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The Waste Isolation Pilot Plant (WIPP) is under development by the U.S. Department of Energy (DOE) for the
geologic (deep underground) disposal of transuranic (TRU) waste. This development has been supported by a
sequence of performance assessments (PAs) cartied out by Sandia National Laboratories (SNL) to assess what is
known about the WIPP and to provide guidance for future DOE research and development activities. Uncertainty
and sensitivity analysis procedures based on Latin hypercube sampling and regression techniques play an important
role in these PAs by providing an assessment of the uncertainty in important analysis outcomes and identifying the
sources of this uncertainty. Performance assessments for the WIPP are conceptually and computationally interesting
due to regulatory requirements to assess and display the effects of both stochastic (i.e., aleatory) and subjective (i.e.,
epistemic) uncertainty, where stochastic uncertainty arises from the possible disruptions that could occur over the
10,000 yr regulatory period associated with the WIPP and subjective uncertainty arises from an inability to
unambiguously characterize the many models and associated parameters required in a PA for the WIPP. The
interplay between uncertainty analysis, sensitivity analysis, stochastic uncertainty and subjective uncertainty are
discussed and illustrated in the context of a recent PA carried out by SNL to support an application by the DOE to
the U.S. Environmental Protection Agency for the certification of the WIPP for the disposal of TRU waste.

Keywords: Aleatory uncertainty, epistemnic uncertainty, performance assessment, radioactive waste disposal,
sensitivity analysis, stochastic uncertainty, subjective uncertainty, uncertainty analysis, Waste Isolation
 Pilot Plant. ¢ ‘
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1. INTRODUCTION

The Waste Isolation Pilot Plant (WIPP) is under development by the U.S. Department of Energy (DOE) for the
geologic (deep underground) disposal of transuranic waste (TRU) {1, 2]. The WIPP is located in southeastern New
Mexico, with waste disposal planned to take place in excavated chambers (i.e., waste panels) in a salt formation
approximately 2000 ft below the land surface (Fig. 1). '

An important part of the development process for the WIPP has been a series of uncertainty and sensitivity
analyses carried out by Sandia National Laboratories (SNL) to assess the current state of knowledge with respect to
the WIPP and to provide guidance for future model development and research activities [3-6], with these analyses
having been extensively reported in the journal literature [7-12). The most recent uncertainty and sensitivity
analyses [13, 14] have been carried out in support of an application by the DOE to the U.S. Environmental
Protection Agency (EPA) for the certification of the WIPP for the disposal of TRU waste (i.e., the compliance
certification application or CCA) [15]. If certified, the WIPP will be the first facility in the United States to begin
operations for the geologic disposal of radioactive waste.

Regulations promulgated by the EPA (i.e., 40 CFR 191, Subpart B [16, 17]) determine the nature of the
calculations performed by SNL to support the CCA and also the uncertainty and sensitivity analyses implemented as
part of these calculations. The following is the central requirement of 40 CFR 191, Subpart B, and the primary
determinant of the structure of the analysis (i.e., performance assessment or PA) carried out to support the CCA:

§ 191.13 Containment requircments.

(a) Disposal systems for spent nuclear fuel or high-level or transuranic radioactive wastes shall be designed

-to provide a reasonable expectation, based upon performance assessments, that cumulative releases of

radionuclides to the accessible environment for 10,000 years after disposal from all significant

. processes and events that may affect the disposal system shall: (1) Have a likelihood of less than one

chance in 10 of exceeding the quantities calculated according to Table 1 (Appendix A); and (2) Have a

likelihood of less than one chance in 1,000 of exceeding ten times the quantities calculated according to
Table 1 (Appendix A).

(b) Performance assessments need not provide complete assurance that the requirements of 191.13(a) will
be met. Because of the long time period involved and the nature of the events and processes of interest,
there will inevitably be substantial uncertainties in projecting disposal system performance. Proof of the
future performance of a disposal system is not to be had in the ordinary sense of the word in situations
that deal with much shorter time frames. Instead, what is required is a reasonable expectation, on the
basis of the record before the implementing a_gency, that compliance with 191.13(a) will be achieved.

Containment Requirement 191.13(a) refers to “quantities calculated according to Table 1 (Appendix A),” which
means a normalized radionuclide release to the accessible environment based on the type of waste being disposed of,
the initial waste inventory, and the release that. takes place (App. A, [16]). Table 1 (App. A) of [16] specifies
allowable releases (i.e., release limits) for individual radionuclides. The WIPP is intended for TRU waste, which is
defined to be “waste containing more than 100 nanocuries of alpha-emitting transuranic isotopes, with half-lives

greater than twenty years, per gram of waste” (p. 38084, [16]). Specifically, the normalized release R for transuranic
waste is defined by

R=Y (0 1.,-)(1><'1o6 cisc) ,‘ )

where Q; is the cumulative release of radionuclide i to the accessible environment during the 10,000-yr period
following closure of the repository (Ci), L; is the release limit (Ci) for radionuclide i (Table 1, App. A, [16]) and Cis

the amount of TRU waste emplaced in the repository (Ci). For the 1996 WIPP PA (i.e., the PA carried out in support
of the CCA), C =3.44 x 106 Ci. '
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To help clarify the intent of 40 CFR 191, the EPA also published 40 CFR 194 [18]. There, the {ollowing
elaboration on the intent of 40 CFR 191.13 appears (pp. 5242-5243, [18]):

§ 194.34 Results of performance assessments.

(a) The results of performance assessments shall be assembled into “complementary, cumulative
distribution functions” (CCDFs) that represent the probability of exceeding various levels of
cumulative release caused by all significant processes and events. (b) Probability distributions for
uncertain disposal system parameter values used in performance assessments shall be developed and
documented in any compliance application. (c) Computational techniques, which draw random
samples from across the entire range of the probability distributions developed pursuant to paragraph
(b) of this section, shall be used in generating CCDFs and shall be documented in any compliance
application. (d) The number of CCDFs generated shall be large enough such that, at cumulative
releases of 1 and 10, the maximum CCDF generated exceeds the 99th percentile of the population of
CCDFs with at least a 0.95 probability. (e) Any compliance application shall display the full range of
CCDFs generated. (f) Any compliance application shall provide information which demonstrates that
there is at least a 95 percent level of statistical confidence that the mean of the population of CCDFs
meets the containment requirements of § 191.13 of this chapter.

An interesting feature of analyses to assess compliance with 191.13(a) and (b) is the requirement to incorporate
two distinct treatments of uncertainty [19-21]. First, there is the uncertainty that leads to the CCDF specified in
191.13(a). This uncertainty results from an assumed randomness in what will occur at the WIPP site over the next
10,000 yr. Numerous designations for such uncertainty have been used in the literature, including stochastic,
aleatory, variability, irreducible and type A. Second, there is the uncertainty characterized by the distributions called
- for in 194.34(b). This uncertainty results from a lack of knowledge about models and parameter values required in
the construction of the CCDF specified in 191.13(a) and leads to the distribution of CCDFs called for in 194.34(e).
Numerous designations for this characterization of uncertainty have also been used, including subjective, epistemic,
state of knowledge, reducible and type B. In this presentation, stochastic and subjective will be used as the
designations for these two types of uncertainty.

