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ABSTRACT

Water fluxes in unsaturated, fractured rock involve
the physical processes occurring at fracture-matrix
interfaces within fracture networks. Modeling these
water fluxes using a discrete fracture network model
is a complicated effort. Existing preprocessors for
TOUGHZ2 are not suitable to generate grids for
fracture networks with various orientations and
inclinations. There are severa 3-D discrete-fracture-
network simulators for flow and transport, but most
of them do not capture fracture-matrix interaction.
We have developed a new 3-D discrete-fracture-
network mesh generator, FRACMESH, to provide
TOUGH2 with information about the fracture
network configuration and fracture-matrix interac-
tions. FRACMESH transforms a discrete fracture
network into a 3 dimensional uniform mesh, in which
fractures are considered as elements with unique rock
material properties and connected to surrounding
matrix elements. Using FRACMESH, individual
fractures may have uniform or random aperture
distributions to consider heterogeneity. Fracture
element volumes and interfacial areas are calculated
from fracture geometry within individual elements.
By using FRACMESH and TOUGH?2, fractures with
various inclinations and orientations, and fracture-
matrix interaction, can be incorporated. In this paper,
results of flow and transport simulations in a
fractured rock block utilizing FRACMESH are
presented.

INTRODUCTION

Three-dimensional numerical simulation of water
flow and mass transfer in fractured rock blocks is
necessary to estimate the travel time of radionuclides
from a radioactive waste disposal site located in
unsaturated fractured rock mass. Numerical simula-
tions of fractured rock aways require careful
consideration of fracture-matrix interactions, particu-
larly in the unsaturated zone. The multiphase flow
numerical simulator TOUGH2 has shown capability
for modeling fracture-fracture and fracture-matrix
flow. However, geometrical and physica
conceptualization and mesh generation have to be
done by users, and they require considerable preproc-
ng effort.

Several modeling programs are available for fracture-
network simulations (e.g., Dershowitz et al. 1989,
Billaux et al. 1989, ljiri and Karasaki 1994).
However, many of these extract fractures from
fractured porous media and calculate fluid flow
and/or mass transport only within fractures, neglect-
ing fracture-matrix interactions.

The dual-continuum concept is one approach to
modeling flow and mass transport in fractured porous
media (Warren and Root 1963). In a dual-continuum
model, fracture and matrix are modeled as two sepa-
rate kinds of continua occupying the same control
volume (element) in space. Fracture-matrix interac-
tion can be modeled as the flow and transport
between these continua

To apply the dua-continuum model, we must
consider the representative elementary volume (REV)
and set the element volume greater than the REV.
Because the maximum size of the rock block in
laboratory experiments is rarely greater than one
cubic meter, if fractures are few, we cannot define an
REV smaller than the origina block scale. In this
case, the dual continuum model cannot be applied.

Another modeling approach, the discrete-fracture
model, can be used with the small element volume
for detailed modeling of the fractured rock mass.
However, in the far field, we can neither detect all
fractures in a several-kilometer area, nor make a
model from all detected fractures. Thus, the discrete
fracture-network model is a reasonable method to
model laboratory scale fractured porous media,
because at the laboratory scale, we can detect major
fractures from outside surface and CT-scan observa-
tions.

For TOUGHZ2, a modeling method for discontinuous
structures, such as a fault zone or fractured zone, was
developed and applied to field tests at Yucca
mountain by Doughty et a.,(2002). This model
assigns new material indicators for each element
including fractures. But, the interfacial areas between
fracture elements and matrix elements are not
considered.



With all this in mind, we developed a new mesh-
generating code called FRACMESH for fractured
porous media. In this paper, we present on outline of
the mesh generation and an example of numerical
experiment are presented.

METHODOLOGY
Objective and Applicability of FRACMESH

FRACMESH was developed mainly for mesh
preparation for simulation of flow and transport in a
meter-size block. In this meter-size block, major
fractures are observed on the exterior surface with
various inclinations and orientations. FRACMESH
generates element and connection data blocks for the
TOUGH?2 input file, which are the most complicated
part of fracture network gridding. Preparation of
other input data blocks, such as ROCKS for rock
material properties and INCON for initial conditions.

