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ABSTRACT

The thesis presents numerical and experimental studies on joints.
A formulation for the coupled analysis of thermo- hydro- mechanical problems in joints is
presented. The work involves the establishment of equilibrium and mass and energy balance

equations. Balance equations were formulated taking into account two phases: water and air.

Once the joint element was implemented in Code_Bright computer code, it was then used to
study some cases. The numerical simulation of hydraulic shear tests of roughness granite joints is
presented. This allowed evaluating the coupling between permeability and the geometry of the
opening of the joint. Then, a thermo-hydro-mechanical simulation of a large-scale nuclear waste
repository was performed considering the joint element to model the interface between canister
and bentonite. This example allowed evaluating the behaviour of the joint element when coupled
to continuum elements. Then, other examples show how hydro-mechanical coupling affects the
permeability and saturation of the joints and adjacent material. Finally, the gas flow through

joints was also investigated.

The experimental investigatidncused on the effects of suction on the mechanical behaviour of
rock joints. Laboratory tests were performed in a direct shear cell equipped with suction control.
Suction was monitored using a vapour forced convection circuit controlled by an air pump that
was connected to the shear cell. Once equilibrium conditions are achieved, the rock specimen is
assumed to reach the Relative Humidity imposed by the flowing air at a given vapour
concentration. Artificial joints of Lilla claystone were prepared. Joint roughness of varying
intensity was created by carving the surfaces in contact in such a manner that rock ridges of
different tip angles formed. These angles ranged from 0° (smooth joint) to 45° (very rough joint
profile). The geometric profiles of the two surfaces in contact were initially positioned in a
“matching” situation. Several tests were performed for different values of suction (200, 100 and
20 MPa) and for different values of vertical stress (30, 60 and 150 kPa).

A constitutive model including the effects of suction and joint roughness is proposed to simulate
the unsaturated behaviour of rock joints.

The new constitutive law was incorporated in the code and experimental data were numerically

simulated.
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CHAPTER 1

| ntroduction

1.1. Motivation and objective

This thesis was originaly motivated by the need to model interfaces present in nuclear waste
repositories. These interfaces can be located between blocks of the engineering barrier (bentonite
blocks placed around the canister, which contain radioactive waste and prevent the
contamination of the rock mass), between the bentonite and the canister or between the bentonite
and the rock. Furthermore these interfaces can be rock joints within the rock mass. As a
consequence, an European project, named THERESA, was developed to study interfaces

between buffer-canister and buffer-rock.

Moreover, engineering facilities in rock mass cause deformationsin intact rock and rock joints as
aresult of stress changes. Examples of these facilities are repositories of radioactive waste, dam
foundations, tunnel excavations, geothermal energy plants, and oil and gas production plants.
The major deformation occurs in joints as normal and shear displacements due to their lower
strength if compared with the rock matrix. These displacements cause changes in the joint
opening leading thus to avariation of the fluid flow through the joints.

There are many references in the literature on the experimental and theoretical study of the
mechanical and hydro-mechanical behaviour of rock joints, and on two-phase flow through rock
joints. These studies consider the effect of the changes in the opening on the hydraulic
conductivity and on the capillary pressure. They also introduce the effect of this aperture changes

on stress state of joints and vice versa.

Nevertheless, the effect of the degree of saturation (suction) on the mechanical strength of rock
joints and on the degradation of their roughness has not been reported. Temperature induced
effects considered in the ana ytical formulation proposed.

A reference genera thermo-hydro-mechanical finite element program for some of the
developments described in this thesis is Code-Bright (Olivella, 1995 and DIT-UPC, 2000)

-1-
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developed in the Department of Geotechnical Engineering and Geosciences of the Technica
University of Catalonia.

Therefore, in this context, the objectives of this thesis were:

1. To implement a coupled thermo-hydro-mechanical formulation for interfaces in
Code Bright.

2. To perform an experimental program of direct shear test on rock joints with different
suction and different asperity roughness.

3. To propose a new mechanical constitutive law considering the effect of suction and
asperity roughness.

4. To implement this new constitutive law in Code Bright and numerically simulate the
experimental results.

5. To use the implemented formulation to model a large-scale test of the nuclear waste

repository, and to compare the test and model results.

1.2. Organization and scope

A review of the hydro-mechanical behaviour of rock joints is presented in Chapter 2. An
overview of the experimental results from the normal, shear, and hydro-mechanical tests
performed on rough joints is presented. Additionally, the existent constitutive laws to

mathematically model the hydro-mechanical behaviour of rock joints are described.

The coupled thermo-hydro-mechanical formulation of the interface element with double nodes
implemented in Code_Brigth is explained in Chapter 3. The mechanical problem is formulated
by means of the equation of stress equilibrium. The effective stresses are considered to be
applied in the mid-plane and related to the relative normal and tangential displacements in the
mid plane of the element by the mechanical constitutive law. The mechanical constitutive law is
developed within the elastic-viscoplastic framework. The hydraulic problem is solved with the
mass balance equation (water and air). The hydraulic congtitutive law depends on the interface

aperture. The balance of internal energy is established assuming thermal equilibrium between
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phases. Some general aspects of the constitutive theory are aso presented. Finaly, hydro-
mechanical tests are modelled to validate and verify the implementation of interfaces.

The test program performed on rock joints with different asperity roughness and different
suctionsis explained in Chapter 4. A description of the direct shear cell and of the improvements
on the equipment is presented. Likewise the geotechnical characterization of the rock used to
construct the rock joints samplesis given. Moreover a detailed description of the preparation of
the samples is explained taking into account the joint construction, the measurement of the joint
profile and the technique used to equilibrate the relative humidity of the samples. Then, the shear
test protocol is described. Finally, the chapter describes the shear test and profilometry results.

The direct shear test results are analyzed in Chapter 5. A new mechanical model for rock jointsis
formulated, based on the changes of strength parameters with asperity roughness and suction.
This model was implemented in Code_Bright, and was then used to numerically simulate the

tests. Finally, the model results are plotted against experimental results and discussed.

Within the framework of the European project THERESA, the numerical thermo-hydro-
mechanical simulation of a large-scale in situ test of a nuclear waste repository was performed.
A description of the geometry, protocol and materials of the test is given in Chapter 6. The
geometry and the materials considered in the finite element model are presented. The thermo-
hydro-mechanical formulation of interfaces described in Chapter 3 was used to model the
interface located between the buffer and the canister in the nuclear waste repository. The buffer
made of bentonite and pellets was modelled using the Barcelona Basic Modél. In this case the
interface element is adjacent to an expansive material. In the end, the numerical results were

compared with the experimental data available.

Chapter 7 presents a sensitivity anaysis of the interface properties. This analysis alows
investigating the effects on the adjacent bentonite. This chapter also describes the analysis of the
gas flow through interfaces.

Finally, in Chapter 8 the conclusions of the work are brought to light as well as a

recommendation for further research. The thesis closes with a list of references.






CHAPTER 2

Hydr o-mechanical behaviour of rock joints

2.1. Introduction

In order to determine the structural stability of a massive rock, it is necessary to determine the
presence of discontinuities and their geotechnical characteristics. Generally, the orientation and
dip of discontinuities are measure in situ and their hydro-mechanical characterization performed
in the laboratory. Once the strength and hydraulic parameters of the joints are determined, it is

possible to predict their behaviour using some of the mathematical models proposed.

This chaptepresents a summary of the state-of-the-art on rock joints. It includes a description of
the geometrical, mechanical and hydraulic properties of rock joints. It also describes the damage
of the asperity roughness of the joints walls and their influence on strength and permeability.

Furthermore, a brief overview of scale effects is included.

Finally, the mathematical model proposed to predict the hydro-mechanical behaviour and

damage of joints is explained.
2.2. Characteristics of rock joints

The discontinuities existing in the rock mass are the result of the formation of the rock mass and
subsequent movements in the crust of the earth. According to Jennings & Robertson (1969), two
sets of discontinuities could be defined as major and minor or secondary. Major discontinuities
include bedding planes, faults, contacts and dykes, while minor are joints of limited length, i.e.
cross joints in sedimentary rocks.

Taking into account their origin, joints can be classified as: bedding planes, which are associated
with sedimentary rocks and appear when there is a change in the characteristics of the deposited

material; stress relief joints, which form as a result of erosion of weathered rock; tension joints,
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which are the result of cooling and crystallization of igneous rock; and faults, defined as a plane
of shear failure that exhibits obvious signs of differential movement of the rock mass on either

side of the plane. Usually, faults are linked to the movement of tectonic plates.

A joint consists of two planes separated by a specific opening. The characteristics of the plane
surfaces depend on the geological history of the rock mass, which involves mechanical,

hydraulic, depositional, chemical and many other processes.

The geometry of the joint can be described by the aperture (separation between the two joint wall
surfaces), roughness (surface height distribution or shape of the surfaces), contact area (area
where the surfaces are in contact, and can transfer stresses), matedness (how well matched
surfaces are), spatial correlation (how abruptly or slowly aperture changes), tortuosity (forced
bending of stream lines due to variations in joint aperture), and channelling (differences in flow
velocity along a certain path, due to variations in joint aperture). The void structure of

discontinuities has a great importance on its hydro-mechanical behaviour (Hakami, 1995).
2.3. Joint Roughness Coefficient (JRC).

Barton, (1973) proposed an empirical coefficient to measure the rugosity named JRC. Even
though the determination of JRC is done by visually comparing the joint surface to a table
proposed by Barton (Fig. 2.1), this parameter is extensively used to model the mechanical and

hydro-mechanical behaviour of rock joints.

Barton & Bandis (1990) proposed to scale the JRC with the amplitude of asperities and the
length of the joint as:

L 0.02JRC,
JRC, = JRC, (—j 2.1
L,

where L, is the in situ block size and ks the lab-scale sample length.
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Figure 2.1: Laboratory scale joint roughness profile with its measured JRC values, (after Barton

& Choubey, 1977).

2.4. Joint wall compression strength (JCS).

The JCS is determined using a Schmidt hammer (Barton & Choubey, 1977). The Schmidt
hammer is a simple device that records the rebound of a spring loaded plunger after its impact to
a surface. It is suitable for measuring JCS values down to about 20MPa and up to at least
300MPa. A reasonable correlation between the rebounded number and the unconfined
compressive strengthod) of the rock was proposed by Barton & Choubey (Fig. 2.2). The

importance of the parameter is accentuated if the joint walls are weathered, in which case the

JCS value may be a small fraction @f Likewise, the ratio JC8{ controls the amount of

asperity damage for a given joint roughness.
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Figure 2.2: The relationship between the Schmidt hardness and the uniaxial compression strength
of the rock (Barton & Choubey, 1977).

2.5. Description of the mechanical behaviour of rock joints

The stress-displacement curves obtained from normal and shear experiments performed on rock
joints are highly no-linear (Figs. 2.3 and 2.4). This non-linear behaviour depends on initial

geometry of the joint, and on the strength and deformability of the adjacent material.
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2.5.1 Normal compressive stress test

Typical tests consist in applying a normal compressive stress to reach a given value and then
remove the stress. In this case, a single curve is plotted, which represent normal stress vs. normal
relative displacement (Fig. 2.3). At low normal stress values only a few of the surfaces are in
contact and the interface closes easily. As normal stress increases, so does the contact area
reducing the void space. Hence, the normal stiffness increases with displacement until a limiting
closing value is attained. At this point the interface is not able to close any more and the limiting
compressive stress is reached. Figure 2.3 shows the results obtained by Bandis (1983) for three
different cases: a) intact rock, b) interlocked joint and c) a mismatched joint. For the intact rock
the relationship between stress and displacement is quasi linear elastic. On specimens crossed by
a joint present a non-linear plastic behaviour. Note also in the figure that the non linearity and
the hysteretic behaviour depend on the area of the contact zones; these phenomena are larger fot
mismatched joints.

JO% = 187 NPB , JG B T

IHTEALGCHED JONT MAGHATCHED JOINT
B e e . .
(1] ) Iji:ll.i mr II] =038 mm j

E L]

k]

MORMAL STRESS (iPal

13

T T T T 1T 0 1 .7 T 7T 177
o2 Ot [=1a{] Lwinl:] a0 e +5 L %% o418 i) Q22 az4a  QEs

NORMAL DEFORMATION AV lmmd

Figure 2.3: Normal stress vs. normal displacements. a) Intact rock, b) interlocked joint, c)

mismatched joint (Bandis et al., 1983).
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The behaviour of fresh joints and weathered joints subjected to cyclic normal stress was also
studied by Bandis et al. (1983). Figure 2.3 shows that the fresh joint presented a lower plastic
displacement than the weathered joint. Likewise, the hysteretic behaviour is more pronounced in

weathered joints.

2.5.2. Shear stress test

There are several protocols to carry out shear testing depending on how the stress is applied. It is

possible to perform tests applying a constant normal forgegEonstant normal stress (CNS); a

: do, o . .
constant normal stiffness (CNK,d L =c); maintaining a constant volume or imposing a
u

dilatancy. Nevertheless, the tests are generally performed applying a constant normal stress or a

constant normal stiffness.

Given that shear stress at constant normal stress is the most commonly used test, the
experimental program of this thesis also resorted to it.

The test begins applying a normal compressive stress that remains constant while the shear
relative displacement is prescribed. Two different curves are obtained from this test: a) shear
stress vs. shear relative displacement and b) normal vs. shear displacement (Fig. 2.4). Shear
stress rapidly increased up to a peak, followed by a gradual decrease down to a residual value.
This loss is related to the wearing of roughness. The figure also shows that a minimal dilation
occurs during the initially elastic deformation of the joint and after a rapid increase is observed,
when the opposite asperities begin to ride over each other (Pt. 2-Fig. 7.b). At this point the
roughness is sufficiently damaged to allow one surface to slide over the other and for dilatancy
to increase although at a progressively decreasing rate (Pt. 4-Fig. 7.b). At the end, shear
displacement is attained at constant shear stress without a significant increase in dilatancy. Large
dilation occurs under low confining stresses. Nevertheless, under higher confining stresses,

asperities are crush due to higher frictional forces and dilation decreases (Barton, 1976).

-10 -
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Figure 2.4. Shear test plots. a) Shear stress vs. shear displacement, b) normal vs. shear

displacement (Barton, 1976).
2.6. Description of the hydraulic behaviour of rock joints

The fluid flow through joints has always been analyzed as a laminar flow between two smooth
and parallel plates separated by a specific hydraulic aperture (e). An empirical relationship
between the hydraulic aperture and the geometrical aperture (E) for different values of joint

roughness was developed by Barton et al., (1985)(Fig. 2.5):

E2

e=_— 2.2
JRC?*®

-11 -
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The figure shows that this relationship is highly non-linear due to the roughness. The
measurement of the geometrical aperture is also a matter of discussion, but is widely used to
measure it normal to the orientation of the axis. This measurement is also considered to be
constant over a segment.

Further to these hypotheses, the cubic law is used to calculate the permeability of the joints:

3
€
u 12
where pis the fluid density, g is the gravity apdis the fluid viscosity.
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Figure 2.5: Comparison of the real mechanics aperture (E) with the theoretical smooth wall

conducting aperture (e) (Barton et al., 1985).
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2.7. Description of hydromechanical behaviour of rock joints

The hydro-mechanical behaviour associated with normal stress has been extensively studied.
Figure 2.6 shows the experimental results obtained by Hans et al. (2002). It is observed that
transmissibility decreased as normal stress increased. This decrease is due to the reduction of the
void space between the discontinuous walls, the increase of the contact area and the tortuosity.
When the compression on the discontinuity is released, a non reversible behaviour can be

observed, i.e. the transmissivity at zero stress is lower than the initial transmissivity.

1.2E-013 -
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=
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&
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:‘n_"]" """FJTIm
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Contrainte Normale o (MPa)

Figure 2.6: Transmissivity evolution with compression stress. Tests results obtained by Hans,
(2002).

Thus, when a shear stress is applied before the shear stress reaches a peak, transmissivity
decreases, thereafter increasing considerably (approximately two orders of magnitude). The
increment of transmissivity is directly related to joint dilatancy (Fig. 2.7)(Lee et al., 2001). The
figure also shows that, even thought dilatancy increases continuously, joint permeability reaches
a constant value. This is a consequence of the gouge material generated by the asperity breakage
The roughness degradation depends on the strength of asperities, the applied normal stress anc
the shear stiffness. This was also measured by Olsson & Barton (2001), who performed shear

stress test at different normal stresses (2 and 4 MPa) and stiffness (0, 37 and 75 KN/mm)(Fig.

-13 -



Chapter 2
Hydro-mechanical behaviour of rock joints.

2.7). Note that higher normal stresses and higher normal stiffness reduce dilatancy and induce

lower increments of transmissivity.

. OE-4
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Figure 2.7: Shear stress tests performed at different constant normal stiffness (krm =0, 37 and 75
KN/mm)(Olsson & Barton, 2001).

2.8. Scale effects

There is a recurring problem when laboratory results are extrapolated to apply them to “in-situ”
problems. Given that the JRC coefficient depends on the length of joint, Bandis et al. (1981)
observed a similar effect when joints of different lengths underwent shear stress tests. Figure 2.8
shows that the peak shear stress and dilatancy augment as joint block length decreases.

Scale effects were also detected in joint transmissivity during hydro-mechanical tests. Raven &
Gale (1985) measured the transmissivity of joint samples with diameters that ranged from 10 cm
to 29.4 cm. This is explained by the increment of contact points with regard to the diameter of
the sample (Fig. 2.9).
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Figure 2.8: Example of manually calculated shear stress displacement-dilation curve for different

block sizes, using the JRg, concept from Barton (1982).

Figure 2.9: Evolution of transmissivity versus normal stress for different sample sizes. Sample 1
=10 cm, Sample 2 = 15 cm, Sample 3 =19.3 cm, Sample 5 = 29.4 cm (Raven & Gale, 1985).
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2.9. Mechanical Models

The mechanical behaviour of joints could be modelled considering two theories, one developed
for pre-existing joints and another based on fracture mechanics, which enable modelling the
initiation and propagation of joints. In general, the group of pre-existing joints includes most
geological discontinuities, such as rock joints, faults, as well as interfaces between soil and
structure, i.e. rock-concrete or soil-concrete contacts in foundations. Fracture mechanics are used
to describe the quasi-brittle behaviour of concrete and rocks. In this case the cracks begin in a
zone where the materials show micro-cracking (fracture cohesive zone). As micro-cracks
nucleate, stress increases up to a maximum value. At a point close to this maximum value, the
coalescence between micro cracks is lost and they connect, leading to macro-cracks or fractures
and causing a sudden drop in stress. The following sections present the models used for the

different theories.
2.9.1. Pre-existing joints

For pre-existing joints several empirical strength criteria were formulated to describe the non-

linear behaviour of rock joints.

Barton (1973) proposed the following simple expression relating shearing stress to normal stress

at failure:

r=0,tan(¢ +d, +s,) 2.4

where®g is the basic angle friction,dthe peak dilatation angle, ang #he contribution of the

intact material (asperities).

This expression implies that the angle of the total shearing resistance is the sum of the three
components above mentioned. The experimental data reported in literature suggest that most
rocks have a basic angleg that ranges from 25° to 35°. The peak dilatation angle is a

geometrical component that depends on the rock roughness and reduces with an increase in
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normal stress level. Furthermore, the component due to partial or total failure of asperity is
expressed by,swhich initially increases with an increasing stress level.

Later, Barton & Choubey (1977) proposed an empirical logarithmic criterion, which is widely
accepted in literature and practice. Their proposal consisted in predicting the peak angle of the
shear strength of rough joints as a finction of the joint wall compressive stress (JCS) and joint
roughness coefficient (JRC). The expression for the shear strength is:

r=o, tan(JRC IOg{—JCSj +qQ ] 2.5
O-FI

where ¢ is the residual friction angle.

