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Modelling of Thermo-Hydro-Mechanical Processes in Geological Media



A ma mére et i la mémoire de mon pére.



Abstract

There are a number of engincering situations where fluid-saturated geological media can be
subjected to thermal effects. These include the disposal of heat- emitting nuclear fuel wastes
in saturated geological formations, extraction of energy resources such as oil and natural
gas by steam injection and the recovery of geothermal energy by ground source heat
exchangers. The objective of this thesis is to study the coupled thermal-hydrological-
mechanical (T-H-M) response of fractured geological media by the computational
implementation of mathematical models. From the generalization of Biot’s classical theory
of consolidation of a saturated porous elastic medium to include thermal effects, we first
derived the equations governing coupled T-H-M processes in saturated geological media.
In order to obtain numerical solutions for the governing equations, the finite element
method was used. A finite element computer code. FRACON (FRActured media
CONsolidation) . was developed in order to simulate plane strain and axisymmetric
problems. Eight-noded isoparametric elements were developed to represent the intact
regions of the geological medium, while special joint elements were developed to simulate
discrete joints. The intact regions of the geological medium was assumed to exhibit linear
clasticbehaviour. The joints between intact regions were modelled by constitutive
relationships which reproduced both linear elastic and nonlinear elasto-plastic respenses.
The elasto-plastic stress-strain relationship of the joint was formulated by appeal to classical
theories of interface plasticity. The elasto-plastic model for joint behaviour thus formulated
is capable of reproducing many of the fundamental features of mechanical behaviour
associated with naturally occuring joints, such as dilation under shear and strain softening

due to surface asperity degradation. Furthermore, the thesis presents a physically-based



hydraulic mode! of the joint that permits the inclusion of the effects of shear dilution and

gouge nroduction on the permeability of the joint.

The development of the FRACON code followed an extensive procedure of code
verification via analytical solutions and intercode comparison. A unique set of benchmark

problems was proposed in order to perform code verification for coupled T-H-M .

The FRACON code was used to interpret certain laboratory and field experiments,
including the following:

- coupled T-H-M laboratory experiment on a block of cementitious material

- lab experiments on joint shear behaviour under constant normal stress and constant
normal stiffness conditions

- coupled shear-flow laboratory experiment on a joint

- Field experiments of fluid injection in a horizontal fracture in a granitic 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 coupled

- —

H-M response of this rock mass to a future glaciation scenario was also simulated. It was
shown that the mechanical/hydiaulic 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 overall scheme of safety assessment of sites targeted for nuclear fuel

waste repositories is supported by the findings of this thesis.



Résumé

Les effets thermiques dans les formations géologiques saturées sont importants dans
certains  projets, comme par exemple: 1'évacuation en profondeur des déchets de
vombustibles irradiés dans les formations géologiques saturées, I'extraction des ressources
naturelles comme le pétrole et le gaz naturel par la méthode d’injection de vapeur. et
I"exploitation de I"énergie géothermique. L objectif de cette recherche est d €tudier par
I'implémentation numérique de modgles mathématiques. le phénomene de couplage
thermique-hydrologique-mécanique (T-H-M) dans les milieux géologiques fracturés. Pour
inclure les 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 phénomene 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 probléemes axisymmétriques et en déformation plane. Des
¢léments isoparamétriques a huit noeuds ont éié développés pour simuler la partie intacte du
milieu géologique. et des €lements spéciaux ont €t développés pour simuler les joints. Le
comportement de la partie intacte est considéré linéaire élastique alors que les joints peuvent
avoir un comportement €lastique ou élasto-plastique. La relation contrainte-déformation de
ces joints a été formulée 3 partir des théories classiques de la plasticité des interfaces. Le
modele é€lasto-plastique ainsi formulé peut prédire plusieurs traits fondamentaux du
comportement mécanique des joints rocheux naturels, comme la dilatation due au
cisaillement, et le radoucissement di 3 1'endommagement des ﬁspéﬁtés. De plus, nous
avons développé un modele hydraulique du joint qui permet de simuler I'influence, sur la

perméabilité, de 1a dilation et de la formation des débris causées par le cisaillement.



Le logiciel FRACON a été soumis & une vérification intensive par compitraison aux
solutions analyuques et par comparaisoz des résultats avec d'autres logiciels. Un ensemble
de probleémes de référence u ainsi été proposé pour permettre lu vérification de logiciels

semblables au logiciel FRACON.

Le logiciel FRACON a été utilisé pour interpréter de nombreuses expériences en luboratoire
et in-situ:

- Une expérience en laboratoire du couplage T-H-M sur un blo¢ de roche anificielle

- des expériences en laboratoire sur le comportement au cisaillemnent des joints rocheux, 2
containte normale et rigidité normale 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 logiciel FRACON a éié utilisé pour simuler effet de la chaleur produite
par les déchets de combustibles nucléaires sur le comportement T-H-M d"une formation
géologique contenant ces déchets. L'effet d’une future période glaciaire a aussi éi1€ éudi¢.
Nous avons trouvé que le régime hydro-mécanique de la masse rocheuse peut étre
profondément modifié par ces deux facteurs. Nous recommandons de considérer le
phénomene de couplage T-H-M dans 1"évaluation de la siireté des sites potenticls pour

I"évacuation de déchets radioactif's,
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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 mineral particles. For a rock, the solid
particles 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 marrix or solid skeleton,
is pervaded by discontinuities such as pores, cracks and microcracks. These
discontinuities, which we shall 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 filled
exclusively with a liquid (usually water), and unsaturated when the pores contain both a
liquid and a gas (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 interacton between the
various phases of the geomaterial that makes its behaviour distinct from the bei aviour of

single phase materials.



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 partly carried by the solid skeleton and partly by the pore fluid. The
ability 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 geomat.crial on its time-
dependent response to the external loading. This second aspect is clearly demonstrated 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
external loading, this load is initially carried by the pore fluid rather than the solid skeleton.
Consequently, the pore fluid pressures immediately increase after the application of the
external loading. 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
gradual pore pressure dissipation accompanied by a gradual transfer of the external loading
to the solid skeleton. The gradual increase in the swesses 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 soil, 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 effects,



finite compressibility of pore fluid and solid particles and anisotropic 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 cover all historical and recent developments. The review by Schiffman et
al. (1969), Christian (1977). Schiffman (1984). and the texts by Lewis and Schrefler
(1987) and Selvadurai (1995-a) contain exhaustive information on the fundamental aspects
of the theory and recent development in analytical and computational aspects. The solution
techniques could be divided into two main categories: mathematical methods and numerical
methods. Mathematical methods are concerned with the development of exact analytical
procedures for the solution of the governing 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 flexioility (from infinitely flexible to infinitely rigid) either
embedded in or in contact with the geological medium have been examined by Agbezuge
and Deresiewicz(1974), Chiarella and Booker (1975). Gaszynski and Szefer (1978),
Selvadurai and Yue(1994), 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



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 theory of isothernul
consolidation to practical problems, attention has been focussed mainly on numerica!
methods. such as the finite element method and the boundary integral equation methods.
These numerical methods allow 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. (1971). Ghaboussi
and Wilson (1973). Small et al. (1976), and Selvadurai and Karpurapu (198Y).
Applications of boundary integral equations to problems in isothermal consolidation are

given by Cheng and Liggett (1984-a and b). Cheng and Predeleanu (1987) and in the text
by Brebbia (1984).

1.3 Coupled thermal-mechanical-hydrological processes in geological

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

effects

The primary focus of this thesis is the examination of the influence of thermal phenomenu
on the behaviour of saturated porous geomaterials. The influence of heating of geological
media have important consequences or applications in a variety of problems 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

disposal of heat emitting nuclear fuel wastes. For example in the recovery of oil and gas



resources, reservoir production is stimulated by the injection of water and/or hot steam into
wells drilled into the resource bearing formation. The hydraulic/thermal cracking of the
rock formation induced by this injection increases the permeability of the rock formation
and increases the flow 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 behavicur of the resource bearing
formation (see for example Noorishad and Tsang, 1987: Huang et al. 1990). In the context
of peothermal energy extraction. the removal of hot water from the geological formation
can result in land subsidence. The use of the theory of isothermal consolidation can result
in inaccurate estimates of this subsidence (Lewis and Schrefler, 1987). Cool water is
usually reinjected into the geothermal reservoir to minimize the above subsidence and 1c
minimize environmental 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, consideranons of thermal effects need to be
included in the theoretical formulation and computational modelling of the problem (

Borsetto et al., 1981).

A further example of the importance of ther::.al effects in the behaviour of geomaterials is
encountered in the disposal 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 influenced 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
gradual corrosion or accidental breaching. Contaminants from the wastes will then migrate

through the groundwater system and will eventually reach the ground surface (Atomic



Energy of Canada Lid. 1994-a). Due to the multiphase nature of geomaterials. the thermal
(T), mechanical (M) and hydrological (H) processes taking place in the geological
formation around a NFW repository are mutually 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 effects.
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 disposal was widely recognized less: than
a decade ago (Tsang. 1987: de Marsily. 1987). Some scientists (e.g. de Marsily, 1987)
suggest that the disposal of NFW in geological formations should be delayed until the
phenomenon of coupled thermal (T) -mechanical (M) - hydrological (H) processes in
geomaterials is adequately undersiood. However, reseurch activities in theoretical,
experimental and computational aspects of coupled T-H-M processes have started to

increase only recently (Pusch, 1990; SKI1, 1993; Peano, 1995).

The primary motive of this thesis stems largely from the recognition of the importance of
coupled thermal(T)-hydrological(H)-mechanical(M) phenomena in geological media to the
safe disposal of heat emitting nuclear fuel wastes. The thesis will focus on these
phenomena as they relate to the study of both intact and fractured geological media that
could be encountered in a repository setting. However, the modelling methodology
proposed in the thesis, based on an extension of Biot’s (1941, 1955, 1956) theory of
consolidation to include thermal effects, is believed to be readily adaptuble 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



problemns which are specific to the study of coupled T-H-M processes in sparsely fractured

rock masses around typical NFW repositories.

1.4 The Canadian Concept for the Disposal of Nuclear Fuel Wastes

Many countries, including Canada, Sweden, France, the USA, Italy. Belgium, Finland.
Switzerland, Germany. etc. which utilize nuclear energy for electricity production are
investigating methodologies for the permanent disposal of the nuclear fuel wastes produced
by their reactors. The disposal concept which is most likely to be implemented and being
extensively studied by these countries consists of burying the wastes in repositories located
in deep geological formations composed of such materials as granite, salt or clay. A typical
concept for NFW disposal in dense crystalline rocks, the Canadian concept. is described in

more detail in this section.

In 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 geologists 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 disposal 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



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 all boreholes have been
filled. the disposal room would be filled with a backfill material consisting of a mixture of
clay and crushed granite. When such a repository is completely filled and sealed. it is
generally recognized that groundwater is the primary agent that could transport
contaminants from the wastes to the surface . The fluxes of the water borne migration of
contaminants would be minimized by several barriers. By virtue 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 buffer
and backfill will minimize the rates of contaminant migration through them. The combined
attenuation effects of this multiple barrier system should be such that the time required for
the contaminants to reach the surface will reduce the radioactivity and concentration of these

contaminants to levels harmless to humans and the environment.
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According to the current conceptual design of AECL for such a NFW repository. the
geological barrier is probably the most effective one (AECL, 1994-2). In this research, we
will focus our attention on aspects of thermal, hydrological and mechanical processes
relevant to the natural geological barrier. Aspects 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 disposal would be the scarcity of joints. Conceptually. the geological
formation would consist mostly of relatively intact rock with the possible presence of
discrete fracture zones. In the relatively intact rock. water moves mainly in a network of
pores and microcracks and also sparsely distributed joints. This relatively intact rock is also
referred to 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 metres or iens of metres. In order 0 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: excavaton of
the rooms would be the first 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 several 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 consider the influence of three processes: Hydrological. Mechanical and

Thermal.

1.5 Literature review of coupled thermal-mechanical-hydrological processes

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

disposal

Recent experimental and theoretical studies give some insight into possible effects of T-M-
H coupling (interaction) on the behaviour of dense sparsely fractured rock masses that
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 external 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 closing 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 joints 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 state resulted in a decrease in the hydraulic

conductivity of the rock from 1x10-8 to 3.5x10-9 cm/s.
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In the early stages of the application of an external load, an increase in porewater pressure
will occur due to the low permeability of the rock mass. This results in a decrease in the
effective stresses, which, according to the principle of effective stress, influences the

mechanical response and possibly the structural integrity of the rock mass.

As discussed previously, M-H coupling could be treated with either Terzaghi's or Biot's
theory of consolidation. These theories have heen applied to soils with considerable
success. In our opinion, in order to apply these theories with confidence to sparsely
fractured rocks, in the context of NFW disposal, further theoretical and experimental

developments are needed .

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

In the context of NFW disposal, 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 movement of the groundwater, and is directly proportional to
the water velocity. Since this velocity is expected to be small , the convection component
and thus the H -> T coupling is often omitted from the formulations of computational
models. We will further discuss the relative importance of convective heat wansport in

chapter 2 and in appendix A.

There are. however, indications that the T -> H coupling component shouid not be
neglected. Heat transfer influences flow by two basic effects: buoyancy and thermal
expansion. Rae et al (1983) conducted finite element modelling of T<->H coupling in a
cylindrical block of clay, 5.5 m in height, 6 m in diameter, with an embedded 100 W heater

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

13



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

- At early times, thermal expansion of the pore water is the dominunt cause of porewater

flow resulting in radially diverging flow from the heat source.

- At later times, buoyancy effects are dominant: water flow in this stage is governed 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 flow direction and
descends to lower regions of the clay block: this results in closed-loop streamlines referred
to as convection cells which form 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 rransition stage between the above two stages, the pressures and velocities decrease

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 unfractured rock. Hickox and Watts (1980) performed
numerical analyses of coupled T-H effects in a rigid porous medium around a cylindrical
heat source with a decay in the rate of heat emission. The results obtained by Hickox and

Watts (1980) are qualitatively similar to those obtained by Rae et al.(1983).
(iii) Thermal - Mechanical coupling

In general, mechanical processes directly influence heat transfer 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 direct
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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 particular in the context of NFW disposal. For example, in
nuclear fuel waste disposal 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 joints, 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 (1994-b), porewater pressures are omitted. The rock is treated as a
single phase medium and the fundamental effective swress 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 all 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 1o 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 2 granitic rock

formation. The power output was controlled in such a way that maximum temperatures in
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the system would not exceed 90 vC. Schneefuss et al. (1988) reported the results from the
activation of one of the rwo heaters. After one year, a tcmpc.ramrc of 55 »C was obtained in
the rock, at a distance of 0.5 m from the heater: this decreases to 40, 20, and 10 oC ¢
ambient) at 1, 2.8 and 8.5 m respectively from the heat source. At 0.5 m from the source.
pore pressure increased by 1 MPa very rapidly (within 1 or 2 months) but reverted 1o
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. 8 MPa
Im, 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 1o be affected by thermal effects and remained essentially constant throughout the

duration 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 hydraulic behaviour, joints are more conductive than
the surrounding intact rock. Joints have critical importance in NFW disposal, since they are
the preferred paths for contaminant transport. Urder external loads, 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 aperture 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 material 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
experiments (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

decrease 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). Barton and Choubey (1977) and Bandis et al.
(1981). Barton and Choubey (1977), and Bandis et al. (1981) introduce the empirical
coefficients JRC (Joint Roughness Coefficient) and JCS (Joint Compressive Strength) in
their strength criterion. These empirical coefficients are easily determined either from
laboratory tests or from in-situ tests and they are a measure of the roughness of the joint
surface (JRC) and the strength o1 the asperities (JCS). Empirical relations are proposed by
these authors in order to include scale-dependency of JRC 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. In order to 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 incremental relationships (see
e.g. Goodman and Dubois, 1972; Goodman. 1976; Heuze, 1979; Heuze and Barbour,
1982 : Leichnitz, 1985 : Barton et al., 1985; Boulon and Nova, 1990: Benjelloun, 1991)
consist of piecewise linear relationship between the increment of stress and the increment of
strain. These relationships are usuzally developed from direct shear tests under constant
norma] 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), Skinas et al. (1990), Boulon and Nova (1990). and Benjelloun (1991). 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 (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. 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 given 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
certain fundamental aspects of the mechanical behaviour of real joints, 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 flow
berween two 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 its effective opening to fluid
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 its mechanical aperture.
Empirical relationships between 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.

All of the above constitutive relationships for joints can be implemented into finite element
codes. using special joint elements. Since the pioneering work of Goodman et al. (1968).
joint elements for mechanical processes have been developed by numerous researchers.

Gens etal. (1995) classify these joint elements into three categories:

- Link elements which essentially consist of pairs of springs in the normal and shear
direction connecting opposing nodes ( ¢.2. Anderson and Dopp.1966: Ngo and Scordelis,
1967; Frank et al., 1982: Ahmad and Bangash, 1987). These link 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,
1985: Schweiger et al.. 1990).

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

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

For the last two 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 loss of
accuracy in the final solution. Pande and Sharma (1979) showed that the problem of ill-
conditoning could be avoided with a smaller aspect ratio (ratio of length to thickness) of

the joint element 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 performance of joint elements
which include coupled T-H-M processes. Noorishad et al. (1984) developed the two-
dimensional (2-D) 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. (1968) for mechanical and thermal
processes while for flow processes, the joints are represented by a two-noded line element.
Guvanasen and Chan (1991, 1995) developed a three-dimensional (3-D) finite element
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 8-noded hexahedron, while for flow processes,
it is a four-noded plane element. Huyakormn and Pinder (1983) showed the formulation of a
special joint element for two-dimensional analysis of coupled flow and mechanical
processes. This is a thin, four-noded element characterized by a length L and a thickness b.
At all four nodes. the degrees of freedom are displacements and pore fluid pressure.
Huyakorn and Pinder (1983) 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 simulation of coupled T-H-M processes in geological media
are scarce. All 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 consclidation 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
and could be used for the safety assessments of NFW disposal systems. These are the
ROCMAS code (Noorishad et al., 1984), the MOTIF code (Guvanasen and Chan, 1991,
1995) and the FRACON code developed during this study.

