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ABSTRACT

Validation (or confidence building) should be attempt to recognize these difficulties, address
an important aspect of the regulatory uses of their resolution, and document the resolution
mathematical models in the safety assessments in a careful manner. The end result of
of geologic repositories for the disposal of validation efforts should be a documented

. spent nuclear fuel and other high-level - enhancement of confidence in the model to an
radioactive wastes (HLW). A substantial body extent that the model's results can aid in

- of literature exists indicating the manner in regulatory decision making. The level of
which scientific validation of models is usually ' validation needed should be determined by

: pursued. Because models for a geologic the intended uses of these models, rather than
repository performance assessment cannot be by the ideal of validation of a scientific theory.
tested over the spatial scales ofinterest and This White Paper presents a model validation ;

long time periods for which the models will strategy that'can be implemented in a l
make estimates of performance, the usual regulatory environment. It was prepared i

avenue for model validation-that is, jointly by staff members of the U.S. Nuclear
comparison of model estimates with actual Regulatory Commission and the Swedish
data at the space-time scales ofinterest-is Nuclear Power Inspectorate-SKI. This j;

. precluded. Further complicating the model ~ document should not be viewed as, and is not '

validation process in HLW programs are the intended to be formal guidance or as a staff
. uncertainties inherent in describing the position on this matter. Rather, based on a
geologic complexities of potential disposal review of the literature and previous
sites, and their interactions with the experience in this area, this White Paper
engineered system, with a limited set of presents the views of members of the two
generally imprecise data, making it difficult to organizations regarding how, and to what
discriminate between model discrepancy and degree, validation might be accomplished in
inadequacy ofinput data. A successful strategy the models used to estimate the performance
for model validation, therefore, should of HLW repositories.

)
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FOREWORD

During the past two decades, there have been validating models to be used in any potential
a number ofinternational efforts underway, licensing action rests primarily with the reposi-
both individually and cooperatively, to tory developer. In this regard, the degree of
contribute to progress in the development of validation needed would be commensurate
procedures to validate mathematical models with the extent to which the safety case
used in safety assessments of geologic depends upon the model(s) in question. By _
repositories for high-level radioactive waste contrast, the degree of validation of the
(HLW). In parallel with these efforts,- regulator's models may be less rigorous since
repository regulators have also given . its models will be used to independently
considerable thought to this issue. Based on a ensure that the developer has made an
review of the literature and previous- adequate fundamental determination of
experience in this area, this White Paper repository safety,
presents the authors' views regarding what
degree of validation might be desirable in This document does not have the status of
models used to estimate the long-term formal guidance nor does it represent a staff

/ performance of a geologic repository for HLW. Position on this matter. However, the two
The collaborative effort claborates on these organizations may move jointly or individually
views, from a regulatory perspective, v!hich to develop formal guidance or a staff position
were originally presented in a shorter paper on this matter, at a later date. Until that time,
on this subject at an international symposium the authors would welcome public feedback on
sponsored in 1994 by the Organization for the concepts being advanced in this White
Economic Co-operation and Development / Paper. Finally, this White Paper will be
Nuclear Energy Agency. published in paranel by the Swedish Nuclear

Power Inspectorate (SKI) under its own cover
Overall, it is believed that the responsibility of ' as SKIReport 9':2./

.
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T-H-M thermo-hydrologic-mechanical (coupling)

U.S. United States
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1 INTRODUCTION

The U.S. Nuclear Regulatory Commission authorities ultimately will have to seriously
(NRC),in the Un:.ed States (U.S.), and the consider both quantitative and non-
Swedish Nuclear Power Inspectorate (Statens quantitative arguments, to ascertain the
Kirnkraftinspektion or SKI), in Sweden, are, adequacy of handling of uncertainty by the
respectively, the regulatory authorities repository developer.
responsible for licensing geologic repositories A geologic repository for the disposal of HLW
for the disposal of spent nuclear fuel and other is a complex system. It is generally expected to
high-level radioactiv e waste (HI W). In consist of multiple barriers,3 where each
reachmg the necessary licensmg decisions,. barrier will contribute to the overall safety of

, ,

/ both NRC and SKI are concerned that their the system by providing some contribution to
final judgments regardmg comph,ance with containment and waste isolation. Because the
their respective geologic repository disposal future performance of a geologic repositoryregulations be made with reasonable

will be estimated for many thousands of years,
assurance.1 To reach necessary licensing

, the long-term contribution of each barrier
findings, both NRC and SKI staffs will need t

, class as well as the overall repository system
do two things. First, they each will need t itselfis expected to be demonstrated,in a
cor. firm that any relevant numerical

. regulatory setting, through the use of
performance standards have been met. This

conceptual models that can be mathematicallywill be done mdependently, for example, by expressed.4 There is general consensus within
each using its own analytical capability t the international community that to evaluate
corroborate the repository developer,s the safety of these facilities, before their
conclusions and supporting calculations, implementation, repository developers and
Second, the staff of each regulatory agency regulators will rely on current state-of-the-art
will need to satisfy itself that the repository mathematical models as part ofperformance2developer's analyst:s of the site and design assessment that is integral to an overall safetyare sufficiently conservative, that the limita-

assessment. Performance assessment may thus
tions ofits analyses are well-understood, and be defined as the process of quantitatively
that appropriate allowances have been made

, evaluating the ability of a geologic repositoryfor the time r.:riod, hazards, and uncertainties
to contain and isolate radioactive waste

mvolved. To do this, each regulatory staff wili (Campbell and Cranwell,1988). This
selectively probe the developer s assessment quantitative evaluation, through the use of
for potential weaknesses, based on a mathematical models, is a key component infamiliarity with the methods, site data, and the development of a geologic repository
prevailing assumptions used. design and in the demonstration of compliance

One of NRC's and SKI's greatest challenges in with the applicaNe safety standards and

making these determinations will be to regulations. However, before such models can

understand and evaluate the repository be used, for that purpose, some measure of

developer's treatment of uncertainties in its credibility and confidence m these models

analyses. Various methods may be used (e.g., 3 For case of discussion. two barrier classes are identified-
probability distributions, conservative ensincered and natural-although there may be several

" bounding" analyses, etc.). Previous licensing andjdua
en m each lus

, ,, , _ ,

practice suggests that the two regulatory computer codes wili be used in the requisit. comphance/
Safety demonstrations. However, the procedures for verifying

3 Although both the U.S. and sweden use the same term
describe the standard for meeting chch country's hcensm,to the correctnea of the numerical methods and computer

g re* codes are different from those used to validate conceptual
quirements, the criteria used to defmc reasonable assurance models. Typically, the venfication (includmg benchmarking)
are different in the two countnes. of numerical methods and computer codes is undertaken to

2 In the U.S., this is the U.S. Department of Energy (doe); establish the numerical correctness of the methods and codes
and in sweden.this is the: Swedish Nuclear Fuel and waste to ensure that the numerical solutions are converging and
Management Ldmpany (svensk KArnbr&nsichantering adequately represent the conceptual model (see Eisenberg et
AB-sKB). cl 1988).

1 NUREG-1636
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1 Introduction

should also be demonstrated and done so in a assessment technology has evolved over the
way that is transparent. last few decades because of the national and

international interest in the geologic disposal
Finally, any f.mdamental understanding of the of HLW. The methodology and means for
performance of a geologic repository, by the conducting performance assessments vary
developer, will be based in large part on the from country to country. However, three
manner in which the repository system has generic criteria have been suggested to judge
been modeled. For the purposes of this White the adequacy of any performance assessment

| Paper, a simplified approach to modeling is on which a safety case is based (Op cit., pp.
considered (e.g., Mercer and Faust,1980; pp. 12-13):
108-110). In general, the process begins with
the formulation of a conceptualmodel, whose The need for an integrated assessment;*

,

| purpose is to describe the physical behavior of
interest. The next step is to translate the The consideration of uncertainties m the*

. . .

| conceptual understanding of these physical assessment results; and

processes into mathematical terms (i.e., make The methods for building confidence in.

simplifying assumptions and develop govern- assessment results.
ing equations), consistent with established
scientific theory. This step constitutes With respect to the last criterion, confidence
development of the mathematicalmodel. Once

building, ppropriate steps for assuring or
this would inchi, .mng other

a mathematical model has been prepared,it things, a
can be solved either analytically or numerically, validating that the predictive models and codes
to derive numerical estimates of performance. used in the safety assessments adequately
Because the issues of the correctness of the represent the behavior of the disposal system.
mathematical formulation and the numerical
solution can be addressed by fairly standard The need for validation in some form is ac-
methods [see Eisenberg et al. (1988, pp, knowledged as part of a safety assessment in
348-349)], the strategy proposed herein NRC's regulations for geologic disposal-
focuses principally on the confidence or 10 CFR Part 60 (see Appendix A) which

5validity in conceptualmodels. currently state:

| 1.1 Background ".... Analyses and models that will be used
to predict future conditions and changes

In the context of radioactive waste disposal, in the geologic setting shall be supported
the International Atomic Energy Agency by using an appropriate combination of
(IAEA) defines performance assessment as such methods as fiehl :ests,in situ tests,
. . an analysis to predict the performance of a"

7
system or subsystem, followed by a compari* The Co#ective opinion also suggests that the use of quahty

assurance (OA) procedures; criticalpeer review, including
son of the results of such [an] analysis with iformall expert judgment; and international cooperation

e niribute t the confidence-building process.appropriate [ safety] standards and criteria.. ..,
[see Organization for Economic Co-operation ' Oo'','*$'j|,*[,i*,in'''o,',"i'"d'[in|$*,$|,',the1'hd' "

, th
and Development (OECD)/ Nuclear Energy govisions of the Energy Pohey Act of 1992 (EnPA-Public
Agency (1991, p.14)]. A performance ,"gjfy2 g6gggA;,d ejs f n*" ha(he

''

t
assessment is a type of aprobabilistic risk regulations are consistent with the U.s Environmental

ASSES 5 ment (PRAs6/ re9uirinE, an anal} sis of h * ". Agency's (EPA's) public health and safety standards
. for protectson of the public from releases to the accessiblerepository performance similar to a PRA environment from radioactive materiais stored or disposed of

conducted for a nuclear power plant-e.g., at Yuca M untain, Nevada, e nsistent with the findings and
recommendations made by the National Academy of sciencesNUREG-1150 (NRC,1990). Performance (NAs), to EPA, on issues relating to the environmental
standards governing the Yucca Mountain repository. It is
assumed that the revised EPA standards for the Vucca

5 in this White Paper,the terms" confidence,"" confidence Mountain site will not be substantially different from those
building." " validation," and "s alidation process" are used currently contained in 40 CFR Part 191, particularly as they
interchangeably, pertain to 85e need to conduct a quantitative performance

P" '" P'6 Also see doe er at (1992). "$','",* "to y sy e :

NUREG-1636 2
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1 Introduction

laboratory tests which are representative modeling techniques that will rely on a
of field conditiom, monitoring data, and reasonable degree of validation.
natural analog studies"[(10 CFR
60.21(c)(1)(ii)(F)]. Evaluation of the adequacy of a developer's

performance assessment will not only check
In addition, Subpart F of NRC's regulations whether estimated performance (e.g., dose)
require the establishment of a Pkrfonnance complies with specified performance criteria,
Confirmation Program, during which the but should also ascertain whether the essential
adequacy of data, parameters, modeling physical and chemical processes and their
assumptions, and designs is to be confirmed, interactions have been identified, adequately
to the extent practicable. described, and addressed. However, the level

of confidence building or validation in a
As yet, no similar regulations have been issued

safety / performance assessment, adequate for
in Sweden, although they are currently under licensing decisions, remains to be defined. The
development (Dverstorp et al.,1997). notion of confidence buildingis t, sed in gen-However, recommendations on criteria for.

eral recognition of the fact that full scientific
disposal of HLWin Sweden have been validation,in the conventional sense, of the9. presentedjointly by the respective nuclear mathematical models used in these assess-safety and radiation protection authorities in ments is a practical impossibility, and that the
the Nordic countries (The Radiation acceptance of mathematical models will be
Protection and Nuclear Safety Authorities in based on appropriate testing, which will lead
Denmark, Finland, Iceland, Norway, and to the expectation that their results are
Sweden,1993). Future Swedish regulations are sufficiently supported for making the
expected to follow these recommendations. necessary licensing decisions. Thus, in a
Among other things, in the area of validation, regulatory context, it is expected that the level
these recommendations propose that (Op cit., of confidence required for a particular

,

P 34): performance assessment model will be tied

.... Compliance of the overall disposal directly to the importance of the model to the. .

,

system with the radiation protection licensing decision it supports. Within this

critena shall be convincingly demon- context, it is permissible to use models in

strated through safety assessments which repository performance assessments that do

are based on qualitative judgement and not necessarily attempt to predict the exact

quantitative results from models that are outcome, but instead rely on appropriate
.

,

validated as far as practicable...._ assumpticas that provide conservative esti-
mates (or predictions) of performance. (It

Moreover,in the recommendations for the should be noted that the use ofpredictions,in
requisite safety (assessment) models it is the context of repository performance, is
stated (Op cit., p. 35) that the: Perhaps inappropriate because, in practice,

,

the best that can be expected is an estimate of
,

- " models to be used in safety assess- Performance under stipulated future condi-...

ments should be valide.ted as far as is tions under which a hypothetical geologic
reasonable by evidence from laboratory repository has to perform. Such models are
tests and field observations, including considered conservative if they systematically
natural analogues...." estimate worse performance than actual

performance. Since the actual performance
Thus, under both the current U.S. and may never be known, the overall degree of
proposed Swedish regulatory regimes, the conservatism is generally established
long-term performance of a geologic reposi- qualitatively.)
tory will be assessed, using quantitative

In light of these considerations, the question
that needs to be addressed is what degree of

' Hersehw retened to u the h6e &cumas, conservatism is sufficient in a safety

3. NUREG-1636 -
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1 Introduction

demonstration? As noted above,it is expected jointly or individually to develop such formal
that the level of confidence required for a guidr.nce, at a later date, based on feedback on
particular performance assessment model this White Paper.) Rather, based on a review
should be tied directly to the importance of of the literature and previous experience in
the model to the particular licensing decision this area, this White Paper presents the
it supports. From the regulator's perspective, authors' views regarding the nature of
in the first instance, the implementer (i.e., the confidence building desirable for models used
repository developer) is beiieved to be the to estimate the long-term performance of a
party primarily responsible for deciding this geologic repository for HLW, as well as issues
because it is the most knowledgeable when it that might be considered in any future

' comes to understanding the limitations in site guidance. The collaborative effort elaborates
data and supporting analyses. In the presence on the views of the authors, which were
of strong nonlinearities in geologic repository presented earlier in a shorter paper on this
systems, the level of conservatism necessary subject (see Eisenberg et al.,1995). To support
for licensing may not always be obvious. Too these views, an overview is provided in Section
much conservatism may render a performance 2 which describes earlier international efforts
assessment unacceptably unrealistic and thus in the area of HLW moden validation. Section
ineffective for the purpose of making licensing 3, outlines one validation approach that may
decisions. At the other extreme, a lack of be acceptable,in the opinion of the authors,
conservatism in a particular assessment would from a regulatory perspective. Summary
likely result in prejudicial treatment by the recommendations are included in Sect on 4.i

cognizant regulatory authorities. Thus, to
support its compliance demonstrations, the In Appendix A, the U.S. and Swedish regula-
repository developer needs to describe the tory performance requirements are first
extent to which its models and codes have briefly described. Then, the nature of con-
been supported (i.e., validated). ceptual and mathematical models tha' are

expected to be used in a performance
1.2 Purpose of the White Paper assessment of a HLW repository is described.
This document presents the regulatory A selective review ofliterature on model
perspective of the authors, who are members validation is provided in Appendix B which
of the NRC's Division of Waste Management indicates a wide divergence in thinking on this
and SKI on the validation process of HLW subject. A glossary defining selected terms

performance assessments.- However, current used in this document is provided in an
or potential repository developers or other Appendix C. I

regulators should recognize that this document
does not have the status of formal guidance A list of acronyms and abbreviations can be
nor does it represent a staff position on this found before the " Introduction" to this White

matter. (The two staffs are free to move Paper.

l

|
.
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2 INTERNATIONAL EXPERIENCES WITH MODEL VALIDATION
E

During the past two decades, there have been emphasis shifted from code intercomparision
a number ofinternational efforts underway, to model validation, which was the primary
both individually and cooperatively, to focus ofINTRAVAL.
contribute to progress in the development of

In addition to the m. .tiatives sponsored by SKI,
.

procedures to validate mathematical models i

used in HLW repository safety assessments. there have been several other cooperative
,

Results/ progress in many of the international validation efforts conducted internationally.
efforts have been the focus of several meetings For example, the International Stripa Project
und symposia-see, for example, the was a cooperative research and development

,

GEOVAL10 series of symposia, American project among several members of the OECD

Nuclear Society (1993), and Witherspoon Nuclear Energy Agency. It combmed on-going

(1991 and 1996). site characterization of the Stripa research
mine with two validation experiments of flow

In 1980, SKI took the initiative to organize and transport models. BIOMOVS-the
several collaborative efforts relevant to Biospheric Model Validation Study-
validation issues related to the use of (1986-96), coordinated by the Swedish
radionuclide transport models. INTRACOIN Radiation Protection Institute (Statens
-International hansport Code Intercom. Stralskyddsinstitut-SSI), intends to evaluate
parison-(1981-86)l1 was organized by SKI to the uncertainty in models used to determine
study computer code verification procedures the environmental transfer and bioaccumu-
for radionuclide transport models. HYDRO. lation of radionuclides. CHEMVAL (1987-90)
COIN-H[2drologic Code Intercomparison was concerned with verifying and validating
(1984-90), also organized by SKI, studied equilibrium speciation and chemical transport
code verification and, to some extent, models. Finally, DECOVALEX (an acronym
validation procedures for ground-water flow for the " Development of Coupled Models and <

models. SKI later initiated the INTRAVAL their Validation g,4mst Experiments" project
(the International hansport Model in nuclear waste isolation) addressed the
Validation) program as a follow-up to the validation of coupled thermo-mechanical-
earlier INTRACOIN and HYDROCOIN hydrological (T-M-H) models used in
efforts (see Larsson,1992). INTRAVAL was near-field repository safety assessments.
directly concerned with validating geosphere The followingis a brief summary of five of the
flow and transport models used m, safety 'e

aforementioned international programs. This
assessments and placed less emphasis on code
venfication procedures. Initially, the goal of summary is not intended to be comprehensive

these studies was the mtercomparision of nor complete, and has been provided as a way
ofillustrating the types of activities that havecomputer codes with some attention to how

well the models underlying the computer been undertaken, to develop an understanding

codes represented ground-water flow and of model validation procedures in an
international setting. Certain aspects of thesegeosphere transport. As experience was validation activities themselves, as well asaccumulated, it became clear how difficult it
some lessons-learned are useful to considerwas to address the validity of these models, s from a regulator's perspective. As noted
above, SKI has figured in many of the

ioA series of symposia on the verification and validation of international programs and also directed some
sEEIE[*8M95lo*$5N$Dsl$ fly 9# 88). of the validation studies. Unlike SKI, NRC hasr

not taken the lead m mternational validation
,

"The
;kgtge INTRACOIN project is summarized in SKI studies; however, the NRC staff has main-

tained cognizance of this work and in some
"[i d Cases has participated in certain projects

he

I ( )and h a ng Com i e i he
HYDROCOIN Project (1992). HYDROCOIN (NRC,1988), INTRAVAL,
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.