Later Olsson & Barton (2001) modified expression 2.5 to improve the hydraulic behaviour of the

joint:

r=0, tan[JRCmOb |O{Ej + WJ 2.6
a-ﬂ

where JRGpis a coefficient that considers the degradation of asperities during shear straining.
One of the main aspects of the model is that roughness decrease after reach the peak strength
when JRGo/JRC equals 1.0. The residual strength is attained after a large shear displacement

(Fig. 2.10), and that dilatancy is calculated as:

n

1 JCS
d  =—JRC_ log|l — 2.7
nmob M mob g[ o J

whereM is a damage coefficient. Dilation begins when the rate between shear displacement u
and peak shear displacementgia 0.3. It is at this point that roughness is mobilized. Then,
dilatancy decreases following the reduction of roughnessu).
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Figure 2.10: Barton (1982)'s JRf» concept Shear strength development for rock joints
expressed as dimensionless JRIRGea and reduction of this fraction with a dimensionless

d/dpeak displacement.

Gens et al. (1990) proposed an elasto-plastic model to describe the mechanical behaviour of pre-
existing joints. For the elastic formulation it is necessary to define a normal and a tangential
stiffness. As for the plastic formulation, it is necessary to define a yield surface, a hardening law
and flow rule.

In case of elastic behaviour, a constant tangential stiffness is assumed, whereas the value of

normal elastic stiffness depends on the loading conditions and interface opening (see Fig. 2.11).

-— '
Uy Ut n u? u_ u

Figure 2.11: Normal stress vs. aperture for first loading, unloading and reloading respectively
(Gens et al., 1990).
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The mathematical expressions are:

e

First Loading o=m
u._-—u

mc

e

u-ng

Unloading o=m——F——
U, —(ue —/7)

2.8

e

u-nq

Reloading o=m S
Uy —U

whereu® is the elastic normal relative displacemany, is the maximum closure value, m is a
constanty is the value ofi® attained at unloading when= 0, andu,, is a model parameteu

< Umc) that represents the asymptotic aperture after unloading and measured with regards to 7

The plastic behaviour is defined by a hyperbolic yield surface:

FEZ’12+T22—BZ(0'2+28.0') 2.9

wheret; andt, are the two components of the tangential stress in a set of orthogonal axes
contained in the discontinuity planejs the normal stress amdandB are constants (Fig. 2.12).
ConstanB is the slope of the asymptote wheteads to infinity. It can therefore be expressed in
terms of the tangent of the friction angle. Constaistthe distance between the origin anddhe

axis intercept of the asymptote. The comparison with experimental results suggests that tand®'
may correspond to a basic friction angle, wheraaswould be a measure of the degree of

roughness.
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Figure 2.12: Yield surface for elasto-plasto behaviour of joints under shear stress (Gens et al.,
1990).

Hardening law: The variation of hardening parameters, tan® and a, produces the corresponding
family of yield surfaces, and it is controlled by a single internal variatiat depends odv®;

and dv®,, which are the plastic tangential relative displacements. The variation of hardening
parameters and tan® with? follows a second degree parabola in the pre-peajerand a third
degree polynomial, after the peak. Residual conditions are attained at a residual ¥&lkig).of

1.13).

peak

p
residual
a

o
dq¥ initial

| ol

vg‘ v

Figure 2.13: Evolution of hardening parameters (Gens et al., 1990).
In case that a better fit is required, a modification of the hardening law is used so that the

polynomials are made to depend on a functiofd ) instead of¢ itself. This function is

represented as follows:
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f(&)=—F"—— 2.10

wherec is a constant that controls the initial plastic tangent stiffnegsislimade equal to zero

the original polynomial expressions are recovered

Plastic potentialThe expression adopted for the derivatives of plastic potential Q are:

0Q_,. Q_, . 0

2 2 .
: =7r,; —==\(r,) +(7,) tani :
or, ' ar, 2 do (r.) +(z.) 2.11
wherei is the dilatancy angle. It is assumed thaaries withé in the same way as the hardening
parameters. However, the initial and final (residual) values of the dilatancy angle are always
expected to be equal to zero. The variation of the peak angle of dilatanaihy the normal

stress level is given by:

p

4
tani, :io(l—gj 2.12

WhereioIO is the peak dilatancy angle for an applied compression equal to zerq, @&the

unconfined compression strength of the rock.
2.9.2. Model based on fracture mechanics

A simple but general model for normal/shear cracking in quasi-brittle materials was developed
by Carol et al. (1997). A crack surface in stress space determines crack initiation under pure
tension, shear-tension, or shear-compression loading. Its evolution is determined by two
independent fracture energy parameters. One of the energy parameters was measured when a
material broke as a consequence of applying a normal tension stress over it (Mode | from
fracture mechanics theory). The other energy parameter is obtained when the crack of the

material is due to a shear stress under high compression, which implies a dilatancy equal to zero
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(Mode lla from fracture mechanics theory). This constitutive law is completely defined by a
cracking surface, softening laws and plastic potential surface.

Cracking surface: A crack is assumed to start when stresses reach the cracking surface (Fig. 2.14

a), which is considered to be hyperbolic with the following expression:

F=0-(c-o, tanga)2 + (c—)(tanga)2 2.13

where ta®, c, andy are model parameters representing the slope, the cohesion of the asymptote
and the tensile strength of the interface respectively. This curve will result in a smooth transition

between two limit states: Mode | and Mode lla loading conditions (Fig. 2.14 b).

Fig. 2.14: a) Cracking and plastic potential surface; b) modes of fracture (Carol, et al., 1997).
Softening laws: The shrinkage of the cracking surface for both modes is achieved by the

evolution of parameters tdn ¢, andy as a function of the work spent on fracture processes

during the formation of the crack.
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dW® =g, duy —o;du; o, =0 (tension)

2.14
o, tan

dW® =g, du; Ll—

‘”U g, <0 (compression)

T

wheredW is the increment of work spent on fracture processes,dagtl and dur” are the

increments of the normal and tangential displacement of the crack respectively.

The variation of ta®, ¢, andy is assumed to be linear in terms of the intermediate scaling

functionf, defined as:

e’
f =
(E) 1+(e‘”—1)5
WCI‘
f:a , a=a, 2.15
WCI‘
¢ G_}'a , a=a, ; a=a,

where Gfis the fracture energy dissipated by Mode | antf Bfthe fracture energy dissipated
by Mode lla of the fracture. The values wflefine the different evolution of parametabsc,
andy (see Fig. 2.15 b and c).
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Figure 2.15: a) Evolution of cracking surface; b) softening law afhdy; c) softening law of

tan® (Carol et al., 1997).

Plastic potential surface and dilatancy: Initially, the potential surface coincides with the cracking
surface in tension, while in compression the rule is non-associated, with dilatancy vanishing for
compression intensity approaching vakie (compression strength of the material), which is an
additional parameter of the model. The amount of dilatancy must also decrease with the
increasing degradation of the crack surface, so that it vanishes completely for the residual

friction state given by = 0 (Fig. 2.15 a). The following expressions describe all these effects:

Q=Ae-n
N falgd g

B 0 1 2.16
:g—F:[Ztanqo(c—a;tarw) , ZT

(g
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dil

wherefs® andfc™ are calculated by:

e’
f =
(€) 1+(e”-1)¢
5=@ . a=a¥ 2.17
{:E ; a:ag”
CO

where the values of thedefine the different evolutions of parametifd andfc®',

2.10. Effect of moisture content

Barton (1973) detected that the saturation of a rock joint causes a reductigribinao,, tensile
strengtho; and JCS. The studies showed in general terms that moisture (when comparing wet to
dry) caused a reduction of 1° to 3%gand®,. Examples of the effect of saturation compared to
dry conditions orb, are shown in Table 2.1. The water saturation, also led to a reduction of 20
to 40% ino.andao;. This reduction iro;implies a decrease in JCS.

Table 2.1: Basic friction angle for dry and wet rock joint (after Barton, 1973).

Rock type (flat, smooth, ®puy(®) | Pbwet(°)
non-polished surface)

Sandstone 26-35 25-33
Siltstone 31-33 27-31
Limestone 31-37 27-35

-25 -



Chapter 2
Hydro-mechanical behaviour of rock joints.

2.11. Hydraulic Models

The permeability of joints is influenced by the magnitude of the applied normal stress and by the

dilatancy caused by shear stress. The models suggested to reproduce the variation of
permeability with its stress state are described below.

Gangi (1978), Gale (1982) and Swan (1983) proposed the equations 2.17, 2.18 and 2.19,
respectively, to calculate permeability as a function of normal stress:

O_I
k=k|1-[ o 2.17
{5
k=B 2.18
k=k,(C+MlIng',) 2.19

where k is the initial permeability, and D, @8, a, C and M are model parameters.

These models were used by Lee & Cho (2002) to fit experimental fracture permeability, which
was calculated by determining the hydraulic aperture proposed by Barton, 1985 in Equation 1.1.
Figure 2.16 shows a comparison of the permeability fitting calculated with the models above
suggested. From the results it is possible to deduce that fracture permeability decreases

proportionally to the negative power of applied normal stress.
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Figure 2.16: Normal stress vs. fracture permeability data with regards to several hydraulic
models (Lee & Cho, 2002).

Olsson & Barton (2001) proposed a model that bears in mind the changes of permeability with

dilatancy during shear tests. The value of the hydraulic aperture before the peak is calculated by:

E? 2.20
EZW u, SO?SJsp
0

while the aperture after the peak is calculated by:

2.21
e=E*° JRC,,

where JRGq, is the mobilized value of roughness. This value is dependent on the strength on the
discontinuity surface, on the applied normal stress and on the magnitude of shear displacement.
Tests and model results are compared in Figure 2.17. The figure shows that this improved model

reproduced the tests results better.
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Figure 2.17: Hydraulic conductivity vs. shear displacements for predicted (calculated with EQs.
1.20 (dash line), 1.20 and 1.21) and performed CNL shear tests (Olsson & Barton, 2001).

2.12. Damage of roughness models

The joint roughness changes continuously with shearing due to the wearing, grinding, breaking
and crushing of asperities. Sheared laboratory samples prove that damage depends on the
geometry of asperity (including size and shape), the mechanical properties of the rock, shear
direction and applied normal stress and shear displacements. Hydraulic tests under shear stress
also showed fracture permeability changes with roughness damage. The inclined asperity areas
opposite to shear direction are detached causing voids perpendicular to the shearing direction.

This gouge material causes the obstruction of the fracture, thus decreasing its permeability.

Different asperity degradation laws are briefly described below:

Barton & Choubey (1977) proposed the following damaged coefficient:

n0 n

M = JRC Iog[%} with 1sM <2 2.22
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Plesha (1987) suggested an exponential law for asperity angle degradatiased on

experimental results:

a = a,exp(—cW, ) 2.23

whereaqy is the initial asperity angle; c is a damage coefficient determined experimentgliy; W

the plastic work or energy dissipation during frictional sliding.

Lee et al. (2002) proposed an extended version of Plesha’s model introducing forward (F) and
backward (B) shear displacements and considering a first and second (1 and 2) order roughness

effect:

ac :aOFleXp(_C.I.Wp)+a0FZeXp(_C2Wp) 224
g = 0oy exp(—qu) +0os; exp(_CZWp) |

More recently Belem et al. (2007) proposed two generalized degradation roughness models for
the two different kinds of rock joint tests CNS and CNK (mentioned in Section 3.2). The models
are based on the following surface roughness descriptive parameters: anisQ)raydkness

mean angl€6s); specific roughness asperity, which evaluates the evolution of roughness during
shearing (SE; degree of relative surface roughness to describe the possible evolution of surface
roughness from the initial state (PRand the surface roughness amplitudg). (&hese
parameters were calculated from the statistical analysis of the topography of joint walls
measured prior and after shear testing using a 3D profilometer. The expressions of the model

proposed are:

g, :8DR tané, J ayK,

C

+kutan(o, g
Dw=1- [1— %J eX[{ _:Bd o k”uso an( ave)J IBd 3ka lo Us ot
O,
2.25
0.

3
Dw=(a, —k,) /tan, exp(-)( 0”°+k"uz; tan( ave)} X= 15D7Rkata " log l;:l‘("‘

where o is the initial normal stresgy. is the uniaxial compression stress;i& the normal

stiffness;apis a correction factor, anlje is the average dilation angle.
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2.13. Concluding Remarks

From mechanical, hydraulic and hydromechanical tests results it is possible to conclude that rock
joint behaviour heavily depends on their geometric properties, such as the level of stress applied
on the joint. As far as geometrical properties are concerned, it is proved that the wall roughness
has a strong influence on strength and dilatancy. Therefore, joint permeability is also affected by
normal stress level, dilatancy and damage to the roughness of joint walls. The degradation of
roughness affects both residual strength and permeability.

There are several mathematical models to predict the behaviour of joints. The development of
numerical models depends on the progress made in testing and on the reliability of data.
Moreover, Barton, 1973 considered the effect of moisture determining the model parameters for

the rock joint in a wet or dry state.

Recently models of roughness degradation of the rock joint wall have been incorporated to
mechanical models. This improvement was made possible thanks to advance techniques that
measure the topography of the surface. In general, all hydro-mechanical models satisfactorily
predict the main characteristic of rock joint behaviour, i.e. the increase of normal stiffness with
joint closure; the softening of shear strength; the rate of change of dilatancy with shear
displacements, and, regarding the evolution of the mechanical joint opening with its hydraulic
aperture, the prediction of permeability changes.
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CHAPTER 3

Coupled Thermo-Hydro-M echanical For mulation of Joint Elements
with double nodes

| mplementation in Code Bright

3.1. Introduction

This chapter presents a finite element formulation for the coupled thermo-hydro-mechanical
behaviour of joint elements with double nodes. The formulation is based on works by Goodman
et al. (1968) and Segura (2008). The coupling is achieved by the effective stress principle.
Changes in stress cause changes in joint openings that affect longitudinal conductivity, as well as
the storage capacity of the joint.

The mechanical behaviour of the joint is described using a constitutive law for pre-existing
discontinuities. This law includes elastic and visco-plastic relative displacements. In particular,
the elastic normal stiffness increases as the joint is closed. The visco-plastic formulation allows
considering the variation of the displacement rate with time, and the softening of the shear stress

due to degradation of the parameters of the hyperbolic yield surface defined.

The diffusion model considers advective and non-advective fluxes along joint elements. The
transversal advective flux is calculated considering a pressure drop between the two sides of the
joint (Segura, 2008). The longitudinal advective flux is calculated using Darcy’'s law with a
longitudinal permeability dependant on joint opening. The non-advective flux (vapour
diffusivity) is calculated by means of Fick’s law.

There is also the possibility that the joint be, could become, unsaturated. A retention curve based

on van Genutchen (1980)s model, is defined for the joint. The air entry
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pressure depends on joint opening (Olivella & Alonso, 2008; Alonso et al., 2006).
Heat conduction through the joint element is calculated by Fourier’s law.

The finite element formulation, as well as the mechanical and hydraulic constitutive models
described in this chapter, were implemented in Code_Bright (DIT-UPC, 2000; Olivella et al.,
1995).

Finally, the validation of models and verification of the implementation is carried out simulating
hydro-mechanical tests on rough granite joints reported by Lee & Cho (2002).

3.2. Mechanical problem

The mechanical behaviour of joint elements is defined by the relation between stress and relative
displacements of the joint element mid-plane (Fig. 3.1). Then, the mid-plane relative
displacements are interpolated using the nodal displacements and shape functions.

u

wmp:{u”} =r N[l 1]y, 3.1
S dmp

where | and yare the normal and tangential relative displacements of the element’s mid-plane
(see Fig. 2.1b)r is the rotation matrix that transforms the relative displacements in the local
orthogonal coordinate system into the global coordinate sydtegi; is a matrix of shape
functions; k4 is an identity matrix of the"4order, and is the vector of nodal displacements.

The stress tensor of the mid-plane is calculated by:

. o
G 2{ } =Dw,, 3.2
mp
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wheread’ mp is the net effective stress at the element’s mid-plane and it is defiwegly,asomp -
max{Pgmp; Pimp} (Where oy is the total mean stresByny, is the gas pressure, afhy, is the
liquid pressure in the element’s mid-plang)js the tangential stress at mid-plami®;is the

stiffness matrix, which relates relative displacements to the stress state (see Fig. 3.1a and b).

a) b)
0) Ut
3 l 4 -
€ € € - - -€
D A § }Un

mpe-------"—"" "+~ ----~ ©m @ €
pr ¢ mp A o p—

1 2 | dl

Figure 3.1: Joint element with double nodes. a) Stress state at the mid-plane of the joint element.

b) Relative displacement defined at mid plane.

3.3. Mass and energy balance equation

In order to explain the numerical treatment of mass and energy balance equations, the water
mass balance equation is used as an example. For the rest of mass balance and energy balanc
equations, the treatment is identical (DIT-UPC, 2000; Olivella et al., 1995).

3.3.1 Water mass balance equation

The water mass balance equation for a differential volume of joint is:

0 HWS +6,S w w d - W w
( | - g g)adl+(9, S+ggsg)d_?dl+|:Jl ]mp+|:J :|mp:f 3.3

9

where the first term of Equation 3.3 considers the storage rate of mass at constant joint volume.
The second term is the storage rate caused by changes of joint opening, the third is the liquid flux
at mid plane, and the fourth is the vapour flux at mid plane. The fluxes at mid plane can be
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calculated interpolating the leak-off at boundaries (see Fig. 3.2 and Eq. 3.4). The divergence
term in the continuous balance equation was substituted by the incremental form.

dl

(1] =[8ad +ivd | +[8'g,a+iva]

3.4

%] =[Oya,d +iyd T +[95ng|a+i;{a]§'

In Equation 3.4 a is the opening of the joint; dl is the discrete length of the elemamnd, g are
the advective and;iand j are the non-advective transversal and longitudinal fluxes at the

boundaries of the elemeng"is the mass of liquid phase (wateg)jis the mass of gas phase

(vapour); $is the degree of saturation of liquid;i§ the degree of saturation of gas, athéfan

external supply of water.

b) transversal fluxes
a P P
) Prp=P-P1 : a ¢ [ pre=Pr-P:
[Qetii] mpa } 777777777777777777 } [Qtin] mp2
P P
[qHi] 2 L di J
R A Y S S P
[Qu+in] accumulated [qrti]
mp: ¢ mass energya| 1, MP
t—t—* ¢
1 [qu+in] © 2 C)
dl longitudinal fluxes
L J
P, P PR
=1(R+P, ¢ | Pmp=1(R+
S L . — {2
[Qr+in] mpa P Isz [qu'i'ln]mpz

\ d |

Figure 3.2: a) Schematic view of the mass balance of a joint element. b) Transversal fluxes at the
joint's mid-plane are calculated considering a drop of pressure between joint boundaries. c)
Longitudinal fluxes at mid-plane are calculated considering the average pressure of nodal

pressures.
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3.3.2. Air mass balance equation

The air mass balance equation considers the dry air and water vapour in the gas phase, whose

expression is:

a gas +0aS a a d a pa a
(4 - - g)adl+(613+6Igsg)d—?dl+[1|]mp+[1 }mp:f 3.5

wheregis the mass of air dissolved in the liquid phagfis the mass of gas phase (dry air),

j'lais the air dissolved fluxes at mid planje'g is the gas flux at mid plane, arfdg an external

supply of air.
3.3.3 Internal energy balance for the element
The internal energy balance for the element is expressed by:

9(EpS +E,p,S,)
at

da
dt

ad +(EAS +E,0,S, ) di+[i] +[ie],, *[Jes ), = 5 36

where the energy of the liquid and gas phases is calculated by:

Eo = (Elwafw +E’af ) p =B'g" +Eq
3.7
Eyp, =(Eyed + Ejef) o, = EJ6; + ES6,;

where E|W and E;N are the internal energy of water in liquid and gas phase, respectively, per unit

of mass of water;CUTWand Cl)évare the mass fraction of water in liquid and gas phase
respectively; E|a and Ega are the internal energy of air in liquid and gas phase per unit of mass

of air; CU{aand CUS are the mass fraction of air in liquid and gas phase, respectively.
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The conduction of heat at the joint’s mid-plane is calculated by:

. . a . dl
[ic],, =[iadl]; +[isa], 3.8
where [E]mp is the heat flux at the joint's mid-planeyis the transversal heat flux, ang i$ the

longitudinal heat flux at the element boundaries.
The energy fluxes are calculated considering the advective fluxes as:

[jEI]mp = [jlw}mp EIW +|:j'|a:|mp E'a

e =it ] B #1015 ), S
p p p

3.9

Equations 3.2, 3.3, 3.5 and 3.6 are solved simultaneously; this means that the unknown’s vector

for each node isius, P, Py, T.