The terms uncertainty analysis and sensitivity analysis as used in analyses for the WIPP refer to assessments of
the effects of subjective uncertainty. Specifically, uncertainty analysis designates an investigation of the uncertainty
in model predictions that resuits from uncertainty in model inputs, and sensitivity analysis designates an investigation
to determine the effects of individual variables on model predictions. Stochastic uncertainty enters into uncertainty
and sensitivity analyses for the WIPP dbecause the CCDF specified in 191.13(a), which denvcs from stochastic
uncertainty, is the single most important result considered in such analyses.

2. OVERVIEW OF PA FOR THE WIPP

When viewed at a high level, three basic entities underlie the results required in 191.13 and 194.34 and
ultimately determine the conceptual and computational structure of the 1996 WIPP PA: ENI, a probabilistic
characterization of the likelihood of different futures occurring at the WIPP site over the next 10,000 yr; EN2, a

- procedure for estimating the radionuclide releases to the accessible environment associated with each of the possible
futures that could occur at the WIPP site over the next 10,000 yr; and EN3, a probabilistic characterization of the
uncertainty in' the parameters used in the definitions of EN1 and EN2. Together; EN1 and EN2 give rise to the
CCDF specified in 191.13(a) (Fig. 2), and EN3 corresponds to the distributions indicated in 194.34(b). In the
context of PA for the WIPP, uncertainty and sensitivity analysis involves the determination of the effects of the
uncertainty characterized by EN3 on results that derive from EN1 and EN2.

The entity EN1 is the outcome of the scenario development process for the WIPP and provides a probabilistic
characterization of the likelihood of different futures that could occur at the WIPP over the next 10,000 yr as

specified in 191.13(a). When viewed formally, EN1 is defined by a probability space (S, &4, psy), with the sample
space S, given by




S, = {Xq: X isa possible 10,000 yr sequence of occurrences at the WIPP}. )

The subscript st refers to stochastic uncertainty and is used because (S, J_t, Ps) 1s providing a probabilistic
characterization of random occurrences that may take place in the future. -

Guidance by the EPA [18] and an extensive review of possible disruptions at the WIPP led to drilling intrusions
and potash mining being the only occurrences incorporated into the definition of S, Specifically, the elements X,
of S, are vectors of the form

X:r =[f],l],€1,b[y p]valar'_’vllve?.’b?_’ P?-’ag""' {n’ln'e"'bn’pn,anftmin] : (3)
1% intrusion 27 jntrusion a1 intrusion

in the 1996 WIPP PA, where n is the number of drilling intrusions, #; is the time (yr) of the ith intrusion, I; designates
the location of the ith intrusion, e; designates the penetration of an excavated or nonexcavated area by the ith
intrusion, b; designates whether or not the ith intrusion penetrates pressurized brine in the Castile Formation, p;
designates the plugging procedure used with the ith intrusion (i.e., continuous plug, two discrete plugs, three discrete
plugs), a; designates the type of waste penetrated by the i intrusion (i.e., no waste, contact-handled (CH) waste,
remote-handled (RH) waste), and t,,;, is the time (yr) at which potash mining occurs. A full characterization of (S

2, D) then results from the definition of a probability distribution for each element of X, (Chapt. 3, [13]).

The entity EN2 is the outcome of the model development process for the WIPP and provides a way to estimate
radionuclide releases to the accessible environment (i.e., values for Q;, and hence R, in Eq. (1)) for the different
futures (i.e., elements X, of Sg;) that could occur at the WIPP. Estimation of environmental releases corresponds to

evaluation of the function f in Fig. 2. Release mechanisms associated with f include direct removal to the surface at
the time of a drilling intrusion (i.e., cuttings, spallings, direct brine flow) and release subsequent to a drilling
intrusion due to brine flow up a borehole with a degraded plug (i.e., groundwater transport). The primary
computational models in the 1996 WIPP PA are illustrated in Fig. 3 and described in more detail in Table 1. Most of
these models involve the numerical solution of partial differential equations used to represent material deformation,
fluid flow or radionuclide transport. It is the models in Fig. 3 that actually define the function fin Fig. 2.

<

As indicated in Fig. 1, the CCDF specified in 191.13(a) can be formally defined by an integral of f over ;. In
practice, this CCDF is never obtained by direct evaluation of an integral due to the complexity of fand Sg,. Rather,
an approximation procedure based on importance sampling [33] or Monte Carlo (random) sampling [34] is used.
The 1996 WIPP PA uses a Monte Carlo procedure. Specifically, elements Xgp i =1, 2, ..., nS, are randomly
sampled from S, in consistency with the definition of (S, JS,, Dsp) where nS is the sample size. Then, the integral
in Fig. 2, and hence the associated CCDF, is approximated by '

prob(Rel > R) = j-S' 8R[f(xsr)] st st) dv, 2 8R[ Xst,i }/ ns, ; )

where 8p[f(X)] = 1 if fiX;) > R and 0 if X)) £R. The models in Fig. 3 are too computationally intensive to permit
their evaluation for every element X, ; of S, in Eq. (5). Due to this constraint, the models in Fig. 3 are evaluated for
representative elements of &, and then the results of these evaluations are used in conjunction with various
interpolation and algebraic procedures to construct values of f for the large number of X, ; in Eq. (5) (Chapts. 9 - 13,

(13D.




The entity EN3 is the outcome of the data development cffort for the WIPP and provides a probabilistic
characterization of the uncertainty in the parameters that underlie the WIPP PA. When viewed formally, EN3 is

defined by a probability space (S, ,J_m, D<) With the sample space Ssu given by

(=]

S = {xx-u: X, is possibly the correct vector of parameter values to use in the WIPP PA}. )

The subscript su refers to subjective uncertainty and is used because (S, J_“,, Psu) is providing a probabilistic
characterization of where the appropriate inputs to use in the WIPP PA are believed to be located.

In practice, X,, is a vector of the form
Xsu =[x1,x2,..., xer] , €))]

where nV is the number of uncertain variables under consideration, and (S, sz Dsy) is obtained by specifying a
distribution ‘ '

D;j=1,2,...,nY, (®)

for each element x; of Xg,. The preceding distributions correspond to the distributions in 194.34(b). In concept,

some elements of X, can affect the definition of (Sg, &, p,) (e.g., the rate constant A, used to define a Poisson

process that characterizes the distribution of drilling intrusion times) and other elements can relate to the models in
Fig. 3 that determine the function f in Fig. 2 and Eq. (5) (e.g., radionuclide solubilities in Castile brine or fracture
spacing in the Culebra Dolomite). However, all elements of X, in the 1996 WIPP PA relate to the models in Fig. 3
(Table 2).