DECOVALEX-as well as sponsoring its own measured values? That is, are the
independent work related to validation [e.g., predictions of the correct order of

.

Davis et al. (1991), and Kozak and Olague magnitude as compared with the
(1995)]. measurements?

Qualitatire: For the purpose of the2.1 The International Stripa Project *

application, are the predicted distribution
The goals of the International Stripa Project patterns sufficiently accurate as compared
(1980-92), carried out in granitic rocks of the with the observations? That is, are the,

Stripa research mine in central Sweden, were predictions of the patterns reasonable
to mvestigate several aspects of the technology when compared to observations?

,

concerned with the feasibility and safety of
disposal of HLW. The activities and results of The second set of questions addressed the
this project were documented in more than usefulness and feasibility of the modeling
170 technical reports, and are summarized in approach from the perspective applicability:
Fairhurst et al. (1993); Gnirk (1993); Gray

Usefulnea Is the modeling approach(1993), and SIG (1993). *

useful foi representing ground-water flow
Part of this project concerned an evaluation of and transport in a hydrogeologic
the validity of flow and transport models. To environment similar to that of the
conduct the validation exercise, the site was investigated site?
first charwierized with different measurement

feasibility: Can the data required toe
techniques. Based on this information, two
validation experiments were designed and support fully the modehng approach be

conducted (see Gnirk,1992). Different c llected m a feasible and timely manner? e

modeling teams then tried to simulate these These criteria were applied to evaluate the
experiments. In each exercise, the modelers different modeling exercise outcomes,
were asked to predict the results of the following a formal process pee Figure 1). In
validation experiments conducted, without this manner, the group of experts found a
prior knowledge of the outcomes. structured approach to:

Recognizing that both definitions and Identify processes covered and processes ;.

requirements for model validation varied that appeared not to be covered by the /
among participants and that the definition is different models; and '/
still being discussed at the international level,
the project selected an operational definition Compare the different modeling*

of validation. This was that a model was approaches (in a qualitative sense).
.

considered to be validated for use in a given
application when the model had been At the close of the project, the experts made

'
determined, by appropriate measures, to documented judgments of the validity of

provide a representation, of the process or various approaches for modeh,ng ground-water

system, that was acceptable to an assembled fl w and transport at the Stnpa research site

group of" knowledgeable / recognized experts" [see Hodgkinson (1992), and Hodgkinson and

from the member countries. A set of Cooper (1992a and b)]. Tlns effort constitutes

validation criteria, for evaluating the validity an example of a case histon of a forma 1

of the modeling approach and its components, and deliberate approach to the evaluation of
,

,

was formulated in the form of questions or numencal models, for a specific application. .

criteria. The first set of questions addressed 2.2 INTRAVAL
both the quantitative and qualitative features
of the modeling approach: The goal of the INTRAVAL exercise (1987-93)

was to advance the state of knowledge,
Quantitative: Do the predictive regarding the practical use of qualitative and*

calculations adequately reflect the quantitative methods, to demonstrate the
'

NUREG-1636 6
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I * andmadepredictions.

Performed groundwater flow*

and transport experiments at thePRINCIPALINVESTIGATORS
SCV site.FOR THE SCV PROGRAM
Developed modeling approachesAND MODELING ACTIVITIES

\
V

Established validation process / criteria.*

Determined models to be validated.*

TASK FORCE ON FRACTURE Established performance measures.*

FLOW MODELING g Evaluated validity of models,*

p Made findings on model validity.*

MODEL VALIDATION
PROCESS / CRITERIA

FINDINGS

Evaluated model-validation*

TECHN! CAL SUBGROUP + process / criteria / findings
Reported evaluations and(TSG) 4

*

recommendations to JTC.

4

EVALU/~lON OF
MODEL-EVALUATION
PROCESS / CRITERIAy FINDINGS

Considered evaluations and*
,

COMMITTEE (JTC) recommendations from TSG.'

Figure 1. Pro:ess used by the International Strips Project for evaluating the relidity of ground. water flow and
transport models (from Gnirk,1992). "SCV" rneans site characterization and validation.
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accuracy of geosphere transport codes used in numerical models. 'l\venty-two organizations
performance assessments. To demonstrate from 12 countries participated in the first
confidence in these codes, one must document phase of INTRAVAL, which began in 1987 and
those aspects of performance assessment lasted for 3 years. Reports from INTRAVAL
models that are based on accepted scientific Phase 1 were published during the 1992-94

'

principles and identify those aspects which are period [for example, see The Coordinating,

potential sources of uncertainty. Where the Group of the INTRAVAL Project (1990 and
potential for uncertainty exists, comparison of 1993)]. In analyzing the different Phase 1 Test
experimental results with independently Cases, many of the project teams reported
obtained model predictions provides a direct, that systematic evaluation of the experimental
quantitative measure of model error. The setup and data was required to detect
focus of INTRAV1L ultimately evolved into a unanticipated biases and artifacts introduced
study of the kin ( of experiments, as well as the by errors in the experimental design.
type, quality, and quantity of data needed, to
distinguish between alternative conceptual
models. The validation procedure adopted for

Phase 2 was a continuation of six Phase 1 TestINTRAVAL is summarized in Table 1.
Cases and was designed to focus more closely
on the development of validation procedures |

Eighteen laboratory, field, and natural and devoted less time to optimizing the design
analogue experiments, so-called test cases, of particular experiments to ensure the .

were conducted as part of INTRAVAL. The generation of data suitable for validating i

test cases ranged from well-controlled, models. In Phase 2, which began in 1990 and
centimeter-scale laboratory experiments to concluded at the end of 1993 and involved 23

,

field-scale work with less control and organizations from 13 countries, the remaining j

precision. The primary emphasis during the 13 test cases were divided among four working
test cases in Phase 1 was on experimental groups, each of which was expected to develop
design, process identification, and model practical validation strategies appropriate for
calibratien, although some blind predictions of its set of experiments. Overall, the activities 1

experimental outcomes were made using and results of Phase 1 and Phase 2 of i

Table 1. INTRAVAL Validation Procedure. Wthin the INTRAVAL project was a Validation
Overview andIntegration Committee, which established a validation procedure
consisting of the following three major elements [ adopted from The Coordinating
Group of the I.NTRAVAL Project (1990, p.19)]:

~

1. Understanding and Research. IVithout proper understanding of the processes and system
structures involved, validation cannot be achieved. Thus, a thorough understanding of
processes and system structures represents a major element of validation.

2. Comparisons of Theory and Modeling Calculations with Experiments. This element is to study
how well one is able to quantitativelypredict or simulate crperimental results. Discrepancies
may be caused by parameter uncenainties, the statistical nature of ti.e system, or lack of
anderstanding. Improving our lack of understanding requiresfunhet effons in Item 1 (above).
It is imponant to be cautious and avoid curve-fitting without proper understanding and
additionalconfirmatory results.

3. Peer Review and Public Scrutiny. The last element involves publishing the work in the open
literature, both to receive the benefits of anonymous technicalreview and to open the model
and its validation topublic scrutiny. A study whose results are in the open literature, and are
examined and used by the general scientific community over long periods of time, stands a
better chance of receiving the appropriate scrutiny and of being correct.

NUREG-1636 8
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INTRAVAL were documented in hundreds of depends very much on the quantitative+

publications prepared by many of the 46 measures used to compare model predictions
participating organizations. Sixteen Test Case with experimental results and the criteria used
Reports document the results from the various to determine the acceptability of the fit. Some
test cases. A series of annual Progress Reports of the project teams developed statistical
(INTRAVAL Project Secretariat,1988-94) hypothesis testing procedures to apply
provides an overview of this work as well as of quantitative criteria for accepting a model's
the many supporting workshops and related predictions.
coordinating meetings that took place.
Integrated conclusions from both phases of A validation strategy was suggested for
the INTRAVAL Project have been published INTRAVAL Test Case la, on mdionuclide
in several reports (see The Coordinating migration through clay cores, wherein the
Group of the INTRAVAL Project (1990 and statistical structure of the residuals between
1993); and Larsson et al. (1997)]. predicted and observed breakthrough curves |

was examined. According to Davis et al.
During the course of the INTRAVAL project, (1991),if examination of the residuals reveals
it was realized that a validation strategy should little or no serial correlation, the model is
include more than a procedure for comparing presumed to adequately represent the
model results with experimental data. Tsang experimental results and at least the model
(1991) suggests that validation is a process structure is deemed acceptable. If, on the
that should be carried out at every step of the other hand, the residuals are strongly serially
modelingprocess. AmongINTRAVAL correlated, the model structure is incorrect.
participants,it has generally been agreed that Luis and McLaughlin (1992) described a series
a model cannot be validated in any generic of statistical procedures to test the null
sense. However, models and data may be hypothesis that model error is negligible and
considered to be validated with respect to a applied their methods to INTRAVAL Test
given process or a given site, implying that Case 10, the Las Cruces Trench experiment.
validation is closely related to site They noted that the probability of accepting a
characterization. false model cannot be evaluated by their

technique. For regulatory purposes, the
Within the INTRAVAL project, the criteria objective to reduce the probability of accepting
used to judge model validity varied greatly a false model may lead to the adoption of
from test case to test case. For INTRAVAL overly strict tes. case criteria that increase the
Test Case Ib, on uranium migrcion through a likelihood of rejecting good models.
small crystalline rock core, for example, some
modelers suggested that model validity may be Based on their experience modeling
assessed simply by evaluating the reasonable- INTRAVAL Test Case 10, Ababou et al. (1992)
ness of the parameters in the calibrated model suggested that integrated performance
(Haderman,1992). Although close agreement measures, such as the first and second
of model and experimental results and the use moments or total mass flux of a contaminant
of physically plausible parameter values do not plume crossing a compliance plane, be used as
constitute a proof of model validity, the acceptance criteria for model validation
appearance of overall consistency between instead of a simple sum-of-squared residuals.
model and data enhances one's confidence in In many cases, these integrated performance
the model. measures are similar to regulatory standards.

A riandard procedure for quantitatively Carrera et al. (1990), for INTRAVAL Test
validating a modelis to split the experimental Case la, on radionuclide mi , ration in clayt
data into two sets, calibrate the modd with cores, and Usunoff et al. (1992), for
one set, and compare model predictions with INTRAVAL Test Case Ib, on uranium
the second data set. The final assessment of migration in crystalline rock cores, applied
model validity using this procedure still quantitative model identification methods to

9 NUREG-1636
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distinguish alternative conceptual transport (practical) degree of uncertainty related
models. to the problem.

In concluding INTRAVAL Phase-1 (OECD/ 5. An important part of the validation work
NEA/ SKI,1993), the following concit iions is to propose new experiments and see if
were reached regarding the possibilities of these are more sensitive to the critical
determining how well a model can describe an Parameters and to the differences
experiment and how much r 3 certainty is between alternative conceptual models.
involved: Such exercises are important in the actual

design and planning of new experiments.
1. Careful evaluation of the experimental In general, modeling before carrying out

setup and data is needed. Biases or the experiment will contribute to
artifacts, that,if not explicitly accounted optimizing the experimental design, to
for, would be attributed to the medium or discriminate b: tween models and to
process measured, need to be taken into reduce the uncertainty in best-fit values of
account. model parameters.

2. Insight is gained by analyzing an experi. 6. Enhanced confidence in a modelis not
ment using several different conceptual only a matter of comparm, g (blind)
models. Often the experimental data do Predictions of the model with data. Other
not suffice to discriminate between these important aspects include assessing
models. The spread of different models reasonableness of parameters, consistent

-

that could be fitted to an experiment gives explanation of all data, and consideration
information on the degree of uncertainty of alternative models. In assessing the
or non-uniqueness. quality of fits, systematic analysis of the

,

origin of residuals, and other statistical
3. Calibration is often the only viable techniques, all have their merits and

P.tfalls. If a prediction does not coincidei *
alternative for determining physical
parameters to be used for long-term with an experiment,it is necessary to -

eXP ore why the experiment and thelmodel predictions, but the resulting
parameter value may depend on the Prediction differ and if the difference has
calibration criterion chosen. If an any impact on the predictive power of the
automatic inverse method based on a model.
statistical technique is used,it can be . .

applied to rank models and to evaluate In general,it is evident from the INTRAVAL

con:idence intervals of the estimated studies that the adequacy of models predictmg
parameters. The drawback is that this e nditions mto the far distant future cannot be
information is only valid under the tested Proven. Ultimately, statements regarding the
hypothesis. The application of statistical adequacy of predictions mto the far distant f

, ,

inverse techniques gives no guarantee that future should be based on a combmation of

the .resulting model is a good description scientific reasoning and the outcome of studies
,

of reality,let alone resolving the question such as those conducted in INTRAVAL.

of whether it is the best description, given 2.3 BIOMOVS
the data and the particular conceptual
model analyzed. BIOMOVS was launched in 1986 to test

models designed to calculate the environ-
4. Different suggested models can be mental transfer and bioaccumulation of

cornpared by extrapolating the results of radionuclides and other trace substances. The
the models to situations relevant for primary task has been to quantify the extent
waste disposal. It could certainly be of uncertainty associated with model
argued that such a comparison of predictions as well as to identify means to
extrapolated results illustrates the reduce the uncertainty. The first phase of

NUREG-1636 10
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BIOMOVS was completed in 1990 and form of questions (supported by hypotheses
focused principally en terrestrial and aquatic and tests) and design criteria, that could be
pathways (Hagg et al.,1991; and BIOMOVS incorporated into the respective model tests
Steering Committee,1993). However, it was and thus facilitate inter-comparison of model
not possible to consider all potentially predictions by the other working groups (see
important pathways and scenarios in the first BIOMOVS II Steering Committee,1993). The
phase of BIOMOVS. Moreover, differences activities of the respective Working Groups
among the predictions for the exposure were reported in a series of Progress Reports,
scenarios considered were not fully resolved in and study results and conclusions were
the first phase. Accordingly, a second phase of documented in 16 technical reports, including
this effort, designated BIOMOVS II, was a final report. At least four of these reports
initiated in 1991 and completed m 199613 (BIOMOVS II Steering Committee,1993,
(BIOMOVS II Steering Committee,1996c). 1995, and 1996a and b) dealt directly with the

The primary objectives of the two BIOMOVS
studies were threefold:

In its summary of the Phase 2 findings, the
1. To test the accuracy of the predictions of BIOMOVS II Steering Committee made a

the environmental assessment models for number of specific comments on ways to
,

selected contaminants and exposure improve biosphere modeling exercises and
scenarios. assess the uncertainty associated with them

(see BIOMOVS II Steering Committee
2. To explain differences in model (1996c, pp. 29-33)]. In addition to reporting

predictions caused by differences in the development of improved biosphere
model structure, modeling assumptions, transport models for certain radionuclides,
and/or differences in selected input BIOMOVS 11 participants reported progress
parameters. in the development of techniques for the

evaluation of uncertainty types (parametric,
3. To recommend priorities for future model, scenario) and model validation. Ways

research to improve the accuracy of to improve confidence and credibility in
model predictions. modeling exercises were also identified. These

included, for example, the use of blind testing,Although the first phase of BIOMOVS improved data acquisition, and the use of
attempted to address the impact of uncertainty guidelines in uncertainty analysis and
on the biosphere modelmg exercises comparison of model predictions. Finals it
undertaken (see Figure 2), there was no
explicit treatment of model validation was noted that the concept of forming multiple,

assessment groups, using (informal) expert
(BIOMOVS Steermg Committee,1988; p. 5). judgment, played a significant role when
More explicit treatment of the impact of interpreting the description of an exposure
model validation (and uncertainty) in the use scenario, deriving relevant parameter values,

