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to a performance assessment model of the Yucca Mountain site.
ABSTRACT In this exercise the parameter space is treated as a stochastic

field. The problem domain and the process model are not varied
Uncertainty and sensitivity analyses for pre-wa_e - although many alternatives are available. The problem domain

emplacement groundwater travel time were conducted, in this exercise was originally defined as part of a performance
Although preliminary, a number of interesting results were assessment exercise to make an early evaluation of the suitability
obtained. Uncertainty in the groundwater travel time statistic, of Me Yucca Mountain site.
as measured by the coefficient of variation, increases and then
decreases as the modeled system transitions from matrix-

dominated to fracture-dominated flow. The uncertainty analysis Unit
also suggests thai the median, as opposed to the mean, may be a Model Thickne.-s

better indicator of performance with respect to the regulatory Domain Unit (m)
criterion. The sensitivity analysis shows a strong correlation
between an effective fracture property, fracture porosity, and .
failure to meet the regulatory pre-waste-emplacement
groundwater travel time criterion of 1,000 years.

INTRODUCTION
Welded 210

Yucca Mountain, in southern Nevada, is currently under
consideration as a potential site for the disposal of high-level
radioactive waste. There are a number of technical and legal
criteria the site is required to meet. Preliminary uncertainty and
sensitivity analyses have been performed for pre-waste-

emplacement groundwater travel time, as defined in 10 CFR _ Vitrophyric ---- to
60.113(a)(2).' The uncertainty analyses were conducted to
determine to what degree the site would be likely to comply with
the regulatory criterion as a function of currently available Non-Welded 80
information and assumptions, and to identify circumstances /
under which a failure to meet the criterion may be possible. A !sensitivity analysis is performed to determine what information, )

if obtained during site characterization, is most likely to Bedded 50

influence a prediction of performance with respect to the
regulatory criterion.

Fig. I. Schematic of Model Domain

UNCERTAINTY ANALYSES Illustrated in Figure I, it consists of a one-dimensional
column of layered volcanic tuff that extends from the base of the

The purpose of an uncertainty analysis is to identify repository to the water table at the location of drill hole USW G-

consequence as a function of lack of knowledge. Specifically in 42 and the stratigraphy loosely corresponds to the description of
regard to the problem defined in this paper, consequence is taken the hole. The process of variably saturated flow under steady-
to mean a failure to meet the groundwater travel time criterion, state conditions is represented by a fracture/matrix continuum
and lack of knowledge is the inability to uniquely define the model. ) The domain consists of four hydrostratigraphic umts
parameter values, the model domain, and the processes essential representing welded, vitrophryic, non-welded, and bedded tufts.
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The base of the domain is the water table. The entire column is strong function of the one-dimensional model and should not be
.350 meters thick, interpreted as a general conclusion.

The variables assigned to each hydrostratigraphic unit are
defined by the fracture/matrix continuum model and the Table 1. Summary Statistics for 20 Monte Carlo Simulations of
constitutive relationships. For the problem in this exercise, each Pre-Waste-Emplacement Groundwater Travel Time
of the 4 units requires the specification of 10 variables. Each
variable in every unit is assumed to be random. As a result, Flux Mean Median Coefficient Probability

probability distributions for 40 random variables are required. (mm/yr) TravelTune TravelTune of of
The formalism' used to generate the probability distributions (_,ears) (years) Variation Failure

assumes that each distribution is a statement of the analyst's lack 5.000 242 157 0.968 0.98
of knowledge as to the appropriate value of the variable for the 4.000 294 193 0.972 0.953.750 313 205 0.976 0.94
given problem and need not be representative of the frequency 3.625 340 212 1.158 0.94
distribution of the variable that would be obtained under a 3.500 367 219 1.419 0.93
sampling program at the site. The formalism simply states that, 3.000 434 251 1.549 0.92
of ali the distributions the analyst could choose, the distribu)ion 2.500 560 322 1.914 0.89
the analyst should choose is the one that maximizes Shannon's 2:75 676 349 2.263 0.85
informational entropy subject to the constraints on the variable 2.250 750 377 2.231 0.83
known to the analyst. The basic data to start the analysis was 2.000 1,076 450 2.220 0.79
taken and modified from an earlier performance assessment. 5 1.000 6,364 1,185 1_430 0.47

