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Flow Focusing in Unsaturated Fracture Networks: A Numerical Investigation

Keni Zhang,* Yu-Shu Wu, G. S. Bodvarsson, and Hui-Hai Liu

ABSTRACT and become focused. The focused unsaturated flow will
increase relative permeability of its path, and cause flowA numerical modeling study is presented to investigate flow–
further focusing. Focused flow paths exist in the unsatu-focusing phenomena in a large-scale fracture network, constructed
rated rock of the Yucca Mountain site. For example,using field data collected from the unsaturated zone of Yucca Moun-

tain, Nevada, the proposed repository site for high-level nuclear waste. elevated levels of 36Cl originating from atmospheric nu-
The two-dimensional fracture network for an area of 100 by 150 m clear tests conducted in the 1950s and 1960s were found
contains more than 20 000 fractures. Steady state unsaturated flow in at several locations in an underground tunnel at the site
the fracture network is investigated for different boundary conditions (Fabryka-Martin et al., 1996), an indication of fast flow
and rock properties. Simulation results indicate that flow paths are behavior. Flow focusing within well-connected fracture
generally vertical, and that horizontal fractures mainly provide path- networks play an important role in controlling distribu-ways between neighboring vertical paths. In addition to fracture prop-

tion of percolation fluxes through highly fractured tuffserties, flow–focusing phenomena are also affected by rock–matrix
(such as in the Topopah Spring welded tuff (TSw) unit,permeability, with lower matrix permeability leading to a high degree
which will potentially house the repository drifts). Flow–of flow focusing. The simulation results further indicate that the aver-
focusing phenomena and discrete flow paths in the TSwage spacing between flow paths in a layered system tends to increase

and flow tends to become more focused, with depth. unit are thus considered to be of significant importance
to potential repository performance (Pruess, 1999).

Because the fracture geometry and connectivity of site-
specific fractured rock is complex, flow behavior throughIt is widely recognized that fractures play an impor-
unsaturated fractures is difficult to characterize for atant role in flow and transport process through unsat-
given site (Bodvarsson et al., 2003). Even with the signif-urated geologic strata. Because fracture permeability is
icant progress made in the last two decades, flow pro-generally much greater than rock matrix permeability,
cesses in unsaturated fractured rock are currently stillfracture networks have the potential for being highly
poorly understood. This poor understanding resultseffective pathways for conducting fluid. Recently, the
mainly from technical difficulties in observing details ofneed to investigate flow and transport in the unsaturated
flow processes and accurately describing such phenom-zone (UZ) of Yucca Mountain, Nevada, the proposed per-
ena within fractured rocks. However, flow processes oc-manent storage underground facility for geological dis-
curring at this scale are important to many field-scaleposal of high-level nuclear waste, has generated inten-
applications. For the Yucca Mountain site, detailedsive research interest in modeling flow and transport
knowledge of UZ flow processes is needed to predictprocesses in unsaturated fractured rocks. Different con-
the degree of flow focusing, which is essential for assess-ceptual models have been proposed for handling water
ing the performance of the proposed nuclear waste re-flow and tracer transport in the UZ at Yucca Mountain.
pository.Modeling approaches used in characterizing fracture

