.J.

RISK ASSESSMENT
A Survey of
Characteristics,Applications, and Methods
Used by FederalAgencies for
Engineered Systems

Submitted to
The Federal Coordinating Council for Science,
Engineering and Technology
Ad Hoc Working Group on Risk Assessment

Prepared by
Department of Energy
Department of the Interior
Federal Aviation Administration
Food and Drug Administration
National Aeronautics and Space Administration
National Science Foundation
Nuclear Regulatory Commission
Occupational Safety and Health Administration
November 1992
I-,V7-

X vA

F= A71-(

RISK ASSESSMENT
A Survey of
Characteristics,Applications, and Methods
Used by FederalAgencies for
Engineered Systems

Submitted to
The Federal Coordinating Council for Science,
Engineering and Technology
Ad Hoc Working Group on Risk Assessment

Prepared by
Department of Energy
Department of the Interior
Federal Aviation Administration
Food and Drug Administration
National Aeronautics and Space Administration
National Science Foundation
Nuclear Regulatory Commission
Occupational Safety and Health Administration
November 1992

Preface

T-

his paper provides a description of risk assessments used by various Federal agencies in the

analysis of engineered systems and how failure of such systems can impact public health. It
was requested by the Federal Coordinating Council for Science, Engineering and Technology Ad Hoc Working Group on Risk Assessment. It was prepared by an interagency group
led by the Nuclear Regulatory Commission and supported by seven other agencies.
This paper represents an overview of the varied and complex uses of risk assessment for engineered
systems. It does not represent a definitive description of risk analysis for engineered systems as
practiced in the Federal Government; rather, it represents a first step.
The working group feels that additional work should be conducted to extend the scope of this paper
to include more Federal agencies and to include more examples of risk assessment. The working
group believes that a greater familiarity with the often highly quantitative approach used in the
analysis of engineered systems could benefit the overall practice of risk analysis by Federal agencies.
Contributors to this paper included

o

Department of Energy (DOE)
Mr. Kenneth G. Murphy
Mr. James W. Pittman
Mr. David W. Pyatt

o

Department of the Interior
Dr. Herman Enzer
Dr. Robert Wesson

o

Federal Aviation Administration (FAA)
Dr. Robert E. Machol

o

Food and Drug Administration (FDA)
Dr. Harvey Rudolph
Dr. Mary Elizabeth Jones

o

National Aeronautics and Space Administration (NASA)
Dr. Benjamin Buchbinder
Mr. Robert M. Weinstock
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National Science Foundation (NSF)

o

Dr. Robert F. Bordley
Dr. Robin Cantor
Dr. N. John Castellan

o

Nuclear Regulatory Commission
Mr. Robert M. Bernero
Mr. Mark A. Cunningham
Dr. Norman Eisenberg
Dr. Patricia A. Rathbun
Mr. James C. Shepherd

o

Occupational Safety and Health Administration (OSHA)/Department of
Labor

A

Dr. Fayez B. Hanna
Ms. Maria A. Walters

gency representatives provided information on their agencies' uses of risk assessment,

and individual representatives wrote portions of this paper. Agency representatives met
on four occasions to discuss the structure and content of the paper. NRC representatives
coordinated the development process and provided editorial and publications support. The National
Science Foundation provided comments on the design and development of this paper.
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Risk Assessment
A Survey of Characteristics, Applications, and Methods
Used by Federal Agencies for Engineered Systems
1. Introduction

