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Abstract

This paper focuses on field test results and model analyses of the first set of five niche seepage
tests conducted in the Exploratory Studies Facility at Yucca Mountain. The test results suggest

Ž . Ž . Ž .that 1 a niche opening short drift excavated for this study acts as a capillary barrier; 2 a
Ž .seepage threshold exists; and 3 the seepage is a fraction of the liquid released above the ceiling.

Before seepage quantification, air injection and liquid release tests at two niche locations were
conducted to characterize the fracture flow paths. Nearly two-order-of-magnitude changes in air
permeability values were measured before and after niche excavation. The dyed liquid flow paths,
together with a localized wet feature potentially associated with an ambient flow path, were
mapped during dry excavation operations. After niche excavation, the seepage is quantified by the
ratio of the water mass dripped into a niche to the mass released above the opening at selected
borehole intervals. For the first set of five tests conducted at Niche 3650 site, the ratios range from

Ž .0% no dripping for two tests to 27.2%. Changes in flow path distributions and water
accumulation near seepage threshold were observed on the niche ceiling. The seepage test results
compare reasonably well with model results without parameter adjustments, using capillary barrier
boundary condition in the niche and two-dimensional and three-dimensional conceptualizations to
represent discrete fracture and fracture network for the flow paths. Model analyses of the niche
tests indicate that the seepage is very sensitive to the niche boundary condition and is moderately
sensitive to the heterogeneity of the fracture flow paths and to the strengths of matrix imbibition.
Strong capillary strength and large storage capacity of the fracture flow paths limit the seepage.
High permeability value also enhances diversion and reduces seepage for low liquid release rate.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Scientific investigations at Yucca Mountain have contributed to the understanding of
the geological framework of the site and the conceptual model of flow and transport in

Ž .the unsaturated zone Bodvarsson et al., 1999 . The early conceptual model of the Yucca
Ž .Mountain site Montazer and Wilson, 1984 has been evolved and refined by systematic

site scale calibration of the unsaturated state against available hydrological, temperature,
Ž .and geochemical data Bodvarsson et al., 1997 . Before the completion of the Ex-

Ž .ploratory Studies Facility ESF for direct underground access, most of the available
data and site characteristics were based on surface-based vertical boreholes. In the drifts,
alcoves, and niches in the ESF, flow testing and moisture monitoring can now be carried
out to acquire field data of different scales and to test different conceptual models.

ŽCapillary barrier analyses above mined openings Philip, 1989a,b, 1990; Birkholzer and
. ŽTsang, 1997; Birkholzer et al., 1999 and between layers Ross, 1990; Oldenburg and

.Pruess, 1993; Webb, 1997 can be evaluated. This paper focuses on the field tests and
model analyses conducted in the ESF on capillary barrier effects of drifts.

The rate of water seepage into repository waste emplacement drifts is important for
predicting performance of engineered and natural barriers. For water to seep into a drift,
it needs to overcome the capillary force in the fractured tuff rock mass in order to drip
into the mined opening. A seepage threshold may exist, below which no dripping will
occur.

Ž .Philip et al. 1989a,b have systematically evaluated with theoretical analyses the
effectiveness of different shaped openings in porous medium as capillary barriers. At the
apex and other locations on the ceiling, the accumulation of water reaching locally
saturated conditions can trigger the drip–seepage processes. Capillary forces associated
with the pores in the host medium can retain the water under unsaturated conditions.
Local accumulation of water at the drift ceiling boundary reduces the capillary forces,
and dripping can occur when the capillary forces no longer balance the gravity force.
The geometric shape of the opening, the hydrological properties of the host medium, the
ambient flow field and percolation flux conditions are factors determining the seepage

Ž . Ž .rate and amount. Birkholzer and Tsang 1997 and Birkholzer et al. 1999 have shown
Ž .with stochastic continuum models Tsang et al., 1996 that the heterogeneity in the host

medium is an important factor in determining the seepage rates. Heterogeneity enhances
the occurrences of local ponding at the drift ceiling boundary. Relative humidity and
other moisture conditions within the openings could also have large impacts on seepage
rates.