In recent years, through field studies as well as mathe-flow in general include (i) the continuum model, such
matical simulations, considerable progress has been madeas the effective continuum model (ECM) and dual–
in understanding flow–focusing processes within unsatu-permeability models (e.g., Wu et al., 1999), (ii) discrete–
rated fractured rocks. Glass et al. (1996) demonstratedfracture models (e.g., Rasmussen, 1987; Kwicklis and
that the main flow mechanism for a vertical unsaturatedHealey, 1993; Zimmerman and Bodvarsson, 1996; Liu
fracture is fingering which results from gravitationalet al., 2002), and (iii) other models with discrete geologic
instability and aperture heterogeneities. Tokunaga andfeatures to study discrete flow processes (e.g., Finsterle,
Wan (1997) showed that film flow could be an important2000). One of the main purposes of these modeling ap-
mechanism at low fracture saturations. In their labora-proaches is to determine flow paths and to examine
tory experiments, Su et al. (1999) demonstrated inter-flow focusing in complex fractured media.
mittent flow behavior not considered by classical theory.Preferential flow pathways may exist in downward
However, how to incorporate these small-scale mecha-dominated flow fields through unsaturated flow systems.
nisms into field-scale models remains a challenge. TheThe phenomenon that flow is focused along these pref-
conventional approach for numerically describing flowerential paths or well-connected fracture networks is
in partially saturated fractured media employs macro-known as flow focusing. Because of heterogeneity of frac-
scale continuum concepts (Peters and Klavetter, 1988).tures, flow will run through the path of least resistance
Those approaches use large-scale volume averaging for
homogenizing heterogeneous fracture and matrix per-
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tribution of fracture permeability (Gauthier et al., 1992;
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Pruess, 1998; Bodvarsson et al., 2002). For example,
Pruess (1998) proposed a continuum-based mechanistic
model for investigating localized flow. In his model,
water seepage under different boundary conditions in
a small range of heterogeneous fractured media is inves-
tigated. Bodvarsson et al. (2003) used a similar approach
to investigate the development of flow focusing and
discrete paths that may occur through unsaturated frac-
tures within the TSw unit. To quantify flow–focusing be-
havior, their stochastic fracture–continuum models in-
corporated fracture data measured from the welded
tuffs to study flow-allocation mechanisms and patterns.

In this study, we present a numerical investigation of
steady flow paths and flow focusing in large-scale, two-
dimensional, unsaturated discrete–fracture networks.
Previous studies of flow and transport in fracture net-
works are limited to a small number of fractures (Kwick-
lis and Healy, 1993; Zimmerman and Bodvarsson, 1996),
a relatively small scale (Liu et al., 2002), or a regular

Fig. 1. A fracture network generated based on statistical informationpattern of fracture distribution (Therrien and Sudicky,
derived from the field measured fracture data from Yucca Moun-

1996; Liu and Bodvarsson, 2001). Our model considers tain site.
a more sophisticated fracture–network geometry. The
fracture network under study consists of tens of thou- The following numerical procedure is used to con-
sands of fractures and fracture distribution in this net- struct the fracture networks in this study. First, a point
work is governed by statistical information derived from is randomly generated within a vertical cross-section. Sec-
field-measured fracture data. ond, the randomly generated point is used as the middle

The primary objective of this work is to improve our point of the fracture to create a fracture. The length of
understanding of discrete flow paths through unsatu- the fracture is also randomly determined from 10 groups
rated fracture networks as well as to present a methodol- of fractures that have different trace lengths and differ-
ogy for constructing fracture networks using fracture ent probabilities of occurrence, determined from statis-
data collected from the TSw unit of the Yucca Mountain tics of measured fracture data. Orientation or direction
site. A thorough understanding of discrete fracture flow of the fracture is then determined in the same way as
in the TSw unit is helpful for predicting the performance its length, (i.e., based on the measurements). Orienta-
of the proposed repository, because water percolation tion and trace length are considered to be independent
conditions in this unit cannot be readily measured at the in generating the fracture network. At the same time,
site, and these have to be estimated using a model. On the the fracture aperture is computed as a function of its
other hand, other simplified modeling approaches are trace length. Third, iterations of the above two steps
in general unable to capture such localized and discrete are performed to achieve a desired fracture density. If
flow phenomena. In this paper, we try to answer the fol- the study domain consists of multiple layers, this proce-
lowing questions: How may flow paths develop in the dure needs to be repeated to generate a fracture net-
randomly distributed fracture network? How do rock work for each layer.
matrix and infiltration rate (on the top boundary) in- To quantify flow–focusing behavior, we have devel-
fluence flow patterns in the fracture networks? And oped discrete–fracture models to incorporate fracture
what is the relation between flow focusing and bound- data measured specifically from the bottom of the Paint-
ary conditions? brush nonwelded (PTn) unit (the geological unit imme-

diately above the TSw) to the potential repository hori-
zon. In this study, a fracture network with a size of 100CONSTRUCTION OF THE by 150 m is generated to represent the highly fracturedFRACTURE NETWORK TSw unit, including subunits TSw31, TSw32, TSw33,
TSw34, and TSw35 (Wu et al., 1999). The five subunitsThere are several ways to computationally construct