Aboustit et al. (1985) 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 (1987) developed the finite element code PLASCON to simulate non-isothermal
consolidation of poro-elastic and poro-elustoplastic media. The code was verified against
Booker and Savvidou’s (1985) analytical solution for consolidation induced by a
cylindrical heat source. Britto et al. (1989). Senevirame et al. (1994), and a research group
at ISMES in Bergamo, Italy (see e.g. Hueckel et al., 1987) developed finite element codes
similar to PLASCON. in order 1o study thermal elasto-plastic consolidation in clays. One or
all of the following two types of elements are formulated in the above codes: an
isoparamertric eighi-noded element, where all degrees of freedom are calculated at all nodes
and an isoparametric element where displacements are calculated at all 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 early times. The above codes do not have joint elements and thus discrete
discontinuities in rock masses cannot be included. In addition, all of the above codes except

the PLASCON code. use Terzaghi's effective stress principle, which has limited
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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 time. the only codes that can be used to simulate coupled
T-H-M processes in fractured hard rock are the ROCMAS ard 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 element 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 relationships to simulute the joint
mechanical behaviour based on. respectively, the models by Barton et al. (1985) and
Goodman (1976). Both codes used the parallel plate model for the joint hydraulic
behaviour. The solid element in the ROCMAS code is a four-noded quadrilateral elements
and in the MOTIF code, it is an eight-noded hexahedron. All degrees of freedom are
calculated at all 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 element is defined differently for flow and and for mechanical processes, the
ROCMAS and MOTTIF codes necessitate the definition of two meshes: one for analyzing

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

Invoking certain simplifying assumptions, Booker and Savvidou (1985) provided
analytical solutions for the coupled T-H-M equations. A volumetric heat source with a
constant power output embedded in an infinite porous medium was examined. The

simplifying assumptions are:



- The heat source has the same properties as the host porous medium:

- The porous medium is homogeneous. isotropic and fully saturated.

- The solid skeleton is linearly elastic and obeys Hooke's law:

- The pore fluid and the solid material forming the solid skeleton are incompressible

- The hydraulic conductivity is constant

Due to the limiting assumptions of Booker and Savvidou’s (19835) 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
aliernative. Nevertheless, analytical solutions (such as those given by Booker and
Savvidou (1985)) are invaluable in providing benchmarks for verifying the accuracy of

numerical schemes,

1.8 Objectives and scope of this research

It 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
theoretical and experimental development. Specifically, attention should be focussed on the

following aspects of the modelling and computational developmenits:

i} The development of a mathematical model should go hand in hand with'its verification
and validation. In the context of NFW disposal, 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 same governing
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equations. Validation on the other hand consists of comparing the predictions of the model
with experimental observations derived from either laboratory tests or in-situ experiments,
The progress in code development for T-M-H coupled processes has been hindered by both
the lack of available analytical solutions to achieve verification, and the lack of experimental
data to conduct validation exercises. This fact has been widely recognized (Cook, 1987:
Witherspoon, 1987) . An international project, DECOVALEX (SKI. 1993), 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 fundumental models. Test cases are defined in the
DECOVALEX project to allow the participants to develop models. make predictions,
compare such predictions with results of others, with analytical solutions und with

experimental data.

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

problematic without mathematical models capable of simulating the experiments,

iti) Although the theories of isothermal consolidation developed by Terzaght and Biot huve
been widely and successfully 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. In contrast to soils, the solid grains in rocks are cemented.
Furthermore. rock formations, in contrast to soil masses, are characterized by the presence

of discrete joints.

iv) In order to handle complex geometries and boundary conditions effectively und
realistically, it is necessary to develop numerical methods, such as finite element methods

or boundary integral element methods. The finite element method has the greater appeal to
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engineers and is widely used in engineering applications. As discussed previously, with
thermal consolidation problems, numerical difficulties could be experienced with the finite

element method.

v) Joints are planes of weakness in a rock mass and their existence could have a dominant
effect 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 well 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 attention on the aspects 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 Jaboratory 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 thesis is as follows:

1) Formulate the general governing equations of thermal consolidation of a poroelastic

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

formuladon. This will be the focus of Chapter 2.



ii) Develop a finite element code to numerically solve the coupled T-H-M equations
obtained in i). Solid elements are formulated to account for the behaviour of intact rock and

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

formulaton is outlined in chapter 3.

ili) Perform verification of the code against a set of analytical solutions developed by
Booker and Savvidou (1985) and others. These verification problems could constitute a
useful set of benchmark problems for others who are engaged in code development.

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 its numerical simulation with the FRACON code is discussed in chapter 5.

v) Introduce nonlinear constitutive relationships for joints. Plesha’s (1987) 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 experiments

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

7.

vii) Simulate coupled T-M-H behaviou: of a typical NFW repository. Simulate effects of a

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

disposal are described in chapter 8.
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In Chapter 9, we provide conclusion and recommendations for future work.

1.9 Statement of originality

1. To our knowledge. this is the first time a computer code has been developed 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 parameters (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 could constitute benchmark test problems for other

developers of computational schemes.

2. The joint model incorporated into the FRACON code makes it distinctly different from
similar codes, such as MOTIF and ROCMAS, since it is capable of reproducing elasto-
plastic behaviour with strain softening and accommodating via plausible constitutive
assumptions the effect of gouge production on flow behaviour of rock joints. To our
knowledge, this is the first time that the influence of gouge production on the hydraulic
beraviour of joints is incorporated in a joint model . Several improvements in the joint
mechanical model has also been brought to the original model proposed by Plesha (1987).
this includes the derivation of the mode] parameters from the JRC and JCS 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 all six nodes and pore fluid 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. this is the first time such an element is formulated for

coupled T-H-M processes.

4. The T-H-M experiment in an intact cementitious material as well as its mathematical
simulation are considered to be unique. The author participated in the design of the

expeniment, and provided input during the construction and performance of the experiment.
5. This is the first ime 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

Biot's theory of consolidation can be generalized to include thermal effects (see e.g.
Borsetto et al., 1981; Bear and Corapcioglu. 1981: Booker and Savvidou. 1985 and Lewis
and Schrefler. 1987) . The parameters that enter into these equations, as well as the
particular forms of the governing equations tend to differ from author to author, depending
on the fundamental assumptions invoked in the derivation and the objectives of the range of
applications. In this section, attention is devoted to a clear definition of the basic principles
and assumptions required for the formulation of the equatons governing non-isothermal

consolidaticn which will be adopted in the development of the FRACON code.

In 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 idealizaton is a priori accepted in fluid or solid mechanics, for the mechanics
of porous media it requires some justifications as discussed in section 2.1. 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 2 well 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 wransfer/transport processes: these include the following:

1. The law governing 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 griverning the interaction between 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. In 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 clearly indicate the situations when this sign

convention is reversed.

2.1 The continuum representation of a porous medium

If one point of a porous medium is arbitrarily considered. that point could be 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 it lies in a
pore, then the porosity at this point is one. In the same manner, the permeability at the point

being considered would be zero if the point lies on a solid particle and it would be infinite if
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the points lies in a pore. Thus, if one considers the microscopic scale of a porous medium.
i.e. the scale of each individual pore and each individual solid grain, the application of the
Jlaws of continuum mechanics is problematic, since such properties as permeability and
porosity would 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 (1856)
and Terzaghi (1923), the concept was only later formalized by Hubbert (1940) and
precisely defined by Bear (1972). 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 ave: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 fiuid temperature at that point. Similarly, the volume
average temperature of all the solid particles in the REV is calculated. This average
temperature is assigned to the same mathematical point, and is called the temperature of the
solid at this point. With the introduction of the REV, a property 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 1o
contain a sufficient number of pores and solid grains so that the mean value of a given
property or parameter has a statistical significance. On the other hand, the REV should be
sufficiently small so that the variations of these properties and parameters from one domain
1o 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 REV is adopted in the remainder of this thesis. Thus, when we refer to a
certain property or parameter at a point, this property or parameter is more precisely the

volume average of the same property or parameter of the REV surroanding that point,

2.2 Generalized Darcy’s law governing fluid flow

Darcy’s (1856) law describes with reasonable accuracy the provess of flow of fluids in
most geological materials (Freeze and Cherry. 1979). For water flow in soils, the law has
been applied routincly (see e.g. Cedergren, 1967). In rocks, the law has been successfully
applied in the mining industry to predict groundwater inflows into mines (see e.g. Franklin
and Dusszault, 1989) and in the petroleum industry to predict reservoirs yield (see e.g.
Huang et al., 1990). In the context of NFW disposal in geological formations. the
applicability of Darcy’s law is also a key feature. For example, in order to predict the
transient water inflow in the main shaft after its excavation at the Underground Research
Laboratory, in Whiteshell, Manitoba (Canada). flow in both sparsely fructured rocks and
fracture zones were assumed to obey Darcy’s law. The predicted results compare

reasonably well with the actual inflow rates (AECL., 1994-¢).

In most routine geotechnical applications, the pore fluid is water ata constant temperature
and the original form of Darcy’s law is assumed to be appropiiate. Where either thermal
effects :m; 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 (Huyakorn and Pinder, 1983} ,i.c.:

kij( dp
Vie- Vis=— 3=+ pt‘c’.i)
ny axj @1
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The parameters of the above equations are defined as follows (with typical SI units given

between square brackets):

V.. Vis are, respectively, the velocities of the fluid and the solid [m/s]
py : is the density of the fluid {kg/m3)

p: is the viscosity of the fluid [kg/m/s]

k: is the intrinsic permeability tensor {m?]

n : is the porosity of the medium [dimensionless]

g;: is the ith component corresponding to the acceleraton due to gravity [m/s2]

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;; (generally referred to as the permeability in
most geotechnical applications) is defined by the following expression that includes a
component which is independent of the fluid (k;;). and a fluid-dependent component

churacterized by its viscosity and density. i.e. :

PE
Ky= Ty Kjj
The viscosity and density of most fluids are generally temperature-dependent. When

thermnal effects are considered, appropriate experimentally derived temperature-dependent

functions should be used for these two properties.

2.3 The generalized principle of effective stress and stress-strain

relationships
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The application of external loads results in the development - a total stress field 6;;. In an

idealized representation of a porous continuum, using tt. -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 0

could be decomposed into cne component bomne by the fluid and another component called
effective stress. The above principle of effective stress was first 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 Biot’s formulation but are incorporated into empirical coefficients which also
depend on the elastic properties of the solid skeleton. Zienkiewicz et al. (1977) proposed an
alternative form of Biot's principle of effective stress where all equations are expressed in
terms of fundamental physical parameters. In the following derivations, we adopt the

alternative form 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 scalar and is referred to as the hydrostatic fluid pressure or simply
the fluid pressure or pore pressure. The total stress can be expressed in terms of the fluid
pressure and the effective stress as follows:
Cj= 05 +3;p 2.3)

where o;; is the total stress tensor, c'ij is the effective stress tensor , p is the pore pressure

and §;;is Kronecker’s delta function (=1 if i = j: = 0 if i # ).
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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 tensor e;;, defined as:

2.4

where u; are the displacement components of the solid skeleton.

The above strain could be divided into two parts: those associated with the actions of p and

i) Since p is hydrostatic. it induces only a volumetric deformation of the solid grains :

s (2.5)

or in term of individual components:

P

€= 83

(2.6)
where K, is the bulk modulus of the solid material.

ii) The action of ' result in strain components ¢;.

The total strain is the sum of the above strains:

- ,

e;+e

ei= 55+ ¢ _ 2.7)

)

In the principle of effective stress proposed by Terzaghi (1923), due to the assumption of

incompressibility of the solid grains, K; is infinitely large and consequently, the first

component of the strain tensor is neglected. 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 illustrate later, might be inaccurate for

cemented materials such as rocks.

Next we consider the stress-strain relationship between G'ij and ¢;. The study of these

constitutive relationships is the subject of much ongoing research (see e.g. Desai and
Siriwardane, 1984; Chen and Baladi, 1985). These relationships describe the drained
behaviour of the geological material, i.e. under conditions of zero or constant pore
pressure. The simplest linearized constitutive relationship is Hooke's law for isotropic
elasticity. Linear elastic behaviour serves as a useful first 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 applicable to
anelastic media could be accommodated. Considering the combined effects of stresses and

thermally induced deformations. Hooke's law could be written as:

O’ij =20 eij + [l Cri - B KDT)SU (28)

In equation (2.8) G and A are Lamé’s constants: B is the coefficient of volunietric thermal

expansion of the drained material; Kp is the bulk modulus of the drained material; T is

temperature measured from a reference state.

Lamé’s constants ( A and G ) and the butk modulus { Kp ) are related to the more familiar

Young’s modulus ( E ) and Poisson’s ratio (v ) by the following relations:
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_E
T 2(1+V)
vE
A= a+v)(1-2v)
E
3(] A

G

2.9)

A+ 2G
KD— +§ =

Upon substituting (2.7) and (2.8) into (2.3) and performing some algebraic manipulations ,

the total stress- total strain relationships can be written in the form:

0;;=2G ey + (A e - BKpT);; + opf; 2.10)
where :

Kp Q.11
o=1- K_q

It is noted that the coefficient ¢ enters into Biot's (1941) equations of consolidation as a

single phenomenological parameter. In Terzaghi's (1923) equations of consolidation, o is
always equal to one. It can be verified that, when one neglects the first part of the strain

tensor in (2.7), one would obtain a value of & equal to unity in (2.11). Examining eguation

(2.11). a value of o equal to one corresponds to the case when the solid grain material is

considered incompressible with respect to the matrix (i.e. K¢ >>Kp_ as implicitly assumed



by Terzaghi (1923) ). This is true for soils. For rocks, this introduces inaccuracies:
consider for example the typical properties of intact granite from the Canadian Shield

(AECL, 1994-b):

E=30x10° Pa
v=0.25
K;=5x1010Pa (for quartz and most minerals)

From (2.9), Kp = 2x1010 Pz and thus o=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 two equations of energy conservation: one
for the pore fluid and one for the solid phase. Each of these equations states that the rate of
heat inflow into a control volume of either pore fluid or sclid material will be balanced by
the increase in the internal energy in the control volume. The components of heat flow
usually considered are ;

1) heat conduction

ii) heat convection

il1) heat exchange between the two phases

Bear and Corapcioglu (1981) have shown that at a given point of the porous medium, the

hear exchange between the solid and fluid phases is very rapid compared to other transport
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processes and thus a state of thermal equilibrium could be assumed to exist between the
two phases, i.¢. at every point of the geological medium, the temperature in the pore fluid
and the temperature in the solid phase are equal. By adopting the assumption of thermal
equilibrium, the two general equations of energy conservation in a geological medium are
reduced to one equation that is applicable to the bulk medium, i.e. the fluid/solid mixture.
The above equation of energy conservation for the bulk medium contains two components

of heat flow: heat conduction and heat convection.

Heat conduction is the transfer of heat by the activation of solid and fluid particles, without
their bulk movement. The rate of heat flow by conduction is governed by Fourier's law,

which states that the rate of heat flow is proportional to the temperature gradient:

y Uox i
where:
gi¢ is the heat flux by conduction in the ith direction [W/m?]

T is temperature [°C]

K;; is the thermal conductivity tensor [W/m/eC]

Heat convection on the other hand is due to the bulk movement of the fluid and soka
particles. In 2 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

permeability, such as granitic rock masses, heat convection is negligible when compared
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with heat conduction (Booker and Savvidou. 1985; Aboustit et al.. 1985: Seneviratne et

al., 1994 see also Appendix A for further justification).

In this work we assume that heat conduction is the main mode of heat transfer, and thut

Fourier’s law is applicable. The equation governing conservation of energy is reduced to

the following simplified form:

of oT aT o
— K — = pC— 213
Bxi(K'Jij) * 4 pC a[ ( )
where:

K;; is the thermal conductivity tensor of the bulk medium [W/m/eC]

p is the density of the bulk medivm [kg/m3]

C is the specific heat of the bulk medium [J/kg/OC)

q is a volumetric rate of heat generation [W/m?3]

2.5 Equation of equilibrium

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:

%% ko0 2.14)
ox
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where F; is the volumetric body force vector.

Substituting the constitutive equation (2.10) into (2.14), we obtain :

de o
== i +7Lj+aap BKDS—T-f-Fi:O

G ax;  ox; X;

X]

Substituting the swrain-displacement relation (2.4) into (2.15). we obtain:

oy, &y ap aT
Ga T +(G+7L)a %, 8. BKDa =0

J

2.6 Equation of fluid mass conservation

(2.15)

(2.16)

For an elemental volume V of the medium. the net flux of fluid mass through the boundary

of the volume is equal to the rate of fluid mass accumulation. 1.e.

d d
“ax PV~ Vid) = 5(ney)

(2.17)

where n is the porosity of the medium and V4. Vi are , respectively, the velocities of the

pore fluid and the solid.

The right hand side of (2.17) conld be expanded as:

Ip; on
Nt [npr) n + pr—a-t-
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Since a change in p and T will result in a change in volume, p, is a function of p and T.

Thus for variations dp and dT. the variation in p; would be:

dpf=-p,(%p; + BrdT)

(2.19)

where Ky and By are respectively the bulk modulus and the coefficient of volumetric thermal

expansion of the fiuid.

The porosity n is a function of p. T and the effective stress ¢;; . In order 10 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 do;; and a temperature increment dT. The total

stress increment could be further divided into an effective stress increment d6”; and a pore

fluid pressure increment dp.

i) The change in volume of the solids due to dp is:

(1-n)Vdp
dV,= —————
s Ks

The total change in volume due to dp is:

Vdp

dv= K,

where K; is the bulk modulus of the solid material.
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ii) According to a theorem adopted by Bruggeman et al. (1939) and later demonstrated 1o be
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 solid is thus

da’;/(1-n). The change in volume of the solids due 10 do’;; is

[

\Y Vd
dv,= -i:

The total volume change due to dc”; is:
doy, (2.23)

iii) The volume change o ¢ solids due to dT is:
dV,= (1-n)VB AT (2.24)

where [, is the coefficient of volumetric thermal expansion of the solid material. The total

volume change due to dT is:

dv = VBdT (2.25)
The change in pore volume, dVy, is the difference between the sum of all the dV (equations
2.21. 2.23 and 2.25) and the sum of the dV (equations 2.20, 2.22 and 2.24). After

simplification. we obtain:
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ol dp doy, (2.26)
V=V (nk-: +(Kn i E:]T +(B- (1-n) BT

By definition:

_dp (1 1)dog 2.27)
Cll'l—l'lK (K—D.E) 3 +(B-(1-H)Bs}dT

From equations (2.3) and (2.10), one has:

do, = 3Kp(dey, - dp/K, - BdT)

2.28)
Thus:
(n-c)d

= % P+ odeyg +((1-00B - (1-m) B )T (2.29)
Using (2.19) and (2.29). equation (2.18) becomes:
0 n G. ap a 23
§(npf]=pf[ (K X a )?Hx +[(l -a)B - (1-n) B, - nB)at (2.30)
Assuming that:

0 n(Vie- Vi)

FoPaVie- Vid) = pf?'(""‘Tl;,‘—l (23D

H 1

equations (2.1) and (2.2} can be used to express the equation of fluid mass conservation
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(2.17) in the following form:

Ofkifdp W fn n @\
axi H aXJ plg] Ky K, K, ot

o fdy; aT
(l(gI (a—x;) +((]-0’.)[3 - (1-n) B, - nBr)a =}

(2.32)

Equations (2.13), (2.16) and (2.32) form the set of governing differential equations for
thermal elastic consolidation of porous media. The primary unknowns are the displacement

field u;. the pore fluid pressure p and the iemperature T.
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CHAPTER 3

FINITE ELEMENT FORMULATION OF
THERMAL CONSOLIDATION

In this chapter. we use the Galerkin's technique to develop the finite element
approximations of the equations governing consolidation under non-isothermal conditions.
Under plane strain and axisymmetric conditions. only two (instead of three) spatial
coordinates need be considered. We will develop two types of elements to unalyze plune
strain and axisymmetric problems: eight-noded isoparametric elements to represent
unfractured porous media, und special six-noded interfuce elements to represent

discontinuities .