I

n the past decade, the concepts and methods of risk assessment have seen increasing use in agenn cies of the Federal Government. One class of methods focuses on the assessment of health
effects of chemicals introduced into the environment. These types of assessment are undertaken by the Environmental Protection Agency, the Food and Drug Administration, and other
similar agencies, and are often referred to as health risk assessment.
In addition to health risk assessment, a second, somewhat less well-known type focuses on
engineered systems. This type considers facilities and equipment that can, under certain conditions,
also pose health risks. Key among these conditions is that failures of equipment or barriers must occur
for actual health impacts to occur.
This paper focuses on risk assessments used by various Federal agencies in the analysis of engineered
systems, and how failure of these systems can impact public health. The paper was requested by the
Federal Coordinating Council for Science, Engineering and Technology Ad Hoc Working Group on
Risk Assessment. It was prepared by an interagency working group led by staff from the U. S. Nuclear
Regulatory Commission and supported by staff from seven other agencies. The set of contributing
agencies does not represent all Federal organizations using risk assessments of engineered systems,
nor does it represent all components of those agencies that have contributed. However, the
individuals who have contributed to this paper believe that the text and appendices cover a
sufficiently wide range of studies to represent the important aspects of risk assessment being
performed by the Federal Government.
Section 2 of this paper summarizes the objectives and scope of the paper. Section 3 discusses the
methodology and terminology of risk assessment of engineered systems. Section 4 describes
individual agency uses of risk assessment of engineered systems. Section 5 summarizes some of the
more important characteristics of agency risk assessment uses and methods. The set of ten appendices
provides more detailed material describing the risk assessment methods used by the contributing
agencies, as well as example applications of these methods.
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2.

Objectives and Scope

T

he objectives of this paper are
o

to summarize some of the general characteristicsof risk assessments of engineered
systems andprovide some example applications

o

to describe methods used in the risk assessment of engineeredsystems

o

to discuss the riskassessment of engineeredsystems and compare it with health risk
assessment

This paper represents an overview of the varied and complex uses of risk assessment for engineered
systems. It is not meant to provide a detailed description of each type of risk analysis; rather it
represents a broad overview.

The

risk assessment uses and methods described here are based on the practices of a variety of

civilian Federal agencies that are involved in the regulation or operation of risk-posing facilities or equipment.

As examples of their uses of risk assessment, the contributing agencies provided discussions of the
following:

o

Department of Energy (DOE) (Appendix A)
Production reactor risk assessments
Research and test reactor risk assessments
Design of the New Production Reactor
Probabilistic and "risk" studies for nonreactor facilities

o

Department of the Interior (DOI)
Application of risk-based decision analysis to dam safety work (Appendix B)
Analysis of the time-dependent probabilities of large earthquakes in the San
Francisco Bay Region (Appendix C)
3
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o

Federal Aviation Administration (FAA) (Appendix D)
A model of possible collisions between two aircraft of the DC-8 or B-707 type over
the North Atlantic Ocean where there was no radar surveillance
A parallel runway monitor model dealing with simultaneous independent approaches
to closely spaced parallel runways in inclement weather, when classical "see-andavoid" could not be relied on to separate the aircraft in case one of them wandered
off the centerline of the runway

o

Food and Drug Administration (FDA) (Appendix E)
Risk assessment of infant apnea monitors

o

National Aeronautics and Space Administration (NASA) (Appendix F)
Risk assessment of possible shuttle accidents involving the release of radioactive
material from nuclear power supplies for the Galileo and Ulysses spacecraft

o

Nuclear Regulatory Commission (NRC)
Risk analysis methods for low-level radioactive waste disposal (Appendix G)
Performance assessment for high-level waste repositories (Appendix H)
Risk assessment as applied to accidents in nuclear power plants (Appendix I)

o

Occupational Safety and Health Administration (OSHA)/Department of
Labor (Appendix J)
The process for reducing prevailing occupational risk

The National Science Foundation provided comments on the design and development of this paper.
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3.

Risk Assessment of Engineered Systems: Process and
Terminology

3.1

Introduction

The risk assessment processes used in the analysis of engineered systems have developed in a number
of agencies in parallel. This section summarizes the common and general steps of these processes,
as well as some of the common terminology. Also provided is a comparison of the steps used in the
risk assessment of engineered systems with those used in risk assessments at EPA, FDA, etc., as
described in the 1983 National Academy of Sciences report Risk Assessment in the Federal
Government: Managing the Process, also known as the Red Book.

