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This paper discusses the problem of incorporating and re-
presenting uncertainty in the analysis of risk associated with
the geologic disposal of radioactive waste. There are many
collections of related events, features and processes which
might affect the long-term performance of a disposal site; for

.JMSI[qon\’enience, such a collection is referred to as a Scenaria.
EMncertainty in the analysis of the risk associated with a dis-
posal site generaily arises from two major sources: (1) the
inexactness with which the occurrence of various scaenarios can
be predicted and (2) the inexactness with which the conseguences
associated with individual scenarios can be predicted. The in-
exactness in (2) generally arises from thes inakility to com-
pletely characterize the physical processes acsociated with
individual scenarios. Questions of the folilowina tvpe arise:

How can a deterministic model be converted into a probabilistic

model and the resultant probabilistic predictions be analyz

How does one compile the various scenarios which could aflect a

disposal site and describe the uncertainty in the quantifica=ion

of there scernarios? What is an appropriate way o calculate

the consequences, and to represent the effacts of uncertainty,
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for a single scenario? How should individual scenarios be se-
lected for inclusion in a comprehensive disposal site analysis?
What is an appropriate way to calculate the consequences, ani
to represent the effects of uncertainty, for a collection of
scenarios selected to reprasent a disposal site? The preceding
guestions, and possible approaches to their solution, are dis-
cussed in the context of a project at Sandia National Labora-
tories to develop a methodology to assess the risk associatedl

with the geologic disposal of radioactive waste.

1. Introduction

The management and long-term disposal of hiqgh-level radio-
active waste and spent fuel produced by nuclear nower genera-
vion and national defense activities 1is becominj an increasinjly
important issue. The waste inventory is already large and
difficult to manage, and the future use of nuclear power is
being guestioned at least partly on the basis of waste disvosal
capability. Many options have been proposed for disposal of
radioactive waste, including burial in deep excavations or bore-
holes, emplacement in the seabed, ejection into space, and others.
The current option beiny pursued most actively is that of barial
in mined depositories in deep. geologic formations. The forma-
tions under »resent consideration include granite, shale, bazalt,
domed salt and bedded salt, The time period over which tha
performance of such repositories must be assessed is lon3 --
from at least a few thousand years to perhaps a few hundred
thousand years. Obviously, experiments and monitoring to Jain

information on system behavior cannot be carried out over such
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time perisds. The only available way to evsluate candidat
waste forms and repository designs and to assess the safety of
repositories is predictive modeling. Anr important part of such
modeling efforts will be the determination and representation
of uncertainty in model input and model predictions.

This paper considers the determination and representation
of uncertainty in the analysis of the geologic disposal ot radio-

active waste. It is derived from a project at Sandiz Natiocnel

Laboratories to develop a methodclogy to assess

ated with such disposal. The paper will present the major
in organizing the information which is available for a patential
disposal site and in obtaining a measure, with aporopriate uncer-
tainty bounds, of the conseguences associated with the site. The
following organization is used. For the remainder of this sec-
tion, the influence of models on the development and apnlication
of uncertainty analysis techniques in the context of radioactive
waste disposal is discussed. Then, .ive questions which aris=

in uncertainty analysis for geologic waste disposal are presented.
The preseutation for each guestion includes a discussion of its
importance in the contezt of waste disoosal an3 possible techni-
ques for its treatment. Specifically, the following guestions
are considered:

—-- Section 2: How can a deterministic model be convercald
into a probabilistic model and the resultant prob-
abilistic predictions be analvzeld?

-~ Section 3: How does one compllie the various scenarics
which could affect a disposal site ani describz the

uncertainty in the guantification of thesr 3cenarios



-- Sertion 4: What is an aporopbriate way to calculate the
conseguences, and to represent the effects of uncertainty,
for a single scenario?

-- Section 5: How should individuali scenarios be selected
for inclusion in a comprehensive disposal site analysis?

—-- Section 6: Wr-at is 3n appropriate way t2 calculate
the consequences, and to represent the effects of
uncertainty, far a collection of scenarios selected

to represent a disposal site?

The paper concludes with a brief summary section.

As already noted, the ideas presented in this paper are
derived from a project at Sandia MNational Laboratories. This
project consists of three major parts: (1) the development

of models to represent physical processes associated with the

disposal of wast2 in geologic formations, (Z) the development

of technigues for the assessment and use 09f these mod
{3) the application cf these models and technigues t2 a hyodo-
thetical waste repository. The development of uncertainty
analysis technigues belongs in the second catagcry. Specific-
ally, the designation "uncertainty analysis techniques" is used

to mean methods by which the inexactness of our knowl-dae with
respect to the occurrence of events and processes at a 3isposal
site and the inexactness of our capabhility to descrii: such

events and processes can be translated into probabilistic state-
ments (e.g., expected values, variances, distributions, confidence

intervals) about their consequences.