The role of uncertainty analysis in PA for the WIPP is to determine the uncertainty in the predictions of the
individual models in Fig. 3 and also the uncertainty in the location of the CCDF in Fig. 2 that results from the

uncertainty characterized by (S, ,:9;,,, Dsy).  Similarly, the role of sensitivity analysis is to determine the
contribution of the individual variables contained in X, to this uncertainty. )

3. APPROACHTO UNCEQTAINTY‘ AND SENSITIVITY ANALYSIS

The WIPP PA uses an approach to uncertainty and sensitivity analysis based on Monte Carlo procedures [35].
Specifically, a sample ‘

Xey k= [xlk, X2y --es an.k], k=1,2,...,nkK, A 9)

is generated from &, in consistency with the definition of (S, J,,,, Pgu). where nK is the sample size. Both the
models in Fig. 3 and the CCDF in Fig. 2 are evaluated for the individual elements X, ; of this sample.

The indicated model and CCDF evaluations for the sample elements X, ; in Eq. (9) create a mapping from
analysis input to analysis resuits. When an appropriate probabilistic procedure has been used to select the sample
elements X;, ;, distributions can be constructed for individual model results and also for the CCDF specified in
191.13(a). Given that (S, Sy Py is providing a characterization of the subjective, or state of knowledge,

uncertainty in the inputs to the analysis, the resultant distributions are providing a characterization for the
corresponding uncertainty in the results of the analysis. Further, the pairing

[Xsu,k’ g(xsu,k)]s k =1,2,...,nK, (10)




of sample elements X, ;. and analysis results of interest g(X,, ;) creates a mapping from analysis input to analysis

results that can be explored with various sensitivity analysis procedures such as examination of scatterplots, stepwise
regression analy51s and partial correlation analysis [35].

As already indicated, the 1996 WIPP PA uses random sampling from (Sq ,a;,, P in the generation of the
CCDF specified in 191.13(a). The use of random sampling is possible because a relatively small number of
mechanistic results are used in the construction of the releases represented by fix,, ;) in Eq. (5). However, the
samples X, ; in Eq. (9) are used directly as input to these mechanistic models; further, a complete CCDF
construction is carried out for each Xk Thus, it is important to use an efficient sampling technique in the
generation of the X, ;. As a result, Latin hypercube sampling [36] was selected for use because of its efficient

stratification properties and the observed stability of results obtained with relatively small sample sizes in past
analyses that involved a separation of stochastic and subjective uncertainty [37, 38].

Latin hypercube sampling operates in the following manner to generate a sample of size nLHS from nV
variables. The range of each variable (i.e., the x; in Eq. (7)) is divided into nLHS intervals of equal probability and

one value is selected at random from each interval. The nLHS values thus obtained for xy are paired at random with
the nLHS values obtained for x;. These nLHS pairs are combined in a random manner with the nLHS values of x3 to

form nLHS triples. This process is continued until a set of nLHS nV-tuples is formed. These nV-tuples are of the
form : '

x}:[xli,x—li...,x,,y',-],i= 1,...,nLHS, ’ o (an

and constitute the Latin hypercube sample (LHS). The individual x; must be independent for the preceding

construction procedure to work; however, a method for generating LHSs from correlated variables has been
‘developed by Iman and Conover {39, 40].

An LHS from two variables is illustrated in Fig. 4. As examination of this figure shows, Latin hypercube
sampling results in a dense stratification across the range of each variable (i.e., there is one value from each equal
probability interval), which is consistent with the requirement in 194.34(c) for sampling across the entire range of
each variable.

Given that Latin hypercube sampling is to be used, the confidence intervals required in 194.34(f) can be
obtained with a replicated sampling technique proposed by R.L. Iman [41]. In this technique, the LHS indicated in

Eq. (11) is repeatedly generated with different random seeds. These samples lead to a sequence P.(R),r=1,2, ...,
nR, of estimated mean exceedance probabilities, where P.(R) defines the mean CCDF obtained for sample r (i.e.,
P.(R) is the mean probability that a normalized release of size R will be exceeded, with this mean taken over the

nLHS exceedance probabilities for R obtained from the ri replicated sample) and nR is the number of independent
LHSs generated with different random seeds. Then,

nR .
P(R) = 2 P.(R)/ nR ' (12)
r=1
and
nR 1/2
SER) =1 [B(R-PR)] 1 nR(nR~1) . | (13)
. r=1

provide an additional estimate of the mean CCDF and an estimate of the standard error associated with the mean
-exceedance probabilities. The r-distribution with nR-1 degrees of freedom can be used to place confidence intervals




around the mean exceedance probabilities for individual R values (i.e., around F(R) ). Specifically, the 1-a
confidence interval is given by P(R) % f;_g/n SE(R), where f{_o is the 1—a/2 quantile of the r-distribution with
nR-1 degrees of freedom (e.g., fj_g» = 4.303 for o= 0.05 and nR = 3).

The requirement in 194.34(d) implies the use of a sample with at least 298 elements (ie.,
1-10.99" > 0.95 yields n = 298). Thus, to satisfy both 194.34(f) and 194.34(d), the 1996 WIPP PA used nR =3
replicated LHSs of size nLHS = 100 each, with these replicated samples denoted by R1, R2 and R3. This produced a
total of 300 observations, which is approximately the same as the sample size of 298 indicated above. Each sample
was generated with the restricted pairing technique developed by Iman and Conover [39, 40] to induce specified rank
correlations between correlated variables and also to assure that uncorrelated variables had correlations close to zero.

Once the indicated LHSs were generated, calculations were performed with the models in Fig. 2 for the
individual sample elements (Table 3). The guiding principle in the selection of the calculations to be performed was
to avoid the unnecessary proliferation of computationally demanding calculations by identifying situations where (1)
a single computationally demanding calculation could be used to supply input to several less demanding calculations,
(2) mathematical properties of the models could be used to extend the results of a single calculation to many
different situations, or (3) a relatively inexpensive screening calculation could be used to determine if a more
detailed, and hence more expensive, calculation was needed. As examples, (1) each BRAGFLO calculation, which
involves the numerical solution of a system of nonlinear partial differential equations and is quite demanding
computationally (i.e., 4 - 5 hrs of CPU time on a Digital VAX Alpha using VMS), was used to supply conditions that
were used in a number of different calculations with the CUTTINGS_S, BRAGFLO_DBR, NUTS and PANEL
models; (2) the linearity of the system of partial differential equations that underlies SECOTP2D made it possible to
perform transport calculations for unit releases of individual radionuclides to the Culebra Dolomite and then use the
outcome of these calculations to construct transport results for arbitrary time-dependent radionuclide releases into
the Culebra; and (3) transport calculations with NUTS were initially performed with a nondecaying tracer and then
calculations with radionuclides were only performed for those cases that had a potential to result in a radionuclide
release from the repository.

