects and the effecl~ of the nonnal stress were also çorreçtly predkted by

the proposed mode!. For joint shear under constant nonnal stiffness. the sttengthening of

the joint and deçreased dilation were weIl simulated by the mode!. For the çoupled shear

flow-experiments. the mode! çorreçtIy predkted an initial im.:rease in the joint penneability

due tO shear dilation followed by a deçrease in the penneability due to subsequent gouge

produçtion.

The FRACON code was used to simulate field injection tests çonduçted in a horizontal

fr.lçture in a granitic rock mass. Due to the high pressure of the injected f1uid. nonlinear

çoupled H-M behaviour prevailed during most of these tesl~. For a fraçture with çonstant

permeability. analytical solutions (e.g. Crank. 1975) shows that when the fluid pressure in

the sealed boreho1e section is kept constant. the flow r.lte sharply increases very carly in

time due to the high hydraulic gmdients. This flow then gradually deçreases to a steady

state-value. as fluid migr.ttion takes place rddially into the frdcture. The experimental results

sho""ed that the above behaviour occurs only at the early stage. lasting approximatdy 60 s.

during whiçh the high pressure at the injeçtion point has insuffident time to propagate
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outward to the periphery of the fracture. Subsequent to this early stage. a graduai increase

of the f10w rate takes place. The above behaviour is indicative of the nonlinear nature of the

mechankal/hydraulk processes that prevail during these types of test. because of the high

pressure of the injected water (higher than the in-situ nonnal stress). The high pressure of

the injected water leads to a drastic opening of the fracture. resulting in an increase in its

penneability by several orders of magnitude. Consequently. the flow rate increases with

time and reaches a steady-state value when the aperture distribution in the fracture reaches a

stable value. We were able to simulate this nonlinear coupIed M-H behaviour.

Lastly. the FRACON code was used to simulate the coupled T-H-M response of a plutonic

rock mass typical of the Canadian Shield tO (WO factors: the rddiogenic heat generated from

a hypothetical nuclear fuel wastes repository and the loads imposed by a glacier during a

future glaciation period. The regulatory document R-J04 (AECB. J9X7) requires that the

safety of such a repository has to be demonstrated for the first 10000 years. The current

conceptual design by Atomic Energy of Canada Ltd (AECL. 1994-a) establishes a

'protection zone' of sparsely fractured. competent rock of width 50 m between the wastes

and a major fracture zone. This distance was determined without the considerations of

coupled T-H-M processes. Taking into account the coupling of these processes. we

observed that. due to the increase in pore water pressure generated by radiogenic heat and

the Joad of a glacier. the mechanical/hydraulic regimes of the rock mass couJd be

significantly changed by these (wo factors. From the results of the analyses perfonned in

chapter 8. we observed that. some severe combinations of site conditions and rock mass

properties might necessitate an increase of the thickness of the "protection zone" to 100 m.

There are however several practicallimitations in providing such an envelope. It is unlikely

that a site could be found in the Canadian Shield. with large regions ofcompetent rock that

could contain a repository of 4 km! and at the same time provide a nûnimal distance of 50
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to 100 m between the repository and a major fracture zone. Present geophysical site

investigation techniques do not allo\\' the detection of lower order fractures. of thickness up

to 1 cm. The undetected fractures in the competent rock envelope would constitute

preferential groundwater fiow paths and the implications on contaminant transport has to !Je

further assessed. A research program. partly sponsored by the AECB. has recently been

initiated at McGiII University (Selvadurai. 1YYS-bl. to perform coupIed T-H-M laboratory

tests on natural granitic rock joints with a view to address the previons point. If a

minimum enve10pe of competent rock couId not be practically provided due to ail the above

considerations. more reliance should be placed on engineered barriers such as the

container. the buffer and the backfill. Il is recommended that the safety assessment of a

future nuclear fuel wastes repository should be performed taking into account the couplcd

nature of T-H-M processes.

