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ARTICLE INFO ABSTRACT

Keywords: The CNSC, the Canadian regulator for the nuclear industry, participated in DECOVALEX-2023 Task G that fo-
Rock joint cuses on the thermo (T) - hydro (H)- mechanical (M) behaviour of rock joints. Joints are omnipresent in rock
Shear masses and are planes of weakness in the host rock. When deep geological repositories (DGRs) for radioactive
Dilation . . . . . .

. waste are being considered in areas where rock joints are present, the joints could be preferential pathways for
Thermal shearing . . f . . .
Viscoplasticity radionuclide migration. Therefore, their THM behaviour must be better understood to assess the safety of the

DGR. Under different possible internal and external perturbations, a joint can move by shear and dilation. If the
joint crosses the emplacement area of a waste container, the heat generated from the waste can itself induce
shearing of the joint. Excessive shear movement can in turn lead to failure of the container, resulting in earlier
release of radionuclides. Furthermore, dilation that might accompany shear, results in an increase in the joint
aperture creating a faster flow path for radionuclide transport. Mathematical models are important tools that
need to be developed and employed, in order to assess joint shear and dilation under different loading conditions,
such as the heat generated from the emplaced waste. The authors have developed such a mathematical model
based on a macroscopic formulation within the framework of elasto-plasticity. It is verified against analytical
solutions and validated against shear under constant normal load tests and thermal shearing tests of joints in
granite.

Nuclear waste
Geological disposal

1. Introduction

Discontinuities, which we call joints or fractures in this work,
constitute planes of weakness and hydraulic conduits in rock masses and
need special attention in the design and construction of underground
structures. The joint behaviour under different thermal, hydraulic and
mechanical processes and their combination needs to be understood for
the safe and optimal operation of activities such as carbon geo-
sequestration, geothermal energy extraction, and shale gas
production' °. The focus of this paper is on geological disposal of
radioactive waste being considered in many countries which consists of
emplacing the waste in a repository at depths of hundreds of metres in a
suitable rock formation. A deep geological repository (DGR) relies on a
multiple barrier system to contain the waste and isolate it from the
surface environment for periods of hundreds of thousands to millions of
years®. The main components of the multiple barrier system are the
waste container, the bentonite sealing system that surrounds the
container in the emplacement room and the host rock formation
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(Fig. 1a).

The primary type of waste considered for deep geological disposal is
high-level radioactive waste, such as used fuel from nuclear power
plants. High-level waste (HLW) generates heat and would substantially
raise the ambient temperature in the DGR and host rock for tens of
thousands of years. This heat results in complex multiphysical processes
that perturb the Thermal (T)-Mechanical (M)- Hydraulic (H)- Chemical
(C) regime in the multiple barrier system and impact its long-term
performance 78 In this paper, we focus on a scenario when a joint in-
tersects the emplacement area of a container, as schematically illus-
trated in Fig. 1b. Several external events such as earthquakes or water
recharge from future deglaciation, and internal processes such as the
heat generated from the waste, can potentially trigger joint movement.
Excessive shear slip is the most damaging joint movement since it can
affect the structural integrity of the waste container, potentially result-
ing in earlier release of radionuclides. Shearing is usually accompanied
by dilation resulting in an increase in the joint aperture and perme-
ability, further enhancing its ability to transport radionuclides.
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Fig. 1. Example of geological disposal concept (from®).
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Fig. 2. Saw-tooth conceptualization of a rock joint.

50 mm

Fig. 3. Scanned surface of a joint in Freiberg granite (based on®).

The work being reported here is part of the Canadian Nuclear Safety
Commission’s contribution to task G of the DECOVALEX-2023 project
(https://decovalex.org), an international collaborative project for the
development and validation of models of coupled THMC processes in
geological disposal systems. Task G of DECOVALEX-2023 focuses on
THM processes of rock joints. The authors have developed a mathe-
matical model that can be used to assess the scenario of thermoshearing
of a joint in the vicinity of an emplaced waste container. The model is
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Fig. 4. Finite element model for joint shear under constant normal stress.

based on a macroscopic formulation within the framework of elasto-
plasticity. It is verified against analytical solutions and validated
against shear under constant normal load tests on jointed granite spec-
imens. It is finally used to simulate thermal shearing tests of jointed
granite specimens performed in the laboratory to further understand the
processes that are relevant to the thermoshearing scenario considered in
the safety assessment of DGRs for HLW.

