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Abstract

An important issue for the performance of underground nuclear waste reposi-
tories is the rate of seepage into the waste emplacement drifts. A prediction of
- this rate is particularly complicated for the potential repository site at Yucca
Mountain, Nevada, because it is located in thick, unsaturated, fractured tuff for-
mations. Underground openings in unsaturated media might act as capillary bar-
riers, diverting water around them. In the present work, we study the potential
rate of seepage into drifts as a function of the percolation flux at Yucca Moun-
tain, based on a stochastic model of the fractured rock mass in the drift vicinity.
A variety of flow scenarios are considered, assuming present-day and possible
future climate conditions. We show that the heterogeneity in the flow domain is
a key factor controlling seepage rates, since it causes channelized flow and local
" ponding in the unsaturated flow field.

1 Introduction

Recent interest in the construction of an underground nuclear waste repo-
sitory has stimulated detailed investigations in the thick tuff formations
at Yucca Mountain, Nevada, which are located approximately 200 meters
above the water table in unsaturated fractured rock. Crucial for the per-



formance of any underground waste repository is the amount of water
seeping into the waste emplacement drifts. Overall, this seepage rate is
limited by the percolation flux arriving at the repository horizon. At the
present state, percolation flux in the unsaturated zone at Yucca Mountain
is assumed to be fairly small due to the low precipitation; current esti-
mates for the average gravity driven flux range from about 1 mm/yr up to
about 20 mm/yr (Bodvarsson et al!). The fluxes, however, could
become as high as several hundred millimeter per year in the future
because of long-term climate changes. Therefore, potential seepage rates
at Yucca Mountain may be large enough to significantly affect the waste
canister environment. '

The long-term situation in the drifts several thousand years after
waste emplacement will be characterized by a relative humidity level
close or equal to 100%, as the drifts will be sealed and not ventilated,
and the waste packages have cooled. Seepage into these drifts will only
be possible if the hydraulic pressure in the rock close to the drift walls
increases to positive values; i.e., the flow field becomes locally saturated.
Different factors can give rise to such an increase, e.g., (1) the flow dis-
turbance by the drift geometry, giving rise to a pressure increase above
the crown, and/or (2) the effect of heterogeneity, in particular local per-
meability contrasts, promoting “channelized” flow with locally “ponded”
conditions. In the present paper, we have developed and applied a
methodology to estimate the potential rate of seepage into underground
openings as a function of percolation flux, rock properties, and degree of
~ heterogeneity. Our approach conceptualizes the fractured rock in the
drift vicinity as a stochastic continuum with significant variation in per-
meability. "A 3-D numerical model is used to simulate the heterogeneous
steady-state flow field around the drift, with the drift geometry explicitly
represented within the numerical discretization grid.

2 Conceptual Model

The hydrogeological parameters used in our study are chosen as repre-
sentative for the Topopah Spring Welded Tuff (TSw), a formation at
Yucca Mountain in which the potential waste repository is assumed to
reside. The rock in this formation is intensely fractured, with the fracture
permeability being several orders of magnitude higher than the matrix
permeability. In fact, the saturated conductivity of the matrix is so small
that, without the presence of fractures, gravity-driven flux would be



limited to less than 1 mm/yr. As a result, the percolation flux through the
TSw-unit occurs predominantly in the fractures, and the probability of
seepage into drifts is mainly related to the fracture flow field. It was con-
cluded from both fracture mapping and numerous in-situ interference air
injection test data that the TSw-formation comprises a well-connected
fracture network which, on a scale much smaller than the drift radius,
behaves equivalently to a continuous, yet heterogeneous medium with
strong variation in permeability (Tsang & Cook®). We therefore analyze
the seepage problem using a stochastic fracture continuum model that
accounts for the spatial variation of fracture permeability in the forma-
tion. In the absence of reliable information on the random structure of
the characteristic function fitting parameters (van Genuchten®), we
assume uniform values for fracture air entry pressure, 1/a, and pore size
distribution coefficient, n. The rock matrix is neglected, since matrix
flow would only become important for transient events such as short-
term percolation pulses. However, the present conceptual model of the
unsaturated zone at Yucca Mountain assumes that the major fraction of
water infiltrating from the surface is dampened in the non-welded Paint-
brush formation located above the repository level, so that an approxi-
mately steady-state percolation flux can be considered for the underlying
units (Bodvarsson et al.'). Thus, we can limit our study to steady-state
scenarios using a single continuum stochastic model of the fracture flow.

