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Abstract

The Waste Isolation Pilot Plant (WIPP) is under development by the U.S. Department of Energy (DOE) for the
geologic disposal of transuranic waste. The construction of complementary cumulative distribution  functions
{CCDFs) for total radionuclide release from the WIPP to the accessible environment is described. The resultant
CCDFs (i) combine releases due to cuttings and cavings, spallings, direct brine release, and long-term transport in
flowing groundwater, (ii) fall substantially to the left of the boundary line specified by the U.S. Environmental
Protection Agency’s (EPA’s) standard 40 CFR 191 for the geologic disposal of radioactive waste, and (iii) constitute
an important component of the DOE’s successful Compliance Certification Application to the EPA for ‘the WIPP.
Insights and perspectives gained in the performance assessment (PA) that led to these CCDFs are described,
including the importance of (i) an iterative approach to PA, (ii) uncertainty and sensitivity analysis, (ili) a clear
conceptual model for the analysis, (iv) the separation of stochastic (i.e., aleatory) and subjective (i.e., epistemic)
uncertainty, (v) quality assurance procedures, (vi) early involvement of peer reviewers, regulators, and stakeholders,

(vii) avoidance of conservative assumptions, and (viii) adequate documentation.
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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 disposal of transuranic waste.!> This article describes the construction of complementary cumulative
distribution functions (CCDFs) for total radionuclide release from the WIPP to the accessible environment. The
total release CCDFs are the primary quantitative results from the 1996 WIPP performance assessment (PA) used in
determining compliance with the U.S. Environmental Protection Agency’s (EPA’s) standard for the geologic

disposal of radioactive waste 59

Previous articles have discussed the conmstruction of CCDFs for releases due to cuttings and cavings,10
spallings,10; 11 direct brine release,!2 and long-term radionuclide transport in flowing groundwater.!3 The total
release CCDFs described in this article combine the results associated with the preceding release modes into a single
overall result. The resultant total release CCDFs were found to fall substantially to the left of the boundary line
specified by the EPA in 40 CFR 191,% thus indicating that the WIPP is in compliance with the primary numerical

standard imposed on it.

The parts of this article relating to CCDF construction are adapted from Chapt. 13 of Ref. 14. In addition, the
article ends with a discussion of insights and perspectives gained in the 1996 WIPP PA.

2. Conceptual Basis for CCDF Construction

The 1996 WIPP PA is underlain by three entities (EN1, EN2, EN3): EN1, a probabilistic characterization of the
likelihood of different futures occurring at the WIPP site over the next 10,000 yr (Sect. 3, Ref. 15); 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 (Sect. 4, Ref. 15); and EN3, a probabilistic characterization
of the uncertainty in the parameters used in the definitions of EN1 and EN2 (Sect. 5, Ref. 15). All three of these

entities play a role in the construction of the CCDFs presented in this article.

The entity EN1 is defined by a probability space (S, 4 sp» Dsp) that characterizes stochastic (i.e., aleatory)
uncertainty. Each element X, of the sample space S, corresponds to a single 10,000 yr future at the WIPP and is
given by

Xy =[t1: lb €, bla P> ay, I, 12, €2, bZ» P28y, .0y, Zns €ns bm Pp> Qg tmin] ’ (1)

intrusion nth intrusion

15t znd

intrusion

where n is the number of drilling intrusions, # is the time (yr) of the i intrusion, /; designates the location of the it

intrusion, e; designates the penetration of an excavated or nonexcavated area by the /! intrusion, b; designates where




or not the ith intrusion penetrates pressurized brine in the Castile Formation, p; designates the plugging procedure
used with the i intrusion (i.e., continuous plug, two discrete plugs, three discrete plugs), a; designates the type of
waste penetrated by the 71t intrusion (i.e., no waste, contact-handled (CH) waste, remotely-handled (RH) waste), and

tmin 18 the time at which potash mining occurs within the land withdrawal boundary (Sect. 3, Ref. 15; Ref. 16).

The entity EN2 is defined by a function f of the form
F(Xse) = Je(Xee) + Fsp[Xots Fo(%st)] + FoBR (X0t Fsp[Xots Sp XD} f5(Xet )}
+ fMB[xst: fB(xst)] + fDL[xstr fB(xsz)] + fS‘[xst’—fB(xst)]