3.2 Steps in Risk Assessment of Engineered Systems
In a general sense, the risk assessment of engineered systems consists of five principal steps. These
steps are

Engineered System Description
An important first step in performing a risk assessment is to describe or identify
the engineered system, including all active and passive hardware components; its
operating environment; and its operational staff. In addition to the identification
of components, the interactions among components must be identified. The
amount of resources required for development of this description can vary considerably, depending on the complexity of the system of interest. For a complex
facility such as a power plant, each functional system and its support systems are
identified from engineering drawings and are documented in simplified drawings.

Hazards Identification
On the basis of the description of the engineered system, the assessment identifies events or conditions (both internal and external to the system) whose occurrence or existence might result in undesired consequences. These events are
termed "hazards."
The hazards identification process can vary greatly with respect to the resources
required. Sometimes this identification is straightforward, either because of the
limits of the physical system or because of imposed regulatory requirements. In
other cases, identifying the hazard can be a significant portion of the assessment.
Hazards identification in risk assessments of engineered systems is done using a
5
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variety of methods, including systematic "what if" analyses, hazards and operability studies, and failure mode and effects analyses.
Note that hazards are not the same as accidents or failures. Hazards are potentials
for accidents or failures to occur. A hazard may exist without an accident, an
example being gasoline in a car gas tank; however, a hazard is a prerequisite for
an accident, such as the explosion of that gasoline in a collision.

Event Frequencies
A variety of methods have been developed to estimate the frequencies of events
that must occur before actual health impacts could occur. The methods used
depend on the availability of relevant data. That is, for events that have occurred
a number of times, methods such as classical statistical analyses may be sufficient
to estimate the associated frequencies. For other events that have little or no
historical information, methods used to estimate the associated frequencies may
include data from similar events and analytical models that simulate events.
Using such methods, the Department of the Interior estimates the frequency of
large earthquakes on the basis of historical information about smaller earth
quakes and on models of the location and failure characteristics of fault zones.
Using a different method, the Federal Aviation Administration estimates the frequency of mid-air collisions under circumstances where no collision has ever
occurred.
This step in the risk assessment process includes the consideration of both the
frequency of an event actually occurring (e.g., the frequency of a large earthquake
near a nuclear power plant) and the probabilities of different failures within the
engineered system, given that the event has occurred. Different combinations of
failures can lead to health threats of different severity. For example, an initiating
event such as an earthquake could produce a variety of damage states in a nuclear
power plant, including no damage. These various damage states could, in turn,
lead to a variety of potential releases, including no release. Thus, a single initial
event can lead to a variety of possible health effects, each with its own probability.
(Section 4 of this paper discusses in more detail the spectrum of methods used by
contributing agencies.)

Event Consequences
A variety of event health impacts or consequences are analyzed in risk assessments of engineered systems. The consequence measures or end points of these
risk assessments include the loss of a facility or piece of equipment (the crash of
Risk Assessment
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an aircraft, with the associated, implicit health impacts), the immediate loss of life
(from a large earthquake), or the longer term loss of life from cancer (such as
from nuclear power plant accidents).
In addition to these health consequences, the risk assessment of engineered
systems also can have other end points. For example, the Department of the
Interior's assessment of dam failures has as one consequence measure the economic impacts of the failure.
Some of the consequence measures analyzed have a rather direct and simple
relationship with the event (the crash of an aircraft). However, other consequence
measures may have a more complex relationship with the event, such as cancer
fatalities. In these cases, models are often developed to simulate this relationship.
Thus, NRC's analysis of cancer fatalities from radioactive material releases
considers (for a defined release) the dispersion of material in the environment; the
human uptake of the material via inhalation, ingestion, and other exposure pathways; and the response of various body organs to such exposures, leading to an
estimate of the probability of cancer incidence or fatality, given the occurrence
of a radioactive release.