a fracture network (Chilès and de Marsily, 1993). For from TSw31 to TSw35 have a thickness of 2.0, 40.0, 65.0,
38.0, and 5.0 m, respectively (Fig. 1). The lengths andthis study, we have constructed two-dimensional, verti-

cal cross-section fracture networks directly using field- orientations of generated fractures are consistent with
statistical data from 15 290 fractures, collected from de-mapping data, including field-measured fracture den-

sity, trace lengths, and orientations. For simplicity, each tailed line surveys in underground tunnels for these units
(Bureau of Reclamation and USGS, 1998). The lengthsfracture in the network is randomly distributed. How-

ever, generation of the fracture network is conditioned for different fracture groups and their corresponding
percentage (portion) for different units are shown inby statistical information from field measurement data.

The statistical properties of the generated fracture net- Table 1. Note that fractures with trace lengths smaller
than 0.23 m are not considered in this study. Smallwork reflect the properties of actual fracture distribu-

tion in the study domain. fractures may be important for connectivity only when
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Table 1. Fracture length and percentage (portion) used for generating fracture networks.

TSw31 TSw32 TSw33 TSw34 TSw35

Group no. Length Percent Length Percent Length Percent Length Percent Length Percent

m % m % m % m % m %
1 0.5 31.86 0.7 22.71 0.5 23.29 0.7 26.72 1.2 15.79
2 0.7 11.99 1.5 31.39 0.8 18.51 1.2 18.62 1.6 18.42
3 0.9 13.88 2.5 16.02 1.5 25.22 1.7 19.20 2.0 15.79
4 1.1 10.73 3.5 8.77 2.5 11.58 2.5 17.75 2.6 5.26
5 1.3 7.57 4.5 7.82 3.5 7.99 3.5 8.27 3.5 7.89
6 1.5 4.73 6.0 6.31 5.0 6.75 4.5 3.90 4.5 5.26
7 2.0 10.09 8.5 3.30 7.0 2.41 5.5 2.16 5.5 7.89
8 3.0 5.05 11.5 1.04 10.0 1.10 7.0 1.80 7.5 7.89
9 5.0 3.79 14.5 1.13 15.0 1.31 10.0 0.94 15.0 10.53
10 9.5 0.32 18.0 1.51 23.0 1.72 15.0 0.62 20.0 5.26

the domain fracture density is high or matrix rock has ture network 1 m in width and 100 m in length for each
high permeability. Considering the cutoff length of 0.23 m, geological unit (an area of 100 m2). The area density is
the fracture density for the top units is not high. There- obtained by dividing the total number of fractures of
fore, small fractures with trace lengths shorter than this the network by 100. The field-measured line density and
cutoff probably contribute little to global fluid flow in computed area density for all units is given in Table 2.
the fracture network (Liu et al., 2002) and are ignored Based on the fracture area densities presented in Ta-
here. In addition, only a limited number of fracture ble 2 and fracture statistical information of these units,
data for TSw35 unit are available, and therefore the a randomly distributed fracture network is generated
percentages presented in the table for different trace (Fig. 1). This fracture network consists of 20 707 frac-
lengths of that unit may contain additional uncertainty. tures, 303 of which connect to the top boundary. About

Fracture density is an important parameter in con- 28% of the fractures are isolated and have no connection
structing a fracture network. Measured line densities to the global fracture network system connected to top
for the five units are 2.2, 1.1, 0.81, 4.3, and 3.2. The line infiltration sources. These fractures may make little con-
density reflects the average number of fractures per unit tribution to the global flow on the model scale. Figure 2
length along a surveying line. Using the measured line shows a fracture network consisting of those fractures
density to generate two-dimensional fracture networks that are connected or intersected to the globally con-
with different random seeds, we find, in many cases, no nected paths.
globally connected flow path from top to bottom. One Fracture aperture, another important geometric pa-
possible explanation for this is that because a fracture rameter for fracture flow, determines the permeabilitynetwork is in reality three-dimensional, using measured of a parallel-plate fracture (de Marsily, 1986). It has beenfracture line density to generate fracture network in two

found that the aperture of a fracture filled with calcitedimensions may lead to a lower connectivity than in the
or another material is strongly related to its trace lengthreal fracture system. In this study, the two-dimensional
(Chilès and de Marsily, 1993). In our study here, we usemodel is in fact a three-dimensional model with a unit
a correlation provided by Liu and Bodvarsson (2001)thickness. In this case, fracture area density should be
to determine fracture aperture:used instead of the line density for generating the net-

work. Fracture area density is defined as the number of
fractures distributed over a unit area in the horizontal
direction. The field-measured fracture line density can
be converted to area density through a numerical scheme.

