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The permanent disposal of spent fuel generated from nuclear
power is an important social and technical issue. Among several
options available, the most prominent option is geological disposal.
The stress conditions redistributed by excavation, groundwater
flow, and thermal stress due to disposed spent fuel are important
factors in the safety of the repository. Therefore, there is a need
for study considering thermo-hydro-mechanical coupled behavior.
In particular, the comprehensive analysis considering rock fracture
i

properties and geometry is scarce.
In this study, the two-dimensional distinct element method
simulator (UDEC) was used to numerically analyze the effects of
slip zone and permeability on the disposal tunnels and holes. The
change of permeability was analyzed through aperture change. The
disposal tunnel and the hole model were used in this study, and the
analysis including the uniformly distributed joint set and the
discrete fracture network was performed in each model. In the
uniform joint model, the maximum radius of slip area and aperture
change area with respect to joint angle, friction angle, and stress
ratio was analyzed, and the effects of friction angle, stress ratio
were analyzed with DFN models with different Fisher’s constant
and number of fractures. The slip area and the aperture change
ratio were quantitatively compared as multiples of the underground
opening radius. In the analysis considering the thermal stress, the
disposal hole model was used, and the analysis point was taken as
the time at which the maximum temperature reaches so that thermal
stress reaches maximum value.
In the uniform joint set model, the slip zone and aperture
change area were wider as the friction angle gets smaller, the
stress ratio and the joint angle were larger as a result of stress
modeling after excavation. In particular, as the friction angle
decreased, the effect of shear dilation increased dramatically. The
area where the permeability change was about 3.4 times of the
initial permeability varied from 2.8 times to 4.8 times of the opening
radius depending on the joint angle, 4.3 times to 10.7 times
depending on the friction angle, and 2.6 times to 4.2 times
depending on the stress ratio. Similar results were obtained in the
ii

discrete fracture network model, and the slip zone occurred in the
region of not more than three times of the opening radius in all
models at the friction angle of 30°. As a result of thermomechanical
modeling in the disposal hole model, the aperture was closed in all
models, and most of the slip zone disappeared which had been
caused by the excavation.
In order to take into account the permanent joint aperture
change due to shear dilation, it is necessary to study the case in
which the thermal stress is reduced by long-term behavior, as well
as considering the exact physical properties of the study. This
study can be used as basic data in the site selection guidelines for
spent fuel disposal repository, and can be used for performance
evaluation of spent fuel disposal sites.

Keyword : Nuclear waste disposal, excavation damaged zone,
permeability, discrete fracture network, slip zone, Discrete element
modeling.
Student Number : 2018-27000
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Introduction
1.1 Motive

Nuclear power is a major energy source accounting for about 10%
of the world's energy sources (IEA, 2016). In Korea, a total of 25
nuclear power plants (NPPs) are currently in operation, and
approximately 24% of the total generation depends on nuclear
power (IAEA, 2019). Even though nuclear power generation
accounts for a significant portion of the total electricity production,
the government has yet to establish plans for the disposal of highlevel radioactive waste. In Korea, the master plan for high-level
radioactive waste management is still under discussion and a social
agreement has not been reached even though the spent nuclear
fuels are still being generated and the disposal facility should be
operated by the near future,. Disposal of spent nuclear waste is an
urgent issue for this generation who has benefited from nuclear
power generation, and should not pass the burden of disposal of
spent nuclear waste to future generations because it is a moral
issue as well as a technical safety problem.
The permanent storage of high-level radioactive waste at
underground disposal sites is recognized worldwide as one of the
1

most possible and feasible methods, but it is not yet realized due to
both technical issues and public acceptance. There are two
approaches

for

disposal

of

high-level

radioactive

waste

in

underground rocks. One is geological disposal method, which
excavates tunnels in the 500 m depth underground and deposits
disposal containers. The other method is deep borehole disposal
method, which disposes small containers of spent fuel in boreholes
drilled at a depth of 3 km-5 km (Park et al., 2017; Jeon et al.,
2019). In case of deep borehole disposal method, there is an
advantage that the spent fuel is separated from the ecosystem, but
this method also has uncertainty of drilling as well as the canister
having to be placed in an inaccessible place for humans. Thus,
geological disposal is generally preferred to deep borehole disposal
method.
As already known, high-level radioactive waste should be
isolated for a long period of time to be safe due to the radioactive
half-lives of the component radionuclides. Therefore, the duration
of the required isolation period should be at least the longest halflife of radionuclides(Miller et al., 2000). The spent nuclear fuel
should be also disposed in a robust facility which is called as multibarrier system. This system is composed of engineered barriers
which

prevent

the

immediate

escape

of

radionuclides

from

radioactive wastes and consist of bentonite canister, bentonite
buffer and backfill, and natural barrier which restrict the rate of
2

radionuclides release over a long period (Fig 1.1).

Fig 1.1: KBS-3 disposal concept (SKB, 2012)

In order to ensure the safety of the disposal facility, thorough
examination is needed before the operation of facility. There are
numerous factors affecting the safety of repository, such as stress
condition of disposal site, groundwater, decay heat of spent nuclear
fuel, distance of each disposal tunnel and hole, fracture networks of
site, and so on. These factors should be analyzed considering the
coupled effects because they affect each other. The fracture
network is one of the most important factors to consider for the
safety

assessment

especially

of

the

geological

disposal

in

crystalline parent rock. In crystalline bedrock such as granite, there
are fractures that are oriented in preferred direction and the
3

fracture

density

Crystalline

rock

tends
has

a

to

decrease

distinct

with

feature

increasing

with

low

depth.

hydraulic

conductivity, hence the groundwater flows almost through the
fracture networks. This fracture network connected to repository
for spent nuclear fuel could be critical for the safety of repository
because it can be the main path for radionuclides transport to
ecosystem. Excavation of deposition tunnel and deposition hole
would generate excavation damaged zone (EDZ) increasing the
connectivity of fractures near the openings. EDZ influences the
hydraulic properties of existing fractures in the vicinity of openings.
Likewise, borehole breakout (BO) and drilling induced tensile
fracture (DITF) can also occur during the drilling process (Fig 1.2).

Fig 1.2: Borehole breakout (BO) and drilling induced tensile fracture (DITF) in
borehole in KURT (Jo et al., 2017)

In addition, thermal stress induced by the decay heat of spent
nuclear fuels is one of the major factors for safety evaluation of
repository because it can cause spalling of the deposition hole and
4

permeability change (Fig 1.3). The redistributed local stress field

(b)

(a)

(c)

Fig 1.3: Stitched panorama of the ONK-EH3 wall up to depth of 2 m, showing
the spalling of deposition hole; (a) 4 fractures in red before experiment, (b) Postexperiment induced fractures before scaling in red, (c) Post-experiment induced
fractures after scaling in red (Valli et al., 2014).
would also affect the aperture of fractures, consequently affecting
the permeability of fractures.

There are various geomechanical researches about coupled
process of rock and discontinuities properties which is necessary
for safety assessment for underground facility, especially for
repository for spent nuclear fuel. However, more quantitative
thermomechanical study about permeability and slip zone around
underground

opening

under

generic

extensive investigation.

5

conditions

merits

more

1.2 Previous research

1.2.1 Slip zone around circular tunnel

Daemen(1983)

suggested

general

analytic

solutions

for

calculating slip zone boundaries around circular openings which
include tunnels and deposition holes. In this research, the slip zone
is

determined

based

on

Kirsch’s

solution,

well-known

for

determining stress redistribution around an underground opening
subjected to in-situ stresses. Linear Coulomb slip criteria is used
as the slip condition as shown in Eq 1.1,
τ

σ ∙ tan∅

c

(1.1)

where τ is shear stress, σ is normal stress, ∅ is friction angle, and
c is cohesion. Slip zone area is determined by the location where
the shear stress acting on the joint is exceeding the shear strength
and it is expressed as a function of cohesion, friction angle, field
stress and support pressure (Fig 1.4).