4. UNCERTAINTY AND SENSITIVITY ANALYSIS FOR INDIVIDUAL MODELS

As indicated in Table 3, many distinct cases exist for which uncertainty and sensitivity analysis results can be
obtained for individual models. For example, 6 cases exist for BRAGFLO, with calculations having been performed
with the same 3Q0 LHS elements for each case. In each of these cases, the uncertainty is due solely to subjective

uncertainty as characterized by (S,,, Jm, Psu)- In particular, the effects of stochastic uncertainty as characterized by

(S;» 4y .y do not enter into the analysis until the results of individual models are used in the construction of

CCDFs. Example uncertainty and sensitivity analysis results for individual models follow; more detailed results are
available in Helton et al. [13]. '

The BRAGFLO model (Fig. 3, Table 1) is used to represent two-phase (i.e., gas and brine) flow in the vicinity
of the repository. An important result calculated by BRAGFLO is the pressure in a waste panel as a function of time
(Fig. 5a), with this pressure influencing spallings and direct brine releases, which are releases directly to the surface
at the time of a drilling intrusion, and also radionuclide transport away from the repository in anhydrite marker beds.
The spread in the curves in Fig. 5a is due to the effects of imprecisely-known inputs to the analysis (i.e., subjective
uncertainty). One way to identify the variables that are dominating the uncertainty is to calculate partial rank
correlation coefficients (PRCCs) between pressures at individual times and the variables in the LHS (Fig. 5b), with
WMICDFLG (pointer variable for microbial degradation of cellulose), WGRCOR (corrosion rate for steel under
inundated conditions in the absence of CO,), WASTWICK (increase in brine saturation of waste due to capillary
forces) and HALPOR (initial value for halite porosity) being identified as the dominant variables (see Table 2 for
variable descriptions). The positive effects indicated for these variables result because increasing WMICDFLG
increases gas generation by microbial processes, increasing WGRCOR increases the rate at which gas is generated by

the corrosion of steel, and increasing WASTWICK and HALPOR increases the amount of brine available for
consumption in the corrosion process.




The analysis was performed with 3 replicated LHSs (i.e., R1, R2, R3) to provide a basis for testing the stability
of results obtained by sampling from (S,,, Jm, Psy)- For time-dependent results such as the pressure curves in Fig.

5a, such tests can be based on the similarity of mean and percentile curves obtained from the individual replicates
and constructed in the following manner. At each point on the abscissa in Fig. 5a, a vertical line is drawn through
the nLHS = 100 curves above this point. The points at which the indicated vertical line crosses the curves yields
nLHS pressures from which the mean and various percentiles (e.g., 10%, 50%, 90%) can be determined. The desired
mean and percentile curves then result from connecting the mean and percentile values obtained for individual times.

In concept, the determination of mean and percentile values can be viewed as an integration problem involving (S,

4., p.,) [42]. The resultant mean and percentile curves were quite stable for both the pressure curves in Fig. 5a
Su pSll . p &
(Fig. 6) and other analysis outcomes. If desired, the procedures indicated in Egs. (12) and (13) can be used to
provide a formal characterization of the uncertainty associated with the estimates of the individual curves in Fig. 6.

The results in Fig. 5 are for undisturbed conditions. An important event in the 1996 WIPP PA is the occurrence
of a drilling intrusion into the repository, which causes a major alteration of the pressure conditions (Fig. 7a).
Although PRCCs and also stepwise regression analysis were successful in identifying the variables giving rise to the
uncertainty in Fig. 5a, they performed very poorly for the pressure results in Fig. 7a. When this occurs, the
examination of scatterplots is often an effective way to identify influential variables, with a strong but highly
nonlinear relationship being identified between pressure after a drilling intrusion and BHPRM (logarithm of borehole
permeability) (Figure 7b). The complex pattern involving pressure and BHPRM results from the role that BHPRM

plays in influencing two-phase flow in the borehole, with gas flowing up the borehole and brine typically flowing
down the borehole.

The NUTS and PANEL models (Fig. 3, Table 1) are used to represent long-term radionuclide transport away
" from the repository due to flowing groundwater. The NUTS model was used for undisturbed (i.e.,. EQ) conditions,
single drilling intrusions that penetrate pressurized brine in the Castile Formation (i.e., El intrusions), and single
drilling intrusions that do not penetrate pressurized brine in the Castile Formation (i.e., E2 intrusions). The PANEL
model was used for the penetration of a waste panel by two or more drilling intrusions, of which at least one
penetrates pressurized brine in the Castile Formation (i.., an E2E1 intrusion). Most sample elements resulted in
little or no radionuclide release being predicted by NUTS and PANEL due to failure of the repository to fill with
brine, with the greatest number of releases occurring for the E2E1 intrusions. A single example of uncertainty and
sensitivity analysis results for long-term radionuclide release from the repository is given in Fig. 8. The box plots in
Fig. 8a provide a compact way to display the uncertainty in a number of variables in 2 single plot frame. The
variable BHPRM dominates radionuclide release, with no releases typically occurring for small values of BHPRM
due to a failure of the intruded waste parel to fill with brine (Fig. 8b).

The SECOFL2D and SECOTP2D models (Fig. 3, Table 1) are used to represent brine flow and radionuclide
transport, respectively, in the Culebra Dolomite. In the 1996 WIPP PA, only one sample element had the potential
for radionuclide transport from the repository to the accessible environment. However, no releases to the Culebra
occurred for this sample element. Thus, no release to the accessible environment due to transport through the
Culebra occurred in the calculations performed to support the 1996 WIPP PA. To provide perspective on the
processes affecting radionuclide transport in the Culebra, an additional set of calculations was performed for
replicate R1 for a release of 1 kg of U-234 at the repository at time 0 yr and the transport of this release in the near
vicinity of the repository (i.e., within a few 10’s of meters) (Fig. 9), with U-234 selected for consideration because it
is the least retarded (i.e., has the lowest k; values) of the radionuclides whose transport in the Culebra was modeled
in the 1996 WIPP PA. The release was rapidly attenuated (Fig. 9a), with the dominant variables being CMATRDU
(Culebra matrix retardation for uranium), CVEL (norm of fluid velocity vector calculated by SECOFL2D) and
CFRCSP (Culebra fracture spacing) (Fig. 9b). Specifically, CMATRDU characterizes the effects of sorption in the
rock matrix; CVEL characterizes fluid velocity in fractures in the vicinity of the release point for the U-234, and
CFRCSP affects the amount of diffusion that takes place from fractures into the surrounding rock matrix. A
transport distance of only 10 m is used in Fig. 9 because the amount of cumulative transport decreases rapidly as
distance increases; indeed, most of the 100 cumulative transport curves in Fig. 9a lie close to or on the abscissa.




5. UNCERTAINTY AND SENSITIVITY ANALYSIS FOR CCDFs

Although a number of different release pathways to the accessible environment were considered in the 1996
WIPP PA, only the direct release pathways (i.e., cuttings, spallmgs dlrecl brine releasc) produced nonzero releases.
As aresult, the function fin Eq. (3) has the form

FXg) = fo(Xq) + fSP[xsrv fa(xq )]‘1' fDBR{xsxa Fsp[Xsrs F3 (X)) fB(xsr)}' (14)

where (i) fc (xs,) ~ cuttings release to accessible environment for X, calculated with CUTTINGS_S, (i1) f3 (x_',) ~
results calculated for X, with BRAGFLO (in practice, f5(Xy,) is a vector containing a large amount of information),
(1ii) fsp[xs,, fB(x:r)] ~ spallings release to accessible environment for X, calculated with the spallings model
contained in CUTHNGS_S (this calculation requires BRAGFLO results (i.e., fp(Xy)) as input), and (iv)

fDBR{xs,,fsp[X_,,, fB(xs,)], fB(xS,)} ~ direct brine release to accessible environment for X, calculated with a

modified version of BRAGFLO designated BRAGFLO_DBR (this calculation requires spallings results obtained
from CUTTINGS_S (i.e., fsp[Xsp f3(Xs)]) and BRAGFLO results (i.e., fp(Xy)) as input).