2. Mathematical formulation
2.1. Viscoplastic formulation

Since the 1970s, many models were developed to predict the shear
strength and displacement of rock joints e.g.” '°. It is not our intention to
perform an in-depth review of these models. In task G of DECOVA-
LEX-2023"7, different joint models have been developed in order to
simulate thermoshearing problems using a set of well-designed experi-
mental data. There are two main types of approaches adopted in the
above models. The first approach is a microscopic one, in which the
asperities of the scanned surfaces (e.g. Fig. 3) of the joint are exactly
represented and assumptions are made about the interaction between
these asperities. In this work, we adopted the second approach, which is
the macroscopic one. The model that was developed requires input data
on average joint characteristics that can be obtained from basic and
inexpensive characterization techniques'>'%>!,

The proposed model is based on the saw-tooth conceptualization
(Fig. 2) of Patton’, and Plesha'’ and the elasto-plastic formulation by
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Fig. 5. Verification of the joint model for shear under constant normal stress — The dashed line represents the model results and the solid line the analytical solution.

Table 1
Input data for modelling shear under constant normal load tests on jointed
Freiberg granite.

Input parameter Value Source
Young’s modulus 50 GPa 23

of intact rock
Poisson’s ratio of 0.2 Assumed

intact rock

JRC 16 Estimated from joint profile
(Fig. 3) from methodology
described in”’

JCS 120 MPa Assumed equal to uniaxial
compressive strength®

Joint 1.7e-4 m/N for 1 MPa normal Calibrated value

degradation stress, then 1e-5 m/N for
coefficient ¢ subsequent normal stresses

ks 9 GPa/m calibrated

kn Smooth step function from 0 at calibrated

0.5 um dilation to 8740 GPa/m
at 0.5 ym compression.

Nguyen and Selvadurai'®. According to that conceptualization, a global
state of shear and normal stress T and ¢ on the joint results in a local state
of stress 1, and 6, on the joint asperity, inclined at an angle o with
respect to the global shear direction.

From equilibrium consideration, the local stresses are related to the
global stresses as follows:

o, =(—0 sina+7 cosa) cosa €y

7, = (6 sina+7 cosa)cosa (2)

Joint slip starts when the friction resistance along the asperity is
exceeded, ie. |7,| > — o,tan@, where @ is the friction angle along the
asperity. In the framework of elastoplasticity, a yield criterion (using
tension positive convention) that defines the onset of permanent

deformation of the joint is then defined as:
F=|o sina+7 cosa|+(—o¢ sina+7 cosa)tan® 3

By imposing the constraint that only shear stress can produce per-
manent deformation'®, a plastic yield potential that determines the
plastic strain rate is defined as:

Q=1 =6 sina+7 cosa “4)

The stress-strain relationship for the joint is given by:

T ke O u—u

()15 2102 ®
Where:

u, v are the total shear and normal relative displacement [m] of the
joint along the global directions.

up, Vp are the plastic shear and normal relative displacement [m] of
the joint along the global directions.

ks, ky are the elastic shear and normal stiffness of the joint [Pa/m].

Using the viscoplastic formulation by Zienkiewicz and Cormeau'®,
the rate of plastic relative displacement is given by:

duy %

dt F or F +cosa

o | 70| oo | () (S) ®
dr O

Where:

(F/ Fo)=0if F/ Fy< 0; (F/ Fo)=F/ F, otherwise.

Fy is a reference value of the yield function [Pa].

p [1/s] is a “fluidity” constant (1/s) that determines the rate of the
plastic displacement. When simulating purely plastic behaviour as in the
present paper, this constant can be set equal to one.
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Fig. 6. Validation of the joint model with shear under constant normal stress tests for Freiberg granite. Solid lines are modelling results; dotted lines are experi-

mental values.

Table 2

Input parameters for modelling of thermoshearing of fracture in Pocheon

granite.