+ fS—T{xst,O’ fS—F(xst,O)a 7 N—P[xst’ f3(Xs )]} 2

where X, ~ particular future under consideration, Xy, o ~ future involving no drilling intrusions but a mining event at
the same time #,,;, as in Xg, fC(x s,) ~ cuttings and cavings release to accessible environment for X, calculated with
CUTTINGS_S, fB(xS,) ~ two-phase flow results calculated for X, with BRAGFLO (in practice, fp(X,,) is a vector
containing a large amount of information), fSP[xst, fB(x;,)] ~ spallings release to accessible environment for Xy
calculated with the spallings model contained in CUTTINGS S (this calculation requires BRAGFLO results (i.e.,
fp(Xs)) as input), fDBR{xsn f:gp[xst, fB(xS,)], fB(xS,)} ~ direct brine release to accessible environment for Xg,
calculated with a modified version of BRAGFLO designated BRAGFLO DBR (this‘ calculation requires spallings
results obtained from CUTTINGS_S (i.e., fep[X,. fz (X;)]) and BRAGFLO results (ie., fp(Xs)) as input),
fMB[x st fB(xS, )] ~ release through anhydrite marker beds to accessible environment for X, calculated with NUTS
(this calculation requires BRAGFLO results (i.e., f5(Xs,)) as input), f) DL[X s B(x St)] ~ release through Dewey Lake
Red Beds to accessible environment for X, calculated with NUTS (this calculation requires BRAGFLO results (i.e.,
f(Xs) as input), j:g[xst, 1 B(xst )] ~ release to land surface due to brine flow up a plugged borehole for Xy
calculated with NUTS or PANEL (this calculation requires BRAGFLO results (i.e., f3(X,)) as input), fs_ F(xs,,o) ~
Culebra flow field calculated for X, o with SECOFL2D, fy_ P[x st fB(xst )] ~ release to Culebra for X, calculated
with NUTS or PANEL as appropriate (this calculation requires BRAGFLO results (i.e., fp(Xs)) as input),
fS—T{Xst,o, fs- F(xst,o), fa- P[xs,, fB(xS,)]} ~ groundwater transport release through Culebra to accessible
environment calculated with SECOTP2D (this calculation requires SECOFL2D results (i.e., fs_m(X,; o)) and NUTS
or PANEL results (i.e., fy_p[Xs;, fp(Xs)]) as input; X, o is used as an argument to fs_7 because drilling intrusions are

assumed to cause no perturbations to the flow field in the Culebra) (Sect. 4, Ref. 15; Refs. 10-13, 17, 18).




Of the functions appearing in Eq. (2), only fc, fpar and fgp produced nonzero results in the 1996 WIPP PA.10;

12,13 Thus, in this PA, fcan be viewed as a function of the form

b (xst) = fC(xst) + fSP[xst, fB(xst)] + /pBR {xst’ fSP[xst’fB(xst)]:fB(xst)} (3

for the determination of total release to the accessible environment. The specific procedures used to obtain f¢, fsp
and fppp in the 1996 WIPP PA are described in Sect. 5 of Ref. 10, Sect. 10 of Ref. 10, and Sect. 11 of Ref. 12,

respectively.

Determination of the CCDF for total radionuclide release to the accessible environment involves evaluation of

the following integral (Sect. 4, Ref. 15):
probs (Rel > R) = £ Sp[ f (X5 )]dst (Xgr)dVy, 4)
st

where Sp[f (X, )] =1 if AXy,) >R and 0 if AX,,) < R, d, is the density function associated with the probability space
(Sep 4 st Psp) for stochastic uncertainty (Sect. 3, Ref. 15; Ref. 16), and prob, (Rel > R) is the probability that a
normalized release (Eq. (1), Ref. 15) greater than size R will occur. In practice, the preceding integral is too
complex to allow a closed-form evaluation. As a result, the 1996 WIPP PA uses the Monte Carlo procedure
indicated below to estimate this integral (Sect. 4, Ref. 15; Sects. 10, 11, Ref. 16):

nS
proby (Rel>R)=Z§R [f(xst’i):l/nS 5
i=1

where the X ;, i =1, 2, ..., n§ = 10,000, correspond to a random sample of size nS = 10,000 from the sample space

S,; associated with the probability space (S;, & Py, for stochastic uncertainty.

st

The entity EN3 is defined by a probability space (S,,, 4 su» Dsy) that characterizes subjective (i.e., epistemic)

Su>

uncertainty (Sect. 5, Ref. 15; Ref. 19). Each element X, of the sample space S, corresponds to a single set of

values for the #n} uncertain variables considered in the analysis and has the form

xsu =[.7C],XZ,...,X”V], (6)
where each x; is an uncertain input and #V = 57 in the 1996 WIPP PA (Table 1, Ref. 19).

When the effects of imprecisely known analysis inputs are included, the representations for f and its component
functions in Egs. (2) - (5) will also contain a dependence on X,,,. The possible values for X, lead to distributions of

release results for specific futures X, and also for the CCDFs that result from integrating over all possible values for



X, Inthe 1996 WIPP PA, these distributions are approximated by using Latin hypercube sampling?0 to generate a
mapping from S, to analysis outcomes of interest (Sect. 5, Ref. 15; Sect. 8, Ref. 19). The generation and
presentation of this mapping is usually referred to as uncertainty analysis. Once generated, this mapping can be
explored with sensitivity analysis techniques based on examination of scatterplots, regression analysis, and

correlation analysis (Sect. 3.5, Ref. 21).

3. Total Release: CCDFs

The CCDFs for total release were constructed with release values of the form indicated in Eq. (3). Further, this
construction was carried out for each sample element associated with 3 replicated Latin hypercube samples (LHSs)
of size 100 (Sect. 8, Ref. 19). Specifically, the analysis involved 3 x 100 = 300 LHS elements and resulted in 300

CCDFs for total release to the accessible environment.

The outcome is a distribution of CCDFs that falls substantially below the limit specified in 40 CFR 191 (Fig. 1).
The dominant contributor to total release is cuttings removal (i.e., f) (Fig. 6, Ref. 10); a substantial contribution is
also made by spallings (i.e., fsp) for some LHS elements (Fig. 16, Ref. 10). Direct brine release (i.e., fpgg) is a
small, and often zero, contributor to the total release (Fig. 16, Ref. 12). The appearance of the 90th quantile
substantially below and to the left of the boundary line specified in 40 CFR 191 is indicative of a high confidence
that the WIPP does indeed meet this regulation (Fig. 1).