The governing equations are as follows:

of oTy _ T (3.1a)
)9 °C

ou; &y T (3.1b)
G a—x..ia—{;+(6+1)raj+aa—xi—|3f(ba—i+ﬁ—0
d [ ki op op 3% oT _ (3.1c)
-a—x,( F(a_xj + pfgj)) “Ceqrt Oy, ax; + ﬂcg =0



where:

ol )
<“AK; KK (3.21)
B.=(—0B- (I-n)B—nBy (3.2b)

The governing equations are applicable to the general three-dimensional case. Under plane
strain conditions, the governing equations (3.1 a. b and ¢) maintain the same form, with the
indices 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 element formulation of the plane strain case. The axisymmetric case will be discussed

in a subsequent section of this chapter.

3.1 The Galerkin method

The Galerkin (1915) method is widely used in the finite element formulation of
groundwater problem (see ¢.g. Pinder and Gray. 1977; Huyakorn and Pinder, 1983). The
Gulerkin 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:

Lv-f=0 xje R . (33)

Where ¥ = v(x;) is the unknown solution, which is 2 function of the coordinates X Ris

the bounded domain where the equation is defined; L is an operator; f = f(x;) is a known

function of x;.

47



Consider n discrete points (nodes) of the domain R where at each peint [, v would assume

the value vy. It is assumed that for any other point of R, of coordinates x,. v could be

approximated by the the following function:

i=2, Ny
u é 1= (3.4

Where Nj= N(x;) are some chosen functions of the coordinates x; (usually polynomialx),

called interpolation or shape functions.

Since Q4 = G(x;) is not the true solution, replacing the value of v by @ in (3.3) results in a

residual R, given by:
R,=Ld-f#0 x;eR
(3.5)

The method of weighted residuals consists of minimizing the error between the truce

solution v and the approximate solution {i by reducing the residual R to zero, in an average

sense. The nodal values vy are calculated by solving the constraint equation that results

from setting the average residual to zero:

L w 0.-f)dR=0 . for I=l,..n 6.6

where wj are weighting functions which are functions of the coordinates x;. In the Galerkin
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method the weighting functions w are selected to be the same as the interpolation functions
N1. When all nodal values v; are obtained, by solving equation (3.6), the approximate

value & 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 governing equations of thermal consolidation (3.1 a. b, and ¢) 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 Tg
and pk (K=Il,., n). and N nodes of R where uj; (i = 1. 2: J=1...., N) are the

displacements at some time t. The fluid pressure and the displacement vector for any point

of coordinates x; in the domain R are approximated by the following relations :

T =T 1) = Nk T G.7)
p =p(x;t) = Ng pg (3.8)
u; = u,(xj.t) = NJ uy (3.9)

where Nx (x;) and Nj (x;) are interpolation functions (or shape functions): K=1,...n

and J=1.....N: u;; is the displacement of the solid skeleton at node J in the ith direction.

In the above equations, the indices in capital letters (such as K and J) refer to nodal values,
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while the indices in small letters (such as i, j) refer to coordinate directions. In the above
equations, the summation convention applies to the repeated nodal indices K and ) (over n
and N respectively) as well as to the coordinate indices (over a value of 2). This summation

convention holds true for the remainder of this chapter.
3.2.1 Galerkin formulation of the heat conduction equation

Substituting the equation of heat conduction (3.1a) into the weighted residual equation

(3.6) yields:

—[d( dT oT
ij[ax( e )+q pC=- ]dR =0 (3.10)

where I = 1.......n.

According to Green’s theoremn :

ag of
J’R a,\'dR = -JR ¢§-ng + J.B fgn,dB (3.11)

where f, g are functions of x; and tin R, and n; is the unit normal vector to the boundary B.

Applying Green's theorem to (3.10) :

JN}KUC, S--n,dB - I aN-I ,,g—I-dR +f qNdR - prC I%—?—dR:U (3.12)
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Substituting the approximation equation {3.7) into the above, one obtains:

dT)
e —ETgdR + f pCR; Ng—dR =

Iav N

J'N'I gk ndB+f qNdR

(3.13)
The above equation could be expressed in matrix formas .
[KHKT) + pJCMK S} = {FH} + {FQ}
(3.14)
where:
Ny
KH = j BN' ,j%—dR (3.15)
CMy = fR N, RgdR (3.16)

FH; is. by d=finition. the outward heat flux through the boundary B at node ! and is given

by the expression:

FH, = f Nk Ua——-n dB (3.17)
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and FQy is the heat generation rate at node I i.e.

F =j NqdR
Q= jg i G3.18)

3.2.2 Galerkin formulation for the equilibrium equagon

Substituting the equation of equilibrium (3.1.b) into the weighted residual equation (3.6)

gives:

X 9X; dxidxj  Ox;

9%y, P, ap aT
J. N.{G I+ (OM g+ age - BRpg -+ FldR =0
3.19)

where I=1...... N

After application of Green’s theorem, equation (3.19) becomes:

‘. N aui auj dB G aui all] aN] dR
Jp O a T I R e T
al.lj

du. N, (3.20)
+ NI().—-i-ap-BK T]ﬂidB-J’ ()L—-’-+czp——BK T)—dR+
JB axJ D R axj D ax;

f NlFi dR = 0
R



Substituting the approximation equations (3.7)-(3.9) into the above. one obtains:

o N (aN, Ny VW | N
axJ ij ™ ox; *'Ea_xj“i’ R 9% KPKEE =

(3.21)
f NiF; R+ [ Nio n; dB +J BKD—NKTKdR
where, from (2.10}:
6, =G (a a"i) A2 | op - BK -r)
G = — e + P- D
. Equation (3.21) can be written in matrix form as:
IKIt8) + &{CPl{p} = [Fy} + (F,}+ BKp[CPKT} (3.23)

where:

{p} and {3} are the vectors of nodal pressure and nodal displacements:



()

Pi
{pl=¢ px and [8}= {u”\ (3.24)
Uﬂ}
Pn

{Fu) and (F;) are respectively the vectors representing the body force, and the force
applied at the boundary B whose components are respectively given by the first and the

second term of the right hund side of equation (3.21).

The components of the “coupling™ matrix {CP] are given by the following eguation:

Ny
CPy = | =—NgdR 3.25)
R

Also. [K] is the well-known “stiffness matrix™ of linear static problems. It is generally

writt>n in the following form:
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K]= fR (B]" [D](BlR (3.26)

[D]is the stress-strain matrix. For linear elastic, isoropic matenials, [D] depends on two
constants: E and v (or G and A). [B] is the matrix relating strain to nodal displacements

which depends on the shape functions N . Both matrices depend on the dimensionality of

the problem and on the assumed stress conditions when the problem is simplified into a
wwo-dimensional situation (plane strain, plane stress or axisymmetric). Explicit forms of
[D] and [B] will be given in subsequent sections for plane strain and axisymmetric cases.

3.2.3 Galerkin formulation for the fluid mass conservation equation

Substituting the fluid mass conservation equation (3.1.c) into the weighted residual

equztion (3.6), one obtains:

dp aT a{ouy;
EECC RIS NA .

Applying Green's theorem to (3.27), one obtains:

[ ~-Kijf p ON; Ky p
BI\IT(B—K;-a-p,gj)nidB J ax u(ax +pfgj)dR+

[ =] op oT  afdy
JRN'['“VaT*BcE T |

L

(3.28)
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Substtuting (3.7) -(3.9) into the above equation, one obtains:

Ry ky M ar Ny Ng 1 dR=
- RaXi m a.‘{ij -LcR 1 —dR'I" J-i\l——-T

] (3.29)
—.,klj ap af\lxij — — (lTK
-J.B I\'T(a_xj + pfgj)ni dB + J'R B_x,Tpfg’ dR - Bc ) Nl Nl( T JdR
The equation (3.29) can be written in mawix form as:
: dp 7[d3) _ dT (3.30)

R )~ colCMY B + olCPIT ) = (Fo) + (R - Bty
where:
KP le kl.l BNK 2K R

K= ax 1t ax (3.31)

[CP]T is the wanspose of [CP] defined previously (3.25).

[CM] is defined in equation (3.16).

{Fq} is the inward fluid flux through the boundary B and is defined by the first term of the
right hand si¢ of equation (3.29); (Fg} is the gravity driven fluid flux defined by the

second term of the right hand side of equation (3.29).

56



The matrix equations (3.14). (3.23) and (3.30) are the finite element approximations for the

governing equations of isothermal consolidation (3.1.a- 3.1.c).

3.2.4 Finite element discretization

Following standard finite element procedures, the domain R is divided into N, subdomains
E called finite elements. Each element has n nodes for displacements calculations and N
nodes for pore pressure and temperature calculations. All elements are joined together at

these nodes (figure 3.1).

Domain R

Boundary B

Figure 3.1 Finite element discreuzation of domain R
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The shape functions in equations (3.7) to (3.9) are defined only at the level of each

individual elements. The choice of the particular form of these shape functions should

assure continuity of the pressure p. temperature T and displacement u, at the common

bounduries between elements. The previous matrix equations (3.14), (3.23). (3.30) are

written for each element. The global equation for the whole domain R is obtained by

summations of all the matrix equations written at an elemental level:
P ar
=1 ([KH]“;{T} + pC[CM]]L{E})z {FH} + IFQ]

N
fl (IK1i18) + GICPL(pY)= (F} + [F) + 2 BKplCPI{T)

ie=

N
ds
3 {101.0r cwonf)acntfZ)-

(Fo) + (F} - )'I B [cm].c{dT}

(3.33)

(3.34)

Each of the elemental matrices in the above equations are obtained by integration over the

domain enclosed by the individual element. For example, the components of the element

matix [KP);. are given by:

9N k;; 3Nk
KPIK—JE-aTl'ETax—dE

J
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Two types of elements will now be developed: a mixed 8-noded/4-noded solid element for
the porous medium and a mixed 6-noded/4-noded joint element to 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, 1988; Selvadurai and Karparapu. 1989). The displacemerts are calculated at the
¥ nodes of this element. while fluid pressure is calculated oniy at the 4 corner nodes (see
figure 3.2). Aboustit et al. (1985) have shown that spatial oscillations in the solution
obtained for the pore pressure could be avoided with this type of element as opposed to the
8-noded element type where all degrees of freedom are calculated at all nodes. The physical
explanation for this type of oscillations is as follows. Fluid pressure has the same
dimension as stress. Strain is directly related to stress via the [D] matrix. Since strain is
expressed in terms of spatial derivatives of displacements. the polynomials used as
interpolation fun-tions for fluid pressure should consequently be one order lower than the
ones used for displacements. Nguyen (1991) has also found that the regular 8-noded

isoparametric element could lead to significant spatial oscillations of the pore pressure field.
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) = (1L

K
5 @ (2m) = (1.0)

)

2 3
{5m) = (0-1) () = (1.-1)

Figure 3.2 Eight-noded isoparumetric elements
The interpolation functions in (3.7) to (3.9) are defined in the locul coordinate system (E.1)
as:
(1-€)(1-n)
N_l = -4

_(1+&)(1-1) (3.36.1)
2= F)

A

1 1
N?;:( +E;)i +1)

N:=(1—€§1+n)

and:
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(1= -mMI+E+m)
)

N|=

(1-E3(1-7)
2

N2=

{1 +8)d -1 +&-1)

N; A

_ (-1 +E)
= o)

a-

Ny

Ns

_ (B +m)(=1+E+T)
= 7}

_(1-EH+m)
- o)

Ny

N (=Bl +m)(=1-E+7)
[ 4

_(-n3(1-8)
==

Ny

(3.36.b)

Temperature, pore pressure and displacements within the elements are related to the nodal

values as:

T=NT,+N; T3 + N3 T, + N, T,

p=N;p, +N;p3+N3ps+N,p;
u, = § Nju;
12 uy

The global and iocal cordinates are related by:
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xp=xEN = NiEnix; and xa=yEn) = NiEnyg (3.3%)

where I =1.....8 and summation is applied to repeated indices.

With the explicit definitions of all the shape functions given by equations (3.36), all the
clement matrices in equations (3.32) to (3.34) can be obtained by integration over the

elements. For example. the element stiffness matrix is given by:

1
fE [B]" [D][Bldxdy = J J‘_ll (B]"[D][B] det|J} dEdn (3.39)
where [J] is the Jacobian defined as:
ox oy
| E (3.40)
=13 oy
on on

For plane swrain problems, the strain-displacement matrix is given by (see e.g. Smith and

Griffiths, 1988):
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aN,
w* O
| N
[Bl=} 0 dX,
N, AN,
dxy  Oxp

aNg
axl

Ny
aX 2

oNg
oXa
ONg
N

(3.41)

For plane strain conditions, the stress-strain mawix is given by (see e.g. Smith and

Griffiths, 1988):

1 v 0
*
[D] = E =l vx ] 0
1y
1-v*
0 0 3
where:
«o_E
(1-v3)
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* — Vv

T (1-v) (3.44)

The integrations in equation (3.39) are performed numerically using Gaussian quadrature

techniques (see e.g2. Smith and Griffiths, 1988).

The components of the strain tensor defined in equation (2.4) are related to the nodal

displacements for each element as;

Vi
n
e »=[B] ) (3.4%5
2ep -

ug

Vg

where for convenience of notation, uj is the displacement of the solid matrix in the x=x,
direction at node J and vy is the displacement of the solid matrix in the y=x1 direction at

node J.

The total stress-total strain relationship (cf. equation 2.10) becomes in matrix form:
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Oy € T p
G $=[DK €22 }-BK{ T M+ p (3.46)
G2 2c|2 0 0

3.2.6 Joint Element

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 L and thickness b. This element falls into the
category 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.
1985: Schweiger et al.. 1990). The same interpolation functions are used for displacements
and fluid pressure. Although no numerical example was presented by Huyakom and Pinder
(1983). it is likely that this type of element could lead 10 numerical instabilities, for the

same rationale indicated previously for the 8-noded isoparametric element.

Considering the above, we deveioped 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 fhickness b, and

length L. The local coordinate system is defined i term of the global ones as:
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{x:}={xa}+lcqsw sim;r}{x) (3.47)
Y[ \vif [-siny cosy ||y

where y is the angle becween x” and x and (x).y;) are the coordinates of node 1.

Figure 3.3 Joint element

The displacements along the bottom edgc (1-2-3) and along the top edge (6-5-4) are

interpolated with respected to the nodal displacements as:

U;,m = Nlul + N:U: -+ N3U3
Yoo = N]Vl +N2V2+ N3V3 (3.48)
ump = Nlu6 <+ N'_'l_US + N3U4

Vlop = N1V6 -+ NzVs + N3V4
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and the interpolation functions are defined as:

-
-

N(x)=2x L -3x/L+1
Na(x) = -4x" L7+ 4x7L
N3(x) = WL - WL

(3.49)

u” and v are the displucement ulong x” und ¥~ respectively. It could be seen that they are

assumed 1o vary as a quadratic function of x”,

The strain components could be expressed in term of displucements as:

_ auhnl
ST
_ Viop * Yhat (3.50)
ey ==
_ ulnp = Uy avhot
“Cxy = b ox’

Substituting (3.48) into (3.50), one obtains:

67



u)

Vi

Ug

Ve

(3.5

1)

In eq. (3.51). [B] is the swess-displucement matrix (dimension 3x12) whose entries

contain expressions of Nj and their derivatives with respect to x°. For plane strain

conditions:
L
ox’ ox’
N, 2
[Bl=} © -T- 0 -?
Ny oN; N, oN,
" X b o

N3 0 0 0
g

N, N,
0 = 0 =
Ny aN; Ni .
b ox b
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The stiffness matrix for the joint element would now be given in the X%-y" coordinate

system by:

l
K'T=b[ (BITDIB] dx’ ,
o (3.5%)

where [D] is the stress-strain matrix. For plane strain conditions, [D] would take the

following form:
Dy 0O 0

[D]=| 0 D, D, (3.54)
0 D, D,

Where Dy = Dy 1s the normal component of the stress-strain matrix: Dy = Dy -y is the
shear component of [D] . Dy, and Dy, are equal to zero for linear elastic behaviour; they

become different from zero when dilatuncy of the joint due to shear is introduced (cf.
chapter 6).
The components of the [K”] matrix were analytically derived. In order to obtain the

stiffness matrix [K] in the global coordinate system. one needs to perform the following

transformadon:

[K] = [Tr] .[K"]. Transpose[Tr] (3.55)

with:
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[A]
[A) 0
(Trl= N (3.56)
0 [A]
| 4]
_{eosw siny
Al —[-sin\y cus\y]
(3.57)

In order to derive the remaining matrices in equations (3.32). (3.33) and (3.34) for the joint
element, the interpolation functions for the fluid pressure have to be defined. The fluid
pressure and the temperature inside the element are expressed in terms of the comner nodes”

pressure and temperature as;

p(x".y)=Nip; + Naps + Nap, + Nyp,
T(x"}r')z N_ITI + NET; + N;T_: + N:T() (3' 58)

Where the interpolation functions are defined as:

—_ -x_-_):- x’y!

Ni=l-T-%%%50

NT_X' K')"

"L bL (3.59)
XY

Ni=T

—_¥ x¥

M”b b
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The above interpolaton functions are lincar functions of X and ¥,

The expressions for all the matrices in (3.32). (3.33) and (3.34) cun now be easily derived.

For instance:
(cp]’ =
~L
A
Nolfan; Np dN; Na dN3 N3 N3 Na N
B e W= er e e v r—— s o — O — 0 — 0} — WX (T
N3 [ldx b dx b dx b b b b
N
5_\'= 4
-.x':()

(3.60)
Where [T is the Coordinate transformation matrix previously defined.

All the integration for the joint element matrices are performed analytically.