2.2. Model parameters

The joint model is fully described by Egs. (4)-(6), and the required
parameters are the elastic stiffness constants ks, kp, the friction angle ¢

Input parameter Value (model input/ Reference and the asperity angle a. We propose that the above parameters be
measured) estimated from two index parameters widely used by rock engineers, the
Density — granite (kg/m3) 2609 /2609 % joint roughness coefficient (JRC) and the joint compressive strength
Young’s modulus - granite (GPa) 50 /50 » (JCS). JRC and JCS are the key parameters of the Barton-Bandis shear
Poisson’s ratio — granite (-) 0.275/0.275 2 strength criterion 13,19-21 g0 rock joints:
Thermal conductivity -granite (W/m/  2.2/1.96-2.2 25
K) N JCS
Heat capacity — granite (J/kg/K) 645/645 » |t +0 tan(JRC Log, o +@ | =0 @)
Coefficient of linear thermal expansion ~ 8e-6 (SF), 1e-5(TF)/6.24e-6  *°
e gra“iftfe 1/ K)ﬁ Gaym) . brated JRC is an index that determines the roughness of the joint walls,
ear stiffness — fracture (GPa/m 75 calibrate . s s qs . .. .
Normal stiffness - fracture (GPa/m) 8740 calibrated whl.le JCS is indicative of the strength of the .]01I1t walls. The determi-
JRC 0.66 (SF), 12.5(TF)/0.66 25 nation of JRC, JCSmcould be performed by simple laboratory tests as
(SF), 12.5 (TF) detailed by Barton”’, who also proposed empirical expressions of the
JCS (MPa) 120 g?libmmd elastic stiffness constants ks, k, from JRC and JCS and a determination of
Joint friction angle ¢ (*) 81 the friction angle ¢ using the tilt test and the Schmidt hammer test. The
Joint asperity angle o (°) 1.5 (SF), 9 (TF) Eq. (9) . 1 hich i ifi h del. is d ined
Joint degradation constant (m/N) le-6 (SF), 3e.4(TE) calibrated asperity angle, which is specific to the present model, is determined as

detailed below.
It is noted that the yield condition, Eq. (3), can be written as:

|7|+otan(a+ @) =0 whenosina+7tcosa >0 (8.2)
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SF S_Q_ecimen

RC=0.62 JRC50.69

Fig. 7. Fractured Pocheon granite specimens (adapted from”>. The SF specimen was saw-cut while the TF specimen was created by tension split.

7| +otan(—a+ @) =0 whenosina+7rcosa <0 (8.b)

Then, by comparing Egs. (8) and (3), the asperity angle can be
expressed as a function of JRC and JCS as:

a=JRC Log, (?) ©

The surface asperities of real joints, as shown for example in Fig. 3 for
a joint in Freiberg granite®’, do not follow a regular pattern with a
constant inclination angle a. Several orders of irregularities in the joint
surface exist, each order of irregularity being activated depending on the
size of the sample. Therefore, Eq. (9) is a simplified conceptualization
that provides an “effective” asperity angle that depends on the scale of
the joint. The following empirical expression for JRC and JCS that takes
into account scale effects could be used:'>' !,

—0.02JRCy
JRC = JRC, (—) (10)
Ly

—0.03JCSp

Where: JRCy and JCS, are laboratory scale values of joint roughness and
compressive strength, for nominal size Ly= 100 mm, and JRC and JCS
are values for joint size L.

2.3. Asperity degradation

During the shearing process, the joint surface can be damaged. To
account for this damage, following Plesha'’, we assumed that the
effective asperity angle degrades according to:

a = ape " 12)

where o is the initial effective asperity angle, that can be estimated
from the initial JRC as in Eq. (9), c is an asperity degradation constant
and W; is the plastic work induced by shear, per unit area of the joint
surface, and accumulated at time t:

!
du,
W,=1[1 2 dt 13
g /0 - 13)

The constant c is dependent on the normal stress''. In this work, we
use a calibration procedure using shear tests under constant normal
stress in order to determine c.

2.4. Finite element implementation and verification

The joint model was implemented in the commercial general-
purpose finite element software COMSOL Multiphysics, Version. 6.1%2.
The Solid Mechanics module was used and the joint was represented by
spring interfaces between solid elements, with the rate of plastic relative
displacement in equation® defined as a “pre-deformation” of the inter-
face. The accumulated plastic relative displacement is calculated by
performing time integration of the rate (cf. Eq. 6) using the Boundary
Ordinary Differentiation (ODE) module and fully coupling it to the
Structural Mechanics module.