3.4. Constitutive Models

This section describes the mechanical, hydraulic and thermal constitutive laws adopted to
simulate the behaviour of joints.

The mechanical law considers elastic and visco-plastic displacements.

The hydraulic law takes into account the advective and nonadvective fluxes. The intrinsic
permeability of joints depends on their opening and JRC (Joint Roughness Coefficient).
Furthermore, the air entry pressure in water retention curve also changes with joint opening.

The thermal law defines the heat conduction through the joint.

3.4.1 Mechanical model based on elasto-viscoplastic formulation

The elastic formulation proposed allows the treatment of elastic normal stiffness dependant on
the joint opening Gens (1990).

The viscoplastic formulation based on Perzyna (1963), Zienkiewicz & Cormeau (1974), Lorefice

et al. (2008) allows the treatment of non-associated plasticity and softening behaviour of joints
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subjected to shear displacements. More over, using viscoplasticity enables considering the
variation of the displacement with time.

Total displacementsv are calculated by adding reversible elastic displacemenfis,to
viscoplastic displacements’®, which are zero when stresses are below a threshold value (the

yield surface):
w=w®+w"? 3.10

Displacements are represented by a two-element vector in the two-dimensional case which

consists in:
w' =[u,,u] 3.11

3.4.1.1 Elastic behaviour

The elastic behaviour of the joint relates the normal effective stegssar{d the tangential
stressest) to the normal (y) and the tangential {udisplacement of the joint element using
normal (K,) and tangential stiffness {K respectively. Normal stiffness depends on the opening

of the joint, as shown in Equation 3.13 (see Fig. 3.3).

s i

m 3.13
a- anin

K =

n

wherem is a parameter of the model; a is the opening of the element,amnsl the minimum

opening of the element (at this opening the element is closed).
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oA

Figure 3.3: Elastic constitutive law of the joint element. Normal stiffness depends on joint

opening.
3.4.1.2 Visco-plastic behaviour

The visco-plastic behaviour of joints was developed taking into account the formulations

proposed by Gens et al. (1990) and Carol et al. (1997). According to these theories, it is
necessary to define a yield surface, a plastic potential and a softening law to mathematically
model the behaviour of a joint.

Visco-plastic displacements occurred when the stress state of the joint reached a failure
condition. This condition depends on a previously defined yield surface. In this study a

hyperbolic yield surface (Fig. 3.4) based on Gens et al. (1990) was adopted.
F=7r2-(c-o'tang)’ 3.14

whereTt is the shear stress; ¢’ is the effective cohesibs;tlse net normal stress and @iris the

tangent of internal friction effective angle.

Strength parameters ¢ and ddnare the value of interception between the asymptote of the
failure surface with shear stress axis and the slope of the asymptote respectively. The variation of

these parameters produces the corresponding family of yield surfaces.
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Figure 3.4: Hyperbolic failure surface and strength parameters.
3.4.1.3 Softening law

The strain-softening behaviour of the joint under shear straining is modelled considering the
degradation of the strength parameters defined in Equations 3.15 and 3.16. The degradation of
parameters ¢’ andand®’ is considered to be linear and dependant on viscoplastic shear
displacements. This is based on the slip weakening model introduced by Palmer & Rice (1973).
In this way the cohesion drops from value c’ to zero, while tangent of friction angle decays from
peak (intact material) to residual values as a function of critical visco-plastic shear displacement
(u). Two different U values can be used to define the decrease in cohesigraqd friction

angle (Uam) (See Fig. 3.5a, b and c). Therefore, the mathematical expressions will be:

vp
c'=c', [l—u—i} 3.15
uC

where c’is the effective cohesion that corresponds to visco-plastic shear displacgtheary ia
the initial value for effective cohesioncLis the critical value for shear displacement when ¢’

equals zero.
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1 ] 1 1 uvp
tang'= tanp ;- ( tap ,~ taw .)—- 316
Uy
where tad’ is the tangent of the internal friction effective angle, which corresponds to visco-
plastic shear displacementitand’q is the tangent of the internal friction effective peak angle;
tand’ s is the tangent of internal friction effective residual angle, apdsuthe critical value of

shear displacement when @requals tad’ .

c i tand
c (D tand,
o
tan®:e
(2
u* u? Ukano™ us?

Figure 3.5: a) Evolution of the failure surface due to softening of the strength parameters. b)

Softening law of cohesion. ¢) Softening law ofdan

3.4.1.3 Visco-plastic displacements

If F <0, the element is inside the elastic region. If & the displacements of the element has a

visco-plastic component. Viscoplastic displacements are calculated by:

3.17

dw'™® F 0G
= <@gl —|>

it F,) e

whererl is a fluidity parameter. In order to ensure that there is no viscoplastic flow inside the

yield surface, the following consistency conditions should be met:
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<¢{i >=0 if F<O0
I:0
3.18

<¢{§ >=g(F) if F>0
0

where | can be any convenient value of F that renders the above expressions non-dimensional.
In this study the value considered fong-1.

Consequently, the visco-plastic displacement rate is given by a power Idéw for

AuP =T FN a—GAt
0o
3.19
AuP =T FN a—GAt
or

3.4.1.4 Plastic potential surface and dilatancy

Since the visco-plastic displacements are given by a vector normal to the plastic potential G
surface, in order to calculate the direction of displacements, it is necessary to define the

derivative of G with respect to stresses:

0G I g dil g di U
¥=[2tanqa(c—a tap ) £ £, 2] 3.20

Equation 3.20 provides a non-associated flow rule, because of the inclusion of both parameters
.3 andf.?", which consider the dilatant behaviour of the joint with shear stresses (Lopez., 1999).
The amount of dilatancy depends on the level of the normal stress and on the degradation of the

joint surface. The following expressions describe these effects:
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fa = Ll—m} exp{—ﬂd m)
d, q,

fdil -

3.21
CI
G’
where @ is the compression strength of the material at which dilatancy vanfghissa model
parameter; ds the cohesion value that corresponds to visco-plastic shear displacgtheartc

Co is the initial value of cohesion.

Further to this, the tangent visco-plastic compliance matrix is calculated by:

0Au®  odAuP

Cw = do or
oAu?  oAul
0o or
oAu” Aedl e d 2
n cPNFNf A fA  2tang (c Lo 'tarp ) | At +
o S 2tang ( )]
+IT N[ =2tarf @' f " £ ] At
3.22
OBUT _ [\ EN-igp £ 81 di [2tang (c -0 'tamp )] At
az_ ag Cc
oAu’® N1
= =NF"2r| 2ta c+o 'tap ) |At
2o [2tany ( )]
vp
agus =N FENI2rAt+T FN 2At
T
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Finally, the elasto-viscoplastic mechanical model of the joint is expressed by the tangent

stiffness matrix:

-1

Dew :[Ce +Cvp} 3.23
This matrix is represented Iyin Equations 3.2.

3.4.2. Hydraulic model

The horizontal advective flux flow through the joint is calculated considering a tangential
intrinsic permeability and the pressure drop between joint surfaces. Furthermore, the longitudinal
advective flow is calculated using a longitudinal intrinsic permeability and the generalization of
Darcy’'s law. Therefore, it is necessary to define the longitudinal and transversal intrinsic
permeabilities of the joint. Likewise, in the case of joints under unsaturated conditions, the water

retention curve should be calculated.
3.4.2.1. Advective fluxes
The equation for liquid fluxes is developed below. It is applied to gas and energy fluxes.

The transversal flux is calculated considering a transversal permeability and a transversal fluid

pressure drogp,, between the joint element boundaries (Segura, 2008).

KiKu
H

G, = Prp 3.24

where I is the transversal intrinsic permeability for the liquig; ik the transversal relative

permeability for the liquid, ang, is the dynamic viscosity of the liquid.
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A generalized Darcy’s law is used to calculate the longitudinal flux

Q) = _m (ap—mp_pg) 3.25
U ol

where I is the longitudinal intrinsic permeability for liquid,;kis the longitudinal relative

permeability for the liquidy is the dynamic viscosity of the liquid agds the gravity vector.
3.4.2.2 Nonadvective fluxes

The Nonadvective flux (vapour diffusivity) is calculated by Fick’s law:
W w W
Iy =—10,5,D 10, 3.26

wheret is the tortuosity;Dy'is the molecular diffusion coefficient, which depends of temperature

and gas pressurkjs the identity matrix, andJj'is the mass fraction of vapour in the gas phase.

3.4.2.3 Intrinsic Permeability

The longitudinal fluid flow through joints has always been analyzed as a laminar flow between
two smooth and parallel plates separated by a specific hydraulic opehiri§aéed on this

hypothesis, the hydraulic conductivity of the joint is calculated by the following cubic law:
K, -P9Ee 3.27

wherep is the fluid density; g is the gravity, apdis the fluid viscosity.
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Therefore the equation of intrinsic permeability is:
k=2 3.28

The joint hydraulic openingel depends on its geometrical aperture (E) for different values of
joint roughness, as stated in Barton (1985)’s law (Fig. 2.5-Ch. 2). The figure shows that this
relationship is highly non-linear due to roughness. Should Barton’s expression of longitudinal

intrinsic permeability be substituted in Eq. 3.36, then:

2 2

P P 3.29
JRC?*® | 12

Transversal intrinsic permeabilityik considered to be equal to the continuum media.

3.4.2.4. Water retention curve

The degree of saturation of joints is calculated using the standard retention curve of van
Genuchten (van Genuchten, 1980):

1-A
S =|1+| — 3.30
where § is the liquid degree of saturatio® =P, =R is the current suctionk is a model
parameter, ang is the air entry pressure necessary to desaturate joints.
The variation in the joint opening also causes changes in air entry pressure (Olivella & Alonso,

2008). The air entry pressure necessary to desaturate the joint depends on its hydraulic opening,
that is:
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1. 1)_20
P=o =+ |=22 3.31
r rn e

which is obtained when (&) = 0 andr, = €/2. In this case the wetting angle was assumed to

equal zero. If Equation 3.31 is combined by means Equation 3.28, the capillary pressure

necessary to start desaturation is obtained as:

P= PO% 3.32
|

P can be scaled with the surface tension calculated at different temperatures:

P=P, %" 0_3 3.33
3.4.2.5 Relative permeability
Relative permeability is calculated by:

k, = AS" 3.34
where A=1.0and n=3.
3.4.3 Thermal model
The heat conduction is given by Fourier’s law:

i, =-AOT 3.35

whereA is the thermal conductivity andT is the change in temperature.
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3.5. Discretization of the equations

The finite element method is used for spatial discretization while finite differences are used for

time discretization.

The weighted residual method is applied to obtain the discrete form of stress equilibrium and

mass and energy balance equations.
3.5.1. Stress equilibrium equation

Note that the discrete form of stress equilibrium (forces) can be directly established for the joint

element. Therefore, the integration to average residuals gives:

{ }jN "Dr N[, 4]udl+{ ][N mNrﬁ;p%[l2 I,|Pdl-b=0 3.36

Imp Imp
whereb is the vector of the external forces.
3.5.2 Mass and energy balance equation

In order to explain the numerical treatment of mass and energy balance equations, the water

mass balance equation is used as an example:

— Storage changes of mass or energy at constant joint opening:

H[IND(QWSW) ] H[W w [4](6’WSW)‘1"1 3.37
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— Storage change cause by changes in the joint opening:

%H [N (0 858, )mieng, [, 1] o }

T 3.38
1 w w u Au
E[ 21l [ NeT(6s +agsg)mTerd|}[—|4 "JE

|2 | Imp

— Advective flux due to phase motion:

In the case of transversal fluxes, nodal liquid pressileare interpolated to the joint's mid-

plane with regards to the pressure drop:
— NP -
=NP[1, -1,]PI, 3.39

The discretized expression for the transversal advective flux (for instance, in case the liquid flux

is replaced by Eq. 3.24) is:

[‘l'jul\l'?“qu“ dl}{“jh'\'p%(k’“ JN” d'}[ -1,] Pl 3.40

In the case of longitudinal fluxes, the liquid pressure at mid-plane is calculated considering the

average liquid pressure of the nodal liquid pressure:
— NP
=NP [| 1,|Pl, 3.41
The discretized expression for the longitudinal advective fluxes (in this case the flux is

calculated by Eq. 3.25) is:
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1 IZ_ NpT 11 ap”p —
E_b_IL 0, K:r[ 0 _ggjm]_
_ 3.42
1_Ig- aNpT KHQW mp 1 aNpT Kﬂewp
E_IZ__”L 5 K( Jal ouk[l2 |2]P|,.+2Lju ) K( . Jgdl}

The discretized equations for non-advective fluxes and heat conduction are analogous to
advective fluxes, although diffusion and transversal heat conduction are greater than in the case

of them being longitudinal.

3.6. Model validation. Comparison with a hydraulic shear tests on rough fractures
(Lee & Cho, 2002)

The hydraulic shear tests were performed using granitic rock from Korea, whose mechanical
properties are summarised in Table 3.1 (Lee & Cho, 2002). The intact rock block was sawed to
obtain samples with a length of 160 mm and a width and height of 120 mm (Fig. 3.6). The

fracture surfaces were created by a tensile fracture exerted by a splitter. The fracture opening

was measured using a 3-D laser profilometer. The mean value of the opening was 0.65 mm.

Table 3.1: Physical and mechanical properties of intact rock.

Property [Hwangdeung granite] Value
Specific gravity 2.72
Apparent porosity [%] 0.49
Uniaxial compressive strength [MPa] 151
Young’'s modulus [GPa] 54.1
Poisson’s ratio 0.29
Brazilian tensile strength [MPa] 14
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120

110

‘ 160 mm ‘

Figure 3.6: Dimension of joint specimens of Hwangdeung granite (Lee et al., 2001).

Shear hydraulic tests were performed maintaining constant normal stresses of 1, 2 and 3 MPa.
The tangential displacement was applied at a rate of 5 mm/seg. The hydraulic pressure applied to
the joint varied from 4.91 kPa to 19.64 kPa. For each stage of shear displacement of about 1 mm,
hydraulic pressure was kept constant. When the fluid flow reached a steady state, the mean flow
rate was calculated by measuring the amount of outflow during a period of 2 minutes. These

measurements were also used to calculate the permeability of the joint.

The mechanical shear behaviour of the rock joint is shown in Figure 3.7a and b. The results
obtained are characterized by a peak shear strength and a pronounced dilation, that greatly
affected the hydraulic behaviour of rough fractures. Dilatancy increases rapidly before shear
stress reaches its peak value. Dilatancy increases at low rate during the shear stress drop to react

residual values.

The permeability changes, with respect to the increments of shear displacements, are plotted in
Figure 3.7c. Note that the fracture permeability changes slightly during the initial stage of shear
loading. But, as dilation occurs close to peak strength, permeability increases dramatically, about
two orders of magnitude. Thus, when shear displacements are about 7 mm, permeability reaches

a constant value.
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Figure 3.7: Test results from Lee & Cho (2002). a) Shear stress-shear displacement curve. b)

Normal displacements vs. shear displacements. c) Intrinsic permeability vs. shear displacements.

3.6.1. Mathematical model

The tests described above were modelled using the coupled hydro-mechanical formulation and
its implementation by means of a visco-plastic constitutive law in CODE_BRIGHT. The model
is 120 mm high and 110 mm wide (Fig. 3.8). The continuum was discretized using 200
quadrilateral 4-node elements and the joint was discretized with 10 joint elements. The normal

stress is applied at AB boundary, while shear rate displacements are applied at AC and BD
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boundaries. Boundaries EG and FH are horizontally fixed and GH is vertically fixed. The water
injection (P;) on the joint was applied at CE boundary, while at DF a drainage boundary
condition was considered (Fig. 3.8). The pressure at CE increased when shear displacement
reached 1 mm. The joint is considered to be satur&tedL] during testing.

0)
A B
OUs —= — OUs
L0
O
Dd
C
P I S
E F —
Lo
Lo
G H
120 mm

Figure 3.8: Discretized geometry and boundary conditions used for the hydro-mechanical
simulation of the test performed by Lee & Cho (2002).

The mechanical and hydraulic parameters of the granite and joint are summarised in Table 3.2.

The parameters of the joint were obtained by back-analysing the tests results.
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Table 3.2: Hydro-mechanical parameters of the granite matrix and joint used in the numerical

model.
Rock Matrix
M echanical Properties Value Unit
Young’s modulus [E] 54100 MPa
Poisson’s ratioy] 0.29
Porosity[n] 49.0 %
Hydraulic Properties Value Unit
Intrinsic permeability [K] 1x10%® m°
Joint Rock
Mechanical Properties Value Unit
Initial normal stiffness parameter [m] 90 MPga
Tangential stiffness [K 1500 MPa/m
Initial cohesion [g] 0.02 MPa
Initial friction angle [bo] 470
Residual friction angledped 37°
Initial opening [a] 0.65 mm
Minimum opening [&in] 0.065 mm
Viscosity '] 1x10* st
Stress power [N] 2.0
Critical displacements of cohesion{u 15.0 mm
Critical displacements of tén[un*] 15.0 mm
Uniaxial compressive strength,[q 151 MPa
Model parameterfij] 40
Joint Roughness Coefficient [JRC] 2.70
Hydraulic Properties Value Unit
Hydraulic opening€] 0.035 mm
Longitudinal intrinsic permeability [k 1x10° m°
Transversal intrinsic permeability,Jk 1x10™° m°
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3.6.2. Comparison between tests and numerical results

The results obtained from the simulation are compared to the tests results in Figure 3.9a, b and c.
The mechanical behaviour of the joint is closely reproduced by the model. The numerical

formulation is able to reproduce the increment of peak shear stress with normal stresses. Also, it
is possible to capture how the shear strength decreases with displacements. Moreover, the figure

also depicts the dilatancy of the joint (Fig. 3.9b).

The evolution of the intrinsic permeability of the joints is also simulated. Even though,
permeabilities of the model increase continuously, the permeability of the tests for different
normal stresses became almost the same. This is mainly caused by the gouge materials generatec
from the degradation of asperities during shearing. This effect is not considered in the model
(Fig. 3.9¢).
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Figure 3.9: Comparison between experimental results obtained by Lee & Cho (2002), and results
from the numerical simulation. a) Shear stress-shear displacements curve. b) Normal

displacements vs. shear displacements and c) Intrinsic permeability vs. shear displacements.
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3.7. Concluding remarks

A coupled hydro-mechanical formulation using a newly developed joint element was described.

It is based on a number of previous developments on rock joints behavior.

A mechanical constitutive law proposed by Gens et al. (1990) was the starting point to model the
elastic and plastic deformation of the joint. In the elastic law normal stiffness depends on the
evolution of the joint element. Plastic behavior is defined by a hyperbolic failure surface and
softening is based on a slip weakening model (Palmer and Rice, 1973). The equations developed

were transformed into a viscoplastic formulation.

Darcy’s law was adopted as the longitudinal hydraulic constitutive law. However, the transversal
flux is calculated considering a pressure drop between joint surfaces (Segura, 2008). A retention
curve with a capillary pressure dependant on joint aperture (Olivella & Alonso, 2008) is adopted

to calculate the degree of saturation of the joint.

The finite element formulation and constitutive law were implemented in Code_Brigth.

Numerical simulation of hydro-mechanical tests on granite joints carried out by Lee & Cho

(2002) was performed to validate the numerical tool. From the comparison between test and
numerical results can be concluded that the formulation is capable to reproduce the main
characteristics of coupled joint behavior. For instance, shear stress softening and dilatancy
development with shear displacements are as well captured by the model as well as the

increments of permeability with displacement.
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CHAPTER 4

Direct Shear Testing with Suction Control on Rock Jointswith
different asperity roughness angle

4.1. Introduction

The main objective of the laboratory testing programme consisted in determining the effects of
suction and roughness on the mechanical properties of rock joints.