Input Data for FRACMESH

To congtruct the TOUGH2 input data with
FRACMESH, the geometrical data for the basic
elements and fractures are required. The basic
element data are the total length of model in x-, y-,
and z- direction and the number of division in each
direction. Fracture data are the number of fractures
and coordinates of four corner points of each fracture
and average aperture and standard deviation of each
fracture.

Basic Element Construction

In FRACMESH, the basic element shape is a
rectangular parallelepiped. The entire domain
consists of a structured grid with constant x-, y- and
z- intervals. The basic elements are automatically
generated from input data, including the number of
gridblocks and the interval length in each direction.

Fracture Conceptualization

In FRACMESH, each fracture is considered as a
plane with a finite volume in the 3-D domain. The 3-
D coordinates of the four corner points define each
fracture. Each fracture has a constant or normal
aperture distribution. Figure 1 shows an example of a
3-D fracture network.

Figure 1 is a fracture model obtained from surface
observation of a 50 cm x 30 cm x 60 cm tuff block.
In this model, the curve-shaped fracture illustrated in
blue was represented in FRACMESH by a
combination of small pieces of fracture planes with
different normal vectors and corner points.

Figurel. An example 3-D fracture model in
FRACMESH.

In the FRACMESH program, the factors in following
equations are automatically calculated for all frac-
tures, and the intersection of each fracture to each
basic element is checked

ax+by+cz+d =0, a’*+b*>+c*=1.0 (1)
where, (ab,c) is the normal vector of the fracture
plane.

Element and Connection Data Generation

The TOUGH2 input file requires element volume and
connection information, including interfacial area and
nodal distances between elements. FRACMESH
automatically generates element and connection data
from fracture information in the model, based on the
fracture-network  configuration and predefined
elemental information (grid number and interval
length).

Classification of basic el ements

All elements are classified into one of two groups,
matrix elements or fracture elements. If at least one
of the finite fracture planes crosses a basic element,
that element is considered a fracture element. Other-
wise, it is considered a matrix element.

In FRACMESH, classification is made in two steps.
The first step is the judgment on whether each edge
of an element and each fracture intersect when the
fracture is assumed to be infinite (See Figure 2). If an
edge of an element isjudged to cross a fracture, the x,
y, and z coordinates of the crossing point are calcu-
lated from the equation of the fracture plane. In the
second step, the crossing point is judged to be in the
finite fracture plane or not by comparing the summed
area of four triangles (formed by the crossing point



and two adjacent corner points of fracture) to the area
of finite fractures.
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Figure 2. Grouping of element edge by the intersec-
tion of an infinite fracture. The hatched
area is the finite fracture plane, and thick
lines are the edges that intersect the
infinite fracture plane.

Element volume

The element volume of the matrix element is set
equal to the basic element volume. An element
volume of afracture element is calculated as the total
volume of fractures inside the element.

Connection configuration

The element-by-element connections are classified
into three types: i.e. fracture-fracture, fracture-matrix,
and matrix-matrix connections. At first, the basic
connection is set to be the structural connection
between adjacent elements in 3-D the grid. After the
generation of fracture elements, connections between
two elements, which are directly connected by at
least one fracture, are classified as fracture-fracture
connections. If neither element contains any fractures
the connection between these two elements is set as
matrix-matrix type. If either element contains
fractures but the fractures do not directly connect
both elements, the connection between these two
adjacent elementsiis set as fracture-matrix type.

A schematic diagram illustrating connection type is
shown in Figure 3.

In Figure 3, connections between A-B and B-D are
the fracture-fracture connections, E-F is the matrix-
matrix connection, and A-C, C-D, C-E, and D-F are
the fracture-matrix connection. TOUGH2 input data
requires the nodal distance in both adjacent elements
and interfacial area in the connection data block. In
FRACMESH, noda distance is assumed to be the
distance between the center of the basic gridblock
and the interface between the two gridblocks.
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Figure3. Schematic diagram of  connection
configuration for adjacent elements.
Shaded elements are matrix elements.
Solid arrows show the fracture-fracture
connection, and dotted arrows show the
matrix-fracture and matrix-matrix
connection.