3.3 Axisymmetric conditions

In order to obtain the equations governing axisymmetric problems of thermal consolidation,

equations (3.1 a), (3.1 b) and (3.1 ¢) have to be rewritten in the cylindrical coordinates (r,

8, z) defined by the following transformation rule (figure 3.4):

X =T cosh

y =rsind (3.61)

Z2=2
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By using the chain rule and performing differentiation of the equation (3.61), one can

prove the following results:

d __ g d_sing 9

-(-)E——Lll.\e dl’ T de

d __ g d  cosB 9

-a;—-.sme dr+ T 99
z
A

8
X

Figure 3.4 Cylindrical coordinates

The axisymmetric condition requires the following:

(3.62)



u, =0

(3.63

where u; = u; and u, = u> are the displacement components in the r and z directions,

respectively: and uy is the dispiacement in the direction perpendicular to the r-z plane,

Applying the differentiation rule (3.62) to equations (3.1 a) to (3.1 ¢) and invoking the

axisymmetric conditions defined by equation (3.63), we obtain the following governing

equations for axisymmetric conditions:

BaT,(“uSI) 1(“1133) +q~ chI_()

dE, ap
Q,aa_(xla—)+(0+l)T L, up+ a-a——ﬁKDaT +F =0

Kyl dp k(3 de,
ETCCNN RTINS 3
where :
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i, j vary from 1 to 2 with x)=r, xa=z, uy=vu; and ua=u,

g, is the volumetric strain given by:

o (3.65)
£, = a‘): + X

The Galerkin finite element procedure was applied to equations (3.64 a) to (3.64 ¢). o
obtain the matrix equations equivalent to (3.32) to (3.34). The only differences between the

plane strain and 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 [B] and {D] for the plane strain cases are defined previously. For the
axisymimetric case. an additional component of siain in the hoop direction (direction

perpendicular to the r-z plane) exists:

-4
o8 T X (3.66)

The strain-displacement matrix now relates the strain components to the nodal

displacements according to the following relation:

74



Ur

Uy
S
€z Up
" V=[B] (3.67)
2e,, ' Uyl
Cog
UrN
UzN

where I=1....N. with N=8 for eight-noded isoparametric elements and N=6 for joint
elements. uyj and uy are the displacements of the solid skeleton at node I in the rand z

directions. respectively.

For eight-noded isoparametric elements:
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AN,
f)xl
N,

(}

Bl=| %%

D]

IN, N,
x> 0X|
Ny

— 0

X

_ 1)
T {1+v)i-2v)

ON
Rl
aXI
oN
0 —
ax:
9Ng ONg
ax3 :;::
N
20
X
v v
~ Y W™
Vv
1 4] v
1-2v
¢ T ¢
Vv
T—v 0 1
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For joint elements:

[B) =
»
aNy N4 N3
0O — | P— ] 0 0 0
W T ( Fr 0 0 ( 3
N, N» N3 N3 Na N,
- — . —_— - —_ — } — —_—
0 b 0 b 0 h “ h ( b . b
N; Ny Na dN» Ny aNy N3 N> { Ny
- — — - — —r— - — — I 0 —_ } —_
b o SR b v b b n ¢
Nycosy =Nsiny Nacosy =Nasiny Nycosy -Nasing Nicosyr <Nasiny Nacosy ~Nasiny Njcosyr N s
2r 2r 2r 2r 2r 2r 2r r x 2r 2 2
(3.70)

with r= r(node 1) + x“cosy (see figure 3.3 where r replaces x and z replaces y in the global

coordinate system for axisymmetric cases)

and:
Dy 0 0 9
0 D, D, O
= s (3.71)
[B] 0 D, D O
0 0 O Dg
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3.4 Time marching scheme and stability

In order to-handle nonlinearities, encountered in the elasto-plastic joint model to be
introduced in chapter 6, we differentiate the matrix equation of equilibrium (3.33) with
respect to time t in order to obtain an incremental formulation of this equation. This
procedure is widely used by others (see e.g. Zienkiewicz et al., 1977: Lewis and Schrefler,

19%87)

The system of matrix equations (3.32) to (3.34) 1o be solved now becomes:

I}If dT (3.72)
> (IKHIe(Ty + pCICMEi{ G }) = (FH) + (FQ)
R a5 dF, dT 3.73)
. i ([KI)C{ )+ GICPI]c{ })= {_C-it—l {""‘}"’ f BKD CP]IC{ }
e= le=
N
N
N (3.74)

(Fol + (Fy) - f Bc[CMJle{dT}

For nonlinear problems. the marrices in the above equations are tangential matrices that

relate increments of response (dd.dp, dT) to increments of external loads (e.g. dF,). These

matrices are dependent on the current state (8,p.T) of the system.
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Let us use the following finite difference scheme for ime discretization:

X¥= (1-7)XV + yX1 (3.73)
ax _x'-x" (3.76)
at - At

where At is a time increment, X, X1, XY are the value of a quantity X at times t, t+ At and
1+YDt respectively: v is a value between 0 and 1. When =0 . the finite difference scheme is

called fully explicit: when y=1. it is called fully implicit: when y=0.5. it is called the Crank-

Nicholson scheme,

Applying the finite difference scheme (equations 3.75 and 3.76) for dp/dt. d&/dt, dT/dt and

p in equations (3.72), (3.73) and (3.74). one obtains the following global mitrix equation:

[{KH] + pCMIKT)} = {FH)Y + {FQ}'+ [(y=1){KH]+ pC/A{CMIKT)”

(K] ofCP] (81 _
ofCPT  —yauKP]-cJeMi{l (P}
' (K] a[CP] [5;0} . (3.77)
a[CP)” (1- PAKP] - co[CM] || {p1°
{FHF) +{F)'{R)°| [BKDICF) [0 ¢y —¢my°
{Fo) A+ {F,} At [0 -BJCMI|\(Ty! -{T)"
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When {T}0, {8}¢ and {p]}0 are known, the solution of equation (3.77) will give {T}!,
{11 and {p}!. Booker and Small (1975) and Lewis und Schrefler (1987) have shown that

for y>1/2. the finite ditference scheme given by equation (3.75) and (3.76) as applied to

problems of consolidation is unconditionnally stable in time (no oscillations of the solution
with the time variable would be found). For eight-noded isoparame:-ic elements where all
degrees of freedom are calculated at all eight nodes. Aboustit et al. (1985) have shown that

spatial oscillation in the pore pressure field (especially at early times) could be avoided for

some problems when yis closer to one ( ¥=0.875 in the example given by Aboustit et al..
1985). Intuitively. when the pore pressure p varies very rapidly. a value of y equal or close

1o one is preferable, since pY at an intermediate time t= t0+yAt is closer to p! than p0. As

will be shown in the next chapter, this is particularly true for thermul consolidation
problems where the thermally induced pore pressure varies rapidly with time. We

experienced very little spatial or temporal oscillations in the numerical results for the
verification problems shown in the next chapter. when values of v close to 1 (typically

{).875 or 1) were chosen.

The finite element 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

verificadon 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 sume
equations). For isothermal cases. analytical solutions for one-dimensional consolidation are
available from Terzaghi (1923). for two-dimensional plane strain or axisymmetric
consolidation from McNamee and Gibson (1960). Booker and Savvidou (1985) derived
the analytical solutions for the non-isothermal consolidation problem related to a volumetric
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 all problems simulated in this chapter and in the remainder of this thesis, gradual mesh
size and time step refinements 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 all the examples. More details on this procedure are
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discussed by Selvadurai and Nguyen (1995).

4.1 One-dimensional isothermal consolidation

Terzughi (1923) provided an analytical solution for the problem of the one-dimensional
consolidation of a soi! 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.

Po
l Free draining
A
z
| °
Y

T Impermeable

Figure 4.1 Finite element mesh for one-dimensional isothermal consolidation
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The following elastic properties are used in the finite element analysis:

E =35x1{MPa

v=0.2

For an isotropic medium, all the off-diagonal coeffivients of the hydraulic conductivity

tensors are equal to zero, and all diagonal terms are equal. The following value is used:

The load at the surface is assumed to be : py = -30x10¢ Pa: and the thickness H is:

H=5000 m

L)

0.017
0.1

0.0001
0.001 7]

TI'

FRACON . #/H=0:t579

FRACON - ofH=tr]0d

Analytical result -
2H=0.579

Analytical result -
2H=0.104

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
agree well with the analytical results. The variations of normalized pore pressure p/po with
normulized time T* at two different depths are shown in figure 4.2. The normalized time is

defined by:

C,t
TH=—

H (4.1)

and ¢y 1s the coefficient of consolidaton, that is related to the hydraulic conductivity K and

the elastic constants by the relationship:

.= KE(1-v) (4.2)
Yo ope(1-2v)(1+4v)

where g is the acceleration of gravity and p; is the density of the pore fluid.

in figure 4.3, the normalized surface settlement:

Gw

poH

(where G is the shear modulus and w is the absolute settlement) is shown as a function of

time. The agreement between the finite element and the analytical solutions is excellent.

84



0.4

0.3=-
< O FRACON
.E 0.2 4
(] Analvtical
0.1=-
0 T T =T
— — — — — c
= E : C —
g = =
TU

Figure 4.3 Vertical settlement 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 some oscillations in the computed

pore pressures occur at low values of T* (T*<0.001). For large values of T¥*, the finite

element analysis compare very well with the analytical solution. For lower values of v (0 or

0.2). the solution is unstable.
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1 -
Z 0754
E ° ¥y=0.5
i
= 054
= ° v =0.875
E 4o :
s 0.254 Analytic:)
0 <
-0.25 T ] =T T 1
= g 2 S -

Figure 1.4 Effect of integration constant

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 2a, while for axisymmetric conditions. the loaded area is a circular 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.
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p(X.Z.T*)/py = J. KX, E_')c-s?{crf( ET*12) 4 crf(q—r* - §T*”’)}d (4.3)
where:

X=x/a (v/a for axisymmetric case), Z=2/a and :

T*=EL with ¢ =2KG (4.4)

a- Psg

—Ec.ox(Xﬁ)sm:, for plane strain

KXE)= (1.5

JoXEM, (€} for axisymmetry

erf is the error function. defined by:
X,

erf(x) -—-—-_[ e<de
)

Jo and J; are Bessel functions of the first kind of order 0 and 1 respectively.

The finite element mesh and the boundary conditions for this problem are shown in figure

4.5. The following input data are used:

a=5869m
po =-30x106 Pa

E=35x10% Pa

v=0

K (hydraulic conductivity for isotropic medium)=5x10-1! my/s
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The numerical and analytical results arc compared in figure 4.6.a and in figure 4.6.b,

respectively, for plane strain and axisymmetric conditions. In the numerical computation, a
value of ¥=0.875 was used. The agreement is quite good. considering that in the finite

element analysis, artificial boundaries at 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% higher than the true value
obtained with the analytical solution; at late times (T* =10), the boundary effects become
more important. and the overprediction in the numerical result reaches a value of 30%. A
second analysis, with a zero pore pressure condition specified at the right hand side
boundary. was performed 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 former case. For both plane strain and axisymmetric conditions. the Mandel-
Cryer effect (i.e. the development of a ““peak™ in the time-dependent response of the pore
pressure) is manifested at all nodes being considered. The above phenomenon was
mathematically demonstrated by Mandel (1950, 1953) for a brick-shaped body uniaxially
loaded under plane strain conditions: and Cryer (1963) for a sphere subjected to a uniform
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 physically
explained as follows (Cryer, 1963). At early times in the consolidation process, almost all
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 cenwal regions will 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.

—» a2 |[—
Po Free draining p=0
F mni =
gp -
. X for r for
Node 9 > 1 axisymmetric
; ; ; case)
Node 15 ] '
/ L 4 L
Node 91 -~
Impermeable
i Impermeable

Finite element mesh dimension S04 mx50000 m

Node 5 : x=0 z=45071
Node 15: x=0 z=36776
Node 91: x=5869 z=36776

Figure 4.5 Finite element mesh for consolidation of a half-space under plane strain or

axisymmetric conditions
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Figure 4.6 Plane strain and axisymmetric isothermal consolidation

S0



The integration in equation (4.3) is performed numerically using the symbolic manipulation

code MATHEMATICA (Wolfram Research Inc, 1993, V.2.2). For the axisvmmetric case.

the numerical integration did not converge for node 9, due to the proximity of this node to

the loaded area. Thus the results for that node is not shown in figure 4.6.b.

4.3 Thermally induced consolidation of an infinite medium with an

embedded cylindrical heat source

Booker and Savvidou (1985) examined the problem of thermally induced consolidation of

an infinite homogeneous saturated poroelastic mediumn due to an embedded volumetric heat

source V of constant intensity g (figure 4.7).

The int~gral expressions for the temperature and pore pressure are:

= | L erfe[—R__Vax
T(xy.za) = an KRe:rfc(:2 = )dxsdysdzs
\Y pC
= o q R _ R
—p(x.y.z.t) = TopCex 4nxR (c:rfc('2 \/-—'i—t) crfc(2 m)}dxsdysdzs
A pC
where:

81

(4.6)

4.7)



@ ={(1-n)B, + nB}A+2G) - a(mg) (4.8)

. = K(A+2G) (4.9)
v©T o pgg
R=({ x-x,)2 + (y-y.)2 + (2-25)2) 12 (4.10)

X,.¥s.Zs are the coordinates of a point inside the volume V (see figure 4.7)

T.p.ui=0atx.y. Z=-000F +

T.p.u=0att=0
1

Figure 4.7 Thermally induced consolidation of poroelastic 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 4.4 and 4.5. In this section, we consider a ¢ylindricul
heat source. The same problem has been simulated by Lewis and Schrefler (1987) with the
finite element code PLASCON, using an unspecified system of units. For purposes of
comparison, we use here input data identical to those specified by Lewis and Schrefler

(1987) with the assumption that this data has consistent units:

radius of cylindical source: 0.3
height of cylindical source: 2
g= 1768.39

E=6000

v=04

K (hydraulic conductivity for isotropic medium) = 0.4x10-5
K (thermal conductivity for isotropic medium) = 1.02857
pC=40

n (porosity) = (0.5

B (volumetric thermal expansion coefficient of the solid matrix) = 0.9x10-6
B, (volumetric thermal expansion coefficient of the solid grain material)= 0.9x10-6

B; (volumetric 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 tempere®ue

and pore pressure at three different nodes are shown in figure 4.9, The results from the
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FRACON code compare well with the analytical results. It could be seen that at all points.
the pore pressure increases due to thermal expansion of the pore fluid. and then gradually

dissipates as the medium is allowed to consolidate.

Impermeable

Impermeable

. Impermeable

node 65 —J»
Heat source —Jp-J § | 1 1 4

— T
? . Impermeable
node 8

node 5

Node 5: x=03 z=0
Node 9: x=0.914 z=0
Node 65: x=0 z=].

Figure 4.8 Consolidation of an infinite medium around a cylindrical heat source
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time
a) Temperature

0.5

Nude S(analytical result)
Node 9(analytical resol)

Nude 65(analytical result)

.I]

Node S(FE)
Nude 9(FE)
Nude 65(FE)

'3 A T T T

= = o = =

3 5 3 g < <

= w w @ w w

time

b) Pore pressure

Figure 4.9 Cylindrical heat source - Variation with time of temperature and pore pressure
at different locations
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Analytic solution

.

% a ¥=0R75

=

£ ] =

= y=035
o Y= 1

1OE+00
| OE+01
| ()Em:H

1OE+03 =

1.OE+04

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=0.875. Figure 4.10 shows that values closer to 1.0 give a more

accurate numerical result. The Crank-Nicholson scheme. with y=0.5 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 y=1 be

utilized in performing the time integration schemes for most thermal consolidation

problems. This value of 7y 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 source

We consider here the thermal consolidation problem for a line source of 1 m length emitting
heat at a rate of g = 40 W/m. The schematic description of the physical problem is
illustrated in figure 4.11. The finite element mesh and the boundary conditions are also
shown in figure 4.11. Plane strain conditions are assumed in the finite element analysis.
The line source runs through node 1 shown in figure 4.11. The following properties,
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=27GPa
v=0.24

K = 1x10-12 m/s

x = 0.563 J/m/s/oC
pC = 2x106 J/m3/oC
B.=8=02x104 oC-!

Bf = 04x]0'3 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 temperature and pore pressure at nodes 3 and 9 are shown in figure 4.12. Except for
some early time (1<100 s) oscillations for both temperature and pore pressure close to the
heat source (node 3, at a distance of (0.014213 m from the source). there is reasonable

agreement between the numerical and analytical results.

4.5 Consolidation 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 disc, with a heat output g= 1000 W/m2, The schematic description of the
physical problem is illustrated in figure 4.13. The finite element mesh and the boundary
conditions are also shown in figure 4.13. Axisymmetric conditions are imposed in the finite
element analysis. The disc-shaped heat source is centered at node 1 (figure 4.13): ithas a

radius of (1.0339 m, extending from node 1 to node 5.

As shown in figure 4.13. the agreement between numerical and analytical results for
temperature and pore pressure is satisfactory. Close to the source (node 5) the temperature
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 numerical results are required near the heat source, a

more refined 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 2 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
.."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 Schrefler (1987). Plane strain
conditions are imposed. The surface of the soil column is submitted at time t=0 to a surface
pressure po and a temperature increase dT. Both loads will remain unchanged in value for

time 0.

The input data for the analysis with FRACON are the same as the ones used by Lewts and

Schrefler (1987), and are in unspecified units:
po=-1
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The variation of the surface settlement 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.
7.6, curve ¢) shows excellent agreement between the FRACON and PLASCON results.
The peak of the settement 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 pg has the opposite effect. The settlement of the
surface (middle curve) is the sum of the individual displacement caused by po (upper
curve) and dT (lower curve). The transient surface settiement due to pg reaches a steady
state value sooner than the transient upward displacement due to dT, resuiting in the
observed peak. The upward movement due to the temperature stil! takes place after the peak
is attained, resulting in rebounding of the surface. The final steady-state settlement 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:

exx=¢q) =0
e=e33=0

C'yy=0C"n=po=-1

One obtains the following expressions:
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where H is the height of the soil column and A is the surface settlement.

One then obtains the following almost perfect agreement between the exact and numerical

results:

A= (1.2995x10-3 (FRACON) vs. 0.2994x10-3 (exact)

C'xx = 6 2z =-0.8167 (FRACON) vs -(.8167 (exact)

4.7 Constant pressure test in a joint

A method for determining 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 detwil in
chapter 7. Let us consider a horizontal joint in a rock mass. The type of injection test called
* the constant pressure test™ consists of sealing a section of the horehole 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 measured. The flow
transient is a function of the constant pressure in the sealed borehole section, and of the
permeability of the joint and its normal stiffness. Assuming that the joint is axially
symmetric around the borehole (see figure 4.17) and that the joint behaves in a lincar

clastic manner, one can obtain an analytical solution to the problem in the following
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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
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conservation under axisymmetric isothermal conditions (3.64 ¢) for the horizontal fracture

becomes:
{K{32] - K% )+ =0 i

" where k is the permeability of the fracture in the radial direction.

We further assume that displacement in the joint takes place only in the normal direction.

Then:
E\. =€ = p/Dn (4. 1 3)

where Dy, is the normal stiffness of the joint (cf. equation 3.71).