The development and appiication of uncartainty anzlysis
technigues for the assessment of waste disposal sites is ver,
closely tied to the models vhich represent physical processes at
these sites. The obtainable information for a site generally
does not provide immediate insight into the conseguence. associated
with a repository at that site. Rather, models must be used tn
process the obtainable information into forms that do fprovide
insight with respect to the repository. Thus, uncertainty
analysis techniques must operate in conjunction with the models
to determine the uncertainty associated with model predictions
from the uncecrtainty associated with the data supplied to the

h can be cbtaired for

models as input. Much of the deta whi

disposal sites will be represented probabilistically while the

models which have been developed to reocresent vrocesses at

sites are gene-ally deterministic. In essence, cncertainty

analysis technigues are used to develop probabilistic models

(i.e., random variables as input and output) Irox Jeterw

models (i.e., individual variables as inpout and outvput) and thzn

to analyze the predictions made by the new probabilistic models.

Due to their importance in shaping “he uncertainty analy:ic
technigues presented in this paper and to help indicate the po-
tential complexity of an uncertainty analysis, the madels which

were developed in the Sandia prograw for use in the assessment

of waste dispocgal sites are now briefly indicated. The pro-

major categories: (1) near-field repository

watar transport. (3) pathways-to-man and (4)
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effects. The two major models available to represent near-field
behavior are SWIFT, a three-dimensioral, finits Fiffzr.nce model
which solves a coupled system of partial differential eguztions
vo represent fluid flow, heat transfer, brine migration and
radionuclide transport (Di78j), and DNET, a guasi two-dimensional
network model which simulates waste’/host rock interactions ani
feedback effects in the vicinity of a depository (Cralh).

Two major models are also avazilable to represent groundwater
transport. One of these is SWIFT. The other is NWFT‘DVM,

a network flow and transport model which solves radioauclide
transp rt equations by a distributed velocity scheme (Ca80a,
Cz280b). A two part model is available te perform pathways-
to-man calculationz (HeB8Ob). The first part represents radio-
nuclide movement in the surface environment by a syster of
differential eqguations; the second part represents radionuclide
movement from the surface environment to a human population

by use of conceatration ratios. A model is availahle which
rerforms dcosimetry calculations on the dasis of 70-year Jose
factors derived from the ICRP-II model and which estimates
health effects from individual dosecs and latent cancer risk
factors proposed by the BEIR-II committee (RuS9).

This section concludes with a brief discussion of the
importance of representing uncertainty in calculated conse-
quences for geolojic wasts disposal. First, it is not pussisle
to exactly predict the sets of events, features and processes
fi.e., scenarios) which may affect a dispnsal site. Most

likely, the best that can be obtained will be »drobhanhilistic



statements (possibly quite crude) about ths occurrence of indi-
vidual scenarios. Second, it is not possible to exactly describe
the conditions (i.e., input data for computer models) -=cessary
to predict the consequences associated with specific scenarios.
Again, the best that can be obtained may be probabilistic state-

which define

ments (possibly gquite crude) about the wvar .zt
model input. To ignore the =ffects of such uncertzinties on model

predictions could produce very misleading results.

2. How can a detarministic mogdel be converted ints 2 prekanilistic

model* and the resultant probabilistic predictions be analyzed?

This is a very general gjuestion but one whi
of uncartainty analysis for geologic waste disposal. As already

indicated, uncertainty analysis is used to mean the application

of methods by which the inexactness of our krowledge with re
to the occurrence of events and processes at a Jisposal site
and the inexactness of our capability to describe such events aui

Drocesses can pe translated into probabilistic stateaents abo::

their consequences. The analysis of a dispousal site
the use of several largce and couplex deterwinistic nodels.
Howevar, the input values for thesc models are actualiy the

realizations of many different random varizbkles. Thus, uncar-

tainty enalysis for a particular consegcence can be int

as the stuvdy of a random variable wiich describes the hehavior

*The designation "deterministic model™ is used to indicate a
function whose input is a sequence of real numbars and wiose
output is one or more real numbers, Th2 designation "prol-
abilistic model" is used to indicate a function whose input
is a sequence of random variables and whose output is ane Or
mare random variables.




of this conseguence; in turn, the character of this randoa
variable results from the deterministic models involved and the
random variables which describe input values for these models,
This leads to the following question: How can a "morz complex"
model be constructed from the deterministic mod21s which takes
random variables and their associated joint distributions as
input and generates one or more randow v3ariszbles as outpus?
Then, uncertainty analysis becomes the studv of the depenident
random variables.