Interfacial area is determined as follows. In matrix-
matrix connections, the interfacial areais the same as
the interfacial area between basic gridblocks. In the
fracture-fracture connections, interface area is calcu-
lated differently, depending on the option chosen for
the aperture distribution. (Aperture distribution can
be uniform or random.) The interfacial area is
assumed to be the aperture of fractures that cross the
interface. If the random permeability distribution
option is chosen, the aperture at the interface is
assumed to be the average of the two aperture values
in adjacent elements.

The fracture-matrix connection is the most important
connection for flow and transport between fracture
and matrix. In FRACMESH, the interfacia area is
defined from a projected area of the fracture to the
interface. If one of the two adjacent elements
contains one fracture, the interfacial area is the
projected area of the fracture to the interface (see
connection C-E in Figure 3). If both elements contain
fractures; the interfacial areais the average of the two
projections (see connection A-C, C-D in Figure 3). If
either element contains multiple fractures, the
projected areas are averaged.

In FRACMESH, nodal distances in gridblocks are
assumed to be half of the grid length in each direction.



Dummy element generation for boundary
conditions

In FRACMESH, side boundaries are automatically
set as no-flow boundaries. FRACMESH adds top and
bottom dummy elements, with top elements acting as
either a constant head boundary, or a constant flow
rate boundary. Bottom elements can be a constant
head boundary or a free drainage boundary
(TOUGHZ2 implementation in iTOUGH2 only). All
connections between boundary elements and
elements in the main area are automatically generated
with zero nodal distance.

Per meability Distribution of Fracture Elements

In TOUGHZ2, element-by-element permeability distri-
butions can be realized using a permeability
modification factor. In a single fracture,
FRACMESH utilizes the permeability distribution
factor to provide heterogeneity in the aperture
distribution. For input data, users set the average
hydraulic apertures and standard deviations in
individua fractures. Based on the normal distribution
model, the local aperture in a fracture segment within
an element is cal cul ated.

To alter the aperture, we assign each fracture segment
a permeability modification factor determined by
fracture surface roughness observations (Mongano et
al., 1999). Permeability and capillary pressure for
each fracture are modified as follows (L everett, 1941;
Pruesset al., 1999):

kf zkave m (2)
P.= P [\m 3

In these relations, k; is the permeability of a fracture
segment, k. is the average permeability of a fracture
calculated by the cubic law, m is the permeability
modification factor, P, is the capillary pressure of a
fracture segment, and P_, is the average capillary
pressure of a fracture. Using the permeability
modification factor, heterogeneity in aperture, perme-
ability, and capillary pressure can be incorporated for
individua fractures as well as for each element in a
fracture.

AN EXAMPLE OF DISCRETE FRACTURE
MODEL AND SIMULATION

M odel Construction

Vertical 2-D simulations of water flow and tracer
transport were carried out as a preliminary study for
meter-size block experiments (Seol et al., 2003). A
fracture network was artificialy generated based on
statistical information derived from detailed line
survey observations including fracture density, length
range, and distribution of directions for a tuff unit,
called lower lithophysal unit in Yucca Mountain.

Fractures with different trace lengths and orientations
obtained from field observations were sorted into
groups and counted to calculate the occurrence
probability of fractures for each fracture group. For
our artificial fracture-network generation, a fracture
was located at random and independently assigned a
trace length and orientation based on the occurrence
probability. The total number of fractures to be
generated was determined using the fracture line
density (the number of fractures per unit length in the
horizontal or vertical direction). The fracture density
for the lower lithophysal unit was 3.2 fracturesm
(Liu et al., 2000). However, the density was doubled
to 6.4 fractures'm, because the fracture network
needed to account for the limited connectivity of
fractures in the 2-D flow domain to address a 3-D
flow regime. Doubling the fracture density provided
amodel block with several flow pathways in a small-
scale flow field (1.0 m x 1.0 m). To assure that the
developed model block was consistent with the over-
all distribution of fractures under natural conditions,
we generated a larger-scale fracture network (10 m x
10 m) based on the same statistical information, and
then the 1.0 m x 1.0 m fracture network was visually
compared to the 10 m x 10 m network. In general,
the fracture network for the study shows reasonable
resemblance to many areas from the larger network.