Under steady-state conditions, the variability in pore sizes determines the saturation
distribution within the rock medium, with small pores retaining the water and large

Ž .pores and fractures remaining desaturated. However, under transient conditions in-
duced by adding water or changing boundary conditions, connected fractures could be
activated as liquid flow paths if the rock matrix with small pores and low permeability

Ž .cannot imbibe water in time to remove excessive water Wang and Narasimhan, 1985 .
If the flow input is episodic instead of uniform in time, allowing the pulses with large
amount of water in short duration separated by long time intervals, fracture flows could

Ž .occur Nitao et al., 1992; Wang et al., 1993 .
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There is as yet no continuous seeping features observed along the main drift of the
ESF in the Topopah Spring welded tuff unit, the host rock of the potential repository at
Yucca Mountain. The seepage, or dripping, if it occurs in the future after long-term
sealing of the repository without ventilation, may occur in an episodic dripping mode
instead of in a continuous seepage mode. For newly excavated drifts and alcoves in ESF,
drippings of construction water were observed, especially below the rock bolt holes that
were drilled with water. The observed drips were associated with pressure fluctuations in
mine air, and mechanical vibrations in the rock masses induced by drill and blast and
other construction operations. To quantify the impact of episodic percolations on the
seepage rate into drifts, liquid release tests were conducted in this drift seepage study
using pulses of water.

2. Test sites

The ESF at Yucca Mountain was excavated from east to west with a tunnel boring
machine from the North Portal and ramped down for over 2 km before turning to the

Ž .southern direction in the potential repository level Fig. 1 . The north–south trending
main drift is nearly 3.5 km long before turning east to the South Portal. The total length

Žof ESF is 8 km and the tunnel diameter is 8 m. In the summer of 1997, two niches short
.drifts of 4 m in width, 3.25 m in height, and 9 m in depth were excavated in the

northwestern direction into the west wall along the main drift of the ESF to test seepage
Ž .processes and to observe flow paths. Niche 3566 3566 m from the ESF North Portal is

located between the Sundance Fault and a reactivated cooling joint. Bomb pulse samples
with elevated 36ClrCl ratios were found on rock fragments collected at both the fault

Ž . Žand the joint Fabryka-Martin et al., 1996 . Niche 3650 3650 m from the ESF North
.Portal is located in a relatively competent rock mass, with an apparent lower fracture

density and simpler fracture pattern than the site at Niche 3566.

3. Air permeability distributions

Ž .The air injection pneumatic tests were conducted before and after niche excavation.
Before niche excavations, three 10-m long horizontal boreholes were drilled at Niche
3566, and seven boreholes were drilled at Niche 3650. The boreholes were drilled from
the ESF main drift in the northwestern direction into the wall at three levels, with the

Ž .upper-level boreholes above the future niche space Fig. 2 .
At each site, cross-hole pneumatic tests were conducted in boreholes instrumented

Žwith packers to map out the permeability field Chapter 2 by Cook et al. in Wang et al.,
. Ž .1997 . The packer assemblies have multiple rubber-gland sections on 5 cm 2 in.

Ž .diameter tubes. The injection packer assemblies are 3.4 m 11 ft long, with five internal
Ž .zones 0.3 m or 1 ft long and one end zone. Each zone has two ports on opposite sides
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Fig. 1. Location map of Niche 3566 near the Sundance Fault and Niche 3650 between Sundance Fault and Alcove 6.
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( )J.S.Y. Wang et al.rJournal of Contaminant Hydrology 38 1999 323–347328

Fig. 3. Permeability distribution along the upper middle borehole at Niche 3650 before and after niche
excavation.

of the packer tube body, one for injection and one for pressure sensing. The observation
Ž .packer assemblies are 6.1 m 20 ft long, with 10 internal zones and one end zone with

one port each zone for pressure sensing. Permutations of different packer locations were
Ž .used to map out the permeability field with spatial resolution of 0.3 m 1 ft .