,

of models was addressed in BIOMOVS II, and estimating the uncertainty, leading to
where a fonnal workmg group, with associated large discrepancies among modeling groups. Itsub-groups, was established. To an,d m, ;ne

was also observed that increased model
evaluation of issues related to uncertainty and complexity usually results in increasedvalidation, the Uncenainties and Validation

flexibility, making it possible to address a
Working Group developed guidance, m the larger number of assessment questions.
uln october 1995, the I AEA initiated the BloMAss Increased model complexity, however, did not
kn@nI[coItEI[tfIoNE50NII'$ee l hA, always lead to a decreased uncertainty because'

,

1999 of the lack of site-specific data.

t
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APPROACH A APPROACH B

IDENTIFY PREFERRED FORMULATE TEST SCENARIOSCOORDINATINGs
CONTAINMENTS AND BASED ON ASSESSMEW'

GROUPEXPOSURE MEDIA PRIORITIES

1 f
SEARCH FOR AND ACQUIRE
INDEPENDENT DATA SETS

Participants

R (experiments, literature surveys,

3 ( 3alysis of monitoring data) 1 (

EVALUATE AND INTERPRET INVITATIONS FOR MODEL
DATA SETS PREDICTIONS

|

1 f

FORMULATION OF Participants m

TEST SCENARIOS (assessment modelers)
"

1 (

) g COMPARISOt! OF PREDICTIONS
AND ESTIMATES OF

INVITE PARTICIPANTS TO
UNCERTAINTY

MAKE MODEL PREDICTIONS

q Participants

3 ( (assessment modelers)

RECEIVE MODEL PREDICTIONS
AND UNCERTAINTY ESTIMATES 1 f

AND COMPARE WITH
EVALUATE RESULTS

INDEPENDENT DATA SETS

1 f
EVALUATE RESUn d AND
EXPLAIN DISCREPANCIES

1 f

MAKE RECOMMENDATIONS
FOR FURTHER RESEARCH

MAKE RECOMMENDATIONS
FOR PROCEDURES TO
IMPROVE PREDICTIVE

ACCURACY

Figure 2. BIOMOVS validation procedure [see BIOMOVS Steering Committee (1987, p. 2)]. The BIOMOVS validation
procedure relied on two parallel modeling activities. Approach A involved the formulation of test scenarios
based on suitable data (sets) and a comparison of model predictions against the independent data sets.
Approach B involved the comparison of model predictions and associated estimates of uncertainty for specific
test scenarios selected on the basis of assessment priorities. The progress of the respective validation studies was
reported in the annual BIOMOVS Phogress Reports, ar'd detailed information concerning the results and
comparisans between the various scenarios was documented in the BIOMOVS TechnicalReport Series.
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Overall, the BIOMOVS studies showed that applying them to a range of realistic waste
there is a potential for very large uncertainty disposal situations;
to be associated with any given prediction of

To provide some degree of validation oftransfer of radionuclides through the *

biosphere. The uncertainty in predictions in aqueous speciation and coupled chemical
the far future, for long-lived nuclides, is many transport computer codes; and
orders of magnitude. The confidence is much
higher in near-future predictions of short-lived To provide a " project-standard"*

and well-studied m.clides,'such as iodine-131 thermoo,wmic reference database,
and cesium-137. tailored tc, N needs of radiological safety

assessment.

2.4 CHEMVAL To achieve these goals, the CHEMVAL proj-
ect was divided into four consecutive stages:

CHEMVAL loosely stands for the " validation Stage 1-verification of chemical equilibrium
and verification of geochemical models." The models; Stage 2-attempted validation of
original CHEMVAL project (1987-90) was speciation-solubility models by comparison
concerned with the verification (bench with experimental, field, and laboratory data;

- marking) and validation of computer-based Stage 3-verification of coupled chemical
equilibrium speciation and chemical transport transport models; and Stage 4-attempted
models used to describe the chemistry of validation of coupled models.
radioactive waste' disposal systems, together
with the establishment of a reviewed Stage 1 was focused primarily on activities to
thermodynamic database. The project was vetify the accuracy of the thermodynamic
initiated by the Commission of the European databases contained in five chemical
Communities (CEC) and the United speciation computer codes.14 Sufficient results
Kingdom's H.M. Inspectorate of Pollutiord were obtained to demonstrate that there was
Department of the Environment as an reasonable agreement among the respective
extension of the CEC MIRAGE-Mitigation computer codes and databases selected,
of Radionuclides in the Geosphere-project although some discrepancies were identified
(CEC,1984; Read and Broyd,1987; and and accounted for (see Read and Broyd, .
C6me,1988). Seventeen organizations from 1989). For Stage 2, the CHEMVAL cxercise
eight countries participated in the initial phase focused on the performance of equilibrium
of the project, computer codes and databases when

simulating field and laboratory data. Nineteen
Before CHEMVAL, verification-validation test problems of varying complexity were
procedures for chemical models varied widely conducted at four locations (so-called test case
among practitioners. Significant differences in systems)-the Mol (Belgium) HLW under-
model results had become appare42 when grcund research facility; the proposed HLW >

different groups attempted similai problems. repository in the Gorieben (Federal German
The differences in results were thought to be Republic) salt dome; the Maxey Flats (U.S.)
attributed to code performance, database low-level radioactive waste disposal facility;
compilation, u erjudgment, and conceptual. and the Oman natural analogr .rr < er.

model validation (Read and Broyd,1992; p. Overall, the equilibrium m,od< .:ed

1422). To address these issues, the initial reliable estimates of experimeu.o a.ta when
phase of the CHEMVAL project had the used within their known frames of reference et
following objectives, which served to direct three of the four test case systems. Moreover,
how the validation exercise would be Stage 2 served to highlight the limitations of
conducted (Op cit.): current computer codes and data and ther

14These were PHREEQE (Parkhurst et at.,1980); MINEGL
. To benchmark aqueous speciation and ge|*t3 gag 1976ggQg,(ygggQM I(19*

, ,, g ,
coupled chemical transport codes by

aidstein and Jamet.1988).

I
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need to consider all processes of significance CHEMVAL2 is considered to be a logical
. (Read,1990). For example, equilibrium extension of the original CHEMVAL project
models were validated for actinide solubility in and is intended to build on its results.
synthetic clay water at Mol; americium Although one of the overall aims of the

. solubility and actinide complexation by CHEMVAL project was to identify the areas
EDTA 1 and citrate at Gorleben; and iron of greatest uncertainty in the use of predictive
solubility and pH changes during controlled chemical models, CHEMVAL2 does differ ;

oxidation'of anoxic trench leachates at Maxey somewhat from the original project by i

Flats. [The Oman natural analogue study was focusing on discrete technical areas that would
less successful because of inaccuracies in field complement the on-going MIRAGE program
data and uncertainties surrounding the (Op cit.). Eighteen organizations from nine
interpretation of the source mineralogy (Op countries have participated in CHEMVAL2.

| cit.).] Progress /results that have been published to
'

date include Bruno et al. (1993); Read (1993);
|

. In Stage 3, five speciation and six migration and Warrick et al. (1995).
computer simulations were conducted and
compared with predictions from several 2.5 DECOVALEX
fully-coupled chemical speciation and The overall goals of the DECOVALEX can be
transport computer codes used in Stage 1 viewed as twofold (Stephansson et al.,1995; p.
(MINEGL, EQ3/6, and CHIMERE). The 350). First, the DECOVALEX studies seek to i

results were subsequently intercompared with better understand the effects of T H-M {.three hypothetical test-case problems processes on the movement of radionuclides in
addressing cement f.ssolution, bentonite clay various geologic media. Second, the project

into a siliceous aqu,ium hydroxide injection
alteration, and sod seeks to determine how coupled T-H-M

ifer. Overall, the principal processes could be described by mathematical
investigators reported good agreement for the models and computer codes. Using a variety of
three test cases studied (see Read,1991). bench-mark tests and test cases, the respective
Finally, in Stage 4, validation of fully-coupled DECOVALEX research teams seek to
models, model predictions were compared ' validate and improve the predictive capabili-
with measurements obtained from experi- ties of the mathematical models, numerical
ments involving: (i) neptunium migration methods, and computer codes employed by
through glauconitic Mol sand; and (ii) heating the various research teams. For the purposes
and acidification of Fountainbleu sands. In of determining when model validation had
contrast to Stage 2,it was not possible to state, been achieved, the DECOVALEX project
after Stage 4, that coupled chemical transport adopted the IAEA (1993, p. 48)t6 definition of
models had been validated to any extent model validation as the "... process carried out
(Read and.Broyd,1992; p.1425). Although the by [the] comparison of model predictions with
column tests were reproduced, the solutions field observations and experimental measure-
were obtained by back fitting rather than by ments. A model is considered validated when
prediction (Op cit.). Among other things, the sufficient testing has been performed to
first phase of the CHEMVAL project ensure an acceptable level of predictive
succeeded in verifying both equilibrium accuracy over the range of conditions over
speciation and coupled transport codes (Read which the model may be applied...."
et al.,1991; p. 412) as well in establishing a (Stephansson,1995; p. 387)
reviewed thermodynamic database (see
Chandratillake et al.,1992). In the first stage of the project (between

October 1991 and December 1994),
- A second phase of the project, designated designated DECOVALEX I, three phases of
CHEMVAL2, was initiated toward the end of the project were successfully conducted.
1991 (Read and Broyd,1992; p.1426). Research teams from 15 organizations

16Although the I AEA reco;nbes slightly different definitions
15ethylenediaminceetrancetic acid. [I AEA,1985a (p. 26) and 1985b (p. 6)].
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2 IntemationalExperiences with Model Validation

(so-called nationalresearch teams) in eight cooperative work completed thus far can be
countries, participated, with funding from considered to have yielded three major
multiple international sources, including from benefits (Stephansson et al.,1996; pp. xi-xii):
NRC and SKI. Three bench-mark tests (i) encouraf;ing the development of coupled
(hypothetical problems) and six test cases T-H M codes by the national research teams
(actual laboratory or field experiments) were and providing peer review and advice to each
defined for parallel study by multiple research of them; (ii) defm' ing both simple and realistic
teams, at various phases. Analytical and benchmark test problems, so that the national
semi analytical solutions to coupled problems research teams could study and carry out code
were developed whenever possible to assist in verification studies of these problems and
model verification and computer code compare computational results with those
validation. By design, the lessons-learned frmn from other teams; and (iii) collecting and
the early phase of the analyses were to be used documenting major laboratory and field tests,
in subsequent phases of the project. Results so that the national research teams can use
from the respective research teams were them to perform validation studies of their
presented and compared in regularly models and codes,
scheduled workshops, and the similarities and
differences were discussed in detail. In this So far, the work has concentrated on different
way, the technical soundness and scientific benchmark tests analyzed by different
applicability of the models and results research teams. This work has led to increased
generated in each bench-mark test and test understanding of algorithms suitable for
case underwent detailed peer-review. Results T H M modeling and verification of the main
and progress of the respective research teams - features of T-H M codes. Presently, the
have been described in many reports and are project plans to analyze a few experiments,
summarized in Jing et al. (1993,1994,1995, with multiple research groups, using models in
and 1996). a fashion much similar to the INTRAVAL

study. The duration of the DECOVALEX I
Overall,it can be concluded from the project was extended into a second stage-
DECOVALEX project that the capability of designated DECOVALEX II-until 1998, for
modeling T-H-M processes is in an early stage conduct of new experiments based on lessons
of development compared with that of learned and utilization of these new
geosphere transport models. Also, consider- experiments for model validation. Current
able work will be needed before computer plans call for the integration of DECOVALEX
codes can be developed that are capable of II work with one or more on-going, large-
modeling coupled T-H-M processes scale, underground research projects
realistically in geologic systems. With respect (NIREX/Sellafield, England; and Kamaishi
to validation and verification, another problem Mine, Japan) of coupled T-H-M processes in
is the lack of applicable test cases for fractured rocks and buffer materials (Jing et
verification and validation purposes. The al.,1996; p. 40).'

,
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3 MODEL VALIDATION APPROACH FROM A REGULATORY
PERSPECTIVE

In this section, an approach for validating authority. No quantitative criteria for model
HLW performance assessment models is validation are suggested at this time.
outlined that may be suitable for HLW
disposal decision-making. This approach is As a potential licensee, the burden of proof
articulated in a form that may be useful for the regarding compliance with the applicable
repository developer to follow, to provide the standards and criteria rests primarily with the
needed degree of substantiation for the repository developer rather than with the
models used in a performance assessment regulator. By contrast, the regulatory agency
submitted as part of an overall safety has no specific mandate for model and
assessment. (However, the repository computer code development, nor their
developer may need other model validation applications, although the regulatory agency
strategies for those models used for other may consider it appropriate to develop and
aspects of the safety assessment.) Finally, this apply models in selected or all areas as part of
approach may also be of some usefulness to their oversight role. Model and code
other regulatory authorities engaged in the development conducted by the regulatory
development of an independent performance agency would be for the purpose of
assessment capability. independently evaluating developer activities

and plans as well as to ensure that the
developer has made an adequate fundamental

From the regulator's perspective, the specific determination of repository safety. The

goals of the performance assessment model regulator is not expected to remedy perceived

validation process outlined below should deficiencies in the developer's programs.

include: (i) establishing the adequacy of the Thus, it is important to recognize that it
model's scientific basis for its intended use; should not be the responsibility of the

and (ii) demonstrating that the model is regulatory agency to conduct independent

sufficiently accurate for its intended use. As a numerical analyses. To the extent that the

way of meeting these goals, a detailed regulatory staff does undertake such

step-by-step validation strategy is described (in independent analyses and any related

Section 3.4). This strategy consists of: (i) validation activities,it is a matter of policy and

defining a compliance demonstration strategy; technical judgment.

(ii) determining the goals for model
3.1 Regulatory Definition of Modelvalidation; (iii) determining the existing Validation

degree of validation for the model selected;
(iv) comparing the validation goals with the At present, there is no internationally
existing degree of validation; (v) deciding agreed-to definition of validation. As noted
whether to revise the compliance earlier in this White Paper, several definitions
demonstration strategy; and (vi) obtaining of the term " validation" have been coined in
additional information to support validation of the past. However, for the purposes of the
the model,if needed. respective programs, both NRC and SKI have

assumed operational definitions of validation.
In the context of development of a

As noted earlier, the conclusions regarding the performance assessment review capability in
validity of a model would be based on the the U.S., the NRC staff has, for example,
various lines of evidence available and would, previously defined validation as the process of
in the first instance, be subjectively made by obtaining "... assurance thst a model, as
the repository developer, andlater embodied in a computer code, is a correct
corroborated by the cognizant regulatory representation of the process or system for
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3 Model Validation

which it is intended.. . " [see Browning (1984, complete and detailed explanations for all
p. 68)].17,18 By contrast, validation has also observed phenomena independent of any
been proposed to be defined as ". . the testing particular model application. The regulatory
of a model in the real world...." (SKI et al., approach envisions only an adequate descrip-
1990; p. 26).19 Others [e.g., Bogorinski et al. tion of the phenomena for a given purpose
(1988) follow IAEA's definition (1985a, p. 26) (e.g., for reaching the necessary licensing
that validation is confirmed when the model decisions-see Davis et al. (1991, p. 2)].
and computer code "... provide a good Therefore, much greater uncertainties may be
representation of the actual processes acceptable, depending on the importance of
occurring in the real system...." The problem the modelin the overall decision regarding
with these and other defini ions is that they repository acceptability. Thus, the distinctiont
are ambiguous. [For a lengthy discussion of between a scientific approach to developing
the problems in terminology, see Oreskes et al. and testing models, and the regulatory
(1994).] Furthermore, since they are approach for validating models is critical.
definitions, they do not provide any practical
guidance for achieving validation, although If, m, the regulatory context, one assumes
some attempts have been made to do so in the " validation" means demonstration that a
past [see SKI et al. (1990, pp. 25-30)]. model is sufficiently accurate for the purpose

for which the model is used, there can be no
HLW regulators will be responsible for standard answer to the question "How much
determining compliance of a proposed validation is enough?" Rather, the answer will
repository with the applicable environmental depend on the model's specific application.
standards and implementing criteria. In both This does not imply that regulatory validation
the U.S. and Sweden, the test of compliance is entirely subjective. Furthermore, it is
with the standards and criteria is that of possible that the repository developer and
reasonable assurance. This concept recognizes regulator, consistent with their respective

that absolute assurance of compliance is roles, could work together to define a mutually
neither possible nor required.2 Instead, what acceptable approach to validation. As
is envisioned is that the repository developer described in the next section, it is possible to
should provide such information as may be envisage a process, or, from the repository
necessary to convince the decision-maker that developer's point of view, a strategy, where
compliance with regulatory criteria will be both the repository developer and the
achieved. It is important to recognize that this regulator could reach agreement on the
regulatory perspective should also hold for degree of validation needed for each model
model validation. For these reasons, used in the repository performance assessment
regulatory expectations for model validation and how to achieve that degree of validation.
are based on an applied science approach and
differ from those appropriate to a purely 3.2 Goals of Model Validation in a
scientific approach to developing and testing Regulatory Setting

models (see Appendix B). For example, a In formulating a strategy (or process) for
purely scientific approach compels pursuit of validation of performance assessment models,

it should be made clear that the overall goals
37 This definition was adopted frorn silling (1983, p. 3), of validation are twofold: first, establish the

' " ' "" "
ho jec s o as rtain tha th eorm in d adequacy of the scientific basis for each

renects the behavior of the real world. " model's intended use, and second,
''Accordias to thi8 definition model validation *ould be demonstrate that each model is sufficiently

achieved by: (i) constructmg a model that adequately
describes the behavior of the system ofinterest;(ii) accurate for the purpose for which the model
application of the model to predict quantities that can be is used.
observed or measured in the same or similar system; and (iii)
&crificction that the predictions are correct (Op cit.).