Fracture area density is determined by counting the
number of fractures per unit of horizontal area. To de-
termine the fracture area density for a geological unit,
we generated a horizontal fracture network assuming that
the network has the same line density and trace length
distribution as its corresponding two-dimensional verti-
cal cross-section, which is provided by field measure-
ment data. Fracture direction in the horizontal fracture
network is randomly distributed. We construct a frac-

Table 2. Fracture line density and area density for different units.

Unit name Line density Area density

no. of fractures m�1 no. of fractures m�2

TSw31 2.2 4.55
TSw32 1.1 1.60
TSw33 0.81 1.37
TSw34 4.3 6.67 Fig. 2. The generated fracture network, excluding nonconnected
TSw35 3.2 4.08 fractures.
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Table 3. Rock properties for matrix used in this study.†b � cLd [1]
Model layer k � M φwhere b is the fracture average aperture, L is its trace

m2 Pa�1length, and c and d are empirical constants. Based on
TSw31 5.9E-18 3.13E-03 0.278 0.053air-permeability and fracture-density data from the TSw
TSw32 3.2E-16 1.89E-02 0.269 0.157

unit, Liu and Bodvarsson (2001) estimated the constants TSw33 2.3E-17 5.97E-03 0.280 0.154
TSw34 7.5E-19 6.41E-04 0.325 0.110c and d to be 1.008 � 10�4 and 0.317, respectively. We
TSw35 3.1E-17 2.63E-03 0.242 0.131use these two constants and the trace length of the 10
† In the table, k is matrix permeability, � is van Genuchten’s parametergroups of fractures to determine their corresponding

(van Genuchten, 1980) of capillary pressure for matrix, m is van Gen-average fracture aperture. uchten’s parameter of retention curves, and φ is effective porosity.

is discretized into 15 000 blocks, with a uniform size ofFLOW SIMULATION
1 by 1 m.

The simulation domain is considered to be a medium Previous theoretical and experimental work suggests
of the superposition of fracture network on porous ma- that the relative permeability and capillary pressure be-
trix, that is, fracture–matrix interaction is taken into ac- havior of fractures is similar to that of highly permeable
count in the discrete–fracture model. A similar ap- media with intergranular porosity (e.g., Pruess and Tsang,
proach has been used by Sudicky and McLaren (1992), 1990; Persoff and Pruess, 1995). As a result, the constitu-
Zhang and Woodbury (2002), and others. Unlike the tive relationships of the van Genuchten model (1984) are
previous discrete–fracture approach, our new approach selected for the calculation. Liu and Bodvarsson (2001)
uses a fracture–matrix interaction scheme analogous to provide a detailed discussion of this issue. Input parame-
the dual–permeability approach (e.g., Pruess et al., ters for fractures include fracture permeability, van Ge-
1999), in which each fracture element is associated with nuchten � and m parameters, porosity, and interface
only one matrix element where the fracture element area. We adopt the same scheme as discussed by Liu and
is located. Fracture–matrix flow between the fracture Bodvarsson (2001) for computing fracture permeability
element and its corresponding matrix gridblock is ap- and van Genuchten � parameter. Parameter m is an
proximated as quasi-steady, with the rate of interflow index of aperture size distribution for an individual frac-
proportional to the difference in local average pressures ture and is given a value of 0.633 in this study. Residual
(Warren and Root, 1963). However, unlike the tradi- saturation (Sr) and the satiated saturation (Ss), which
tional dual–permeability methodology, our new approach will be used in the van Genuchten model, are assigned
allows each porous matrix block to be associated with values of 0.01 and 1, respectively. A corresponding set
more than one fracture element or with no fracture ele- of parameters is required for matrix blocks, which is
ment. This scheme was implemented using the TOUGH2 provided in Wu et al. (1999). Rock matrix properties
code by considering that each fracture element on a are estimated through inverse modeling and model cali-
matrix block has a connection to its host matrix block. bration. In the parameter estimation studies, several sets
Details of the calculations can be found in Pruess et al. of rock properties are obtained, due to different model-
(1999). This new conceptual model thus combines the ing conditions. We use the set of rock properties given
advantages of discrete–fracture and dual–permeability in Table 3.
approaches. Flow simulations are performed by applying water in-