In this sectian, a technigue for converting a deterministic
model into a probabilistis model is discussed. Further, analysis
technigues for the resultant dependent random variables are alss
indicated. Then, application of these technigies %2 2 sinile
scenario is considered in Section 4, and aonlication of thege
technigues to an overall assessment of 2 Aisposal site is

considered in Section 6.

in practice, it probably will not be oossible %o 2
a model which takes actual randem variablies (i.e., fumctions
defined on probability spaces) as input and in turn actually
generates such functions as output. Indeed, the randcm vatri-
ables under consideration will often be estimatesd by empirical
distributions or other approximations. Thus, it is provoses
that a deterministic model be converted into a probabilistic
model hy using some scheme tO generate a sequence of values
(actually, a sequence of vectors, where each vector contains
one value from each random variable) sampled from the random

variables according to their distributions ‘or, the bext



approximations to them which are available). Then, the indivijuz:l
variable values associated with each of these vectors car b2
supplied to the deterministic model as input. This generates a
sequence of model o7itputs which, in conjunction with the prob-
abilities associated with the individual sets of input for ths
deterministic model, can be used to generate a random variadle
(actually, an approximation to & random variable) which is ths
result of the applying the new "probahilistic" model to the

orizinal random veriables. Then, suitable znalysis o

s
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random variable and the values used in its generation provide
the desired uncertainty analysis.
The discussion of the 2receding parajraph is now elabsrated

ec! ic waste disposal and many dother orotlexms, one

s

on. in
initially has a deterministic model D which is a function cf the
variables vi, ..., v,. However, it is difficuit to justify

specific choices for the v;; in reality, thz val

variapbies 3re realizations of associated raniom

«eey Voo Thus, what is desired is an assessment of the behavior

n

of D{vy, ..., vy) which reflects the behavior of Vie veer Vg

In escence, it is d:rsired to replace the deterministis model
D with a probahbilistic model P which has the random variables
Vier «..r Vy as input and has a random variable as ouilput. Then,

the dependent random variable can be analyzed to

with respect to the behavior of predictions maze

deterministic model D. However, for most situations it is not

possible to actually construct the probabilistic rodel P; inst

s}

the best that can be done i3 to constructt 2 mnicl Py wri
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takes approximations to the random variables Vi, ..., V, as
input and in turn generates an approximation to a random vari-
able as output. Then, trhis approximation can bz analyzed to
gain information with respect to the uncertainty associated with
the predictions made by the original deterministic model D.
The precediny discussion leads to two guesticns: What 1is¢
a suitable way to sample from the random variables which arz to
be used as input for the new preobabilistic medel? wWhat is =
suitable way to represent and analyze the randem variaple which
is generated as outpu- by this model? Before possiblc solations
are proposed, several desireble properties for the methods are
listed:
-- Provide for estimates of exvecte:l value, variance ani
distribution for the dependent random variable,
-- Provide for estimates of confidence intervals for the
sreceding entities,
-- Permit investigation of different 3istribution:z an4

correlations for the random variables used as input,

-- Perwmit determinztion of impartant
in producing uncertainty in model predictions,
-- Be numerically efficient with respect to the amount of

calculation required to obtain the information indicated

in the preceding desiderata.

Due to the potentially large amount of computation reguirad by
some of the models used to study radinactive waste disposal, the

last consideration is very impo.tant.
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There 2xist wmany sampling techaigues whizh miqhe be used
to sample from random variables to generate probabilistic input
data for deterministic models, Several of these methods arc
compared in McKay, Concver and Beckman (Mc79). Of the possible
sampling methods, the one used in the Sandia oroject is Latin
bypercube sampling. This technigue to select n different -=lues
from each of k variables Kir «cens Xk operates in the following
manner. The range of each variable is divided int> n nonowver-
lapping intervais on the basis of equal width or egual Pron-
ability. One value f{rom each interval is selected at randor
(for equal probability, random sawpling means with respect to
the probability density in the interval)., Tre n values thus
obtained far X, are gairaed in 2 random manner (equally likely
combinations) with the n valuyes of ¥,., Thnese 5 pairs are com-
bined in a random manner with the n values of X3 to form n
tripiets, and so on. until n k-tuplrs are formed. Thie is =h:

Latin hypercuobe sample. A computer proqram for jJenearatiny Larin

hypercuhe samples ’ been develoned and documentad hv Iman,
Davenport and Ze * im30c).
To initial. -  (esent the random variahle which is the

output from the probabilistic model, a cumulative distribatinn
function can be used. Then. the questions of uncertainty anz2’

become questions of descrioing this random variable. TImportant

aspects of such an analysis are now indicated. Specifically,
with the assumption that Latin h_ percubs s5ampling has been usai
to convert a deteorministic model into a3 orohakilistic model,

the following statements can he mais:

ie
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Unbiased estimates of the mean, other moments and

distribution function are possible
p. 11).

variances of the preceding estimators are usually
staller thz.a variances of estimators arising from other
sarpling technigues; however, "h“is result may be closely
related to monotonicity properties of the model. The
sample variance provides a bilased estimatz 2f the poou-
lation variance; however, the bias is aften small [I=E
Sections 2.5 and 2.6%.