The data used for the generation of the heterogeneous fracture per-
meability fields are mainly based on the analysis of in-situ air injection
tests (Tsang & Cook®) and fracture surveys (Bodvarsson et al."). Three
realizations of random fracture permeability fields with 50x35x43 m side
length were generated on a cluster of 200x140x172 cubic elements to
represent the rock mass in the drift vicinity. The random field generation
was performed with the non-parametric, multiple indicator simulator
SISIM of the geostatistical library GSLIB (Deutsch & Journel?). In the
so-called base case property set, which represents the current “best”
estimates derived from site characterization efforts, the geometric mean
of the fracture permeability distribution, k;, is 10" m?, with a standard
deviation, O, of 2.1. A spherical correlation structure with a correlation
parameter of 2 m is adopted for the bulk of permeability values, while the
high end of the permeability distribution is assigned a larger vertical cor-
relation of 14 m to account for the presence of large, widely spaced
fractures. The characteristic properties for the van Genuchten® relation-
ships are 1/c = 10° Pa and n=2.7. In addition to these base case proper-
ties, we studied parameter sensitivity by varying k; and 1/c.



3 Simulation Metliodology and Results

The unsaturated steady-state flow problem in the fracture continuum is
solved under the assumption of isothermal conditions and a passive gas
phase (Richards’ equation). The simulations are performed with the
multi-component, multi-
phase simulator TOUGH2
 (Pruess*). The model do-
main is 15 m wide, 16.5 m
deep and 20.0 m high, with
the drift being represented
by a horizontal open cylin-
der of 2.5 m radius, placed
in the center of the lower
part of the domain (Figure
1). The simulation runs
are performed on a rectan-
gular mesh with cubic grid
blocks of 0.25m side
length. The circular shape
of the drift is approximated
by eliminating the inner
blocks whose centers are
within a radius of 2.5 m.
We checked the accuracy
of the discretization by
comparing simulation re-

sults with the analytical Figure 1: Saturation contours for a
solution of Philip et al’, percolation flux of 200 mm/yr
and found good agreement.

The simulation scenarios studied comprise percolation fluxes ranging
from 5 to 1000 mm/yr; the lower limit represents the average present-day
percolation flux at the repository level, the upper limit represents maxi-
mum flux values estimated for an extreme future climate scenario. The
percolation flux arriving at the drift model domain is represented by a
constant inflow rate imposed at the top boundary. The four sides of the
model domain are no-flow boundaries, and the bottom boundary has a
free drainage condition. The drift wall boundary is modeled as a zero
capillary pressure condition, representing a relative humidity of 100% in

the drift.



~ 31  3-D Unsaturated Flow in the Drift Vicinity

Figure 1 shows a typical flow field in the vicinity of the drift, presenting
saturation contours in three horizontal slices of the model domain for a
future climate scenario of 200 mm/yr percolation flux. The property set
used represents the base case conditions as described earlier. In the hori-
zontal plane just above the drift (middle horizontal slide), liquid accu-
mulates at the drift crown as the vertical gravity-driven flow is diverted
around it, while in the horizontal plane below the drift a low-saturation
shadow develops. In addition to this flow perturbation effect, the satura-
tion contours reflect the heterogeneity of the model area, showing several
locations where “channelized” flow accumulates creating high saturation
values dependent on local permeability contrasts. In fact, at some of
these locations, the saturation reaches unity, representing a local ponding
condition. Obviously, the probability that local ponding occurs is highest
near the stagnation point at the drift crown. Eventually, seepage into the
drift occurs when a local ponding condition is encountered in a grid ele-
ment adjacent to the drift wall.

3.2  Total Seepage into the Drifts

Various flow scenarios have been simulated for the base case property
set with percolation fluxes ranging from 5 to 1000 mm/yr. Figure 2
summarizes the results of these simulation runs for the three realizations
considered; it gives the total seepage flux into the drift as a function of
the inflow at the top boundary of the model. The seepage flux is expres-
sed as a percentage of the percolation flux over an area corresponding to
the vertical shadow of the
drift. As shown in Figure 2,
seepage into drifts at Yucca
Mountain is likely to start
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vulnerable for water to enter. In comparison to results obtained for a
homogeneous flow domain, the seepage threshold fluxes are about an
order of magnitude smaller, indicating the important effect of local
saturation variations (local ponding) as a result of the heterogeneity.

The relative seepage rates increase steadily from small percentages at
lower percolation rates to about 30% at 1000 mm/yr. This means that
even for the high percolation scenario, about 70% of the flux can be
diverted around the capillary barrier formed by the drift. The general
trend of increasing seepage with percolation flux is similar for all three
realizations considered in our study. At higher percolation rates, the
variability of the relative seepage rate is reasonably small, as the
summation of the seepage fluxes at different locations along the length of
the drift walls acts as an averaging filter. For smaller percolation fluxes,
however, we obtain significant variation between the three realizations,
despite the fact that the random fields are very similar. We may expect
that the seepage locations along the drift wall are sparsely distributed for
small percolation fluxes, so that in these cases, the size of the model
domain may not be large enough to provide a meaningful averaging.
This points to the need for a stochastic approach to estimate the
probability, distribution and rate of seepage into drifts, considering that
numerical modeling of small-scale heterogeneities in very large 3-D
domains is a challenging task.