In this study, the fracture flow is considered to be at filtration at various constant rates at the top of the frac-
steady state. Precipitation and infiltration at the top ture network (shown in Fig. 2). Because of the strong
layers of the site could be actually episodic. However, heterogeneities and complex fracture connections pres-
the PTn unit, a unit just above the TSw unit, has high ent in fractures along the top boundary, it is impossible
porosity and low fracture intensity, and its matrix system to simply distribute desired infiltration rates uniformly
has a large capacity for storing groundwater. The PTn over all fractures crossing the top boundary. In response
unit has been shown to effectively dampen percolation to this limitation, we accomplish infiltration by attaching
flux (Wu et al., 2002b) such that flow at the bottom of an additional gridblock to the top of the fracture net-
the PTn becomes almost time-independent. Therefore, work. The entire top boundary of the network is con-
using steady state model to simulate flow in TSw pro- nected to this single block, and a prescribed infiltration
vides a good approximation. The assumption is further rate is applied to it. As water is injected into this block,
confirmed by the fact that many field measurement data water eventually flows into the fractures beneath the
can be well matched by simulation results of steady state block. This outflow will in general partition nonuni-
models (Wu et al., 1999). formly among the fractures. After a rapid initial tran-

The model involves more than 140 000 elements and sient, this infiltration block will reach a steady flow
300 000 connections. In it, the fracture network is discret- condition. In this way, a constant infiltration rate is ap-
ized into 126 432 linear elements that have a maximum plied to the top boundary of the fracture network. The
length of 1 m. The intersection point of any two fractures infiltrating water first enters into fractures and then
is treated as an element. The volume of these inter- partially imbibes into matrix blocks. Side boundaries
section elements is possibly extremely small. In fact, are considered impermeable, and a free-drainage condi-
the volume of the fracture elements may vary over sev- tion is imposed at the bottom boundary.

Steady state unsaturated water flow through the frac-eral orders of magnitude. The background matrix rock
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ture network and rock matrix system is simulated using
the TOUGH2_MP code (Zhang et al., 2001), a parallel
version of the TOUGH2 code (Pruess, 1991). Because
randomly distributed fractures can lead to an extremely
complex element connection system, and because ele-
ments have large differences in volume, numerical diffi-
culties can arise, requiring intensive computational ef-
fort. For our model, we have found it necessary to use
efficient numerical methods to perform the simulations.
Specifically, one of the solutions we used is to introduce
parallel computing techniques for the simulations. All
computations were conducted using 64 processors on
an IBM sp. RS/6000 supercomputer. Previous study has
shown that the TOUGH2_MP may achieve a linear
speedup or even super-linear speedup (Wu et al., 2002a).
In addition, we also used the constant–volume approach
to improve the simulation convergence rate. Using con-
stant volume for all elements can dramatically speed up
simulations. Note that the volume of elements does not
affect the final, steady state solutions.

Fig. 3. Simulated steady state flux distribution in the fracture network
(matrix permeability � k; q � 5 mm yr�1. Flux magnitude is repre-

SIMULATION RESULTS AND ANALYSIS sented in four different colors in decreasing sequence of blue,
green, red, and gray. Each color represents one order-of- magnitudeFive simulation cases are run with different matrix difference in flux).

