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Introduction

A total-system performance assessment (TSPA) for a potential nuclear-waste repository requires

an estimate of the amount of water that might contact waste. This paper describes the model

used for part of that estimation in a recent TSPA for the Yucca Mountain site. The discussion is

limited to estimation of how much water might enter emplacement drifts; additional

considerations related to flow within the drifts, and how much water might actually contact

waste, are not addressed here. The unsaturated zone at Yucca Mountain is being considered for

the potential repository, and a drift opening in unsaturated rock tends to act as a capillary barrier

and divert much of the percolating water around it. For TSPA, the important questions regarding

seepage are how many waste packages might be subjected to water flow and how much water

might contact those packages.

Because of heterogeneity of the rock and uncertainty about the future (how the climate will

evolve, etc.), it is not possible to predict seepage amounts or locations with certainty. Thus,

seepage is treated as a stochastic quantity in TSPA simulations, with the magnitude and spatial

distribution of seepage sampled from uncertainty distributions. The distillation of the essential

components of process modeling into a form suitable for use in TSPA simulations is referred to
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as abstraction. In the following sections, seepage process models and abstractions will be
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summarized and then some illustrative results will be presented. i

NOV 1 5 2090

Development of Uncertainty Distributions for Seepage Q S T |

The seepage process modeling that forms the basis for the seepage abstraction is documented in

two Yucca Mountain Project reports, Seepage Calibration Model and Seepage Testing Data1 and

Seepage Model for PA Including Drift Collapse.2 The former report contains results of some of

the seepage testing at one niche (a side tunnel off the main tunnel) in the Exploratory Studies

Facility underground at Yucca Mountain, and development of a calibrated computer model for

the flow around and seepage into the opening. The model simulates flow through a fracture

continuum with a heterogeneous permeability field. The latter report contains results of an

extensive parameter study, with seepage amounts for varying percolation flux, fracture

permeability, fracture capillary strength, and geostatistical parameters. The latter report also

contains some analysis of how seepage is affected by drift degradation (that is, by the change in

drift shape when rock blocks fall from the roof).

A third report, Abstraction of Drift Seepage,3 contains the details of how the process-model

results were abstracted for use in TSPA simulations. As discussed in that report, examination of

the parameter-study results2 reveals that computed seepage primarily depends on the input

percolation flux and on the ratio of the geometric mean of the heterogeneous permeability field

(k ) to the fracture van Genuchten a parameter. The process-model results that give the amount

of seepage for various values of percolation flux and k la can be applied to TSPA simulations if

the values of those parameters are known.
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The percolation flux is treated here as an unknown independent parameter; information for it

comes from models for infiltration and unsaturated-zone flow, which will not be discussed.

Information for k comes from air-permeability testing4 and information for a comes from

calibration of seepage tests.1 It is worth noting that the niche used for calibration is in the

Topopah Spring middle nonlithophysal hydrogeologic unit, whereas most of the potential

repository is to be in the lower lithophysal unit. Also, the excavation-disturbed zone around

niche openings could be different from emplacement drifts, because the niche was excavated

with a road header, whereas the emplacement drifts are to be excavated by tunnel boring

machine. The effect of these differences on the seepage results, if any, has not been evaluated as

yet, but tests are currently being conducted in the lower lithophysal unit to determine how its

seepage behavior compares to the middle nonlithophysal unit.

Values for k la are combined with the process-model seepage results (from reference 2) to

obtain the estimated distribution of seepage for TSPA simulations. Seepage uncertainty is

represented by uncertainty distributions for seepage fraction (the fraction of waste-package

locations that have seepage), mean seep flow rate for locations with seepage, and standard

deviation of the seep flow rate for locations with seepage. The distributions are developed by

using computed seepage results for the "best-estimate" value of k la = 6 x 10~n m2-Pa to

develop a most-likely estimate of seepage, results for k la one order of magnitude higher to

develop a minimum estimate, and results for k la one-half order of magnitude lower to develop

a maximum estimate (note that lower values of k la correspond to greater amounts of seepage).

The range of k la values represents uncertainty regarding how representative the best-estimate

value is, especially for the Topopah Spring lower lithophysal hydrogeologic unit, where most of



the emplacement drifts would be according to the present design. In developing the seepage

estimates for the abstraction, the process-model seepage amounts are increased somewhat to

compensate for possible effects of drift degradation and preferential pathways introduced by rock

bolts.3

The abstraction results for seepage fraction and mean seep flow rate as functions of impinging

percolation flux are shown in Figure 1. Also shown in the lower graph is a curve for the flow

rate corresponding to the amount of percolation flux above the footprint of a modeled drift

segment. When the seep flow rate is below that curve, it indicates that flow is being diverted

around the drift by the capillary-barrier effect. It can be seen that most flow is diverted around

the drift except at very high percolation flux (above about 500 mm/yr) for the maximum estimate

of seepage.