In addition to the simulated fracture network captur-
ing large fractures based on the detailed line survey,
we also added small fractures using small fracture
survey data (CRWMS M&O, 1999). We did this to
compensate for small fractures (<1.0 m) ignored in
the detailed line survey. Large fractures control
global flow through the fracture system, whereas
small fractures significantly impact interfacial
phenomena between fracture and matrix by providing
more interface area to the system (Wu et al., 2003).

The 2-D mode (1.0 m x 1.0 m, with a thickness of
0.01 m) contains 39 fractures of various lengths and
orientations (Figure 4). The aperture is correlated to
fracture length as described by Liu et al., 2001.
Based on the relationship between fracture trace
length and filling material (Chiles and de Marsily,
1993), the average aperture, b, is calculated using an
empirical equation with trace length, L (m):

b=cL? (4)

where ¢ and d are empirical constants determined to
be 1.008 x 10° and 0.317, respectively, for
representative mean and variance values of log(b) for
the TSw in Yucca mountain NV. (—4.01 and 0.05,
respectively) (Liu at al., 2000; Robinson, 2000). For
the TOUGH2/iTOUGH2 code (Pruess et al., 1999;
Finsterle, 1999), the fracture network was trans-
formed into a mesh with 3,750 grid elements. Both
matrix and fracture elements had uniform dimensions



[0.0133 m x 0.02 m x 0.01 m (LxXWxT)]. Matrix
elements had a uniform volume, whereas the volume
in a fracture element was calculated using the frac-
ture aperture and trace length of the fracture segment
cross-cutting the element. Table 1 shows hydraulic
parameters of fracture and matrix elements used in
this simulation.

08
07

06

04
03|
02|

o1

x(m)
Figured4. Discrete fracture  network  model

constructed from stochastic data obtained
fromfield survey.

We carried out transient unsaturated water flow
simulations and pseudo steady-state tracer transport
simulations. Water was injected at various rates until
the outflow rates reached 99% of inflow rates. The
balanced state is defined herein as pseudo-steady
state, which indicates that the flow system did not
reach a true steady state, but overal flow rates are
balanced. Once abalance in flow rates was achieved,
a given mass of tracer was placed into the model
blocks through one large injection element on top of
each block. The mass of tracer exiting the block was
monitored to plot the breakthrough curves.

Table 1. Input parameters for TOUGH2/iTOUGH2

Fracture Matrix
Density (g/cm’) 2.48 2.48
Porosity 1.00 0.131
Absolute permesbility (m’) 4.51E-11  3.04E-17
Tortuosity 0.7 0.7
Residual liquid saturation 0.01 0.12
Residual gas saturation 0.01 0.02
Initial liquid saturation 0.02 0.55
M, 1-1/n" 0.611 0.236
o 7.39E-4  6.44E-6

* Corey’'s curve (Corey, 1954) is used for relative
permeability, and the modified van Genuchten model
(van Genuchten, 1980; Finsterle, 1997) is used for
capillary pressure.

Results and Discussion
Transient State Unsaturated Flow Experiments

The model blocks were initially saturated as high as
45% liquid saturation in matrix and 1% in fractures.
At this low matrix saturation, most of tracer injected
would quickly imbibe from fractures to matrix, and a
breakthrough for a tracer pulse would not take place
during a reasonable time frame for laboratory experi-
ments. As a consequence, transient experiments were
designed to monitor only water flow rates at the
bottom of the block with various injection rates.

The injection rate was set as various ratios of the
saturated steady state flow rate. Table 2 shows the
injection rate and corresponding infiltration rate.