Tests were carried out using a Direct Shear Cell with Suction Control. The equipment was
originally developed by researchers of the Department of Geotechnical Engineering and
Geosciences of the Technical University of Catalonia. Nevertheless, further refinements of the
equipment were done to carry out tests with suction control. A vapour circuit was connected to
the shear cell, and the data acquisition system was improved incorporating an analogue data
acquisition device that allows automatically recording shear forces, vertical displacements,
temperature and relative humidity.

The relative humidity of rock joints was changed using the vapour equilibrium technique. This
technique consists in applying a water potential to the rock by migrating the water molecules in
vapour phase from a reference system of known potential towards the rock pores until
equilibrium is reached. The thermodynamic relationship between the total suction of the rock

and the relative humidity of the reference is given by Kelvin's law (Fredlund & Rahardjo, 1993).

Artificial joints of Lilla claystones were prepared. Joint roughness of varying intensity was
obtained by carving the surfaces in contact in such a manner that rock ridges of different tip
angles were formed. These angles varied from 0° (smooth joint) to 45° (very rough joint profile).
The geometric profiles of the two surfaces in contact were initially positioned in a “matching”
situation. Several tests were performed for different values of suction (200, 100 and 20 MPa) and
vertical stress (30, 60 and 150 kPa).
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The following sections contain a description of the modifications done on the shear test cell; a
summary of the mechanical properties and geology of Lilla claystones, and a description of the
sample preparation and procedures followed during the test. Furthermore they present the result
of the tests, their analysis and the model improvements proposed. Finally, a comparison of the

tests and model results is presented and discussed.

4.2. Direct Shear Cell Apparatus with Suction Control by a Vapour Transfer

Technique

The equipment is constituted by the shear cell, the forced convection vapour circuit and the data
acquisition system. An overall view of the device is given in Figure 4.2a.

4.2.1. Direct Shear Cell

The shear cell is formed of the following main parts: A mobile base with a ceramic disc; an
electrical motor that moves the push rod at different displacement rates; an air chamber that
encloses a shear box with vertical load centering bushing, and the air pressure chamber
containing a piston that applies the vertical load. A schematic draw of the cell is shown in Figure
4.2b.

The mobile base moves horizontally by means of a push rod. An electrical motor controls the
displacement rate of the rod. The motor allows using three different displacement rates: slow,
manual and fast. The slow displacement rate ranges from 0.005 to 0.100 mm/min, the manual
displacement rate allows displacing the wheel 0.2 mm in every turn, and the fast displacement
rate ranges from 0.100 to 2000 mm/min. The base slides through two metallic guides having
bearings to reduced friction. The base has also a ceramic porous disc whereby the bottom of the

sample is in contact with the air within the chamber (Fig. 4.2c).

The air chamber is a steel cylinder with an inner diameter of 220 mm and a thickness of 26.5
mm. At its base there is a piston, which is in contact with the shear box and load cell, and which

transmits the shear load supported by the sample to the load cell. In order to change the relative
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humidity of the sample placed inside the shear box, the air chamber is connected to the vapour
circulation system by two pipe connections. The temperature and relative humidity of the air
within the chamber is recorded by a humidity and temperature transmitter hosted in a small

hermetic chamber added to the air chamber (Fig.4.2 d.)

The shear box consists of two pieces. The lower piece has a height of 10 mm and an inner
hollow of 50 mm in diameter where the sample is placed. This piece is fixed to the mobile base
holding the ceramic disk by means of four screws. The upper piece with a height of 21 mm slides
over the lower fixed part. This part covers the entire sample and it hosts a metallic porous disc
and the loading cap. The metallic porous disc has a diameter of 50 mm and is 10 mm high. The
loading bushing has a special design that allows it to swing freely and to center the piston that
applies the vertical load. This is possible because the piston end fits into the shaft of the loading
bushing (Fig.4.2e.) (Escario & Saez, 1986)

The air pressure chamber consists of an upper lid with a valve connected to the air pressure. A
lower piece holds the Bellofram seal and allows the passage of the load piston. Then the vertical
load is applied by the diaphragm pressure acting on the piston. Maximum pressure is limited to 1
MPa. The air pressure is controlled by a throttle and measured by a manometer. The vertical
displacements of the sample are measured with a LVDT placed on the horizontal extension of
the piston (Fig.4.2f.). (Escario & Saez, 1986)
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Figure 4.2a: Overall view of the direct shear tests device.

AIR PRESSURE
FOR VERTICAL

SLIDING AND LOAD
CENTERING

BUSHING

AN

PUSH ROD = MEASUREMENT

POROUS CERAMIC

DISC
MOBILE BASE

Figure 4.2b: Schematic view of the main parts of the shear cell.
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Figure 4.2c: Description of the mobile base of the shear cell.
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Figure 4.2d: Description of the air chamber in which the shear box is enclosed.
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Figure 4.2e: Description of the shear box and the load centering bushing.
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Air Pressure Piston

Upper Lid Connection Bellofram Seal

Horizontal
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Figure 4.2f: Air pressure chamber view. Upper lid (left) and lower piece (right).
4.2.2. Vapour forced convection circuit system

The system consists of an air pump that impulses the vapour produced by a saline solution
contained in a hermetic recipient. The system is closed and continuously impulses the vapour
contained in the recipient towards the air chamber and then extracts the air from the chamber.
This allows keeping constant the relative humidity of the air chamber and that of the sample
during the test (Fig. 4.3).

Air Pump

Hermetic

/ Recipient

Figure 4.3: Description of vapour forced convection circuit system.
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4.2.3. Data measurement

Shear loads are measured by a load cell. The load cell has a nominal capacity of 500 kg. Both
extremes of the load cell are attached to a steel stem. The left stem is in contact with the
horizontal piston of the air chamber. The right stem is mobilized by a wheel. This allows
positioning the left stem in contact with the horizontal piston. After that, the right stem is set

using a security key (Fig. 4.4a).

Vertical displacements are measured by means of a Linear Variable Differential Transformer
(LVDT) Displacement Transducer with a range of measure of + 5 mm. The LVDT is fixed to a
steal stem using a lug, and located over the horizontal extension of the vertical load piston (Fig.
4.4Db).

A humidity and temperature transmitter is used to measure the relative humidity and temperature
of the air at the chamber during the tests. This equipment is able to measure relative humidities
from 0% to 100% and temperatures from 0° to 60°C (Fig. 4.4c)

The measurement of the data was done automatically on a PC under Windows SO and through a
multifunctional analog to digital, digital to analog and digital input/output board that uses a
USB6009 data acquisition device. A digital program was designed with LabVIEW programming
language to build data acquisition.
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Load Cell Security Key
a) l
b) K
LVDT
Fixe Stem
\ <= Display

1

Sensor of Temperature and Relative Humidity

Figure 4.4: Description of data measuring a) Shear load cell. b) Normal displacement of samples

usng a LVDT displacement transducer. ¢) Humidity and temperature transmitter.

4.3. Characterization of the rock tested

The characterization of the rock was extracted from previous works by Garcia-Castellanos et al.,
(2003), Berdugo (2007), Tarragd (2005) and Pineda et al.,(2010). The rock tested, called Lilla
claystone, is a sulphate-bearing argillaceous rock located in the Lower Ebro Basin, in the
northeast of Spain. These sulphate rocks, formed during the Tertiary Period, range from Early
Eocene to Late Miocene in age. Lilla claystones have two main components: the host
argillaceous matrix (composed by illite, paligorskite, dolomite and quartz), and the sulphated

crystalline fraction (composed mainly of anhydrite and gypsum (Berdugo, 2007)).
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4.3.1 Geotechnical Properties.

The density of the rock varies from 2.56 to 2.58 dichime clay matrix has low plasticity, with
high in situ moisture. Porosity varies from 0.09 to 1.1. Young modul,s;aies from 26.5 to
28.5(Pa and shear stiffnessp,Graries from 11 to 12.5 GPa (Pineda et al., 2010). All data are
summarized in Table 4.1.

Table 4.1: Geotechnical Properties of Lilla claystone.

Parameter Value Units
Density p] 256-2.58 Mg/m®
Porosity [n] 0.11 -
Water content [w] 3.2-41 %
Liquid Limit [LL] 23 %
Plasticity Index [IP] 5 %
Young Modulus [g] 26.5-285 GPa
Shear Modulus [g 11-125 GPa
Uniaxial compressive strength,[q 20.0 MPa

4.3.2. Mineralogy

Crushed rock fractions with a particle size smaller thanu@0were analyzed using X-Ray
diffraction. The main mineral phases of the rock identified were dolomite, anhydrite, illite and
paligorsquite (Fig. 4.5) (after Tarrago, 2005).
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15000 —

10030 —

CPS
1

Faze 1: Dolomita 3132 %
Fase 2: Anhidrita 44 32 %
Fase 3: Illita 15.85 %
Fase 4: Paligorsquita 8.351%

Figure 4.5: Results of X-ray diffraction identifying the minerals in unaltereted Lilla claystones
(after Tarragd, 2005).

4.3.3 Water retention properties

The water retention curve for unaltered Lilla claystone was determined by Pineda et al, (2010).
The methodology followed consists in placing an intact sample of 15 mm in diameter and 10 mm
in height in a wetting-drying cycle under unstressed conditions. The initial state of the sample
was RH ~ 50% and T = 20° The wetting and drying path was applied using the vapour
equilibrium technique; while the wetting path used a hermetic vessel with distilled water. Air

drying was used to induce a suction increase until a relative humidity of RH = 50% was attained.
Suction was measured, after 24 hours of equalization, using a chilled-mirror dew-point

psychrometer (measurements are plotted in black and grey in Fig. 4.6).

On the other hand, in this study also the suction and gravimetric water content was measured in
this study six samples of unweathered Lilla claystone. The initial state of all samples was T = 20°
and RH ~ 50% (laboratory conditions). These samples, in pairs, were subjected to different
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relative humidity conditions using the vapour equilibrium technique. These conditions consisted
in: drying path, placing the samples in a hermetic vessel with lithium chloride (RH ~ 20% at
20°); air drying, maintaining the samples at air laboratory condition; and wetting path, placing
the samples in a hermetic vessel with distilled water (RH ~ 98% at 20°). Suction was measured
after a fifteen-day equalization period, using a chilled-mirror dew-point psychrometer and the
gravimetric content was determined after 24 hours of oven dry (measurements are indicated in
blue and red in Fig. 4.6). This was done to determine a reference time of equalization to be used

in the experimental program followed in this thesis.

1000+

] Initial state of WRC

f Pineda et al., 2010
T e v )

» O~

D— . /_]//Oé o . L )
=, 100+ . Tlwy -l
c ] « _ Inital stat@“
o ] R -
'g' - Initial state * ~?’&;,~,) Q&.
7 I ~ Tl
R — : > 5\‘
5 10 ; \\:& ’“
F 1 ‘ s ~ N

] %o

1 | | | I B

1 2 3 4 5 6 7
Gravimetric water content, w [%0]

¢ Wetting path (Pineda etal., 2010) ¢ Zandarin
Drying path (Pineda etal.,, 2010) e Zandarin

Figure 4.6: Water retention curve for unaltered Lilla claystone (after Pineda, et al., 2010) and

equalization points used as reference for the experimental program performed in this thesis.
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4.4. Direct Shear Test testing methodology

The testing methodology consisted in preparing the samples (carving joints with different
geometrical angles), applying a wetting or drying cycle on the samples using the diffusion

vapour equilibrium technique, and then performing the direct shear test.

4.4.1. Preparation of samples

The samples were extracted from borehole cores of Lilla claystone. Cores had a diameter of 110
mm and a length of 1 or 2 meters. The core was cut into pieces with a nominal length of 500

mm. Then, these pieces were drilled and cut in a machine to obtain samples of 50 mm in
diameter and 12 mm in height. Then, the joints were carved with a diamond drill. The joints had

different geometric angles, 15°, 30° and 45° degrees respectively (refer to Figs. 4.7a and b) in
order to obtained different asperity roughness angles.

4.4.2. Measurement of surface roughness

In order to obtain the topographical data of rock fracture surfaces, 2-D laser-scanning profiles of
both sides of the joints were measured before and after the shear test. A laser and a LVDT were
used to obtain the X-Y profile. The laser has a range of measure that varies from 25 to 30 mm,
and a precision of 0.03%. The LVDT BS/50 model has a range of measure of +/-25 mm and a
sensitivity of £ 0.05% mV/mm (Fig. 4.8). Data were collected by means of a PC computer that

processed them in real time.

-68 -



Chapter 4
Direct Shear Testing with Suction Control on Rock Joints

b)

Figure 4.7: Sample construction. a) Drilling of borehole core and joint carving with the diamond

drill. b) Rock joints with different geometric angles 0°, 15°, 30° and 45 degrees respectively

-69 -



Chapter 4
Direct Shear Testing with Suction Control on Rock Joints

LVDT

Laser

Figure 4.8: Laser and LVDT used to measure a 2D joint surface topography.

4.4.3. Equilibration with the Relative Humidity of the environment

Prior to shearing, each sample was equalized at the required suction. This suction was applied
using the vapour transfer equilibrium technique, which consists in controlling the relative
humidity of a closed air-vapour system. Then the soil water potential is applied to reach
specimens by migrating the moist air from a reference system of known potential to the soil
pores, until equilibrium is reached (Romero, 2001). The samples were placed in a desiccator with
a solution whose concentration is known at a constant temperature of 20°C. Some of the samples
were dried with pure lithium chloride. The pure lithium chloride allows reducing RH to 20%
(approximately a total suction of 200MPa). Other samples were wetted using distilled water. A
quasi-saturation condition was obtained with RH6% and a suction of 20 MPa (Fig. 4.9a).
Other samples were exposed to laboratory room environmenfl@% which corresponds to a
suction of 100 MPa).

The equalization was considered to be complete when there was no significant change in the
weight of samples (no changes in water content). Samples weights were measured; as well as a
total suction on a small piece of rock using a dew-point psychrometer (WP4, Decagon Device).
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This piece of rock was placed in the desiccator together with the samples, and its suction was
used as a standard average value (Fig. 4.9b). This means that although the samples are not equal
it was assumed that the suction measured with WP4 is the suction of the joint. The samples

reached equalization after fifteen days.

For this value of suction, and using the retention curve shown in Figure 4.6 and the porosity of
the rock (Table 4.1), an average degree of satura§pof(the samples is calculated. A value of
S = 0.33 corresponds to samples with a suction of 200 MP§,=00.82 for samples with a

suction of 100 MPa and of § 1.0 for samples with a suction of 20MPa

a) b)

Figure 4.9: a) Samples within the desiccator. Application of the vapour diffusion transfer
technique. b) Measurement of suction with a psycrometer. The suction measure of a small piece

of rock is used as a standard.

4.4.4. Direct shear testing.

Shear testing consisted in placing the sample in the shear cell, and controlling that the joint is
normal to the horizontal piston. Then the centering bushing was positioned and the piston was
carefully inserted into its axis. After connecting the shear cell to the vapour system, the
hygrometer was introduced into its chamber. Once the upper lid of the air chamber and the
LVDT were properly fixed, the air pressure was applied. The pressure was controlled using a
valve and a manometer. Three different values of air pressure (which defines the net normal
stress) were applied, 30, 60 and 150 kPa respectively. Finally, the shear displacement is applied
to the sample at a rate of 0.05 mm/min. The program allows users to specify the time interval at
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which data were recorded, i.e. one second, in this case. The shear test finished when the residual
shear stress was reached. The data obtained from the tests allows defining shear stress vs. shea
displacements and normal displacements vs. shear displacements. These data are plotted anc

analyzed in the following section.

4.5. Tests results and discussion.

This section describes and discusses the results obtained from direct shear testing and from

measuring surface roughness.

4 .5.1. Results of direct shear tests.

The results of the tests are plotted in Figures 4.10 to 4.14 in terms of different asperity roughness
angle of the jointsoz= 0°, 5°, 15°, 30° and 45°) and the different normal stresses (30, 60 and 150
kPa). The left side of the figures shows the shear stress-shear displacement curves, while the
right side shows the normal displacements-shear displacement curves. Each plot draws three
curves which correspond to the different values of suction used in the tests. The red line
corresponds to a suction of 200 MPa, the green line to 100 MPa and the blue line to 20 MPa. The
normal and shear stresses calculated are the mean average value acting on the middle plane of

the joint.
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Figure 4.10: Shear test results for the joint with a roughness angle equal to 0°.
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Figure 4.11: Shear test results for the joint with a roughness angle equal to 5°.
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Figure 4.12: Shear test results for the joint with a roughness angle equal to 15°.
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a) Net Normal Stress 30 KPa
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Figure 4.13: Shear test results for the joint with an asperity roughness angle equal to 30°.
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Figure 4.14: Shear test results for the joint with a roughness angle equal to 45°.
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4.5.1.1 Shear strength

The shear stress vs. shear displacement plots show that the shear strength of joints depends or
three variables: normal stress, suction and joint roughness angle. The effect of normal stress is
well-known: the greater the normal stress, the greater the shear strength. This effect is explained
by the increment in friction between two surfaces due to normal stress. The value of suction
applied also affects peak and residual shear strength. The greater the suction, the greater the
values of peak shear strength. However, the effect of suction on residual strength is not observed
as clearly as in peak strength, because residual strength not only depends on suction, but also on
the degradation of asperities. The degradation of asperities is influenced not only by suction but
also by the irregular matching of asperities due to defects in joint construction and by the

heterogeneity of the rock.

Rougher asperities are associated with higher shear strength. Roughness also affects the strengtt
softening of the joint. In joints with higher asperity roughness, residual strength is attained at
smaller displacements. For example, for joints with a roughness of 45°, residual strength is
reached at a displacement of approximately 2.5 mm; while for a joint with a roughness of 15°,
residual strength occurs at a displacement of 6 mm. Flat joints show a ductile behaviour, in

which case the softening effect is neglected.

4.5.1.2 Normal displacements

The normal displacements recorded for the flat joint were negative. Therefore these joints
present a contractive behaviour. Contraction increases with the increase in net normal stresses
(Fig. 4.10a, b and c). For joints with a smooth angle of roughagss®, positive normal
displacements showing a dilatant behaviour were recorded. For the rest of the samptes, with

15°, 30° and 45° normal displacements increase, implying thus increasing dilatancy.
Nevertheless, comparing normal displacementsafgr 15°, 30° and 45° it is noticed that
dilatancy decreases with regardsag This is explained by the fact that rougher asperities

present more degradation and more extent affecting the whole surface of the joint.
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It was also generally recorded that the greater the normal stress, the lower the dilatancy.
However this trend was not always measured, e.g. in case45° and 30° (see Figs. 4.12 and
4.13a and b). It is thought that this anomalous behaviour is due to some irregularity of matching

and to the heterogeneity of the rock which influence the degradation of asperities.

Figures also show the influence of suction on dilatancy. The joints with less sltidgNIPa,

RH=86%) exhibit lower dilatancy, whereas if suction increases dilatancy increases. Since suction
increases rock strength, the sliding of joint walls one over the other occurs without breakage.
Even in the case of breakage, it is more likely that the gouge material with higher suction would

roll over the joint surface. Under a lower suction, is easier to crush without rolling.

4.6.Rock joint surface damage

Figures 4.15 to 4.18 present photographs of the joint samples after testong=fd&°, 15°, 30°

and 45° respectively. The photographs are ordered 'rom30KPa too’ = 60KPa too’ =
150KPa with respect to the increment of net normal stress; and from left to right considering the
increment in suction (20, 100 and 200 MPa).

The damage of rock joint surfaces was qualitatively measured by topographical profiles obtained
before and after the shear tests. The topographical profiles were measured using the laser and
LVDT described in Section 4.2. The profiles are plotted in Figures 4.19 to 4.21, for5°;

Figures 4.22 to 4.24 faxr, = 15°; Figures 4.25 to 4.27 fag = 30°; and Figures 4.28 to 4.30 for

0, = 45°. The profiles measured before the tests are drawn using a black dashed line.