The three replicated LHSs (Sect. §, Ref. 19) provide a check on the stability of the results in Fig. 1 (Fig. 2).
Reassuringly, the estimated mean and quantiles are quite stable across the three replicates, and a tight confidence
interval is obtained for the mean. Similar stability was also observed for the cuttings (Fig. 7, Ref. 10), spallings

(Fig. 17, Ref. 10) and direct brine release (Fig. 17, Ref. 12) CCDFs.

The CCDFs for total release can be reduced to expected values (Fig. 3). Comparison of expected values for
cuttings, spallings, direct brine release and total release shows that the total release is dominated by cuttings. For a
few LHS clements, the release to the Culebra exceeds the total release due to cuttings, spallings and direct brine

release. However, these releases were not transported through the Culebra to the accessible environment.!3

4. Total Release: Sensitivity Analysis

Stepwise regression analysis with rank-transformed data (Sect. 3.5, Ref. 21; Ref. 22) can be used to determine
the dominant contributors to the expected value for total release due to cuttings, spallings and direct brine release

(Table 1). The two dominant variables with respect to uncertainty in the expected total release are WMICDFLG

(microbial gas generation flag) and WTAUFAIL (waste shear strength) (see Table 1, Ref. 19, for more information on
the definition and use of WMICDFLG, WTAUFAIL and other variables), with the size of the expected release tending




to increase as WMICDFLG increases and tending to decrease as WTAUFAIL increases. The positive effect for
WMICDFLG results from its influence on the size of the spallings release (Table 4, Fig. 19, Ref. 10), and the
negative effect for WTAUFAIL results from its influence on the size of the cuttings release (Eq. (32), Fig. 8, Ref. 10).
As a reminder, the total release is dominated by spallings and cuttings (Fig. 3), with WMICDFLG and WTAUFAIL
being the dominant contributors to the uncertainty in these two release modes. The remaining seven variables in the
regression model (i.e., WGRCOR, WPRTDIAM, HALPOR, BHPRM, HALPRM, WASTWICK, ANHPRM; see Table
1, Ref. 19, for variable descriptions) appear primarily because of their effects on the spallings release. Indeed, these
are exactly the same seven variables selected after WMICDFLG in the regression analysis for spallings releases

(Table 4, Ref. 10). A discussion of the effects of these variables is provided in conjunction with Table 4 of Ref. 10.

For perspective, scatterplots involving WMICDFLG, WTAUFAIL, WPRTDIAM (waste partiéle diameter) and
BHPRM (borehole permeability) are presented in Fig. 4. The tendency of the expected release to increase with
increasing values for WMICDFLG and to decrease with increasing values for WPRTDIAM can be seen in the
corresponding scatterplots. The scatterplot for WTAUFAIL clearly shows the interplay of the spallings and cuttings
components of the total release. The scatterplot is bounded below by points that correspond to LHS elements in
which the cuttings release is much larger than the spallings release (see Fig. 8 of Ref. 10 for the corresponding
scatterplot for cuttings releases only); LHS elements in which spallings is a significant contributor to the total release
produce points above this lower curve. The scatterplots for WPRTDIAM and BHPRM show a tendency for the
largest releases to be associated with small values for WPRTDIAM and BHPRM, with these associations resulting
from the effects of WPRTDIAM and BHPRM on the size of the spallings release (see Sect. 10, Ref. 10).

As for spallihgs (Fig. 20, Ref. 10), an alternative investigation of the effects of uncertainty on the CCDFs
Fig. 1 is provided by partial rank correlation coefficients (PRCCs) (Fig. 5; see Sect. 3.5, Ref. 21). Specifically, the
probability of exceeding a given release tends to go up as WMICDFLG increases and tends to go down as
WTAUFAIL increases. The basis of these effects is discussed in conjunction with Table 1, with WMICDFLG and

WTAUFAIL being the first two variables selected in the stepwise regression analysis summarized in Table 1.

5. Discussion

For the 1996 WIPP PA, the total release CCDF fell substantially to the left of the EPA boundary (Fig. 1). This
was the case even when the uncertainties present in the analysis were incorporated into the determination of this
CCDF. Further, the numerical integration procedure based on Latin hypercube sampling that led to the estimate of a
distribution of CCDFs due to subjective uncertainty and a mean CCDF over subjective uncertainty was shown to be
quite stable (Fig. 2). These results constituted the core component of a Compliance Certification Application
(CCA)*3 by the DOE to the EPA for the certification of the WIPP for the disposal of transuranic waste (see pp.
XWALK-1 to XWALK-36, Ref. 23, for a complete description of the regulatory requirements placed on the WIPP



by the EPA and how these requirements were met in the CCA). After extensive review of the CCA, the EPA
certified the WIPP for the disposal of transuranic waste in May 1998.24 As a result, the WIPP is the first operational

facility in the United States for the geologic disposal of radioactive waste.

The certification of the WIPP for radioactive waste disposal was the culmination of a long development process.

Various insights and perspectives that emerged from this process are now presented.