6

In a hydrostatic stress field, the maximum depth of slip zone
(Rmax) can be calculated by the following equation:
1

𝑅
𝑅

𝑐𝑜𝑠∅
𝑐∙
𝑃

𝑃
𝑃

(1.2)
sin∅

where R is the hole radius, Ps is the internal (support) pressure, P
is field stress, c is cohesion, and ∅ is the friction angle. As a result
of the analysis, the shape and orientation trend of slip zone can be
obtained. The orientation of the slip zone only depends on the
friction angle and joint orientation. The shape of the slip zone is
affected by the supporting pressure, cohesion, friction angle, but

(a)

(b)

Fig 1.4: Slip zone (a) in a hydrostatic stress field P for planes with dipping angle
60°; (b) in biaxial stress field for planes with dipping angle 40°, fixed vertical
stress with different horizontal stress, friction angle 20°, cohesion 0.01 and
supporting pressure 0 (Daemen, 1983)
not by discontinuity orientation. In the biaxial stress field, the
relationship between maximum principal stress direction and joint
7

orientation also have an impact on the size of the slip zone. This
ultimately suggests to give reinforcement to the area which is most
likely to have slip and displacement. However, this analytical study
does not consider the effect of the factors on permeability change.

(a)

(c)

(b)

Fig 1.5: Shear (sliding) zone around a tunnel (a) when joint friction angle
changes from 35° to 20°, applied stresses are σ =20MPa, σ =10MPa. Joint
orientation is 45° from horizontal direction, (b) when joints in the surrounding
rock mass changes orientation. Joint friction angle is 40°, stress ratio is 0.25, (c)
at two different stress ratios. Joint friction angle is 35°. Joint orientation is 45°
from horizontal direction.(Shen and Barton, 1997)

Shen and Barton (1997) have also conducted sensitivity
analysis for the underground circular opening with two symmetric
joint sets using two-dimensional distinct element method. They
investigated the effects of several variables including joint spacing,
friction angle, joint orientation and stress ratio on shear zone (Fig.
1.5). Similar with the results from the research by Daemen, the
shear zone area generally tends to get larger with lower friction
angle, bigger gap between two in-situ stresses. And the slip zone
with joint orientation angle of 60 ° was larger than any cases
8

because according to the Mohr-Coulomb slip criterion of intact rock,
joint orientation of about 62° is most likely to shear considering the
friction angle of 40°. Shen and Barton, however, did not consider the
permeability change in the slip zone.

1.2.2 Excavation damage zone

Many researches were conducted about excavation damaged
zone (EDZ), especially about the coupled behavior of the EDZ.
After the excavation of tunnel and hole in brittle rock mass such as
crystalline granite, the excavation has critical effect on connecting
the fractures existing in the vicinity of underground openings by
stress-induced microcracking. EDZ can be evaluated by timedependent microcracking, which is a long-term process.
Golshani et al. (2007) improved the existing micromechanicalbased damage model to consider time-dependent behavior of brittle
material by numerical modeling. In this research, it proved to be
possible to reproduce three stages of creep behavior with this
model and succeeded to analyze time-dependent evaluation of EDZ
as well as the extension of microcracks.

9

Fig 1.6: Time-dependent development of damage zone around underground
opening (Golshani et al., 2007)
Rutqvist et al. (2009) conducted simulation studies which model
coupled thermo-hydro-mechanical processes of EDZ evolution
with various kinds of simulation method, including boundary element
method, finite element method, finite difference method, particle
mechanics method and elasto-plastic cellular automata method. The
schematic figure of EDZ is described in Fig 1.7. The results of all
simulations indicated that thermally induced stress around the
deposition tunnel may cause failure and aperture changes during the
first 100 years after emplacement, because the temperature
decreases after 100 years, causing the induced thermal stress to
also decreases. The demonstrated result from this research
10

indicates that the widely different approaches to modeling can be
adapted to simulating the evolution of EDZ around the deposition
tunnel in the fractured rock, which emplaces heat producing spent
fuel. Each of those methods can be applied to different cases in
order to evaluate the different specified aspects of EDZ.

Fig 1.7: Schematic of the excavation disturbed zone around a drift in fractured
rock (Rutqvist and Stephansson, 2003)

The effects of heterogeneity and anisotropy on the EDZ was
also studied(Wang et al., 2009). In general, rock mass has
heterogeneity and anisotropy as its intrinsic characteristics. These
features may influence EDZ behavior. Wang et al. conducted an
experiment with circular openings to validate the Realistic Failure
Process Analysis (RFPA) code (Fig 1.8), and investigated the
effects of excavation shape, confining pressure, and different
anisotropic layers. This modeling confirmed that anisotropy and
heterogeneity are important factors to consider and that the RFPA
11

code is effective to reproduce the evolution process of EDZ.

(a)

(b)

Fig 1.8: Numerical and experimental observations of failure patterns around
circular opening in inhomogeneous rock sample; (a) numerical result, (b)
experimental result (Wang et al., 2009)
Tsang et al. (2005) made a general overview of EDZ especially
in the contexts of repository for spent nuclear fuel in different kinds
of host rock types: crystalline rock, rock salt, indurated clay, and
plastic clay. Geomechanical processes of EDZ evolution, degree of
permeability change, and the potential of healing and sealing
process is described in comparison among four different types of
host rocks.

1.2.3 Permeability

Various studies investigating the permeability of rock mass
were conducted. Min et al. (2004) conducted a numerical study with
two-dimensional distinct element method for stress-dependent
permeability

of

fractured

rocks.
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Different

anisotropic

stress

conditions are adapted by two ways; changing magnitude of
stresses maintaining the stress ratio, and changing the stress ratio
with a fixed vertical stress. In the case of fixed stress ratio, the
value was set to be 1.3, which was not large enough to cause shear
dilation, and the permeability change was more sensitive with a
lower magnitude of stress (Fig 1.9(a)) due to nonlinear normal
fracture normal stress-displacement relations. In the case of fixed
stress vertical stress and change horizontal stress, the anisotropy
of permeability increases (Fig 1.9(b)). Empirical equations for
stress-dependent permeability were also suggested.
Numerical studies for thermally induced mechanical response
and permeability changes around spent nuclear waste repository
were

performed

by

Min

et

al.,

(2005).

A

large

scale

thermomechanical coupled process was simulated with Finite
Element Method (FEM) code. The result of this study indicates that
thermally induced stress as well as stress and displacement fields
are strongly dependent on the mechanical properties determined at
the representative scale. In this study, the effect of excavation is
not considered.
Comparative simulation studies of thermo-hydro-mechanical
process affecting the permeability of fractured rock mass were also
performed (Rutqvist et al., 2009). In this study, two different kinds
of repository models are assumed; open drift in shallow unsaturated
volcanic rock and backfilled drift in deeper saturated crystalline
13

rock. It is confirmed that dominant factor for permeability change is
thermal-mechanically

induced

closure

of

vertically

oriented

fractures caused by decaying heat from disposed spent nuclear fuel.
The thermally induced permeability change was more distinct in the
shallow repository case, which has a low stress field to allow more
substantial change in aperture during thermal loading. However, in
both cases, changes in permeability due to thermal loading were not
critical to fluid flow and were restricted in the vicinity of opening.

(a)

(b)

Fig 1.9: Change of fracture apertures; (a) with the increase of differential
stresses with the fixed vertical stress = 5 MPa, (b) with the increase of stresses
for the fixed k ratio of 1.3. The thickness of lines indicates the magnitude of
apertures (Min et al., 2004).
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1.3 Objectives

In crystalline rock such as granite which is the bed rock of
Korea, the behavior of rock mass is generally dominated by
discontinuities including faults, joints, and fractures. Therefore, to
confirm the safety of repository which would be constructed in
crystalline bed rock, it is important to investigate the behavior of
discontinuities existing in the rock. Thermo-hydro-mechanical
process of discontinuities is the key to examine the feasibility of
spent nuclear fuel disposal system. In safety assessment of
repository for spent nuclear fuel, considering coupled process is
necessary. Each process affects the other process (Fig 1.10).
In the case of thermo-mechanical coupled process, thermal
loading caused by decaying heat of disposed spent nuclear fuel
makes disturbances in stress field with mechanically induced stress
caused by excavation. In general, the effect of mechanical energy
conversion to temperature change is neglected because the effect is
relatively too small.
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Fig 1.10 Coupled thermo-hydro-mechanical processes in a fractured rock
(Jing, Tsang and Stephansson, 1995)
Permeability change due to aperture change of fractures is also
a

significant

factor

for

evaluation

of

safety

of

repository.