Damage was quantitatively measured by determining the ratio of the gouge material weight
generated during shear process vs. the initial specimen weight (Wg/Wi). The ratio Wg/Wi
against net normal stress and for a suction equal 20, 100 and 200 MPa is shown in Figures 4.31a,
b and c respectively.

Also the damage was related to the shear work (Fig. 4.32), to the dilatancy work (Fig. 4.33) and
to the total work exerted on the joints (Fig. 4.34).

-79-



Chapter 4
Direct Shear Testing with Suction Control on Rock Joints

0.=5% P=20MPa; 0a=5° P=100MPa; 0=5°% Y=200MPa;
0'=30KPa 0'=30KPa 0'=30KPa

0,=5% P=20MPa; 0,=5°PY=100MPa; a,=5°P=200MPa;
0'=60KPa 0'=60KPa 0'=60KPa

0.=5% P=20MPa; 0a=5° P=100MPa; 0,=5% Y=200MPaq;
0'=150KPa 0'=150KPa 0'=150KPa

Figure 4.15: Photograph of rock joint surfaces after shear testsiyvtis°.
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0,=15%=20MPa; 0a;=15°%P=100MPa; a,=15%p=200MPaq;
0'=30KPa 0'=30KPa 0'=30KPa

0,=15%p=20MPa; a,=15%%Pp=100MPa; a,=15%p=200MPa;
0'=60KPa 0'=60KPa 0'=60KPa

0,=15%Y=20MPa; 0,=15%P=100MPa; 0,=15°Py=200MPaq;
0'=150KPa 0'=150KPa 0'=150KPa

Figure 4.16: Photograph of rock joint surfaces after shear testsiyatii5°.
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a.=30%P=20MPa; 0,=30%y=100MPa; 0,=30°%y=200MPa;
0'=30KPa 0'=30KPa 0'=30KPa

a.=30%P=20MPa;  a,=30°%y=100MPa; 0,=30°y=200MPa;
0'=60KPa 0'=60KPa 0'=60KPa

0,=30%P=20MPa; 0,=30°Y=100MPa; a,=30° P=200MPa,;
0'=150KPa 0'=150KPa 0'=150KPa

Figure 4.17: Photograph of rock joint surfaces after shear testsiyti30°.
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0,=45%P=20MPa; 0,=45°%y=100MPa; a,=45°p=200MPa;
0'=30KPa 0'=30KPa 0'=30KPa

0,=45%=20MPa; 0;=45°P=100MPa; 0,=45°y=200MPaq;
0'=60KPa 0'=60KPa 0'=60KPa

0,=45%P=20MPa; 0,=45°%yY=100MPa; a,=45°P=200MPa;
0'=150KPa 0'=150KPa 0'=150KPa

Figure 4.18: Photograph of rock joint surfaces after shear testsiytid5°.
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Figure 4.19: Topographical surface profile for rock joints wifl-&° ando’ = 30 kPa.
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Figure 4.20: Topographical surface profile for rock joints wifl-&° ando’ = 60 kPa.
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a) 0,=5% PY=20MPa;0’'=150KPa
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Figure 4.21: Topographical surface profile for rock joints wifk &° ando’ = 150 kPa.
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a) 0,=15% P=20MPa;0’'=30KPa
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Figure 4.22: Topographical surface profile for rock joints wiilr @5° and o’ = 30 kPa.
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Figure 4.23: Topographical surface profile for rock joints wiikr @5° and ¢’ = 60 kPa.
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Figure 4.24: Topographical surface profile for rock joints wiikr @5° and o’ = 150 kPa.
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Figure 4.25: Topographical surface profile for rock joints witk 80° and o’ = 30 kPa.
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Figure 4.26: Topographical surface profile for rock joints witk 80° and ¢’ = 60 kPa.
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Figure 4.27: Topographical surface profile for rock joints wigkr 80° and o’ = 150 kPa.
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Figure 4.28: Topographical surface profile for rock joints wifkr d5° and o’ = 30 kPa.
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Figure 4.29: Topographical surface profile for rock joints witk d5° and o’ = 60 kPa.
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The photographs and topographical profiles show that in the case of joints with a roughness
angle equal to 15°, damage is neglected. Only in the case in which suction is lower, damage can
be observed, but only in a specific area, maybe a weaker zone of the rock. Nevertheless, the
increase in the asperity angle causes a greater damage. In these cases, the effect of a large
normal stress and greater relative humidity can be also more noticeable, and the damage can be
observed throughout the surfaces. The greatest damage occurs in the cases in which the asperity
roughness angle equals 45° and suction equals 20 MPa. This phenomenon can be quantified by
measuring the gouge material generated during shear testing. Figure 4.31 shows a maximum
calculated Wg/Wi of 5.9% (for an asperity roughness angle equal to 45°, suction of 20 MPa and
net normal stress of 150 kPa) and a minimum Wg/Wi of 0.15% (for an asperity roughness equal

to 0° and 59, suction of 200 MPa and net normal stress of 30 kPa).

Considering the comparison described above, it is possible to conclude that generally, rougher
joints under a larger normal stress and larger relative humidity will show greater damage and
produce more gouges. Greater damages imply minor strength and dilatancy of rock joints, which

agrees with shear test results.

In Figures 4.32, 4.33 and 4.34 the damage ratio (Wg/Wi) is plotted in terms of shear work,
dilatancy work and total work, respectively. In all cases, a maximum shear displacement of 2.5
mm was considered to calculate the work. Comparing figures 4.32 and 4.33 it is observed that
the dilatancy work is one order of magnitude smaller than shear work. Therefore the total work is
essentially the shear work. In order to determine a relationship between joint damage and the
work applied to the joint during shearing, the ratio Wg/Wi is plotted against total work (shear
plus volumetric) in Figure 4.34. The plot shows that suction is also a controlling factor not fully
accounted for by the work. The trend lines plotted in the figure (dash blue, green and red line)
indicate that the degradation of joints increased with the work exerted, in all cases. In addition,

the higher the suction, for a given value of total work, the lower the joint degradation.
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Figure 4.34. Relationship between Wg/Wi, total work and suction

4.7. Concluding remarks

A direct shear device was successfully adapted to test rock joints controlling the relative
humidity of the specimens. Modifications included the addition of a vapour circulation system
and the improvement of data acquisition by incorporating an analogue data acquisition device.
The vapour circulation system allows studying the influence of suction on the mechanical

behaviour of joints.

The carving process adopted to construct different roughness angles allowed exploring its effects

on shear strength and dilatancy of joints.

The shear test results obtained not only showed the well-known dependency of shear strength on

net normal stress, but also a marked dependency on suction and roughness. A decrease on shea

strength and dilatancy was observed when inducing a decrease on suction (incremernif of RH
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86%). Furthermore, it was concluded that greater roughness implies greater shear strength.
However, the comparison of the offset values of displacement, at which residual shear strength is
reached, led to believe that the rougher the asperity, the smaller the values of shear displacement.
This means, that a rougher joint implies a more brittle behaviour. This brittle behaviour causes
higher damage on the joint surfaces. The amount of damage increasm@gase. In addition
damage extent to a larger proportion of joint area. As a result of this extended damage, dilatancy

is reduced in rougher surfaces.

The profilometry profiles plotted and the measurement of gouge material confirmed that the
higher normal stresses higher relative humidity of rock joints and rougher asperities cause
greater damage on joint surfaces. This translates in a maximum of Wg/Wi = 5.9% (for an
asperity roughness angle of 45°, suction of 20 MPa and net normal stress of 150 kPa) and a
minimum of Wg/Wi = 0.15% (for an asperity roughness angle of 0°, suction of 200MPa and net

normal stress of 30kPa).

It was also concluded that the degradation of joints increased with the work in all cases.
Nevertheless, the higher the suction, for a given value of total work, the lower the joint
degradation
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CHAPTER 5

Numerical modelling of rock joints considering suction and asperity
roughness angle

5.1. Introduction

This chapter presents an analysis of the experimental results described in Chapter 4. Tests
showed a significant effect of suction on peak shear strength conditions. Also, the degradation of

asperities would differ depending on suction and on the geometrical angle of the joint.

The asymptotes of the experimental failure surfaces were determined, and their strength
parameters calculated. Then it was possible to define mathematical expressions that consider the
variation of cohesion and the tangent of the initial friction angle with suction and asperity
roughness angle. These expressions were implemented in the visco-plastic constitutive law

described in Chapter 3 and a simulation of the tests was performed.

Likewise it was necessary to redefine the model parameters that control the dilatancy of the

model to better reproduce the test results.

The following sections described the analysis of the experimental results obtained. An
explanation of the new expression for the strength is given. Fitting the new data requires also a
new formulation of the dilatancy law. Finally the numerical simulation of the tests is compared

with the experimental data.
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5.2. Formulation of constitutive equations

In order to include the measured influence of suction and asperity roughness angle on strength
parameters of the yield surface presented in Chapter 3, it was necessary to further analyse the test

results.

5.2.1 Strength parameters

This analysis consists in calculating the asymptotic curves to yield surfaces from tests results.
The asymptote for each suction and asperity roughness angle was obtained by plotting the
maximum shear stress measured in the tests with respect to the net normal stress (see Fig. 5.1).
Then, the initial effective cohesion ¢r’and the tangent of the internal friction effective initial

angle (tandy) were calculated for each tangent curve. The values of maximum shear stress
measured for the test and the resistance parameters of the yield surfaces were summarized in
Table 5.1.

Values of effective cohesion and the values of the tangent of the internal friction effective angle
were plotted with respect to the asperity roughness awg)eafd to suction to clarify the
influence of these variables on the yield surface parameters (see Fig. 5.2a and b). Figure 5.2a
shows minimum values of cohesion f@f = 0°. It increases sharp up dg = 15°, and then it
remains constant for the remaining asperities roughness angles. Figure 5.2b also shows that
cohesion increases proportionally with suction. Therefore, the expression adopted to

mathematically express the influence of suction and the asperity roughness angle is:

C'O(W,aa) :(Co"'cll//)"'(bo"' tJ_LIJ)(:l-_e_bztarm‘) 5.1

where Cp spa) IS the effective initial cohesion that changes whith suction and the asperity
roughness angley is the total suction;qds the value of cohesion for a value of suction equal to
zero and a value af, = 0° g is the slope of the cohesion-suction fit line éar= 0°; I is an
average value of cohesion fag = 15°, 30° and 45° and Is a parameter of the model that

controls the increment of cohesion with suction fof = 15° 30° and 45° The term
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-b . . . .
(l—e Ztarwé‘)controls the sharp increment of cohesion wath and b is a parameter that

controls the shape of the cohesmyeurve.
Figure 5.3a and b presents the variation of tgniith o, and suctiomespectively. Both curves

show the tandy increase witlzand suction. The equation proposed to calculate taad’

tangy, ., = (t+ tw)+(d + dy) tam, 5.2

where tandyqa) IS the tangent of the internal friction effective initial angle that depends of
suction and the asperity roughness angles the total suctionpts the value of tand@’for y =0
andag, = 0°; tis the slope of the tan@y fit line for a, = 0°; ¢ and d are model parameters that
control the increment of tangwith suction fora, = 5°, 15°, 30° and 45°, and dans the
geometric tangent of the asperity roughness angle.

Figures 5.2 and 4.3 present the fit of §ua)and tandyy, «a)With the equations proposed above.

The values of the parameters are listed in Table 5.2.

Table 5.1: Summary of peak shear stress and resistance parameters of yield surfaces.

Asperity Roughness Angle 0°
Suction 200MPa
Net normal Peak shear Initial effective Initial effective tangent of Initial internal
stress stress cohesion internal friction angle friction angle
o'[MPa] 1[KPa] c’o[KPa] tand’, @6 [7]
30 77.24
60 103.31 58.69 0.69 34.61
150 161.98
Suction 100MPa
30 57.03
60 73.98 28.42 0.84 40.03
150 155.13
Suction 20MPa
30 37.80
60 57.36 9.22 0.86 40.70
150 139.49
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Asperity Roughness Angle 5°

Suction 200MPa
Net normal Peak shear Initial effective Initial effective tangent of Initial internal
stress stress cohesion internal friction angle friction angle
o'[MPa] 1[KPa] C'o[KPa] tand’g D) [°]
30 142.43
60 240.52 128.69 1.30 52.43
150 315.49
Suction 100MPa
30 105.15
60 136.88 75.00 1.02 45.56
150 264.65
Suction 20MPa
30 52.15
60 118.07 56.00 0.90 41.98
150 211.25
Asperity Roughness Angle 15°
Suction 200MPa
Net normal Peak shear Initial effective Initial effective tangent of Initial internal
stress stress cohesion internal friction angle friction angle
o' [MPa] T [KPa] C'o[KPa] tand’g D' [°]
30 376.46
60 396.90 307.60 1.81 61.08
150 584.04
Suction 100MPa
30 274.79
60 314.74 225.0 1.10 47.72
150 385.88
Suction 20MPa
30 243.34
60 216.09 184.00 0.90 41.98
150 308.64
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Asperity Roughness Angle 30°

Suction 200MPa
Net normal Peak shear Initial effective Initial effective tangent of Initial internal
stress stress cohesion internal friction angle friction angle
o' [MPa] 1[KPa] C'o[KPa] tand’g D) [°]
30 357.76
60 368.65 292.85 1.79 60.81
150 565.14
Suction 100MPa
30 289.49
60 294.69 237.27 1.27 51.78
150 432.55
Suction 20MPa
30 191.21
60 207.41 159.28 0.91 42.30
150 296.91
Asperity Roughness Angle 45°
Suction 200MPa
Net normal Peak shear Initial effective Initial effective tangent of Initial internal
stress stress cohesion internal friction angle friction angle
o'[MPa] 1T [KPa] c’o[KPa] tand’q @[]
30 288.43
60 465.28 296.00 2.40 67.38
150 707.24
Suction 100MPa
30 256.50
60 366.87 244.38 1.39 54.27
150 442.52
Suction 20MPa
30 203.37
60 216.41 168.00 0.90 41.98
150 279.53
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Figure 5.1: Peak shear stress vs. Net normal stresses. Strength parameters of the asymptote tc

failure surfaces considering the asperity roughness and the values of suction.
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Table 5.2: Parameters used to adjust the variationy @fa§) and tg®o (na,s) With the asperity

roughness angle and suction.

Parameter Value
Co 2.8 kPa
C1 0.3
bo 170.0 kPa
b1 0.3
b, 5.0
to 0.7
ty 0.001
do 0.2
d; 0.008

5.2.2. Dilatancy parameters

As it was mentioned in Chapter 3, the dilatant behaviour is considered using two model

parametersf,” andf. ', that result in a non-associated rule. Paranfgtéiis a function that

controls the decrease of dilatancy considering that a compression gffesssults in zero
dilatancy.f.™ is proportional to the effective cohesion degradation. Moreover, in this case it was
necessary to incorporate the asperity roughness angle and suction in both parameters to better

reproduce the dilatant behaviour recorded in the tests. The following expressions were proposed:

ff”:)(dm l—m ex _Igdﬂ' 5.3
u U

foil — c (v.a,) 5.4

C 1 .
C oy a)

whereq, is the asperity roughness anglgjgthe uniaxial compression strength, andandq

are model parameters.
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5.3. Numerical simulation of rock joints under shear loads with suction control

The monotonic shear behaviour of rock joints were simulated using the expressions of the
resistance parameters proposed above. These expressions were included in the constitutive law

of the interface element implemented in Code_Bright (Ch. 3).

The geometry of the model is shown in Figure 5.2. The rock was considered as an elastic
material and the joint as a viscoplastic interface element. The joint is discretised using 10
elements (red lines in the figure). The rate of displacement used in the test (0.05 mm/min) is
applied to boundaries AC and BD. Boundaries EG and FH are horizontally fixed, while

boundary GH is vertically fixed. The net normal stresses used in the test (30, 60 and 150 MPa)
are applied to boundary AB. The initial stress is equal to 0.1 MPa and the initial liquid pressure

is =20, <100 and 200 MPa, with respect to each test suction.

o
SRR R B B B I
OUs —= ——5Us;
c D <
E F
G H -
50 mm

Figure 5.2: Geometry of the simple test model.

All simulations were performed using the same parameters, except for the critical values of shear
displacements wand U, that changed according to the strength softening of the shear stress and

dilatancy of the joints. The parameters are listed in Tables 5.3 and 5.4.

The predictions of the numerical analysis are plotted alongside test measurements in Figures 5.5
to 5.9 fora, = 0° 5° 15° 30° and 45° respectively. In general the shear stress- shear

displacement relation is well predicted, using the model proposed. Although it is not possible to
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simulate the contractant behaviour of the flat joint, dilatancy could be reduced to zero by

incorporating in Equation 5.3 the te{y[m_anaa , Which considers the geometry of the joint. It

was also necessary to calibrate parametgasa .

Table 5.3: Parameters of the materials.

Rock Matrix

Mechanical Properties Value Unit
Young’s modulus [E] 27000 MPa
Poisson’s ratioy] 0.29

Joint Rock

Mechanical Properties Value Unit
Initial normal stiffness parameter [m] 100 MPa
Tangential stiffness [K 500 MPa/m
Initial friction angle [P 350

Residual friction angledp,cd 8o

Initial opening [g] 0.1 mm
Minimum opening [&ir] 0.01 mm
Viscosity ] 1 x 107 st
Stress power [N] 2.0

Uniaxial compressive strength,]q 20 MPa
Model parameteryj] 0.3

Model parameterfi] 100

Table 5.4: Parameters of the softening law used for different asperity roughness angles.

0° 50 15° 30° 45°
uc[ml |1.0x10°(8.0x10°|8.0x10°|3.5x%10°|2.0x 10°
Uo[m] |1.5x10°[85x10°|8.5x10°|4.0x10°|2.5x 10°
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a) Net Normal Stress 30 KPa
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Figure 5.5: Comparison of shear stress vs. shear displacements and normal displacements vs.

shear displacements from the experimental tests and simulation raged8°].
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a) Net Normal Stress 30 KPa
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shear displacements from experimental tests and simulation resuit$Y).
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a) Net Normal Stress 30 KPa
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Figure 5.7: Comparison of shear stress vs. shear displacements and normal displacements vs.

shear displacements from experimental tests and simulation resuttd.%°).
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a) Net Normal Stress 30 KPa
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shear displacements from experimental tests and simulation resusSQ°).
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a) Net Normal Stress 30 KPa
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Figure 5.9: Comparison of shear stress vs. shear displacements and normal displacements vs.

shear displacements from experimental tests and simulation resiHt4%°).
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5.4. Concluding remarks

New mathematical expressions are proposed for the strength parameters (initial effective
cohesion (g) and initial effective tangent of the internal friction angle (tag)d@f the yield

surface asymptote). These expressions consider the effects of suction and the asperity roughness
angle on strength parameters. The dilatancy parameters were also modified taking into account
suction and the asperity roughness angle. Both modifications were introduced in the constitutive

law of the interface element implemented in Code_Bright.
The results from the numerical simulation closely reproduce the experimental features of rock

joints. The shear stress-shear displacements evolution is well predicted and the dilatancy trend is

captured.
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CHAPTER 6

Application of Interface Elementsin a Ther mo-Hydr o-M echanical
model of a nuclear waste geological repository

6.1. Introduction

The Canister Retrieval Test (CRT) was performed to demonstrate the capability to retrieve
deposited nuclear waste if a better disposal solution is found. The overall objective of the CRT
was to demonstrate to specialists and to the general public that retrieving the canisters is

technically feasible at any stage of the operating phase.

The CRT experiment was also used to carefully record THM processes in the Swedish KBS-3V
deposit technique, besides proving the possibility of retrieving the canisters. This makes it very
suitable for modellers to investigate theories, used in their simulations, since the calculated

results can be checked against experimental data.

This experiment was numerically modelled within the European Project entitled “Coupled
Thermo-Hydrological-Mechanical-Chemical Processes For Application In Repository Safety
Assessment (THERESA)". The project focused on THM behaviour of interfaces present between
canister and engineered buffer and on the homogenization of the engineered barrier formed by

bentonite blocks and pellets.

Then, in order to model the interface between the canister and the engineered buffer the interface
formulation described in Chapter 2 was used. In this example a coupled T-H-M formulation is
considered for the interface. The mechanical model only takes into account the elastic

constitutive law.