Fig. 3 illustrates an example of the permeability distribution measured along the
Ž .upper middle UM borehole at Niche 3650. The pre-excavation permeability values of

this borehole range from 7.2=10y15 m2 to 3.2=10y11 m2, with the geometric mean
of 6.6=10y14 m2. The borehole interval permeability distributions, together with the
cross-hole pressure changes observed in the air injection tests, were used to select the
intervals for liquid-release tests.

After niche construction, the permeability values for most of the borehole intervals
increased. The post-excavation permeability values in borehole UM range from 1.3=

10y14 m2 to 1.9=10y10 m2, with the geometric mean of 1.4=10y12 m2. This is
likely due to fractures being opened up by the stress relief associated with niche
excavation, resulting in a mechanically induced enhancement in permeability values. A
secondary cause for the changes in permeability values could be the proximity of the

Ž . Ž .Fig. 4. Distribution of flow paths in Niche 3566: a blue-dyed flow paths along fractures; b red-dyed flow
Ž .paths through multiple fractures; c damp feature in a brecciated zone in the vicinity of the Sundance Fault.
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Ž .Fig. 4 continued .

niche open boundary which may affect the analysis based on a steady state line source
Ž .solution LeCain, 1995 .

4. Liquid flow paths

Pre-excavation liquid release tests were conducted in the middle borehole at Niche
3566 and in three upper boreholes and two middle boreholes at Niche 3650. The liquid
release tests were carried out with finite volumes of dye-spiked water injected at
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selected borehole intervals using the same pneumatic injection packer assemblies. The
distributions of dye-traced flow paths were mapped during niche excavations. During
dry-niche excavation operations within 2 to 3 weeks after liquid releases, photographs of

Žthe dyed flow paths were taken, and grab samples were collected Chapter 3 by Trautz et
.al. in Wang et al., 1997 . Different flow path patterns were observed, with dye stains

Ž .observed either on a few nearly vertical discrete fractures as illustrated in Fig. 4a , or
Ž .associated with a network of fractures dispersing the plume as illustrated in Fig. 4b .

These montaged photographic images are from the tests conducted at Niche 3566,
Ž . Ž .with tracers released in the middle M borehole Fig. 2 . Fig. 4a and b are examples of

Ž .tests using dyes approved for use in food, drugs, and cosmetics FD&C by the U.S.
Food and Drug Administration. Color additives Blue No. 1 and Red No. 40 were
dissolved in water and released into borehole test intervals. The niches were constructed
dry with multiple cuts of 0.3–0.7 m advances and photographs were taken between the
cuts. With the rock surrounding and below borehole M removed through multiple cuts, it
is generally possible to have several sets of images of the dyed flow paths on newly
excavated faces. The blue-dyed paths originated from the release of 474 g of water were

Ž .observed in two mined depths Fig. 4a is one example , with maximum penetration
Ž .depth vertical distance from injection interval to the observed dye location of 1.3 m

and maximum lateral extent of 0.46 m. The red-dyed paths originated from the release
Ž .of 941.7 g of water were observed in three mined depths Fig. 4b is one example , with

maximum penetration depth of 1.52 m and maximum lateral extent of 0.54 m.
A nearly vertical wet feature without dye stains was also observed at the end of Niche

Ž3566, extending from the niche ceiling to the floor, as illustrated in Fig. 4c Wang et al.,
.1997 . This feature could represent an ambient flow path, with the length over 3 m and

Ž .the average width less than 0.3 m 1 ft . The damp feature is in a brecciated zone in the
vicinity of the Sundance Fault. The feature essentially dried up in hours. The observa-
tion of this damp flow path substantiates the test condition adapted in the drift seepage

Ž .tests, with localized releases of water into borehole intervals of 0.3 m 1 ft length.

5. Seepage tests

This paper focuses on the five tests conducted along the UM borehole at Niche 3650.
After niche excavation at Niche 3650, the liquid-release tests were repeated in the
borehole intervals tested before niche excavation. The test intervals selected for both the
pre-excavation and post-excavation liquid release tests, together with averaged injection
rates and injected volumes, are given in Table 1.