Permeability of inter-connected fractures of the rock mass
determines the fluid flow and could be the path for nuclides escaped
from repository. To ensure the ecosystem is safe from the
radioactive elements for long period, the safety of repository
vicinity should be ensured first. As shown in the previous section,
several studies of coupled process for permeability and slip zone
had been conducted so far. However, a study for permeability of
rock mass under more generic conditions and consequential
quantitative results is thought to be needed.
In this study, quantitative analyses for permeability change and
slip zone around disposal tunnel and disposal hole in fractured rock
mass with generic conditions are conducted using two-dimensional
distinct element method. Basically, a uniformly distributed joint set
is assumed for the analysis. Permeability change and slip zone area
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are investigated with varying stress ratio, joint orientation angle
and friction angle, which are mechanical properties that determine
the joint behavior. Permeability change along the joints could be
obtained by a function of joint aperture.
Only the mechanical analysis was conducted with the disposal
tunnel model which does not consider the decaying heat of canister.
With the disposal hole geometry model, mechanical modeling with
and without thermal stress is conducted. Another numerical
simulation was conducted under the same conditions with discrete
fracture networks, which is extracted from the real data of KAERI
underground research tunnel (KURT) site. Quantitative results
about permeability change and slip zone area with different
mechanical properties were obtained.
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Background
.

2.1 Theory

The stress regime could be disturbed by excavation of
underground

opening.

The

stress

field

redistributed

by

the

excavation could be obtained by Kirsch’s solution (1898) as
described in Fig 2.1 and Eq 2.1,
σ

𝑆

𝑆ℎ
2

(2.1a)
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𝑆
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2

1

2R
r

is the radial stress, σ

3R
r

sin2θ

(2.1c)

is the tangential stress, σ

is

shear stress, R is the radius of underground opening, SHmax and Shmin
are the maximum and minimum horizontal in-situ stresses,
respectively, r is the radial distance from the center of the opening,
θ is the measured angle from SHmax, and Ps is the internal stress.
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In this study, the internal pressure is not considered. Thermal
stress is added to tangential stress component in Kirsch’s solution.
Thermal stress is described as Eq 2.2,
3𝛿 𝐾 ∗ 𝛼∆𝑇

∆𝜎
where 𝛿

is Kronecker delta (𝛿

(2.2)
1 for i

j and 0 for i

j), K* is

bulk modulus for plane strain condition, 𝛼 is linear thermal
expansion coefficient, and ∆𝑇 is temperature change.
The linear slip criterion used for the slip criterion is described
as
𝜏

𝑐

𝜎 ∙ 𝑡𝑎𝑛 𝜃

(2.3)

where 𝜏 is shear stress acting on the joint, c is cohesion, 𝜎 is
normal stress acting on the joint, and 𝜃 is joint orientation angle. If
the shear stress acting on the joint is exceeding the shear strength,
slip occurs.

Fig 2.1: A circular opening of radius R in a biaxial
stressfield (Sv, Sh) parallel to a set of weakness planes with
arbitrary location and dip angel α. The points (r, θ) where
the shear strength equals the shear stress are determined. Ps
is an (active) internal pressure (Daemen, 1983)
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2.2 Discrete Element Method

In this research, the Universal Distinct Element Code (UDEC)
6.0, which is a two-dimensional Discrete Element Method (DEM)
offered by Itasca, is used for numerical analysis. Cundall and Hart
(1992) categorized the discrete element method into four methods,
and the distinct element method is one of them. Distinct element
method is defined as a method which uses an explicit timemarching scheme to solve the equations of motion directly. As a
discontinuum method, this method is made to be appropriate for
modeling

with

discontinuities

such

as

fractures

and

joints.

Therefore, it is an effective tool for modeling rock masses which
contain lots of joints and fractures in the rock mass, and eventually
could reproduce joint behavior and fluid flow through the joint
aperture.
In UDEC, rock mass is expressed as a group of discrete blocks.
The displacement and contact force between the contact faces of
stressed blocks could be obtained by serial calculations of tracking
the block movement. The movements are resulted from the applied
loads which disturbed the block system. The propagation of
disturbance in this dynamic process depends on the mechanical
properties of rock and joint. In this dynamic process, the timestep is
assumed to be small enough that the propagation does not occur
20

between neighboring discrete elements of model. The schematic
calculation cycle in distinct element method is shown in Fig 2.2.

Fig 2.2: Calculation cycle for the distinct element method (Itasca, 2014)
Basically, Newton’s second law of motion is used to describe
the translation and rotation of the block, and described as Eq 2.4,
𝑑𝑢
𝑑𝑡

𝐹
𝑚

(2.4)

where 𝑢 is velocity, 𝑡 is time, 𝐹 is varying force, and 𝑚 is mass.
The motion of each block is determined by the out-of-balanced
moment and forces.
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The central difference scheme of the left side term at time t can
be expressed as Eq 2.5.
𝑑𝑢
𝑑𝑡

∆

𝑢

𝑢

∆

(2.5)

∆𝑡

By substituting Eq 2.4 and Eq 2.5, the expression for
displacement is yielded as Eq. 2.6 and this scheme is illustrated in
Fig 2.3.
∆

𝑢

𝑢

𝑢

∆

(2.6)

∆𝑡

The equation of the motion of the block in two-dimensions
would be as Eq. 2.7,
∆

𝑢
𝜃

∆

𝐹
𝑚

∆

𝑢
𝜃

∆

𝑀
𝐼

𝑔 ∆𝑡
∆𝑡

(2.7a)
(2.7b)

where 𝜃 is the angular velocity of block about centroid, I is the
moment of inertia of the block, ∑ 𝑀 is the total moment acting on
the block, 𝑢 is the velocity components of the block centroid, and
gi is the components of gravitational acceleration (body forces).
Only two types of contacts, corner-to-corner contacts and
edge-to-corner contacts, are needed to represent the block
system in UDEC. However, edge-to-edge contacts are physically
important because these illustrate the rock joints which have
contacts along the entire length. There are a lot of kinds of
constitutive joint model, and in the basic model normal direction
stress-displacement equation is assumed to be linear, described as
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Eq 2.8,
∆σ
where ∆σ

𝑘 ∆u

(2.8)

is effective normal stress increment, 𝑘

stiffness, and ∆u

is normal

is normal displacement increment. Normal stress

acting on the joint is controlled by shear stiffness. If the shear
stress acting on the plane should not exceed the tensile strength,
then normal stress becomes zero. This process is similar to the
normal stress-displacement equation. Shear stress acting on a joint
is determined by the cohesive strength and friction angle. The basic
joint behavior is illustrated in Fig 2.4.

Fig 2.3: Interlaced nature of the calculation cycle used in distinct element
formulation (Itasca, 2014).
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Fig 2.4: Basic joint behavior model used in UDEC (Itasca, 2014)
With UDEC, thermal analysis with transient heat conduction
within the material model can be simulated. Thermally induced
stress and displacement are also available for evaluation. In UDEC,
there are some distinguishable features. Basically, the heat transfer
is simulated as conduction. Several different thermal boundary
conditions, including fixing temperature and applying heat source,
are able to impose to models. Heat source can be applied as volume
source and flux source, and also be able to decay exponentially by
time. Lastly, thermal analysis makes both implicit method and
explicit calculation available.
Fourier’s law is the basic equation for heat transfer by
conduction in the model. This equation in one dimension can be
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described as
Q

𝑘

𝜕𝑇
𝜕𝑥

(2.9)

where Q is the flux in the i-direction (W/m2), kij is the thermal
conductivity tensor (W/m℃), and T is temperature. The change in
temperature with respect to time can also be expressed as
𝜕𝑇
𝜕𝑡

𝑄
𝐶 𝑀

(2.10)

where Qnet is the net heat flow into mass (M), Cp is specific heat
(J/kg℃), and M is mass (kg). By combining Eq 2.9 and Eq 2.10, the
diffusion equation is obtained as
𝜕𝑇
𝜕𝑡

1 𝜕
𝜕𝑇
𝑘
𝐶 𝜌 𝜕𝑥
𝜕𝑥

𝜕
𝜕𝑇
𝑘
𝜕𝑦
𝜕𝑦

1
𝜌𝐶

𝑘

𝜕 𝑇
𝜕𝑥

𝑘

𝜕 𝑇
𝜕𝑦

(2.11)

where kx and ky are constants. According to this heat diffusion
equation, the stress change induced by temperature change can be
written as Eq 2.12.
∆σ