As indicated in Eq. (5), random sampling of X, from (5, B Psp) can be used to construct the CCDF in Fig. 2.
Further, f¢, fsp and fppg can also be used to obtain the CCDFs for cuttings, spallings and direct brine releases,

respectively. The evaluation of £, fsp and fppg, and hence the evaluation of f, also depends on the value of X;,. As
aresult, Eq. (5) actually has the form

: nS
prob(Rel > Rlxsu) = J:S‘ SR[ (xst:xvu)]dst(xstlx.m) dv.vt = zaR[f(xst,irxsu)]/nSs (1_5)
st i=1

although there is no dependence of d,, on X, in the 1996 WIPP PA (i.e., dy(Xy/Xy,) = S,( ). However, such

dependence is possible and, indeed, was implemented in certain verification analyses associated with the 1996 WIPP
PA carried out by SNL for the EPA [43].

The uncertainty associated with X, and characterized by (S, JS,‘, Psy). leads to a distribution of CCDFs for

fos fsp fogr and f. These distributions’ can be approximated by constructing CCDFs for each element Xgy 1 In the
three replicated LHSs, with the outcomes of this construction shown in Fig. 10 for replicate R1. Each CCDF in Fig.
10 is constructed from model results (i.e., evaluations of f, fsp, fpagr) associated with one LHS element in R1. The

details of the procedures used to obtain values of X, ;, Xy, ;) from the results indicated in Table 3 are described in
{131

The distributions of CCDFs in Fig. 10 are showing the effects of subjective uncertainty. As such, these
distributions are providing a characterization of where the CCDF for each release mode is believed to be located
* given the information available for use in the 1996 WIPP PA. The locations of the CCDFs for the spallings release
(Fig. 10b) and direct brine release (Fig. 10c) are more uncertain than the location of the CCDF for the cuttings
release (Fig. 10a). However, as the cuttings release tends to be larger than the spallings and direct brine releases, the
uncertainty in the total release (Fig. 10d) is dominated by the uncertainty in the cuttings release (i.e., the distribution
of CCDFs for total release is similar to, but not identical to, the distribution of CCDFs for cuttings release).

As discussed in conjunction with Fig. 5, the distributions of CCDFs in Fig. 10 can be summarized with mean
and percentile curves. As an example, the mean and percentile curves for the distribution of total release CCDFs
(Fig. 10d) appears in Fig. 11. The proximity of the distribution of the CCDFs to the boundary line associated with
191.13(a) provides an indication of the confidence that the regulation will indeed be met. The 90th percentile curve,

or some other percentile curve, helps provide a numerical indication of where the distribution of CCDFs is located
relative to the boundary line.




The mean and percentile curves associated with the three replicated samples R1, R2 and R3 can be used to
obtain an indication of how stable the estimates of the CCDFs in Fig. 10 are. In particular, the three estimates of
these curves for a particular release mode (i.e., one set of estimates for each replicate) can be plotted on the same
plot frame. When the corresponding curves fall close together, an indication is given that the sample size in use (i.c., ;
nLHS = 100 in this analysis) is adequate. For the cuttings, spallings and total releases, the individual mean and
percentile curves for the three replicates are so similar that they almost fall on top of each other. Slightly more
variation across the replicates occurs for the direct brine release (Fig. 12). However, cven here the individual curves
are actually quite close together, particularly given that approximately half the sample elements in each replicate
have no direct releases and thus produce degenerate CCDFs (i.e., CCDFs for which there is a probability of 0 of
exceeding a release of 0). Thus, the distributions of CCDFs in the 1996 WIPP are adequately estimated for
comparison with the boundary line specified in 191.13(a) with an LHS of size 100.

Sensitivity analysis can be used to identify the variables contained in X, that give rise to the distributions of
CCDFs in Fig. 10. One way to do this is to reduce each CCDF to an expected value by the calculation

nS
E(ﬂxsu k)= J' xst’xsu L)d ( :t]x.vu,k) dvst = Zf(xst,i’x:u.k)/ ns. (16)

Then, regression analysis can be used to determine how the elements of X, affect E(fX,). The expected values for
Jo, fsp and fppg can also be defined and analyzed in a similar manner.

In regression-based sensitivity analyses, variable importance is indicated by the order in which variables enter
the regression model, the changes in R? values that occur as variables enter the regression model, and the size of the
standardized regression coefficients for the variables in the model [35]. Regression analyses were tried with both
raw and rank-transformed [44] data, with rank-transformed data producing more informative results (i.e., regression
models that identified more of the physxcally-rclevant variables and had higher R2 values than was the case for raw
data). Thus, only results obtained with rank-transformed data will be discussed.

For the cuttings release CCDFs, the expected release was completely dominated by WTAUFAIL (shear strength
of waste), with the corresponding rank regression model having an R? value of essentially 1.00. More complex
patterns occur for the spallings, direct brine and total release CCDFs (Table 4). The spallings release is sensitive to
the pressure in the repository. The variables WMICDFLG, HALPOR, WGRCOR, HALPRM and ANHPRM appear in
the regression model with positive regression coefficients because increasing their values tends to increase pressure
in the repository and thus increase the spallings release. In particular, there is a threshold value of 8 x 105 Pa in the
spallings model, with no spallings releases occurring when repository pressure is below this value. The variables
BHPRM and WPRTDIAM appear in the regression model with negative coefficients because increasing BHPRM
reduces pressure in the repository and increasing WPRTDIAM increases particle size and thus decreases particle
mobility. More detail on the physics underlying these and other results is available in [13]. Overall, the regression
model is reasonably effective in accounting for the observed uncertainty, with an R? value of 0.77.

The analysis for the direct brine release is less effective, with an R? value of only 0.50 (Table 4). When
regression analyses have low R? values, the examination of scatterplots is often an effective way to gain insights into
the variables affecting the analysis outcome under consideration. In this example, many expected values are zero,
with the nonzero values tending to be associated with small values for WRBRNSAT (waste residual brine saturation)
and large values for HALPOR (Fig. 13).

For the total release CCDFs, the expected release is dominated by WMICDFLG and WIAUFAIL (Table 4),
which are the dominant variables with respect to the spallings and cuttings releases, respectively. The remaining
variables selected in the analysis affect the spallings release (i.e., compare the regression results in Table 4 for
spallings release and total release), which is reasonable given that the cuttings release is completely dominated by
WTAUFAIL and the direct brine release makes little contribution to the total release (Fig. 10).