5.1 Evolution of WIPP PA

The 1996 WIPP PA has its origins in the extended search in the United States for an acceptable disposal
procedure for radioactive waste.!> Immediate precursors to the development of a PA capability for the WIPP are
several large projects at Sandia National Laboratories (SNL) that involved analyses of nuclear power reactors or
radioactive waste disposal concepts. These projects supplied both ideas and personnel that contributed to the
development of a PA capability for the WIPP. These programs include a U.S. Nuclear Regulatory Commission
(NRC) project to develop a PA methodology for the geologic disposal of high-level radioactive waste,2528 an
international program to study the subseabed disposal of radioactive waste,?” and the NRC’s reassessment of the risk

from commercial nuclear power plants.30; 31

A PA capability for the WIPP was developed through a sequence of PAs, with individual PAs carried out in
1989,32:33 1990,34 1991,35 and 1992.36 An overview of the computational procedures used in these PAs is given by
Rechard,3” and summaries of the 1991 and 1992 PAs are available in the journal literature.38-40 Further, a
specialized approach to PA designated the System Prioritization Methodology (SPM) was developed and tested in
the 1994-1995 time frame.41-46

In general, these PAs tended to follow a progression from simple and exploratory to complex and focused as the
sophistication of the models and the analysis strategy for the use of these models increased and as the regulatory
requirements that would be placed on the WIPP became better defined. The iterative and evolutionary nature of the
PA process for the WIPP contributed to the development of a final PA (i.e., the 1996 PA) that was focused on
regulatory issues of importance, well-understood, computationally practicable, and free of serious errors.
Maintenance of organizational and personnel continuity contributed significantly to the implementation of a

sequence of iterative PAs and the use of the resultant knowledge and insights.

The 1996 WIPP PA involves many interacting components that are discussed in various articles in this special
issue of Reliability Engineering & System Safety. Included in these components are descriptions of the natural and
engineered systems that define the WIPP and its environment,*7-50 regulatory requirements,” a features, events and
processes (FEPs) screening procedure,! experimental programs and associated data,2> 48 models and their associated

computational implementation,2- 10-13, 17, 18, 48 3 conceptual structure for the overall PA,!3: 16, 19 procedures for




uncertainty and sensitivity analysis,!%> 2! a computational strategy for assembling the complete PA,10: 12,13, 15,16, 18,
19 computational resources necessary to carry out and archivally store the calculations that underlie the PA,5? and
appropriate quality assurance (QA) procedures.>? None of these components remained fixed over the approximately
10 yr period (i.e., 1987-1996) during which the WIPP PA capability evolved. Rather, they ail changed as insights
were gained about the WIPP and on how to conduct a PA for the WIPP.

Uncertainty and sensitivity analysis played an important role in helping to guide the development of the
WIPP,35: 36,54, 55 with many of the individual studies published in the journal literature.38-40: 56-58 Uncertainty and
sensitivity analysis helped (i) identify the areas in which the greatest benefit could be derived from the reduction of
uncertainty through improved models or data, (ii) identify computational strategies that could increase the numerical
efficiency of the PA, (iil) enhance credibility of analyses by providing a representation of the uncertainty in
predictions of interest, and (iv) contributed to QA by providing an extensive examination of analysis results.
Extensive uncertainty and sensitivity studies have been carried out as part of the 1996 WIPP PA 10, 12-14, 18, 59-61
These studies contributed to the 1996 WIPP PA by providing a representation of the uncertainty in analysis
outcomes and a strong indication that the numerical implementation of the analysis was operating correctly, with the

preceding helping to enhance confidence that the WIPP does indeed satisfy applicable regulations.

Regulatory requirements had a significant effect on the development of a PA capability for the WIPP.2> 915
Initially, the regulatory status of the WIPP was unclear. However, after the promulgation of 40 CFR 1919 by the
EPA in 1985, the WIPP project used this regulation for guidance.52- 63 With the passage of the Land Withdrawal
Act (LWA)%* in 1992, 40 CFR 191 was established as the regulation pertaining to radioactive waste disposal at the
WIPP, and the EPA was specified as the regulator with authority to certify compliance with 40 CFR 191. As
mandated in the LWA, the EPA published an elaboration of the intent of 40 CFR 191 and specific procedures to be
used in assessing compliance with 40 CFR 191 in 40 CFR 194.8 The EPA repromulgated 40 CFR 191 in 1993 but
with no changes that affected PA for the WIPP.? Together, 40 CFR 191 and 40 CFR 194 mandated a full PA for the
WIPP, including separation of the effects of stochastic (i.e., aleatory) and subjective (i.e., epistemic) uncertainty.
Due to extensive interactions between the EPA and the PA staff at Sandia, the mandated PA process was similar in
concept to the PA prbcesses for the WIPP that had been evolving at Sandia since the late 1980s.62: 63 Additional

discussion is provided in Sect. 5.2.