𝛿 3𝐾 ∗ 𝛼∆𝑇

(2.12)

where δij is the Kronecker delta (δij=1 for i=j and 0 for i≠j), K* is
K for plane strain or 6KG/(3K+6G) for plane stress where K is the
bulk modulus and G is the shear modulus, α is the linear thermal
expansion coefficient and ∆T is temperature change.
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Numerical model
3.1 Model geometry

3.1.1 Deposition tunnel

The deposition tunnel model is used for mechanical modeling in
order to investigate the excavation effect around underground
openings. Basic information about tunnel geometry is illustrated in
Fig 3.1. The assumption is that the direction of the tunnel matches
with the direction of the maximum horizontal principal stress. In
UDEC, the normal vector of the two-dimensional vertical cross
section to be modeled is parallel to the tunnel direction. As shown
in Fig 3.1(b), the size of the tunnel is 10 m wide and 10 m high and
model was 100 m wide and 100 m high, which is sufficiently large in
order to avoid boundary effect. The roller boundary conditions were
applied on both lateral sides and the bottom, and both free boundary
and boundary load were applied to the upper boundary of the model
because vertical displacement could occur. The applied boundary
load at upper boundary is equal to the vertical principal stress
acting at the depth 450 m and increases with depth to consider the
overburden. In the model with uniformly distributed joint set, it is
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assumed to have a spacing of 2 m. Mechanical studies on the tunnel
model were carried out in the discrete fracture network model as
well as in the uniformly distributed joint set model.

(a)

(b)

(c)

Fig 3.1: Deposition tunnel geometry (a) 3D simple repository geometry with
vertical cut plane; (b) 2D cut plane for numerical modeling in deposition tunnel
with mechanical boundary conditions: roller boundaries for two lateral and
lower boundaries and free boundary with fixed boundary load for upper
boundary; (c) tunnel model with uniformly distributed joint set

3.1.2 Deposition hole geometry

For the disposal hole model, studies considering thermal stress
were performed along with the mechanical studies. In this model,
the effects of excavation on permeability and slip zone were
analyzed, and then thermo-mechanical analyses were conducted to
determine the disturbance in the stress field due to the effects of
decay heat from spent spent fuel. The geometry of the deposition
hole model is illustrated in Fig 3.2. The center cross section of the
8-meter-long disposal hole was used as the analysis target, and
the horizontal cross section at the location was modeled. The actual
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repository is designed so that the disposal holes are arranged at a
distance of about 6 m along the center of the disposal tunnel. In this
thermo-mechanical model, a long rectangular model was assumed
to analyze only one borehole, which is shown in Fig 3.2(c).
Adiabatic boundary conditions were assumed to symmetrically
consider the heat from the side to consider the decay heat
generated in the other disposal holes. In addition, the upper and
lower boundaries are assumed to be sufficiently far away, so a fixed
temperature condition of 25℃ is used as the boundary condition
under the assumption that heat at the disposal holes in the other
disposal tunnels is not reached.
In this disposal model, bentonite and canister are simply
implemented in the model for realistic simulation. The radius of the
canister and the disposal hole is 0.525 m and 0.875 m, respectively,
and the outer part of the disposal hole except the canister is filled
with bentonite buffer. The spacing of the uniformly distributed joint
set to be considered in the disposal hole model was 0.5 m, which is
narrower than the uniform joint group spacing in the disposal tunnel
model. DFN is also considered in thermo-mechanical modeling.
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(a)

(b)

(c)

(d)

Fig 3.2: Deposition hole geometry (a) 3D simple repository geometry with
horizontal cut plane; (b) 2D cut plane for numerical modeling in deposition hole
with mechanical boundary conditions: roller boundaries for all four boundaries;
(c) thermal boundary of deposition hole model, adiabatic boundary for lateral
boundary and fixed temperature as 25℃ for upper and lower boundary; (d)
deposition hole model with uniformly distributed joint set.
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3.2 Initial and Boundary conditions

In the site of the Korea Atomic Energy Research Institute
(KAERI), an underground research tunnel (KURT) was constructed
to validate the integrity of disposal system of spent nuclear fuel and
safety of the facility. Since 2002, when the construction of KURT
was confirmed, various site investigations were performed in the
preliminary site for the URL, and with the site investigations, the
granite based bed rock could be representative for geology of
KURT site (Cho et al., 2007). Information about existing fracture
properties, fracture distribution, in-situ stress regime, and other
thermo-hydraulic-mechanical properties of rock mass are well
known regarding the site. In this research, thermo-mechanical
properties of rock and joints in the KURT site are used in modeling.
Potential repository would be constructed underground at about
500 m depth to avoid extremely fractured rock mass environment
so that the repository would be stable for a long period and ensure
that the ecosystem is safe from the radioactive waste. Therefore,
the basic initial and boundary conditions used in this modeling are
assumed to be 500 m underground. According to the research
results of Jo et al. (2017) conducted at the KURT site, the direction
of the maximum horizontal stress in the site is N96°E, therefore the
vertical stress applied to the two-dimensional tunnel model to be
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analyzed can be obtained from Eq 3.1 at the tunnel depth of 500 m.
There was a 13 MPa stress measured to be at the tunnel depth,
while the in-situ stress in the vertical direction of the tunnel model
was shown to be increasing with increasing depth in a tunnel model
with a height of 100 m. Because the two-dimensional disposal hole
model is a horizontal section, no varying vertical stress is applied,
but the vertical stress is fixed to 13 MPa as the tunnel model. In the
horizontal sectional model, constant in-situ stress conditions are
assumed because the stress increases with depth need not be
considered.
𝑠

2650

9.8

𝑧 𝑑𝑒𝑝𝑡ℎ 𝑃𝑎

(3.1)

The mechanical boundary condition of the model is as described
in the model geometry section. In the tunnel model, the roller
boundary is assumed at all boundaries except for the upper
boundary, which assumes the free boundary condition that enables
the vertical displacement of the actual site. The in-situ stress
component in the vertical direction was applied as the boundary
stress condition. In the case of the disposal hole model, the roller
boundary is assumed for all boundaries because it assumes a
horizontal section where no displacement occurs at all the
boundaries. In both models, the fixed vertical stress of 13 MPa was
applied. In the actual analysis, the horizontal stress was varied to
quantitatively analyze the slip zone and permeability change
according to the stress ratio.
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For thermal-mechanical numerical modeling, the heat decay
model suggested by Hökmark, Lönnqvist and Kristensson (2009) is
used. The normalized power model is described as
P t

(3.2)

𝑡
𝑡

𝑎 exp

where P(t) is the normalized power after 37 years of interim
storage, t is time in year after deposition, ti is time constants, and ai
is exponential expression valid for 20,000 years and more. It
exponentially decreases over time multiplied with initial power
1700 W (Fig 3.3), and the decay constants (Table 3.1) is applied
over time in the normalized power equation.

Table 3.1 Time constants and coefficients of exponential power expression
(Hökmark, Lönnqvist and Kristensson, 2009)
i

ti [years]

ai [-]

1

20

0.060147

2

50

0.705024

3

200

-0.054753

4

500

0.249767

5

2000

0.025407

6

5000

-0.009227

7

20000

0.023877

32

Fig 3.3: Power decay model of canister with initial power of 1700 W

As already mentioned in the model geometry section, the
disposal hole model used for thermo-mechanical analysis assumes
the lateral boundary as the insulation condition, which has no heat
flux across the boundary, to consider the heat transfer effect of the
other disposal holes in the same disposal tunnel. In addition, heat
transfer from other disposal tunnels is excluded from consideration,
assuming that the horizontal interface is sufficiently far from the
central model. Therefore, a fixed temperature boundary condition
was assumed. After excavation, the disposal hole model was filled
with canister and bentonite buffer, and the canister was set as a
heat source, and compared with the results of mechanical analysis
based on the time when thermal stress reaches maximum value.
33

The basic assumptions made in this study are that the rock is
impermeable, isotropic and homogeneous. The flow of fluid was not
assumed during the study, and the vertical stiffness of joint was
constant and there was no generation and propagation of additional
joints. In addition, the heat transfer was achieved only by
conduction in the model block, and convection in the joint was
excluded from the analysis.
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3.3 Thermo-mechanical properties

In this study, all of the rock properties used as input
parameters for this numerical modeling are the resultant properties
which are obtained from the ‘In-situ Demonstration of Engineered
Barrier System(In-DEBS)’ in KURT site. The average values in
KURT site is represented in Table 3.2. The thermo-mechanical
properties of bentonite used in this numerical study are the
properties of Gyeongju bentonite (Table 3.3). The thermomechanical properties of the canister to be used as the heat source
are listed in Table 3.4.
Table 3.2 Thermo-mechanical properties of rock (Lee et al., 2019))
Properties

Value

Density, ρ (kg/m3)

2650

Porosity, ∅ (%)

1.16

Uniaxial compressive strength, σ (MPa)

111.1

Elastic modulus, E (GPa)

50.4

Poisson’s ratio, ν (.)