The implementation was verified for the case of joint shearing under
constant normal load as illustrated in Fig. 4. In this example, the jointed
rock sample was sheared to a total relative shear displacement of
0.002 m (2 mm), under a constant normal stress of 1 MPa. The effective
asperity angle was set to 33.4°, the friction angle 34°. The shear stiffness
was set to 9 GPa/m. The normal stiffness was defined as a smooth step
function that varies from zero, when the joint normal displacement
exceeds 0.5 pm in tension, and to a stiffness equivalent to the one of the
intact rock (8740 GPa/m) when the joint normal displacement exceeds
0.5 um in compression. The above values are intentionally chosen as the
same for the joint in Freiberg granite discussed next.

When no joint degradation is considered, an analytical solution for
the joint behaviour can be derived, as follows:

Tpeak= O tan(ap +d)= 2.4 MPa.

Upeak= Tpeak /Ks = 0.00026 m (0.26 mm).

Up =U-Upeax= 0.00174 m (1.74 mm).

vp =Uptan(a) = 0.001147 m(1.147 mm).

Wp = TpeakUp-

The finite element results are compared to the analytical solution in
Fig. 5, showing good albeit not perfect agreement. This is because the
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Fig. 8. Experimental and monitoring procedures for thermal slip experiments on Pocheon fractured granite (adapted from””)

analytical solution is applicable to a point-value problem, while the
numerical solution is applicable to a boundary value problem, with
finite dimensions of the domain being modelled. Displacement and
stress conditions from the numerical simulation are not uniform along
the fracture. Fig. 5 shows comparison between the value of the relevant
variables averaged over the fracture versus the point-value given by the
analytical solution. The agreement is deemed acceptable and provides
confidence in the implementation of the model in the COMSOL software.

3. Simulation of joint shear under constant normal stress

Here, we validate the proposed joint model with direct shear tests
under constant normal stress conducted at the rock mechanics labora-
tory of the TU Bergakademie Freiberg, Germany?’. The tests were con-
ducted with a shear box device specially designed at the laboratory>* on
jointed granite and basalt samples. We will focus here on the jointed
granite sample. The test configuration is similar to the one for the

verification problem shown in Fig. 4b.

The jointed granite sample was sheared under constant normal load
of successively 1 MPa, 2.5 MPa, 5 MPa and 7.5 MPa. After the end of
each shearing process under a normal load, the joint surfaces were reset
to the initial position before testing to the higher normal load. The in-
vestigators”® performed scanning of the joint surface before the start of
the test series (Fig. 3) and after the last shearing test and found evidence
of damage of the joint surfaces.

The finite element model for the experiment is similar to the one for
the verification problem shown in Fig. 4. The input data used are given
in Table 1.

The modelling results are compared to the experimental data in
Fig. 6. It is shown that good agreement was obtained between the
modelling and the experimental results:

e The shear strength as indicated by the stress-displacement curve
increases with the normal stress (Fig. 6.a)
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e Joint dilation occurs due to asperity overriding during the shear
process (Fig. 6.b). With higher normal stress, dilatancy decreases due
to asperity degradation that occurred during the previous shearing
phases at lower normal stress. The asperity angle is dependent on the
accumulated plastic work as described in Eq. (12). In the numerical
simulation, at a certain normal stress level, an initial asperity angle is
defined, and then degrades according to Eq. (12). The final value
obtained at a normal stress level is used as an initial value in the
subsequent analysis at the higher normal stress level.

e At the start of shearing at normal stress of 1 MPa, the JRC was esti-
mated at 16. Consistently with the experimental observation, the
model predicts damage of the joint surfaces. The model indicates that
JRC decreases to a value of 9.5 at the end of shearing under a normal
stress of 7.5 MPa

e Asaresult of joint asperity degradation, dilation is smaller for tests at
higher normal stress (Fig. 6.b). The modelled dilation is consistent
with the experimental data for this finding. However, there is some
quantitative discrepancy since the model does not account for the
initial compression of the joint due to microcracks closing at the
beginning of the shearing process.

e Most of the asperity degradation occurred during the first test at
1 MPa normal stress. This is indicated by a pronounced softening
behaviour (stress reduction) as shown in Fig. 6.a. For subsequent
higher normal stress, the joint exhibited some hardening behaviour
followed by a nearly perfectly plastic behaviour. The modelling re-
sults are consistent with the experimental data for this softening-
hardening behaviour, except for the highest normal stress of
7.5 MPa, where continuous hardening was found.