;mror a more detaried discussion of the commission's views on If a model is used, by the developer, to
the " reasonable assurance" concept,in the context of the demonstrate repository safety or is used , by

ic geologie repository regulation, sce NRC (1983 and the regulator, to evaluate the developer's

. .
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demonstration of safety, the model should be the process. As the repository development
shown to have an adequate scientific basis. process progresses, new information is
Speculative or conjectural models that have no expected to be factored into the evaluation of
plausible theoretical foundation or empirical model validity. The model validation approach
basis will not be sufficient. Thus, the minimum articulated in this White Paper asks for an
threshold to be achieved in validating each appraisal of the current level of scientific
performance assessment modelis to establish evidence relevant for the evaluation of a
an adequate scientific basis for regulatory particular model given the particular stage in
credibility. the development process.

Additionally,it should be demonstrated that For certain components of the repository
any model used in a safety assessment (i.e., system, the regulator may elect to
the demonstration of compliance)is independently develop its own performance
sufficiently accurate for the purpose for which assessment models, and may, therefore, need

the model is used. Implicit in this second goal to establish an independent strategy for its
is the need to validate each application of the validation. However, since the purpose of such
model,in a regulatory context. The validity of models is not to demonstrate the safety of the
a model estimate depends not only on the repository system (nor its components) but to
validity of the model, but also on the validity Probe, evaluate, and corroborate the pro-
' f the input parameters used with the model, jections (and conclusions) of the repository

e validity of any numerical implementation developer's models, the goals of the
the model, and the validity of interpretation regulator's validation strategy may be different

i model projections. However, the proposed than those of the developer. The regulator will
:rategy outlined here focuses primarily on need to establish the scientific credibility ofits

validating the model itself. models so that the projections ofits models
can be compared with the projections of the

The repository developer should prepare a repository developer's. It should be
validation strategy describing the plans for recognized, however, that the regulator,in
validation of each model to be used as part of addition, will have to develop competence and
a repository performance assessment. A Procedures for review of the licensees'
principal goal of this so-called validation plan compliance demonstration in this area.
is to establish,in a transpuent fashion, the set

3.3 Aspects of the Validation Strategyof activities by which the repository developer
will seek to demonstrate a level of confidence A model validation strategy should consider
in models consistent with their importance to two aspects of model validation in this context:
demonstrating compliance. In addition, the (i) a description of the activities that will be
validation strategy will guide or focus the implemented to gain confidence in those
repository developer on formulating site models used to demonstrate compliance; and
characterization plans and in determining the (ii) documentation of the results of these
performance goals for the components of the activities and the logic by which the
overall repository system, and be updated, as conclusions were drawn.
warranted. Preferably, validation strategies
should be established in the early phases of An important part of development of the
the program. For programs well underway, validation strategy is the identification of the
this issue should be assigned a high priority, performance assessment models to be

validated, considering their relat:ve
Any validation strategy should also recognize importance to the overall safety use. The
the various stages of the repository primary means of determining the fmportance
development process. In general, moie of models in the overall safety case is their a
confidence in models is expected in the later priori selection in the developer's compliance
stages of the process owing to the collection of demonstration strategy. The compliance
site characterization information throughout demonstration strategy indicates which
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components of the repository system will be description of the plans for implementing
relied on to isolate waste from the environ- those specific experiments, tests, or other
ment, md the degree of reliance to be placed investigations needed to achieve the degree of
on each component (i.e.,perfonnance validation desc:ibed in the model validation
allocation). The models associated with these strategy. Natural analogues may play an
components then take on the degree of important part in the study of trace element
reliance associated with the component. The behavior in the geological environment, for
component most relied-on should be checking of model completeness and judging
represented by a model with a higher degree of process relevance, and for evaluating
of confidence and thus a higher degree of models for the repository system and its
validation. Conversely, components less-relied components {see Chapman et al. (1984);
on may have models in which the confidence is Murphy and Kovach (1993); and Miller et al.
less and therefore would need a lesser degree (1994)]. Moreover, both generic and
of validation. The a priori choices delineated in site-specific tests and laboratory experiments
an initial compliance demonstration strategy should be considered in conjunction with
should be reviewed periodically as part of the natural analogue studies [see Davis et al.,
iterative process of conducting the total system (1991, pp. 6-7)]. A p t of the validation
performance assessment. As improved process, formal review steps should be
analyses (models), site data, and more scheduled, for example, includingfonnalpeer
complete designs become available, more review (Altman,1988) of the program and the
robust performance assessments become results. Because some types of validation
possible. These more robust assessments may activities may require long lead-times, it would
lead the developer to change the compliance be worthwhile to involve the regulator with
demonstration strategy, thereby altering the respect to certain validation issues at any early
level of confidence needed for the various time,
models. The decisions regarding the
importance of the particular models used Still, a complete understanding of the behavior
should be transparent and documemed for between the repository design and the site may
each iterative step. never be fully attainable. Instead, iterations

between performance assessment and
Thus, an iterative process should be used for systematic review of these assessments,
determining acceptable levels of performance leading to updated judgments of the relative
for each component of an overall repository importance of various sub-models and
system. Based on the performance goals for assumptions, appear to be the best approach.
the overall repository system, a conceptual The more formal organization of the
system design is developed before site validation framework should also be
characterization begins. This conceptual considered, as well as the documentation. In
design may describe: (i) the engineered and both cases there are good reasons to consider
natural barriers to be reUed on; (ii) the level the structure needed in the final licensing
of performance allocated to these barriers; documents.
(iii) the level of confidence anticipated for
each projection of performance: and (iv) the (Example of a Model Validation

3.4
,

safety factors, mr.rgms for error, or
,

redundancy among barriers (if any) to be In developing a model validation strategy, the
incorporated into the overall design. In the developer will need to consider what level of
description of the level of confidence for validation in the modeling exercise is
barrier performance, the developer's plans desiralie? Although performance allocation is
(i.e., a validation plan) for validating the typically expressed quantitatively, it is doubtful
associated models should be referenced. (based on the previous validation experiences

described in Section 3) that a universally
The validation plan for a model should move applicable or quantitative measure of model
beyond the need for validation to include a validity can be devised and agreed to. Rather,
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in the process being outlined below, what is might prove utefulin establishing
envisioned is the articulation and evaluation of semi-quantitative gcals for the desired validity
qualitative goals and support for achieving' of the various performance assessment
model validation. Although quantitative goals models. These goals might be expressed as the
would be desirable, from the regulator's rank ordering ofimportance of the models or
perspective, confidence in a model, and its as a small number (two to five) of categories

,

estimates, cannot generally be measured by representing smaller or greater need for i

fsimple quantification. Quantitative validation.
comparison of model estimates and

i

experimental outcomes is possible, but is not An example of a validation strategy is shown
the only, nor necessarily a good, measure of in Figure 3. The steps in this example strategy
model validity. A model may provide are briefly described below (in italics) and
acceptable estimates for a particular each step is followed by a discussion. As
experiment, but by most standards would be shown in the figure, when implementing this
considered invalid. For example, the strategy, what is envisioned is feedback and
Ptolemaic theory of astronomy provided fairly iteration between the various decision points.
accurate predictions of the movement of stars,
and to a degree, of the planets; but the theony
was ultimately proven mvalid by the theon,es Step 1-Define a Compliance Demonstration

Strategy.oiKepler, Copernicus, and Newton. As an ,, , f;,,, ,,,,, ,g, ,,,g,,,,,, g,y,ygp,,example closer ta the area oiHLW
maragement, an acknowledged problem, in shouldprepare a compliance demonstration.

demonstratmg the validity of ground-water strategy that identifies theperformance

flow and transport models, is that typically measure (s) ofinterest and the relationship
of these measures among the variousthese models have a number of parameters

that are determmed empirically. Given a set of engineered and natural components of the

field data, these parameters, and their repository. The compliance demonstration

number, may be adjusted so that whatever strategy should also include a performance
allocation that describes which baniers and,degree of agreement desired can be obtamed.

,

This, oi course, is not validation, but calibra- importantly, which mathematicalmodels,

tion (see Anderson and Woessner,1992). (and the implementing computer codes) will
be specifically relied on to demonstrateUnfortunately, many parameters desenbm.g
compliance.the natural system m waste management

models cannot be determined by first
A rerequisite to implementing a modelP

.

principles, but must be obtained by
interpreting field data.22 validation strategy is the specification of an

overall strategy for demonstratmg compliance
Theperformance allocation concept [see DOE with the applicable standards and regulatory
(1988, pp. 8.1-1-8.1-5); and Bailey (1998)] criteria. This strategy should identify the

quantitative post-closure performance
2iro ine contexi of ground. water modeling. calibration refers to objectives, and include plans for demonstrat-the demonstration that a particular model is capable of . . .

producing field-measured heads and flows (i.e., the ing that a repository site and design will meet
cohbration values). Calibration is accomplished by finding a these objectives. The strategy, therefore,set of parameters, boundary conditions, and stresses that
produce simulated heads and fluxes within a pre-established Would be developed by takm.g mio account

.

range of error (Op cit., p. 223). available information on the proposed
22Use of the "Ockham's Razor principle" may assist in selecting repository site and design,

appropriate models for HLW systems. This principle may be
simply stated as" an explanation of the facts should be no
more complicated than necessary " A recent paper suggests As discussed in Section 2, the performance
'Un*pIr"m"NeYs;Yh t as ". Da objcClives for a geologic repository are usuallys aa a s..s th t a
hypothesis with fewer adjustable parameters v omatically stated in terms of spCCific performance
''' *" *Eima@ arid r'p.I.".$#'Nda$ serger, indicators (i.e., performance measures). A

'* *
edic ons e

$Is2p.72). performance measure is a physical quantity
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Figure 3. Regulatory strategy for developing confidence in models.
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that depends on the long-term behavior of the component is to the demonstration of
repository and which indicates how well the compliance. Performance allocation can be 1

| repository isolates the radioactive waste from used as the tool to identify the validation goals
the environment or how well the environment for various models. An iterative process is
is protected. Performance measures may, for believed to be best suited for determining )
example, address the lifetime of a waste acceptable levels of performance for each

'

package or the dose to the maximally exposed component of an overall repository system. )
individual. The minimum or maximum allow- Each iteration, which includes a performance I

able value of the performance measure is assessment, should be followed by a systematic
referred to as theperformance criterion. Such review resulting in updated judgments of the
performance measures can be expressed relative importance of various sub-models and
deterministically, although the compliance assumptions, based on the current assessment.
demonstration would be probabilistic. Some- Step 2-Determine the Goalsfor Model
times the performance measure may be Validation.
estimated by a suite of computer codes, which For each moaa important to demonstrating
represent models for various components of compliance, qualitatively define the goals of,

the repository or the surroundmg environ- the validation exercise. For example, in
|

ment. For a smgle set of mput variables for defining these goals, one should: (i) identify
,

these models, the resultmg estimate of a given
theperformance measure to bepredicted by

performance measure can then be compared ,y, ,gg,7, (,;y g,,,,,y, ,g, ,,y,,;y, y,y,y gy
wilh the performance limit for the particular cor.fidence requiredfor a particular model;
component of interest. For multiple sets of and (iii) define the type of confidence or
realizations of mputs, a distribution of a given supponinginformation desired to

,

performance measure may be obtained. aubstantiate validation. .

i

Because the overall repositery system The next step in the validation strategy is to
(including engineered and natural barriers), is define the goals of the validation effart.
expected to be safe and, to some degree, Specifically, what level of validatiou in the
redundant, not all the components of the modeling exercise is desirable? In general, the
repository system need to be included in the overall goal of model validation is to remove
estimate of performance, to demonstrate that the conceptual uncertainties associated with
the performance limit is met. The repository models and to demonstrate that the system
developer may choose to include only certain being described by a particular model is

| components in a demonstration of compliance sufficiently well understood to support the
| either: (i) because the components excluded model's intended use. Thus, for each model

are beneficial and drive the system important to demonstrating compliance, it will
i performance measure toward better be necessary to define qualitatively the goals
I compliance, or (ii) because the excluded of the validation exercise.

components do not significantly add to the Step 3-Determine the Existing Degree of
uncertainty m the estimate of performance.

,

y,,,g,,,,,,,, ,g, y,g,,(,, S,g,,,,g,,

The choice of which components to include in
The literature should be reviewed to

which specific models for demonstratmg determine the extent to which the models l
comph,ance compnses a compliance selected have been previously used and idemonstration strategy. The degree to which validated. For newly developed models or !

cach component is necessary ior gg,,gg,, ,,g,7,gg, ,y7,y ,y,,, g, gg,,7,
demonstratmg compliance constitutes the relevant experience, determine the extent to
allocan,on oiperformance to that component. which there is empirical supponfor the
This allocation of performance thus scientific basis or application of the

i

determines the level of validation required for
, .

Proposed model.
a particular model (Step No. 2). That is, the
models describing the component must be Models used in performance assessment
increasingly more valid, the more central a should be supported by a sound and
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well-documented scientific basis,if regulators model (based on previous experience or
(and the public) are to have confidence in scientific evidence) exceeds the required
modeling results. It is essential to identify degree of validation, nofunher validation

_

which aspects of a given model are based on activities are needed and the information-
: accepted scientific or engineering practice, - collecting activities should be documented
and which lack technical credibility and thus aspart of the compliance demonstrations.
are potential sources of uncertainty. Having However, if the existing eaperience or

. identifled the models and performance scientific evidence does not satisfy the model
measures ofinterest (Step No.1), an eifort validation needs, then decide on what
should be undertaken to review and assimilate junher actions can be undenaken to achieve .
the scientific and technical literature relevant the modelvalidation goals.
to the model applications ofinterest. Many . If the existing support for the model exceeds
physical processes have been modeled that required to demonstrate compliance, then,

previously and there is a large body of no further validation activities are needed. If
techmcal and scientific experience in this

.

. the existing support is insufficient, then a
regard. However, because many studies might decision should be made either to reduce the
have previously employed a particular model, reliance placed on the modeled component
but may not have applied it in the same and revise the compliance strategy,

manner or for the'same purpose, it may be accordingly, or to acquire additional support
necessary to reevaluate and/or recompute for the model. Reducing reliance on one
experimental or theoretical results, to apply component,in general, can be expected to
the model to the comph,ance measure in require increased reliance on one or more,

question and subsequently arrive at a other components.
Judgment as to what level of model support
exists. Step 5-Decide Whether to Revise the

Compliance Demonstration Strategy.
To establish scientific support for a given In thepreceding step, it was determined that
model, one should both examine its theoretical cristing experience or scientific evidence was
basis and evahate the application of scientific not sufficientfor the validation needs of the
principles in the model to assure the ' . preferred model. Thus, the repository
application is appropriate. Normally, the . developer is left with two choices: either
validity of the application of principles is obtain additionalsupponfor thepreferred
achieved by comparing the model estimates . model or revise the compliance demonstra-
against empirical information. For models tion strategy. Ifit is decided to continue with
used in HLW disposal, the evaluation of the the same compliance demonstration strategy

- application of scientific principles and the (i.e., retain the same level of reliance on the
comparison of model results with empirical , preferred model), then the repository

. data are limited, because each disposal site is developer should obtain further suppon .
unique. This limits the modelers' ability to (i.e., evidence of validatica)for the
extrapolate from one site to another. Another preferredmodel.
limitation on the use of empirical data is that yg,,y,,, ,g, ,,po,;,,,, g,y,ygp,, ,,,,;,g, ,

. expenmental data collected over the time the it is epractical orpossible to validge
scales ofinterest are not available. Evidence ,g,p,,g,,7,g ,,g,y ,;,y ,,,g,,gg;,gon,y !
from field data and natural analogue studies information. In this instance, the only

'

are available for longer time and spatial recourse is to repeat Step'Nos. 2 through 4,
scales, but there is considerable uncertainty and revise the compliance demonstration

. about the environmental conditions prevaih.ng strategy (Step No. I), including redefined
for the system over these long times. g gg,, g g

' ' ' ' 'StAp F C:mpare the Riidation Goals to the
ExistingDgreeof 56didation.

.

As stated above, most proposed repository |
If the existing degree ofsupportfor the , systems appear to have sufficient margins of ;
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| safety and/or redundancies to allow several thought to be robust enough, the geologic
'

different choices regardingwhich system repository could be assumed to release
| components are to be included in a radionuclides directly into the saturated zone,

I'
,

' compliance demonstration and the relative and modeling of the unsaturated zone
Iimportance of such compments in making the migration could be avoided.!

demonstration (i.e., theh .. spective
contributions to performance). Step 6-Obtain AdditionalInformation to

Support Yahdation ofthe E%f.. aid Model.

Overall safety criteria, stated asperformance - This steppresumes: (i) that the existing level

limits, may be fixed, but the means oi demon- ' ofsuPport neededfor validation of the

strating safety for a HLW repository are Preferred modelis insufficient based on
judgmental and suffer from large uncertainties Previous experience orscientific evidence;

[see SKI et al. (1990; pp. 20-33); Fehringer and (ii) that it is practical andpossible to

(1991); and Ekberg (1995)]. An assessment obtain the needed experience or scientific
,

may rely on an understanding believed to be evidence. As noted earlier, both generic andI

better for some parts of the system than site-specific tests, laboratory experiments,

others-this may affect priorities and and natural analogue studies are ways to

assumptions in the performance assessment. achieve these goals. After the new infor-

j Poor understanding mandates the use of mation is obtained (from one or more of the
conservative assumptions. Supposedly better approaches described below), it should be -E

understanding allows the use ofless combined with the body ofsupporting ,

conservative assumptions. If compliance is evidence (identified earlierin Step No. 3). |

reached in a justifiable manner, for example, This revised, aggregated body of technical

by consideration of relevant uncertainties, no and scientific experience would then be

further validation is needed. If not, there are Co* Pared with the initial model validation
two choices: (i) changing reliance on various goalsfirstidentifiedin Step No. 2.