0.22

Internal friction angle, φ (°)

56.35

Cohesion, c (MPa)

23.67

Thermal conductivity, K (W/m∙K)
Thermal expansion coefficient, α
(microstrain/℃)
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2.79(dry)
3.28(sat)
4.31

Table 3.3 Thermo-mechanical properties of bentonite buffer (Lee et al., 2019)
Properties

Value

Dry density (g/cm3)

1.6

Unconfined compressive strength (MPa)

4.90

Elastic modulus (GPa)

0.784

Poisson’s ratio (.)

0.20

Internal friction angle (°)

37

Cohesion (kPa)

1000

Thermal conductivity (W/m∙K)*

0.6866

Thermal expansion coefficient
(microstrain/℃)*
Specific heat capacity (J/kg∙K)

5.0
1061

Table 3.4 Thermo-mechanical properties of canister (Kim and Bae, 2003)
Properties

Value

Dry density (kg/m3)

8000

Thermal conductivity(W/m∙K)

15.2

Thermal expansion coefficient
(microstrain/℃)*

8.2

Specific heat capacity (J/kg∙K)

504

Bulk modulus (GPa)

167

Shear modulus (GPa)

77
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3.4 Discrete fracture network

In addition to the numerical analysis in the model including the
uniformly distributed joint set, the numerical analysis was also
performed on the model including the discrete fracture network
(DFN) generated under various conditions. The discrete fracture
network used in this study was generated through a 3D discrete
fracture network generation module which is built through MATLAB
(Kim et al., 2014). This three-dimensional discrete fracture
network generator is based on Monte-Carlo simulation that uses
statistical fracture parameters and probability distribution, and the
fracture orientation, fracture size, and aperture can be determined
by selecting proper probability density function offered in the
module. Since the fracture traces can be extracted from arbitrary
sampling window, it is possible to apply the extracted fracture
traces to UDEC for numerical analysis (Park et al., 2018). The main
graphical user interface (GUI) and result windows of 3D DFN
generator are shown in Fig 3.4. With generated 3D DFN, 2D DFN
for both deposition tunnel and deposition hole could be obtained by
establishing different sampling windows (Fig 3.5 and Fig 3.6).
Domain size is 50 m by 150 m by 150 m.
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(a)

(b)
Fig 3.4: 3D DFN generator, (a) main GUI of 3D DFN generation module, (b)
generated 3D DFN and sampling window, extracted fracture traces on the
sampling window, and extraction of borehole-intersecting(blue) and nonintersecting fractures (Park et al., 2018)
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(a)

(c)

(b)

Fig 3.5: Generated DFN for deposition tunnel; (a) generated DFN and sampling
window in 3 dimension, (b) fracture traces on sampling window, (c) imported
DFN in UDEC.

(a)

(b)

(c)

Fig 3.6: Generated DFN for deposition hole; (a) generated DFN and sampling
window in 3 dimension, (b) fracture traces on sampling window, (c) imported
DFN in UDEC.
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The data obtained by geophysical borehole logging conducted in
the DB-1 well drilled in KURT site were used for generating
discrete fracture networks (KAERI, 2009). The survey was
conducted to determine the continuity or shape of faults, and to
estimate faults and fracture zones around DB-1 and KURT sites. In
particular, the main purpose was to identify the properties of rocks,
fault zones, and fracture zones up to 500 m of depth around the well.
In this study, the average value of fracture orientation of open
fractures, the value of 43/253 in dip/dip direction, is used because
the actual fractures that exist in the site are scattered with
relatively low Fisher constant, so that considering each joint set has
no great import.
Fisher distribution is assumed as probability density function of
fracture orientation, and fracture size is assumed to follow power
law for its probability density function, which is described as
N l

𝐶∙𝑙

(3.3)

where N is number of fractures of length, C is constant that
depends on the size of the system, and a is power law exponent
(Renshaw, 1999).
It is assumed that the fracture size is distributed between 30 m
and 50 m in order to facilitate the analysis by increasing the
connectivity of the fractures in the model. With the fixed minimum
fracture size (trimming) and maximum fracture size (curtailment),
three DFN models were generated by adjusting Fisher constants
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and power law exponents for generic analysis (Fig 3.7). Mechanical
properties of fracture as input parameters in numerical simulation
are listed in Table 3.5.

(a)

(b)

(c)

Fig 3.7: generated DFN model for deposition tunnel; (a) DFN model with Fisher
constant of 10, number of fracture 800 in 3 dimensional domain, (b) DFN model
with Fisher constant of 30, number of fractures 800 in 3 dimensional domain, (c)
DFN model with Fisher constant of 10, number of fractures 1200 in 3 dimensional
domain.

Table 3.5 Mechanical properties of joint (Kwon et al., 2018)
Properties

Value

Normal stiffness (GPa/m)

151.21

Shear stiffness (GPa/m)

4.9

Dilation angle °

4.2

Cohesion (MPa)

0.26

Maximum friction angle °

31.0

Initial aperture (μm)

17

Residual aperture (μm)

5
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3.5 Procedure for Analysis

The analyses were performed to obtain the slip zone and
fracture permeability change by varying the parameter values. The
uniformly distributed joint set model was quantitatively analyzed on
the slip zone and permeability change by the effect of three factors:
joint orientation, friction angle, and stress ratio, while the DFN
model analyzed the effects of friction angle, stress ratio, Fisher's
constant, and number of fractures on slip zone and permeability
change. The effect on permeability was analyzed by the rate of
change of the aperture with the fact that the permeability is
basically proportional to the cube of the aperture. The range
according to the value of relative permeability change is expressed
as a multiple of the radius of the underground opening, and
quantitatively shows the range in which the permeability changed
according to the factors. Relative permeability change (er) is
described as
𝒆𝒓

∆𝒆
𝒆𝒊𝒏𝒊𝒕𝒊𝒂𝒍

(3.4)

where ∆e is aperture change and einitial is initial aperture. Models
with different joint orientation values and stress ratio conditions are
described in Fig 3.8 and Fig 3.9, respectively. Friction angle values
used in the analysis were 15° , 20 ° , and 30 ° . DFN models with
different Fisher’s constant and number of fractures are described in
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Fig 3.7. The standard model is confirmed to have 30 ° of joint
orientation, 30° of friction angle and 2 of stress ratio.

(a)

(b)

(c)

(d)

Fig 3.8: Uniformly distributed joint set model with different joint orientation
values; (a) 0°, (b) 15°, (c) 30°, (d) 45°.

(a)

(c)

(b)

Fig 3.9: Models with different stress ratio (K
σ /σ
(σ ) is fixed; (a) K=0.5, (b) K=1, (c) K=2, (d) K=3.
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(d)
values, vertical stress

Mechanical

analysis

in

deposition tunnel
4.1 Mechanical

analysis

with

uniformly

distributed joint sets

4.1.1 Joint orientation

(a)

(b)

(c)

Fig 4.1: Aperture change ratio in uniformly distributed joint set deposition tunnel
model when ∅=30°, θ=30°, K=2; (a) ratio of total aperture change to initial
aperture, (b) ratio of aperture change due to normal opening to initial aperture,
(c) ratio of aperture change due to shear dilation to initial aperture.