3.3 Sensitivities

Our sensitivity study includes simulation scenarios using different flow
properties, changes in the drift geometry, different random structures of
the permeability fields, and alternative drift wall boundary conditions. In
this paper, we shall only present the sensitivity to two key parameters of
the unsaturated flow, i.e., the geometric mean of the fracture permeabi-
lity fields, k;, and the fracture air entry pressure, represented by the van
Genuchten parameter, 1/c.. Note that changes in mean fracture permea-
bility do not affect the random field structure; the permeability distribu-
tion is only shifted to smaller or larger values. A total number of four
different k,-values and five different 1/0-values was considered, forming
a matrix of 20 different simulation runs for each percolation scenario.

Figure 3 gives an example of the results derived from the sensitivity
study, showing the relative amount of seepage plotted over the parameter
values for a percolation flux of 200 mm/yr. Seepage is obtained for 12
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Figure 3: Relative seepage rate for
different parameter combinations

out of 20 cases, namely those cases where both k, and 1/ are small.
Qualitatively similar results were obtained for all other percolation sce-
narios. Thus, at a given percolation flux, seepage is most likely to occur
for fractured formations with a small capillarity (small 1/a) and a small
mean permeability. The latter point is somewhat counter-intuitive, as
one might expect seepage to be most likely in high-permeable fractured
rock. However, due to the nature of unsaturated flow with the drift ac-
ting as a capillary barrier, seepage is most probable in low-permeable
regions: The smaller the permeability value at a given percolation flux,
the more saturated becomes the rock, and the more likely is local pon-
ding at the drift walls.

4 Conclusions

We have developed and applied a methodology to study the potential rate
of seepage into underground cavities embedded in a unsaturated, hetero-
geneous fractured rock formation. The problem studied was chosen as
representative of the conditions at the potential underground waste repo-
sitory at Yucca Mountain, where nuclear waste is supposed to be stored
in numerous underground emplacements drifts. For Yucca Mountain, the
heterogeneity in the flow domain appears to be the most important factor



for seepage to occur, because it promotes “channelized” flow and local
ponding conditions. A homogeneous model of the fractured rock around
the drifts can severcly underpredict the seepage rate. Sensitivities
derived from numerical and theoretical considerations indicate that, ‘in
addition to the assumed percolation scenario, the potential rate of see-
page is strongly affected by the mean fracture permeability, the capilla-
rity of the fractures, the degree of heterogeneity, the drift size and shape,
and the assumed drift wall boundary condition. The studies presented
are intended to be exploratory, with Yucca Mountain used as an example.
We believe that the conceptual framework developed here can be useful
for a variety of other hydrogeologic and engineering applications.

Acknowledgments

We thank H.H. Liu and Jerry Fairly of LBNL for their careful review of
the manuscript and comments for improvement. This work was suppor-
ted by the Director, Office of Civilian Radioactive Waste Management,
US. Department of Energy, through Memorandum Purchase Order
EA9013MC5X between TRW Environmental Safety Systems Inc. and
the Emest Orlando Lawrence Berkeley National Laboratory, under Con-
tract No. DE-AC03-76SF00098.

References

[1] Bodvarsson, G.S., TM. Bandurraga & Y.-S. Wu, eds., The site-scale
unsaturated zone model of Yucca Mountain, Nevada, for the Viability
Assessment, LBNL Report 40376, Berkeley, CA, 1997.

[2] Deutsch, C.V. & A.G. Journel, GSLIB - Geostatistical Software Library and
User's Guide, Oxford University Press, New York, Oxford, 1992.

[3] Philip, JR., JH. Knight & R.T. Waechter, Unsaturated seepage and
subterranean holes: Conspectus, and exclusion problem for circular
cylindrical cavities, Water Resources Research, vol. 25, no. 1, 1989.

[4] Prueés. K., TOUGH2—A general purpose numerical simulator for
multiphase fluid and heat flow, LBNL Report 29400, Berkeley, CA, 1991.

[5] Tsang, Y.W. & P. Cook, Ambient characterization of the ESF drift scale test
area by field air permeability measurements, Yucca Mountain Project
Milestone Report SP9512M4, LBNL, Berkeley, CA, 1997.

[6] Van Genuchten, M.T., A closed-form equation for predicting the hydraulic
conductivity of unsaturated soil, Soil Sci. Soc. Am. J., vol. 44, no. 5, 1980.