The following section contains a description of the geometry and protocol of the CRT. The
mathematical model adopted to perform the simulation and the determination of T-H-M

-119 -



Chapter 6
Application of Interface Elements in a T-H-M model of a nuclear waste geological repository.

parameters of the model materials are fully explained in the following sections. After that,
numerical results are compared with experimental data, and finally, the discussion and

conclusions on the results obtained are presented.

6.2. Description of the CRT

The CRT is a full-scale in situ heating test that involved the placement of a full-scale canister in
vertical drifts surrounded by an engineered barrier. A view of the experimental geometry is given
in Figure 6.1 extracted from the CRT-Specifications (Borgesson L., 2007).

The experimental deposition tunnel is located at level 420 m and was excavated by conventional
drill and blast. It is approximately 6 x 6 m and has a horseshoe-shaped profile. Two deposition
boreholes were bored with a full-face tunnel boring machine modified to drill vertical boreholes.
The deposition borehole is 8.55 metres deep and has a diameter of 1.76 metres. The surrounding
rock at the upper part of the borehole consists mainly of greenstone and the lower part of Aspo
diorite. One of the boreholes was used for the CRT (the other borehole was used to perform the
Temperature Buffer Test (TBT)). The experiments, CRT and TBT, were placed approximately at
the tunnel centreline. The centre-to-centre distance between the two deposition boreholes is 6 m,

which is the spacing that was considered for the deep repository.

In the CRT borehole a 0.15 m thick concrete foundation was built to prevent water leaking from
the rock from reaching the bentonite blocks and thereby to reduce the risk of tilting the stack of
bentonite rings. Slots were cut in the rock wall to prevent cables from being damaged. Also 16
filter mats with a width of 10 cm were installed, uniformly spaced at 0.15 m, from the borehole

bottom up to a height of 6.25 m.

The bentonite used as buffer material is SKB’s reference material, MX-80. The buffer consists of
highly compacted bentonite blocks and rings with an initial density of 1,710 and 1,79%) kg/m
respectively. The initial water content of the bentonite was 17%. The bentonite buffer was
installed as blocks and rings. The blocks have a diameter of 1.65 m and a height of 0.5 m. Ring-

shaped or cylindrical bentonite blocks were placed in the borehole. When the stack of blocks was
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6 m high, the canister, equipped with electrical heaters, was lowered down in the centre of the
borehole and the cables to the heaters and instruments were connected.

A canister obtained from SKB’s Encapsulation Project was used for the CRT. The outside

diameter of the canister is 1,050 mm, its height is 4.83 m and its weight, 21.4 tonnes.

At the top of the canister MX-80 bentonite bricks filled up the volume between the top surface of
the canister and the top surface of the upper ring (R10). The height difference between the two
surfaces was 220 — 230 mm. The space between the bentonite blocks and the borehole wall was
filled with bentonite pellets and water. Additional blocks were emplaced until the borehole was

filled to a distance of 1 m from the tunnel floor.

The top of the borehole was sealed with a retaining structure formed by a plug made of concrete,
a steel lid and rock anchors. The aim of the structure is to prevent the blocks of bentonite from

swelling uncontrollably.

An impermeable rubber mat was installed between bentonite block C4 and the concrete plug. On
top of the plug the steel lid was placed. The plug and lid can move vertically and are attached to
the rock by nine rock anchors. Each of the nine rock anchors consists of 19 steel wires with a
nominal area of 98.7 mhand a fixed and free length of 5 m. The inclination of the anchors is
2.5:1 or =22 ° (Fig. 6.1) (Thorsager et al., 2002; B6rgedso2007).

A large number of instruments was installed to monitor the test as follows:

« Canister - temperature and strain
* Rock mass - temperature and stress
* Retaining system - force and displacement

« Buffer - temperature, relative humidity, pore pressure and total pressure.

The instrumented sections are indicated in Figure 6.2. The positions of the instruments in the
buffer are indicated as: bentonite ring or cylinder number counted from the bottom /direction
A(180°), B (0°), C (270°) or D (90°)/ radial distance from centre line in mm. The identification of
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the sensors in the rock is the following: distance in meters from the bottom/ direction according

to Figure 6.2/ distance in meters from the hole

surface.

The temperature was measured using thermocouples. Relative humidity was determined using

Wescor psychrometers and capacitive transducers manufactured by Vaisala. Total pressures were

recorded using Geokon transducers (Bdrgesson L., 2007).

Steel lid
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Concrete plugﬁ

9 Rock Anchors\\ \
14 Bentonite blocks

(4 Cilindrical and 10
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Waterproof
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Figure 6.1: Canister Retrieval Test geometry (Bérgesson L., 2007).
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Figure 6.2: Schematic view of the position of the sensor at the CRT (Bdrgesson L., 2007).
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6.3 Test protocol

1. The starting date of the experiment was October 26th 2000, when the buffer-rock interface
was filled with pellets. Afterwards, water was pumped into the gap and filter mats.

2. Once pellets were hydrated, the concrete plug was casted and heating started. Heating
began with an initially applied constant power of 700 W on day 1.

3.  When the concrete plug rose 13 mm, due to bentonite swelling, three rock anchors were
locked on day 5. The initial force in each anchor was 20 kN.

4.  The canister heating power was raised twice, on day 18, to 1700 W, and on day 110, to
2600 W.

5.  When the total force exceeded 1500 kN, the remaining six anchors were fixed. This
procedure took place on days 46 to 48 .The total force was equally distributed between all
anchors, i.e. the force wasl¥0 kN/anchor.

6. The water pressure at filter mats was increased gradually up to 0.8 MPa from day 679 to
714 (02-09-05 to 02-10-10). On day 770 the water pressure was decreased to 0.1 MPa.
Then it was increased again up to 0.8MPa on day 819 (03-01-23) and remained constant
until day 1598 (05-03-12), when the water pressure was removed.

7. Heating of the TBT started on day 881 (03-03-26). This heating affected somewhat the
temperature of the CRT buffer.

The heating was switched off on day 1811 (05-10-11).
After the end of the test, during dismantling, several samples from the buffer were drilled

and tested to measure their dry density and degree of saturation (Bérgesson, 2007).

Tables 6.1, 6.2, 6.3 and 6.4 and Figure 6.3 present a summary of the protocol followed in the

test.
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Table 6.1: CRT heater power protocol.

Date Day Heater Powet Comment
[kW]
00-10-26 0 0
00-10-27 1 0.7
00-11-13 18 1.7
01-02-13 110 2.6
01-11-05 375 0
01-11-06 376 2.6
02-03-04 494 0
02-03-11 501 2.6
02-09-10 684 2.1
03-12-04 1134 1.6
05-03-10 1596 1.15
05-10-11 1811 0
06-03-28 1979 2 | Testing the heaters
06-04-20 2007 0

Table 6.2: TBT heater power.

Heater Power
Date Day
[kW]
00-10-26 0 0
03-03-26 881 0.9
03-04-03 889 1.2
03-04-10 896 1.5
06-06-09 2052 1.6
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Table 6.3: CRT filter water pressure protocol.

Water
Date Day pressure Comment

[MPa]

00-10-26 0 0

02-09-05 679 0 | Started to increase water pressure gradually

02-10-10 714 0.8

02-12-05 770 0.1

03-01-09 805 0.4

03-01-23 819 0.8

05-03-12 1598 0

05-12-16 18771 0 | Air flushed

Table N° 6.4. Overview of rock anchor history.

Date Day Comment
000-10-31 . Three pre-stress anchors were attached to the lid.
The initial force in each anchor was 20 kN
The remaining six anchors were attached to the lid when the
2002-12-12 total force exceeded 1.5 MN. The total force was distributed
2002-12-14 46-48 evenly between the anchors, which equals ~170 kN/anchor. The
force in three of the anchors was measured.
2006-01-16 1908.1910 Rock anchors were removed and the steel lid and concrete plug
2006-01-18 were lifted up from the deposition hole.
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Figure 6.3: Heater power and filter pressure protocol at CRT and Heater protocol of TBT
(Borgesson L., 2007).

6.4. Features of the analysis and material parameters

The analysis has assumed axi-symetric conditions using the mesh shown in Figure 6.4. The
materials considered in the model are bentonite, cylinders, rings and bricks; pellets, the interface

between bentonite and canister, canister, the concrete plug, the steel lid and the air in the gallery.

The geometry is discretized by 4-noded quadrilateral elements, and the mesh includes 1449
elements and 1540 nodes; 80 elements correspond to interface elements (indicated in red in Fig.
6.4).

The initial porosity, temperature and degree of saturation of bentonite, pellets and interface were
obtained from Johanneson (2007) (see Tab. 6.5). The initial temperature for the air gallery equals
15 °C while for the other materials it equals 20 °C. Initial liquid pressures were calculated
considering the retention curves of the materials and the saturation degrees measured in the test.
The initial stress of the materials is assumed to be isotropic and equal to 0.11 MPa. A constant
gas pressure was assumed to be equal to atmospheric throughout the test. The initial conditions

of materials are summarized in Table 6.5
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The heater power was applied on the canister volume according to the test protocol, except for
the case in which heat power falled to zero on days 375 and 494 (Fig. 6.5). A special boundary
conditions was prescribed in the host rock wall to allow some energy flux. The energy flux is

expressed as an outflow rate given by:
jo= 2+p(r-T )rEZGN +EMY)

where yis a leakage coefficient, i.e. a parameter that allows a boundary condition of the Cauchy
type. This parameter was calibrated to obtain at host rock wall the temperature measured by
sensors. Likewise, this boundary condition allows considering the influence of heating from the
TBT experiment.

Filter pressures were applied at the host rock wall according to the test protocol (see Fig. 6.5).
The bottom boundary of Cylinder 1 and the top of Cylinder 4 were considered impervious

because of the presences of concrete foundation and a rubber mat respectively.

The force applied on the steel lid by the anchors was considered as point load acting on the steel
lid (Fig. 6.4).
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Table 6.5: Initial conditions of materials.

Initial porosity Dry density Initial degree of Liquid
Material No [oF saturation Pressure
[kg/m?] Sr [%] [MPa]
Bentonite Cylinder 0.39 1699 75.1 -43.1
Bentonite Ring 0.36 1782 85.9 -28.6
Bentonite Bricks 0.42 1616 63.7 -42.6
Pellets 0.64 1001 89.5 -34
Gap - 1000 100.0 -0.1
Canister 0.001 8000 - -0.1
Concrete plug 0.001 2400 - -
Steel lid 0.001 7840 - -
Air 0.98 1000 - -
| AR
Air —+ Rock IR
Anchors L
Steel lid—=t
Concretej‘ Water PrOO
plug Mat T
TR
Bentonite_—
Cylinder —— Pellets
Bentonite_—
Bricks | || Bentonite
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Figure 6.4: Geometry of the CRT model. Description of material and finite element mesh used in

the numerical simulation.
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Figure 6.5: Heater power applied at canister and filter water pressure applied at host rock wall

according to test protocol.
6.5. Materials parameters

The thermal, hydraulic and mechanical properties of the different materials of the CRT are

extracted from several reports (Bérgesson L., 2007)
6.5.1. Thermal properties

Thermal conductivity is given by:

A= AfS + g, =4S ) 6.1

where: Asa is the thermal conductivity for a degree of saturaBor 1, andAqy is the thermal

conductivity for $= 0.

Parameterdsa.andAqry for bentonite and pellets were determined by adjusting experimental data
to Equation 6.1 (Figure 6.6a and b). The thermal conductivities of the canister, concrete plug and

steel lid were given in Boérgesson et al. (1994), Borgesson et al. (1995), Borgesson &
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Johannesson, (1995) and Sugita et al. (2003). For the interface, the conductivities adopted were
similar to those of bentonite, because during the test bentonite expands filling the interface
space. Besides the specific energy of the solid phase and the thermal expansion coefficients of
bentonite and pellets are given in Borgesson et al. (1995). The properties of the canister, concrete
and steel lid are given in Borgesson et al. (2007). Thermal parameters are summarized in Table
6.6.
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Figure 6.6: Variation of bentonite and pellets thermal conductivity with degree of saturation.
Experimental results and model fitted. (Borgesson et al., 1995, Bérgesson & Johannesson,
(1995) and Sugita et al., 2003)

Table 6.6: Thermal parameters.

Dry thermal Saturated thermall  Solid phase Linear thermal
Material conductivity conductivity specific heat | expansion coef.

Adry [W/MK] Asat [W/mK] c [J/kg K] [°CY
Bentonite (Cylinder- 5
Ring and Bricks) 0.3 1.3 800 3.2x10
Pellets 0.1 1.1 800 3.2x10°
Gap 0.1 1.3 800 -
Canister 100 100 450 12x10°
Concrete plug 2.7 2.7 770 10x10°
Steel lid 47 47 460 12x10°
Air 0.03 0.03 - -

-131 -



Chapter 6
Application of Interface Elements in a T-H-M model of a nuclear waste geological repository.

6.5.2. Hydraulic properties.

The hydraulic conductivity of the materials is given by:

K| =kkrlplg 62

H

wherek is the intrinsic permeabilityk, is the relative permeabilityy is the liquid densityys is

the viscosity of the liquid and g is the gravitational force.

The intrinsic permeability depends on porosity according to:

6.3

wherek, is the reference intrinsic permeability at reference porosity n

The intrinsic permeabilities at different porosities of MX-80 bentonite and pellets were
experimentally measured by Pusch (2001), Villar (2002), Bérgesson et al. (1999), Imbert et al.
(2004) and Lajunie et al. (1994). Figure 6.7 shows the values of the intrinsic permeability
adopted for bentonite cylinders, rings, bricks and pellets. For the interface element, a constant
permeability several orders of magnitude higher was adopted. On the other hand, very low
permeabilities were adopted for the rest of materials.

The relative permeability of the liquid phase is given by:

k, =S," 6.4

el

where S, is the effective degree of saturation ants a parameter of the model. In this case a

value n = 3 was adopted. The effective degree of saturation is evaluated as:
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s =878
§-S,

whereS; is the residual saturatiof§s is the maximum saturation andi$the liquid degree of

6.5

saturation, which is calculated by the retention curve.

The retention curve adopted in the analysis for MX-80 bentonite and pellets is a modification of

van Genutchen’s expression (1980) proposed by Sanchez et al. (2004):

-1

6.6

w)
fd = (1_Fdj

where ¥ is the total suctionP is the capillary pressurel is a model parameter ariglis a
function included to properly fit the high-suction range of experimental data obtByead Ay

are model parameters.

The parameters of the retention curve of MX-80 bentonite and pellets were determined fitting the
experimental data obtained by Eurogeomat (Dang & Robinet, 2004), CIEMAT (Villar, 2002)

and Clay Technology (Hokmark & Falth, 2003). Given that the retention curve depends on the
dry density of the materials, the parameters for the cylinder, ring, bricks and pellets were

determined considering their dry density values (Fig. 6.8).

The rest of materials followed the original expression proposed by van Genutchen (1980):

-A

= ﬂ = 7
S 1+(Pj 6.

The values ofP and A for interface elements were adopted to cause a fast drying of those
elements (see Fig. 6.9). The values used for the canister, concrete and steel lid do not affect the

hydraulic behaviour of the model.
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The hydraulic parameters of the materials are summarized in Table 6.7
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Figure 6.7: Variation of intrinsic permeability with porosity for MX-80 bentonite. Experimental
results and values adopted.

Table 6.7: Hydraulic parameters of the materials.

Intrinsic Retention Curve
Material permeability Po A Py Ad
ko [m?] [MPa] [MPa]
Bentonite Cylindef  3.50x10° 30 0.2 500 1.1
Bentonite Ring 2.60x1¢ 50 0.3 600 1.1
Bentonite Bricks 4.67x10 20 0.22 300 1.1
Pellets 3.90x10" 5 0.2 600 1.1
Gap 1.00x10™ 1 0.3 - -
Canister 1.00x10% 1000 0.5 - -
Other materials 1.00x18 1x10° 0.5 - -
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Figure 6.8: Retention curves adopted for bentonite cylinder, ring, bricks and pellets used in the
numerical model and experimental data obtained for different dry densities of MX-80 bentonite.
Data provided by Eurogeomat were found in Dang & Robinet (2004), by Clay Technology in
Hokmark & Falth (2003) and by CIEMAT in Villar (2002).
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Figure 6.9: Retention curve adopted for the interface between the canister and the bentonite ring.

The vapour diffusion is calculated using Fick’s law:

6.8

23
e = TD{(27315+T) }

P

g

wheret is the tortuosity coefficient. A tortuosity 0.8 is adopted for bentonites 0.9 for

pellets and= 1.0 for the interface. s the coefficient of diffusion (5.9x10m%s/K).

6.5.3 Mechanical properties

6.5.3.1 Continuum elements

The mechanical constitutive model adopted for MX-80 bentonite and pellets is a modified form
of the Barcelona Basic Model; BBM (Alonso et al., 1990). The total strain of the model is
calculated by adding elastic and viscoplastic strains. The original elastic formulation of BBM is

modified to reproduce the expansive behaviour of the bentonite. The elastic model adopted is:
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ok W)p K (p) W

" l+te p 1+e W+p, o9

ez 6.10
G

where €7 and £Zare the volumetric and deviatoric components of the elastic strain respectively;
Kk, and k, are the elastic stiffness for changes in net mean stress and suction respectisely;

the mean net stres¥ is the suctiong is the void ratioJ is the square root of the second

2

invariant of deviatoric stress tensor](:%trace(s:s)=%q ;. s=0'-p'l ) and G is the shear

modulus.
The elastic stiffness for net mean stress depends on suction:

K (W) =k,1+a,Ww) 6.11

wherek,,is the elastic stiffness under saturated conditionsaarsda model parameter.

The elastic stiffness for suction changes depends on mean stress:

pref

k. (p)= Ks{u a,, In{iﬂ 6.12

where k, andas, are model parameters, apgk is the pressure reference.

Viscoplastic strains£"™) are calculated as:

£ = F<CD(F)>$ ; o(F) = (EJN 6.13

wherel is the viscosity; N is the power of stresg;i$-a value of reference; F is the failure

surface, and G is the viscoplastic potential.
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The failure surface is defined by:

F=37 - M*(p+ p)(p, - p)=0 6.14
and the viscoplastic potential is:

G=3F-aM*(p+ p.)(p,-p)=0 6.15
where M is the slope of the critical statg; is the apparent unsaturated preconsolidation
pressureps considers de dependency of shear strength with suctiomy 8@ non-associative

parameter.

Pois considered dependant on suction:
A(0)-kiq
_ p* A(W)-kio
P, = pC(_g 6.16
p
The variation of compressibility with suction is given by:

Aw) = 2(0[(1-r)exd- g¥) +1] 6.17

whereA(0) is the compressibility under saturated conditionand S are the model parameters

that define the shape of the LC failure surface.

The hardening law is expressed as a rate relation between the volumetric viscoplastie Sjrain (

and the saturated isotropic preconsolidation strpss gccording to:

. 1te g 6.18
Po A(O)_—K Poéy .
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Elastic stiffness«,,and a;; and parameters of compressibil¢0) r and 8 for MX-80 bentonite

were determined fitting the experimental data obtained by Tang (2005) and Villar (2005) (see
Fig. 6.10). The rest of parameters were determined from back calculation.

0.0¢+ 0.1¢

Measurements . - Measurements
(Tang, 2005 and Villar ,2005) 0.14-| (Tang, 2005 and Villar ,2005)
0.04+ Model J Model

\ \ | 0.04 \ \ \ \
0 40 80 120 0 40 80 120 160

Suction [MPg] Suction [MPg]

Figure 6.10: a) Variation of MX-80 bentonite elastic stiffness with suction. b) Variation of

compressibility with suction (Tang, 2005; Villar, 2005).

The parameters of pellets were adopted taking as a framework the experimental values reported
by Hoffman et al. (2006).

6.5.3.2 Interface elements

The mechanical behaviour of the interface, which was modelled using a non-linear elastic

behaviour with the stiffness dependant on interface aperture, is described in Chapter 3.