In the uniform joint set model, the joint angles were 0°, 15°, 30°,
and 45°, the friction angle was 30°, and the stress ratio was fixed at
2. Aperture and slip zones after excavation are examined. When
stress is applied to the model as boundary conditions, the aperture
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change in the fracture of the model can be divided into the change
due to shear dilation and the change due to the normal opening and
closure of the joint. The aperture change can be expressed as
∆𝒆

∆𝒆𝒔

∆𝒆𝒏

(4.1)

where ∆𝒆 is the total aperture change, ∆𝒆𝒔 is aperture change due
to shear dilation, and ∆𝒆𝒏 is aperture change due to normal opening.
Mechanical simulations were performed by varying the joint
direction angles in order to analyze the general effects of joint
geometry. Before conducting the main analysis, the ratio of aperture
change due to normal opening and shear dilation for the reference
model with joint angle of 30°, friction angle of 30°, and stress ratio
of 2 is shown in Fig. 4.1. In this model, it can be seen that the
aperture change due to normal opening of fracture is larger than the
effect due to shear dilation.
To analyze the effect of the factor on the slip zone, the
mechanism by which the slip occurs is analyzed by distinguishing
the effect of normal stress and shear stress acting on the joint. Fig.
4.2 and Fig. 4.3 show the slip zone and the normal and shear
stresses in the models with different joint directions. The slip zone
showed the largest area at the joint angle of 30°. Since the tunnel is
horseshoe-shaped, a small range of stress concentrations are
observed at the edges of the tunnel floor, but it does not seem to
have a significant effect on the slip. The slip zone in the direction
perpendicular to the joint in the upper left direction depends on the
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very small normal stress, and the slip zone developed to the upper
right direction can be considered to be caused by the large shear
stress on the joint.

(a)

(b)

(c)

(d)

Fig 4.2: Slip zones and normal stress acting on joints with different joint angle;
(a) θ=0°, (b) θ=15°, (c) θ=30°, (d) θ= 45°.
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(a)

(b)

(c)

(d)

Fig 4.3: Slip zones and shear stress acting on joints with different joint angle; (a)
θ=0°, (b) θ=15°, (c) θ=30°, (d) θ= 45°.
Figure 4.4 shows the ratio of total aperture change to initial
aperture. As with the slip zone, the rate of change of the aperture
was the largest when the joint angle was 30 ° . As a result of
quantitatively plotting the size of the area where the change of the
total aperture is 1.5, 2, and 3 times the initial aperture as a multiple
of the radius of the tunnel (Fig. 4.5), the range of aperture change
whose value is 1.5 times of the initial aperture in the model with a
45° joint angle reached the largest, as 4.8 times of the radius of
deposition tunnel. In this range, the permeability is about 3.5 times
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that of the initial permeability. The maximum range of aperture
change due to shear dilation is generated when joint angle is 30°,
because according to the Coulomb criterion, the most slippery angle
is determined as about 30° when the friction angle is 30° in the
current model. However, in this model, the behavior of normal
opening is more dominant than shear dilation, so the range of total
gap change is also affected.

(b)

(a)

(c)

(d)

Fig 4.4: Total aperture change ratio with different joint angle when ∅=30°, K=2;
(a) θ=0°, (b) θ=15°, (c) θ=30°, (d) θ= 45°.
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Fig 4.5: Range of total aperture change area expressed in multiples of the
deposition tunnel radius with different joint angle (r: distance between center of
tunnel and endpoint of aperture changed boundary, R: radius of
∆𝒆
opening,𝒆𝒓 :
).
𝒆𝒊𝒏𝒊𝒕𝒊𝒂𝒍

4.1.2 Friction angle

The influence of the friction angle on the slip zone is likewise
determined by the relationship between the normal stress and the
shear stress acting on the joint (Fig 4.6). As the friction angle
decreases, the joint aperture decreases significantly, and the
aperture change is more sensitive to the differential change of the
small friction angle. The smaller the friction angle is, the more
dominant the effect of shear dilation, and a very large change in the
joint aperture in the upper right direction is caused by shear dilation,
which is not described in the figure due to huge magnitude of
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aperture change ratio out of borders (Fig 4.7). In Fig 4.8, the
influence range of the friction angle on the rate of change of the
joint aperture is quantified as a multiple of the tunnel radius. If the
friction angle is 15°, it is excluded from the graph because it
reaches the boundary of the model.

(a)

(b)

(c)

(d)

(e)

(f)

Fig 4.6: Slip zone with contour of normal stress (σ ) (upper) and shear stress
(σ ) (lower) acting on joints with different friction angles; (a), (b), (c) : σ with
slip zone when ∅=30°, 20°, 15°, respectively; (b) σ with slip zone when
∅=30°, 20°, 15°, respectively.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig 4.7: Aperture change ratio with different friction angle when θ=30°, K=2;
(a), (b), (c) : total aperture change ratio when ∅=30°, 20°, 15°, respectively; (d),
(e), (f) : ratio of aperture change due to shear dilation and initial aperture when
∅=30°, 20°, 15°, respectively.
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Fig 4.8: Range of total aperture change area expressed in multiples of the
deposition tunnel radius with different friction angle (r: distance between center
of tunnel and endpoint of aperture changed boundary, R: radius of
∆𝒆
opening,𝒆𝒓 :
).
𝒆𝒊𝒏𝒊𝒕𝒊𝒂𝒍

4.1.3 Stress ratio

The analysis of the slip zone and permeability according to the
stress ratio was performed with the joint angle fixed at 30° and the
friction angle fixed at 30°. When the stress ratio is 1, the size of the
slip zone and the change region of the joint aperture are at minimum,
and the increase rate of the aperture is increased as the stress ratio
moves away from 1 (Fig 4.9 and Fig 4.10). It is due to the shear
stress acting on the joint plane increasing exponentially as the
horizontal stress gets larger. In the case of stress ratio 3, When the
stress ratio changes from 2 to 3, the aperture change range is much
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more sensitive to stress ratio than when the stress ratio changes
from 1 to 2 (Fig 4.11). When the stress ratio is 2, the aperture
increase is 1.5 times of the initial aperture and up to 4.3 times the
tunnel radius, and the influenced area where the aperture increase
becomes twice of the initial aperture is located in the area
approximately 1.7 times the tunnel radius (Fig 4.12). The case of
stress ratio 3 is not described in the figure due to excess of the
model boundary.

(a)

(b)

(c)

(d)

Fig 4.9: Slip zones and normal stress acting on joints under different stress ratio;
(a) K=0.5, (b) K=1, (c) K=2, (d) K=3.
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(a)

(b)

(c)

(d)

Fig 4.10: Slip zones and shear stress acting on joints under different stress
ratio; (a) K=0.5, (b) K=1, (c) K=2, (d) K=3.

(a)

(b)
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(c)

(d)

Fig 4.11: Total aperture change ratio under different stress ratio when ∅=30°,
θ=30°; (a) K=0.5, (b) K=1, (c) K=2, (d) K=3.

Fig 4.12: Range of total aperture change area expressed in multiples of the
deposition tunnel radius with different stress ratio (r: distance between center of
tunnel and endpoint of aperture changed boundary, R: radius of
∆𝒆
opening,𝒆𝒓 :
).
𝒆𝒊𝒏𝒊𝒕𝒊𝒂𝒍
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4.2 Mechanical analysis with DFN

The models including the discrete fracture network were
analyzed by creating three models with different Fisher constants
(F) and number of fractures (N) in the given volume. Here, the
volume means 50 m

150 m

150 m, which is the domain at the

time of creating the three-dimensional discrete fracture network.
For the model with 10 of Fisher's constant and the 800 fractures in
the volume, modeling was first performed by dividing the aperture
change ratio by the effect of shear dilation and the effect of normal
opening (Fig 4.13). There is a maximum increase in the aperture in
the joint at the top and the bottom of the tunnel, which is similar to
the phenomenon seen in the uniform distributed joint set model.
Similarly, in the current model, the effect of normal opening was
more dominant in the aperture change than the effect of shear
dilation, and it was confirmed that the slip caused by shearing
occurred at the 30 ° joint in the tunnel bottom.
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(a)

(b)

(c)

Fig 4.13: Aperture change ratio in DFN model when F = 10, N = 800, ∅=30°,
K=2; (a) ratio of total aperture change to initial aperture, (b) ratio of aperture
change due to normal opening to initial aperture, (c) ratio of aperture change due
to shear dilation to initial aperture.