Outside review was a significant component in the development of a PA capability for the WIPP. Prior to the
1996 WIPP PA, outside review was provided by a National Academy of Science (NAS) review committee which
typically met four times a year with members of the WIPP project and issued periodic reports (e.g., Refs. 4, 65, 66),
the New Mexico Environmental Evaluation Group (EEG) which provided independent review of the WIPP project
for the State of New Mexico (e.g., Refs. 67-70), and a Performance Assessment Review Committee that met several

times a year from 1988 to 1993 with members of the PA team to review work in this area. The review process was

facilitated by extensive publication of WIPP-related work in technical reports (e.g., Refs. 14, 32-37), conference




proceedings (e.g., Refs. 71, 72, 73), and the journal literature (e.g., Refs. 38;40). Subsequent to the 1996 WIPP PA,
review continued to be provided by the NAS review committee and the EEG (e.g., Refs. 74-76). Further, additional
review was pfovided by a Conceptual Models Peer Review Group,’’ an International Review Group,’® several
specially impaneled review groups,’?-83 and the EPA. Publication of WIPP-related work, including this special
issue of Reliability Engineering & System Safety, continues to provide an opportunity for a broad-based review of
the 1996 WIPP PA.

Stakeholder involvement was actively encouraged in the development of the WIPP. The involvement of the
EEG certainly constituted one form of stakeholder involvement. Qutside the formal involvements of the EEG, the
most active stakeholder group constituted the community of Carlsbad.3 This group felt that the development of the
WIPP would have a positive impact on their community and formed a constituency that strongly supported the
WIPP. The WIPP project benefited from this group of positive and active stakeholders. In contrast to other
contentious projects such as the development of the Yucca Mountain disposal facility for high-level radioactive
waste, there was relatively little opposition to the development of the WIPP (see Ref. 5 for a detailed discussion of

the political environment within which the WIPP was developed).

A PA is a procedure for assembling information from many sources. Extensive experimental programs were
carried out in support of PA for the WIPP.2: 3; 48 As it became available, information emerging from these programs
was incorporated into PA for the WIPP. As a result, PAs for the WIPP tended to be better supported by
experimental results as they developed from 1989 to 1996.

5.2 Regulatory Involvement

In the early stages of the development of the WIPP, the DOE was self-regulating. Thus, there was no outside
regulator and no outside regulations to be considered in the development of the WIPP. However, with the
promulgation of 40 CFR 191 by the EPA in 1985, the WIPP project used this regulation for guidance in the
development of a PA capability.62: 63 With the passage of the LWA and the resultant promulgation of 40 CFR 194,
specific regulatory requirements deriving from 40 CFR 191 were placed on the WIPP. These requirements led to a
well-defined conceptual structure for the 1996 WIPP PA!S and a computational strategy for carrying out calculations

in the context of this structure.10- 12, 13,16, 18,19

Prior to the CCA, EPA staff met extensively with the WIPP PA team to develop a high-level understanding of
the nature of the calculations intended for use in the 1996 WIPP PA and thus for use in support of the CCA. As the
1996 WIPP PA developed, EPA staff carried out an ongoing review of the data, models, computer programs and
computational structure intended for use in this analysis. This review required a significant commitment of time and

qualified personnel by the EPA. However, it greatly facilitated later review of the CCA and justification of the



EPA’s certification decision by providing EPA staff who understood the 1996 WIPP PA and its use in support of the
CCA.

The EPA carried out an extensive review of the CCA and the PA calculations that supported it. As part of this
review, additional PA calculations were performed at SNL under the guidance of EPA staff.84 Further, as previously
indicated, additional outside review by two specially convened committees was also carried out.”’- 78 The outcome
of the CCA and the EPA’s associated review was a certification decision in May 1998.24 The first receipt of waste
at the WIPP took place on March 26, 1999.

As mandated in 40 CFR 194, the WIPP must undergo recertification every five years beginning at first receipt of
waste (i.e, March 1999, implying a required recertification by March 2004). If required by the EPA, this
. recertification will be supported by a PA similar to the 1996 WIPP PA used in support of the CCA. This PA will
provide a means to incorporate any improved data, models and insights that have been developed since the CCA.
For example, it is anticipated that future PAs in support of recertification and/or changes in the design of the WIPP

will include improved models for spallings and direct brine releases.!!: 8

Although not considered in this special issue of Reliability Engineering & System Safety, the WIPP was also
required to obtain a permit from the State of New Mexico for the disposal of hazardous (i.e., nonradioactive) wastes
as mandated by the Resource Conservation and Recovery Act (RCRA).86 This permit was issued in October 1999.87
Only nonmixed waste (i.e., waste without hazardous components regulated by RCRA) was emplaced in the WIPP

prior to the issuance of the RCRA permit.

5.3 lterative Nature of PA

Performance assessment should be an iterative process. Initially, PA can be primarily exploratory and relatively
simple. Early PA efforts provide opportunities for (i) uncertainty and sensitivity analysis, (ii) development of
insights with respect to the systems under study, (iii) outside review, (iv) regulator and stakeholder involvement, (v)
initiation of a QA program, and (vi) education of analysis participants on what to expect in later analyses. From such
efforts, guidance emerges on (i) experimental programs and data development, (i) model development, including the

appropriateness of more or less complex models, and (i11) computational structure for a fully integrated analysis.

Intermediate PAs are typically more complex than initial PAs. At times, intermediate PAs are pushed towards
unnecessary complexity or complexity that exceeds available data by model developers or outside reviewers.
However, PAs tend to improve through multiple iterations as (i) more data becomes available or increased
understanding improves the match between available data and model requirements, (ii) the appropriateness and

implementation of individual models improves, (iii) the design and assembly of the entire PA improves due to

increased understanding of both the overall system and results obtained from individual models, and (iv) the benefits




of an appropriately implemented QA program are realized. In addition, continued iterations provide opportunities
for (i) review of alternative models, (ii) uncertainty and sensitivity analyses, (iii) identification of errors in analysis or

model implementation, and (iv) continued education of analysis participants, regulators, and stakeholders.