A linear elastic behaviour was assumed for the canister, concrete plug and steel lid and their
parameters were given in Bérgesson (2007).

The mechanical parameters are listed in Table 6.8
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Table 6.8: Summary of the mechanical parameters used in the model.

Material Elastic parameter Plastic parameter
Kio 0.032 Mo [s] 1x10*
Ky 0.072 N 5.0
a -0.008 i [MPa] 1.0
Asp -0.0016 | A(0) 0.15
Bentonite Pret [MPa] 0.1 r 0.4
G [MPa] 2.48 B 0.03
M 1.0
Po 4.0
Pc 0.1
a 0.3
Kio 0.074 Mo [s] 1x10*
Ke 0.003 N 5.0
a; -0.003 k [MPa] 1.0
Asp -0.006 A0) 0.15
Pellets Pref [MP2] 0.1 r 0.425
G [MPa] 1.05 B 0.03
M 1.0
Po. 0.3
Pe 0.095
a 0.3
m [MPa] 1.0
Interface K[MPa/m] 1.0x16
a [m] 0.01
: E [MPa] 130x18
Canister
v 0.25
E [MPa] 30x16
Concrete plug
v 0.15
: E [MPa] 206x16
Steel lid
v 0.3
i E [MPa] 0.02
Air
] 0.25
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6.6. Test and model results

In this section test observations (Gourdazi et al., 2006) are compared to the predictions of the

numerical analysis.

6.6.1 Thermal

The temperature at MX-80 bentonite barrier and host rock wall is recorded by means of
thermocouple sensors. The evolution of temperature at Cylinder 3, Ring 5 and Ring 10 is shown
in Figure 6.11a, while the temperatures on the host rock wall are plotted in Figure 6.11b. The
analysis reproduces the observation quite well. The agreement of temperatures indicates that the
value of the thermal conductivity of the materials, especially in the interface between canister

and bentonite is well captured.
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Figure 6.11: Evolution of temperatures in the bentonite barrier and host rock wall. Measured data
and model results.
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6.6.2 Hydraulic

Figures 6.12a, b and d show the variation with time of relative humidity measured by capacitive
sensors. The relative humidity from the numerical simulation is calculated using Kelvin's

equation:

WM
RH = —
exr{ l Z(273'"-|-):0| } >

whereW = P, — B is the total suctioriyl,, is the molecular weight of wategis the ideal

constant of the gag;is the temperature ang@lis the liquid density.

In the cooler section of the barrier (Cylinder 3) and in the bentonite close to the host rock wall
(W137, W142, W119 and W120) a monotonic increase of relative humidity is recorded. This is
due to the condensation of the vapour that came from the heated zones, to the water inflow from
the rock and to the artificial hydration from filter mats (Fig. 6.12a).

However the bentonite barrier closer to the canister exhibits an increase of relative humidity due
to the vapour front driven by heating. Then the barrier dries because of the evaporation caused
by the increment of temperature. And finally, the barrier hydrates and its relative humidity

increases due to the water pressure inflow from the filter mats and rock (Sensor W134-Ring 10)
(Fig. 6.12b). Nevertheless, at Ring 5, drying is followed by a fast increment of relative humidity.

This may be attributed to the presence of water in the interface (see Fig. 6.12c-sensor W119).
This water migrates in vapour form and hydrates the barrier. In general, it is observed that the

predictions from the numerical model are quite satisfactory.

The evolutions of suction, measured with psycrometers, and the values calculated are plotted in
Figure 6.13. There is no a good match between experimental and calculated results; however the
decreasing trend of suction with the increment of water content of the buffer is predicted. The
calculated suction decreased throughout the test; in contrast, the measured suctions kept constant
at 2 MPa from day 800 up to the end of the test, perhaps due to osmotic effects not considered in

the analysis.
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Figure 6.12: Evolution of relative humidity in bentonite barrier. a) Cylinder 3, b) Ring 10 and c)

Ring 5. Test observation and numerical results.
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Figure 6.13: Evolution of suction in bentonite barrier Ring 5, Ring 10 and Cylinder 3. Test

observation and numerical results.

6.6.3 Mechanical

The total vertical pressure (vertical stress) for the bentonite barrier is plotted in Figure 6.14. The
swelling of bentonite causes stresses to increase up to 3.0 and 4.5 MPa. Although numerical

results underestimated the magnitude of the stresses, they followed their trend.

Figure 6.15 shows the evolution of opening and normal stress at the interface. The interface
closes while stress increases as bentonite swells. The final opening of the interface is
approximately 0.2 mm and the maximum normal stress is 2.8 MPa corresponding to the stress

calculated in the bentonite barrier next to the interface (Fig. 6.14-radial distance 585 mm).
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Figure 6.14: Evolution of total pressure in bentonite barrier. Experimental data against numerical

results.
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Figure 6.15: Evolution of opening and normal stress of the interface between canister and

bentonite barrier.
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6.7. Test dismantling

After the dismantling of the test, the samples at the selected section were cored from bentonite
and pellets. In Cylinder 3, samples were extracted at different depths (50, 150, 250, 350 and 450
mm) measured from the top of the block. In Ring 10, samples were extracted at depths of 50, 110
and 175 mm. Finally in Ring 6, samples were taken from a depth of 50mm and directions

450, 13509, 225°, 315° (see Fig. 6.2). The dry density and water content of samples were measured
in the laboratory and the corresponding degree of saturation was then calculated (Johannesson,
2007). The values for the degree of saturation and dry density in Cylinder 3, Ring 10, Ring 7 and
Ring 6 are shown in Figures 6.16, 6.17, 6.18 and 6.19 respectively.

The figures show that the final degree of saturation throughout the bentonite barrier is higher
than the initial one, even in the zone closest to the canister. The degree of saturation is higher

near the host rock wall, as a consequence of natural and artificial hydration.

The figures also show the decrease in dry density of bentonite blocks (cylinder and rings) due to
their swelling. Given that the swelling of bentonite depends on its hydration, the dry density of
the bentonite decreases further in the zones situated near the borehole wall. However, due to the
low degree of hydration and compression from bentonite rings when swelled, the dry density of
bentonite bricks increased. Furthermore, bentonite swelling caused the compaction of pellets
and, consequently, an increase of their dry density.
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Figure 6.16: Degree of saturation and dry density of Cylinder 3 after test dismantling.

Experimental and model results.
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Figure 6.17: Degree of saturation and dry density of Ring 10 after test dismantling. Experimental

and model results.
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Figure 6.18: Degree of saturation and dry density of Ring 7 after test dismantling. Experimental

and model results.
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6.8. Concluding remarks

A coupled THM numerical simulation of a nuclear waste repository was satisfactorily
performed. The required material parameters were mostly determined using data from laboratory

tests; while others were estimated from back analysis.

To model the interface between canister and bentonite a specific mechanical formulation of this
element was implemented in Code-Bright. The mechanical formulation is expressed at the mid
plane of the element and relates the relative displacements of the mid plane with the normal and
tangential stress through normal and shear stiffness respectively. In particular, a normal stiffness
dependent on interface opening allows capturing the non-linear behaviour under normal stress.
The hydraulic and thermal behaviour were modelled according to Darcy’'s and Fick’s laws,

respectively, as used in the code. The parameters of the interface were fitted by back calculation.

Comparing the results measured in situ with the results of numerical analysis shows that the
formulation used is able to adequately reproduce the phenomena involved in the test, as well as
their interactions. Moreover, the model was able to capture the final state of the bentonite and

pellets showing the high degree of homogenization of their dry density achieved during the test.
Also, it was possible to verify from the results that the model implemented for interfaces is able

to satisfactorily simulate interface behaviour. The evolution of its opening and stress

development is mainly controlled by the progress of bentonite swelling.
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CHAPTER 7

Analysis of ther mo-hydro-mechanical coupling of the interface
properties.

And study of gas flow through interface

7.1 Introduction

This chapter presents two studies. The first one is a sensitivity analysis, which focuses on the
effects of considering the coupling of the hydro-mechanical properties of the interface. The other

study centres its attention on the gas flow through the interface.

The first analysis consists in five simulations of the middle section of the Canister Retrieval Test
(explained in Ch. 6). The middle section was modelled with a 1-D axisymmetry geometry. Five
simulations were run considering different normal stiffness and hydraulic properties of the
interface. In one case the hydraulic properties were maintained constant during the test, while in
the rest these properties change with the interface opening. These examples allow studying the
changes on degree of saturation of bentonite caused by the different hydraulic properties of the

interfaces.

The study of the gas flow through the interface was carried out by simulating a gas generation
due to the corrosion of the canister. The entire geometry of the CRT was considered. Four
simulations were run in order to study the influence of gas permeability of bentonite, and of the
different hydraulic and mechanical properties of the interface on the increment of gas pressure
within the interface and gas flow through it.

The next two sections present a description of geometries and material properties adopted to
perform each case. Furthermore the numerical results are described and discussed. The last
section draws the conclusions obtained from the analysis.
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7.2 Analysis of thermo-hydro-mechanical coupling of interfaces

The objective of this study is to evaluate the effects of considering variable stiffness of the
interface element. This analysis mainly evaluates the effects of changes in permeability and the
air entry pressure of the retention curve of the interface on the degree of saturation of the

bentonite buffer.

7.2.1 Geometry of the model

This sensitivity analysis was performed by modeling the middle section of the CRT described in
Chapter 6. The section was modeled using a one-dimensional axi-symmetric geometry. The
materials considered in the model are the interface, the bentonite ring and pellets located
between the buffer and the host rock wall. The section was discretised by 4-noded quadrilateral
structured elements, and the mesh includes 50 continuum elements and 1 interface element (Fig.
7.1).

7.2.2 Initial and boundary conditions

Thermal boundary conditions were defined for the canister surface (AB) and for the rock host
wall (CD). The thermocouple located near the canister registered temperatures up to day 1063.
Then the temperatures were calculated for the rest of the test considering different values for the
thermal conductivity of the rockA=1.0 and A=1.2 (Botrgesson, 2007 - Fig. 7.2a). The
temperatures calculated wiN¥1.2 were adopted as the thermal boundary conditions at surface
AB (red line - Fig. 7.2a). The temperature measured by Sensor TR125, located at host rock wall,

was considered to be at CD boundary (red line - Fig. 7.2b).

A hydraulic boundary condition equal tq £ 0.1 MPa was applied at CD boundary to consider

the water supplied by the rock. Since day 679 the water filter pressure protocol applied at filter
mats (Fig. 7.2b) was followed. The other boundaries were defined as impervious. Gas pressures
for all materials remained constant and equalyte ®1 MPa.
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Finally, AC and BD boundaries were vertically fixed while AB and CD boundaries were
horizontally fixed.

A-Interface
B-Bentonite
C-Pellets

Figure 7.1: a) Middle section of the CRT extracted from Borgesson (2007b). Geometry of model
and finite element mesh used for numerical simulation.
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Figure 7.2: a) Temperatures measured and calculated at canister wall. b) Temperatures
registered in sensor TR125, located at host rock wall, and water pressure protocol applied at
filter mats.
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7.2.3 Material parameters

The mathematical models and thermo-hydro-mechanical parameters of the bentonite ring and

pellets are the same as the ones used in Chapter 6.

However, five cases were run considering different properties for the interface. The base case
considered an interface with an initial stiffness gf=k100 MPa/m, which would vary with
interface aperture. A constant intrinsic permeability of k = 1.0 ® &6 and the constant air

entry pressure of the van Genutchen retention cuswe PMPa (namely the Base Case) were

also used. The other four cases considered an initial normal stiffness for the interfasel60k
MPa/m (Case 1), 50 MPa/m (Case 2), 20 MPa/m (Case 3) and 10MPa/m (Case 4), together with
an initial value of intrinsic permeability, k = 1.0 x 20r?, and the initial air entry pressure,®

0.1 MPa. Therefore the normal stiffness, intrinsic permeability and the air entry pressure change

with the interface aperture according to Equations 3.24, 3.37 and 3.39 respectively (Ch. 3).

7.2.4 Results and discussions

The evolution of the interface aperture and changes of horizontal stress with interface aperture is
drawn in Figure 7.3a and b respectively. Comparing the results obtained for the cases analyzed,
it is observed that as interface stiffness decreases, closure is higher during bentonite swelling and
horizontal stress is lower. Consequently, when the water pressure supply is switched off and

temperature remains high (since day 1598), the interface begins to open due to the contraction of
bentonite. The opening of the interface depends on the maximum stiffness reached during the

closure. Then, as the interface has a lower stiffness, it experiences a greater aperture.
Figure 7.3 plots the results obtained for the Base Case (black dash line). Note that the interface
shows the same mechanical behavior for Case, E (kOO MPa/m with hydraulic properties

dependant on the interface opening results represented with a continuous red line).

The evolution of intrinsic permeability and the air entry pressure are given in Figures 7.4a and b.

The figures show that as the interface closes, its permeability decreases while air entry pressure
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increases, according to the constitutive laws (Eqg. 3.37 and 3.39 — Ch. 3) proposed to calculate
them. Therefore when the interface begins to open, permeability increases and air entry pressure

decreases again.

The main consequence of permeability and air entry pressure changes is the alteration of the
degree of saturation of the interface and the bentonite (Fig. 7.5a, b and c). During the heating
phase (time interval from day O to day 500), the interface with the lowest permeability and
highest air entry pressure has the greatest degree of saturation (Case 4). This is due to the
following phenomena: the fact that higher air entry pressure implies less desaturation when
temperature increases, and that lower permeability results in lower water flow towards bentonite.
All these phenomena cause a lower degree of saturation of the bentonite during heating (see Fig.
7.5b and c).

During the water pressure supply (time interval between days 674 and 1598) the interface with
lowest permeability and highest air entry pressure (Case 1) experiences a faster increment of the
degree of saturation than the interfaces of the rest of cases. This is because a more impervious
interface implies a higher liquid pressure gradient from bentonite towards interface. This higher
degree of saturation of the interface causes an increment of its thermal conductivity that origins a

higher desaturation of adjacent bentonite (Fig. 7.5b and c).

However observing the degree of saturation of bentonite at different radial distances from the
interface (Figs. 7.5b, ¢ and d), it can be concluded that the differences on the hydraulic
conditions of the interface only affect the hydration of the bentonite close to the interface and up

to a radial distance of 70 mm.

Figures 7.5a, b, ¢ and d compare the degree of saturation calculated for the Base Case (black
dash line - hydraulic properties that remain constant during the test) to other cases. Note that in
the Base Case the interface has a higher degree of saturation at the beginning because its initial
air entry pressure is higher. And if this case is compared to Case 1, which has the same normal
stiffness, the difference in the degree of saturation of the interface remains unchanged during the
entire example. Nevertheless, the degree of saturation of the bentonite does not significantly

change in both Cases. A possible explanation of this is that the hydraulic properties of the
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interface in Case 1 do not differ very much from the ones in the Base Case and they tend to

adopt values from the Base Case.

Finally, note that in order to obtain changes on the degree of saturation of bentonite it is

necessary for the hydraulic properties of the interface to change considerably. For instance,
comparing the degree of saturation obtained for the Base Case and for Case 4 (Fig. 7.5 b and ¢),
it is necessary that the interface permeability decreases five orders of magnitude and that the air
entry pressure increases one order of magnitude to cause a small reduction of the degree of

saturation of bentonite.

o
o
=
S—
N
6]

Normal Stiffness [MPa/m

— —

T

0.008- L |- kn = 100 (Base Case¢
g HAS § ———kn =100 (Case 1)
£, 0.006- ||\ 50 _
o TN & —Kkn 50 (Case 2)
S - — -
& 0.004- o g ——kn= 20 (Case 3)
< 1 IS ——kn= 10 (Case 4)

0.002+ 58

0 ' T ' 77\ T I = f?fi\ ‘\‘ I T I T 0
0 500 1000 1500 2000 0.01 0.008 0.006 0.004 0.002 0

Time [days] Aperture [m]

Figure 7.3: a) Evolution of the interface aperture with time. b) Evolution of the horizontal stress

of the interface with its aperture.
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Figure 7.4: a) Evolution of the intrinsic permeability of the interface. b) Evolution of the air

entry pressure of the retention curve of the interface.
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Figure 7.5: Evolution of the degree of saturation at different radial distances. a) Interface
element (radial distance of 530 mm) b, ¢ and d) MX-80 bentonite buffer (radial distances of 550,

600 and 700 mm respectively).

7.3 Study of the gas flow trough canister-bentonite interface

This study was performed to evaluate the gas flow behaviour of the interface element under
thermo-hydro-mechanical conditions. The motivation of these examples is the fact that gas

generation takes place in radioactive waste repositories due to the corrosion of canister.
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Even though the example modelled is very simple, because only one point on the middle depth
of canister is considered as a gas flow source, it allows performing some calculations to evaluate
the gas pressure generation and the gas fluxes regarding different interface and bentonite

properties.

7.3.1 Model description

The geometry of the model and the mesh used in the simulation are the same as the ones used in
Chapter 6 for the CRT.

The thermal boundary condition consists in applying a heat flux on the canister volume (see Fig.
7.6).

The hydration of the buffer was possible by applying a water pressukg00B MPa to the
host rock wall (Fig. 7.6) and a constant gas pressurg ef ®1 MPa. These conditions are

applied during the 4000 days that lasts the simulation.

| Heat Power @ Canister |
1IN |~ Water Pressure @ Host rock wall

Power [Kw]/ Water Pressure [MPa]

0 i i i
0 1000 2000 3000 4000
Time [days]

Figure 7.6: Boundary conditions. Heat power applied to the canister volume and water pressure

applied to the host rock wall.

Since day 2000 a gas injection of 1@g/s was impoused at a nodal point belonging to the

middle length of the canister surface.
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The number of materials in the simulation is the same as in the CRT analysis, as well as the type
of constitutive models and parameters of the materials. Moreover, the following gas relative

permeability for the materials is adopted:

— A
k, = AS,

where kyis the relative permeability of the gas, A is a constant equalXc=13 and & is the

effective degree of saturation.

Four cases were simulated to study how the changes of hydraulic properties of the interface and
the gas permeability of bentonite could affect gas flux. The cases performed are described in the

following sections indicating the properties of bentonite and interface adopted in each case.
7.3.2 Sensitivity to intrinsic gas permeability of bentonite buffer

Two cases were compared in this section. Case 1 adopted a relation between gas and liquid
permeability of k/k; = 1.0 x 10°. Given that the liquid permeability equals=k2.62 x 10°° 7,

the initial gas permeability in this case js%2.62 x 10" n?. In Case 2, ffk; = 1.0 x 1¢°, and
kg=2.62 x 10"". These kg/kl ratios are selected taking into account that the gas permeability of
clays is several orders of magnitude higher than liquid permeability. Then the relations used in
these examples agree with the permeabilities measured experimentally in Febex bentonite and
Boom Clay (Fig. 7.7).
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Figure 7.7:Data compiled on the permeability (in’yrof clays to gas and water. Febex Clay
(Villar, 1998) and Boom Clay (Volkaert et.,al994).

The properties adopted for the canister-bentonite interface in both cases=at®& MPa/m,
initial liquid and gas permeability k kg = 1 x 10'° and initial air entry p= 1.0.

The permeability of bentonite changes due to swelling or contracting deformation. The
permeability and air entry pressure of the interface change with its aperture.

The results obtained for Case 1 are plotted in Figures 7.8, 7.9, 7.10 and 7.11. The results for
Case 2 are shown in Figures 7.12, 7.13, 7.14 and 7.15.

During the thermo-hydraulic phase both cases present the same behaviour: there is a
desaturation of the interface and bentonite due to the increase in the heat flux followed by a

hydration phase caused by the water pressure applied to the host rock wall. The bentonite begins
to swell and consequently the interface closes. The difference between examples appears when
the gas is injected.