Within a packer interval, the air injection port on the packer tube pointing in the
downward direction was used as a liquid-injection port. The air-pressure sensor port on
the packer tube pointing upward was used as a liquid return port. If the liquid injection
rate was higher than the capacity of the test interval to take the water, excessive water
can flow freely out the test interval. The maximum water level buildup within a test

Ž .interval is 5 cm 2 in. , which is the elevation difference between the ports on the packer
tube. Of the five pre-niche liquid release tests conducted along the UM borehole at
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Table 1
Liquid release test intervals, air permeability values, and mass injection rates and volumes along the upper
middle borehole at Niche 3650

Test number 1 2 3 4 5

Injection zone 4.27–4.57 m 4.88–5.18 m 5.49–5.79 m 6.10–6.40 m 6.70–7.01 m
Ž . Ž . Ž . Ž . Ž .14–15 ft 16–17 ft 18–19 ft 20–21 ft 22–23 ft

Pre-excaÕation
2 y14 y11 y14 y14 y13Ž .Air permeability m 9.2=10 3.2=10 2.8=10 2.5=10 9.2=10

aŽ .Average rate of injection grs y0.0146 y2.85 y0.24 y0.049 y0.89
Ž .Injected mass g 675.8 937.4 115.7 106.8 438.7

Post-excaÕation
2 y12 y10 y12 y12 y12Ž .Air permeability m 2.0=10 1.9=10 1.6=10 7.0=10 1.1=10

a,bŽ .Average rate of injection grs y2.02 y2.89 y2.07 y0.51 y0.56
bŽ .Injected mass g 1008.7 1033.1 1013.4 1000.3 274.5

a Derived from net injection mass divided by injection time.
b Ž .With line storage corrections -3% taken into account.

Niche 3650, return flows were observed in three out of five test intervals. In post-ex-
cavation tests, return flow was observed only in one out of five test intervals. The
fracture system after excavation can take in water more easily than the ambient system
before excavation.

For the pre-excavation liquid release tests at Niche 3650, an alternating sequence of
blue- and red-colored dyes was employed starting with Blue No. 1 in the first test

Ž . Ž .interval Test no. 1 located 4.27–4.57 m 14–15 ft from the collar of the borehole. For
Test no. 1, the dyed flow paths were observed in four mined depths, with maximum
penetration depth of 1.68 m and maximum lateral extent of 0.87 m. The corresponding
values for Test no. 2 are: two observations, 0.86 m maximum penetration, 0.37 m lateral
extent; and for Test no. 5: six observations, 1.82 m penetration, and 0.81 m maximum
lateral extent. During excavation, the colored dyes from Test no. 3 and Test no. 4 were
not observed in the niche. The observations of dyes during niche excavation indicated
that the injected mass for the corresponding test intervals migrated over 0.65 m, the
distance from the borehole to the niche ceiling. Front edges of plumes were observed
above the niche floor. The majority of injected dyes were excavated out of the niche
space.

Ž . Ž .After niche excavation, a 3.4 m 11 ft =4.9 m 16 ft liquid capture system, divided
Ž .into 0.3 m=0.3 m 1 ft=1 ft sections, was installed below the ceiling at Niche 3650.

With a fluid collection system installed below the ceiling, the total mass of flow seeping
into the niche can be measured. In the tests with dripping observed, the majority of the

Ž .water were collected in one or two of the 176 11 by 16 compartments. In general, once
the wetting front arrived at the niche ceiling through the fracture system, limited lateral
spreading along the ceiling surface and capillary imbibition into small aperture fractures

Ž .were observed. Drippings were observed shortly 14 to 122 s after wetting front arrivals
in the cases where measurable seepages occurred.

Test results of the percentage of injected water dripping into the niche are illustrated
Ž .in Fig. 5. Test no. 5 6.70–7.01 m or 22–23 ft interval did not induce dripping into the
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Ž .Fig. 5. Ratio in % of seepage observed in the niche and inflow injected above the niche along the upper
middle borehole at Niche 3650.