Sensitivity analysis techniques based on partial carre-
lation and stepwise redression can be 2sed to dcter—ine
the dominant variahles with respect to the denendent
random variabl (Im78).

The effects of different distribution assumptinng for

ene ranAoT vari-

the i

1pat randow variznles on the Adepne
able can be investigated without rarunning the mode?
(Im80b, Chapter 3).

A variation of Latin hypercude sazplin: known

replicated Latin hypercube sawpling can b2 used t»

obtain confidence intervals for estimators

to the dependent random variable (personal

from R. L. Iman with

Determination of the preceding information is cf{ficient
in that it can be accomplished with less calcuiation

{i.e., the aenervation of fewer samnle values for tha

with other sa~nling
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It is felt that all of the precadinj conciderations fall a

the general heading of uncertainty analysis.

3. How docs one compile the various scensrioss

Jor

Nt

2 disposal site and describe the uncertainty in ths guanti

cation of these scenarios?
The worl scenario is usea to densts a ccllection of r

events, features and processes which might affect a3 3isnos

Uncertainty in the analysis of a waste disposal

twd meior sources: (1) the inexactrness with which thes o2c.

of various scenarios van be predicted and (21 the inaxitin
with which the consequencers assoriated with individual sc=

ariza-

can be presicted. The inexactnass in (2)

the inabpilty to completely characterize ths

associated with ipdividual scerarios. The pranhler of dncorasr

ing uncertainty wher converting {-or a dstermini=ti:z

posal. However, the first problem which must he dealt wit
in an uncertainty anzlysis oy a cite is how to orzanizo th

scenarios referred to in (1) and the comsutationa
descriptions of these scenarios referred to in (2) into 2
which permits application of the uncertainty analvsis techn

indicated in Section 2. This orgjanizational technigss wo=

operate to qroup svent:s, features and sroaces

=]
i)

B
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in a manner that facilitates use of the models which are avail-
able to predict conssquences. In this regard, it is emphasized
that it is usually not possible to immediately ascertain the
consequences associated with individual scenarios. Instead, it
is necessary to describe these scenarios in sufficient detail
and then to use models to predict their consegquences.

The organizational technigue that is being used in the
Sandia project is now briefly indicated. The events, features
and processes that are important wich respect to the beshavior of
a repository are organized into four categories: (1) those which
could influence release of radionuclides from the depository to
a nearby aquirer system, (2) those which could influence release
of radionuclides from the depositery directly to the biosphere,

(3) those which could influence radiecnuclide movement in ground-

water to some surface discharje lacation, an? (4) those wh
could influence radionuclide mcvement in the surface environment
and resultant human exposure. Each of the preceding categories
has a number of sets of conditions (i.e., subscenarios) associzted
with it. Appropriate unions of these sets are referred to as

scenarios and are the basic organizational units for the analysis

of a disposal site. This technigue is intended to operate in
conjunction with the physical models indicated in Section 1.
Additional discussion of scenario development, definition and
application is provided in Cranwell, et al (Clr80c).

Two observations are now made with respect to the scenario
development technique just indicated. First, it is felt that this

organizational method is preferable to event-tree, fault-tree
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technigues for studying uncertainty in the ccntext of rag:o-
active waste disposal. This statement is made for the follow-
ing reasons: (1) many of the so-called "events"” in waste disposal
do not represent immediate or abrupt changes in the repository
system but rather slow continuous changes over 100's to 100G’s

of years (e.g., salt discolution, shaft or borehole seal degrai-
ation, formation of a geologic dike), and hence their occurrence
cannot be represented by a simple "yes" or "no" statenent, (Z:}
the events and processe: of concern in waste disposal do not
necessarily have to occur in a particular seguence and hence
organizational proslews develop when one attempts to force an
orderinrg onto them, and (3) the existence of feesdback loops

may be important {e.g., for diswosal ir tedded salt, tharmal
expansion and resultant cracking can lead to zalt Jdiesolation
which can lead to subsidence and collapse which can lead to
additional dissolution which can lead to further subsidence

and collapzej. The preceding observations lead back to a Doint
which has airesady been stated: for a repository analysis, it is
necessary to organize conditions and then use predictive modeling
to study the consejuences assnuiated with these conditions. Tre
second observation is that it is not possible to prove “conplzte-
ness” in the sense of uneguivocally establishing that all possiblé
scenarios have been compiled. Through care in scenzric develoo-
ment and appropriate independent review, assurance can be Sought
that a collectizsn of scenarios is acceptably completes. However,

