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Abstract

An integrated model for groundwater flow and radionuclide transport analyses is being developed incorporating
six underground silos, an excavated damaged zone (EDZ), and fractured host rock. The model considers each
silo as an engineered barrier system (EBS) consisting of a waste zone comprising waste packages and disposal
container, a buffer zone, and a concrete lining zone. The EDZ is the disturbed zone adjacent to silos and
construction & operation tunnels. The heterogeneity of the fractured rock is represented by a heterogeneous flow
field, evaluated from discrete fractures in the fractured host rock. Radionuclide migration through the EBS in silos
and the fractured host rock is simulated on the established heterogeneous flow field. The current model enables

the optimization of silo design and the quantification of the safety margin in terms of radionuclide release.
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1. Introduction

According to the follow-up action program as a licensing
condition of the Wolsong LILW {low and intermediate level
radioactive waste)} Disposal Center (WLDC) [1], a re-
assessment of the safety margin of a disposal facility is
needed by incorporating tunnel excavation data, concrete
silo design, and surrcunding rock characteristics. With this in
mind, a new 2-dimensional multiple-silo model, including a
discrete fracture network (DFN), is being developed for the
performance assessment of WLDC, focusing on the multiple-
silo configuration{[2, 3] and integrated analyses for the
groundwater flow and the radionuclide transport in fractured
rock media. This modeling concept is different from the
approach used in the licensing stage insofar as the new
model explicitly integrates groundwater flow and
radionuclide migration analyses through engineered barrier
systems in silos. These analyses also incorporated the
heterogeneity of the fractured host rock. The numerical
model is currently being developed, and thus this paper
presents the conceptual model and theoretical background of

the model, with some numerical demonstration.
I1. Conceptual Model

The current model consists of sixunderground
silos, an excavated damaged zone {EDZ), and
fractured host rock in a two-dimensional model
space. Figure 1 shows the schematic diagram of the
model’s concept. Each silo consists of waste, buffer,
and concrete lining zones. The EDZ is the disturbed
zone adjacent to silos and construction & operation
tunnels.

Waste, buiffer, and concrete zones comprise the
homogeneous isotropic water-conducting medium
with different hydraulic and material properties for
each zone. Host rock is divided into two regions, a
rock matrix region and a fractured region. The rock
matrix region does not contain any water-conducting
fractures, while the fractured region is considered to

be an equivalent heterogeneous anisotropic medium
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characterized by water-conducting fractures and their
hydraulic conductivity tensor [4]. The fractured host
rock is represented by a DFN with the same
parameters as the rock, i.e. intensity, orientation,

size, aperture, and hydraulic conductivity.

1. Host Rock Heterogeneity in DFN

Fracture frequency (or intensity) is one of the
fundamental measures representing the degree of fracturing
in a rock mass [5]. The fracture frequency { A [m]}, defined
as the average number of fractures intersected by a unit
length of sampling line, is the most commonly used
measure of fracture intensity obtained from borehole data.
The number of fractures in a finite domain can be
determined from the linear frequency {4}, the orientation of
the sampling scanline, the mean trace length (#,) of the
fractures, and the orientation of fractures with respect to the
scanline. A relationship between linear frequency, areal
frequency (4,), and mean fracture size is given for two
extreme cases [5, 6], i.e., perfectly parallel fractures (1=, A,)
and fractures of totally random orientation (A=24,p /).
Fractures showing some variability about a preferred
orientation will have a fracture frequency between these
two extremes [5]. For perfectly parallel fractures, the
probability of fracture intersection is exiremely small
compared with that for the randomly orientated fractures.
Thus, fractures with totally random orientation yield higher
fracture connectivity, which can be considered the
conservative case. In the current performance assessment
model, Ais given as an input, and areal frequency of
fractures (1,) is conservatively calculated [6] as:

E7

T ——— (1)