Ž .niche. Test no. 4 6.10–6.40 m or 20–21 ft interval induced flow to reach the ceiling,
with flow observed to stay or migrate along on the ceiling surfaces instead of dripping

Žinto the niche. Fluorescent dyes Pyranine—green, Sulfo Rhodamine B—pinkish pur-
.ple, Amino G Acid—blue, Acid Yellow no. 7—greenish yellow were used in the

post-excavation tests so that the flow paths from post-excavation tests could be clearly
distinguished with ultraviolet illumination from the food dyes of the pre-excavation tests
observable under ambient lights.

Fig. 6a–c are examples of photographs of the wetted area on the ceiling of the niche.
Ž .The flow paths in the post-excavation tests with fluorescent dyes did not necessarily

Ž .correspond to the wetted area food dye stained area created by the pre-excavation tests.
In several instances, including the graphic examples from test intervals 4.27–4.57 m
Ž . Ž . Ž .14–15 ft , 4.88–5.18 m 16–17 ft , and 6.10–6.40 m 20–21 ft , water was observed
draining from or moving through fractures that did not conduct water before the niche
was excavated. The changes in liquid flow paths are related to the changes in fracture
network due to excavation as indicated by the increases in air permeability values
presented earlier in Fig. 3. The liquid injection rates and injected mass also increase
from pre-excavation test conditions to the post-excavation test conditions, as illustrated
in Table 1. The large increases in transient liquid injection rates, together with large
increase in air permeability values, support the interpretation that fracture flow paths
were altered by niche excavation.

Fig. 6. Photographs of the ceiling of Niche 3650 showing the wetting fronts from post-excavation liquid
Ž . Ž . Ž .release tests using fluorescent dyes and stained areas from pre-excavation tests using food dyes : a Test no.

Ž . Ž . Ž .1; b Test no. 2; and c Test no. 4. Dark green and bright orange lines were surveyor’s markers .
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Ž .Fig. 6 continued .

Ž .Fig. 6c is for Test no. 4, 6.1–6.4 m or 20–21 ft , with wetting front observed to
arrive on the ceiling but no dripping occurred. After the initial flow breakthrough at
fracture traces, water was observed to migrate along the surface, imbibe into other small
fractures, and stay on the niche ceiling. Local saturated conditions were likely not

Žachieved to initiate the dripping process. The pre-excavation dyed water with Red No.
.40 released into the borehole interval was not observed on the niche ceiling, indicating

that original fracture flow paths were too tight to substantiate migration over 0.65 m, the
distance from the borehole to the niche ceiling. With niche excavation opening up the

Ž .fracture flow paths, released liquid with Acid Yellow no. 7 fluorescent dye can move
to the ceiling, but not fast or massive enough to initiate dripping. The blue-dyed areas in
Fig. 6c were associated with release of the neighboring test interval. The other dark
green and orange lines in Fig. 6a–c were paints applied by the mine surveyors during
excavation, and not related to the dyed liquid release tests.

ŽIn this set of liquid release tests, the test interval from 4.88 to 5.18 m 16 to 17 ft;
.Test no. 2 with the highest permeability value along the UM borehole did not induce

the highest percentage of seepage into the niche. Fractures with high permeabilities may
enhance diversion, reduce seepage, and require large liquid volumes or high flow rates
to induce a locally saturated condition at the fracture outlet on the niche ceiling. The
seepage does not always occur at the most obvious fracture in the vicinity of the
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Fig. 7. Three-dimensional mesh for the region between the injection interval and the niche ceiling for liquid
release tests and seepage determinations.

dripping points. In this high-permeability test interval, the liquid release rate is not
sensitive to excavation induced changes. For the case with liquid release rate lower than

Table 2
Comparison of niche seepage test results with drift scale model results

Test number 1 2 3 4 5
2 y12 y10 y12 y12 y12Ž .Post-excavation permeability m 2.0=10 1.9=10 1.6=10 7.0=10 1.1=10