Substituting (4.13) into (4.12), one obtains the following uncoupled equation for pressure

rransient in the joint:

SRR - HR[ZR D538 =0

(4.14)

Equation (4.14) has the form of a classical diffusion equation. For the following boundary

and initia! conditions:
p=poatr=r;and p=Catr=r, for0:p(r)=0att=0 (4.15)

the solution of equation (4.14) is available in standard textbooks (see e.g. Crank, 1975;

Chapter 5). In equation (4.15), r; is the radius of the borehole, 1, 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

4.16).

The above problem was simulated with the FRACON code. The finite element mesh with
the boundary conditions is shown in figure 4.18. The following properties of the joint are

used:

joint aperture b= 3x10-6 m
r,=2m

po=-7.5 MPa

The fluid pressure and the vertical displacement at different radit in the joint are shown in
figures 4.19 and 4.20. Good agreement between the finite element results and the analytical
solutions could 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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4.8 Conclusion

Verification is an important aspect of modern computational modelling exercises. For
example, in the context of nuclear fuel waste management. the safety performance of NFW
disposal systems is assessed with computer codes. These codes should be extensively
tested for accuracy. Code verification is the first step in building confidence in the adequacy
of a computer code as a tool to perform safety assessment. The next step in building this
confidence is by comparing the code’s results 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 problems are scarce. To
our knowledge, the only solutions available for non-isothermal consolidation problems are
the ones developed by Rooker and Savvidou (1985) for unfractured saturated 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 chapier. we have compiled a series of verification problems that include both
isothermal and non-isothermal effects. For these problems. good comparison both from the
point of view of trends and actual magnitudes, was obtained between the numerical results
of the FRACON code and the analytical result.. 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

In order to validate the extended theory of Biot's consolidation presented in chapter 2 for
unfractured porous rock, a laboratory experiment involving the heating of a saturated
synthetic rock was performed at the civil engineering laboratory at Carleton University
(Selvadurai, 1994). Experimental investigations of counled 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
bylinder. 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 of 16 mm, 3¢ mm and 72 mm from the surface of the cylindrical

block where a heater would be emplaced. The details of 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 close to the heater.

Figure 5.1

{0) ALD=MPM Minlaturs Tronsducer

Shicen Couling

Tafion Shaathing \

T

(5) Dimensions of the Pressure Tronaducer

Pore pressure transducers used in the heated cylinder experiment (from

Selvadurai, 1994)
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The grout was mixed with sand in a rotary mixer and wet sieved to remove particles
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 after 10 days of curing in a moist atmosphere. After 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

axperiment.

5.2 Numerical simulation

The properties of the grout material were measured separately by conducting tests on

small samples made from the same grout mixture used for casting the cylinder:

Thermal conductivity: x = 0.563 W/m/eC

Heat capacity: pC = 2x108 J/m3/oC

Poisson ratio: v=0.24; Young's modulus E = 26.65 GPa.

Coefticient of volumetric thermal expansion of the dry grout: 2x10-5/0C

Hydraulic conductivity : 10-74 10 10-12 m/s
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Figure 5.2 Heated Cylinder - Finite element mesh
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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 well with the axperimental results (Figure 5.3). In order to compare
the calculated pore pressure with the experimental results, the assumption of slightly
impertect 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 effects (Vaziri et al., 1992). The porewater/air mixture could then be
considered as a homogeneous single phase fluid, 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 V, of voids. The void space is

occupied partially with water and partially with air. By definition:

Vv, =V,Sr (5.7)
V.=V, (1-5r) (5.2)
where Vy and V, are respectively the volumes of water and air.

When a pressure dp is applied to the water/air mixture, a volumetric compression in
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the voids 4V, results, such that:

d\Xf"=d\X:' Sr+d\\é‘I (1-Sr) 5.3)
The compressibility of the air/water mixture is, by definition:

Co=¥, % (5.4)
From (5.3):

C,w=C\Sr+C,(1-Sn) (5.5)

where C,y, Cyw, C; 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:

PabsVa =MRT (5.6)

where M is the number of moles, R is the universal gas constant, T is the absolute

temperature (°K) and paps is the absolute pressure :

Pabs = Pam TP (5.7)

where pam is the atmospheric pressure and p is the relative pressure,

Differentiating equation (5.6) with respect to p, one obtains:
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dv

C=J1Ta___1
& Va dp Puabs (5.8)
Refining compregsion gs positive, and substituting the value of paps from equation (5.7)

into (5.8), we obtain:

=1 __ .
C“_pnlm"'p (5.9)

Equation (5.5) then becomes :

— 1-Sr
C"‘”-Cwsr+Patm+P (5.10)

In the governing equation (2.32} , the bulk modulus of the pore fluid could now be

defined as:
K;=1/C,. (5.11)

The value of K; 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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It is assumed that the degree of saturation of the cylindrical block varies from 94% to
99% , with a higher degree of saturation near the outer surface. The top three horizontal
tayers 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 1o 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 10

Sr, while the time transient is not much affected.
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Figure 5.4 Heated cylinder - Effect of degree of saturation on pore pressure



5.3 Conclusions

Thermally induced pore pressure increases result in a reduction of the normal etfective
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 et al.. 1987), to our knowledge this phenomenon
has never been experimentally observed in rocks. A unique experiment 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 fiuid. This procedure is shown to be well

supported by the good comparison between the calculated and experimental results.

123



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 shall be referred to as “joints™ in this thesis,
constitute planes of weakness in the rock mass from the point of view of its mechanical
behaviour. Joints have critical importance in NFW disposal, since they are the preferred
paths for contaminant transport. Under external loads, 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 increase in the joint aperture. 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 of experiments (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 artificial joints with regular “saw-tooth shap.d”
asperities moulded with plaster of Paris. He proposed a bilinear model of a shear strength
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).
Barton and Choubey (1977) and Bandis et al. (1981) proposed similar strength criteria,
with a smooth transition between the two extreme types of response proposed by Patton
{1966). Barton and Choubey (1977), and Bandis et al (1981) introduced the empirical
coefficients JRC (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
srength of the asperities (JCS). Empirical relations are proposed by these authors in order
to include scale-dependency of JRC and JCS. The above strength criteria delineate the state
of stress that separates pre-slidiig and post-sliding of the joints. 1n order to 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
incremental relationships (Goodman, 1976; Goodman and Dubois, 1972; Heuze, 1979;
Heuze and Barbour, 1982 ; Leichnitz, 1985 : Barton et al., 1985; Boulei: 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 use these models to predict shear behaviour under
constrained dilation (or constant normal stiffness) have been proposed with some success
(Archambault et al., 1990; Amadei and Saeb, 1990; Skinas et 2l. 1990). Boulon and Nova
(1990) and Benjelloun (1991) proposed an incrementai approach with directional
dependency. In this approach, the saress-strain matrices are determined from elementary
stress paths derived from laboratory tests (such as shear under constant normal stress
conditions). A weighted interpolation procedure between the elementary stress paths is
used to determine the incremental stress-strain matrix for other stress paths. 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 before sliding, the
deformations are elastic (recoverable). Post-sliding behaviour is characterized by plastic
(irrecoverabie) 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 model. Strain-softening (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-plastic 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 Plesha (1987).
Reference to further work is also given 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 certain fundamental
aspects of the mechanical behaviour of real joints, such as dilation under shear and strain

softening due to surface asperity degradation.



For predicting the hydraulic behaviour of rock joints. the parallel plate model. develoned
from the application of the Navier-Stokes equation for laminar incompressible flow
between two paralle] smooth plates is employed. This procedure is widely used to caleulate
the effective permeability k of a fracture (see e.g. Benjelloun, 1991). The permeability of
the joint is thus expressed as a function of its effective opening to fluid 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 its mechanical aperture. Empirical
relationships between 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, however, is not

accounted for in these relationships.

In this chapter, we employ the methodology proposed by Plesha (1987), based on the
classical theory of plasticity, to formulate the stress-strain relationship for a rock joint. We
illustrate a procedure whereby most of the parameters of the constitutive relationship for a
joint could be estimated from two widely used and easily measurable empirical coefficients
proposed by Barton and Choubey (1977) and Bandis et al. (1981): na:icly, the JRC (joint
roughness coefficient) and JCS (joint compressive strength). In order to derive a
relationship between the permeability of the joint and its mechanical aperture, we further
assurne 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) 1s implemented in the
FRACON code. This chapter is restricted to the analysis of joints without infilling material.
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 100oC .



6.2 Elastoplastic formulation for the mechanical behaviour of rock joints

6.2.1 Patton’s saw-tooth model

The surface asperites of dilatant rock joints are irregular in shape and height. Nevertheless,
their basic mechanical behaviour could be explained by assuming an idealized two-
dimensional saw-tooth pattern as proposed by Patton (1966). This idealization is adopted
by Plesha (1987) and several other researchers (e.g. Roberds and Einstein, 1978). Thus it

is useful 1o review the basic concept of the model atwibuted to Panon (1966).

Consider a joint with perfectly planar contact surfaces (figure 6.1). subjected to 2 normal

compressive stress G and a shear stress €. Sliding will not occur if:

Itl < (-0) tan ¢ (6.1)

where tan ¢ is the coefficient of friction between the two contact planes. This is the basic

Coulomb friction model 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(t.o)=Itl+ctan ¢ (6.2)

such that when F=0, sliding occurs, resulting in irrecoverable (plastic) deformation.

128



We introduce the relative displacement between the two adjoining planes constituting the

interface, such that. u=u, is the relative displacement in the shear direction (direction 1) and
V=ua is the relative displacement in the normal direction (direction 2). When F=(,

increments of stress will give rise to increments of plastic deformation. In order to

determine the direction and magnitude of plastic deformation, it is necessary to define a

plastic potential function Q=Q(t. ¢) such that:

_ .~ 0Q (6.3)
dl(f—dlﬁ
where i=1.2: ©| = T and ©,=0 : du;P are the plastic components of the relutive

displacement at the surface of the joint and dA is a scalar multiplier.

By imposing the constraint that only shear traction can produce permanent deformation due

to sliding. Michalowski and Mroz (1978) proposed that, in the case of surfaces in perfectly

plane contact:

Q= (6.4)



v, G
A2
-
u, T
a) Perfectly plane joint surfaces
v, G
7 G

b) Regular saw-tooth joint surfaces

Figure 6.1 Patton’s (1966) joint model
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In Patton's model shown Figure 6.1, the asperities have regular angles of inclination o»

with respect to the horizontal direction. Along a typical asperity inclined at angle ax, the

relationship between the “macro’ values of the smesses T and ¢ and the “local® or “micro’

values of the stresses T, and G, can be obtained by appeal to local equilibrium at the

inclined sliding plane: i.e.:

Tg = (T COSO* + G SIN0L*) COSOL*

Gy = (T coso* - G Sin0L*) COsOL*

Movement will start along the asperity if according to (6.1):

Iyl =-Gy tan ¢

And thus the yield criterion for the saw-tooth joint model is:

F =]o sina* + T cos &*| + tand (T coso* — ¢ sina*)

Similarly, the plastic potential function is defined as:

Q=|o sina* + T cos o¥|

{(6.5)

(6.6)

(6.7)

(6.8)

(6.9)

It is noted that as the asperity angle o* 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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6.2.2 Derivation of the elasto-plastic stiffness matrix of the model by Plesha

In the formulation presented by Plesha (1987). sliding along the asperities is considered.
When the magnitude of the applied shear stress is such that F, as defined in equation (6.8).
is less than zero, only elastic deformations in the shear direction take place. Plastic or
irrecoverable deformations in both shear and normal directions take place when F=0. The

total increment of relative displacement at the joint, du;. in this case. is the sum of an elastic

and a plastic components: i.e.

du; = dut + du? (6.10)

where the superscripts e and p respectively stand for elastic and plastic.

When plastic displacements occur. 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 produced by shear:
W
ok = 0¥ cxp(——f c dWP) (6.11)

where ax is the original asperity augle, c is a degradation coefficient and W is the plastic

work produced by the shear stress, whose increment is given by:

dWP = T duP 6.12)

From the consideration of asperity damage, strain softening behaviour will now occur in
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the joint during plastic deformation. i.e. both the yield surface and the potential surface as

defined respectively by equatons (6.8) and (6.9) will shrink in the T- G stress space. Both
F and Q will now be functions of not only 1. ¢ but also of the plastic work (i.e. F=F( 1,

o, Wr) and Q=Q(t. o, WF).

The increment of stress do; is related to the increment of elastic displacement at the joint

by:

do; = dj; du§

where d,‘J is a matrix of elastic stiffnesses ( Pa/m in SI units) (©13
Combining (6.3). (6.10) and (6.13), we obtain:
do; = dj(du; - Bg (6.14)
At the onset of yield, F=0 and dF=0; consequently :

(6.15)

oF oF P_
= 95, do; + awpdw =0

From the definition of the plastic work, equation (6.14) is equivalent to the following

expression:

3 (6.16)
F P=
3—1d0' + — awp == Tdu 0
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And from equation (6.14):

')F e 80 6.17
Jo ditdu, - drgs- awv <=5 duP =0 (6.17)

From equation (6.17):

a1 OF e, 6.18
dh-\p——ch?idUduJ ( )
with:

aQ (6.19)

=2 d¢ .
v 90, 3o
and:
Hy = OF .9Q (6.20)
WP 9T
Substituting equation (6.18) into equation (6.14). one obtains:
do, =d} dy;
(6.21)

where diT is the elasto-plastic stiffness matrix, given by:

epogqe_ 1 aQ et oF (6.22)
dy =dy y-H do, d"‘Jch

With explicit expressions of F and Q as given in equations (6.8) and (6.9), the elasto-
plastic stiffness matrix could be explicitly formulated as a function of the current stress

level 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-plastic stiffnesses in equation

{6.22) by the joint thickness b.

6.2.3 Parameters of the Plesha’s model

The parameters required by the model proposed by Plesha (1987) are the elastic stiffness

constants. the degradation factor c. the initial asperity angle o*g and the friction angle o.

Usually. one assumes that! :

dil =ks
dg‘l:kn
dj=d5 =0

where k, and k,, are respectively the elastic shear and normal stiffness.

Plesha (1987) estimated the parameters of the model by calibrating the results of
experimental data derived from shear test under constant normal stress. We propose here
that most of these parameters can also be estimated from the Barton's empirical coefficients

JRC and JCS. First, we note that the surface asperities in real joints do not follow a regular

1 The rationale for the off-diagonal elastic stiffnesses to be zero is provided, for example
by Plesha (1987). For example. suppose that an increment of elastic shear displacement dus
is imposed on the joint. According to equation (6.13), the increment in normal stress will
be:
do= d_g_l du®
Because the contact surface is macroscopically smooth, the same change in do should
result when an increment -due is imposed. Consequently:

51=0
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pattern as idealized by Patton (1966) and Plesha (1987) (figure 6.2). Several orders of
irregularities exist, and exch order will be activated depending on the size of the sample and
the magnitude of the normal stress. For high normal stresses, the higher-order asperities

will be subjected to through-sheur and sliding will occur only along the lower order

asperities (with lower effective angle o). Similarly. for larger joint samples, the lower

order asperities will be activated. It is clear 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 adopts the Barton - Bandis empirical expression for the peak shear envelope

as the yield criterion:

|t|+o tun(JRC Logw(J—%-S—) + q)) =0 (6.23)

Before the start of asperity degradation. we note that the yield condition given by equation

(6.8) can be rewntien as;

|T]+otan(¢+a*)=0 when osine*g+Tcosa¥y>0 (6.24)
T|+otan(d-o*)=0 when osine*g+ Tcoso¥y<
| 0 *)=0 h i * <)

Assuming that no asperity degradation occurs before the peak shear stress is mobilized and

by compuaring equations {6.23) and (6.24), we can write:

o*,=JRC Logw('l—%g’-] (6.25)
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a'] : angle ot first order asperities

@*, :angle of second order asperities

Figure 6.2 Schematic illustration of the many orders of asperities for real joints

The coefficients JRC (dimensionless) and JCS (MPa) and the friction angle ¢ can be casily

estimated from two tests: the tilt test and the Schmidt hammer test. To determine ¢, an

artificial clean joint is prepared by diamond-sawing of a rock specimen containing the reul

joint, and sandblasting the surfaces. The jointed rock specimen is then tilted until sliding

occurs along the clean joint. The tilt angle measured will be equal to ¢,,. The angle @y, is
assumed to reflect pure frictional resistance of a clean (unweathered) planar surface. The

friction angle ¢ for the real joint also reflects pure frictional behaviour. Nevertheless, the

real joint contains gouge materiul originating from the failure of surface asperities. From the
results of 135 shear tests on natural joints, Barton and Choubey (1977) has proposed the

following empirical relationship between ¢ and ¢y, i.e.

¢ = (¢-20) + 20(/R) (6.26)

where, R and r are rebound value (expressed in units of m) from the Schmidt hammer test
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performed respectively on a clean, drv unweathered surface and on a wet joint surface.

The joint wall compressive strength JCS is obtained from a simple empirical relation with

the Schmidt rebound value:

Log;y JCS = 0.00088pR + 1.01 (6.27)
Where JCS is in MPa, p is the density of the dry rock in kN/m3.

The value of JRC, on the other hand, is determined from the tilt test, by using equation
(6.23)

JRC = (B-d)1og (JCS/ay) (6.28)

where [ is the tilt angle when sliding occurs and o, is the self-weight induced normal

stress ucting on the joint, at the instant of sliding.

The parameters JRC and JCS are both scale-dependent. Barton et al. (1985) proposed the

following empirical relatons to account for scale effects:

JRC=JRC ({_IE_,E]'U-O?JRCO (6.29)

JCS = Jcsu(-LL-)""":" TRCa (6.30)
0

Where JRCy and JCSy are laboratory scale values, for joints with nominal size Lo= 100

mm and JRC and JCS are values for larger samples, of size L.

Barton et al. (1985) also observed that Uy (the shear displacement corresponding to the
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peak shear stress Tp,. under constant normal stress conditions) is independent of the

normal stress but is scale dependent: i.e.

__L (JRC\033 6.31)
Hpesk = 355 L
Assuming a linear elastic response of the joint up to the peak shear stress, we obtain, from

equations (6.23) and (6.31), an expression for the elastic shear stiffness kg as follows:

Toeue| otan{JRC Log, 1SS+ o)
upe * _I;_ (__]’B__Q)U.ﬁ
5000 L

k,.:l

(6.32)

The normal stiffness k, can be determined by performing simple compression tests on
jointed rock specimens. The most comprehensive experimental investigations on the normal
closure behaviour of joints under applied normal stresses are due to Bandis et al. (1981).
In these studies, 64 pairs of specimens. with a wide range or rock types and surface
roughness were tested. Each pair of specimens consisted of one jointed specimen and one
uniointed specimen. Normal compression tests were performed on both specimens. The
deformation of the uniointed 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 first 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
siress-closure curves have the shape of steep hyperbolae. Several authors (Goodman,
1976 ; Bandis et al., 1981) adopt hyperbolic relations to describe these experimental

curves. For example, Bandis et al. (1981) proposed tke following hyperbolic relationship
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(figure 6.3):

- _v_ .
0=k (6.33)

where k,; is the normal stiffness at zero normal stress, and Vp, is the maximum closure of

the joint.