An alternative way to perform scnsitivity analyses for distributions of CCDFs is by calculating regression
cocfficients or partial correlation coefficients for the exceedance probabilities associated with individual release
values and then connecting these coefficients to form curves (Fig. 14). This is analogous to the analysis in Fig. 5 for
time-dependent pressures except that exceedance probabilities rather than pressures are now the dependent variables.
For the total release CCDFs (Fig. 10d), the two dominant variables identified in this manner are WMICDFLG and
WTAUFAIL (Fig. 14), which is consistent with the regression results in Table 4.

6. SUMMARY

The importance of identifying, characterizing and displaying the uncertainty in the outcomes of analyses for
complex systems is now widely recognized [45]. The 1996 WIPP PA provides an example of an analysis for such a

system. In particular, this analysis mvolves explicit treatments for both stochastic (i.e., aleatory) and subjective (i.e.,
epistemic) uncertainty.

Stochastic uncertainty is described by a probability space (S, JS,, Psp) that characterizes future occurrences at
the WIPP. An assessment of the effects of stochastic uncertainty requires the evaluation of an integral over S, with

this integral being evaluated with Monte Carlo procedures based on simple random sampling in the 1996 WIPP PA.
The individual CCDFs in Fig. 10 are examples of such evaluations.

Subjective uncertainty is described by a probability space (S, Jw, Psu) that characterizes the uncertainty in

models and associated parameters required in the calculation of consequences (e.g., radionuclide releases to the
accessible environment) associated with different possible future occurrences at the WIPP, with the likelihood that

these occurrences will actually take place characterized by (S, JS,, Ps)- An assessment of the effects of subjective
uncertainty (i.e., a determination of the uncertainty in analysis outcomes that results from subjective uncertainty)
requires the evaluation of an integral over Sy, with this integral being evaluated with Monte Carlo procedures based
on Latin hypercube sampling in the 1996 WIPP PA. For example, the individual curves in Fig. 5a are associated
with individual sample elements in an LHS, and the mean and percentile results in Fig. 6 can be expressed formally

as integrals involving (Sg,, Jy» pg). More generally, a combined assessment of the effects of stochastic and
subjective uncertainty requires the evaluation of a double integral over S and S, [21, 42], with the mean and
percentile curves in Fig. 11 arising from such evaluations.

Uncertainty analysis results are provided in the 1996 WIPP PA by the generation of an LHS (actually, 3
replicated LHSs) from S, and the propagation of this sample through the analysis. This procedure also provides the

basis for sensitivity analysis by providing a mapping between analysis inputs and analysis results as indicated in Eq.
(10). Once generated, this mapping can be explored with procedures based on examination of scatterplots,
regression analysis and correlation analysis (Figs. 5a, 7b, 8b, 9b, 13, 14; Table 4). In the presence of nonlinear but
monotonic relationships, the use of the rank transformation [44] often improves results obtained with regression
analysis and correlation analysis. In the presence of more complex patterns, other procedures for identifying
deviations from randomness are often effective [46]. In PAs for the WIPP and other complex systems, sensitivity
analysis plays an important role by both identifying important variables requiring additional study and providing a
powerful tool for model verification (i.., sensitivity analysis has the capability to identify errors that could be easily
overlooked in less extensive examinations of analysis resuits).
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; Figs. Captions

1. Cross-sectional view of the WIPP (Fig. 1-9, Vol. 1 [3]; see Sect. 2.2, Vol. 2 [4] for detailed stratigraphy).
2. Boundary line and associated CCDF specified in 191.13(a).

3. Computer programs (models) used in 1996 WIPP PA.

4, Example of an LHS of size nLHS = 10 from variables U and V with U normal on [-1, 1] (mean = 0, 0.01

quantile = -1, 0.99 quantile = 1) and V triangular on [0, 4] (mode = 1).

5. Uncertainty and sensitivity analysis results for pressure (Pa) in waste panel under undisturbed (i.e., E0)
conditions: (5a) time-dependent pressures for 100 LHS elements in replicate R1, and (5b) PRCCs obtained
from analysis of all 300 LHS elements associated with replicates R1, R2 and R3.

6. Mean and percentile curves for three replicated LHSs for pressure in lower waste panel under undisturbed
conditions.
7. - Uncertainty and sensitivity analysis results for pressure (Pa) in waste panel after a drilling intrusion at 1000

yr that does not penetrate pressurized brine in the Castile Formation (i.e., an E2 intrusion): (7a) time-
dependent pressures for 100 LHS elements in replicate R1, and (7b) scatterplot for pressure at 10,000 yr
versus BHPRM for 300 LHS elements in replicates R1, R2 and R3. ‘

8. Uncertainty and sensitivity analysis results for an E2E1 intrusion with the E1 intrusion occurring at 1000 yr:
(8a) box plots for cumulative normalized release of individual radionuclides over 10,000 yr, and (8b)
scatterplot for cumulative normalized release of Am-241 over 10,000 yr versus BHPRM.

9. Uncertainty and sensitivity analysis results for transport of a 1 kg release of U-234 at the repository across a
boundary 10 m from the release point: (9a) cumulative releases for individual sample elements, and (9b)
PRCCs. '

10. Distributions of CCDFs resulting from sﬁbjectivc uncertainty and obtained with replicate R1 for the

following release modes: (10a) cuttings, (10b) spallings, (10c) direct brine release, and (10d) total (i.e.,
cuttings, spallings, direct brine). -
£

11. Mean and percentile curves for distribution of total release CCDFs in Fig. 10d.

12. Outcome of replicated sampling for distribution of CCDFs for normalized release to the accessible’
environment over 10,000 yr due to direct brine release.

13. Scatterplots for expected (mean) normalized releases associated with individual CCDFs for direct brine
release versus WRBRNSAT and HALPOR.

14. Sensitivity analysis based on PRCCs for CCDFs for total normalized release to the accessible environment
over 10,000 yr.
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Fig. 1. Cross-sectional view of the WIPP (Fig. 1-9, Vol. 1 [3]; see Sect. 2.2, Vol. 2 {41 for detailed
stratigraphy).
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Fig. 3. Computer programs (models) used in 1996 WIPP PA.

Latin Hypercube Sample
4.0 ™7 T SRR N R

36 - ) m

32

28

24 F ; =

20F ) .

16k oy ) ' i
WL/

V: Triangular

12

NTTTT

08

o04F 82

[ : : 1 : 4

0.0 —
-10 08 06 04 02 00 02 04 05 08 10
U: Normal '

TRI-B6342-5312-D
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Fig. 5. Uncertainty and sensitivity analysis results for pressure (Pa) in waste panel under undisturbed (i.e., E0)
conditions: (5a) time-dependent pressures for 100 LHS elements in replicate R1, and (5b) PRCCs
obtained from analysis of ail 300 LHS elements associated with replicates R1, R2 and R3.
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Fig. 6. Mean and percentile curves for three replicated LHSs for pressure in lower waste panel under undisturbed
conditions. : o
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Fig. 7. Uncertainty and sensitivity analysis results for pressure (Pa) in waste panel after a drilling intrusion at
1000 yr that does not penetrate pressurized brine in the Castile Formation (i.e., an E2 intrusion): (7a)
time-dependent pressures for 100 LHS elements in replicate R1, and (7b) scatterplot for pressure at

-10,000 yr versus BHPRM for 300 LHS elements in replicates R1, R2 and R3.
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Fig. 8.