_

models in the performance assessment (Step The goal of model validation is to obtain ;

No.1); or (ii) ?he search for more support for sufficient confidence, commensurate with the j
models and asr umptions (Step No. 6). models' intended use, that the models are able

to describe the behavior ofinterest in the real
A hypothetical Swedish example of per- system. Confidence is gained in two ways: (i)
formance allocation could be to suppose that by examining the theoretical or scientific basis, ,

the description of far-field migration is very for the model to assure it is sufficient for the
uncertain, and to suppose that the waste application of the model; and (ii) by evaluat-
package camster is very stable. However, ing the application of scientific principles in |
scrutmizmg the validity of waste package the model to assure the application is

'

,

canister stability models may make it appropriate, which can be accomplished by
necessary to put more confidence mto the reviewing application of the principles in
retarding mechanisms of the far field (Step similar circumstances.
No.1). Alternatively, one might put more
efforts into further waste package canister - Normally, the validity of the application of |

? : corrosion research (Step No. 6). scientific principles is achieved by comparing ;
'

the model estimates against empirical |

For the proposed U.S. geologic repository at information. For models used in the HLW ,

L Yucca Mountain, a hvr othetical example of program, the evaluation of the application o,f !

tcrformance allocati: r. could be to model scientific principles and the comparison of
agration solely in the unsaturated zone with model results with empirical data are limited,
the object to show that the cumulative releases - because the data are collected for a specific !

p of radionuclides from the unsaturated zone to site and each specific site has a unique set of ,

the saturated zone migration are sufficiently natural / physical idiosyncrasies. This limits the j

small to meet compliance with the regulatory ability to generalize. Another limitation on the
limit. Similarly,if the saturated zone were use of empirical data is that data over the time

.

,
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scales ofinterest are not available for the model results to times or conditions not
experiments. Evidence from field data and encompassed by the original data.
na: ural analogue studies are available for
longer time and spatial scales, but there is Nenffer experiments: Progress in validation
generally greater uncertainty regarding the - may have to be based on additional
enviroamental conditions prevailing for the experimental evidence. This can be the case

: system over these long times. One potential both for non site specific issues, like coupled
way to' deal with such difficulties is to employ near-field phenomena, as well as for cases
the chosen site for a repository as a natural where the validation issue is to show that a
analogue itself. Thus, the ability to describe particular process or structure is applicable to

L the past evolution of hydrology and geo- a specific site. In the parlance
preceding section, additional e,used in thechemistry of a site might provide strong xperimental

evidence of the ability to accurately predict its evidence may be used to add confidence to
future evolution. either the scientific basis for the model or the

particular application of the model. In the

' Some additional sources ofinformation that latter case the validation problem may be to

might be useful in providing support (i.e., show how well the experiment (measure-

validation) for models are briefly described ments) made in the site characterization really
,

below. characterize the site. This will generally
involve experiments both at the actual site as
well as at other sites, to confirm the reliability

Theoretical supportfor madeis: Generally, of the site characterization techniques.
theoretical' support should exist for models Alternatively, confirmation of the application
used in performance assessment and, in some of established principles may be directed to
cases, this information may be used to the interpretation of site characterization data,
substitute for experimental evidence. Virtually rather than to their representativeness or
all the models used in performance quality. Experimental evidence is more likely
assessment are based on well-established . to be needed to support the scientific basis for
scientific principles, such as conservation of a model for areas in which the theoretical and
mass, momentum, and energy. Difficulties empirical scientific bases are incomplete
arise in applying these principles to complex and/or developing; for example, the formation

. situations, such as the flow of water in and migration of colloidal contaminants in the
- heterogeneous, partially saturated, fractured geosphere.
rock. Nevertheless, extensive theoretical
analyses, with evaluative experimental studies, On the other hand, experiments might not be
are available on topics and systems relevant to necessary for validation of performance
nuclear ,vaste disposal. To the extent that the assessment models. In Section A.2 of
scientific basis is well-established for both the Appendix A, the concept of a hierarchy of
fundamental theory and the application of that performance assessment models is introduced
theory to procesres, phenomena, or systems (see Figure A-1). In this hierarchy less
related to nuclear waste, this informatios detailed models are oerived from more
(which has incorporated previously obtained detailed models by assumptions that simplify
empirical results) may be substituted for the models, but retain their essential
experimental support for validation. This type behaviors. If the theoretical and empirical
of evidence, when presented in a logical : bases for the detailed models are well-
fashion, may be especially useful in supporting established, one may be able to use theoretical
claims that a particular model is conservative - arguments, based on the detailed models, to

. in a given application. Some models (e.g., very' confirm the validity of the abstracted models.
simple "models" that consist solely of ~ This is limited by the der'- to which the
correlations of variables in experiments of model ofinterest is cou, _ with other
limited _ scope) should have further theoretical models. Such an approach may be especially'

- substantiation, if the intention is to extrapolate useful for conservative or bounding assumptions
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used for the modeling of engineered alternatives and a preferred model,if
components of the repository. In such cases there is one.
the support sought-after may be gained by
development of a deeper understanding of the Design experiments that will enhance the*

process in question than is actually needed in fundamental understanding of important
the performance assessment model. Such an Processes included in a model. A suite of
understanding can be attained simply by more experiments carried out on different
detailed and careful modeling of important scales,if achievable,will add confidence.
processes.

To the extent practical, design (*

Planm.ng and analysn. ofexperiments: experiments to test models over the type !

Performance assessment models can be and range of conditions for which the I

compared with laboratory experiments, field models will be used. When it is imprac- I

61 over the full range, as willtests, and/or natural analogues to add to the
confidence that they are, over some time usually be the case for repository models,

period and with some degree of accuracy, abl means to expand the database (acceler-

to describe the relevant behavior of the real ated testing) or to scale the data (e.g., by

system-i.e., quantitatively estimate the using dimensionless numbers) should be

Performance measure. Because of scale and
used with great caution. Since many of the

time limitations associated with conductmg phenomena ofinterest are dependent on,

laboratory and field experiments, their scale and/or experimental conditions,

usefulness in model validation is limited simple relationships for scaling or
. . .

mainly to understanding the processes at work extension of data may be unusable. Tests
,

in the real system; however,if a model fails to should be designed to identify the condi-
, ,

agree with experiments conducted over limited !i ns for which model results will be
nvalid.scales, chances are small that it will be

satisfactory at larger scales. Comparing total If a model intended to estimate for large*

system and subsystem performance assess- times and spatial scales fails to estimate
ment models with laboratory and field test for smaller scales, to the degree required,
data is a much more difficult task, since the this is strong evidence to invalidate the
function of these models is to estimate system model.
performance over large spatial and time
scales. In general, there will be more confi- When analyzing the results of an*

dence in a model that compares favorably to experiment, it is recommended that
several types of evidence ranging in spatial subsets of data not be excluded for
and time scales, such as laboratory experi- arbitrary reasons; all relevant data should
ments and natural analogues. The utility of be used to evaluate the accuracy of the
these various sources of substantiating model and to evaluate the potential for
evidence is described below. errors and biases introduced by the

experimental technique. However, only
When planning experiments or field studies to the data relevant to the predictive model
support a model,it should be stressed that the under study need be used; unlike,

experiments should be planned based on a scientific validation, only the phenomena
systematic analysis of their potential for and variables ofinterest need be
resolving the identified problems. When explained and related by the model.
conducting such planning, there are some

Agreement with an experiment is" good practices" that may prove helpful. *

These include the following: insufficient, alone, to validate a model;
the scientific basis for the model should

Identify potential alternative conceptual be supported and scrutable. Ensure that*

models and then design tests that will generally accepted scientific principles
discriminate among the various (e.g., those describing flow of ground
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water through a porous matrix) apply to Labomsory experiments: Laboratory experi-
the actual conditione anticipated for a ments are useful because: (i) they are
specific repository. performed in a controlled environment that

.. _' minimizes uncertainty in initial and boundary
In general,if a single modelis divided conditions; and (ii) the experiments can be*

into two or more sub-models, the degree Performed on samples that exhibit relatively
' of confidence imparted by evaluating the little geometric variability or whose variability
sub-models individually will not be as can be measured. However, the use of
great as the degree of confidence laboratory experiments in validation efforts is'

achieved by evaluating the sub-models limited because e' e) the inability to perform
linked together. Therefore, it is deshable tests on either long time scales or large spatial
to perform additional tests designed to scales required for assessing the performance
validate the combination of sub-models, of a HLW repository; (ii) the difficulty in
as the combination will be used for testing some coupled processes; and (iii) the
repository performance assessments. In possibility that the systems used are not
the absence of the practical ability to representative ofin situ conditions (e.g.,
perform tests for combinations of sub- samples damaged in collection, not enough
models, careful theoretical evaluation is samples collected to characterize spatial
called for. variability, laboratory conditions are not

equivalent to field conditions, which may

Data used to develop or calibrate a model Produce phenomena that do not actually occur*

cannot be used to validate that model. 'd 3"")-
Model calibration is performed to

Field tests: Field tests overcome, to a degree,demonstrate that the model is consistent
with the system being modeled. the probleni of representativeness of data and

Validation, on the other hand,is the the spatial-scale problem that plague

testing of the model's ability to simulate laboratory experiments. To a certam extent,

the same system under different field tests c4 oc direct surrogates of

conditions. Thus, at least two deta sets (or repository performance (e.g., field heater tests

- a partitioned set of data) is required for a'id tracer tests). However, the usefulness of

model validation. field tests is limited by uncertainties m m tial
and boundary conditions and, to a large -
degree, by the possible conceptual misunder-*. If a model is intended to be conservative standmg of field conditions. Nevertheless,

rather than realistic (i.e., to overestimate field tests are necessary tools for site
potential repository impacts), tests or characterization and a dorough understanding

.

proofs should be designed to verify that of their potendal and limitations is certainly. the model is, m fact, conservative. warranted.

Maintain records of model development Naturslanalogues: To increase the temporal*

and testing, and subject these records to aa.d spatial scales, evidence from studies of
periodic peer reviews during the natural analogues could be used. In some
development and testing process. These sense, nature could be considered to have
records should include the analyses and initiated experiments that could be used for
rationale supporting the decision to validation. Transport of radionuclides from
accept or reject the plausibility of various naturally-occurring uranium deposits, and
conceptual models, transport and deposition of minerals along

. . fractures are two examples. These
These good practices may be applied to the " experiments" have the advantage of having
various lines of evidence for building taken place on temporal and spatial scales that
confidence in models. Further descriptions of are comparable to repository system scales. In
the lines of evidence follow. addition, coupled processes are often involved
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'

that are difficult to reproduce in either the 3.5 Documentine "*stements of Model
laboratory or the field; Uncertainty in initial Validity
conditions, boundary conditions, and the In any potential license application,
temporal evolution of the physical system, documentation of the validation strategy

,

however, limit the usefulness of natural employed will be of great importance in
analogues in validating models, and thus may judging the credibility of safety calculations

,

account for the reported lack of natural supporting the compliance demonstrations .
analogue-derived data in direct use in various The overall objective of this documentation

,

performance assessment projects (see should be development of a framework that
OECD/ Nuclear Energy Agency (1997, p. 26)]. would facilitate the acceptance (or rejection)

of models used, based on transparent and
logical reasoning. In this regard, all steps

A potential drawback of natura; analogues is associated with the implementation of the
their complexity. The prablem of demonstrat- model validation strategy (Section 3.4 of this
ing understanding of an analogue, with White Paper), including the compliance
inferred historic evolution, is difficult. In demonstration strategy ano other reasoning
addition, the quei, tion can always be raised as employed, should be openly and transparently
to whether the studied analogue has sufficient damented .
relation to the system or subsystem modeled.
Still,long-term field tests and natural Moreover, peer .eview, including international
analogues make it possible to study coupled cooperative efforts similar to those described
systems. This constitutes an invaluable check in Section 2,is believed to be a fundamental
that no essentia' process or coupling effect has contributor to judging the validity of
been omitted. Furthermore, even a qualitative - . performance assessment models. In this
fit between standard performance usestment regard, the extent to which the performance
nodels and results from long-terrwxpc!- assessment models ned have undergone (or
ments provides increased confidence in the may undergo) peer review (e.g., OECD/
model. Above all, the possibility to employ the Nuclear Energy Agency Peer Review Team,
site of a repository as a natural analogue in its 1997) should also be included in the -
own right should be stressed again. By documentation step. However, it should be

- developing credible models able to describe emphasized that peer review efforts may be
the evolution of, foi example, the hydrology considered of little value in regulatory
and geochemistry of a site to conformity with decision-making unless the material to be
observed conditions, the developer will have reviewed finds support from quantitative
provided confidence in the ability of the same analyses of experiments or other proofs, for
models to estimate the future evolution of the example, derived from interpretatiott of
site. natural analogues or more detailed modeling.
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4 SUMMARY

Model validation has been a topic of debate in This strategy consists of: (i) defining a
the area of HLW management for several compliance demonstration strategy; (ii)
decades. There is considerable disagreement determi6g the goals for model validation;
within the technical community about what (iii) determining the existing degree of
constitutes .model validation and how to validation for the model scheted; (iv)
achieve it. Furthetmore, the process for . comparing the validation goals with the
validating performance assessment models is existing degree of validation; (v) deciding
likely to be complex, including some whether to revise the compliance
combination oflaboratory experiments, field - demonstration strategy; and (vi) obtaining
tests, natural analogue studies, and other additional information to support validation of
theoretical investigations. In a regulatory the model,if needed.
context,information needed to build
confidence in the models used in the safety
demonstrations should be developed in a The need for model validation depends on the
timely fashion, pursuant to an acceptabic importance of the modelin the safety
model validation strategy. This White Paper demonstration; the more reliance is placed on
has attempted to articulate one such strategy. a component, the greater is the need for the

implementor to provide information that the
Key aspects of this validation strategy were models describing it are valid. Performance
described in the preceding pages. In describing allocation describes the relative importance of
this strategy, an applied-rather than a components. Certain good practices are
pure-science perspective was used; the advocated to assist in the development of
model only needs to be valid enough to activ; ties to build confidence and in their
provide estimates useful for the particular n:terpretation. The repository developer is

,

- application. From the regulator's perspective, expected to focus on two essential elements: j

the specific goals of the performance - (i) procedures for the development of -
'

assessment model validation process outlined confidence in models; and (ii) documentation !
should include: (i) establishing the adequacy of the results from confidence-building j

of the model's scientific basis, for its intended activities. The need for model validation is - !

use; and (ii) demonstrating that the model is expected to rest mainly with the repository |
r;officiently accurate for its intended use. As a developer; the regulator's program is expected

~

way of meeting these goals, a detailed to have a lesser need for model validation
step-by-step validation strategy was described. given the regulator's role. !

_

!

.

!
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APPENDIX A
U.S./SWEDISH PERFORMANCE ASSESSMENT

MODELING FRAMEWORKS

In this section, overviews of the United States first 10,000 years after disposal (40 CFR
(U.S.) and Swedish regulatory frameworks 191.13). Additional mquirementslimit
governing the disposal of high-level radio- radiation exposure to individual members of
active waste (HLW) are first presented, the public for 10,004 years after disposal (40
follawed by a brief description (outline) of the CFR 191.15), and ilso limit concentrations of
salient features of performance assessment radionuclides in Flound water for 10,000 years
modeling. There are significant differences in after disposal (40 CFR 191.16). The standard
the regulatory philosophies of the U.S. and limits the cumuhtive release of radionuclides
Sweden. However, despite these differences, to th: accessibb environment (or biosphere)
both the U.S. and Sweden intend to employ over the first 70,000 years after disposal.3 The
predictive mcdels to evaluate the long-term limit, which is expressed in probabilistic terms,
perfonnance of their HLW repositories, and must not be exceeded with a probability of 0.1,
thus both countries are concerned with or 10 times the limit must not be exceeded
developing consensus on what degree of with a probability of 0.001. This cumulative
confidence is desirable in models that are used release limit is to be met at the accessible
to demonstrate the long-term performance of emirontdent boundary, definect as the
a geologic repository for HLW. atmosr.uere, land surfaces, surface waters,

ocean <, and the lithosphere outsidc the con-
A.1 U.S. Regulatory Framework trolled area of 100 square kilometers (39

Section 121(a) of the Nuclear Waste Policy Act squrre miles), or the lithosphere not more

(NWPA), as amended (Public Law 97-425), thr,n 5 kilometers (8 miles) from a proposed

called for the U.S. Environmental Protection rcp sitory. The limits on radiation protection

Agency (EPA) to promulgate generally and concentration in ground water are to be
,

applicable environmental standards for the met for expected conditions and processes
"I-Ymanagement, storage, and disposal of HLW.

In addition, NWPA prescribed (Section The EPA Standard specifies that a perform-
121(b)) thr.t the EPA standards be imple- ance assessment is to be done to provide
mented by NRC as part of the procedural and reasonable expectation that there is compli-
technical regulations it was to promulgate for ance. The EPA Standard further states that the
the licensing of geologic repositories for the performance assessment should:
disposal of HLW. EPA promulgated its
standard as 40 CFR Part 191 (EPA,1985); Identify processes and events that might1 *

the NRC standard is 10 CFR Part 60 (NTi.C, affect the disposal system;

1983 and 1986). Evaluate the effects of the processes and,

events on the performance of the disposal
A.1.1 The EPA Standard 2 system;

As currently written, the EPA standard seeks Determine the cumulative release of*

to protect public health and safety by limitmg radionuc! ides caused by all significant
,

cumulative releases of radionuclides over the
,

processes and events, considering
uncertainties.