In Case 1 the initial gas permeability of the bentonite is one order of magnitude higher than the
interface permeability. Figure 7.8 shows that gas pressure increased during injection and
reached a maximum value of 2.23 MPa in the interface at day 4000. The increment of gas

pressure concentrated around the injection point (Fig. 7.8). The gas begins to flow trough the
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interface, but it also flows trough the bentonite due to its high gas permeability (Fig. 7.9). The
increase in gas pressure causes desaturation of the interface and also of the bentonite (Fig. 7.10).
Figure 7.11 shows that during gas injection the interface is first opened, although this is only
recorded for the length of the interface affected by the increment of gas pressure. Figure 7.11
also suggests that at a depth of 2 m the interface continues closing. Later, when gas begins to
flow trough bentonite, the interface before opened begins to close again due to the swelling of
bentonite, which is hydrated at all times by the water pressure applied to the host rock wall.
Figure 7.11 also presents the evolution of interface permeability and air entry pressure. The
decrease of aperture and the increment of air entry pressure also collaborated to increase the
degree of saturation of the interface.

In Case 2 the gas permeability of bentonite is one order of magnitude lower than the initial gas
permeability of the interface. Figure 7.12 shows that gas pressure increases up to 4.81 MPa and
that it extends all throughout the interface. Furthermore, gas pressure is high in bentonite, and
the gas flux concentrates also along the interface (Fig. 7.13). Both phenomena are a
consequence of the low permeability adopted for bentonite. High gas pressures lead to an
increased desaturation of the interface and bentonite buffer compared to the desaturation
observed in Case 1 (Fig. 7.14). Moreover this desaturation extends to the entire zone affected by
high gas pressure. Figure 7.15 depicts the evolution of the interface opening and highlights a
sudden increase in the opening, when the gas is injected, due to the large increase in gas
pressure. The opening continues but at a very slow rate because the gas begins to flow through
the interface, the gas pressure extends to the whole interface and its aperture increases along its
length (Fig. 7.15). The figure also shows abrupt changes in permeability (increases) and air
entry pressure (decreases), which causes a very low rate of increment in the degree of saturation

of the interface.
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Figure 7.8: a) Gas pressure at day 2033 (after gas injection), b) Gas pressure at day 4000 (end of
the test).

Figure 7.9: a) Gas flow at day 2033 (after gas injection), b) Gas flow at day 4000 (end of the
test).
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Figure 7.10: a) Evolution of gas pressure at the interface and bentonite buffer for different radial
distances, b) Evolution of degree of saturation for the interface and bentonite buffer. Case 1.
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Figure 7.11: Evolution of the interface opening along its length before and after gas injection.
Case 1.

Figure 7.12: a) Gas pressure at day 2033 (after gas injection), b) Gas pressure at day 4000 (end
of the test). Case 2.
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Figure 7.13: a) Gas flow at day 2033 (after gas injection), b) Gas flow at day 4000 (end of the
test). Case 2.
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Figure 7.14: a) Evolution of gas pressure at the interface and bentonite buffer for different radial

distances, b) Evolution of degree of saturation for the interface and bentonite buffer. Case 2.
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Figure 7.15: Evolution of the interface opening before and after gas injection. Case 2.
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7.3.2 Effect of the air entry pressure of interfaces in the gas flow (Case 3)

In Case 3 the k ratio for bentonite is 1.@0" (the same as in Case 2). The normal stiffness
(ko = 100 MPa/m) and the initial intrinsic permeability £1.0xL0° m?) of the interface are the

same as the ones used in Case 2, but the initial air pressure for intgréacalB 0.1.
The results obtained for this case are shown in Figures 7.16, 7.17 and 7.18.

During the thermo-hydraulic phase, the degree of saturation of the interface showed to be lower
than in Case 2. In this phase the degree of saturation of the interface 8.6 while in
bentonite it is 5= 0.82. This is due to the lowep Bf the interface, which implies a greater

desaturation of the interface.

The gas pressure calculated in this case is lower than in Case 2 while the gas flux is greater. This
is due to the lower degree of saturation that the interface has when the gas is injected. This lower
degree of saturation causes a greater mobility of the gas through the interface, which is
exemplified when comparing Figs 7.13 (gas flow — Case 2) and 7.17 (gas flow — Case 3). A
consequence of the greater gas mobility is that the gas pressure increment is the same throughout

the interface causing an extended increment of its aperture.

Figure 7.16: a) Gas pressure at day 2033 (after gas injection), b) Gas pressure at day 4000 (end
of the test). Case 3.
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Figure 7.17: a) Gas flow at day 2033 (after gas injection), b) Gas flow at day 4000 (end of the
test). Case 3.
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Figure 7.18: a) Evolution of gas pressure at interface and bentonite buffer for different radial

distances, b) Evolution of degree of saturation for the interface and bentonite buffer. Case 3.
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Figure 7.19: Evolution of the interface opening before and after gas injection. Case 3.

7.3.3 Effect of interface normal stiffness. Case 4

In Case 4 the initial normal stiffness of the interface was changed t030 MPa/m. The
objective of this example is to analyse the effect of normal stiffness on the interface hydraulic

properties and on the gas pressure and flow.

In this case, during the thermo-hydraulic phase, the interface reached a higher degree of
saturation than in Case 3. This is a consequence of a lower permeability and a higher air entry
pressure because the lower normal stiffness is what causes a higher closure of the interface.
Consequently, the gas pressure is higher than in Case 3. Then, the increment of gas pressure
causes the aperture of the interface, and consequently its permeability to increase, its air entry

pressure to decrease and the interface to desaturate.

But it is also observed that gas fluxes and the final degree of saturation of the interface and

bentonite are very similar to those of Case 3.
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Figure 7.20: a) gas pressure at day 2033 (after gas injection), b) gas pressure at day 4000 (end of
the test). Case 4.

Figure 7.21: a) Gas flow at day 2033 (after gas injection), b) Gas flow at day 4000 (end of the
test). Case 4.
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Figure 7.22: a) Evolution of gas pressure at the interface and bentonite buffer for different radial

distances, b) Evolution of the degree of saturation for the interface and bentonite buffer. Case 4.
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Figure 7.23: Evolution of the interface opening before and after gas injection. Case 4.

7.4 Concluding remarks

From the sensitivity analysis of the permeability and air entry pressure changes due to the
opening evolution and considering the different normal stiffness of the interface, the following

conclusions are drawn.
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Lower permeability and higher air entry pressure are the consequence of considering the lower
stiffness of the interface. These interfaces present a greater degree of saturation than stiffer

interfaces. They also induce a lower degree of saturation of the bentonite.

However, the saturation of bentonite close to the interface (approximately up to a radial distance
of 70 mm from the interface) is only dependant on the hydraulic conditions of the interface.

Note that in order to vary the degree of saturation of bentonite it is necessary that the hydraulic
properties of the interface change considerably. This is confirmed by the fact that a small
decrease of the degree of saturation of bentonite is observed when comparing the results
obtained for an interface with a constant permeability,of k.0 x 10*®m? and an air entry
pressure of = 1.0 MPa and the results for the interface with variable hydraulic properties and a
k,= 10 MPa/m that reached a minimum value of R.0 x 10%* and a maximum value of,B

11.0 MPa.

From the gas flow study it is possible to conclude that the increment on gas pressure and gas
flow depends considerably on the gas permeability adopted for the bentonite with respect to the
one adopted for the interface. A bentonite with gas permeability one order of magnitude higher
than interface permeability implies a lower gas pressure. The gas flowed trough the interface
causing a decrease of the degree of saturation of the bentonite. The gas pressure and the gas
flow affected the area closest to the injection gas point. The interface is opened by the increment
in gas pressure, but then, given that gas can flow through bentonite, the interface is able to close

because the bentonite begins to swell again because its hydration is possible.

However, a bentonite having a gas permeability one order of magnitude lower than the interface
implies for the interface and bentonite to exhibit a higher gas pressure. The gas flux
concentrated only along the interface. High gas pressures lead to a faster desaturation of the
interface and bentonite, compared to the case before-mentioned. Moreover this desaturation
extends to the whole interface, which opens due to the increment in gas pressure and remains so
during gas injection.
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Then, the decrease in initial air pressure for interfaced@als 0.1, which in turn causes the
degree of saturation of bentonite to be lower when gas injection starts. This allows the gas to
move easily through the interface. That is why, in this case, the gas pressure is somewhat lower
than in the case before-mentioned and, as a result, the increment of the interface aperture is also

lower.

Finally, the fact of considering an interface with a stiffness twice as low has no significant effect

on gas pressure and on the degree of saturation of the interface and bentonite.
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CHAPTER 8

Conclusions and Futureresearch

Summarizing, the thesis has included the following main developments:

1. The theoretical formulation of thermo-hydro-mechanical coupled behaviour of
discontinuities and its discretization using the finite element method and the joint element

with double nodes have been presented.

2. The hydraulic formulation is able to consider unsaturated joints. It also considers the

possibility of a two-phase flow through the joint.

3. The mechanical behaviour of the joint was developed in the framework of viscoplasticity.

4. The experimental program allows studying the effect of moisture content and the
roughness of rock joints under shear loads. It was possible to formulate a new mechanical

constitutive law taking into account both effects.

5. The mathematical formulations before mentioned were implemented in Code_Bright.

8.1 Conclusions.

The hydro-mechanical behaviour of rock joints depends on their geometric properties and the
level of stress applied to the joint. Regarding the geometric properties, it was experimentally
proven that the wall roughness has a strong influence on strength and dilatancy. It was also
demonstrated that joint permeability is affected by normal stress level, dilatancy and the damage
of the joint walls roughness. Furthermore the degradation of roughness affects both residual
strength and permeability.
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Several mathematical models were formulated to numerically simulate the behaviour of joints. It

is possible to make a distinction between models based on rock mechanics and on fracture
mechanics. The former kind of models mentioned considers pre-existent joints, while the latter
determines a joint initiation and its propagation. Models are formulated taking into consideration
empirical observations. As an example of pre-existent joints models, the hydro-mechanical
model proposed by Ollson & Barton (2001), and the mechanical elasto-plastic model proposed
by Gens et al. (1990) were adopted as a general reference. Ollson & Barton’s model is based on
empirical measures such as JRC and JCS and on the empirical relation of geometry aperture and
hydraulic aperture. The elasto-plastic model is based on the plasticity theory that defines a yield
surface whose size depends on strength parameters. The evolution of the parameters is controlled

by the plastic strain of the joint.

As an example of the fracture mechanics model, the formulation proposed by Carol et al. (1997)
Is mentioned. Fracture initiation and its propagation depend on a crack surface, whose evolution

is controlled by the fracture energy dissipated in Modes | and Il of fracture.

Although models of the roughness degradation of rock joints wall have recently been
incorporated into mechanical models, this improvement was possible thanks to advanced
techniques to measure the surface topography.

In general, all hydro-mechanical models predict satisfactorily the main characteristic of rock
joints behaviour, i.e. the increase of normal stiffness with joint closure; the softening of shear
strength and the decreasing dilatancy with shear displacements. Given that the evolution of the
mechanical opening joint is related to its hydraulic aperture, permeability changes are also
predicted.

The thesis involves two activities, one theoretical and another one experimental. The first one
consisted in implementing in Code_Bright a joint element taking into account a coupled thermo-
hydro-mechanical formulation using viscoplasticity. In addition, some examples were carried out
to validate and evaluate the formulation. On the other hand, the second activity focused on
performing an experimental program to test rock joints under shear load considering different
values of suction and different values of asperity roughness. From the analysis of experimental
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results, a new mechanical constitutive law was proposed. Then this new law was implemented in

Code_Bright and the tests were simulated.

The theoretical formulation of the implemented joint element is based on the work by Goodman
et al., (1968) and Segura (2008). They formulated the equilibrium of stress, the mass balance of
water and air, and the energy balance equations.

The mechanical constitutive law is formulated on effective stress and is based on Gens et al.
(1990). This law considers the elastic and plastic strain of the element. The elastic law is non-
linear with normal stiffness dependant on the evolution of the opening of the joint element. The
plastic behavior is defined by a hyperbolic failure surface, while the softening is based on a slip
weakening model (Palmer & Rice, 1973). The equations theoretically developed were

transformed to fit the viscoplastic framework.

The hydraulic constitutive laws adopted consisted in calculating the longitudinal flux by Darcy’s
law and calculating the transversal flux by considering a pressure drop between interface
surfaces (Segura, 2008). The cubic law was used to calculate the intrinsic permeability, which
dependeds on joint opening. The air entry pressure of van Genutchen’s retention curve was also
calculated taking into account the joint aperture. The implementation of a retention curve to the

joint element allowed studying cases in which the joint is under unsaturated conditions.

The non advective flux (vapour diffusivity) was calculated by Fick’'s law. On the other hand, the

heat conduction through joint is given by Fourier’s law.

Finally the nodal displacements, liquid pressure, gas pressure and temperature were obtained by

solving simultaneously the balance equations.

Then, some numerical simulations were run to validate and evaluate the formulation of joint
elements. One simulation involved the reproduction of the hydro-mechanical tests on granite
joints under shear loads performed by Lee and Cho (2002). From the comparison between test

and numerical results it was concluded that the formulation was able to reproduce the main
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characteristic of coupled joint behavior. For instance, shear stress softening and dilatancy with

shear displacements are well-captured as well as the increase of permeability with displacements.

Another simulation that considered the thermo-hydro-mechanical coupled behaviour of the
material in a nuclear waste repository was satisfactorily performed. The simulation was carried
out in the framework of the European Project THERESA. The main objective of this work was
to take into account in the model of a large scale tests the interface between canister and
bentonite. The large scale test modelled is the Canister Retrieval Tests (CRT). It was necessary
to define the parameters of the materials used in the waste nuclear repository. Several parameters
have been determined using data from laboratory tests; others were adopted by back analysis
calculations. Specially, the parameters of the interface were fitted by back calculation analysis.
Comparing the results measured in situ with the results of numerical analysis it can be concluded
that the formulation used is able to reproduce well the phenomena involved in the test as well as
their interactions. From the results it was possible to verify that the model implemented for the
interface is able to capture its behaviour. This shows that the evolution of its opening and stress

depends mainly on the bentonite swelling or contraction.

Laboratory activities involve modifying an available direct shear device, developing the
sampling method and conducting a shear test program that would then define a constitutive law
for rock joints with different suction. Moreover the damage to rock joints caused by the shear
load was quantified, a profilometry of the joints walls was carried out, and the loss of mass of the

samples was determined quantitatively.

The modification of the shear device included adding a vapor circulation system and improving
the acquisition of data by incorporating an analogue data acquisition device. The vapor
circulation system allows studying the influence of suction on the mechanical behaviour of rock

joints.
Joint samples were carved into the rock using a drilling machine. The carving process adopted

allows constructing different roughness angles. This effect was also studied on the shear strength

and dilatancy of joints.
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The shear test results obtained not only showed the well known dependency of shear strength
with net normal stress, but also showed a marked dependency on suction and roughness. A
decrease of shear strength and dilatancy was observed when inducing a decrease on suction. A
greater roughness implies a greater shear strength. However, comparing the offset value of
displacement, for which the residual shear strength is reached, it became clear that the rougher
the asperity, the smaller the displacement required to reach residual conditions. This means that a
rougher joint implies a more brittle behaviour. This brittle behaviour causes higher damage on
joints surfaces, specially if this damage extends to all the surfaces. Consequently, rougher

surfaces show lower dilatancy.

The profilometry profiles plotted and the gouge material measured confirmed that higher normal
stresses, higher relative humidity of rock joints and rougher asperities causes greater damage to
joint surfaces. A maximum of Wg/Wi = 5.9% is envisaged for an asperity roughness angle equal
to 45°, a suction of 20 MPa and a net normal stress of 150 KPa. A minimum of Wg/Wi = 0.15%
is asigned to an asperity roughness angle equal to 0°, a suction of 200 MPa and a net normal
stress of 30 KPa.

It was also concluded that the degradation of joints increased with the work in all cases.
Nevertheless, the higher the suction, for a given value of total work, the lower the joint

degradation

From the analysis of test results it was possible to define new mathematical expressions for the
strength parameters (initial effective cohesiogl) (@nd initial effective tangent for the internal
friction angle (tandy) of the yield surface asymptote). These expressions consider the effects of
the suction and asperity roughness angle on strength parameters. Likewise, dilatancy parameters
were modified taking into account the suction and asperity roughness angle. Both modifications
were introduced in the constitutive law of the interface element implemented in Code_Bright and

then the tests were simulated.
The numerical results obtained using the suggested expressions closely reproduce the

experimental features of rock joints. The results of the simulation have shown a good prediction

of the evolution of shear stress with shear displacements. The dilatancy trend is also well-
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captured. The differences between numerical and experimental data are due to the natural
heterogeneity of the rock. Also the manual construction of the joints is a source of irregularities.

Other examples were carried out to evaluate the formulation of joint elements in other possible
cases. For instance, a sensitivity analysis of their properties was carried out considering a
simplified 1-D THM model of the CRT. These studies allow determining how the interface
properties could affect the state of adjacent materials. The other examples consist in studying the
gas flow through the interface taking into account different properties of the interface and

bentonite. In these cases a 2-D model was used for the CRT.

From the sensitivity analysis of the permeability and air entry pressure changes, due to the
evolution of openings considering different normal interface stiffness, the following conclusions
were drawn.

Lower permeability and higher air entry pressure are a consequence of considering the lower
stiffness of the interface. This interface presents a higher degree of saturation than stiffer

interfaces. This is also the reason for the lower degree of saturation of the bentonite.

However, the saturation of bentonite close to the interface (approximately up to a radial distance

of 70 mm from the interface) is only dependant on the hydraulic conditions of the interface.

In order to obtain changes on the degree of saturation of the bentonite, it is necessary for the
hydraulic properties of the interface to change considerably. This is confirmed by the fact that a
small decrease on the degree of saturation of bentonite is observed when the results obtained for
an interface (with a constant permeability pEKL x 10*®m? and an air entry pressure of

1.0 MPa) are compared to those of the interface with variable hydraulic properties=at k
MPa/m (which reached a minimum value £k x 10°* m? and a maximum value ofR 11.0

MPa).

From the gas flow study it is possible to conclude that the increment on gas pressure and gas
flow depends considerably on the gas permeability adopted for the bentonite with respect to that
adopted for the interface. A bentonite with gas permeability one order of magnitude higher than
interface permeability implies lower gas pressure. The gas flow through the interface and
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through bentonite causes a decrease of their degree of saturation. Gas pressure and gas flow
affected the area closest to the injection gas point. The interface is opened by the increment in
gas pressure, but then, given that gas can flow trough bentonite, the interface is able to close
because bentonite begins to swell again because of hydration.

However, a bentonite with gas permeability one order of magnitude lower than the interface
implies higher gas pressure for the interface and bentonite. Nevertheless, the gas flux
concentrated only along the interface. High gas pressures lead to a faster desaturation of the
interface and bentonite compared to the case mentioned before. Moreover this desaturation
extends to the whole interface, which opens due to the increment in gas pressure and remains so

during gas injection.

Then, the decrease in initial air pressure for interfaceg@als 0.1, which, in turn, causes the
degree of saturation of bentonite to lower when gas injection starts. This allows the gas to move
easily trough the interface. That is why the gas pressure is a somewhat lower than in the case

before-mentioned and consequently the increment of the interface aperture is also lower.

Finally, the fact of considering an interface with stiffness twice as low has no significant effect
on gas pressure and on the degree of saturation of the interface and bentonite.

8.2. Future research

There are some aspects that should be further investigated, they are classified here in numerical

and experimental developments.

Regarding the numerical developments the following is suggested:

— Implement of a 3-D joint element formulation. This development will be useful for different

problems, for instance the study gas flow through a nuclear waste repositories and the study
of the stability of geotechnical excavation.
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- Improvement of the hydraulic constitutive law, by coupling permeability with gouge

material generation.

Regarding the experimental work, the following is proposed:

Performing a shear test with suction control on rock joints of sandstone or limestone to study

the effects of moisture content on these joints.

— Evaluating the effects of suction on joints under normal stress.

— Carrying out a coupled hydro-mechanical test on rock joints with different suctions. These
tests will allow studying the effect of the damage of the rock joint wall on the permeability of

joints. And analysis if damage induced anisotropy in permeability.

— Performing a normal and shear test on mismatched joints with suction control, in order to

evaluate the effect of the geometry of the joint on its strength and degradation.
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