A°C
Tension
-¢——— Closure | opening—» v (normal
displacement)
-

Compression

Figure 6.3 Hyperbolic relationship for normal behaviour of rock joints
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The normal stiffness at any level of nermal stress is then:

-—"'l\.,{ v +0-) (6.34)

The parameters ky; and Vp, that enter into equation (6.34) are best determined by

performing simple compression tests on jointed rock samples.

The remaining parameter required for the model is the degradation coefficient ¢, Limited
experimental data show that ¢ is a function of the normal stress. Hutson and Dowding
(1990) and Qiu et al. (1993) have experimentally found that the coefficient ¢ increases with
the normal stress, while Benjelloun (1991) has found the reverse trend. Obviously, more
experimental data is needed in order to establish correlations between c, the normal stress

and also possibly the JRC and JCS coefficients. In this thesis. we use a calibration

procedure to establish the relation between ¢ and o (cf. chapter 7).

6.3  Joint Hydraulic Behaviour

The parallel plate model, developed by the application of the Navier-Stokes equation for
laminar incompressible flow between two parallel smooth plates, is usually used to

calculate the permeability k of the joint (see e.g. Benjelloun, 1991): L.e.

=72 (6.35)

where ey, is the hydraulic aperture of the joint

141



Since natural fractures are quite dissimilar to ideal parallel plates, the hydraulic aperture of
the joint is not equal to its mechanical aperture. Barton (1982) proposed the following

empirical relationship to estimate the hydraulic aperture from the mechanical aperture:

- —‘"‘—25 (6.36)
JRC?

Sy
where ey, is in tm, ey, (also in pm) is the mechanical aperture of the joint.

Elliot et al. (1985) and Witherspoon et al. (1979) proposed a linear relationship between the

hydraulic and mechanical apertures:

(6.37)

ey =epg +1depy
where ey is the inital hydraulic aperture, Aey, is the variation in mechanical aperture due to
the combined effects of compression and shear as discussed in section 0.2 and f is a.
proportionality factor. Benjelloun (1991) experimentally confirmed the validity of equation
| (6.37) and found that f varies between 0.5 to 1. This factor comes from the roughness of
the joint walls. A factor f=1 applies to the limiting ideal case of parallel smooth plates; this
situation prevails only when the joint is relatively open, with apertures of the order of mm.
For most other cases, f<1. The geometry of the flow path has an important influence on f.
For rectilinear laminar flow, f is generally close to 0.8 and for radial flow, f is close to 0.5

(Benjelloun, 1991).

In this thesis, we adopt the linear relationship between the hydraulic and mechanical

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 dilation results in an increase of the mechanical aperture Ae,,.
Equations (6.35) and (6.37) indicate that the permeability of the joint should increase with
joint shear. Bandis et al. (1985) experimentaily observed such an increase in permeability.
Nevertheless at later stages of shearing. the permeability of the joint decreases. This latter
observation is attributed to the effect of gouge production due to asperity breakage, 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 permeability, 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 that the factor f in equation (6.37)

is related to the plastic work produced by the shear forces according to the following

equagon:

wP .
f= focxp(— f c,dWP) (6.38)

where ¢ is a gouge production factor. It is very likely that the additional parameters fo and
c¢ introduced in this section could be empirically related to JRC. JCS and ©. A detailed

expenimental 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 was implemented in the finite element code
FRACON. In this chapter, we show the use of the FRACON code to simulate some

laboratory and field experiments on rock joints and jointed rock masses.

In order to be consistent with the usual convention in rock and soil mechanics, compressive
normal stresses and pore pressures are considered positive in this chapter and aiso in

chapter .

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 stability. where the focus is on the analysis of the sliding movement of rock blocks
near the surface of a slope. The constant normal stresses across 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 normal stress
performed by Skinas et al. (1990). The tests were conducted on 15x10 ¢m model joints.
These joints were cast from natural joint surfaces, using a brittle, artificial material
consisting of a sand-barytes-cement mixture. Skinas et al. (1990) showed experimental

results for joints with the following properties:

JRC=9, 12, 15 and 1%
JCS=28 MPa

Q =370

We perform 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

0 =370

Three levels of normal stress are considered: 1, 2 and S MPa. In order to obtain 2 good fit

between the calculated and experimental results, different values of the asperity degradation
coefficient ¢ are assumed for different normal stress values: 1.1x104 m/N (o=1Mpa).
0.4x104 ra/N (6=2MPa), 0.25x10-4 (6=5MPa) m/N. The above values of ¢ are plotted as a

function of the ratio of the normal stress to the atmospheric pressure in figure 7.1. The
equation of the best fit curve is also 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, Hutson and Dowding (1990) and Qiu et al. (1993)

observed the reverse end.
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1.00E-013 o

E
= 7.577E-04(0/p g ) >3
- c=7. -04(o, -8.995E-
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c
8
I
=)

. S 2.50E-05 =
o
[a3]
o

0.00E+00) T T T — —
= - = = = =] =
- o~ o - w <
U/Patm
o ¢ value calibrated from

constant normal stress tests

Pam 18 the atmospheric pressure (P, =105 Pa)

Figure 7.1 Variation of asperity degradation coefficient with normal stress
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The finite element model consists of one single joint element (Figure 7.2). Constant normal
stresses are applied on the element. and shear displacement are imposed on the appropriate
nodes. In figure 7.2, it is noted that. as in the previous chapters, u.v denote the absolute

displacements while u, v denote the relative displacements between 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 numerical modelling
and the experimental results. 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 al.. 19¥1: Benjelioun, 1991).

Constant Normal stress

Forced shear gadisplacement

> X

u,v : absolute displacements
w.v : relative displacements in the joint

Figure 7.2  Finite element model for joint shear under constant normal stress condition
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Figure 7.3  Sheur under constant normal stress -Shear swess (T) vs shear displacement

()

The joint dilation due to shear is shown in Figure 7.4. For a value of the ncrmal stress of 1
MPa, the FRACON code overpredicts dilation by approximately 15% when compared to
the experimental results. This might be due to an inherent feature of the implementation of
the model 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 recent version of his model. The FRACON
code nevertheless correctly predicts decreasing dilation with increasing normal suess, 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
1.0E-03 FRACON - 6=1 MPa
E
- v ST e FRACON - ¢=2 MPa
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0.0E+00 T 1
=4 o S S ——f— Experimental -
-+ . . L]
w w w 1] c =1 MPa
o - N [+
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Figure 7.4  Shear behaviour under constant normal stress conditions- Joint Dilation

Figures 7.5, 7.6 and 7.7 illustrate the effects of degradation on the joint behaviour, for a
typical case (normal stress of 1 MPa). From Figure 7.5, it may be observed that the joint
will behave in an elastic-perfectly plastic fashion if there is no degradation (¢=0). 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 decrease and tend to zero if degradation is considered.
Figure 7.7 shows that due to degradation (case when ¢=1.1x10-4 m/N), the asperity angle

gradually tends to zero.
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Figure 7.6 Effects of degradation on dilaton
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Figure 7.7 Effects of degradation on the asperity angle

7.2 Shear under constant stiffness

Skinas et al. (1990) also presented results of shear tests performed under constant external
stiffness conditions. The external stiffness variations were achieved by incorporating
springs of different stiffnesses which restrained normal movement of the joint sumples.
The joints were then sheared by the application of a force in the shear (honzontal) direction.
These test conditions correspond to the situation that can te encountered in rock joints
located at some depth within a rock mass. In this situation, the tendency for dilation of the
joints is restricted by both the .ormal stresses on the joint and the stiffness of the

surrounding rock mass. We perform simulation of these tests under external spring
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stiffnesses of 1,03, 3.33 und 13.33 GPa/m and an initial normal stress of 1 MPa, The joint
sample has properties similar to those described in the previous section. In purticular, the
degradation coefficient is assumed to vary according to a power law of the normal stress as
shown in figure 7.1. The coefficients of this power function are estimated by the best fit
curve derived from the discrete calibrated values obtained from the simulation of the shear
tests under constant norntal stress. The normal stiffness of the joint. which does not play
role in the previous case, hus to be taken into account under the current conditions. In the

absence of experimental dati. we assumed that ky, is given by equation (6.34). with k,; =

2x 1Y Pa/m and v, = Sx10-4 m.

The finite element model used in the FRACON code is shown in figure 7.8, The stiffness
of the springs is simulated by an eight-noded element which has elastic properties and

height H equivalent to the corresponding spring stiffness K,;:

H=1m

E = 1.033 GPa (for K, =1.033 GPa/m). 3.33 GPa (K,=3.33 GPua/m). 13.33 GPa
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H=1m ? Solid element

Applied shear stres-
PP )

Joint element.—

Y

X, U,

Figure 7.8 Finite element model for shear under constant normal stiffness condition

Sheur stress and normal stress are shown in figure 7.9. Good to fair agreement is obtained
between the FRACON results and the experimental data. Both set of results show that the
stiffness of the external springs, because it restrains dilation, results in a “strengthening”
of the joint. It is important to note that the pre-yield behaviour of the joints 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 strain
softening behaviour discussed in the previous section. When the external stiffness
increases, the joint exhibits a strain hardenin_ cesponse. As shown in figure 7.9, both the

shear and normal stresses increase when shearing continues beyond the yield point.
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Figure 7.9 Joint behaviour under constant normal stiffness conditions
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7.3 Effects of shear on joint permeability

Bundis et al. (1985) showed results of hydro-mechanical experiments performed on rock
joints composed of gneiss. The experimental configuration was a biaxial cell (Figure 7.10).

The joint sample was first consolidated without shear by equally increasing the values of

the normal stresses G, and G, . The joint was then sheared by maintaining one load

constant and increasing the other one. At specific values of the shear displacement, the
permeability of the joint was determined by injecting water through the joint and measuring
the flow rate. Bandis et al. (1985) recorded the evolution of the joint permeability with
increasing 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 properties

were estimated by Bandis et al. (1985) and are used as input to the simulation :
JRC =7
JCS =110 MPa

Joint length: L=0.15m
Average normal stress: 1.5 MPa

In addition to the above values, an asperity degradation factor c=1.5x10-4 m/N is assumed.
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Figure 7.10 Schematics of the hydromechanical experiments performed by Bandis et al.

(1985) and Makurat et al .(1990)

When sheared the joint dilates. The dilation calculated by FRACON is shown in Figure
7.11. This dilation is accoiipanied initally by a corresponding increase in the permeability
of the joint (Figure 7.12). However, this permeability decreases later on due to gouge
produced by joint asperity breakage. Bandis et al. (1985) could not simulate this
permeability decrease (Figure 7.12), using Barton’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 fp =1 and ¢f = 0.001 m/N (cf.
equation 6.34), the trends in the permeability variations predicted by the FRACON code

agree relatively well with the experimental results, Most importantly, the tendency for the
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. reduction in the permeability of the joint with increasing shear is correctly predicted.
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Figure 7.11  Shear dilation calculated via the FRACON code for Bandis et al. (1985)
experiment
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Figure 7.12  Effects of shear on joint permeability - Bandis et al. (1985) experiment
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7.4 Scale effects

Bandis et al. (1981) studied scale effects on joints by making identical pairs of replicas of
natural joints. using a brittle model material. These artificial joint samples were tested tull-
size or were divided into smuller sumples for separate testing. The tests performed were

shear tests under constant normal stress conditions.

In this study, the scale effects in the tests conducted by Bandis et al. (1981) are simulated

by using the properties given in their studies:

Loa=6bcem
JRCu =167
JCSp= 2 Mpa

Normal stress = 24.5 kPa

Scale effects are simulated with the FRACON code by the use of the empirical equations
(6.29) and (6.30) for JRC and JCS respectively. The finite element mesh used in the study

ix similar to the one shown in figure 7.2.

Figure 7.13 shows that the FRACON code correctly predicts that with increasing size, the
strain softening phenomena are less pronounced. i.e. the joint behaviour becomes less
brinle. With increasing size, the shear stiffness prior to failure decreases and the
displacement required to reach the peak shear stress increases. For lurger specimens, the
shear strength of the joint is underestimated by the numerical modelling, with a maximum

discrepuncy of approximately 20% .
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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
starts before the peak shear stress is attained. As can be seen in Figure 7.14, the model by
Plesha (1987) incorporated in the FRACON code assumes linear elastic behaviour in the
pre-peak phase. Thus dilation is predicted to occur only after when the peak shear stress is
attained. For reasons already discussed in section 7.1, with the smaller joint samples, the

FRACON code overpredicts the dilaton value.
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Figure 7.14  Scale effects on joint dilation

7.5 Simulation of field injection tests

The Internationai project. DECOVALEX (SKI., 1993), was initiated in 1991, with the
objective of developing. verifying and validating computer models for simulating the
Thermal-Hydrological-Mechanical (THM) response. 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), consists of the
simulation of field borehole injection tests conducted in a single horizontal fracture

(Rutgvist, 1993). A vertical 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 2 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:

The pulse test: this 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 pressure 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 hydraulic jacking test: this consists of raising the pressure in the section in a stepwise
manner and measuring the rate 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, before increasing the pressure to the next level. The test results

are presented as pressure versus flow rates.

The constant pressure gest: this consists of increasing the pressure in the section to a certain

level 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 = 11.4 MPa is

muintined for more than 10 minutes in the isolated borehole - . tion.

A characteristic nonlinear coupled hydraulic/mechanical behaviour of the rock mass/
fracture system is apparent in its response to the borehole injection tests (Rutgvist et al..
1990). This behaviour can be interpreted in the context of Biot’s 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 obtuined from laboratory r=sts on drill rock

cores:

Young's modulus: E = 80 GPu
Poisson’s ratio: v = 0.25

Densiry: 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 procedure
was adopted; the third loading/unloading cycle is generally considered representative of in-
situ condidons. The unloading curve from the third cycle is shown in figure 7.15. We only
show the unloading curve because during the injection tests, the pore pressure increases
and thus the normal effective stress across the joint decreases. The in-situ totaf normal
stress across the joint was estimated to be between 8 and 1) MPa. The total normal stress
due to the weight of the overburden is equal to 9.9 MPu at the 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 I m - 5 m range.
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Figure 7.15 Normal Saess vs Normal Displacement relationship for fructure

7.5.2 Input Data

The finite element mesh with the assumed boundary conditions is shown in figure 7.16 .

Axisymmetric conditions are assumed.
A calibration procedure 1s 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 between calculated and experimental results:

Young’s modulus of rock mass: E = 70 GPa
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Poisson’s ratio of rock mass: v =1(.25

Permeability of rock mass: 119 m2

rudius of fructure : 4.9 m

The Young's modulus of the rock mass used in the analysis (70 GPa) is slightly lower than
the value obtiined from an intact core (80 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 displacement relationship for the fracture is assumed 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 element mesh for borehole injection tests

The parallel plate model, developed from the application of the Navier-Stokes equation for
laminar incompressible flow between two parallel smooth plates, is used to calculute the
permeability k of the fracture (cf. equarion 6.35). Equation (6.37) that relates the hydraulic

aperture of the fracture to its mechanical aperture is adopted:

eh=chg +f Aem (7.1)

where ehy is the initdal hydraulic aperture, Aem is the variation in mechanical aperture and f

is a correction factor that varies from 0.5 to 1 (as suggested by Benjelloun, 1991).
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In the FRACON simulation of the borehole injection tests. we used:

chy=17um

f=1.

The in-situ total normal stress in the FRACON simuladon is assumed to be 8.6 MPa and is

15% lower than the stress due to the weight of the overburden.

The hydraulic conditions at the outer radius 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
muss is ussumed to have negligible tensile strength and fracture toughness). In the
FRACON code. an internal control was included to impose a higher limit of p= 8.6 MPa at

the nodes corresponding to the outer radius of the joint.

7.5.3 Simulation results for pulse test

For the pulse test, an additional “fluid element™ was added to the finite element mesh of
figure 7.16, at the injection 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

2.2x10-9 Pa-1). The calculated pressure at the injection point compares very well with the

experimental one, as shown in figure 7.17.
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Figure 7.17 Pressure at injection point - Pulse Test

7.5.4 Simulation results for Hydraulic Jacking Test

In figure 7.18 , the results of the FRACON simulation are compared to the experimental
results of the hydraulic jacking test. Satisfactory agreement between the simulated and the
experimental data is observed. Both sets of data show that at injection pressures below the
in-situ total normal stress across the joint, the flow rate is quite low. The resistance to
opening of the joint at low injection pressures comes mainly from the normal stiffness,
without any significant contribution from the surrounding rock mass. For pressures above
the in-situ normal stress, the joint normal stiffness is very low and the aperture of the joint

increases drastically, resulting in a very rapid increase of its permeability and,
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conseyuently, of the flow rate. The rigidity of the system in the latier case is almost entirely

due to the rigidity of the surrounding rock mass,

8.0 MPa ———wf ;

p {MPa)
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7.5=4
s pxperimental

-
-

Flow (I/min)

Figure 7.18 Hydraulic jacking test

The transition from low to high flows derived from the FRACON simulation happens more

abruptly and ar higher injection pressures as compared to the experimental data. It is likely

that this 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 space and the pressure at this location is artificially subjected to a higher
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limit equal to the normal in-situ stress. The FRACON code always checks for the value of
pressure at this location: when the higher limit is reached. the pressure at this location is
maintained constant at that value for subsequent time steps and the flow rate is thus
bounded by this imposed hydraulic condition, In reality. an outward fracture propugation is
likely to happen. resulting in un increase in the radius and the aperture of the juint and

allowing for an increase in the flow rate.

7.5.5 Simulation results for constant pressure test
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= .
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Figure 7.19  Constant pressure test

In 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 (see ¢.g. Crank, 1975) show

that the flow rate sharply increases very early in time, since the hydraulic gradient is very
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high. This flow then gradually decreases to a steady state-value, as the pore pressure is
dissipated radially into the fracture. Both the experimental and simulated results show that
the ubove behaviour occurs only at the early stage, lasting approximately 60 s, during
which the high pressure at the injection point has insufficient time to propagate radially
towards the outer boundary of the fracture. After that early stage. a gradual increase of the
flow rate is observed. This type of behaviour is indicative of the nonlinear nature of the
mechanical/hydraulic processes that prevail during the test, because of the high water
pressure (injection pressure of p =11.5 MPa, higher than the in-situ normal stress of 8.6
MPu). The high pressure of the injected water leads to a drastic opening of the fracture
(maximum opening of 70 pm compared to an initial hydraulic aperture of 17 um ).
resulting 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 fracture reaches a stable value, as shown in figure 7.19.

As compared to the experimental data. the FRACON results shows a steeper increase in the
flow rate and a lower steady state flow value, during the highly nonlinear phase. We
believe that this comes from the fact that crack propagation at the outer radius of the joint

could not be simulated with the code. as explained earlier.