3 "CFR" stands for the Code ofFedemlRqulations,which is the
comPrehensiv: m:t of U.s. Federal regulations compiled in a The result.s of such a performance assessment

2 h t d rd e e ere opp ies o the disposal of
transure'e wastes at the Waste Isolation Pdot Plant but do s

3not apply to the proposed repository site of Yucca Mountain Cumulative release is defined as the time integral of release
that is being evaluated in accordance with NWPA. as rate to the accessible environment, summed-up over each
amended. radionuchde, weighted according to its radiotoxicity.
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distribution function (CCDF) of cumulative the new EPA standards. Under EnPA, NRC
release for comparison with the limits. has 1 year to make the necessary

modifications.
A.I.2 NRC's Geologic Repository D%posal .

Requirements In advising EPA on the technical bases for
newly revised disposal standards for Yucca

As no'.ed above,10 CFR Part 60 incorporates Mountain, Section 801(a)(2) of EnPA directed
40 CFR Part 191 as the overall performance the NAS to provide EPA with recommenda-
requirement for a geologic repository. The tions on the following issues:
requirements in 10 CFR 60.112 set an overall
system performance objective that amounts to Whether heahh-based standards based on.

meeting EPA's containment requirements, doses to individual members of the public
whereas certain other sections (10 CFR from releases to the accessible
60.113) set forth subsystem performance environment . . will provide a reasonable
objectives.4 studard for protection of the health and

safety of the general public?
5A.1.3 Recent Regulatory Developments

Whether it is reasonable to assume that a.

Since the late 1970s, EPA has been engageu in system of post-closurc oversight of the
setting standards to protect the public and repository can be developed, based on
environment from the potential hazards active institutional controls, that will
associated with the geologic disposal c,. MLW prevent an unreasonable risk of breaching
(see U.S. General Accounting Office,1993). the repositc.y's engineered or geologic
However, in July 1987, the U.S. Court of barriers or increasing the exposure of
Appeals for the First Circuit in Boston vacated individual members of the public to
Subpart B of the HLW standards and radiation beyond allowable limits?
remanded the rule to EPA for further
consideration, as noted earlier. After the 1987 Whether it is possible to make scien-.

court decision, EPA was working to revise its tifkally supportable estimates of the
environmental standards (Op cit.). However, probability that the repository's
before EPA could complete its work, Congress engineered or geologic barriers will be
enacted the Energy Policy Act of 1992 (EnPA), breached as a result of human intrusion,
which changed EPA's standard-setting over a period of 10,000 years?
authority.,

As noted above, the NAS has published its'

i Through EnPA, Congress directed EPA to findings and recommendations for a
promulgate new environmental standards site-specific emironmental standard for Yucca
specific to a potential geologic repository for Mountain. Among the NAS findings and
HLW at Yucca Mountain, Nevada. EnPA recommendations was a key recom.nendation
stipulates that EPA's new standards are to be that the nevised standard limit individual risk
based on and censistent with the findings and to a member of the public and abandon the
recommendations of the NAS. Once the final existing quantitative release limit with its
standards are promulgated, EnPA directs the implied population-protection basis (National
staff to modify its requirements to conform to Research Council,1995).6 Specifically, the

NAS has recommended that the level of
protection provided for in the new

$d*le*t!oggjc,Y ) ask7d environmental standard should be comparable
'' '

r demy n N
reconsider the role of numerical subsystem performance to that level of risk that may be acceptable to
;bge'h'at tb' inial [s ch a eq , meb' i h end society at large, given the society currentlyNi* '" '

djt od
to the sub optimization of repository design (National tolerates certain myolun/Wy risks--e.g., in the
Research Council.1995; p.126).

5 As noted earlier, the need for future revision to 10 CFR Part 6 The proposal for a heatrh,basedsrandard(e.g., limiting
60 is currently under consideration. These resisions, however, individual dose or risk) suggested by the EnPA is somewhat
are not expected to change the staff's views expressed earlier. different from the existing regulatory stnicture.
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range of 10-5 to 10-6 per (Smith,1995). To repositories and other waste and fuci
demonstrate that a geologic repository can be management facilities, SKB has a mandate to
designed to provide comparable protection to conduct research and development and other
society, the NAS therefore recommended that activities required for the safe management
assessments ofindividual risks be conducted and disposal of the wastes. The Swedich
for certain target populations,in the Yucca Radiation Protection Institute (or Statens
Mountain vicinity, using the approach Strftiskyddsinstitut-SSI) and the Swedish
specified by the International Commission on Nuclear Power Inspectorate (or Statens
Radiological Protection-ICRP (1985)-the Kurnkraftinspektion-SKI) are the authorities
so-called " critical group" approach (Smith, responsible for independently overseeing the
1995).7 As EPA considers this particular work of SKB and the waste producers, as well
recommendation, the NRC will need to as developing the necessary regulatory
explore how its existing performance assess- criteria: SSI develops the radiation protection
ment review capability might be revised to standards needed to protect public health and
accommodate such a standard. the emironment, whereas SKI develops safety

requirements that ensure the that the
The forthcomiN revisions to both EPA's facilities, including the geologic repositories,
standards and NRC's conforming regulations will maintain the level of protectie n against
notwithstanding,it is expected that the NRC radiological consequences that SSi establishes
regulations will continue to require compli- in its regulations. For this purpose, SKI also
ance with applicable EPA environmental develops requirements on how to demonstrate
standards as the overall system performance compliance with the SSI regulations.
objective for the repository and that demon-
stration of compliance with that objective will A discussion of points of departures for the
continue to necessitate a quantitative per. SK1 regulations was presented in 1997
formance assessment to estimate post-closure (Dverstorp et al,1997). The main principles
performance of the repository system (see build on earlier recommendations issued
Kotra et al,1998). Thus, because the revised jointly by the Nordic safety authorities (the so
EPA standard is expected to be probability- called Nordic Document, see below) as well as
based, the demonstration of compliance will other principles discussed and issued by the
also be probability-based. However, a ICRP and the International Atomic Energy
probabilistic evaluation is useful regardless of Agency (IAEA).
the nature of the standard because of the large
uncertainties in predicting future geologic A.2.1 The Nordic Document
repository performance.

Over the past three decades, the radiation
A.2 Swedish Regulatory Framework Protection and nuclear safety authorities in

Denmark, Finland, Iceland, Norway, and
There are three principal organizations Sweden have been working to develop
involved with the Swedish geologic repository common recommendations for nuclear safety.
program. The Swedish nuclear utilities have In the late 1980s, these authorities established
formed an operator-owned company-the a working group with the goal of preparing
Swedish Nuclear Fuel and Waste Management recommendations concerning basic criteria for
Company (or Svensk Kurnbrunslehantering the disposal of HLW (including spent nuclear
AB-SKB)-to manage and dispose of fuel). As a result of their efforts, a draft report
radioactive waste and spent nuclear fuel. In was issued in 1989 for comment both within
addition to building and operating the and outside the Nordic countries (The

Radiation Protection and Nuclear Safety
Also, the ICRP defines risk to a critical group in terms of Authorities in Denmark, Finland, Iceland,7

dose. The term '' dose" generically refers to the quantity of Norway, and Sweden,1989).8 Based on the

YoNforItIrIu Dr/oEs'a710Ch*R an20 nits comments received, the document was revised"* 8 * '

recommendations, the As adopts the ICRP terminology to
its proposed risk-based framework. s Hereafter referred to as the Nordic Document.
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and re-issued in 1993. Together with other globally is very low compared with the inflow
such international positions, the Nordic of natural long-lived alpha emitters.
Document (1993) has constituted a common The Nordic Document also addresses
bpsis for the development of national HLW validation in the requirements on safetydisposal poh,cies and regulations within the
respective Nordic countries. assessments (Op cit., p. 34):

" Compliance of the overall disposal
In its current form, the Nordic Document (Op system with the radiation protection
cit., p. 30) proposes that: criteria shall be convincingly demon-

strated through safety assessments which
" ..Up to reasonably predictabb time are based on qualitative judgement and
periods, the radiation doses to individuals quantitative results from models that are
froat the expected evolution of the validated as far as practicable."
disposal system shall be less than 0.1
millisievert (mSv)9 per year. In addition, In addition, it is stated (Op cit., p. 35) that
the probabilities and consequences of both models and data to be used in safety
unlikely disruptive events shall be studied, assessments should be validated as far as is
discussed and presented in qualitative reasonable by evidence from laboratory tests
terms, and wherever practicable, assessed and field observations, including natural
in quantitative terms in relation to the analogues.

risk of death corresponding to a dose of A.2.2 Swedish Draft Regulations
0.1 mSv per year.. ."

After publication of the 1993 Nordic Docu-
The direct application of this criterion was ment, SSI and SKI worked to develop the
foreseen for times shorter than about 10,000 necessary policies and regulations for

,

years. In addition, a release requirement is radioactive waste disposal.
proposed for the (vey) long term (Op cit., In 1995, SSI published its preliminary views on
P. 32): potential radiation protcetion criteria for

geologic disposal (see SSI,1995). These views"The radionuclides released from the were consistent with the Nordic Document,
repository shall not lead to any significant existing ICRP principles for protection againstchanges in the raaj,ation environment. ionizing radiation (see ICRP,1985), and
This implies that the m, flows of the Swedish statutes.M In light of these consider-
disposed radionuclides into the biosphere, ations, as well as SSI's evaluation of the

,

averaged over long time periods, shall be on-going SKB research program (e.g., SKI,,

{ow m comparison with the respective 1993), SSI published it, proposed regulations
inflows of natural alpha emitters. for comments in 1997 (see SSI,1997). In

It is also stated that the constraint on activity September 1998, SSI decided to issue a revised

inflow should be such that: (i) the resulting version of these regulations, which is planned
,

peak individual doses are generally not in to come m, to force by Februan d... This
,

excess of the dose limit; (ii) the resulting regulatory revision is expected to include:
,

activity concentrations in primary recipients at Provbions for the optimization and the use*

the site fall within the range of typical oibest available (technolog) techniques
concentrations oflong-lived alpha emitters in for limiting the release of radiative
similar environments; and (iii) the activity substances and the harmful effects of the
inflow from all HLW to be disposed of releases on human health and the

environment,

toThe Act on Nuclear Activities (ca.1984) and the Radiation' One msv equals approximately 10 mrem. Protection Act(ca.1988).
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Quantitative requirements for the protection against radiological consequences*

calculation of an annual global collective established by SSI. With this goal in mind, SKI
dose over a period of 10,000 years. proposes that a geologic repository be

designed and operated to fulfill the following
Qualitative requirements to ensure basic safety requirements:*

preservation of biodiversity atl the
sustainable use of biological resources. The level of risk associated with geologic*

Biological effects on habitats and disposal shall be comparable to that of
ecosystems shall be described and other nuclear activities.
reported.

The assessment of safety shall consider*

A constraint in the annual risk (of
the risks of the repository and be based*

acquiring cancer or genetic damage) to a n a Performance assessment that
includes relevant scenarios.

,

representative individual belonging to the
most exposed group of 104 The geologic repository shall be designed.

in a way that obviates the need for
Specificat.on of a 1000-year compliance post-closure monitoring.

*

(time) period in which repository
performance must be analyzed based on Repository safety (performance) shall be*

the present biosphere and other based on several functions of technica!
conditions, and the most likely evolution and natural barriers, in which the failure
of such conditions. For times after 1000 of any one barrier functica would not
years, the analysis shall be based on impair the overall performance of the
different possible scenarios for evolution repositony.
of the repository,its surroundings, and
the biosphere. For all time-scales, the The results of on-going research*

analysis shall include a case based on programs, on the long-term safety of the
present biosphere conditions. repository, shall be reported regularly to

SKI until the repository is sealed.
Evaluation of repository performance*

after human mtrusion. A quality assurance (QA) process should*

be implemented for the operation phase,

SKI is developing regulations intended to give w ensm dat & vadous parders of th
requirements on the construction and repository will perform as mtended, and

operation of a repository and on how to that the Safety Analysis Report (SAR) is

demonstrate compliance with the radiation Properly updated.

protection criteria prescribed by SSI. In 1997, Design and Construction Requirements: The
SKI proposed some general considerations repository shall be designed and constructed
and recommendations that would form the to meet design basis requirements specified in
basis for subsequent safety regulations. In the SAR. Best available techniques shall be
that document (Dverstorp et al.,1997), SKI considered, and it shall be possible to retrieve
described the basic design goals for a geologic spent nuclear fuel without impairing safety (at
repository and the issues and areas to be least until the renository is sealed).
addressed in the safety assessment. These '

ideas have been further developed, and Safety Assessments Req.sirements: The SAR will
presently (Autumn.1998) it is expected that need to be renewed within 10 years. The SAR
the regulations wt cover the followingitems. shall contain a description of the facility and

its operation, as well as a performance
Basic Safety Requirements: As noted earlier, the assessment for both the operation phase and
aim of SKI's safety requirements will be to the long-term, post-operational phase. The
ensure that facilities for the disposal of long-term assessment will address the,

radioactive waste maintain the level of following:
'
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Time scale of Me analysis and scenario on investigating whether all essential*

selection: The performance of the processes and their inherent interactions have
repository should be assessed for as long been included, or addressed, in the assessment
as safety functions are required, for and whether they have been correctly
10,000 years as a minimum, but not longer described from a technical / scientific
than 1 million years. If so needed, the perspective.
performance assessment shall be based on
a main scenario, covering the next glacial A.3 Components of Performance Assessment
cycle of about 100,000 years. Additional Modeling

less-likely scenarios will have to be Performance assessment modeling is closely
analyzed separately or superimposed on linked to the site characterization and
the main scenario (e.g., climate variants, engineering design process. Data acquired
tectonic events, future human actions) as during site characterization combined with
well as residual scenarios (e.g., extreme proposed repository design features are used
natural events, human intrusion, and in developing not only the corceptual
"what-if" cases). model(s) to be used in the analysis but also in

selecting the parameter values that would
Safety and radiation protection indicators eventually be used to obtain numericale

forvarious timescales: A" multiple estimates of the performance. For most
lines-of-reasoning" approach will be natural systems, and even for some engineered
encouraged, possibly employing systems, formulation of a single unique
environmental concentrations and fluxes conceptual model is an exception; more often
of radionuclides as safety indicators several classes of conceptual models can be
complementary to risk and dose for the derived that . satisfy the known (either
long to very-long time scales (greater than observed or postulated by accepted theories)
1000 years). constraints to varying degrees. To ensure that

model uncertainty is appropriately gauged, a
Scenarios, models, uncertainties: A useful approach is initially to formulate os.

systematic approach should be adopted many alternate conceptual models as are
with regard to the identification of consistent with known information; this initial
scenarios, processes, and uncertainties set of conceptual models is then scieened as
that could affect repository performance, more data become available, thereby building
In addition, a comprehensive documen- confidence in those models remaining.
tation must be provided of how validation
of models, assumptions, and data for the Formulation of the conceptual model(s)is the
intended use has been achieved. first and perhaps the most important step in

the performance assessment modeling
No future Swedish regulations are expected to process. It is in the formulation of the
require formal calculations of CCDFs for conceptual model(s) f hat the level of detail to
cumulative releases. Therefore, both be incorporeted in a n'odel is decided. It
deterministic analyses and sensitivity analyses includes decisions on: Ji) governing equations
performed probabilistically as well as through (e.g., equations corresp onding to the con-
parameter variations, in a deterministic servation of mass, mor <entum, and energy);
manner, are viewed to be important elements (ii) constitutive equathms (e.g., relations
of performance assessment calculations. between strees and strain, between saturation
Model uncertainties should be analyzed by and byiaulic conductivity, and between
applying several alternative models. SKI also corrosion potential and corrosion rate, etc.);
wishes to emphasize that the evaluation of ili) geometry of the system (e.g., one-

t

safety assessmen"is not restricted to checking dimensional, two-dimensional, or three-
whether or not estimated radioactive releases C.wnsional, single or double porosity, detail
comply with the criteria that have been of hetero,,eneity, discrete fractures or
specified. Most of the evaluation work focuses equivalent continuum, faults, geologic

NUREG-1636 A-6
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structures, etc.); (iv) boundary conditions implementation. It is expected that the
(e.g., fixed or time variable, spatially uniform mathematical models will embody the

i or nonuniform, specified fluxes or specified accepted scientific principles such as the
values of variables, etc.); and (v) initial conservation of mass, momentum, and energy.
conditions (e.g., ambient distribution of Use of a purely empirical model, such as a
pressures, temperatures, concentrations, etc). regression model, may be acceptable if the

results of such a model are applied only within

Formulation of conceptual models for the the range of observations on which it was
based.natural system presents problems that may not

be encountered for engineered systems. The
primary reason for this is that unlike Because of the complexity of the overall
engineered components, the geology of the repository system,it is anticipated that the
natural system cannot be designed-it can performance assessment models will be
only be investigated .wd described. In this implemented on digital computers. Thus, the
regard, because of the variability and mathematical models will be implemented in a
heterogeneity of geologic systems in space and discrete form using computer codes. High-
in time (e.g., Schumm,1991),it is often auality maintenance of these codes, through

b difficult to determine the types, kinds, and appropriate OA (Silling,1983), verification
amounts of data necessary to adequately and benchmark testing, and thorough
characterize a candidate site. Moreover, documentation are essential to building
because oflimitations in current confidence in the estimates of these codes and
testing / exploration technology, the tests may help in building confidence in the model
themselves can disturb the very physical on which they are based. However, the testmg
properties being measured, and possibly of such computer codes, even though
impair the desirable barrier properties of the necessary,is not sufficient in and ofitself for
site. The conceptual model of the site, achieving model validation,,

therefore, is often based on imperfect
information resulting in considerable
extrapolation of sparse quantitative data Models (and corresponding computer codes),

which, in turn, could possibly lead to large for the overall system, which include realistic

conceptual errors in the analysis. In view of details of all system components, can become

this,it is especially important that alternate very complex and computationally impractical.