Risk Quantification
The risk of an engineered system is quantified by combining the frequency of
event occurrences and the consequences of those occurrences. One common
approach is to multiply the two parameters, yielding, for example, an expected
value of a particular consequence.
This step may also include a determination of the extent to which the calculated
risk is acceptable. In a few cases, acceptable levels of risk are defined by regulation or policy; the input from the risk assessment may be a simple statement that
the current system does or does not meet the "law." In cases where residual risk
is within regulatory requirements, risk acceptability is a function of many parameters, including cost, time, and the resources necessary to implement risk reduction actions. The products of the risk quantification step (the results and recommendations from the quantification) provide input to the decisionmaking (risk
management) process. The quantification can provide information on the type of
actions available to reduce the estimated risk and the effectiveness of the options.

3.3

Comparison with Red Book Risk Assessment Steps

In 1983, the National Academy of Sciences published whathasbecome known asthe Red Book, more
formally entitled RiskAssessment in the FederalGovernment: Managing the Process.This process
is used by the Environmental Protection Agency, the Food and Drug Administration, the Consumer
7
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Product Safety Commission, and the Occupational Safety and Health Administration. The Red Book
identified four steps in risk assessment as follows:

Hazard(s) Identification
The determination of whether a particular chemical is or is not causally linked
to particular health effects.

Dose-Response Assessment
The determination of the relation between the magnitude of exposure and the
probability of occurrence of the health effects in question.

Exposure Assessment
The determination of the extent of human exposure before or after application
of regulatory controls.

Risk Characterization
The description of the nature and often the magnitude of human risk,
including attendant uncertainty.
The risk assessment process described in Section 3.2 has both significant similarities with and
differences from this risk assessment process. In particular, for those engineered-systems risk
assessments whose risk measure (end point) is cancer fatalities, the event consequences step contains
the hazard identification, dose-response assessment, and exposure assessment steps described in the
Red Book (as shown in Table 3.1). As noted above, NRC's consequence analysis of cancer fatalities
from radioactive material releases considers the dispersion of material in the environment; the human
uptake of the material via inhalation, ingestion, and other exposure pathways; and the response of
various body organs to such exposures. These lead to an estimate of the probability of cancer
incidence or fatality, given the occurrence of a radioactive release.
Perhaps the most significant difference between engineered-system risk assessment and the risk
assessment process described in the Red Book involves the former's event-frequency step. The risk
assessment of engineered systems explicitly involves the estimation of event frequencies and the
probabilities of various types of system failures not included in the Red Book description.
The
Red Book deals primarily with situations involving chronic releases whose release probability is one.
That is, unlike systems with engineering redundancy, the systems treated in the Red Book release
toxic materials to the environment with certainty.
A second important difference between the two processes is that there are a variety of consequence
measures included in risk assessments of engineered systems, while the Red Book discussion is very
specific to exposures to toxic chemicals and thus focuses on cancer fatalities.
Risk Assessment
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Table 3.1 Comparison of Steps in Engineering and Health Risk Assessments
Engineering

Health (Red Book)

System Description
Hazard(s) Identification
Event Frequency
Event Consequences

Hazard(s) Identification
Dose-Response Assessment
Exposure Assessment

Risk Quantification

3.4

Risk Characterization

Strengths and Limitations of Risk Assessments

As with any other assessment method, the risk assessment process described in Section 3.2 has both
strengths and limitations.
Some of the strengths of risk assessment, as applied to engineered systems, include the following:
o

It provides an integrated and systematic examination of a broad set of design and
operational features of an engineered system.

o

It incorporates the influence of system interactions and human-system interface.

o

It provides a model for incorporating operating experience with the engineered
system and updating risk estimates.

o

It provides a process for the explicit consideration of uncertainties in estimation.

o

It permits the analysis of competing risks (of one system versus another or the risk
of possible modifications to an existing system).

o

It permits the analysis of new issues via sensitivity studies.
9
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o

It provides a measure of the relative importance of systems, components, etc., to risk.

o

It provides a quantitative measure of overall level of risk for the engineered system.