0.750 12,250 3,484 1.170 0.28

Twenty Monte Carlo simulations of flow through the column 0.700 13,963 5,052 1.110 0.250.650 15,884 9,133 1.035 0.23
were run under different steady-state fluxes. The values of flux 0.600 18,711 16,593 0.945 o.19 "-
ranged from 0.01 to 5 mm/yr. The low value of 0.01 mm/yr was 0.550 23,272 23:035 ... 0.850 0.17
chosen because it represents the best estimate of the current 0.500 27,404 27382 0.804 0.13
percolation rate consistent with the process model chosen and 0.300 65.681 67,434 0.600 0.04
the available estimates of in-situ saturations. The high value, 5 0.100 282,06(). 282,612 0.460 0.00
mm/yr, is determined by the results of the simulation itself, lt is 0.010 4,298,809 3,770,829 0.350 0.00
either the highest value of flux the system will pass under
unsaturated conditions (pressure heads less than or equal to zero) Of far greater interest at this point is the behavior of the
or, as in the case for the system in this exercise, the value at coefficient of variation of the groundwater travel time. Figure 2
which almost ali the realizations in the Monte Carlo simulation is a plot of the coefficient of variation, a normalized measure of
fail to meet the regulatory performance criterion, whichever the amount of dispersion in a stochastic process, of the travel
comes first. At 5 mm/yr in this system, although still time distributions versus the steady-state flux for each of the
unsaturated, 98% of the realizations fail to meet the performance Monte Carlo simulations.
criterion, lt should be pointed out that the ability of this
particular column to pass a 5 mm/yr flux is a function of the 2.5 , ,
mean fracture density, which in this model was assumed to be

10 times greater than the current data would suggest. 2 For each 2.0- ,
flux, 100 realizations were conducted. Samples from the
probability distributions were selected by Latin hypercube :1 5- , *• ,

sampling. _ The flow calculations were executed by the code CV a_ •
LLUVIA? Results were analyzed with a commercial software 1.0- 25 _,
package called RS/1. ,

0.5- ,

Summary statistics for the 20 Monte Carlo simulations are
given in Table 1. Only mean, median, and coefficient of 0.0 I I

0 01 0.10 1.00 10.00
variation are given and discussed in this paper. The probability

of failure is the dependent varaible in the uncertainty analysis. FLUX (MM/YR)
The purpose of the uncertainty analysis was to determine
whether or not a particular process model and domain could be Fig. 2. Coefficient of Variation CV Plotted Against Flux
driven to failure (a groundwater travel time of a thousand years
or less from the repository to the water table) given both the The response of the coefficient of variation offers some
uncertainties and the constraints in the currently available data. in::resting insights into the behavior of flow in a system
lt is no surprise to see that, although failure may be unlikely, the composed of both fractures and matrix. At low fluxes when, in
uncertainties in the currently available data do not preclude this system, flow occurs primarily through the matrix the
circumstances under which the regulatory criterion is exeeded, dispersion in the travel time prediction is comparatively low and
This conclusion is consistent with the recognized need and plans relatively constant ._vera wide range of flux. At vet) high flux
to characterize the site. The fact that, in these simulations, the the coefficient of variation again seems to stabilize but at a
probability of failure is strongly correlated with the flux is a higher value. The essential feature of Figure 2 is the behavior of



"...hecoefficient of variation as the system transitions from matrix- of data, were calculated for each of the random variables with
dominated to fracture-dominated flow. Indeed, after the first the groundwater travel time for several of the Monte Carlo
several simulations, the criterion for picking flux values for the simulations where a high percentage of failures were generated.
next simulation was the enhanced resolution of this response. Only the input and output data associated with the portion of the
The implication of this response is that variance in the prediction travel time distribution that contained the simulated failures
of the pre-waste-emplacement groundwater travel time using a were ranked for analysis. The 5 mm/yr case is used as an
nonlinear flow model may depend strongly on the geometry of example in Figure 4, which is a scatter diagram of the calculated
the problem domain and the amount of coupling between groundwater travel times versus the value of fracture porosity for
competing processes. In other words, it means that reducing the the upper hydrostratigraphic unit in the column in the for each of
uncertainties in the input data does not insure less uncertainty in the 100 simulations at 5 mm/yr flux. The high rank correlation
the output, coefficient of 0.91 is consistent with the visual image in the

figure, which shows that the choice of a value for fracture
The other outcome of interest from the uncertainty analysis porosity is strongly related to the travel time that results from

can been seen in "fable 1 by comparing the means and the the choice. Of the 40 input variables only the estimate of
medians of the performance predictions. The comparison fracture porosity in the upper, welded unit exhibited any strong
illustrates that, with respect to the particular models used in this correlation with the performance parameter.
analysis, the mean is not a particularly good predictor of
performance. Define performance for this system as the
probability that groundwater travel time is longer than the 10000 _ , , ,
regulatory criterion of 1,000 years, then compare the probability
of failure of 0.47 (47%) for the 1 mm/yr simulation with the
mean of 6,364 years. The median of 1,185 years for the 1 _ 1000 + + + +
mm/yr simulation is a better predictor of the performance _ + ++_"++ +