9.2 Recommendations for future studies

A key component of the research in coupIed T-H-M processes is the devel0plllent of

laboratory and field experiments which can investigate T-H·M processes under controlled

conditions. Such experilllenls should be conducted in conjunction with the development of

computational models.

A multi-year research progrdm has been initiated at the Departrnent of Civil Engineering and

Applied Mechanics of McGiIl University tO funher our unders13nding of the coupIed T-H

M behaviour of rock joinls. The conceptual experirnental set-up is iIlustrated in figure 9.1.

Granitic rock samples with induced joinls will be tested. A central borehole will be

provided in the sample. and a pore pressure transducer will be positioned in the borehole.
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A combin~tjon of she~r ~nd norm~1 stress will first be imposed by the actuator. and the

norrn~1 ~nd she~r djspl~cements will be monitored. The jointed rock sampie will then be

he~ted. Due to heating. the water pressure in the central borehole will increase and

subse4uently decay. The water pressure transient will be continuously monitored by the

pressure transducer. A small scale experiment which utilizes this concept has already been

investigated by Selvadurai and Camaffan (1995). The shape of this pressure transient will

bear the coupled T-M-H signature of both the joint and the intact rock. The thermal.

mechanical and hydrJulic properties of both the intact rock and the joint will be measured

before the actual performance of the above experiments. Il is recommended that the

FRACON code be used to perform Class A predictions of the experiments (Le. predictions

made prior to the testingl. These investigations should be complemented by post

experimental simulations tO improve the modelling and minimize any differences between

experimental and predicted results. The refinement of the joint model proposed in this

thesis could also be performed during this research program. In particu)ar. the two

parameters which could not be expressed as empirical functions of lRC and lCS at the

present time are the asperity degradation factor. c. and the gouge production factor. Cf. Il is

recommended that such correlations be established in this research program. The joint

mode! could be improved by including a damage deforrnation component as suggested by

Plesha (1 '.IX;:;) and by assuming that plasticity phenomena can aIso occur prior to the

anainment of the peak shear stress.
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Field te:sts of ~oupIc:d T·H-M processc:s in both fra~tured ro~k and buffer are also planned

by other re:sear~hers. The Japanesc: resear~h organization PNC is planning an e:xperiment at

the: Kamaishi mine. Iocated in the Iwate prefecture. 600 km North of Tokyo. A room of the:

mine: will bc: used for this experimenl. A heater will be emplacc:d in a trench ex~avated from

the: floor of the room. A buffer material will be subsequently compacted around the heater

in the: tre:n~h. The geology of the: granitÎc ro~k mass around the rooms is known and the

fra~ture:s have be:en mapped. The:llOistors. pressure transducers and strain gauges will bc:

positione:d in the: buffer and in the: rock mass 10 measure: the coupled T-H-M response of

the: system to heating. The perfollOance of this experiment and il.s mathematÎcal simulation

willtake several years and will be part of the international project DECOVALEX. 11 is

re:commended that the FRACON code be further developed to simulate the Kamaishi mine

experime:nt. Three-dimensional effects as weIl as nonlinear stress-sO"<lin behaviour of buffer

material could be induded in order tO simulate the above experiment.
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APPENDIX A

RELATIVE lMPORTANCE OF THE HEAT

CONVECTION COMPONENT

In the governing equations solved by the FRACON code. the convective heat transfcr

component is neglected. This allows a decoupling of the temperature field l'rom the

displacement and the pore pressure fields that subslantially simplifies the devdopment of

the computer code. In this Appendix. we shall discuss the rdative importam:e of the

convective and conductive heat transfer components based on an analytical solution for the

one-dimensionaI heat tnlnsfer equation and using typical propertit:s of sparsdy fractured

gr.lnitic rock m:lss of the Canadian Shield.