The final PA (e.g., the PA supporting the CCA in the case of the WIPP) benefits from the experiences of the
prior analyses, including (1) a well-defined and well-tested analysis system that will produce no surprises in the final
analysis, (ii) an analysis focused on recognized needs and requirements, (iii) use of models appropriate for the
requirements of the analysis, including use of simplified models when prior analyses have indicated that this is
acceptable due to either analysis requirements or resolution in available data, (iv) QA procedures emplaced and
employed with models and an analysis system that have been previously used and tested, and (v) analysts, reviewers,

regulators and stakeholders who are familiar with the analysis due to prior involvement.

5.4. Conservative Assumptions

The idea of a conservative assumption is often encountered in PAs for radioactive waste disposal and other
complex facilities. In the context of PA, conservative is used in the designation of an assumption or analysis
approach that will lead to results that are more unfavorable in some sense than the analysts involved believe they
should be. Put another way, a conservative assumption is an assumption that is believed to lead to less favorable
analysis outcomes than should really be the case. As used here, the designation conservative does not apply to
assumptions that are made for analysis convenience but are not intended to shift analysis results in an unfavorable

manner (e.g., using a permeability of zero rather than a very low nonzero permeability).

Conservative assumptions are widely warned against (e.g., Sect. 6, Ref. 15; Ref. 88) and should be avoided.
Analyses based on conservative assumptions often produce misleading results and provide an inadequate basis for
informed decisions. By their very nature, conservative assumptions lead to analysis results that are believed to be
incorrect. The dangers of conservative assumptions are particularly evident when decisions must be made about the
allocation of resources among several alternatives (e.g., which experimental programs to support to reduce the
uncertainty in an analysis outcome of interest). When an analysis employs conservative assumptions, decisions on

such allocations cannot be made in a meaningful manner.

A compounding difficulty is that conservative assumptions can be difficult to make for a least two reasons.
First, what constitutes a conservative assumption in a- complex analysis is not always easy to determine. In
particular, an assumption that is believed to be conservative for one process can be nonconservative for another
process. In the 1996 WIPP PA as an example, a high borehole permeability is conservative for long-term
radionuclide transport from the repository to the Culebra Dolomite but nonconservative for radionuclide release to
the surface environment due to spallings and direct brine release. Second, the standardization of the meaning of

conservative over multiple analysts is very difficult. Often, the extremeness of conservative assumptions can vary



widely from individual to individual. Sometimes, realistic conservative assumptions are asked for but, unfortunately,

the preceding phrase is an oxymoron.

Rather than employing conservative assumptions, an analysis should strive to be honest about the amount of
uncertainty present in its assumptions and hence in analysis results. In particular, the goal of a well-designed and
executed analysis should be results that are neither deliberately pessimistic nor deliberately optimistic. Further, such
results should be accompanied by a fair representation of the uncertainty that is present. In designing such an
analysis, it is often necessary to draw a distinction between uncertainty that results from inherent variability
associated with the system under study (i.e., stochastic or aleatory uncertainty) and uncertainty that resuits from
quantities that are assumed to have fixed values in the context of a particular analysis (i.e., subjective or epistemic
uncertainty).89-%4 Often, an expert review process must be used to assemble information from multiple sources into

a useable characterization of subjective uncertainty.95-103

A widely expressed concern is that analysts will deliberately skew the results of a PA by using assumptions that
are excessively favorable and thus will lead to analysis outcomes that are overly benign. The authors’ observations
are that the opposite is typically the case. When confronted with the need to deal with a poorly known analysis
assumption, the ingrained tendency in many PA analysts is to make what is believed to be a conservative assumption.
As a result, implementation of a nonconservative PA and determination of realistic uncertainty estimates requires
significant care, effort and education. Otherwise, the PA is likely to produce misleading results due to the

incorporation of a large number of assumptions of varying degrees of conservatism.

5.5 Final Observations

Successful implementation of a large PA requires a clear conceptual model for the overall analysis. This model
then provides a basis for the design, calculation and presentation of analysis results. For the 1996 WIPP PA, this
model was based on maintaining a clear separation of stochastic and subjective uncertainty and conceptually viewing
the analysis as a large integration problem based on Monte Carlo procedures.!> All parts of the PA could then be

viewed as specific components within this overall conceptual and computational framework.

In designing a large PA, it is important to identify exactly what the purpose of the analysis is and then focus the
design on that purpose. Without such focus, a PA can easily become a large mass of isolated calculations rather than
an organized effort directed to a specific purpose. For the 1996 WIPP PA, the guiding purpose defining the
organization of the analysis was assessing compliance with the EPA certification criteria embodied in 40 CFR 191

and 40 CFR 194.%-15 Simply put, it is necessary to recognize clearly what the question is before an analysis can be

designed and implemented to answer that question.