4. Thermally induced joint shear
4.1. Overview of the experimental procedure

Laboratory experiments to simulate the scenario illustrated in Fig. 1.
b were performed on jointed cubes of Pocheon granite of South Korea”.
The Pocheon granite contains 35.7 % quartz, 35.9 % orthoclase/pla-
gioclase mix, 25.8 % microline and 2.6 % biotite and its thermal and
mechanical properties are indicated in Table 2. The three
100x100x100 mm® cubes being tested are intersected with fractures
oriented at approximately 42° with the horizontal direction. Three types

of fractures were created:

e a saw-cut fracture (SF), prepared by cutting through the intact cube
with a saw;

e alaser marking fracture (LF), prepared by saw-cutting an intact cube,
then shaping the roughness of the top surface by a laser marking
machine;

o atensile splitting fracture (TF), created by splitting the intact cube by
tension.

For the LF specimen, there is a strong mismatch between the top and
the bottom fracture walls, with estimated JRC of approximately 4 for the
top wall and 2 for the bottom wall. We will focus on specimens SF and
TF, with matched fracture walls. The SF fracture is smooth, with JRC for
bottom and top surfaces estimated respectively at 0.62 and 0.69, while
the TF fracture is relatively rough, with JRC values estimated at
respectively 12.53 for the top surface, and 12.48 for the bottom surface
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(Fig. 7).
The jointed rock specimens were tested in a biaxial apparatus in two
phases (Fig. 8):

e First it was compressed with a horizontal stress larger than the ver-
tical stress. The vertical stress was 3 MPa, while the horizontal stress
was 9 and 24.61 MPa for the SF and TF samples, respectively (Fig. 8.
a)

Then the horizontal faces are constrained to restrain horizontal
displacement, followed by heating from the top and bottom surfaces
(Fig. 8.a). Heating would increase the horizontal stress, while the
vertical stress remains constant, eventually resulting in slip failure
along the fracture when the normal and shear stress on the fracture
reach the failure envelope of the fracture (Fig. 8.b). This change in
boundary conditions allows higher development of thermal stresses
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to mimic a bounding scenario for the field conditions as illustrated in
Fig. 1.b.

During the heating phase, temperatures were measured with ther-
mometers emplaced on the outside faces of the cubic sample, shear
relative displacements along the fracture were measured by both the
clip-on displacement transducers and by camera recordings, and the
pressure developed along the restrained vertical faces was recorded
by pressure sensors. Acoustic emission was also recorded with AE
sensors (Fig. 8.c)

4.2. Modelling procedure and results

The input parameters for the modelling are shown in Table 2. Except
for the thermal expansion coefficient, all experimentally determined
parameters?” were directly used as model input. The input value of the
coefficient of linear thermal expansion had to be increased from the
experimental value, since the latter was obtained from laboratory tests
on intact Pocheon granite sample. It is noticed however?” that the pro-
cess of fracture creation induced microcracks, and even macrocracks
(for the TF) and would lead to an increase in the thermal expansion
coefficient. Therefore, for modelling purposes we increase that coeffi-
cient by approximately 20 % and 40 % for the SF and TF, respectively.

The finite element model for the thermoshearing experiment
showing the sequence, the boundary and initial conditions is illustrated
in Fig. 9. In the first phase a steady-state mechanical analysis under a
biaxial loading condition was performed. In the second stage, a coupled
Thermal-Mechanical transient analysis was performed. In that second
phase, the stress distribution calculated from the first phase was input as
initial stresses and displacements were re-initialized to zero. The hori-
zontal load was removed and replaced by rollers to prevent normal
displacements. Heating was then applied from the top and bottom. Only
heat conduction was considered in the thermal process. The initial
temperature in the cube and the external temperature were set at 25 °C.
The temperature in the heaters at the top and bottom of the specimen
was raised to 150 °C within 1000 s. There is heat loss through the
heating plates in contact with the specimen. Instead of considering the
plates explicitly, we assumed that heat fluxes from the heater into the
rock specimen could be represented as:

Qneater= h(T-Theater) 14

where h is a heat transfer coefficient through the plates, calibrated to
45 W/m?/K and 30 W/m?/K for the bottom and the top surfaces,
respectively and Theater iS the heater temperature, being raised from
25°C to 150 °C in 900 s

The front and back faces are in contact with the open air and heat loss
from these faces due to natural convection are simulated as:

Qconv=N(T-Texr) (15)

where T is the temperature on the face inside the cube, Teyt = 25 °C is
the external temperature and h is the heat transfer coefficient, assumed

)

c) 6000 s of heating

Fig. 12. Horizontal stress (MPa) distribution at different phases of thermoshearing experiment on SF sample.
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Fig. 13. Horizontal stress increment, shear displacement and stress path for the
SF fracture — Sensors and cameras recording positions are shown in Fig. 8.c.

to be 20 W/m?%/K which is a typical value for still air.

The fracture is assumed to be a thin resisting layer, since as observed
during the experiment, the fracture surfaces are not in perfect contact,
especially for the TF specimen. The heat transfer flux across the fracture
is modelled as:

Q=-(Tu-To)/R (16)

Where T, and T4 are, respectively, the temperatures on the upper and
lower surfaces of the fracture; and R is the heat flux resistance, cali-
brated to 0.15 K.m%/W.

Typical output for the temperature field is shown in Fig. 10. The
temperature field clearly shows the effect of natural convection at the
front and back faces, resulting in lower temperatures on these faces as
compared to the interior of the specimen. The temperature field also
shows the effects of thermal resistance of the fracture, due to imperfect
match between the upper and lower surfaces. For simplification we
assumed that the temperature fields would be the same for the SF and TF
specimens. The experimental temperature discussed in®® is reported
solely for the SF specimen, implicitly assuming that for the TF specimen,
the same temperature field would prevail.

The calculated temperature evolution is compared to the measured
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evolution at different thermometers (Fig. 8.c) positioned on the front
face of the specimen in Fig. 11. The comparison is reasonably good for
all positions, considering the uncertainties related to the complex con-
ditions of heat transfer from the heaters, which were not included in the
model. The modelling results show that temperatures near the heaters
(T2, T4 and T5) are higher than temperatures in the horizontal mid-
plane (T3 and T6). It could also be seen that temperatures at T4 and
T6 are different, although these sensors are at the same distance from the
heaters. This is due to the effect of the fracture. By including a thin
resistive layer, this effect is captured by the model.

Fig. 12.a shows the modelled horizontal stress distribution, in the
vertical mid-plane of the cubic sample, resulting from the biaxial state of
stress 6min on the horizontal faces and 6,2 On the vertical faces. Due to
the presence of the fracture, the stress distribution within the sample is
not uniform. This stress distribution was used as the initial stress for the
subsequent thermo-mechanical analysis. Before heating started, omax
was removed, and the vertical faces were restrained against normal
displacement. This operation would result in a stress relaxation due to
some sliding along the fracture, as indicated in Fig. 12.b. Subsequent
heating would result in an increase in stresses in the sample, as indicated
in Fig. 12.c. The normal and shear stresses along the joint increase
simultaneously due to heating, leading to its eventual shear failure.

For the SF specimen, the modelling results for joint displacement and
thermally induced horizontal stress increment for the SF specimen are
shown in Fig. 13 and compared with the experimental data. Consistently
with the experimental observations, as temperature increases the hori-
zontal stress increases on the restrained vertical faces of the sample
(Fig. 13a). The incremental stress at equilibrium from the model com-
pares reasonably well with the measured value. However, the model
indicates an earlier stress increase as compared to the experimental
values. In order to obtain a better agreement of the transient stress
evolution, a recalibration of the thermal analysis might be necessary,
that would require a more accurate representation of the heating plates
and the loading plates. The shear displacement (Fig. 13.b) predicted by
the model compares well in trend and absolute values with the recorded
data. Shear displacement is minimal up to 1200 s of heating, exhibiting a
rigid-plastic behaviour. The normal and shear stress in the joint increase
simultaneously due to heating, eventually reaching the yield conditions
as conceptualized in Fig. 7.b and shown in Fig. 13.c. For the SF spec-
imen, modelled joint dilation is very small of the order of 1-2 pm as also
recorded from the experiment.