Focusing of Flow above the Drifts

The effect of intermediate-scale flow channeling (i.e., between the scales modeled by the site-

scale unsaturated-zone-flow process model and the drift-scale seepage process model) is

represented in the seepage abstraction3 by means of an uncertainty distribution for a flow-

focusing factor. This factor is used to increase the percolation flux at some locations

(representing drifts that happen to be located in flow channels), while at the same time

decreasing the percolation flux at other locations to compensate. The effect of the flow-focusing

factor is generally to increase the seep flow rate where there is seepage, but decrease the fraction

of locations that have seepage (i.e., the seepage fraction). The total amount of seepage generally

increases with flow focusing, because the seep flow rate increases by more than the seepage

fraction decreases.



The uncertainty distribution of the flow-focusing factor3 is based on the spacing of actively

flowing fractures implied by the calibrated site-scale flow fields. The method used to estimate

the flowing-fracture spacing is a variant of a method proposed by Ho and Wilson,5 in which the

fracture-matrix interface area in a dual-permeability flow model is used to back out a consistent

geometry for the flowing fractures. The potential amount of flow focusing calculated in this way

depends inversely on the amount of flow: Under drier conditions, flowing fractures are farther

apart and there is a greater chance of a significant departure from the average on the ~10-m scale

of the seepage model domain. The distribution developed for the flow-focusing factor has a

lower bound of 1 (no focusing) and an upper bound ranging from about 10 to 50 for high-

infiltration and low-infiltration cases, respectively.3

Results

To apply the seepage abstraction to TSPA simulations, percolation flux 5-m above the

emplacement drifts is taken from thermohydrologic simulations6 and used as the input, in order

to include some of the effects of heat from the waste. Five meters is far enough away from the

drifts that the, flow there is not significantly perturbed by the drift capillary barrier effect, and

also far enough away that it is not usually within the boiling dry-out zone. Because of the latter,

water can seep into the drifts throughout the heating period in the TSPA model and seepage is

overestimated because reduction of seepage by evaporation and imbibition of water in the hot,

dry rock from 5 m above the drift to the drift wall is neglected.

To illustrate the seepage abstraction, a typical percolation-flux history was chosen (from

reference 6) and seepage quantities were calculated for it. The resulting maximum and most-

likely histories of seepage fraction and mean seep flow rate are shown in Figure 2. The



minimum seepage history is not visible on the plot because it is zero everywhere (as shown in

Figure 1, the minimum seepage estimate has a threshold percolation flux of approximately

100 mm/yr for initiation of seepage). In a TSPA simulation, seepage at a location with this

percolation-flux history would be sampled probabilistically between the "minimum" (zero) and

"maximum" curves, with the sampling weighted toward the "most-likely" curve. Features of

note that are visible in Figure 2 include climate changes to successively wetter climates at 600

and 2000 years, and a spike of percolation and seepage that results from thermally mobilized

water after potential repository closure, which occurs at 50 years in the simulation. (Thermal

effects are reduced before closure because active ventilation is assumed to carry away 70% of

the heat.) Note also that even the maximum seepage curve is well below the percolation curve,

indicating that most percolating water bypasses the drift rather than seeping in.

The effect of potential flow channeling on intermediate scales is illustrated in Figure 3, which

shows the "most-likely" curves from Figure 2 along with curves calculated assuming flow-

focusing factors (F) of 5, 10, and 20. Values above 20 are not used, because in the seepage

abstraction the flow-focusing factor only goes up to about 20 for a location as wet as this one.

The large change in seepage fraction from F = 1 to F = 5 during the drier periods (roughly before

50 years and from 150 years to 2000 years) occurs because increasing the percolation flux by a

factor of 5 pushes it above the seepage threshold flux, which is about 10 mm/yr for the most-

likely seepage estimate (see Figure 1). As the flow-focusing factor increases, the behavior of the

seepage fraction (the upper graph in Figure 3) is more complicated than the behavior of the mean

seep flow rate (the lower graph) because of the competing effects: Seepage is initially calculated

with percolation flux higher by a factor of F, which produces a higher estimate of seepage

fraction, but then the seepage fraction is reduced by a factor of F to account for the reduction of



percolation flux in other locations. An implication of this method is that seepage fraction can be

no higher than 1/F; this maximum is actually attained in the early spike for the F = 10 and F = 20

cases.

Conclusions

The abstraction model used for seepage into emplacement drifts in recent TSPA simulations has

been presented. This model contributes to the calculation of the quantity of water that might

contact waste if it is emplaced at Yucca Mountain. Other important components of that

calculation not discussed here include models for climate, infiltration, unsaturated-zone flow,

and thermohydrology; drip-shield and waste-package degradation; and flow around and through

the drip shield and waste package. The seepage abstraction model is stochastic because

predictions of seepage are necessarily quite uncertain. The model provides uncertainty

distributions for seepage fraction (fraction of waste-package locations with seepage) and seep

flow rate as functions of percolation flux. In addition, effects of intermediate-scale flow

channeling are included by means of a flow-focusing factor, which is also represented by an

uncertainty distribution.
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Figure 1. Bounds for seepage fraction (top) and mean seep flow rate (bottom)
as functions of percolation flux (adapted from Figures 2 and 3 of reference 3).
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Figure 2. Time histories of the bounds for seepage fraction (top) and
mean seep flow rate (bottom) for a selected location.
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Figure 3. Time histories of seepage fraction (top) and mean seep flow rate (bottom),
showing the effect of the flow-focusing factor F.
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