4.2.1 Friction angle

The results of the mechanical analysis of the aperture change
rate by excavation for each DFN model according to the friction
angle are shown in Fig 4.15, Fig 4.16, and Fig 4.17, respectively.
The joint angle and stress ratio were fixed at 30 ° and 2,
respectively. In all three DFN models, as with the uniform joint set
model, the smaller the friction angle, the steeper the aperture
change occurred. In the DFN models, the fracture trace tends to be
in the right-downward direction, which shows that the joint
aperture has changed much larger in the right-upward direction,
which is perpendicular to the joint set. It indicates that influence of
normal opening is more dominant than the shear effect. On the other
hand, as the friction angle has a smaller value, a larger aperture
change is observed in the joint that directly meets the disposal
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tunnel surface, and as the friction angle decreases, the aperture
change is greatly affected by the shear dilation. The quantification
of the change of the slip zone by the friction angle is excluded from
this analysis because it is affected by the boundary of the model
except when the friction angle is 30 °.

(a)

(b)

(c)

Fig 4.14: Ratio of aperture change to initial aperture in DFN model with
different friction angles when F = 10, N = 800; (a) ∅ 30°, K 2, (b) ∅
15°, K 2.
20°, K 2, (c) ∅

(a)

(b)

(c)

Fig 4.15: Ratio of aperture change to initial aperture in DFN model with
different friction angles when F = 10, N = 1200; (a) ∅ 30°, K 2, (b) ∅
15°, K 2.
20°, K 2, (c) ∅
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(a)

(b)

(c)

Fig 4.16: Ratio of aperture change to initial aperture in DFN model with
different friction angles when F = 30, N = 800; (a) ∅ 30°, K 2, (b) ∅
15°, K 2.
20°, K 2, (c) ∅

4.2.2 Stress ratio

The results of the aperture change ratio according to the stress
ratio are shown for each DFN model (Fig 4.18, Fig 4.19, Fig 4.20).
In the case where the stress ratio is 1, the aperture change range of
all three models is minimal. As the stress ratio moves away from 1,
the rapid change in the aperture change is similar to that of the
uniformly distributed joint set model. On the basis of the stress
ratio 1, as the stress ratio decreases, that is, when the vertical
stress increases relatively, the aperture change in the joints
contacting the upper and lower portions of the tunnel. This may be
due to the normal opening in the joint of the region due to the stress
opening due to excavation rather than the effect of shear dilation.
On the other hand, when the stress ratio is greater than 1 and the
magnitude of the horizontal stress is greater than the vertical stress,
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a large aperture change occurs in the joint that is in contact with the
lateral surface of the tunnel. This is because the large horizontal
stress induced shear stress in the joint group lying on the left and
right side, resulting in shear dilation of the joint.

(a)

(b)

(c)

(d)

Fig 4.17: Ratio of aperture change to initial aperture in DFN model with different
stress ratios when F = 10, N = 800; (a) ∅ 30°, K 0.5, (b) ∅ 30°, K 1, (c)
∅ 30°, K 2, (d) ∅ 30°, K 3.
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(a)

(b)

(c)

(d)

Fig 4.18: Ratio of aperture change to initial aperture in DFN model with
different stress ratios when F = 10, N = 1200; (a) ∅ 30°, K 0.5, (b) ∅
30°, K 1, (c) ∅ 30°, K 2, (d) ∅ 30°, K 3.
For each DFN model, the slip zone area according to the stress
ratio is shown as a ratio to the tunnel radius (Fig 4.21). The stress
ratio of 3 was excluded because it could not accurately determine
the affected area as it contacts the model interface. In the DFN
model with a Fisher constant of 30 and fracture number of 800, the
slip zone reaches minimum when the stress ratio is 0.5. In this
model, since the joints that meet the tunnel are relatively
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distributed on the sides, the vertical stress acting on the side of the
tunnel is larger than the horizontal stress at the stress ratio of 0.5,
resulting in less slip. Since the angle with the horizontal plane is
inclined at a degree smaller than 30 °, the shear stress that can
cause slip may not be sufficient. The slip zone in the DFN model is
in appendix A.

(a)

(b)

(c)

(d)

Fig 4.19: Ratio of aperture change to initial aperture in DFN model with
different stress ratios when F = 30, N = 800; (a) ∅ 30°, K 0.5, (b) ∅
30°, K 1, (c) ∅ 30°, K 2, (d) ∅ 30°, K 3.
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Fig 4.20: Slip zone range expressed in multiples of the deposition tunnel radius
(R) with different stress ratio in 3 DFN models (r: distance between center of
tunnel and endpoint of aperture changed boundary, R: radius of opening).
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Analysis of the thermal
stress effect in deposition hole
5.1 Model calibration

Two-dimensional thermal modeling has limitation when a finite
size of heat is modeled. Thus, this two-dimensional effect of heat
should be calibrated. To make calibration, COMSOL Multiphysics
(COMSOL, 2019) is used which is based on Finite Element Method
(FEM). In this calibration process, only a simple thermal based
simulation is conducted with continuum model.
The actual canister is about 5 m in height, which gives 367.4 W
per meter of canister length. In the horizontal 2D model, the
canister

is

considered

as

infinitely

long,

which

will

give

overestimated temperatures. The basic approach to calibrate a
two-dimensional model is to determine the initial canister output
that maintains the energy that accumulates in the target crosssection over 100 years and use that value as the heat source. The
temperature in the two-dimensional model in Fig 5.2(b) can be
corrected by considering the heat escaping in the vertical direction
from the target two-dimensional cross-section passing through the
center of the three-dimensional model in Fig 5.2(a). The energy
64

accumulated for 100 years in the area of the two-dimensional
model is equal to the sum of the energy escaped in the vertical
direction through the cross section and the energy accumulated in
the target cross-section of the three-dimensional model for the
same time period. The calibrated heat source of one canister is 983
W. In the three-dimensional model, heat loss in the vertical
direction was considered by maintaining the vertical cross-section
temperature, and the side cross section was insulated.

(a)

(b)

Fig 5.1: COMSOL models for heat source calibration; (a) 3-dimensional model
with fixed temperature on the upper and lower side, (b) 2-dimensional model
with all boundaries insulated.
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5.2 Analysis in deposition hole considering
thermal stress

The analysis in the disposal hole model analyzed the change in
joint aperture and slip zone due to stress redistribution from
excavation, and also compared and analyzed the effect of thermal
stress induced from the spent fuel. Since the thermal stress will be
maximum at the point where the temperature reaches the maximum,
the study analysis is set on the point 10 years after the disposal, in
whichthe temperature had reached its maximum value(Fig 5.2).

(a)

(b)

Fig 5.2: (a) Temperature (℃) distribution at 10 years after disposal of spent
nuclear fuel, (b) temperature history (℃) at canister (blue) and bentonite (green)
with time (sec) until for 10 years.
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Prior to this analysis, as in the tunnel model, the effects of
normal opening and shear dilation on the aperture were identified
for the model with 30 ° of joint angle, 30 ° of friction angle, and
stress ratio 2 (Fig 5.3). Similar to the disposal tunnel model, the
influence of normal opening is dominant in the current model. The
maximum value of aperture change and initial aperture ratio due to
shear dilation shown in Fig 5.3(c) is about 0.9, which is relatively
small and does not significantly affect the overall aperture change.

(a)

(b)

(c)

Fig 5.3: Aperture change ratio in uniformly distributed joint set deposition hole
model after excavation when ∅=30°, θ=30°, K=2; (a) ratio of total aperture
change to initial aperture, (b) ratio of aperture change due to normal opening to
initial aperture, (c) ratio of aperture change due to shear dilation to initial
aperture.
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(a)

(b)

(c)

(d)

Fig 5.4: Normal stresses and shear stresses acting on joints when ∅=30°, θ=30°,
K=2; (a) normal stress after excavation, (b) normal stress after thermal loading,
(c) shear stress after excavation, (d) shear stress after thermal loading.

In the reference model (∅=30°, θ=30°, K=2), slip zone did not
occur due to excavation or thermal stress. It can be seen that the
shear stress increased while the normal stress increased in the
opposite direction. The released stress due to the excavation acts
to close the aperture between joints due to thermal stress. As a
result, the slip zones existing in all models disappear after applying
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thermal loading (Fig 5.4).
In order to confirm the aperture closure due to thermal stress,
the ratio of aperture change before and after thermal stress is
applied to the reference model (∅=30°, θ=30°, K=2) is shown in
Fig 5.5. The aperture change ratio shown in Fig 5.5(a) shows that
the joint is opened due to the normal opening predominantly due to
the stress release due to excavation. Fig 5.5(c) shows the rate of
change of the aperture after thermal stress, and the closing
phenomenon occurs in the joint in the right-upward direction, which
is slippery at the excavation surface.