Large projects such as the development of the WIPP often have separate teams of individuals responsible for
experimental programs and the development of a PA capability. The two teams should be integrated from the
beginning of the project so that the experimentalists will be aware of the data needs of the PA analysts, and the PA
analysts will be aware of the type of information that they can reasonably expect to receive to support their work.
The interaction between experimentalists and PA analysts in the conduct of periodic uncertainty and sensitivity
analyses provides an effective way to achieve this integration. Such analyses require the experimentalists to provide
a careful assessment of how their data supports the needs of PA and also require the PA analysts to demonstrate
exactly how they intend to use the information that is being generated by the experimentalists. The subsequent
e;camination of uncertainty and sensitivity analysis results by both groups facilitates a team approach to PA, enhances
understanding of the analysis as a whole, and provides guidance for future experimental work and model
development. This process probably should have been more extensive than it was in the early development of a PA
capability for the WIPP, but by the 1996 WIPP PA extensive interactions between experimentalists and PA analysts
were taking place in order to provide the parameter quantifications and uncertainty assessments required to support

this analysis.!?

Early involvement of the regulator is important in a PA carried out to support a regulatory decision. This
involvement helps the PA by clarifying what the regulator desires and helps the regulator by providing advance
perspectives and knowledge on what will be incorporated into the PA and how the PA will support the regulatory
application. The WIPP PA was fortunate to have an early, active and insightful involvement with the EPA before the
completion of the 1996 WIPP PA in support of the CCA of the same year.

Involvement with a regulator is only one aspect of the review that a large PA should undergo. Extensive review
from multiple sources is important and should be considered an integral part of any large PA. Such review provides
valuable feedback to a PA on the appropriateness of analysis assumptions, enhances the credibility of a PA by
making it clear that the PA process is open to review, comment and criticism, and develops a knowledgeable group
of individuals outside the organization implementing the PA that can be called on for informed commentary on the
PA. As described earlier, the WIPP PA actively participated in, and devoted significant resources to, extensive

outside review.

A PA should avoid the use of conservative assumptions. Simply put, how can a PA be a PA if it is based on
conservative assumptions? On the whole, the 1996 WIPP PA attempted to avoid the use of conservative
assumptions but be forthright about the uncertainty present in the analysis. Such a goal is always imperfectly
achieved in a large analysis. In particular, it is difficult to eliminate the tendency of many individuals to make what
they believe to be conservative assumptions when confronted with substantial uncertainty. Further, some analysis
assumptions may be mandated by regulation and thus are not open to review as part of a PA (e.g., the conservative
requirement in 40 CFR 194 that the drilling rate for deep resources observed in the Delaware Basin for the last 100
yr be assumed to continue unchanged for the next 10,000 yr). In review subsequent to completion of the 1996 WIPP
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PA, it was decided that the spallings model probably overestimated the size of the spallings release and thus

provided conservative release results.!1- 85

Carrying out a PA for a complex system such as the WIPP is a large undertaking. Development of a conceptual
structure for the PA, models for use within this structure, and numerical procedures for carrying out the PA are
important parts of this undertaking. Three additional components that should be carefully addressed in a PA are (i)

appropriate management and archival storage of calculations, (if) QA, and (iii} documentation.

The total calculations that must be carried out and stored in a large PA such as the 1996 WIPP can be massive.
For the 1996 WIPP PA, a designated group of individuals was given sole responsibility for conducting and storing
all calculations.’? This freed the individual PA analysts from this responsibility and assured that all calculations

were carried out and archivally stored in a traceable manner.

Appropriate QA ﬁrocedures’ are essential parts of a large PA to assure both the PA team and individuals outside
the team (e.g., peer reviewers, regulators, stakeholders) that the analysis has been properly carried out. This is
particularly true of PAs that support regulatory decisions. Such PAs must be supported by some type of documented
and verifiable QA process. Without a suitable QA process, it is difficult to ensure fraceability and reproducibility for
the analysis and thereby to enhance confidence that the results of the analysis are correct and should be accepted as a
reasonable representation of the behavior of the system under study. The 1996 WIPP PA was supported 'by an

extensive QA process.>3

Although QA procedures are an important part of a large analysis, such procedures must be appropriately
designed and implemented. In particular, an excessively restrictive set of QA procedures can use up unnecessarily
large amounts of project resources, stifle innovative and efficient solution of problems, and, in the end, actually
damage rather than enhance the quality of the analysis. In practice, some type of graded QA process is needed
whereby the QA effort expended on individual activities can be adjusted to take into account the potential effects that
these activities will have on the final results of the PA. For example, exploratory analyses performed early in the PA
process require less QA than a final PA that will be used in comparisons with a regulatory standard. Although not
sufficient by itself, the most important component of assuring quality in a large analysis is a group of analysts who

feel a strong personal and professional identification with the work that they are doing.

Documentation is an important part of a PA. Documentation typically must be carried out on several levels.
Clearly, documentation is an important part of any QA process, but QA documentation is not very useful for
obtaining an overview of a PA and the models used within the PA. Thus, documentation is needed that describes the
models in use, the data that supports these models, the computer programs and numerical procedures in use, and the
overall structure of the PA. The 1996 WIPP PA produced extensive documentation, including analysis packages

(e.g., Refs. 104-111), data reports (e.g., Refs. 112-117), users’ manuals for computer programs (e.g., Refs. 118-127),
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descriptions of analysis structure and uncertainty/sensitivity analyses,!4 QA results (e.g., see the parts of Refs. 104-
111 that relate to adherence to QA procedures), review teports (e.g., Refs. 80-86), and the CCA itself23 A major
component of the 1996 WIPP PA and associated CCA was the production of adequaie documentation. Indeed, this
special issue of Reliability Engineering & System Safety is intended to be the most publicly accessible part of the
documentation for the 1996 WIPP PA. Most PAs underestimate the time, effort and resources required to produce

adequate documentation.