Seepage percentage
aTest result 22.6% 9.6% 27.2% 0% 0%

bModel result 20.7% 5.4% 19.6% 0% 0%

( )First arriÕal time min
aTest result 6.93 3.00 3.47 34.5 NA

bModel result 5.3 3.9 6.3 NA NA

( )Duration of dripping min
Test result 33.83 NR 17.63 NA NA

bModel result 12.8 2.0 15.0 NA NA

a Liquid flow arrival was observed on the niche ceiling, no dripping.
bAn isotropic permeability assumed.
NA: not applicable.
NR: not recorded.
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Table 3
Sensitivity of seepage percentage to different conceptual models for Test no. 3

Test no. 3 result 27.2%
Base homogeneous model 19.6%
Scaled heterogeneous model 34.7%
Matrix imbibition, 1ra s0.156 MPa 15.9%m

Matrix imbibition, 1ra s1.56 MPa 10.6%m

Free drainage boundary 87.4%

the hydraulic conductivity of the flow paths, the seepage percentage decreases as
permeability increases.

6. Niche model analysis

In the first series of models for the five liquid release tests, a three-dimensional
fracture continuum model is used, as illustrated in Fig. 7, for the region between the
injection interval and the niche ceiling. For each test interval, the fracture permeability
value from the corresponding air permeability test is assigned for the whole model
domain. Other parameters are fracture porosity value of 0.1%, a van Genuchten
capillarity parameter 1ra of 1000 Pa, and a van Genuchten pore-size distributionf

parameter n of 2.7. These drift-scale ‘primary-case’ parameters were developed forf
Ž .Total System Performance Assessment input Tsang et al., 1997 from the unsaturated

Ž .zone site scale model Bodvarsson et al., 1997 . No parameter adjustment or calibration
was performed in this series of calculations to test drift scale seepage models. The niche
is treated as a capillary barrier, with a relative humidity of 100% assumed at the ceiling
boundary, at the immediate vicinity of the dripping points.

Table 2 compares the model results with seepage test results, including the seepage
percentages in Fig. 5, the first arrival times, and the duration of dripping. Overall, the
agreement with the test results is good, considering that no parameter adjustment was
made. For Test nos. 1 and 3, the seepage percentage and the timing of seepage into the
niche are well-represented by the model. The model results also agree with the two test
cases no. 4 and no. 5 with no dripping. For Test no. 2 with high permeability value, the
first model estimates predicted that there would be no seepage with this three-dimen-
sional model. However, if the high permeability value was associated with a discrete
vertical fracture connecting the borehole interval to the niche ceiling, a two-dimensional
model might be better suited for the interpretation of this test. This concept is adapted in
the model by assigning anisotropic permeability structure with a two-order-of-magnitude
smaller permeability in one horizontal direction. With this conceptualization, the match
between model results and test results is quite good.

Ž .Fig. 8. Saturation distributions after 8.22 min for Test no. 3 condition with a homogeneous permeability
Ž .field, and b heterogeneous permeability field.
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Additional sensitivity studies for different conceptual models were performed for the
Test no. 3 condition, as summarized in Table 3. The homogeneous permeability model is
replaced by a heterogeneous field derived from the field used in the drift scale model,
with all permeability values scaled to arrive at a geometric mean equal to the measured
air permeability value. The correlation length is also scaled down to 0.33 m, a
reasonable value at this site based on permeability variation along the niche boreholes
Ž .Fig. 3 . The heterogeneity increases the seepage percentage to 34.7%, from the
homogeneous case result of 19.6%. The corresponding field test result is 27.2%. The
heterogeneity induces wider spread of the plume and enhances the creation of local
saturated conditions at the niche boundary, as illustrated in Fig. 8a for the homogeneous
case and Fig. 8b for the heterogeneous case.

The matrix imbibition effects were evaluated using a multiple interacting continuum
Ž .model Pruess and Narasimhan, 1985 , with the matrix block represented by four nested

interacting continua. The full geometric interface between fracture and matrix block is
assumed in the model to maximize the matrix imbibition effects. The matrix properties

Ž .are representative for the tsw34 unit at Yucca Mountain Bodvarsson et al., 1997 . Two
cases using different matrix capillarity parameters were considered, one with 1ra ofm

1.56 MPa, the tsw34 value, the other using 10% of this value. The model results indicate
that the matrix imbibition reduces the seepage for a few percent for the short distances
and durations in the niche test conditions. Preliminary inspection of grab samples
collected in the niches does not show substantial dye penetration into the rock matrix.
Dyes were observed mainly in fractures and on fracture surfaces.