Table 2. Injection rates

*Flow Injection
Rate Flow Rate Rate Infiltration
(%) (kals) (ml/day) (mm/year)
0.02 7.12E-09 0.6 225
0.1 3.56E-08 3.08 112.27
0.2 7.12E-08 6.2 2245
1 3.56E-07 30.8 1122.7
2 7.12E-07 61.5 22454
10 3.56E-06 307.6 11226.8
20 7.12E-06 615.0 22454.0

*Flow rate as a percentage(%) of maximum flow rate
measured from fully saturated block test

I r
E 038 ftw /
: J} maf'*j
8
w
kS 0.6 ——2%
= [ = 10%
E e ——20%
2 ¢ j J —>—0.2%
02

21 ——0.10% —|
—*—0.02%
0.0 !&—f—q—m—*—i‘[—,f
0 200 400 600 800 1000 1200
Time (Days)

Figure5. Water breakthrough curvesin DFNM with
various injection flow rate as a percent-
age of saturated flow rate

Figure 5 shows normalized flow rates, which increase
as a function of time and approach to steady state.
Stepwise increases of outflow with low injection
rates (<2% of maximum flow rate) represents
localized preferentia flow predominantly through
fractures. At higher flow rates, water flows fast
enough to reach the bottom of the block through



limited preferential flow pathways (such as fractures)
and quickly attains the balanced state in terms of flow
rates (even though a significant portion of the matrix
block is till dry). Therefore, it is difficult to observe
discrete flow behavior unless very fine observation
frequency is utilized.

Liquid saturation distributions as a function of time
and injection rates show flow channelling (preferen-
tia flow pathways) as a higher liquid saturation for
higher injection rate cases (Figure 6).
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Figure 6. Didtribution of water saturation in
discrete fracture network model with
different injection flow rates

The discrete behavior of liquid saturation would
result from variations in fracture aperture size and
heterogeneity implemented by the permeability
modification factor. Liquid saturation distributions
are quite distinctive for different injection rates.
Most of the water introduced at lower injection rates
diffuses into the matrix. Then, when the water
reaches the bottom, a large portion of the matrix on

the pathway of water flow is nearly saturated. Water
flow is predominantly governed by capillary pressure
at low injection rates. On the other hand, higher
injection rates result in gravity-driven water flow
mainly through fractures, so that high liquid satura-
tion is limited to the area near fractures when water
reaches the bottom of the block.

Pseudo-steady unsaturated flow and transport
experiments

Various water-injection rates were also applied to the
unsaturated (45% in matrix, 1% in fracture) block.
Once the balance between injection rates and effluent
flow rates was achieved, the same mass of tracer in a
same volume of water was injected into the block and
then monitored to plot breakthrough curves. The
median front of the tracer breakthrough curves
arrived at the bottom of the block at 0.3, 0.1, and 0.08
days, for injection rates of 2%, 10%, and 20% of
saturated flow rates, respectively (Figure 7).
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Figure 7. Tracer breakthrough curves. For various
injection rate at balanced condition.

Under pseudo-steady-state conditions, the tracer
breakthrough curves do not show the stepwise
increase even at small injection rates, because the
capillary pressure values of fracture and matrix
elements are in equilibrium.

SUMMARY

In this study, a new mesh generator for fractured
porous media, FRACMESH, was developed and
applied to vertica 2-D unsaturated water flow and
tracer transport modeling with TOUGH2.

In unsaturated water flow simulations, preferentia
water pathways caused by fractures and water flow
from fractures to matrix caused by capillarity could
be simulated by TOUGH2 with FRACMESH. For
small injection rates, stepwise water breakthrough
was observed because of the multiple dominant water
pathways. In tracer-transport simulations under



pseudo-steady-state conditions, tracer pathways were
limited to fractures, and the injection rate controlled
the tracer breakthrough curve. From these simula-
tions, TOUGH2 with FRACMESH has proved capa-
ble of modeling the flow and fracture-matrix interac-
tions in fractured porous media when dominant
fractures can be observed. We are planning to apply
FRACMESH to an actual 3-D meter-size block for
the design of actual laboratory experiments.In
addition, comparison studies between FRACMESH-
TOUGH2 simulations and other discrete-fracture-
network model simulations will be performed for
more strict validation of the code.
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