The geologic disposal of radioactive waste is a topic of wide interest and some controversy (e.g., Refs. 1, 128-
139). Adbering to the analysis properties indicated above helped contribute to the success of the 1996 WIPP PA and
ultimately to the positive certification decision for the WIPP. It is hoped that others who are interested in radioactive

waste disposal will find the 1996 WIPP PA and the perspectives derived from it both interesting and useful.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Distribution of CCDFs for total normalized release to accessible environment over 10,000 yr due to cuttings
and cavings, spallings and direct brine release: (1a) CCDFs for replicate R1, and (1b) mean and percentile
curves obtained by pooling replicates R1, R2 and R3.

Outcome of replicated sampling for distribution of CCDFs for total normalized release to the accessible
environment over 10,000 yr due to cuttings and cavings, spallings and direct brine release: (2a) mean and
percentile curves for individual replicates, and (2b) confidence intervals (CIs) on mean curve obtained from
the three replicates.

Distribution of expected values for total normalized release due to (i) cuttings and cavings (CUTREL),
(ii) spallings (SPLREL), (iii)direct brine release (DBREL), (iv) groundwater transport to Culebra
(CULREL), and (v) cuttings and cavings, spallings and direct brine release combined (TOTREL).

Scatterplots for expected normalized releases associated with individual CCDFs for total release due to
cuttings and cavings, spallings and direct brine release versus WMICDFLG, WTAUFAIL, WPRTDIAM and
BHPRM.

Sensitivity analysis based on PRCCs for CCDFs for total normalized release to the accessible environment
due to cuttings and cavings, spallings and direct brine release.

26




Total Normalized Releases: R1 ’ Total Normalized Releases: R1, R2, R3

100 Observations, 13300 Futures/Observation 300 Observations, 10000 Fulures/Observation
10" v =TT T — T 10— =
3 | 3 3 | 3
[ Frame 12 l I Frame 1b l 3
10° | . 10° l ]
g i 3 g [ 3
x 107 __ . o 107k | 4
A 3 3 A E 3
2 : | ] g i ‘ ]
s Ll N B b
2 102k | 3 R |3
3 3 : 5 F 3
gt I B S I
o i L ] o ] L ]
o 108k —_—— © 103 —
F F — — EPA Limit .
s R i Overall Mean ]
107 E . EPAUmit e 3 107* F — — 90th Pooled Quantile - 3
F ; L - —— 50th Pooled Quantile ]
3 ] |~ === 10th Pooled Quantile ]
10—5 AT ST TeRe S BTN ST RPN 10—5 FEATIT AR AT SR SR RTTY MR S TITY ul FETTT BE T)
1075 107 10% 102 107t 1w 10 102 105 0% 10 102 107 100 10" 102
» Nommalized Release (EPA units), R _ Normalized Release (EPA units), R
TRI-6342-4998-1
Fig. 1. Distribution of CCDFs for total normalized release to accessible environment over 10,000 yr due to cuttings
and cavings, spallings and direct brine release: (1a) CCDFs for replicate R1, and (1b) mean and percentile
curves obtained by pooling replicates R1, R2 and R3.
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Fig. 2. Outcome of replicated sampling for distribution of CCDFs for total normalized release to the accessible

environment over 10,000 yr due to cuttings and cavings, spallings and direct brine release: (2a) mean and
percentile curves for individual replicates, and (2b) confidence intervals (Cls) on mean curve obtained from

. the three replicates.
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Distribution of expected values for total normalized release due to (i) cuttings and cavings (CUTREL),
(11) spallings (SPLREL), (iii)direct brine release (DBREL), (iv) groundwater transport to Culebra
(CULREL), and (v) cuttings and cavings, spallings and direct brine release combined (TOTREL).
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Fig. 4. Scatterplots for expected normalized releases associated with individual CCDFs for total release due to
cuttings and cavings, spallings and direct brine release versus WMICDFLG, WTAUFAIL, WPRTDIAM and
BHPRM.
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Fig. 5.

Sensitivity analysis based on PRCCs for CCDFs for total normalized release to the accessible anvironment
due to cuttings and cavings, spallings and direct brine release.




Table 1. Stepwise Regression Analysis with Rank-Transformed Data for Expected Normalized Release
Associated with Individual CCDFs for Total Release Due to Cuttings and Cavings, Spallings
and Direct Brine Release

Expected Normalized Release
Step? Variable® SRRC* R2d
1 WMICDFLG 0.60 0.40
2 WTAUFAIL -0.39 0.55
3 WGRCOR 0.21 0.59
4 WPRTDIAM -0.19 0.63
5 HALPOR 0.17 0.65
6 BHPRM -0.17 0.68
7 HALPRM 0.16 0.71
8 WASTWICK 0.11 0.72
9 ANHPRM 0.09 0.73

@ Steps in stepwise regression analysis.

b Variables listed in order of selection in regression analysis with ANHCOMP
and HALCOMP excluded from entry into regression model.

¢ Standardized rank regression coefficients in final regression model.

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