The seepage is sensitive to niche boundary conditions. If the niche boundary is
assumed to be a free drainage boundary, with liquid arriving at the boundary readily
draining into the drift without requiring local ponding conditions to initiate dripping
Ž .i.e., no capillary barrier effect , the seepage percentage is much higher than the base
case with the capillary barrier boundary condition. The field observations of water

Ž .accumulation on the niche ceiling before dripping and in one case with no dripping
support the model that the niche opening acts as a capillary barrier.

7. Parameter sensitivity analysis

Parameter sensitivity analyses were carried out with both two-dimensional and
three-dimensional models to represent discrete fractures and fracture network surround-
ing the niche. Two-dimensional models were developed for test design before niche
excavation and liquid release tests to determine the sensitivity of liquid-plume migra-

Žtions on the fracture parameters, injection volumes, and rates Chapter 4 by Finsterle et
.al. in Wang et al., 1997 . The models are extended to a larger range of sensitive

parameters, using refined two- and three-dimensional models. In the parameter sensitiv-
ity analyses, a total of 1000 g of water is injected in 500 s at a rate of 2 grs is assumed.

Ž y12 2 y3For the base case parameter set permeability k s10 m , fracture porosity f s10 ,f f
.van Genuchten capillary parameter, 1ra s1000 Pa , the two-dimensional saturationf

distributions after 10, 30, 60, and 120 min are shown in Fig. 9.
From the base case parameter set, permeability and porosity were changed by one

Ž .order of magnitude, and the van Genuchten parameter van Genuchten, 1980 by half an
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order of magnitude, respectively. Fig. 10 illustrates the sensitivity of transient behavior.
As compared with the base case parameter set, increase in permeability, reduction in
porosity, and increase in capillarity lead to faster breakthrough. However, transient
behavior is not correlated with final amount of seepage. For example, high permeability
enhances breakthrough but reduces the total seepage. Combinations in parameters can
result in seepage percentages ranging from 0% to nearly 90%.

Reducing permeability results in slower plume migration, but higher average plume
saturation. High saturations are required to overcome the capillary barrier acting at the
niche boundary. Consequently, the amount of water seeping into the niche is higher for
low permeabilities than for high permeabilities. For stronger capillary forces, plume
spreading is increased, resulting in lower overall saturations and less seepage. The
effectiveness of capillary barrier is increased with increasing formation capillarity. The
higher the fracture porosity, the more water can be held in the formation by capillarity,
leading to reduced seepage. Plume migration is slower for higher porosity.

Seepage is large for rock formations with low permeability, low capillarity, and low
Žporosity. The sensitivity analysis is carried out with the ITOUGH2 code Finsterle,

.1997 . Using the seepage percentage after 1 day as the measure of total seepage, the
sensitivity of the seepage percentage as a function of porosity, permeability, and
capillarity is summarized in Fig. 11. High porosity, representing the large storage

Fig. 10. Transient behavior of seven different parameter combinations. The first combination is the base case
parameter set.
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Ž .Fig. 11. Total seepage after 1 day as a function of fracture permeability, capillarity, and porosity.

capacity of the fractures, reduces the seepage, as illustrated in the set of contour graphs
along the vertical axis. Strong capillarity, as measured by the van Genuchten parameter
1ra , promotes water retention by the fractures and reduces seepage.f

For a given porosity and capillarity, the seepage is only sensitive to permeability in
the high permeability range, as illustrated in Fig. 12, for both two-dimensional and
three-dimensional models. High permeability values do not induce high seepage. The
injected liquid can be effectively diverted around the niche with a high fracture
permeability in the rock. The diversion reduces the likelihood of local ponding at the
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Ž . Ž .Fig. 12. Seepage percentage as a function of fracture permeability k and capillarity parameter 1ra assuming two-dimensional left and three-dimensional rightf

fracture continuum.
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niche boundary. Fig. 12 also illustrates that the seepage in three-dimensional models,
representing fracture network with multiple fracture paths, is lower than seepage in
two-dimensional models, representing flow limited to discrete fracture planes.