rock permeabilities and different infiltration rates. In
the first case, matrix blocks with the original permeabili- fractures, with only 21% of the flux flowing through ma-
ties are considered. This case may reflect the minimum trix rock. Fractures play a dominant role in water perco-
flow–focusing situation for the fracture network. In the lation, even though the volume of fractures account for
second case, one-tenth of the original permeabilities only a tiny portion of the pore space of the flow domain.
are applied to the matrix blocks. The results of this The simulation result of steady state flux distribution
simulation are useful for examining the influence of in the fractures for the case with one-tenth of the original
matrix rock on flow focusing. In the first two cases, an matrix rock permeabilities is shown in Fig. 4. In this case,
infiltration rate of 5 mm yr�1 is applied on the top of flow paths are mainly controlled by fracture networks in
the fracture network. The other three cases neglect the the TSw32 and TSw33 units. Compared with the first sim-
matrix rock influence or consider it as impermeable. ulation scenario, fracture flow in this case shows more
Three different infiltration rates of 5, 50, and 500 mm focusing. Some green or blue flow paths can be seen in-
yr�1 are applied to the top of the fracture network for side the TSw32 and TSw33 units. Nine group flow paths
the three cases. have developed at the bottom of the domain. Because

Effects of the Rock Matrix
Flow paths are determined by the water flux magni-

tude presented in four different colors: blue, green, red,
and gray. Each color represents a one order-of-magni-
tude difference in flux. For example, the blue color rep-
resents the highest water flux, about three orders higher
than the gray one. We use this same coloring scheme
for all simulation results.

The simulated flux distribution in the fracture net-
work for the first case is shown in Fig. 3. The flow
generally proceeds in vertical fractures without clear
continual flow paths developed in fractures of TSw31,
TSw32, and TSw33. The flux inside fractures is not well
focused through these three units. Flow in TSw34 dem-
onstrates some focusing, which is clearly controlled by
the flow paths in the TSw33. In this case, all flow–
conducting fractures have similar flux. This uniformity
indicates that the matrix rock has made an important
contribution to flow–path development. Matrix rock can
act as a bridge for flow between discontinuous fractures.
Simulation results indicate that about 79% of the total Fig. 4. Simulated steady state flux distribution in the fracture network

(matrix permeability � k � 10%; q � 5 mm yr�1).flux is drained out the bottom of the domain through
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Fig. 6. Simulated steady state flux distribution in the fracture networkFig. 5. Simulated steady state flux distribution in the fracture network
(matrix permeability � 0; q � 50 mm yr�1).(matrix permeability � 0; q � 5 mm yr�1).

ing flow–path in these units. We can conclude from these
unsaturated flow in fractures is gravity dominated (Liu cases that the influence of infiltration rates on the flow
et al., 2002), flow paths are generally vertical. The matrix pattern and focusing is not significant for a given frac-
also provides bridges for disconnected fractures (in the ture network when flow in its background matrix can
vertical direction). Subhorizontal fractures may provide be neglected.
pathways for flow between vertical paths. In TSw32 and Flow paths are controlled mainly by connected frac-
TSw33, flows are mainly along fractures with large trace tures. Examining globally connected fracture networks,
length, even though fractures with small trace length we find that at least four connected paths exist from top
may also be part of the flow paths, especially those to bottom. However, not all connected paths can de-
located near intersections. It is easy to understand that velop into flow paths. In the upper part of the unsatu-
the contribution of matrix rock and isolated fractures rated fracture network, flow paths consist primarily of
to flow focusing depends on the permeabilities of matrix fractures that have relatively long trace lengths. Similar
rock. The higher permeability of matrix rock, the more phenomena have been reported by Liu et al. (2002). In
important of matrix rock and isolated fractures in bridg- the upper part, fractures have a relatively lower density.
ing flow between neighboring flow paths. In this case, However, this phenomenon may not exist in a higher-
about 87% of the flux is drained out the bottom of the density fracture network. In the lower part of the frac-
domain through fractures and only 13% of the flux ture network, the long and short fractures make similar
through matrix rock. This simulation indicates that the
fractures control the flow system through lower perme-
able matrix blocks.