Some of the important weaknesses of risk assessment include
o

Potentially important factors impacting risk may not be included in the assessment,
or may be difficult to quantify. These include
Accident initiators of very low frequency
Human performance and interactions with the system
Separate failures derived from a common event or condition, such as an
extreme operating environment
Physical processes resulting from the low frequency combinations of failures
(e. g., how a core damage accident occurs)
Long-term health effects of potentially toxic materials

o

Because of the complexity of the assessment, and because it can often deal with lowfrequency but high-consequence accident risks, there is considerable potential for
misunderstanding of the results of a risk assessment. In particular, a risk that may be
safe enough for one individual may be considered unsafe to another.

Recognition of these strengths and limitations has helped to shape how risk assessment is used by
various agencies. A summary of these uses is provided in Section 4 of this paper; additional detail
on how specific agencies use risk assessment is provided in the appendices.

Risk Assessment
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4.

Uses of Risk Assessment of Engineered Systems

4.1

Introduction

The early risk assessments of complex engineered processes were generally begun with one or two
basic objectives in mind. The first applications were in the electronics industry, to determine the
reliability of individual components. An early risk assessment on a major system was The Reactor
Safety Study, completed by the Atomic Energy Commission in the mid-1970s. The initial objective
of The ReactorSafety Study was to compare the risk of a nuclear plant with that of other man-made
and naturally occurring hazards so that the risk of nuclear power could be put into perspective.
At the same time, other government agencies and industries were also busy developing and using risk
assessment tools. During the 1980s, the U. S. chemical industry funded a substantial number of
studies directed at improving the safety of complex chemical processes. Out of these studies evolved
assessment techniques, unique to the chemical industry, that identified design and operational
weaknesses that, when corrected, resulted in substantial improvements in the safety of chemical
plants.
As a result of all these activities over the last twenty years, many uses of risk assessment have been
developed and implemented by government and industry. This section defines five classes of risk
assessment applications and gives examples of how some Federal agencies use risk assessment.

4.2 General Classes of Risk Assessment Uses
The various risk assessment uses that have evolved in Federal agencies over the last twenty years can
be placed into five classes

Conceptual Design Evaluations
Detailed Design
Facility Operations
Management Support
Policy and Standards Development
The second and third classes listed tend to involve uses that focus on one facility at a time; the other
classes include not only single facility applications, but also extend to multiple facilities, where a
much broader scope of issues may be involved. Table 4.1 outlines the detailed uses appropriate to
11
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Table 4.1 Engineering Risk Assessment Applications
Class

Activity

Conceptual Design Evaluations Preliminary risk analyses to determine design and
siting viability
Comparative analysis of competing technologies or
process options
Evaluation of the risk of emerging technologies
Detailed Design

Identification of risk dominant accident scenarios to
provide guidance for further refinements in design
Comparative reliability or availability analysis of system/component options
Specifications for components/systems/structures to
optimize/attain high reliability and protect against
such initiators as severe natural phenomena
Identification and improvement of important human
actions, training, operator-equipment interfaces, and
operating procedures
Determination of optimum safety limits, equipment
outage times, and testing frequencies to minimize risk
Design approval based on acceptable risk to provide
resource documents providing important design, riskbased importance, and systems interactions data and
information

Facility Operations

Lessons learned
Risk-based analysis of operating events
Design and use of risk-based trends and patterns analysis
System availability improvements

Risk Assessment
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Table 4.1 Engineering Risk Assessment Applications, cont'd
Class

Activity

Facility Operations, cont'd

Enhanced component inspection, testing, condition
monitoring, and maintenance based on component
failure analysis
Procedural and safety limit upgrades
Prioritization and safety issue evaluations
Evaluation, selection, and scheduling of modifications
Assessment of continued operations
Enhanced safety, emergency, and accident management information and training

Management Support

Providing risk-based perspectives for decisionmaking
Resource allocation
Staff allocation
Budget allocation
Identification of research needs
Safety performance measurement
Risk-based quality assurance and audits

Policy and Standards
Development

Assessment and development of rules, standards, and
safety criteria
Development of safety measures, goals, and criteria
Enhanced communication with external organizations
using risk assessment methods for the purpose of
assuring coordination and consistency of safety goals
and criteria
13
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each of the classes defined above. Those applications commonly associated with health risk
assessment that consist of health policy and regulatory development and public awareness have not
been included.