A Fisher distribution, which is the most commonly
observed orientation (6) distribution, is used to represent
the probability density of fracture pole orientation [7]. The
Fisher constant (#) represents deviation of the variables. In
the current model, up to four different orientation sets can
be defined for DFN generation. The equation for a Fisher

distribution is:
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Studies in crystalline rocks have shown that a Power
Law distribution often accurately represents fracture sizes
[8, 9]. This is because the mechanical process of rock
fracturing often results in a fractal or power law distribution
[8, 9]. A power law distribution {7-10] is adopted in the
current model to represent the distribution of fracture size
{or length, /). This ensures a high frequency of large
fractures, which are considered to be important in the
nuclide transport analysis [7]. A probability density function
of fracture length can be written by assuming that
distribution of fracture radius is identical to that of fracture
length [7], as:

1= ﬁf"fi-’l(fﬂmf] P S T 3)

where d is constant and 1,,;, is the minimum length of
fractures.

In the current model, two types of EDZ are considered,
i.e., EDZ surrounding silos (called EDZ-silos} and EDZ by
tunnels (called EDZ-tunnels). EDZ-silos is treated as a
highly permeable continuum as a conservative assumption.
The secondary fractures are assumed to be generated only

in EDZ by tunnel constructions.

2. Equivalent Heterogeneous Anisotropic Medium

The permeability {or hydraulic conductivity) of the
fractured rock depends on the fracture intensity,
connectivity, and hydraulic properties. Approaches for
calculation of grid cell effective directional permeability
include the tensor approach [4]. In Oda’s method [4], the
orientations of the fractures are considered as a unit normal
vector n, and mass moment of inertia of fracture normals

distributed over a unit sphere is written [4, 11] as:

N= jnn,nJE(n)dn ______________________________________________________ (4)

where E(n)} is the probability density function that describes
the number of fractures whose unit vectors n are oriented
within a small solid angle d¢.

For a specific arid cell with known fracture area 4, , and

hydraulic conductivities K, obtained from the DFN model,
an empirical fracture tensor can be calculated by adding
individual fractures weighted by their area and hydraulic
conductivity [11]:
1 N
F, :7mZVfo;Zi’/nM ........................................ - (5)
cell f=1
where V,_,; and ¥, are volume of cell and fractures,
respectively. A cell volume contains N fractures, and #, :and
n, ; are the components of a unit normal to the fracture f.
Oda’s permeability tensor (K;) is derived from F;; by
assuming that F;; expresses fracture flow as a vector along
the fracture’s unit normal. Assuming that fractures are
impermeable in a direction parallel to their unit normal, F;
must be rotated into the planes of permeability [11] using

the equation:

K, = (Fy8, = F) (6)

where Fy, = Fyy + Fy, + Fy; and §y is Dirac delta

function.

3. Groundwater Flow Analysis

The domain for groundwater flow is sub-divided into
waste, buffer, concrete, EDZ-silos, and fractured zones, A
homogeneous isotropic medium is assumed for waste,
buffer, concrete, and EDZ-silos. A heterogeneous
anisotropic medium is assumed for the fractured region
based on primary and secondary fractures.

The governing equation for the steady-state space-
dependent hydraulic head #i(x,y) is given in two-
dimensional Cartesian coordinates for time-independent,
incompressible Darcy flow with space-dependent

anisotropic hydraulic conductivity K,(x.y) and K(x,y) as:

Ok ey T O b o fOR) ) o :
2 rmn e }r@[&y(x,}) > } 0 ™)
[1(x>/v) = hR {x,¥) on Cyboundary - (8)

For the homogeneous isotropic region, hydraulic
conductivity is constant for each region, as K (x,y)

=K (xy)=K,, K, K, or K;,, 5 for waste, buffer, concrete, or
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EDZ-silos, respectively. For the heterogeneous anisotropic
region, K{x,y) and K,(x,y) are obtained for each finite
element, considering all primary and/or secondary fractures
included in the element. A hydraulic head A(x,y) is
V prescribed at the outer boundaries (i.e., C, boundary) of the
model space, based on the hydraulic head (#,) obtained
from the regional scale flow model.