For the TF specimen, the modelling results also compare well with
the experimental values for shear displacements (Fig. 14.a) as measured
by the transducer and camera recordings at most positions. For dilation,
the modelled results also compared well with the camera recordings.
The measurement of dilation from the sensor (Fig. 14.b) is however
unreliable, since it was reported that it experienced thermal expansion
during the heating process. As compared to the SF specimen, shear
displacement is larger, mainly due to the larger asperity degradation, as
discussed below. The fracture dilation is also larger due to the more
pronounced roughness of the fracture surface.

The modelled horizontal stress, consistently with the experimental
measurement, shows first an increase followed by a decrease (Fig. 15).
However, the timing and absolute values of the modelled stress in-
crements do not match well with the experimental values. The modelled
stress decrease is due to strain softening triggered by the asperity
damage that reduces the value of the effective asperity angle, as shown
in Fig. 15. This is consistent with the post-test observations by Zhuang et
al?’. who reported sheared off particles from the fracture walls. In
addition, these authors also reported microcracks and localized macro-
cracks forming from the main fracture. Crack propagation into the rock
matrix will make the overall strain softening more pronounced and this
phenomenon is not included in the current model, where the rock matrix
is assumed to be linear elastic.
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5. Conclusions

A DGR for the disposal of radioactive waste, in addition to the
engineered components, relies on the rock to contain and isolate the
waste for very long periods of time. Rock masses at the depth of a typical
DGR would in general comprise intact rock, discrete joints, and major
fault zones. Major faults and discrete joints are planes of weakness in the
rock mas and can be preferential pathways for radionuclide migrations.
The DGR should be located away from the major faults, and waste
emplacement should avoid as much as possible locations of high-
intensity jointing. However, due to the extensive footprint of the DGR,
undetected joints might occur in the emplacement location of a waste
container. Under different external events and internal processes, the
joint can shear, and potential excessive shear movements can affect the
structural integrity of the container and the bentonite seals. Further-
more, dilation that accompanies shear of rough joints would increase its
hydraulic aperture and further enhance its potential for radionuclide
transport. Therefore, for the long-term safety assessment of a DGR, the
situation of an undetected joint crossing the emplacement of a waste
container should be evaluated, and the implications of this situation
need to be integrated in the safety assessment and design of the DGR.
Mathematical models are powerful tools that could be used to evaluate
the safety implications of the above scenario.

In this paper, we developed and validated such a model. The model
input uses two main parameters, JRC and JCS, which could be measured
from inexpensive standard tests commonly conducted in rock engi-
neering. The model was shown to be able to reproduce the main physical
processes in two sets of laboratory tests. The first set of tests was
shearing tests of jointed Freiberg granite, under constant normal loads.
The model successively reproduced the increased strength and
decreased dilation with increasing normal loads, and joint asperity
damage induced by shear. The second set of tests is thermal shearing
experiments conducted on Pocheon granite specimens with inclined
fractures. The specimens were first loaded to simulate a biaxial state of
stress near the slip conditions. Subsequently, the specimens were
restrained by the sides and heated from the top and bottom, resulting in
change of stress conditions within the fracture that trigger its slip. The
model successfully predicted the temperature evolution in the speci-
mens, and the thermally induced stress conditions that led to the frac-
ture slip and its subsequent pronounced shear displacement. Two
fracture types were considered: a smooth fracture and a rough fracture.
For the smooth fracture, minimal dilation was predicted consistently
with the experiment finding. For the rough fracture, also consistently
with the experimental findings, more pronounced dilation and asperity
damage were predicted. Damage induced stress relief, as predicted by
the model, and observed from the experiment. However, the modelled
stress relief does not match well in absolute value and timing with the
experimental data. Experimental observations showed that damage
occurred not only to the fracture asperities, but also propagated into the
rock matrix in the form of microcracks and localized macrocracks. The
latter process is recommended for future investigations. In addition to
the effects of rock matrix damage and fracture propagation into the rock
matrix, future investigations would include the effects of pore pressure
(e.g. THM coupling) and the effects of different stress paths (e.g. shear
under constant normal stiffness). These investigations are being planned
for the next phase of DECOVALEX. The current model seems to have the
potential to be further developed and validated with the new experi-
mental data that would become available.
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