As mentioned in chapter 2. the component of the heat flux due to conduction is:

(A-Il

The heat flux due to convection is given by:

(A-2)

•
where Prand Cr are the density and the specifie heat (per unit ma.ss) of the pore fluid: Vil is
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• the tluid velodl)' as dcfined in equation (2.1) and n is the porosity of the geological

medium.

Taking inlo accounl both the convective and conductive heat components, the equation of

heal transfer in a porous medium becomes:

(A-3)

•

where K" is the heat conductivity tensor: p and C are the density and the spedfic heat of the

bulk medium.

Ogata (llJ70) obtained the one-dimensional solution to equation (A-3) for a homogeneous

half-space with a constant f1uid veloCÎty field Vr in the x-direction and the following

boundary conditions (figure A.I):

(A-4)
Tl x.lI) =li x=::< 1

•

T(O.I) =ToHlt)

T(oo.t) =0 ~

where H(t) is the Heaviside step function.
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T H(t)o

-----H~---------------... x

Figure A.I Geometry for Ogata's (IY70) one-dimensional solution to thl' d,"vection
diffusion equation

That solution is:

•

.I. = l[erfc( x-vt )+ex.Jvx)erfc( x+vt )]
Tu 2 2JDï 1'\ D 2JDï

where:

D=p~

- V PrCrv=n rpc

J( is the thermal conductivity of the medium.
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• The solution given in (A-?) be..:omes the solution to a purely heat condu..:tion problem when

VI is zero. The value of VI is given by the simplified Darcy"s equation:

nVf=K i (A-JO)

•

where K is the hydrauli..: conductivity of the geological medium and i is the hydraulk

gradient For relatively unfractured granitic rock of the Canadian Shield. K varies between

IO- IU to 10·12 rn/s.

For fracture zones. K varies between 10.6 to 10.10 rn/s (AECL. 1994·c). The thermally

induced hydraulic gradient. as shown in chapter 8. could anain values close to one. in the

first 100 years. at distances less than 100 m around the vault. For distances greater than

JOO m. the hydraulic gradient decreases rapidly to existing regional gradients (or the order

of 0.00 \ to 0.01).

A.l Assc:ssment of the importance of heat convection for competent rock

Let us consider a plausible situation when the ..:onvective heat component might become

important. e.g. for:

K=lO'lO rn/s

i=\

The comparison between temperature profiles for the cases with and without heat

..:onve..:tion. using equation (A-?) is shown in figure A-2. It could be seen that the two
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• curves are undistinguishable and the omission of heat ..:onve..:tion is justified for ..:olnl'etelll

rock.

Heat conduction only

504020 30

x (m)

t = 1 yr

10

TITo ------- With heat convection

1

0.8

0.6

0.4

0.2

•
Figure A-2 Relative importance of heat convection in ..:ompetent rock

A.2 Assessment of the importance of heat convection for fr.lcture zones

Let us consider a value of the hydr.lulic conductivity in the higher range for a fracTure zone:

K= 10.7 mis

•
Consider !wo cases for the hydraulic gradient:
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• i= 1 for fru,ture: zone: within JOO m of the repository and i=O.l beyond 100 m of the

repository.

For the: first ,ase. figure A-3 shows that neglecting heat convection can result in an

underestimate of the temperature field by approximately 20'k at larger times (100 years).

For the case when the fracture zone is 100 m away from the repository • figure A-4 shows

that neglecting heat convection results in only negligible underestimate of the temperature

field.

With heat convection

Heat conduction only

•
T/To

10 20 30

x (ml

40 50

•

Figure A·3 Importance of heat convection for frdeture zone near the hear source
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o

Heat conduction only

With heat convection

10 20 30

x (ml

40 50

•

•

Figure A·4 Imponance of heat convection for a fr.lcture zone localed far from the hc:at
source

A.3 Conclusion

For typical hydraulic properties of sparsely fractured rock masses of the Canadian Shield.

the convective component of heat transfer could be neglected for most situations. The

convective heat transfer component becomes imponant only for frolcture zones with

extremely high permeability that interseet the heat source.
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