The governing equation {7) is solved numerically, using
the finite element method for the given boundary condition
{8) [6]. Triangular finite-elements are used to discretize the
domain. Hydraulic head at the internal nodes and Darcy
velocity at the center of weight for each of the elements are
obtained numerically. As a result, a heterogeneous flow
field is established over the entire model, excluding the rock

matrix region, that is, the unfractured zone in the host rock.

4. Radionuclide Transport Analysis

Radionuclide migration is simulated based on the
established groundwater flow field. The transport equation
for advection, molecular diffusion, sorption, and radioactive
decay in a medium j (i.e., waste, buffer, concrete, EDZ, or

host rock) for a single radionuclide is given as [12]:
o ;(X,1)
ot

=D _ V-(VC (X,0)~-
by VCX0)

(VX (X,0) = R AC (K1), 1>0,

where
1-¢g, )
= 1+————-—( L, K,,

&

R,

7

X is the position vector of the radionuclide at time t. C
fmol/m3] is the concentration of the radionuclide in pore
space. Subscript j represents the region which contains the
radionuclide at position X. R {.] is the retardation factor for
the radionuclide. The variable v(X) [m/yr] represents the
pore velocity vector at position X, obtained from water flow
analysis. The symbol e [-] is the medium porosity, while p,
{kg/m3] is the density of the solid materials. K, [m3kg] is
the distribution coefficient of the radionuclide. A[1/yr] is a
radioactive decay constant. D, [m2/yr] is the pore diffusion
coefficient for the radionuclide and is assumed to be

constant for each region.
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The transport equation is simulated using the random-
walk particle tracking method taking into account the local
mass conservation (LMC} error [13, 14]. The random-walk
method has been developed by using analogy between the
Ito-Fokker-Planck equation and the transient advection-
dispersion equation, such that the Ito-Fokker-Planck
equation with the random-walk equation is equivalent to
the transient transport equation [6]. The random-walk
method was developed for the instantaneous input source
condition (11} in the waste zone for each silo and
absorbing boundary condition at C; boundary {12). The
equation is:

CX,t=0=(M,/&,)0(X), X ¢ Waste zone,
where M, is the total mass of nuclide contained in the waste

(source) zone, g, is the porosity of the waste zone, & is the

Dirac delta function:

C(X,t)=0,t >0, 0n C, boundary

IIl. Numerical Modeling Demonstration

A numerical model, SIMSILO-2D (Simulation program
Integrating local fracture flow with radionuclide transport
for underground Multiple-SILO in 2-Dimensional
domain}, is currently being developed. Thus, this section
demonstrates modeling features for demonstration

purposes, with hypothetical input data without justification

—

OFN {Primary)

DFN {secondary}

Host Rock
Fig. 1. Model Conceptualization of Multiple-Silo Model.
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{see Figure 2). SIMSILO-2D is used for all numerical

demonstration given in this paper.

Fig. 2. Demonstration of Numerical Modeling (a) Primary &
Secondary DFN, (b) Finite elements on conductive DFN, (c) Ky (x,9),
(d) Hydraulic head contour with velocity vector (arrows).
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Figure 2(a) shows a (primary & secondary) DFN
generation with assumed EBS design thicknesses.
Figure2(b) shows finite elements generated on a conductive
DFN and connected Silos with conductive DFNs. Figure2(c)
shows a hydraulic conductivity tensor (i.e., K (x,y))
obtained from the DFN in Figure 2(a) for each element
shown in Figure 2(b). Note that homogeneous isotropic
hydraulic conductivities are prescribed for each zone (i.e.,
waste, buffer, concrete, EBS-silos). Figure 2(d) shows the
resulting hydraulic head distribution (contour) and Darcy
velocity vectors (arrows) from the flow analysis. As a
boundary condition, a high constant head is prescribed at
three outer boundaries (left, top, and bottom) and a low
constant head is prescribed at the remaining outer
boundary (right).