7.5.6 Sensitivity of simulated results to some key parameters

In 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 comparison between the calculated and the experimental results. In
order to arrive to these best fit results, numerous simulations with different sets of input
dara had to be performed. For the pulse test, the joint aperture does not change much due to

the short duration of the test. Consequently, we found that the results of the pulse test are
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most sensitive to the initial hydraulic aperture. Higher values of this parameter result in
faster pressure dissipations in the isolated borehole section. For the hydraulic jacking and
constant pressure tests. the results are very sensitive to the initial in-situ normal stress. the
Young's modulus of the rock mass and the joint radius. These parameters determine the
rigidity of the system at high injection pressures. directly influence the degree of opening of
the joint and, consequently, affect the flow rate through the joint. Lower values of the
initial in-situ normal stress and of the Young's modulus of the rock mass, and higher
values of the joint radius all result in higher flow rates for the constant pressure test and the
hydraulic jacking test. For the hydraulic jucking test, the trunsition pressure from fow flow
rates to high flow rates is lower for lower initial in-situ normal stress. To a lesser degree
than the above factors, higher permeability values of the rock mass result in higher flow
rates for the constant pressure and hydraulic jacking tests. Due to a more significant amount
of water diffusing tranversely from the joint into the surrounding rock mass, the time for
longitudinal pressure propagation in the joint is longer. Thus the steady-state value of flow,
for the constant pressure test. is reached at later times as compared to cases with lower rock

mass permeability.

7.6 Conclusions

The joint model developed in chapter 6 has been implemented in the finite element code
FRACON. In this chapter, we have shown the use of the code to simulate several
laboratory experiments: shear tests under constant normal stress and under constant normal
stiffness conditions performed by Skinas et al. (1990): and coupled shear-flow experiments
performed by Bandis et al. (1985). The model performs quite satisfactorily in simulating

the trends observed in the above experiments. Scale effects, as evidenced from the
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experimental results of Bandis et al. (1981) , are also correctly predicted by the proposed
model. To betwer predict dilation, the model could be improved by incorporating a damage
deformation component as suggested by Plesha (1995) and by assuming that plasiicity

phenomena can also occur prior to 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 prevail in these tests,
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CHAPTER 8

APPLICATIONS TO NUCLEAR FUEL WASTE
DISPOSAL

The Canadian concept for the disposal of heuat emitting high level Nuclear Fuel Waste
(NFW) involves the deep burial of the wastes in a plutonic rock mass of the Canadian
Shield. Pue to the longevity of the radioisotopes, a NFW disposal system is required to
provide protection to human health and the environment from the hazards of contaminant
release which could last for tens of thousands of years. The plutonic rock mass is 4 major
barrier against contaminant release to the environment. In this chapter. we present certain
scoping calculations with the FRACON code 1o assess the impact on the performunce of the
natural geological barrier due to the following: a future glaciation scenurio and the influence
of radiogenic heat produced from the wastes. The Nuclear Fuel Waste Disposal program in
Canada is in an early stage of concept feasibility studies. A specific site that would host a
NFW repository is yet to be selected. Consequently, the scenarios modelled here are meant
to be indicative of generic conditions applicable to a hypothetical site. In that context, the
use of simple but conservative assumptions in building scenarios in order to assess the
robustness of the concept is thought to be preferable to sophisticated assumptions which do
not have site-specific 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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demonstrated for the first 10000 years. It is with this time frame n mind. that the anaiyses

presented in this chapter are performed.

Throughout this chapter. compressive stiesses and pore water pressure are considered

positive according to the usual convention in rock and soil mechanics.

8.1 Rock mass reponse to radiogenic heat from a nuclear fuel waste

repusitory

8.1.1 Conceptual and finite element models of a hypothetical NFW repository

A plutonic rock mass of the Canadian Shield that would contain a NFW repository 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 Research Laboratory (AECL. 1994 a.b and ¢) at Whiteshell, Manitoba.
indicate that near the ground surface (up to 200 to 500 m deep). the rock mass is
moderately fractured und contains networks of interconnected joints, However, at greater
depths, the field data suggest that the rock mass is of very good quality and contains few
discernible fractures outside the major fracture zones (figure 8.1). This relatively
unfractured competent rock is also referred to as “‘sparsely fractured™ rock. We will refer to
this sparsely fractured rock mass as “‘competent” rock in this chapter. In the competent
rock. water moves in a network of pores. microcracks and sparsely distributed joints which
are generally not interconnected. The major fracture zones are defined as zones of
fractured. 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

175



hydrogeological characteristics when compared with the remaining competent rock nuss.
Usually they are more hydraulically conductive and prone to shearing under lurge external

louds. such as the weight of a glacier or the heat generated by the wastes.

Joints

Ahteration

Shear

Grain
Boundary
Pores

Joints
B Fracture Zones .
[ Moderataty Fractured Rock

T3 Sparsely Fractured Rock Microcracks

200 4] 200 m
e —

Figure 8.1 Schematic of rock structure for competent rock, moderately fractured rock and

fracture zones (from AECL. 1994-a)

A hypothetical repository situated at a depth cf 1000 m in a typical pluton of the Canadiun
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

generasion rate (per unit arez of the repository) of 10.4 W/in2, This rate decays to Y5% after
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I year, 8097 after 1000 vears and less than 10% after 10000 years, due to the decay in
rudioactivity of the wastes (figure ¥.2), The above dimensions of the hypothetical

repository and its heat characteristics basicully follow the conceptual design of AECL

(1Y494-b).
10 =
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Figure 8.2 Radiogenic heat output from the waste repository

We assume that the repository is located in a competent rock mass disrupted by the
presence of two vertical fracture zones. 20 m thick, at 100 m from two opposite edges of
the repository. Assuming plane strain conditions, the rock mass response was simulated
with the FRACON code. 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 realistic 3-D problem. Consequently. the analysis shown here is considered to be
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conservative and the approach used is consistent with the objective described tn the
. introduction of this chapter. The finite element mesh used in the study is shown in Figure
8.3, Eight-noded i1soparametric elements are used to 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 8.3. Due to the assumed symmetry

conditions, only half of the repository is considered.

Plane of symmetry
Fracture zone
% p.T =0
. RePOSIOrNY ottt
.[ P
}!
——
X
z No heat, fluid flow

Figure 8.3 Finite clement mesh for waste repository
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%.1.2 Assumed properties of rock mass and fracture zones - Reference case

For the reference case analysis the following properties of the rock mass and the fracture

zone are assumed:

0 rock mass:
permeability k: 10-18 m?2
Young's modulus E: 35x109 Pa
Poisson’s ratio v: 0.2

Effective porosity n: 0.005

For the fracture zone:
permeability k: 10-15 m2

Sheur stiffness D, = 35x106 Pa

Normal stiffness D, = 35x108 Pa

The thermal properties for both the rock mass and the fracture zone are assumed to be:
X =3 W/m/eC

C= 845 J/kgC

Compressibility of water ¢f=1/K¢= 4.5x10-10 Pa-!

Compressibility of the solid grains c;= 1/K; =2x10-11 Pa-!

179



density of solid grains: ps=2700 kg/m3,
density of pore water: p;=1000 kg/ms3,
Coeflicient of thermal expansion of solid matrix and solid grains: [« Bg=0.24x10-% oC-1

Coefficient of thermal expansion of pore water: B=0.4x10-3 oC-1

The above thermal/mechanical/hydraulic properties of the rock mass are considered typical
for competent plutonic rock masses of the Canadian Shield (Gale, 1982: AECL. 1994-b,
¢). Much more uncertainties exist for the definition of properties for fracture zones. The
shear and normal stiffness values of fracture zones in the Canadian Shield are largely
unknown because of the lack of field measurements to determine these mechanical
properties. Permeability values, on the other hand. which have been estimated for fracture
zones at the Underground Research Laboratory site, vary in a range of 10-12 m2 -10-17 m2
(AECL. 1994-c). The value of permeubility for the fracture zone used in the reference case
analysis corresponds roughly to the mean value of the above range. It is noted that for
water at 15 oC, the hydraulic conductivity values (in my/s) is 7 orders of magnitude higher
thun the values of permeability (in m2). For example a value of permeability of 10-12 m?
would correspond to a hydraulic conductivity of 10-5 m/s . For the sake of simplicity
consistent with the generic site discussed earlier, all properties are assumed constant and
only linear elastic analyses are performed in this chapter. In particular, due to the lack of
data on the mechanical properties of the fracture zones, the elasto-plastic joint model

discussed in chapters 6 and 7 is not used in this study.

8.1.3 Results 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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Figure 8.5 Typical temperature contours around the NFW repository
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The wemperature and the pore pressure increases at the centre of the repository are shown in
figure 8.4. The temperature increase shows two peaks, S50C at 70 years and 55°C at 5000
years: this is consistent with results of others (AECL, 1994-b). The presence of two
thermal peaks is due to the nature of the heat output from the fuel wastes. The first peak is
due 1o short-lived radio-isotopes which generate heat at a high rate but for short time
periods: the second peak is due to longer-lived isotopes that generate heat at lower rates but
for much longer times. Temperature contours are shown in figure &.5 for the two times
corresponding to the temperature peaks at the centre of the repository. It could be seen that
at 70 years, the perturbation in the temperature is limited to a rock mass approximately 200
m thick surrounding the repository. At S(00 years, the thermal perturbation extends to the

ground surface.

21025 1.5t02 11015 05t01 Mpa

Figure 8.6 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 fact that the
thermal expansion coefficient of the water is higher than that of the solid matix. Due 10 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 pore pressure to
dissipate. Typical contours of pore pressure increases are shown in Figure 8.6 (at 55
years). These pore pressure contours suggest that high hydraulic gradients are thermally
induced in the vicinity of the repository. These gradients can attain values of up to 100%
(i.e. several orders of magnitude higher than typical regional gradients in the Canadiun
Shield which are in the order of 0.1%) resulting in increased groundwater velocities
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
acts 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 resuliing in either a reduction of the strength of

both the competent rock mass and the fracture zones or in the creation of new fractures.
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Figure 8.7 Deformed configuration of the mesh - Reference case

A typical deformed 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 thermal expansion of the rock
matrix takes place around the repository. These displacements are relatively small
(maximum value of 50 ¢m), 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 thermally induced
perturbations 10 the stress and groundwater regimes in the rock mass and in the fracture

zone.

Herget (1980) reported a2 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, which is primarily due to the weight of the overburden. The major principal stress is
oriented in a horizontal direction. and is mainly due to tectonic forees, Herget (1980)

proposed the following equations for extimating the in-situ stresses:

6, =0.0265h (Mpa)

(N.1)
Ch, = 0.67 + (L0302 h (Mpa)
(XD
Gp. = [2.36 + 0.0586 h (Mpa)
(8.3

where O, is the vertical stress: Gy, is the average value of the horizontal stress for the

Canadian Shield and Gy, is the higher values of horizontal stress in the range of values

reported by Herget (1980): and h is the depth below the ground surface (in units of m). In

equations (8.1)-(8.3). total stresses (as opposed to effective stresses) are considered.
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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 the
repository are shown in figure 8.8 at two specific times: 55 years after wustes
emplacement, when the thermally induced pore pressure is at its peak, and at 10000 years
when the temperature at the 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 corresponds 10
the horizontal direction, the y coordinate corrresponds to the vertical direction. and the
initial stress distribution is assumed to follow Herget's values for average conditions,
defined by equations (8.1) and (8.2). Figure 8.8 shows that along a vertical section
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 (1994-b).
However, in contrast to the analyses by AECL (1994-b). in order to assess the rock muass

failure conditons, we will consider effective stresses instead of total stresses. as follows,

188



12

RISTRL

S

*

Ground surface

Repository elevation

<

TaTa¥oh
O

(AL

A
)

1500

[nitisl storess

1000

- (1E=N7) OE+00 1E«07 2E~07 3E-07 4E+L07  SE-07
O'xx
g Ground surface
=
Repository
s - elevation
~
= =
Initial stress
§ T ] T
OE+00 IE-07 2E~07 3E-07 4E+07
0}.).

o

©

o]

<

55 years

10000 vears

55 years

10000 years

Figure 8.9 Vertical proftle of effective stresses near cente of reposttory - Reference case

189



Figure 8.9 shows that due to thermal effects, along a vertical section through the centre of
the repository. the horizontal effective stress increases in the vicinity of the repository.
while it decreases near the surface. At 10000 years. a zone of tensile stresses could be seen
to have formed down to a depth of approximately 25 m from the surface. Horizontally this
zone would approximately occupy an areu of 200mx200 m above the centre of the
repository. If the tensile strength of rock is neglected. it is likely that vertical fractures will
form in this zone. The zone of tensile crucking has limited extent. This zone is at a distance
of 975 m from the repository and is not expected to significantly influence the groundwater
flow field in the vicinity of the repository. Figure 8.9 also shows that the effective vertical
stresses i the rock mass along a vertical section through the centre of the repository
decreases at early times (55 yeurs) due to the pore pressure buildup shown in figure 8.6.
As the pore pressure dissipates. the effective vertical stresses gradually increase und

become more compressive due to thermal effects.

The competent rock mass between the edge of the repository und the fracture zone is of
particular importance, since it is part ot the groundwater flow path with the minimum travel
time to 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 63 m from the repository and 37 m from the fracture
zone: point 4 at 19 m from the fracture zone: and point 5 adjiacent to the fracture zone) and
at the centre of the repository (point 1). Since the shear stresses are small, it is evident
(from figures 8.10-8.14) that the minor principal stress is practically equal to the vertical
stress, while the major principal stress weuld be practically horizontul, either in the z
direction (perpendicular to the plane of the model), in the vicinity of the repository (peint 1

and 2) orin the x directon at points closer to the fracture zone (points 3, 4 and 5).
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In order to verify whether the above stresses will result in fracturing of the competent rock

mass , the empirical Hoek and Brown (1988) failure criterion was adopted:

0"“'=O;+\/ l‘l‘lOcUE.‘d'SUg' (8.4)

In which:

o’y is the effecive major principal stress at failure.
01 is the effective minor principal stress

O, is the uniaxial compressive strength of intact samples of the rock mass

m, s are empirical constants.



The above criterion was formulated in terms of effective stresses, since these stresses
govern the mechanical behaviour of saturated geological materials, The following values

were adopted (AECL.1994-b) in the computations:

o, =190 MPa

m=17.5, s=0.19

The above values suggest a rock mass with a “very good quality™ designation (Hock and
Brown, 1988). Using the above values, it is found that the mujor principal stress at points
1 to 5 have a maximum value of approximately 45 MPa and at all times 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 assumed to be in the upper
bound (equation 8.3) of the envelope given by Herget (19%80) instead of the average value
(equation 8.2), the maximum value of the major principal stress would be approximately 80
MPa. For this condition. there is still a high margin of safety against failure of the

competent rock mass surrounding the repository.

It is assumed that in the fracture zone. failure is governed by the Mohr-Coulomb failure

criterion : i.e.
Tp= o tnd’+c’
{8.5)

where:

T; is the shear stress at failure
G’ is the effective normal stress acting across the fracture zone
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¢’ and ¢~ are respectively the effective values of the cohesion and the angle of internal

friction

AECL (1994-b) has reviewed the data available for the values c”and ¢ for fracture zones

in granite and has proposed the following ranges:

07 25 10400

¢’ 0240 kPa

As u conservative estimate of these parameters, we assume that ¢’=0and ¢ =330 It 1s

observed that the shear stress levels in the fracture zone are at all times below the shear

stress at failure according to the Mohr-Coulomb criterion.

The thermally induced pore pressure triggers outward flow from the repository. In order to
assess the rate of migration of potentially contaminated groundwater, the trajectories of
water particles from points near the centre and from the edge of the repository are

caleulated according to the equations:

X(t) =x(+ J; ve(x.y.0) dt
(8.6}

t
y(l=yo+ {0 vy(x.y.1) dt
(8.7)

where :

x(t) and y(t) are the coordinates of the particle position at time t, xg and ygare the
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coordinates of the particle position at time (), and:

k o -
vi(Xya) =- n_l.l 52— {N.%)

k \d
Vy(X.y.t) = - Fym -g% (8.9

where k is the permeability of the rock mass. [ 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 8.15 a and b. At 10000 years. the water particle from near the centre of the
repository travels approximately 10 m in an upward direction and 6m in a horizontal
direction (towards the fault zone). The particle from the edge of the repository travels
mostly in a horizontal direction towards the fructure zone. Once 2 water particle has reached
a fracture zone, it will migrate relatvely quickly to the ground surface. At 10000 yeurs, the
particle from the edge of the repository has travelled a horizontal distance of upproximately
30 m but is still 70 m away from the fracture zone. From the above discussion, it is
evident that for the rock mass properties assumed in this hypothetical repository scenario. a
zone of competent sparsely fractured rock of 100m between the repository and a mujor
fracture zone would provide an effective barrier for contaminant migration due to thermally

induced groundwater flow.
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8.1.4 Paramerric study
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The effects of rock mass permeability. fracture zone permeability and rock mass Young's
modulus are evaluated by considering the following cases. which are in every way similar

to the above reference case except for the following differences:
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- case |: rock mass permeability: 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 times higher than in the
reference case)
- case 3: fracture zone permeability 10-13 m2 (2 orders of magnitude higher than in the
reference case)
- case 4: rock mass permeability: 10-19 m2 (1 order of magnitude lower than in the

reference case)

Figure 8.16 presents a comparison of the pore pressure at the centre of the repository for all
the separate cases. It can be seen that decreases in the rock mass permeability (case 1 and 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 further increase in the pore pressure. which would be six times
higher than in the reference case. An increase in the permeability of the fracture zone by
two orders of magnitude (case 3) does not have any discernible influence on the pore

pressure in the centre of the vault,

Cuse 2 is the most critical for rock mass stability. since the high thermally induced pore

pressure (up to 15 MPa) would substantially reduce the minor effective principal stress
(6"yy). Figure 8.17 shows the stress evolution at point 3. at 2 distance of 37 m from the
fracture zone. It may be noted that in this case the effective vertical stress becomnes tensile

(6"yy<0). 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 cracks would form in the
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tension zone and the original envelope of 100 m of competent rock which existed between

the repository and the fracture zone could be reduced to 50 m,
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Figure 8.17 Suess evolution at point 3 at 37 m from fracture zone - Case 2

In figure 8.18, the flow paths of a particle of water from the edge of the repository are
compared for the different cases. Although the pore pressure and the hydraulic gradients
are higher for cases 1 and 2 (when compared with the reference case). the water particle has
only moved a horizontal distance of approximately 10 m towards the fracture zone in
10000 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), it exhibits & stronger drainage effect . As a consequence, the flow path
becomes more horizontal and the path Jength is slightly increased compared with the
reference case. For case 4, although the permeability of the rock mass is ten times lower
compared to the reference case, the travel distance for a particle of water is not significantly

reduced. since the thermally induced hydraulic gradients are much higher.
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Figure 8. 18  Comparison of flow paths of water particle from edge of repository
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8.2 Glaciation impacts on a nuclear fuel waste repository

Geologists expect that in approximately 10000 to 20000 years. the Canadiun Shield could
be exposed to a new glaciation period. similar to the ones that occured cyclically during the
past. An ice cap could impose a load on the ground surface of up to 30 MPu near the centre
of the cap and 15 MPa near the edges. If an ice cap forms on the ground surface above o
NFW reposttory. the load due to its weight can significantly affect the structural and
hydrogeological characteristics of the rock mass containing the repository. The FRACON

code was used 10 model the impact of a glaciation scenario on the performance 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 by the
gluacier. Based on a review of geological studies of past glaciation events (Nguyen et al.,
1993), it is inferred that a future glacier could cover up to half of the Northern hemisphere.
The ice s thickest in the centre, around 3 km, resulting itn 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 also due to the different hydraulic and structural boundary conditions
applicable to each case. Mathematical modelling of both cases with the FRACON cede has
been reported by Nguyen et al. (1993). The most critical scenario for the performance of
the repository is the one when it is located immediately at the edge of a glacier. This

scenarlo is reported 1n this chapter.