this caanot be proved.
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The probabilistic description of each scenario involves two
tyoes of random variables: a random variable which describes
the probability of occurrence for the scenario, and a coilection
of random variables which describes the inexactness with which
the information needed to model the scenarin is known. The first
type of random variable is needed (1) to calculate consequences
and uncertainty across all scenarios, {2} to perform risk calcu-
lations, and (3) to screen scenarios on the basis of probability.
The second type of random variable is needed (1) to calculate
consegusnces and uncertainty for individual scenarios (2} to
perform risk calculations, and (3} to scre=n scenarins on the
bzsis of contcequence.

Determination of the random varianles nz2d2d to describe
the scenarios associated with a disposal site is depcndent on

potk the individual scerarioc and the particular site. It is

~

difficult to give specific technigues for thneir destermination in
a general paper such as this; indeed, the thrust of this paper
is, given that these randonm variables can be deternined, how
can the uncertainty which they impose on acsessmcnts of a site
be studied? However to provide a feesling for what is involveld
in the determination of these random variables, the following
3ix general approaches are discussed briefly: (1) applicatinn
of known physical relationships, (2) laboratory measurements

of properties and processes, (3) field measurements of geologic
conditions and processes, (4) investigation and interpretation
2f past historic and geologic records, {5) synthesis af expert

opinion, and (6} deliberate conservatism. All of these techniguern
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are most useful when their applicatinn is as si*a-czecific as
possible.

The fi* t technigue is based on estimating probabilitie

through use .f accepted scientific principles. For examole,
heat flow calculaiions can be uscd to determine temoerature
distributions in the vicinity of a depositorv. This information
can be used to estimate the probability of thermally induced
fracturing in the rock strata sarrounding the depository. 1In
turn, the preceding probabilities can be us2d to estimate the
probabilty of water flow through the depository. As another
examnple, chemical and physical characteristics of an area might
be used to estimate ranges and distributions for the partitioning
of radionuclides between the 1iguid and solid phases of a systenr
(i.e., distribution coefficients).

The second technique is based or laborztory measuyramentz.
Many important variables can be investigated throush properly
designed laboratory experiments. Such variables inclufe ones
which relate to distribution cnefficients, leack rates, snaft-
seal failure rates, concentration ratics and Jevelopment of
fracture systems.

The third technigue involves direct field neasurements nf
geoloqic conditions and nrocesses to determine the prabhahilistic
nature of important varaibles. For examdle, field ohservatinn
can be used to determine the distribution of erosion rates with
respect to climate and topography. As other examples, direct
observstion can vieid informatinn on processes such as uplifr

and subgidence, dissolutinna, and growth 2f fracture systexss and



on conditions as characterized by porosities, conduct:vities
and distribution coefficients.

The fourth technigue is similar to the third technigue
in that it uses data from past human and gerlogic activity.

Yet it is different in that it infers probabilitiesz from pas

recorés rather than from £field measurements designed t7 dater-

mine them directly. For example, past rates and distr:idutions

f£or tectoric and volcanic activity might be used to infer such

rztes for the future. However, as both technigues are Hased

on extrapolation nf past and present conditions into the futare,

care must be taken to assure that the time perinds used in theso
T el

projections are appropriate. Use of time peric 's that are toc

istari-

short can produce misieadiny results. For example, the 1
cal records on which to base ectimates of inadvertsnt intrusion
by drilling only extend back to 30 to 100 years -- a short time
period in compzarison to the few thousand to possibly a few
hundred thousand years involved in a repository assessmant.

Similarly, the use of time periods that are too long can al=»

prnduce misleadi

age occurrerce probabilities over very long time periods can
obscure significant fluctuations in geologic behavior whizh t.'=
place over shorter time periods.

The fifth technigue is the use of expert opinion to guantify
uncertainties and estimate probabilites when experiment 31 and
observational data are scaice or imprecise., Expert opinion usuaily

involves many of the other technigues in the list. A avcunr of

experts tries to put together the inadeguate information g3
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through other techniques. If such a grocp can reach 2 consensus
and if other groups agree with their conclusions, then this mas
provide the best estimates of probabilities and uncertainties
that can be obtained. Exvert ovinion can be developed in ssveral
ways: the Delphi method is a formazlly structured procedare, but
informal debate and argument are a more common method. Al
methods involve examination of data, expression of owpinion, ani
interaction among expert participants.