Effects of Infiltration Rates
Flow patterns in fracture networks may also be influ-

enced by the infiltration rate on its top boundary. Three
schemes are designed for testing the influence of differ-
ent infiltration rates on flow paths. Flow paths within
the unsaturated fracture network are shown in Fig. 5,
6, and 7 for infiltration rates of 5, 50, and 500 mm yr�1,
respectively. In these cases, the rock matrix has been
considered to be impermeable. Flow is along fractures
only, and no fracture–matrix interaction considered. At
the upper part, several flow paths are developed from
the top infiltration. These then either merge or remain
separate as water continues to migrate downward. Only
two primary flow paths are developed in these cases.
The three cases have an almost identical flow pattern,
except for differences in flux magnitude and the spread-
ing range in the TSw34 and TSw35 units. A higher infil- Fig. 7. Simulated steady state flux distribution in the fracture network

(matrix permeability � 0; q � 500 mm yr�1).tration rate on the top boundary leads to a larger spread-
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Fig. 8. A schematics to demonstrate a hypothesized flow–focusing
mechanism in fracture networks for layered geologic media (from
Liu et al., 2002).

contributions to the development of flow paths. This
finding is consistent with the study of de Dreuzy et al.
(2001), which found that fracture connectivity in a frac-
ture network is a function of fracture density and frac-
ture length range. When fracture density is high, the
contribution of fracture length to the network connec-
tivity lessens. Fracture–network connectivity is one of
the most important parameters determining flow path
development. Only connected fractures can develop
into a flow path.

Simulated flow patterns support the hypothesis of Liu
et al. (2002) that average spacing between paths in a
layered system tends to increase with depth as long as Fig. 9. Vertical flux distribution along bottom boundary. (a) with k;

(b) with k � 10%.flow is gravity driven. They gave the synthetic example
(Fig. 8) of a geological medium consisting of three layers
involving a downward unsaturated flow process. In this at the site. These models have difficulty capturing the
fracture network, both the top and bottom layer have phenomena of highly localized flow focusing and dis-
10 connected vertical fractures, with the middle layer crete features of flow paths in individual fractures, while
having two. Because of the limitation on connected frac- our discrete fracture model provides an effective ap-
ture numbers in the middle layer, Liu et al. (2002) be- proach for insight into flow within each fracture.
lieve that only two flow paths can be developed in the The vertical liquid mass flux in both fracture and
bottom layer, even though there are 10 vertically con- matrix rock along the bottom boundary for the original
nected paths in that layer. Our simulation results have permeability case and the one-tenth original permeabil-
demonstrated a similar behavior. In TSw31 unit, about ity case is shown in Fig. 9. The figure shows a significant
several tens of flow paths are developed. The flow paths variability in flux. For both cases, flux in the matrix has
reduce to less than 10 in TSw32 and two in TSw33; values ranging from 0 to about 4 � 10�7 kg s�1; flux in
TSw34 has very high fracture density and more con- fractures range from 0 to about 1.2 � 10�6 kg s�1. By
nected fracture paths. However, owing to the limitation projecting the flux in fractures to their corresponding
of flow paths in TSw33, only two major flow paths de- matrix blocks, the distribution of total flux along the
velop in TSw34. Since vertical water flow has a certain bottom boundary can be estimated. Total flux distribu-
degree of horizon dispersion, each flow path at the bot- tion (Fig. 9) indicates the development of about 30 dis-
tom of the TSw34 unit spreads over a range of 10 to crete flow paths over the 100 m boundary length. The
20 m. Simulation results from this study thus tend to flux magnitude of these flow paths changes significantly
further confirm that flow–path development in a lay- from fracture to fracture, and most of the fluxes focus
ered, unsaturated fracture network is depth dependent, in a few paths. By comparing the total flux distribution
as long as gravity is the dominant driving force of the in Fig. 9a and 9b, we find that flow path distributions
flow. for the two cases are similar. However, some differences

appear in flow–focusing magnitude.
Flow Focusing Analysis The flow–focusing phenomena are evaluated through

frequency distribution of normalized percolation fluxesModeling flow focusing is motivated by the needs of
along the bottom boundary. Normalized percolationperformance analysis for the Yucca Mountain reposi-
fluxes are determined by normalizing the total flux totory site. Previous studies in general use stochastic frac-
the infiltration rate (5 mm yr�1) on the top boundary.ture–continuum model (Bodvarsson et al., 2003) or dual–

permeability models to conceptualize the fractured rock Area frequency distribution of the two cases is shown
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Fig. 10. Flux area frequency distribution along bottom boundary.