Uncertainty and sensitivity analysis results for an E2E1 intrusion with the El intrusion occurring at
1000 yr: (8a) box plots for cumulative normalized release of individual radionuclides over 10,000 yr,
and (8b) scatterplot for cumulative normalized release of Am-241 over 10,000 yr versus BHPRM.
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Fig.9. Uncertainty and sensitivity analysis results for transport of a 1 kg release of U-234 at the repository-
across a boundary 10 m from the release point: (9a) cumulative releases for individual sample
elements, and (9b) PRCCs.
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Fig. 10. Distributions of CCDFs resulting from subjective uncertainty and obtained with replicate R1 for the

following release modes: (10a2) cuttings, (10b) spallings, (10c) direct brine release, and (10d) total (i.e.,
cuttings, spallings, direct brine).
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Fig. 11. Mean and percentile curves for distribution of total release CCDFs in Fig. 10d.
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Fig. 13. Scatterplots for expected (mean) normalized releases associated with individual CCDFs for direct brine
release versus WRBRNSAT and HALPOR.
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Fig. 14. Sensitivity analysis based on PRCCs for CCDFs for total normalized release to the accessible environment
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Table 1. Summary of Computer Models Used in the 1996 WIPP PA

BRAGFLO: Calculates multiphase flow of gas and brine through a porous, heterogeneous reservoir. Uses finite
difference procedures to solve system of nonlinear partial differential equations that describes the mass
conservation of gas and brine along with appropriate constraint equations, initial conditions and boundary "~
conditions. Additional information: [22]; Sect. 4.2, [13].

BRAGFLO_DBR: Special configuration of BRAGFLO model used in calculation of dissolved radionuclide
releases to the surface (i.e., direct brine releases) at the time of a drilling intrusion. Uses initial value conditions
obtained from calculations performed with BRAGFLO. Additional information: [23]); Sect. 4.7, [13).

CUTTINGS_S: Calculates the quantity of radioactive material brought to the surface in cuttings and cavings and
also in spallings generated by an exploratory borehole that penetrates a waste panel, where cuttings designates
material removed by the drillbit, cavings designates material eroded into the borehole due to shear stresses
resulting from the circular flow of the drilling fluid (i.e., mud), and spallings designates material carried to the
borehole at the time of an intrusion due to the flow of gas from the repository to the borehole. Spallings
calculation uses initial value conditions obtained from calculations performed with BRAGFLO. Additional
information: [24, 25]; Sects. 4.5, 4.6, [13].

GRASP-INV: Generates transmissivity fields (estimates of transmissivity values) conditioned on measured
transmissivity values and calibrated to steady-state and transient pressure data at well locations using an adjoint
sensitivity and pilot-point technique. Additional information: {26, 27]. -

NUTS: Solves system of partial differential equations for radionuclide transport in vicinity of repository. Uses
brine volumes and flows calculated by BRAGFLO as input. Additional information: [28]; Sect. 4.3, [13].

PANEL: Calculates rate of discharge and cumulative discharge of radionuclides from a waste panel through an
intruding borehole. Discharge is a function of fluid flow rate, elemental solubility and radionuclide inventory.
Uses brine volumes and flows calculated by BRAGFLO as input. Based on solution of system of linear ordinary
differential equations. Additional information: [28]; Sect. 4.4, [13].

SECOFL2D: Calculates single-phase Darcy flow for groundwater flow in two dimensions. The formulation is
based on a single partial differential equation for hydraulic head using fully implicit time differencing. Uses
transmissivity fields generated by GRASP-INV. Additional information: [29, 30]; Sect. 4.8, [13).

SECOTP2D: Simulates transport of radionuclides in fractured porous media. Solves two partial differential
equations: one provides two-dimensional representation for convective and diffusive radionuclide transport in
fractures and the other provides one-dimensional representation for diffusion of radionuclides into rock matrix
surrounding the fractures. Uses flow fields calculated by SECOFL2D. Additional information: {29, 30};
Sect. 4.9, [13]. '

SANTOS: Solves quasistatic, large deformation, inelastic response of two-dimensional solids with finite element
techniques. Used to determine porosity of waste as a function of time and cumulative gas generation, which is an
input to calculations performed with BRAGFLO. Additional information: [22, 31, 32]; in Sect. 4.2.3, [13].
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Table 2. Example Elements of X, in the 1996 WIPP PA (sce Table 5.1 [13] for a complete listing of the nV = 57
elements of X, and sources of additional information)

ANHPRM—Logarithm of anhydrite permeability (m?). Used in BRAGFLO. Distribution: Student’s t-distribu-

tion with 5 degrees of freedom. Range: -21.0 10 ~17.1 (i.e., permeability range is 1 x 10721 10 1 x 10™17-1 m2),
Mean, Median: -18.9, -18.9. Correlation : -0.99 rank correlation with ANHCOMP (Bulk compressibility of
anhydrite, Pa~!).

BHPRM—Logarithm of borehole permeability (m?). Used in BRAGFLO. Distribution: Uniform. Range: -14
to-11 (i.e., permeability range is 1 x 10~ to 1 x 10-!! m?). Mean, median: —12.5, -12.5.

BPCOMP— ogarithm of bulk compressibility of brine pocket (Pa~!). Used in BRAGFLO. Distribution:
Triangular. Range: —11.3 to —8.00 (i.e., bulk compressibility range is 1 X 10~11-3 to 1 x 10-8 Pa~!). Mean, mode:
-9.80,-10.0. Correlation: —0.75 rank correlation with BPPRM (Logarithm of brine pocket permeability, m2).

BPINTPRS—Initial pressure in brine pocket (Pa). Used in BRAGFLO. Distribution: Triangular. Range: 1.11 x
107 t0 1.70 x 107 Pa. Mean, mode: 1.36 X 107 Pa, 1.27 x 107 Pa.

CFRCSP—Culebra fracture spacing (m). Used in SECOTP2D. Equal to half the distance between fractures.
Distribution: Uniform. Range: 0.05to 0.5 m. Mean, median: 0.275 m, 0.275 m.

CMATRDU—Culebra matrix retardation for uranium (dimensionless). Defined as function of other uncertain
variables. Used in SECOTP2D. Not a sampled variable.

CVEL—Norm of Culebra fluid velocity vector calculated by SECOFL2D (m/s). Defined as function of other
uncertain variables. Representative of fluid velocity used in SECOTP2D. Not a sampled variable.

HALPOR—Initial value for halite porosity (dimensionless). ‘Used in BRAGFLO. Distribution: Piecewise
uniform. Range: 1.0x 103 to 3 x 10~2. Mean, median: 1.28 x 1072, 1.00 x 10-2.