The sixth technique is deliberate conservatism. While
conservatism is not a technique for me2ningfuily guantifying
uncertainty, it does preovide a starting place in an analysis far
a variable on which there is limited information. Spscifically,
an analysis can be carr.ed out with probabilities and ran. =s which

are conservative in the sense “hat they tend to cause overestimo-

tior of the variable's significance. Thus,
3

it is by overestimating rather than by unidsrestiasting th
guences associated with a disposal site. Forther, if such 3

variable emerges as being important, then ajdditional wor: is

required to determine a more realistic distribuscion for i
“nfortunately, the ranges and distributions for many variablers

in a waste disposal site analysis will involve estimates. 1In

developing such estimates, it is important to avoid exces

use of conservatism, as this can

tainty analysis results.

Although application of

cussed in this paper, vario:

Sandia waste isolation project. Such applications czan bo fo:nd
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in the following papers and reparts: Beckman and Johnson (Be%9:,
Cranwell (Cr80a), Cranwell and Donath (Cr804d, <Crgl0e, Cr80f;,
Donath, Schwartz and Cranwell (Do80), and Helton and 1Iman {HdeBCb).
As is evident, many of the random variables needed :to des-
cribe a waste disposal site will be ill-defined. Fcr many, thoe
best obtainable descriptions may be empirical Jistribution fanc-
tions based on inadequate laboratory or field observations. For
others, expert opinion, and possibly several divergent expert

ovinions, mav be all that exists,

4. What is an aporopriate way to calculate the conseguences,
and to represent the =ffects of uncertainty, for a single
scenario?

As already discussed, an individual scenario consists of a
collection of rezlated events, features and processes potentially

affecting radionuciide movement away frcm 2 deposzitory

tua: human exposuare to these radionuclrides. Further,
with each scenario are random varibles which represent the avail~

able knowledye with respect to the input variables requirel bv

the models in use to predict the consequences ass»or-iated wi
scenario. As severa: models may be required ani several decay
chains may be involved, the potential rnumber of random variables

is large fi,e., 10's to 100's). ~for this discussion, it is

[
n

assumed that a scenario has been described on a2 gross
indi~ated in Section 3. Further, it is also assumed that a
suitable grouping of deterministic models has been formed to
calculate the consequences associated with the scenari» and that
random varizbles which describe the uncertainty in the ingut

data for these models have been deofined.
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The question on which this section is based
case of the question considered in Section 2. How can a deter-
ministic model be converted 1nto a probabilistic model and the
resultant probadbilistic predictions be anaiyzed? When the in-
dividual deterministic models reguired to represent the indiv-
idual parts of the scenario are combined, the resul:t is a
single "large" deterministic model D and a cdlilection of random
which represent ihe uncertainty in the

variables Vie eeer Vo

input variabies Vit seer Vg for D. Then, it 15 desiced to

represent the un..rtainty in the predictions mal
results from the uncertainty described by the random variables
Vie «aes Voo As discussed in Section 2, this ca= be accomy
by constructing a probabilistic model P from the deterministic
model D. The new probabilistic wodel P wilil use the randon
variables Vir «vr Y as input and will generate a random varis“lc

P(Vl, «esr V) as output which c¢3n be analyzed to determinz the

uncertainty in th: predictions D. 1In reality, a
P, will be constructed which taxes approximations to Vie veer Vg
as input and generates an approximation to P{V,. ..., V) a3
output.

Before considering the information which might be souaht ia
an uncertainty analysis for an individual scenario, the natuts of
O, P and Py is indicated. It is conceptually convenient to think
of D, P and PA as individual models, which they are. However, in
actual applications, they will not generally e individual models
in tne sense of a computer program that can be executed as a sinjle

entity. Instead, D will consist of a number nf individual 2rojrars
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which are executed separately. The probabilistic model P would
never be defined. The approximation Pp to P would be a program
for samplingy from the random varibles Vy, ..., V, which operated
in conjunction with the individual programs which constituted

C. Specifically, the sampling prograg would initially generatz
a2 seguence of samples (Viye =ver Vi) i=1, ..., n, from the

random variables Vir eees Vo These valuzs would be stored on
file. Then, the values in esach n-tuple would be used in con-
junction with the individual models in D to calculate a conse-
guence, In practice, this would involve a sequence of calcu-
lations and file generations. Generally, D would consist of
suabrodetis Div envy Dy which operat=z in seguence i=n the sens:

that Di jenerates input for Di+1' The mode! D1 would pe

by a program P, which read the samples from the random variablec,
converted them into input fur 0,, supplied this input to D,,

and recorded tha rezults generated by Dl‘ Similarly, 0, woald

pe managed by a program P, which read the samples from the

random variables and the results generated by D+ converted

this information in-c iaput for , supplied this input ©d Da,

2

and rescorded the results generated by D
continue until a file containing the actual information of
interest (i.e., an approximation of the random variable P(Vl,
-+«s Vg}) was generated. Thus, the probabiliztic model Py would
operate through the sampling program, the data handlinj progran
Fys «vey Py and the original determin’® “ic models Dy veer Dy