(18]
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Figure 8.19 Conceptual Model for a glaciation scenario

The conceptual model for a glaciation scenario is illustrated in figure 8.19. Under the
load of the glacier, geologists estimate from past glaciation periods that the surface of the
earth will be depressed by up to 1 km. This downward movement is primarily attributed to
the flow of the viscous mantle (Cathles II1, 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 crust. where a NFW repository might be located.

The finite element 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 assumed that the
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deeper portion of tii= crust is impermeable and behaves as a rigid body. Consequently, the
lower boundary is assumed 10 be impermeable. Since we are only interested in the relative
deformations in the crust (and not in the absolute movement which is due mainly to the
flow of the mantle) the lower boundary is also considered to be fixed in the vertical
direction. We further assume that the interface between the crust and the mantle is relstively
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 geologicul medium is
fixed in the horizontal direction. The upper boundary of the modelled region is assumed to
be free draining. The ice loading is represented by a normal load of stress intensity 15 MPa
applied at the ground surface. Vincent and Prest (1987) have estimated that the rate of
advunce of a continental glacier is of the order of ().1km/year (i.e. quite rapid when
compared to the transient period of hydrological/mechanical disturbances that it would
induce in the upper crust). It is therefore assumed that the glacial loads can be modelled us u
normal surface load of intensity 15 MPa which is imposed instantaneously and has a time

variation in the form of a Heaviside step function.

In this analysis. we assume that the glacial surcharge load extends to the position of the
vertical fracture zone. The fracture zone is 20 m thick and extends to the entire depth of the
model. Joint elements are used to simulate the fracture zone and solid isoparumetric
elements are used to simulate the unfractured rock mass. The location of the fracture zone ut
the edge of the glacier is a conservative assumption, since the rate of groundwater flow is
expected to be 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 8.20  Finite element model for glaciation impact study

Also. 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

elastic.

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 diswribution in the competent rock mass. especially

nexr the toe of the ice sheet
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Figure 8.21 Deformed shape of the repository host rock due to glacier

We assume that the Mohr-Coulomb criterion is applicable to the fracture zone, and that the
Hoek-Brown failure criterion is applicable to the competent rock mass. We use typical
values of purameters for these criteria and typical values of initial in-situ stresses utilized in
section 8.1.3. The results from the finite element simulation indicate that the stresses
induced by the glacier combined with the initial in-situ stresses could 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 8.22. It can be seen that the
fracture zone acts like a hydraulic sink and would constitute a discharge conduit for the
migration of groundwater to the surface. These contours also suggest that high hydraulic
gradients are induced by the glacier. These gradients could reach maximum of the order of
100% (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 trajectories of typical particles of water ure

calculated. according to equations (8.6)-(8.9).
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Figure 8.22 Glaciation impact - Typical excess pore pressure contours

Typical migration paths for particies of water are shown in Figure 8.23. Particles 1 and 2
are at a depth of 500 m: particles 3 and 4 are at a depth of 1000 m. Particles 1 and 3 are
located 200 m from the fracture zone. while 2 and 4 are located 100 m from the fracture
zone. After 20.000 years particles 1, 2 and 3 have mravelled a distance of less than 100 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 failure 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 particie rajectories
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8.3 Conclusions

The FRACON code was used for the preliminary assessments of the impuct of the heat
generated 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 chapter, 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 the ability to significantly 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 contaminated water to the ground surface. In ten thousand
years, this accelerated rate results in flow distances of tens of metrés (due to heat effects) to
more than 100 m (due to glacier) in addition to any flow distance dictated by the natural

hydraulic gradient that existed prior to the thermal and glacial loadings.

- Very low permeability of the rock mass will not always ensure lower groundwater flow
rate since the thermally induced hydraulic gradients are higher for lower permeabilities. In
some extreme cases, when a low permeability is combined to a high Young’s modulus of
the rock mass, the high pore pressure generated by the waste heat can induce tensile cracks
in the rock mass. and the buffering distance provided between the repository and a fracture

zone could be reduced .
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A waste repository shouid ideally be located in a competent sparsely fractured rock mass, at
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 disturbunces due to the
thermal pulse and future geological events such as glaciation. The regulatory document R-
104 (Atomic Energy Control Board. 1987) requires that the safety of the repository has to
be demonstrated for the first 10000 years. Considering coupled T-H-M processes. the
analyses performed in this chapter suggest that the thickness of the envelape of competent
rock between the repository and a fracture zone should be at least 100 m, However, there
are practical limitations in providing such an envelope. It would be difficult to find large
regions of competent rock in the Canadian Shield that could contuin a 4 square Kilometre
repository and at the same time provide a minimaul distance of 100 m between the repository
and major fracture zones. Lower order fractures, of thickness up to 1 cm, cannot be
detected by present geophysical site investigation technigues. The undetected fractures in
the competent rock envelope could be extended by T-H-M processes to provide preferenttal
groundwater flow paths and the implications of such contaminant transport processes have
to be further assessed. From the above uncertainties pertaining to the competent rock
envelope. it would seem advisable that more reliance should be brought to engincered

barriers such as the container, the buffer and the backfitl.

By analyzing the thermal. stress and flow regimes of a rock mass without considering the
influences of coupling between these processes, it is likely thut some safety features of
importance to a repository could be unwittingly omitted. It is recommended that detailed.,
site-specific 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 Conclusions

The equations goveming coupled Thermal-Hydrological- Mechanical processes in saturated
geological media were derived by the generalization of Biot’s classical theory of
consolidation of 2 poroelastic medium. These governing equations were expressed in terms
of clearly defined physical parameters and a detailed description of the assumptions used in
the developments was provided. Since the compressibilities of the pore fluid and the solid
grains were taken into account in the derivation of the governing equations, the theory of
coupled T-H-M processes thus formulated is particularly applicable to both saturated rocks

and soils. where in the latter effects of compressibility are usually neglected.

In order to numerically solve the governing equations. the finite element method was 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
elements were developed to simulate discrete joints. The unfractured regions of a geological
medium 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 calculated pore pressure can be minimized with these clement

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 natural 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 fundamental aspects of the mechanical
behaviour. the classical incremental theory of plasticity applicable to nonlinear interfaces
was used to formulate the stress-strain relationship for the joint. The two-dimensional local
geometry of the joint surfaces was idealized by a series of regular asperities with constant
effective angle with respect 10 the shear direction.  Following the work by Plesha (1987),
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 wus
extended to describe the hydraulic behaviour of the joint in the following manner. Dilation
of a joint during shear leads 10 an increase of its permeability 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 10 decrease the permeability of the joint. The

results of limited experimental work available in the literature indicate that sheaning of the

18]
L d
18]



joint leads to an initial increase followed by a decrease of the joint permeability. Existing
models for the hydraulic behaviour of joints do not allow for the prediction of the above
phenomenon. In the present work, the increase in the hydraulic aperture was assumed to be
proportional to the increase in the mechanical aperture. The results of several experimental
investigations in the literature have confirmed this assumption, These investigations also
showed that the factor of proportionality f between the hydraulic aperture and the
mechanical aperture varies between 0.5 and 1.0 depending on the geometry of the flow
direction. In this thesis. we assumed that gouge production is due to the plastic work from
the shear stress, and thus the fuctor f was assumed to be a decaying exponential funcaon of
the plastic work. The parameters of the proposed joint model could be back-calculated from
shear tests under constant normal stress conditions with permeability measurement and
normal closure tests, Alternatively, most of these parameters could be estimated from the
empirical coefficients JRC and JCS. Using the latter approach, the influence of the normal

stress on dilation and scale effects become integral aspects of the proposed model.

The FRACON code was used to interpret a wide range of laboratory and field
experiments, including the following:

- coupled T-H-M laboratory heater experiment on a cylinder of cementitious material with
low permeability

- laboratory experiments on joint shear behaviour under constant normal stress and constant
normal stiffness conditions

- coupled shear-flow laboratory experiment on a joint

- field experiments of fluid injection in a horizontal fracture in a granitc rock mass

The laboratory experiment on the block of cementitious material showed that owing to

thermal 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 matrix. This effect is also valid for
slightly imperfect saturation of the pores. Using the FRACON code. we were able to

predict the trends observed in the experiment.

The FRACON code with the elasto-plastic joint model was also used to simulate several
laboratory experiments involving rock joints. These are: shear tests under constant normal
stress and under constant normal stiffness conditions: and coupled shear-flow experiments
performed by other researchers. The model performed quite satisfactorily in simulating the
rends observed in the above experiments. For joint shear under constant normal stress,
phenomena such as the post peak strain softening and joint dilation were correctly
predicted. Scale effects and the effects of the normal suess were also correctly predicted by
the proposed model. For joint shear under constant normal stiffness, the strengthening of
the joint and decreased dilation were well simulated by the model. For the coupled sheur
flow-experiments, the model correctly predicted an initial increase in the joint permeability
due 10 shear dilation followed by a decrease in the permeability due to subsequent gouge

production.

The FRACON code was used to simulate field injection tests conducted in a horizontal
fracture in a granitic rock mass. Due 1o the high pressure of the injected fluid. nonlinear
coupled H-M behaviour prevailed during most of these tests. For a fracture with constunt
permeability. analytical solutions (e.g. Crank. 1975) shows that when the fluid pressure in
the sealed borehole section is kept constant, the flow rate sharply increases very early in
time due to the high hydraulic gradients. This flow then gradually decreases to a steudy
state-value, as fluid migration takes place radially into the fracture. The experimental results
showed that the above behaviour occurs only at the early stage, lasting approximately 60 s,

during which the high pressure art the injection point has insufficient time to propagate
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outward 1o the periphery of the fracture. Subsequent to this early stage. a gradual increase
of the flow rate takes place. The above behaviour is indicative of the nonlinear nature of the
mechanical/hydraulic processes that prevail during these types of test, because of the high
pressure of the injected water (higher than the in-situ normal stress). The high pressure of
the injected water leads to a drastic opening of the fracture, resulting in an increase in 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 fracture reaches a

stable value. We were able to simulate this nonlinear coupled M-H behaviour.

Lasty. the FRACON code was used to simulate the coupled T-H-M response of a plutonic
rock mass typical of the Canadian Shield to two factors: the radiogenic 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-104 (AECB. 1987) 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 Lid (AECL. 1994-2) 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 load of a glacier. the mechanical/hydraulic regimes of the rock mass could be
significantly changed by these two factors. From the results of the analyses performed 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 practical limitations in providing such an envelope. It is unlikely
that a site could be found in the Canadian Shield, with large regions of competent rock that

could contain a repository of 4 km2 and at the same time provide a minimal 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 allow the detection of lower order fractures. of thickness up
to 1 cm. The undetected fractures in the competent rock envelope would constitute
preferential eroundwater flow paths and the implications on contaminant transport has to be
further assessed. A research program. purtly sponsored by the AECR. hus recently been
inidated at McGill University (Selvadurai. 1995-b). to perform coupled T-H-M laboratory
tests on natural granitic rock joints with a view to address the previous point. If a
minimum envelope of competent rock could not be practically provided due to all the above
considerations, more reliance should be placed on engineered barriers such as the
contatner. the buffer and the backfill. It is recommended that the sufety assessment of

future nuclear fuel wastes repository should be performed tuking into account the coupled

nature of T-H-M processes.

9.2 Recommendations for future studies

A key component of the research in coupled T-H-M processes is the development of
laboratory and field experiments which can investigate T-H-M processes under controlled
conditions. Such experiments should be conducted in conjunction with the development of

computational models.

A muld-year research program has been initiated at the Department of Civil Engineering and
Applied Mechanics of McGill University to further our understanding of the coupled T-H-
M behaviour of rock joints. The conceprual experimental set-up is illustrated in figure 9.1.
Granitic rock samples with induced joints 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 combination of shear und normal stress will first be imposed by the actuator. and the
normal und shear displacements will be monitored. The jointed rock sample will then be
heated. Due to heating, the water pressure in the central borehole will increase and
subsequently 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 joirt and the intact rock. The thermal.
mechanical and hydraulic properties of both the intact rock and the joint will be measured
before the actual performance of the above experiments. It is recommended that the
FRACON code be used to perform Cluss A predictions of the experiments (i.e. predictions
made prior to the testing). These investigations should be complemented by post-
experimental simulations 1o 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 particular. the two
parameters which could not be expressed as empirical functions of JRC and JCS at the
present time are the asperity degradation factor. c. and the gouge production factor. cr. It is
recommended that such correlations be established in this research program. The joint
model could be improved by including a damage deformation component as suggested by
Plesha (1985) and by assuming that plasticity phenomena can also occur prior to the

attainment of the peak shear stress.



4100 kN Enerpac Actuator

Water Inflow

1 vl

VA A A S S S S S T A S & v

= B | =Lk

Q) pune

Loading Pad

Pinned Connection
Horizontal Actuator

Roller Bearings

Upper Sample Casing

Strip Heelers

Neoprene Casket

Thin Walled Stalolesz Steel Tube
lower Sample Casing

1 Crout

Water [nflow

Blaeder Valve Pressure Transducer

Figure 9.1 T-H-M laboratory experiment on jointed granite (from Selvadurai, 1995-b)

218



Field tests of coupled T-H-M processes in both fractured rock and buffer are also planned
by other researchers, The Japanese research organization PNC is planning an experiment at
the Kamaishi mine, locited in the Iwate prefecture, 600 km North of Tokyo. A room of the
mine will be used for this experiment. A heater will be emplaced in a wench excavated from
the floor of the room. A buffer material will be subsequently compacted around the heater
in the trench. The geology of the granitic rock mass around the rooms is known and the
fractures have been mapped. Thermistors, pressure transducers and strain gauges will be
positioned in the buffer and in the rock mass to measure the coupled T-H-M response of
the system 10 heating, The performance of this experiment and its mathematical simulation
will take several years and will be part of the international project DECOVALEX. It is
recommended that the FRACON code be further developed to simulate the Kamaishi mine
experiment. Three-dimensional effects as well as nonlinear stress-strain behaviour of buffer

material could be included in order to simulate the above experiment.
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APPENDIX A

RELATIVE IMPORTANCE OF THE HEAT
CONVECTION COMPONENT

in the governing equations solved by the FRACON code, the convective heat transter
component is neglected. This allows a decoupling of the temperature field from the
displacement and the pore pressure fields that substantially simplifies the development of
the computer code. In this Appendix. we shall discuss the relative importance of the
convective and conductive heat transfer components based on an analytical solution for the
one-dimensional heat transfer equation and using typical properties of sparsely fractured

granitic rock mass of the Canadian Shield.

As mentioned in chapter 2, the component of the heat flux due to conduction is:

¢ T
gi =- X5
0x; (A-D)
The heat flux due to convection is given by:
;™" =pCenVis T (A-2)

where pgand Cy are the density and the specific heat (per unit mass) of the pore fluid: V; is
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the fluid velocity as defined in equation (2.1) and n is the porosity of the geological

medium.

Taking into account both the convective and conductive heat components, the equation of

heat transfer in a porous medium becomes:

P ( oT ) aT  oT
== K5 | +nVjpCr5—= pC=-
r)x, Jaxj a}\i aI (A'3)

where K, is the heat conductivity tensor: p and C are the density and the specific heat of the

bulk medium,.

Ogata (1970) obtained the one-dimensional solution to equation (A-3) for a homogencous
half-spuce with a constant fluid velocity field Vy in the x-direction and the following

boundary conditions (figure A.1):

(A-4)
Tix=0 x20

(A-3)
Tty = T H()

(A-6)

Tieot) =} 20

where H(t) is the Heaviside step function.
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Figure A.1 Geomertry for Ogata’s (1970) one-dimensional solution to the vonvection-

diffusion equution

That solution is:

X is the thermal conductivity of the medium.
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The solution given in (A-7) becomes the solution to a purely heat conduction problem when

Vi is zero. The value of Vyis given by the simplified Darcy’s equation:

nVi=Ki (A-10)

where K is the hydraulic conductivity of the geological medium and i is the hydraulic
gradient. For relatively unfractured granitic rock of the Canadian Shield. K varies between

10-10 to 10-12 m/s.

For fracture zones. K varies between 10-6 to 10-10 m/s (AECL. 1994-c). The thermally
induced hydraulic gradient. as shown in chapter 8, could attain values close to one. in the
first 100 years. at distances less than 100 m around the vault. For distances greater than
100 m. the hydraulic gradient decreases rapidly to existing regional gradients (or the order

of 0.001 to 0.01).

A.l Assessment of the importance of heat convection for competent rock

Let us consider a plausible situation when the convective heat component might become

important, e.g. for:

K=10-10 m/s

i=1

The comparison between temperature profiles for the cases with and without heat

convection, using equation (A-7) is shown in figure A-2. It could be seen that the two

lﬁ
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curves are undistinguishable and the omission of heat convection is justified for competent

rock.

Heat conducticn only

....... With heat convection

TIT
0

1o 20 30 40 S0

x (m)

Figure A-2  Relative importance of heat convection in competent rock

A.2 Assessment of the importance of heat convection for fracture zones

Let us consider a value of the hydraulic conductivity in the higher range for a fracture zone:

K=107m/s

Consider two cases for the hydraulic gradient:

o ”



i=] for fracture zone within 100 m of the repository and i=0.1 beyond 100 m of the

repository.

For the first case, figure A-3 shows that neglecting heat convection can result in an
underestimate of the temperature field by approximately 20% 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.

Heat conduction only

....... With heat convection
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Figure A-3 Importance of heat convection for fracture zone near the heat source
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Heat conduction only
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Figure A-4 lmportance of heat convection for a fracture zone located far from the heut
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 important only for fracture zones with

extremely high permeability that intersect the heat source.

246