models be formulated and tested to account In such cases,it is advantageous to perform

for possible biases in conceptual model modeling through the use ofi ferarchy of,

f rmulation. models (see Figure A-1). The very detailed
models ofindividual processes are the first
level in this hierarchy and are normally used

Next, mathematical models corresponding to to understand the sensitivity of a process to
each one of the conceptual models are parameter variations and external forces. Such
formulated. Depending on what system-state models are necessary to demonstrate con-
parameters are selected (e.g., temperature, servatism of assumptions and to provide a
pressure, concentrations, current density, free basis for the second-level models in the
energy, etc.),it is possible to develop alternate hierarchy. In the second level, a subset of the
mathematical models for the same conceptual detailed models with some simplifications is
model. However, alternative mathematical coupled to study and understand the interfaces
models are normally equivalent, and the between processes. In the third and final level,
selection of system-state parameters (and all component models are further simplified
hence the special form of the mathematical and coupled to formulate a total-system
models)is based on the advantages (e.g., performance assessment (TSPA) model. A
numerical stability, computational efficiency, caution to be kept in mind is that if the
desire for obtaining a closed-form analytic coupling between the detailed models is strong
solution) a particular model provides in and nonlinear, then it may not be easy to
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determine whether assumptions for expected to be in terms of dose without an
conservatism made in one model remain attached probability; similarly NRC's Part 60
conservative when this modelis coupled to subsystem performance requirements are
another. Special model tests to check the deterministic), regulators require that an
hypothesis of conservatism may, therefore, be estimate of uncertainty (either as a range or
advisable. It may be noted that not ad more common!y as probability) in system
processes need to be reduced to their third performance be formed and presented. This
level of simplicity for inclusion in the system means that even where conservatism is
model. Some of the processes may be so invoked, estimates of uncertainties introduced
central to the final result that they have to be because of model structure and assignments of
included in full detail. certain preferred values for parameters should

be made. Sometimes, the models that are
When such a hierarchy-of-models approach is designed to estimate these uncertainties as an
used, then all parts of the hierarchy need to be integral part of the overall model are called
tested to build the required confidence, even probabilistic performance assessment models.
though the type and amount of testing for each Testing of probabilistic models introduces
level in the hierarchy will be different. The additional reprements to obtain the
measure of acceptability for models at necessary assurance that the uncertainty
different hierarchical levels will generally not propagation in the models is such that the
be the same, and it is critical to identify these estimates of the uncertainties are either
measures properly. Illustratively, estimation of accurate or conservative.
the pressure distribution may be the per-
formance measure for the first-level detailed In view of these considerations, both the NRC
hydrology models, whereas the total amount and SKI staffs have conducted TSPAs
cf flux may be the measure for the second- applicable to the current disposal concepts in
level simplified hydrologic models. The testing their respective countries. In both NRC's
of the first-level models in this hierarchy, iterative performance assessment program
which can be assumed to be mechanistic in [see Codell et al. (1992), Wescott et al. (1995),
nature, comes close to scientific model and Mantuefel and Baca (1995)] and SKI's
validation, although such validation will be at Project 90 and SITE-94 [see SKI (1991 and
temporal and spatial scales that are much 1996), respectively), performance assessments,
shorter than those that characterize the the repository, and the neighboring host rock
repository system, are termed the repository orprocess system;

natural or human-mduced events or processes
To prc. vide confidence in the performance acting on the repository system, and
calculations, analyses may be conducted at two originating outside of it, are considered
different levels. In the trial performance external events or the extemal emironment. The
assessments conducted by both SKI and NRC, external event (environment) acting on the
arailiary analyses were performed to comple- repositog(process) system gives rise to
ment the overall or total-system performance scenan'os. The initial system description, at
calculations. Such auxiliary analyses provided the time the repository is closed, is called the
important insights for proper interpretation of undisturbed, base, or nominal case. The
the total-system results, based on a complex, disturbance of this system in the future by
Monte Carlo-based analysis. naturd (e.g., seismic motion, tectonic events,

magmatic eruptions, climatic change, etc.) or
As noted earlier, the current U.S. standard man-made/ human-induced (e.g., exploratory
applicable to disposal of HLW at sites other drilling, mining, etc.) external causes may
than Yucca Mountain is probabilistic in nature
and requires that uncertainties be considered "ff,','|@r|f,*gi"ggga*g,"p5j"y,h

, ,

explicitly m any performance estimates. But, (1992); and Stenhouse et al (1993)]. However, a strict

gaytio||,f 8 y,"*,',i ,i5 "|,t g'igl f|"hQhjef9a c(even when regulatory standards are
,

, , , , ,

determimstic (e.g., the Swedish standard is associated with ii.
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,
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,
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APPENDIX B
REVIEW OF PERFORMANCE ASSESSMENT MODEL

VALIDATION LITERATURE

This section contains brief reviews of the analyses are of fundamentalimportance,
literature on the validation of scientific It is essential that these models can gain a
theories or models, and concepts of model satisfactory level of confidence. Verifica-
validation as proposed by current prac- tion and validation efforts have an
titioners. In the earth science area, for important role in this process...."
example, numerical models have been used
extensively in the past for the assessment of Validation and verification are necessary for

fuel and non-fuel mineral resources (see Drew
instilling confidence in performance assess-,

(1990); and Singer and Maser (1981)' ment models. Direct comparison of model

resp ctively], and m predictive ground-water predictions with experimental observations

hydrology (National Research Council,1990). usually provides the most convincing evidence

More recently, though, model validation has that a scientific theory or model is indeed

come up in the context of safety assessments correct. However, as noted by Kuhn (1970),
for geologic repositories. Thus, the volume of acceptance of a scientific theory often depends

material that has been written on this subject more on achieving consensus among the

is extensive and often contradictory, reflectmg scientific community than on a preponderance,

the disparate views of those scientists, of objective evidence demonstrating quanti-

engmeers, and pohey-makers involved in the tative agreement between theory and,

respective assessments. Given these views, n observation. Although many scientists,

attempt has been made to make the following involved in the design of geologic repositories

review comprehensive. Instead, excerpts from have adopted the pragmatic, positivist

works that span the philosophical spectrum approach to model validation suggested by
, Kuhn, others retain the more traditional andare cited to demonstrate the variety of current

views on model validation. more restrictive negativist approach outlined,

by Popper (1959). The negativist viewpoint
B.1 Concepts of Model Validation developed by Popper implies that a theory (or

model) cannot be verified; theories can only
Public and private entities responsible for be falsified. Moreover, it follows from
siting, constructing, licensing, or operating Popper's philosophy that scientific theories of
high-level radioactive waste (HLW) disposal observable phenomena must be structured in
facilities recognize that they must convince such a manner as to be falsifiable or refutable,
themsehes and the public of the validity of the to be useful.
conceptual, mathematical, and numerical
models used to assess the safety of these Konikow and Bredehoeft (1992) are among
repositories. In the Intaduction to the 1987 the staunchest proponents of the negativist
GEOVALI symposium (Larsson et al.,1988; approach to model validation. However,it

, , ,

'

p.1),it is stated: appears that their assertion that ground-water
models,in particular, cannot be validated,is

"...In generic or site-specific evaluations based more on their strict definition of
of the safety of final repositories for spent validation than on their adherence to Popper's
nuclear fuel and high-level radioactive view. Regarding the use of models in selecting
waste, the models used in performance a HLW repository, Konikow and Bredehoeft

assert (Op cit., p. 82) that "...[i]t is naive to
believe that we will somehow validate a

' 0|L,",,*/,jriesyingrn tionalgmg,sjon Computer model so that it will make accuratei e cation
g, he , , ,,

models-see Swedish huc, lea 7 Power Inspectorate--SKI piedictions of system responses far m, to the
(1988); ski / Organization for Economic Co-operation and future...." Konikow and Bredehoeft express
nob *u*$a'r En [J 99Tj " d the view that the emphasis being placed on

' "
g cn
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model validation may in fact lull the public proof... " Indeed it may be argued that the
into believing that all uncertainty associated nature of a safety assessment is not even that
with predicting performance of the repository of a scientific proof. Niederer (1991, p. 32 )
can be eliminated. Although most later arserts that "...[i]t does not make sense
practitioners of performance assessment to demand strict proof that a [ performance
modeling do not equate model validation with assessment] model is correct...." However,
elimination of uncertainty, the possibility for Niederer does note that " ..it makes a lot of
such confusion suggests that prudent use of sense...to promote consensus by providing
the term validation is warranted in this ample evidence for the correctness of the
context.2 [ performance assessment] model.. "(Op cit.)

Overall, Niederer's views, in this regard, are
Davis et al. (1991) outline an approach for generally similar to the Commission's
validating models, used in performance perspective regarding the nature of the
assessment, that is based on Popper'.= premise decision-making (e.g., the so-called reasonable
that a model cannot be declared to be valid assurance detennination) necessary to support
simply because its predictions agree with

a construction authorization decision [seeexperimental observation. The model will NRC (1983, pp. 28200-28201,28204); and
retain the status of being "not invalid" until

Schweitzer and Sastre (1987)].
experimental evidence is obtained that clearly
rejects the validity of the model. Although
they have adopted the negativist approach, Niederer (1991) and Neuman (1992) promote
Davis et al. contend that " ..[s]howing that a the philosophy of Kuhn (1970), and argue that
model is not incorrect builds confidence in the " positive evidence" also contributes
model and acknowledges that perfection (i.e., significantly to validation of models. In tUs
validated performance assessment model)is context," positive evidence" means that a
not possible...." (Op cit., p. 2). They stress that model has met with repeated success in
from the regulatory perspective "...[t]he goal explaining pertinent observations and
of a model-validation exercise should not be experimental data. Even if no competing
viewed as providing a set of validated models exist to be disproven, evidence for the
models...." (Op cit., p. 3). Instead, the goal of validity of a model could be generated by
the exercise is to "...[obtain] sufficient demonstrating that the model adequately
confidence that the models are able to reproduces experimental observations.
simulate the behavior of the real system to Neuman (1992, p.1404) states that the process
accomplish the regulatory purpose." (Op cit.) of model validation is the "... gradual building
It is interesting to note that although Konikow of confidence among scientists, and thereby
and Bredehoeft (1992), and Davis et al. (1991) among the public, that... understanding is being
are both proponents of the negativist developed on the basis of a...research
approach, the former invoke Popper's program.. " Furthermore, Neuman asserts
argument to decry any attempt to validate that "...[t]he best way to achieve... consensus
models, whereas the latter appear to imply [that confidence is warranted] is through a
that repeated failures to invalidate a model careful validation of all models that are used
may generate confidence that the model is "... in isolation, and/or in tandem for safety
an adequate representation of the real assessment, regardless of how complex or
system...." (Op cit.) simplified their components may be...." (Op

cit.) For Neuman, Kuhn's assertion that
In the GEOVAL 1987 Proceedings, Niederer consensus, and therefore validation, are most
(1988, p.16) first notes that "...the nature of a readily attained through comparison of model
safety assessment is not that of a mathematical predictions to empirical evidence, demands

that much greater emphasis must be placed on
2 The publication of the Konikow and Bredhoeft paper was conducting those experiments needed to

' %* Ifb'n5Y**nN>*7:$'2.7993),M fn " }'
' "

37 h improve Our understanding of large-scale,
McKinley (1993).and Bair (1994). geosphere transport models.
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A StandardPractice of the American Society . ..The desire for validated models arises
for Testing and Materials (ASTM) from a decision-making framework, either
distinguishes between " mechanistic" and for designing a repository or for providing
" empirical" models (see ASTM,1991), assurance that the assessment of
Mechanistic models are those based on a long-term repository performance is
substantial understanding of the causal meaningful. In licensing a HLW
relationships between the dependent and repository, the distinction between a
independent variables of the model. In scientific approach to developing and
contrast, empirical models merely describe testing models and the regulatory
experimentally observed correlations between approach for validating models is critical.
the variables without any significant under- For one, the pure scientific approach,
standing of the cause-and-effect relationst ps generally, would ask for a complete and
that might exist. The ASTM Standard Practice detailed explanation for all observede

defines validation as meaning that "...the phenomena and is not concerned with the
model can account for all the data available. It specific application of science. Whereas,
is preferred that models incorporate the regulatory approach would ask only
substantial mechanistic understanding of the for an adequate description of the
[ relevant] processes.. ." (Op cit., p. 732). The phenomena for a given purpose (e.g., for
ASTM Standard Practice also notes that the licensing of a repository). Thus, a
"...[t]he principal difficulty with empirical bounding or conservative model may be
models is that the validity of extrapolations adequate for regulatory purposts but, by
usually decreases rapidly the further one definition, not provide a detailed
extends them beyond the original data. Thus, description of all phenomena....
for the purposes of this practice, purely
empirical models are considered Davis et al. (1991, p. 2) go on to argue that the
unacceptable.. ." (Op cit., p. 731) adequacy of a model, for regulatory purposes,

will be a subjective decision to be made by the
Tsang (1991, p. 829), citing Sargent (1984), regulator and suggest that the regulator base
lists eight types ofinformation that could be any decision on the followmg critena:

used for model validation. These include: (i)
event validity; (ii) face validity; (iii) traces; (iv) Whether the types of validation tests are*

histoncal methods; (v) internal validity; (vi) relevant to the intended use of the model;

historical data validation; (vii) predictive How well the models are able to simulate*

validation; and (viii) Thring tests. Some of the validation tests;
these are more concerned with evaluating the
internal structure and operations of a How many validation tests are sufficient*

computer code than with model variation, as before the models can be applied to a
the term is used in this paper. Huw wr, particular site; and
Sargent's list introduces the notion ofpeer

. .

review, not only of model results, but also of How well the site-specific m. formation*

the structure and development of the model conforms with the model s description of
,

the site.itself. [ Peer review is now frequently cited as a
; source of affirmation regarding the accuracy, On the other hand, some authors seem not to

validity, or relevance of technical information
'

distinguish between scientific and regulatory
(see American Ceramic Society and the validation. Niederer (1991, p. 31), citing Kuhn
Conservation Foundation,1985).] (1970), argues that:

Many authors recognize a distinction between . ..The [ respective] roles of falsification
the scientific goal of validation and developing and positive evidence are generally
confidence that a model is sufficiently valid for accepted, but neither is considered as
regulatory purposes. As Davis et al. (1991, p. sufficient to prove a theory. What, then, is!

2) emphasized: the additional ingredient that establishes
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3a theory as true? The most recent and,in occur at the repository or even man-made
our context, most interesting answer was archeological sites.4 Ewing (1993) outlines in
given by Thomas Kuhn, and the answer is detail the conceptual and philosophical issues
surprising and perhaps not very flattering that complicate the use of natural analogues
for the make-believe strictness of the and asserts that they will provide vital
supposedly exact sciences. After analyzing information for understanding the behavior of
many so-called scientific revolutions and complex systems over long periods of time.
taking into account psychological aspects Ewing ultimately concludes that natural
-which cannot be neglected because analogues cannot be used to validate models;
science, after all,is made by human however, this conclusion appears to have less
beings-Kuhn concludes that the proof of to do with any shortcomings in the value of
a scientific theory largely rests on analog data than with his apparent adherence
consensus. In other words, and to put it to the negativist approach to model testing.
simply and brutally, a scientific theory by Hoxie (1993, p.104), on the other hand, states
definition is true ifit has gained broad that "... natural analog systems are expected to
consensus among the rxperts of that be ofindispensable use as part of the overall
particular science.. model-validation process, especially for those

models invoked to predict the long-term,

It should be noted that Kuhn's (1970) positive Performance of a repository system and its
approach does not preclude incorrect popular emironment...." Sagar and Wittmeyer (1993,
opinion from being elevated to the level of P. 27) are "...[s]omewhat pessimistic regarding
scientific " truth." the use of natural analog data for the specific

purpose of [ quantitative] model validation...."

Confidence in the ability of deep geologic However, unlike Ewing (1993), their pessimism

repositories to safely contain HLW for s based on the general lack of experimental

thousands of years may be inferred by c ntrol posed by natural analogues and not on

investigating the behavior of naturally a fundamental philosophical objection to their
,

use m validation.occurring systems or analogs. Such
consideration would be consistent with the
requirements of NRC's 10 CFR 60.101(a)(2), To address the requirement to study natural
where it is explicitly stated that analogs, Alexander and van Luik (1990) note
"...[d]emonstration of compliance with such that DOE's (1988) Site Characterization Plan
objectives and criteria will involve the use of (SCP) explicitly discusses a number of natural
data from... natural analog stud:es...." These and anthropogenic analog sites that may prove
analogs could include, for example, anomalous useful in assessing the long-term post-closure
uranium (ores) deposited in environments that performance of the proposed geologic
are geochemically similar to those expected to repository at Yucca Mountain, Nevada.5

3 A number of reports and analyses have addressed the available physical, chemical, and biological information to
reduction of radioactwity and radiological hazards of HLW better understand how the processer in place there might
with time or made comparisons of its relative hazard to contribute to repository performanct.
uranium ore. For example, see Hamstra (1975); Levi (1980);
wick and Cloninger (1980); Williains (1980); Cohen (1982); 5 subsequent to the publication of the sCP, doe was reported
EPA (1982a,1982b,1985a); Elayi and schapira (198n, Cohen to have established a iblidation Orcrsight Group (VoG).
et al (1989); Mehta et al (1991); and Tacca et al (1991). within the Office of Civihan Radioactive Waste Management,

to implement a model validation methodology that would be
used by the Department in preparing its licensing case for a

4 winograd (1986) suggests that the archeo, logical record of geologic repository (see Voss,1990). In proposing this draft
man's past can provide an mvaluable empincal data base to methodology, VOG is reported to have adopted the following
evaluate the reliability of long-term model predictions. He working definition of model validation (Op cit, p. 360):
notes that some archeological records, dating as far back as
the Late Falcohthic Age (ca. 40,000 to 10,000 B.C.), have been " .[T] hat the modelis appropriate and adequate for the
successfully preserved in the unsaturated zone of arid and problem being addressed;is logically developed using the
semi-arid regions. Because the archeological record may be best available technology;is supported by experimental
biased in favor of successful preservation at such sites, and observational data; the quahty of the data is high; and
Winograd argues that it is important to synthesize the the limitations of the model are understood. "
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B.2 References Yucca Mountain Project Level 4 Milestone
OB12M,1996.