Inforrmation which can be sought aboul the conseguences,
and associated uncertainty, for an individual scenario is nuw

indicated. The random variables which define innut {or the
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deterministic models can be sampled by Latin samoling.
In turn, this sample can be used in generating an approximatien
to a random variable which incorporates the uncertainty in con-
seguence predictions for the scenario. Then, information on
this -andom variable can be soujht as discussed in Section 2.
tnbiased estimates of the mean, other moments and tne distribu-
tion function can be calculated. The precedina estimates genac~
ally have small variances relative to estimates rrovided by
other sampling rethods; the sample variances can be used to pro-
vide biased estimates of these variances. Sensitivity analysis

technicgues can be used to determine the dominant variables in

affecting the behavior of the selecte? consequence., The effer
of different assumptions with respect te the original rardom

variables can be investigated without rerunning the models,

replicated Latin bypercune samdling is usei, confidencs ic
can be estimated. It is felt that investigatiors o! the vreceiin:
nature fall urder the general headiag of uncertainty analvsi=z.
This section has considered the analysis ol consequances
associated with an individual scenario. Results obtzined in such
wn 2ralysis are conditional; they are based on the assumption
that the scenario occurs. Section 6 considers the analysis of
consequences for a disposal site when the probahilities of

accurrence for individual scenarios arzs included.

5. How should individual scenarios be selected for inclusion

in a comprehensive disposal site analysis?
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When a potential disposal site is analyzed,
possible scenarios may be too large tc permit their comglate
inclusion in a conseguence/uncertainty analysis. Thus, th2
problem arises of how to select the scensrics wh +.11 be used
in the analysis. Actually, this is a two part pr. tltem: (1)

Yow should the scenarios be selected ilor consideratien? ani
{2) How should the variables which are used to describe ths
scenarions be gelected? The preceding are very impsctant gues-—

tions; they are also site and model specific. Therefare, the

foliowing discussion of them is general and brief.
in the analysis of a particular site, resolution of these
questions will probably involve significant affort.

The scenario selection problem is considered first. As
already noted, the scenaris generat.ion technique wili probably
generate more scenarios than can be incorporated into the final
analvsis of a site. Indeed, the first effort at scenario devel-

oprent will probably be to generatc as comprehensive a colle

of scenarios zs possible. Then, a suitabhle suhcallection
scenarios must be selected for use in a comprehensive site analysi=.
With the assumption that the scenario develooment process .1is-

allows physically unreasonable scenarios, there are two crite

3

left which can be used to screen scenarios {or inclusion in th2
final site analysis: consequence and vrobability. Possible
scenarios with very low conseguences can be omitted because of
their small potential to alfect risk and to cause uncertainty

in the analysis of risk. Bimilarly, possible scenarios with very

low probabilities can also be omitted. It is alsn possibia that
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scenarios with "intermediate™ conseguences and probanilities mav
be screened on the basis of risk. Due to the large computational
effert required to perform a site analysis as indicated in Saztisn
6, it is important to reduce the number of =cenarios as much as
possible in a manner which is consistent with an gverall goal of

additional

a meaningful consequence/uncertainty analysis.
technique that may bz useful is to seek out scenarios wnich are
"similar" and to find ways to pool such collections into single
scenarios.

The second question is now considered. That is, Bow should
the variaples which are used to describe the scenarios bh2 selectei?
There is generally some knowledge of the variz.les to ha2 used; i€
this were not the catge, there would not be models for physical
processes associated with a site and there would not he 3 scenarins

ents and oracesses in

development technigue based on organizing

a manner suitable for use witr th e made

tion can be restated as follows: For a model which

using many variables to describe a process, how can
be identirfied which, due to the uncertainty in their values,

dominate the uncertaintv in predictions male by the molel? 3Sore

variables may be very uncertain in their vaiues; however, if
have little effect on model predictions, then this uncertainty
is of limited concern. However, it is important to tacojnizs

and include variables which do have significant effects on the
uncertainty of model predictions. 1Identification of important
variables can be accompiished with sensitivity analysis techni-
gques designed to assess the effects that individual variasles

and their associated distributions havs 32 mod«]l oreldictians,
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In the Sandia project, an approach to sensitivity analysise
based on partial correlation c¢refficients and stepwiss rejressinn
has been found to be productive. The basic idea is to 1) select
a group of potentially important variables which defin  input for
a model, (2) choose ranges and distributions for the wvariabdleg,
(3) sample from the variables according to their as:s:gned ranges
and distributions, (4) generate input values for the model from

valies of the K

with the gensrzted input, and (6) assess the reiationshins herwesn
the original variables a-d model output by partial correlation
ccefficients and stepwise regression. Latin nvpercune samoiing

also, the

has been successfully used as the sampiing tecinia
rank transform has been heipful in reduciny the effects of non-
linearity in model predictions. This approach to sensitivity
analysis is discussed in Iman, Helton and Campbell (Im72), and
examples of its application are contained in Camphbell, Iman
and Reeves (CaBla), Helton, Brown and Iman (H2R0a), and Helcoan
andi Iman (He80b).