HALPRM— Logarithm of halite permeability (m?). Used in BRAGFLO. Distribution: Uniform. Range: —24 to
-21 (i.e., permeability range is 1 x 10724 to 1 x 10-2! m?). Mean, median: -22.5, -22.5. Correlation: ~0.99 rank
correlation with HALCOMP (Bulk compressibility of halite, Pa~1).

WASTWICK—Increase in brine saturation of waste due to capillary forces (dlmensmn]ess) Used in BRAGFLO
Distribution: Uniform. Range: Oto 1. Mean, median: 0.5, 0.5.

WGRCOR—Corrosion rate for steel under inundated conditions in the absence of CO3 (m/s). Used in

BRAGFLO. Distribution: Uniform. Range: 0 to 1.58 X 10714 m/s. Mean, median: 7.94 x 10715 m/s, 7.94 x
10715 m/s.

WMICDFLG—Pointer variable for microbial degradation of cellulose. Used in BRAGFLO. Distribution:

Discrete, with 50% 0, 25% 1, 25% 2. WMICDFLG = 0, 1, 2 implies no microbial degradation of cellulose,
microbial degradation of only cellulose, microbial degradation of cellulose, plastic and rubber.

WPRTDIAM—Waste particle diameter (m). Used in CUTTINGS_S. Distribution: Loguniform. Range: 4.0 x
107510 2.0 x 10~! m. Mean, median: 2.35x 102 m, 2.80 x 10-2 m

WRBRNSAT—Residual brine saturation in waste (dimensionless). Used in BRAGFLO and BRAGFLO_DBR.
Distribution: Uniform. Range: 0to 0.552. Mean, median: 0.276, 0.276.

WTAUFAIL—Shear strength of waste (Pa). Used in CUTTINGS_S. Distribution: Uniform. Range: 0.05 to 10
Pa. Mean, median: 5.03 Pa, 5.03 Pa.
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Table 3. Mechanistic Calculations Performed as Part of the Uncertainty and Sensitivity Analyses in the 1996
WIPP PA

BRAGFLO

Individual Calculations (6 cases): EO (i.e., undisturbed conditions}); E1 at 350, 1000 yr (i.e., drilling intrusion
through repository that penetrates pressurized brine in the Castile Fm); E2 at 350, 1000 yr (i.e., drilling intrusion
through repository that does not penetrate pressurized brine in the Castile Fm); E2E1 with E2 intrusion at 800 yr
and E1 intrusion at 1000 yr. Total calculations: 6 nR nLHS = 6 ¢ 3 « 100 = 1800.

CUTTINGS_S

Individual Calculations (52 cases): Intrusion into lower waste panel in previously unintruded (i.e., EO conditions)
repository at 100, 350, 1000, 3000, 5000, 10,000 yr; Intrusion into‘upper waste panel in previously unintruded
repository at 100, 350, 1000, 3000, 5000, 10,000 yr; Initial E1 intrusion at 350 yr followed by a second intrusion
into the same waste panel at 550, 750, 2000, 4000 or 10,000 yr; Initial E1 intrusion at 350 yr followed by a
second intrusion into a different waste panel at 550, 750, 2000, 4000 or 10,000 yr; Initial E1 intrusion at 1000 yr
followed by a second intrusion into the same waste panel at 1200, 1400, 3000, 5000 or 10,000 yr; Initial El
intrusion at 1000 yr followed by a second intrusion into a different waste panel at 1200, 1400, 3000, 5000 or
10,000 yr; same 23 cases for initial E2 intrusions as for initial E1 intrusions. Total calculations: 52 nR nLHS =
52« 3« 100 = 15,600.

BRAGFLO_DBR
Same computational cases as for CUTTINGS_S

NUTS

Individual Calcularions (15 cases): EO; E1 at 100, 350, 1000, 3000, 5000, 7000, 9000 yr; E2 at 100, 350, 1000,
3000, 5000, 7000, 9000 yr. Screening calculations: 5 nR nLHS = 1500. Total NUTS calculations: 594. Note:
Screening calculations were initially performed for each LHS element (i.e., EQ, E1 at 350 and 1000 yr, E2 at 350
and 1000 yr, which produces the multiplier of 5 in the calculation of the number of screening calculations) to
determine if the potential for a radionuclide release existed, with a full NUTS calculation only being performed
when such a potential existed.

PANEL

Individual Calculations (7 cases): E2E1 at 100, 350, 1000, 2000, 4000, 6000, 9000 yr. Total calculations: 7 nR
nLHS =7 « 3 ¢ 100 =2100. Nore: Additional PANEL calculations were also performed at 100, 125, 175, 350,
1000, 3000, 5000, 7500 and 10,000 %r for Salado-dominated brines and also for Castile-dominated brines to
determine dissolved radionuclide concentrations for use in the determination of direct brine releases.

SECOFL2D .

Individual Calculations (2 cases): Partially mined conditions in vicinity of repository; Fully mined conditions in

vicinity of repository. Total calculations: 2 nR nLHS =2e 3 « 100 = 600.
~ SECOTP2D

Individual Calculations (2 cases): Partially mined conditions in vicinity of repository; Fully mined conditions in
vicinity of repository. Total calculations: 2 nR nLHS =2 » 3 100 = 600. Note: Each calculation is for four
radionuclides: Am-241, Pu-239, Th-230, U-234. Further, calculations are done for unit releases at time 0 yr,
which can then be used to construct transport results for the Culebra for arbitrary time-dependent release rates into
the Culebra (Sect. 12.2, [13]). ’




Table 4. Stepwise Regression Analysis with Rank-Transformed Data for Expected Normalized Release Associated
with Individual CCDFs for Spallings Release, Direct Brine Release, and Total Release.

Spallings Release - Direct Brine Release. Total Relecase
Stepd| Variable® | SRRCC| R2d Variable SRRC | R? Variable SRRC | R*
1 |WMICDFLG 0.72 0.53 | WRBRNSAT -0.46 0.21{WMICDFLG 0.60 0.40
2 HALPOR 0.26 0.60 [HALPOR 0.37 0.35|WTAUFAIL -0.39 0.55
3 WGRCOR 0.24 0.66 |JANHPRM 0.27 0.42 {\WGRCOR 0.21 0.59
4 |BHPRM -0.20 0.70 |BPCOMP 0.20 0.46 |WPRTDIAM -0.19 0.63
5 |WPRTDIAM =0.19 0.73 | BPINTPRS 0.14 0.48|HALPOR 0.17 0.65
6 |HALPRM 0.13 0.75|HALPRM 0.14 0.50 |{BHPRM -0.17 0.68
7 |WASTWICK 0.11 0.76 HALPRM 0.16 0.71
8 |ANHPRM 0.10 0.77 WASTWICK 0.11 0.72
9 ANHPRM 0.09 0.73

2 Steps in stepwise regression analysis,
b Variables listed in order of selection in regression analysis.
¢ Standardized regression coefficients in final regression model with ANHCOMP and HALCOMP excluded from

entry into regression model because of the —0.99 rank correlation within the variable pairs (ANHPRM,
ANHCOMP) and (HALPRM, HALCOMP).

4 Cumulative R? value with entry of each variable into regression model.
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