Figure 3 shows the tracks of radionuclide migration from
the waste zone in each silo to the outer boundaries of the
model space through buffer, concrete, EBS-silos, and host
rock (fractured & rock matrix regions). As a result of
radionuclide transport analysis, travel time and
radionuclide mass release rate are also obtained from the

model.
IV. Discussion and Limitations

In the current 2-D model, one should specify EDZ
(tunnels) with the hydraulic and material properties from
the most disturbed region {or worst case) in and around
the tunnels, i.e., i) the backfill/buffer materials within the

tunnels, and ii) disturbed rock properties surrounding the

]
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Fig. 3. Tracks of radionuclide migration.
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tunnels. For the case where the tunnels are backfilled
with very low permeability materials (i.e., bentonite} but
the host rock surrounding the tunnels is highly disturbed
due to the operation and emplacement, one can
prescribe the disturbed rock properties {e.g., higher
conductivity) surrounding the tunnel for EDZ (tunnels)
for performance assessment modeling. For such a case,
water can flow through the high permeable zone {i.e.,
EDZ) around the tunnels, but will not flow through the
inside of the tunnels. Due to the intrinsic limitations of 2-
D modelling, however, flow paths (vectors), especially
inside of the EDZ (tunnels), should be interpreted
appropriately with given conceptual model and input
parameters.

In the current SIMSILO-2D model, time-independent
incompressible Darcy flow for the heterogeneous
anisotropic fractured medium is used for the flow
analysis. For radionuclide transport, an instantaneous
input source condition is adopted. A radioactive decay
process is incorporated for single member decay without
precursors of the decay chain.

Additional detailed transport processes for various
nuclides, such as congruent release and solubility limit
release, involved in nuclide release need to be
incorporated in the future for the performance
assessment of the LILW disposal facility. Source
conditions {i.e., congruent release and solubility limit
release) can be incorporated into the current model
because the instantaneous input source condition is a
basic source condition. Note that an analytical solution of
the transport equation for the constant concentration
source condition, which is closely related to solubility
limit release, can be obtained by integrating the solution

obtained for the instantaneous source condition [15].

V. Conclusions

An integrated model for groundwater flow and
radionuclide transport analyses is being developed
incorporating six underground silos, excavated damaged

zone (EDZ) adjacent to silos and tunnels, and fractured
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host rock zone. In the current two-dimensional numerical
model, primary and/or secondary DFNs can be simulated
explicitly using site-characterized fracture parameters
{i.e., intensity, orientation, size, aperture, and hydraulic
conductivity) as input. Up to four fracture orientation sets
can be simulated. For flow analysis, all EBS regions
{waste, buffer, concrete, and EBS-silos) in the silos and
connected DFN are taken into account, and thus Darcy
velocity vectors are obtained for all water flowing
regions. For radionuclide transport analysis, nuclides
migrate based on established water velocity, medium
porosity, and various transport properties (diffusivity,
retardation by sorption) for a given nuclide in a specific
transport medium. The dominant transport mechanism
is determined from the hydraulic and transport properties
for each region {waste, buffer, concrete, EBS-silos,
fractured zone, or rock matrix}. In the current model, the
rock matrix region {or unfractured host rock) is treated as
the waste-stagnant region, and thus molecular diffusion is
the dominant transport mechanism.

The current integrated and robust numerical model
enables, in terms of toxicity/hazard caused by
radionuclide release, to i) optimize the design of silos
{location, thickness of EBS, material properties of EBS)
for a specific fractured rock site, and ii) quantify the
safety margin of performance results obtained from
simplified models {e.g., 1-D transport, single silo,
homogeneous silo, host rock without DFN, no explicit

rock matrix diffusion, etc).
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