This s=ction ends with the observation that the propar

selection of variabies for both modeling and field investijation

will be one of the recurrent problers in the analys
posal site. The appropriate use of sensitivity analysis tezhni-
ques provides a systematic way to investigate and then selact such
variables. A very important aspect of sensitivity analysis ig
that it can be used to identify the variables which cause the most
ancertainty in model pr -dictions and hence to identify the areas
where additional study will do the most to reduce uncertzinty in

the analysis of a site.
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6. Wha% is an appropriate way to calculate
znd to represent the effects cf uncertainty, for s collzcz
of scenarios selected to rep:resent a disposa site?

for the f{ollowlng, it is assdm=zd Zhal previously Saslusseld
technigues have been used to select a collection of scenarios,

v

to assign prolLability distributions for the occurrence of thzse
scenarios, to select a set of variables needed to vredict the

conseguences associated with the scenarios, and to define nroh-
ability distributions for these variables. Th2n, the giecgtion

on which (his section is bhased is a special case of the guestion

considered in Section 2: How gan a d2term

verted into 2 probabilistic model and the

oredictions be analyzed?

For use in later notation, it

and n varisbles are under concideration.

that U3, i = 1, ..., m, is a seguence of random varia
that U; represents the probability of occurrence for the it
scenariac and that Vir 1 =1, ..., by is a seguerce of random

variables such that V, represents the probability ol occurrznce
for the ith variable reguired te model the site. In reality,
the modeis will reguire mary more variables than just those
asspocliated with the Vi; however, the Vi correspond tn those
variables which are sufficiently important in affecting the
uncertainty for a site %o be considered as random variables
rather than as fixed input values. When the individual det=r-
ministic models required to represent the various parts of the

it scenario are combined, a sinale Jdeterministic majel ¥, is
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produced; this model is a function of the form M;(vy, ...,

v where the v; are individual realizations c¢f the random

nle
variables V;. Some of the V; may be raquired in the modeling
of all scenarios; others may be required for only a few sce-

narios. However, it is organizationally convenient to assume

v Next, & model D can

that all scenarios involve all the i-

ne defined which, for specified occurrence probaktilities for
each scenario, gives an exnpected consequence for the disposal
site. 3Specifically, if u; is a realization of U; for i =

1

1, ..., m and v, is a realization of v; for i=1, ..., n, then

D is the model given by

D{uyr wawy Ups Vs eewr vl = g Mitvge ey Vo).

Tne problem of uncertainty anzlysis for the disposal site
now bacomes how to determine and represent the uncertainty in
predictions made by D which results from the characteristics of
Upe wvey Upe Vir eees Vg As already noted, this is pracisely
the problem discussed in Section 2. Specifically, a probabilistic
model P is constructed from the deterministic model D; the new
probabilistic model uses the random variabes Uy, ..., Upr Vir ennr.
Vn as input and generates a random variable P[Ul, crer Um’ Vl’ S
V) as output. This new random variable can thean be znalyzel to
determine the uncertainty in predictions made by D. The general
nature of the construction process for P in the context of waste
disposal is indicated in Section 4. However, that description is

for the analysis of a single scenario; one additional level of
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complexity ~xists in a site anaiysis due to the consideration of
many scenarios.

Information which can be scught abcut the consegquences,
and associated uncertainty, for a collection of scenarios
selected to represent a disposal site is the same as indicateld

at the ends of Sections 2 and 4.

7. Summary

The problem of incorporating and representins uncertainty
in the analysis of geologic waste disposal has been discussed.
The approach has been to view uncertainty analysis in the con-
text of the problem of how to convert fron a d=terministic moadel
(i.e., a function whose input is a sequence of real numbers)
to a probabilistic model (i.e., a function whose input is a
sequence of random variables and whose output is one or mora
random variables). Then, uncertainty analysis becomes the
study of how the properties of tha2 output ranlow variatle arz
determined by the properties of the input random variables,
In the context of this approach, various guestions which relate
to uncertainty analysis for geologic waste disposal have been
discussed and the manner in which the problems associated with
these qguestions are being treated in the 3andia project has

been indicated.
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