8. Discussion and summary

This paper focuses on field test results and model analyses of the first set of five
Ž .niche seepage tests conducted at Niche 3650. The results suggested that 1 the niche

Ž . Ž .opening acts as a capillary barrier; 2 a seepage threshold exists; and 3 the seepage is
a fraction of the liquid released above the niche ceiling.

The flow path characterizations were conducted in three stages: before, during, and
after niche excavation. Air injection tests were used to measure the spatial distribution of
fracture permeability. Nearly two-order-of-magnitude changes in air permeability values

Ž .were measured before and after niche excavation in 0.3-m 1-ft long borehole test
intervals. Alternation of fracture flow paths due to excavation and proximity of the niche
open boundary could contribute to the permeability changes. Liquid release tests were
conducted at selected borehole intervals with nominally 1000 g or less of dyed water

Ž .injected at minimal pressure 0–5 cm head for pre-excavation characterization of the
fracture flow paths, and for post-excavation quantification of seepage into niche. The
dyed flow paths, together with a wet feature potentially associated with an ambient flow
path, were mapped during dry excavation operations. The ambient flow paths could be
fairly localized as observed at Niche 3566.

The excavation-induced changes in fracture flow paths also increase the rates and
amounts of liquid mass in some borehole intervals. For cases with seepage dripping
observed, the wetting fronts of the post-excavation liquid release tests with fluorescent
dyes were observed to shift from the food dye stained areas of pre-excavation flow paths
on the niche ceiling. Migration of water along the ceiling surface, imbibition into other
small fractures, and local accumulation of water were observed before dripping,
including a case near seepage threshold with wetting front observed to reach the niche
ceiling but no dripping occurred.

The seepage is quantified by the ratio of the water mass dripped into a niche to the
mass released above the opening at selected borehole intervals. The first set of tests of
post-excavation liquid release tests to quantify seepage was conducted at the Niche 3650

Ž .site, with ratios range from 0% no dripping for two tests to 27.2%. Test results were
analyzed with drift scale models, using measured air permeability values as input
parameters and two-dimensional and three-dimensional conceptualizations to represent
discrete fracture and fracture network for the flow paths. Simple model results, with
parameters consistent with the unsaturated zone site scale model, are able to interpret the
test results without additional parameter fitting. For the three tests with measurable
seepage, two tests can be interpreted with three-dimensional fracture-network-continuum

Ž .models, and the third test result in a borehole interval with high permeability can be
interpreted with an effectively two-dimensional model to represent discrete fractures.

Sensitivity analyses were performed to improve the understanding of the seepage
processes. The seepage is sensitive to the niche boundary conditions, with capillary
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Žbarrier conditions generating close matches and free draining conditions without
.requirement of local saturated conditions overestimating the seepage percentages. For

the distances and durations of the niche seepage tests, the seepage is moderately
sensitive to the heterogeneity of the fracture flow paths and to the strengths of matrix
imbibition. All flow paths observed are associated with fractures, with minimal matrix
imbibition detected from grab rock samples. Test results and sensitivity analyses indicate
that strong capillary strength and large storage capacity of the fracture flow paths limit
the seepage. High permeability value also reduces seepage if the liquid release rate is
smaller than the hydraulic conductivity of the flow path.

The models used to simulate the tests are very simple. Homogeneous representations
of the fractures and fracture network essentially reproduce the test results, in terms of
total seepage percentage, transient times of arrival, and dripping duration. These
preliminary results of field tests and model analyses of the first set of five niche seepage
tests at one niche could be used to guide better design of tests in the ESF to improve
understanding of the seepage distribution, capillary barrier mechanism, and other flow
and transport processes which are important for the performance assessment of waste
isolation in the unsaturated zone at Yucca Mountain.
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