estimate. Figure 3 is the histogram of groundwater travel times "-" _ + + RANK "
generated by the 1 mm/yr simulation. As the figure illustrates, a _ 10 0-[_ CORRELATION - 0.91
few very long travel times were realized. The mean, being an
equilibrant, is shifted towards this long tail to balance the t.9
distribu,ion. The median states only that half the simulations i0 t t t t
were greater or less than the median value. For the 1 mm/yr 0 0 0.1 0.2 0.3 0.4 0 5
case, 50 realizations generated travel times less than 1,185 years.
lt is not surprising that 47 of the 50 realizations were less than FRACTURE POROS ITY
the regulator)' criterion of 1,000 years.

, ,, , , , , , Fig. 4. Scatter Diagram of Travel Time Versus Fracture
Porosity in the Welded Tuff Hydrostratigraphic Unit

The next step in the sensitivity analysis is relating the model
coefficient, fracture porosity, to the field data that were used to
derive the coefficient. This step is mandatory if the sensitivity
analysis is to be used to prioritize information and data needs
from a site characterization program. Fracture porosity in the
fracture/matrix continuum model used in the simulation is the

i - --I---f--] I "--c-";_, | product of two more fundamental pieces of data - fracture
118 5 6 3_64 2 0 0 0 0 3 0 0 0 0 aperture and fracture density (fractures per cubic meter of rock).

The value of fracture aperture in this same model is proportional
GWTT ( YRS ) to the air-entry value of the porous medium chosen to represent

the fracture domain. Fracture density is also a derived quantity.
Linear fracture frequency and fracture orientation provide the

Fig. 3. Histogram of Travel Time for 1 mrrdyr Flux measurement basis for a calculation of fracture density. In terms
of site characterization data, failure should not be construed as

being sensitive to fracture porosity, a coefficient specific to a
SENSITIVITY AN;d_.YSES particular model, but to the field data, which consist of the

moisture characteristic curve of the fracture, the linear frequency
The purpose of the sensitivity analysis is to relate a of fractures, and the orientationofthe fractures.

consequence to a set of assumptions. Consequence, in the
context of this exercise, has been defined as a failure to meet the No attempt has been made so far to identify relationships
pre-waste-emplacement groundwater travel time criterion. A between input and output that can not be identified through
sensitive assumption will be defined as a decision made by the either a linear or a rank correlation. In addition, the input
analyst in setting up the problem that, in the end, contributed variables were assumed to be independent of each other Future
directly to the consequence. Rank correlation coefficients, a sensitivity studies will look particularly at the consequences of
meas zre of the strength of the relationship between ranked pairs correlating the input variables. The fact that. within this
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particular model, the air-entry parameter and the aperture are 6. R.L. IMAN and M. L SHORTENCARRIER, "A FORTRAN
related to each other by the capillary equation suggests thai there 77 Program and User's Guide for the Generation of Latin

"should be perfect correlation. In two, ,c_d three dimensions it Hypercube and Random Samples for Use with Computer
would not be surprising to find that the auto-correlation structure Models," SAND83-2365, NUREG/CR-3624, Sandia National
dominates the response. Laboratories (1984).

These cavezts do not preclude drawing some conclusions 7. P. L. HOPKINS and R. EATON, "LLUVIA-A One-
from the current ex,'_cise. The fact that failure to meet the Dimensional, Steady-State Program for Flow Through Partially
criterion is sensitive to inference about the presence and Saturated Porous Media," SAND88-0558, Sandia National
properties of the fracture domain is intuitively satisfying. The Laboratories (1990).
insensitivity of a consequence to the vast majority of input
assumptions suggests the possibility of using this type of
analysis to prioritize site characterization activities.

CONCLUSIONS

lt would be inappropriate to draw quantitative conclusions
regarding the performance of the potential repository from this
exercise. The exercise merely illustrates that, given one set of
conditional assumptions, the currently available data is
insufficient to preclude a possibility of failing to meet a specific

regulatory requirement. As stated earlier, this is an intuitvely ,
obvious conclusion given the efforts that will be going into the
characterization of the site. Indeed, the purpose of the combined
analyses, uncertainty and sensitivity, is to extract from a
complicated, non-linear model the information that, if obtained
from site characerization, would be most lii_ly to impact a
prediction of repository performance.
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