in Fig. 10. The figure indicates that the majority of fluxes which can only be an average value; flux in specific
fractures can be much higher than the average value.are in flow paths having low normalized fluxes, ranging

from 0 to 2, with the remaining fluxes being low-fre- From Fig. 11, we can find that flux through the flow path
on the right seems to be inversely related to infiltrationquency, high normalized fluxes. This result is consistent

with the conclusion of a previous flow–focusing study rate and the flux through the flow path on the left seems
to be slightly positively related to infiltration rate. By ex-using stochastic fracture–continuum models by Bodv-

arsson et al. (2003). The maximum flux that occurs in amining the flux distribution of the three simulations,
we may conclude that infiltration rate is not an impor-the system is about 5 to 10 times more than the infiltra-

tion flux prescribed at the top boundary. This result is tant factor for flow focusing in an unsaturated frac-
ture network.coincident with a previous study, which uses a different

conceptual model (Bodvarsson et al., 2003). This higher
normalized flux is caused by the high flux rates in several

CONCLUSIONSfracture flow paths. Note that the normalized flux is
computed by projecting fracture flow to its correspond- Numerical studies have been conducted to investigate
ing matrix block. Fracture flux can be much higher than the development of discrete–fracture flow paths and
the infiltration rate and its area frequency can be much flow–focusing phenomena in a two-dimensional, large-
lower. Comparing the flux frequency distribution of the scale discrete–fracture network. The fracture network
two simulation cases, we can conclude that lower matrix is constructed using field-measured fracture data from
rock permeability will lead to a greater flow–focusing the unsaturated rock of the potential repository horizon
phenomenon. at Yucca Mountain, Nevada. These modeling studies

The vertical flux distribution along the bottom bound- examine the basic flow–focusing phenomena through
ary for the three simulation cases with different infiltra- discrete unsaturated fractures and the influences of ma-
tion rates on the top boundary is shown in Fig. 11. The trix permeability and infiltration rate on flow path devel-
three simulations produce very similar flux distribution opment and flow focusing.
at the domain bottom, except for some differences in This paper presents a methodology for the construc-
flux magnitude within fractures. Because the influence tion of a discrete–fracture network based on field-mea-
of the matrix rock in these simulations is neglected, flow sured fracture data. The proposed approach represents
is focused into a few fractures and forms two main flow the field-measured fracture distribution by randomly
paths. The two flow paths spread over a range of 8.7 m generating fractures conditioned via statistical informa-
(17.3–26.0 m) and 5.6 m (56.2–61.9 m), respectively. tion from field measurement data, including fracture

density, trace lengths, and orientations. Each fractureAn average flow focusing–factor can be estimated by
dividing the total length of the top boundary by the in the network is randomly distributed. Statistical prop-

erties of generated fracture networks reflect the corre-total spreading range. The average flow–focusing factor
from the current models is approximately seven, which sponding properties of fracture distribution measured

in the study domain.indicates that the average flux in the flow paths is about
seven times higher than the infiltration rate on the top Randomly distributed fractures can lead to an ex-

tremely complex and large unstructured grid and createof the model domain. Note that the calculations for flow–
focusing factor are based on the flow spreading range, irregular and multiple element connections and elements
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In summary, the majority of fluxes along flow paths
have low normalized fluxes (ranging from 0 to 2) for the
case that considers matrix block influence. The maxi-
mum flux that occurs in the system is about 5 to 10 times
more than the infiltration flux value prescribed at the
top boundary. The higher normalized flux is caused by
the higher degree of focusing into several fracture paths.
Simulation results indicate that lower matrix–rock per-
meability will lead to a higher flow–focusing phenome-
non. For the case of impermeable matrix blocks, flow
focuses in several fractures and forms two main flow
paths. These two flow paths spread a range of 8.7 and
5.6 m, respectively. The average flux in the flow paths
is about seven times higher than the infiltration rate at
the top of the model domain. Simulation results also
reveal that the impact of infiltration rate on flow focus-
ing is insignificant for unsaturated flow in a fracture
network when the permeabilities of matrix rock is very
low or the flow in matrix can be neglected.
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