(a)

(b)

(c)

Fig 5.5: Aperture change ratio in uniformly distributed joint set deposition hole
model before and after thermal loading when ∅=30°, θ=30°, K=2; (a) ratio of
total aperture change to initial aperture after excavation (opening), (b) ratio of
aperture change due to shear dilation to initial aperture, (c) ratio of total aperture
change to initial aperture after thermal loading (closure).
Thermal stress analysis was also performed for the discrete
fracture network models. The results in Fig. 5.6 show that, like the
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uniformly distributed joint set model, the aperture change that
occurred due to excavation were closed after thermal stress was
applied. When the legend is shown differently, which is a free value,
the closing phenomenon is noticeably observed at the joints
crossing near the disposal hole. At the boundary of the disposal
hole, the ratio of aperture change and initial aperture was about 4.
In the analysis considering the thermal stress, the closing of the
joint was observed, so the quantification of the range of the
permeability change ratio through the aperture change ratio was not
performed. As a result, it was confirmed that the joints near the
disposal hole were stabilized by the reduction of the overall
aperture after the thermal stress, and in the model with a friction
angle of about 30°, the influence of the shear dilation on the change
of permeability and the slip zone was relatively low compared to
normal behavior of joints.

(a)

(b)

(c)

Fig 5.6: Total aperture change ratio to initial aperture in DFN hole model when
∅=30°, K=2; (a) aperture change after excavation (opening), (b) aperture
change after thermal loading with fixed legend (closure), (c) aperture change
after thermal loading with free legend (closure)
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Conclusion
In this study, the analysis of the slip zone and permeability
change area was performed considering numerous factors using the
two-dimensional distinct element method. It is confirmed that the
slip zone and permeability increased in area as the friction angle
gets smaller, the stress ratio gets larger, and the joint angle gets
larger. As a result, in the tunnel model to which the uniformly
distributed joint set was applied, it is confirmed quantitatively that
the area where the permeability change rate increased by 3.4 times
varies from 2.8 times to 4.8 times of the tunnel radius depending on
the stress ratio, from 4.3 times to 10.7 times depending on the
friction angle, and from 2.6 times to 4.2 times depending on the
stress ratio. However, when the friction angle is significantly small
or the stress ratio is large, it is difficult to obtain an accurate radius
of influenced area because the influence range is in contact with the
model boundary. It is necessary to study a larger model than the
current model for accurate analysis.
In addition, the current study has created a two-dimensional
model of the disposal tunnel section and the disposal hole section
using the uniformly distributed joint set for generic analysis of the
geometrical properties and performed numerical analysis under the
simplified conditions. In the case of two-dimensional numerical
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analysis, there is a limit to simulate a three-dimensional actual
disposal system because it assumes some conditions that are not
realistic, such as an exaggerated heat source that causes larger
thermal stress, or a model geometry which is infinitely long for the
direction perpendicular to the cross section. In order to investigate
the effects of disposal system and discontinuities existing in actual
rock mass, it is necessary to analyze three-dimensional models. In
addition, the research on the uniform joint set model could be
improved with similar studies which can be performed on various
types of discrete fracture network models that have changed
factors such as Fisher's constant, fracture density, and minimum
and maximum fracture size. Factor analysis can be performed
according to the geometrical properties in crystalline rock.
As a result of modeling the disposal hole model considering the
thermal stress, the aperture was closed in all models after the
thermal stress was applied, and most of the slip zone caused by the
excavation disappeared. This is the result of applying the maximum
thermal stress at the time of reaching the maximum temperature.
Therefore, in order to take into account the permanent joint
aperture change due to shear dilation, it is necessary to conduct a
long-term safety study of the disposal system considering the
decreasing thermal stress due to cooling.
It is expected that this study can ultimately be used as basic
data in selecting the site for repository of spent nuclear fuel,
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suggesting guidelines for the construction of underground research
facilities and conducting indoor experiments, and it can be used to
evaluate the performance of spent nuclear fuel disposal sites.
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Appendix A. Slip zone in tunnel DFN
models
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Fig A.1: Slip zone in DFN model with different friction angle and stress ratio
when Fisher constant is 10 and number of fractures is 800.
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Fig A.2: Slip zone in DFN model with different friction angle and stress ratio
when Fisher constant is 10 and number of fractures is 1200.
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Fig A.3: Slip zone in DFN model with different friction angle and stress ratio
when Fisher constant is 30 and number of fractures is 800.
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초

록

원자력발전으로 발생되는 사용후핵연료의 영구처분은 최근 중요한
문제로 대두되고 있다. 여러 방안이 제시되고 있는데, 그 중 가장 유력
한 방법으로 지층처분 방법이 있다. 굴착으로 인해 재분배 된 응력조건,
지하수 유동, 처분된 사용후핵연료로 인한 열응력 등이 처분장의 안전성
에 주요한 요인으로 작용하므로, 처분시스템의 안전성을 확보하기 위해
서는 시스템 내에서의 열-수리-역학적인 복합거동을 고려한 연구가 필
요하다. 특히 암반의 물성 및 절리의 기하학적 구조에 따른 일반적인 분
석은 미흡하다.
본 연구에서는 2차원 개별요소법 시뮬레이터 (UDEC)을 이용하여
균일이 존재하는 암반에 굴착된 처분터널 및 처분공 주변에서의 인자에
따른 미끄러짐 영역 및 투수율에 대한 영향을 수치해석적으로 정량적 분
석을 하였다. 투수율 변화에 대한 분석은 간극변화에 대한 분석으로 진
행되었다. 본 연구에는 처분터널 모델과 처분공 모델이 이용되었으며,
균일절리군과 암반균열망을 포함한 분석이 수행되었다. 균일절리군 모델
에서는 절리각, 마찰각, 응력비에 따른 미끄러짐 영역 및 간극변화영역
최대반경을 분석하였으며, 암반균열망 모델에서는 피셔상수와 균열개수
에 따른 모델을 만들어 각각의 모델에서 마찰각과 응력비에 대한 분석을
수행하였다. 미끄러짐 영역과 간극변화비율을 공동 반경의 배수로서 정
량적으로 비교하였다. 열응력을 고려한 분석에서는 처분공 모델이 사용
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되었으며, 열응력이 최대가 되는 최고 온도 도달 시점을 분석 대상으로
하였다.
굴착 이후 응력 모델링의 결과, 균일절리군 모델에서는 마찰각이 작
을수록, 응력비가 커질수록, 절리각이 커질수록 미끄러짐 발생 영역 및
간극변화영역이 넓어졌다. 특히 마찰각이 작아질수록 전체 영향 중 전단
팽창에 의한 영향이 급격히 증가하였다. 투수율 변화량이 초기투수율의
약 3.4배가 되는 영역은 절리각에 따라서는 공동 반경의 2.8배에서 4.8
배, 마찰각에 따라서는 4.3배에서 10.7배, 응력비에 따라서는 2.6배에서
4.2배까지 변하였다. 암반균열망 모델에서도 유사한 결과를 얻었으며,
미끄러짐 영역은 마찰각이 30도인 경우, 모든 모델에서 공동 반경의 3
배를 넘지 않는 영역에서 발생하였다. 열응력을 고려한 처분공 모델에서
의 모델링 결과, 열응력 적용 이후 모든 모델에서 간극이 닫히고, 굴착
으로 인해 발생했던 미끄러짐 영역이 대부분 소멸되었다.
추후 전단팽창에 의한 영구적 절리 간극을 고려할 수 있도록 장기적
인 거동으로 열응력이 감소하는 경우에 대한 연구가 필요할 것으로 보이
며, 실제와 유사한 조건에서의 연구를 하기 위해 3차원 모델의 복합거동
해석 및 처분시스템 구조의 정확한 물성을 고려한 연구 등이 요구된다.
본 연구는 사용후 핵연료의 부지 선정 가이드라인에 기초 자료로 활용될
수 있으며, 사용후핵연료 처분장의 성능평가에 활용될 수 있을 것으로
전망한다.
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