Ahlers, C.F,, et al., " Calibration and Prediction
of Pneumatic Respc ase at Yucca Mountain, Ahlers, C.F., S. Finsterle, and G.S.
Nevada, using the LBNUUSGS Three- Bodvarsson, " Characterization and Prediction
Dimensional, Site-Scale Model of the of Subsurface Pneumatic Response at Yucca
Unsaturated Zone," Berkeley, California, Mountain, Nevada," Joumal of Contaminant
Lawrence Berkeley National Laboratory, Hydrology,1999 [in pres;].

/-* 3 r=aau'd following reference is made to validation (DOE,1998b; p.
Although the recommendations of VOG were never 1-5):
published, the influence of the VOG groundwork is reflected Although TSPAs can never be proven to be absolutely
m DOE's current site characterization program for Yucca vahd, many environmental problems require modeling of
Mountain. For example, DOE has adopted internal long-term interactions of man.made and geologic systems.
requirements on model validation that adopt NRC's generic Using the term "model" acknowledges that whether the
geologic disposal regulations' suggestion to support modeling descriptions of geologic features, events, and processes are
activities with field tests and appropriate laboratory tests in unique and represent absolute reality will never be known.
addition to natural analogue studies [10 CFR "Vahdation"of a long-term predictive model means that,

60.21(c)(1)(ii)(F)d in the Quabtv Assurance Requirements andon the basis of tests of the assumptions, inputs, outputs,]. DOE's requirements for validation have
been incorporate and sensitivities, the model adequately reflects the
Desenptwn (QARD) document, which defines model recognized behavior of the portion of the system it is
vahdation " as the process that demonstrates that the model intended to represent. Adequacy is driven by the needs of
is an acceptable representation of the process or system for the application for which the modelis developed (Boak
which it is intended. "(DOE,1998a; p. 3 of * Glossary") In and Dockery 1998, p.178-180).
turn, the validation process is defined as " .. comparing analysis
results against data acquired from laboratory, field The Vmbilitr Assessment discussion goes on to say t, hat ,
experiments, natural analogue studies, or observations that adequacy of models can be addressed through the Judicious

were not used in the original development of the modeL." use of expert judgment, conservatism, and stochastic
(op cit., p. 3 of Supplement 111) The QARD also specifies that uncertainty studies, followed ap with thorough documentation
" . validation is to be carried out to the extent practical to of the modeling and comprehensive external review.
confirm that the mathematical representation appropriately One activity made passible,in a scientific program that has
depicts the natural phenomena.7 "(op cit.) Supplement 111 of continuing exploratory and field testing work, while models
the C .RD continues by indicatmg that if the type of data are evoMng, such as those in DOE's Yucca Mountain
enumerated is not available, alternative approaches are to be program, is the " forward" prediction (e.g., forecasting,
documented and used, and if peer review is the alternative estimating) of physical conditions to be encountered and
approach,it is to be carried out in accord with the guidance results to be obtained from on-going experiments (e.g.,
described in Section 2 of the QARD (DOE,1998; p. 3 of Bodvarsson et of,1994, p. 2039). As exploration and testingSupplement 111). These DOE requirements are advance, the adequacy of a forward prediction can be
self explanatory,but do point to the need for proper and evaluated, using new data. However, these new data are also
prornpt documentation of confidence-building activities that intended to aid in the recalibration and improvement of the
subsequently lead to changes in the model(s) being used. model, contemporaneous with its use. Thus, depending on the
in December 1998, DOE published a 5-volume viability duration of the particular investigation, the window of
assessment, of the Yucca Mountain (Nevada) site, that Opportunity for validation (confidence-building) could t)e a
presents progress and results from the scientific studies that narrow one. Therefore, to be both credible and timely to the
have been conducted over the past 15 years. With its Program, the results of these types of efforts must be
publication, the Habihty Assessment effectively supersedes the documented in real time and made available to interested
1988 Site Charactenzation Plan (DOE,1988) and represents stakeholders, to establish that the forward prediction,itself,
the current and future framework of DOE's scientific was indeed made wellin advance of the work, and the
programs at the site. (All 5 volumes of the Mobility comparison was objectively and correctly done before the
Assessment, including an Osmirw, are available on the adjustment of the model.
following Internet location: httpdwwwymp.goda.htm.)

This approach of: (a) using forward model prediction to
Within the Mobihty Assessment, there are several refercnces to evaluate the model; and then (b) using the new data
model validation. Under the heading " Increasing the improve the model, has been implemented in a numbu of
Reliabilityof Performance Assessment Models, DOE's instances for new boreholes and for the Exploratory Studies
Mabibty Assessment Otmiew (DOE,1998a; p. 31) states that: Facility, as well as for the Busted Butte unsaturated zone

transport experiment c.g., Wittwer et al. (1995); Ahlers et al.
(1996,1998); Wu et a]. (1997); CRWMS M&O (1998a,b);While forecasts of repository rformance over thousands

of years can never be proven, boratory and field studies
and experiments provide opportunities to validate the Robmson (1994); Reimus et al. (1998); Bussod et al. (1998)].
performance asses:; ment models. By comparing the This type of work suggests that validatmn efforts focus on the
ernpirical results of the experiments with the predicted Process-level modeling that is the first tier of models, based on
results of the models, analysts can assess how well their the primary mterpretation of field observation and

,

models represent the natural processes and engineered measurement, laboratory and m situ data, and on accepted
features of a repository. VaiiJating the performance scientific interpretations of these observations and data. In
assessment models will compliance analyses, however, abstracted or simphfied models

reduce uncertainties and increase confidence that a may be used to represent complex processes m a system-level,

repository will work as expected * multi-process, perhaps stochastic simulation. System-level
models cannot be vahdated, but their uedibility can be

There is a discussion of model validation in Volume 3 " Total established by showing that single, or simple coupled
System Performance Assessment (TSPA)."In that volume, the processes, are properly acccunted for in the mo feling.
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GLOSSARY
|

The following definitions are intended to Code verrfication: A process of assuring that the
,

expand on some of the technical concepts implementation of a mathematical modelin |
introduced earlier in this White Paper, the form of a computer code is free of coding
Because these definitions are provided as an errors, that the numerical schemes used are
aid to the reader's understanding ofissues within the bounds of required acct. racy, and
related to model validation, they should not be that the equations were correc% solved. The
construed as a U.S. Nuclear Regulatory process consists of followinF n < 'shed
Commission (NRC)/Swedish Nuclear Power quality assurance (OA) procedures during the
Inspectorate (SKI) staff position on these development of the code, comparison of code
matters. with analytic solutions, and comparison with

results from other codes. Some examples of
Abstracted model: A conceptual model of a code verification are found in the processes
component, barrier, or subsystem that is followed in INTRACOIN (the International
purposely simplified to fit into a model of the 'Iransport Code Intercomparison project-

tovera cologic repository (system). SKI,1986) and HYDOCOIN (the IIydrologic
Al ions may take the form of reduction Code Intercomparison project-The
in nsionality, elimination of time Coordinating Group of the HYDROCOIN
de,andence, a table obtained from more Project,1992) international code comparison
complex models, a response surface derived exercises.
from the use of more complex models, C erratism: In developing and applyingrepresentation of a continuous process or
entity with a few discrete elements, etc. mathematical models of physical systems,

Example: reduction of a three-dimensional choices can be made regarding assumptions,
.

approximations, data values, and data(3-D) transport model to a one-dimensional
distributions. If these choices are made so that

(1-D) stream tube model. the resulting models and the estimates
pr duced by them tend to make the estimated

Aurillary analysis: A quantitative evaluation Performance of a safety system worse than
Performed in addition to, and in support of,

. . might actually be expected, the choices made
,

the main analysis for estimating performance
are considered conservative orpessimistic. If

of the overall repository system. Examples
, the development and application of the model

would include the quantitative evaluation of'

are such that the estimated performance tends
conceptual models and their abstractions, to be better than might actually be expected,
analyses to show that results of the

the choices made are considered optimistic.
performance of the overall repository symm

| mod:1 were bounded, and analyses to justify Conceptualmodel: A representation of the
the assumptions and parameter values used. behavior of a real-world process,

'

phenomenon, or object as an aggreption of
Computercode: An implementation of a scientific concepts, so as to enable predictions
mathematical model on a digital computer about its behavior. Such a model wnsists of
generally in a higher-order computer language concepts related to geometrical elements of
such as FORTRAN or C. Computer codes the object (sae and shape); cimensionality (1,
often have names and version numbers for 2 , or 3-D); time dependence (steady-state or
identification. Examples: NRC's total-system transient); applicable conservation principles
performance assessment computer code-TPA (mass, momentum, energy); applicable
Version 3.2 (Mohanty and McCartin,1999); or consdtutive relations; significant processes;
MULTIFLOW Version 1.2. for coupled flow, bouMary conditions; and initial conditions,
reactive transport under r:m bothermal Examples: representation of a natural geologic
conditions. vstem by n number of 1-D independent
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vertical rectangular columns with transient Genuchten equation relating permeability to
flow, using mass conservation and Darcy's the degree of saturation for an unsaturated

I equation. porous medium.

ErpertJudgment: Kotra et al. (1996, p. 3) feer Review:2 Much scientific and engineering
suggest that expert judgment is information,1 development is subjected to the normal review
provided by a technical expert, in his or her process, consisting of critical evaluation by
subject matter area of expedise, based on colleagues in various venues. These so-called
opinion, or on a belief based on reasoning. peerieviews sre typically documented, critical
Questions are usually posed to experts reviews that evaluate the acceptability m.d
because they cannot be answered by other adequacy of some particular form of original
means. Expert judgments can be evaluations research, performed by peers who are
of theories, models, or experiments, or they independent of the work being reviewed. A
can be recommendations for further research. peer review can be conducted by obtaining-
Expert judgmMs may also be opinions that input separately from a number of peers or by
can be analyzed and interpreted, and used in convening a panel to conduct the review. Also,
subsequent technical assessments. Expert discussions among the },anel members can
judgments can be either qualitatise or generate usefulinformation not available from
quantitative. Expert judgments can also be a set ofindependent reviews. The most
judgments about uncertain quar.tities or common peer review process (i.e., pre-
judgments about value preferences. publication technical review of a scientific
Frequently, subjective probabilities are used to journal article) typically uses informal expert
quantify expert judgment. Expert judgment judgment to evaluate scientific methods and
has also been called expert opinion, subjective results. However, in principle, the nature of
judgment, expertforecast, best estimate, peer review is sufficiently flexible that its rigor
educated guess, and, most recently expert and formality are commensurate with the
knowledge (see Meyer and Booker,1990; p. 3). study being reviewed. For example, the
Regardless of how one defines it, expert National Academy of Sciences is frequently
judgment ultimately reflects the technical called on to review reports or conclusions as a
expert's evaluation and interpretation of some group of technical experts (see National
scientific knowledge base, to the extent that Research Council,1995a and 1995b). Peer
the knowledge base exists. Moreover, expert reviews can also be conducted using a formal
judgment does not create knowledge, rather it process to review the solution of very
" synthesizes disparate and often conflicting important problems....

sources ofinformation to produce an
integrated picture.. " (see Hora,1993). Performanceassessmem. A process of

quantitatively evaluating the ability of a
Mathematicalmodel: A representation of a geologic repository system (at various levels)
conceptual model of a system, subsystem, or to contain and isolate high-level radioactive
component through the use of mathematics. waste (HLW). This process is generally
Mathematical models can be mechanistic,in comprised of two main parts: (1) a quantita-
which the causal relations are based on tive estimate of system performance through
physical conservation prin;iples and the use of mathematical models, including
constitutive equations. In empin' cal models, auxiliary analyses and sensitivity and un-
causal relations are oased entirely on certainty analyses, followed by a comparison
observations. An example of a mechanistic of the results with appropriate standards and !
mathematical modelis Navier Stokes' criteria; and (2) an adegrete documentation :

equatia - for fluid flow. An example of an of assumptions, data, modeling approaches, |
empir .m .athematical modelis the v

1 Exput judgment is sometimes referred to as " data"(c g., f 2 This dscussion is an expanson of the carher defimtion of
purposes of aggregating the judgments of multiple experts). peer rmew prowded by Altman er al. (1988. p. 2).
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and modeling results. Also see safety system and the performance measure of
assessment. interest is radiological impact or some other

global measure of safety. Also seeperformance

}
'

assessment.br)brman:e measure (or sqfety indicator): A

M h of k W @ jvariable used to quantitatiw.1y evaluate the
,

behavior or a geologic repository system, '

of the systems comprising a 8cologic -subsystem, or component to contam, isolate,
repository,it is not usually possible to develop

. .

or retard HLW. One or more performance
exad analytical expressmns for themeasures may be defined. They may be in the , ,

form of engineering design specifications or relats aship between repository performance

requirements, or they can be described as the (meat.res) and the mput parameters used to
f rmalate mathematical models. To gain this

expected characteristics of the physico- understuding, quantitative (statistical)
chemical processes or phenomena active evaluations are used to desenbe the change m,
within the repository system itself. Some

a Performance measure corresponding to aexamples are peak dose at the location of ,

change m the value or probability distribution
some receptor, waste package lifetime, f a m del parameter. Sensitivity analyses are- ground-water travel time, and amount of

used to rank parameters according to thedi!ution within the saturated zone. Limits sensitivity of the performance measure to the
placed on acceptable values of performance Parameters. An example is the peak dose to a
measures form regulatory standards or member of the critical group changmg byx
criteria * percent when the infiltration rate changes byy

"" "
RepetAtory (orpwcess) system: An aggregation
of the engineered and natural components, Uncertainty: Alternative definitions exist for

' contained within a postulated boundary, that classifying the different types of uncertainty.i

function together as a cohesive unit to contain Generally, there are two types of uncertainty
- and isolate radioactive waste. Features, events present in any calculation. These are: (1) '
and processes originating outside the stochastic (or aleatory) uncertainty caused by
repository may affect a system's functioning by the random variability in a process or
altering fiuxes of mass and energy across the phenomenon; and (2) state-of knowledge (or
system boundary. The concept has been epistemic) uncertainty, which results from a
previously defined by SKI (see Andersson, lack of complete information about physical
1989; p. 44) as ". . the complete set of phenomena. State-of knowledge uncertainty
' deterministic' chemical and physical processes may be further divided into (i) parameter
tnat might influence the release of. uncertainty, which results from imperfect

< radionuclides fron. the repository to the knowledge about the inputs to analytical 4

biosphere...." models; (ii) model uncertainty, which is 1

caused by imperfect mcdels of physical

Sqfwy =====-a: Refers to the analysis used systems, resulting from simplifying assump-

"...to predict the performance of the overall tions or an incomplete identification of the

. geologic repository system...." (IAEA,1993; p. system :nodeled; or (iii) completeness

11) or"... an analysis to predict the uncertainty,'vhich refers to the uncertainty as

. perfornaatace of a system or subsystem, to whether all the significant physical
P enomena, relationships (coupling), .and |

,

h. followed by a comparison of the results of such
[an) analysis with appropriate [ safety) . events have been considered. Also, see Sem,or . j

standards and criteria.... (Organization of |
Economic Cooperation and Development /

- Nuclear Energy Agency,1991, p.14). In ' %'j,","y'j7,@,$"b"d*g,*3,%,,',' 3%'g'
general, a safety assessment is a type of dirrerentinian.iy is(s.ybuit er r 19si); response urf.cc -

. performance assessment insofar as the system @@@"j,'s@p"p, ",","yfff,''3%f *|; j
d*

3
under consideration is the overall repos: tory . . rew.

'
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Seismic Hazard Analysh N.:nittee (1997, peer review, laboratory data, field data, and
; pp.13-14). data from natural analogs.

Verifiestion: A process of assuring that the
Ur'g analysis: A quantitative implementation of a mathematical model,in ,

(statistical) evaluation performed to estimate the form of a computer code,is free of coding
the uncertainty and error bounds in a errors, and that the numerical schemes used

_ performance measure that may be caused by are within the bounds of required accuracy.
epistemic uncertainty (described above).The The process consists of following established
objective of an uncertainty analysis is to assess OA procedures during the development of the i
the degree of variability in calculated results code, comparison of the code with analytic '

as a function of the variabilityin model and . solutions, and comparison with results from
input parameters. Example: The uncertainty in other codes. Some examples are the processes
the estimates of waste package life time followed in the INTRACOIN and i

decreases byx percent for :veryy percent HYDROCOIN international code comparison !
decrease in the uncertainty in relative exercises. Also, see IA " A (1993, pp. 48-49).
humidity around waste packages.
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