4.3 Examples of Risk Assessment Uses and Case Studies
To varying degrees, Federal agency uses of risk assessment addressed in this paper fall within the
five classes listed in Section 4.2. This section summarizes such agency uses, risk assessment
methods, and measures of consequences (risk assessment "end points"). Table 4.2 at the end of the
section provides an overview of the uses by each participating agency. The appendices to this paper
provide additional information on each agency's risk assessment uses, methods, and end points, as
well as examples of how each uses risk assessment.
Department of Energy
o

Uses of Risk Assessment
DOE has been using engineering risk assessment to estimate the radiological risks
for Category A reactors (those that operate at a power level greater than 20
megawatts), and has begun to use it to assess both radiological and chemical
risks associated with the many reactor facilities within DOE. In addition, certain
standards encourage the use of engineering risk assessment to prepare safety
analysis documentation.

o

Methods Used
DOE uses event trees and fault trees to estimate the pathways and probability
that can lead to fuel meltdown for reactors and the release of radioactivity and
toxic chemicals for nonreactor facilities. For reactors, applicable data from
similar plants are used when available. In addition, extrapolations of data from
commercial nuclear power plants are used. In the case described in Appendix A,
confinement event trees were used to integrate the severe accident progression
with the core melt frequency portion of the study. For the many and varied
nonreactor facilities, the methods are now expanding to include "HAZOPS" and
"What if' approaches. A "graded approach" is also being explored, to have the
scale of the study commensurate with the hazard of the facility.

o

End Points of the Risk Assessments
Although the end point of a DOE risk analysis is to determine the potential
amount of any radioactive or chemical release to the environment, it is useful in
identifying safety vulnerabilities where scarce resources should be focused to
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make plant improvements. DOE also encourages the use of risk assessment as a
technique to determine envelopes to aid in decisionmaking and the preparation of
safety analysis reports. A safety goal for the risk to an off-site individual, similar
to the one derived by NRC, is in place. Work is in progress for similar goals for
workers and related on-site personnel.

Department of the Interior
o

Uses of Risk Assessment
DOI uses risk assessments, and elements of risk assessment, in the analysis of
dam safety and ecological disaster damage and in the prediction of such phenomena as earthquakes, floods, and volcanic eruptions. Much of DOI's risk-assessment-related work is devoted to improving the understanding and usefulness of
probability distributions describing the recurrence of geologic and natural hazards, such as the recurrence probabilities of earthquakes and floods.

o

Methods Used
Estimating the monetary costs of a major earthquake requires loss-frequency
curves for physical structure, casualty-frequency curves, inventories of existing
building types, estimates of replacement costs for building types, assumptions
about the values of human lives, and the costs of injuries (Appendix C).
A "full" risk assessment (Appendix B) examines a natural hazard, such as a flood,
that occurs with a certain annual frequency. The flood may have several consequences, expressed as stochastic events. The product of the frequency of the
event occurring, the probability of a partial response, and an estimate of the
resulting consequence is a typical element in such a risk assessment.

o

End Points of the Risk Assessments
Risk assessments at DOI provide information about the frequency of geologic and
other natural hazards, and the estimated costs of these occurrences. This information is combined with engineering judgement to formulate decisions concerning
emergency planning, etc.

Federal Aviation Administration
o

Uses of Risk Assessment
The objective of risk analysis at the FAA (Appendix D) is passenger safety. A
wide variety of aspects of these problems are addressed, ranging from infant re15
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straint seats, to the effectiveness of various de-icing fluids and procedures, to the
effectiveness of on-board weather radar systems.
o

Methods Used

The methods used by the FAA vary, depending on the particular analysis being
performed. The two studies discussed in Appendix D describe two collision-risk
models that represent two extreme types of risk analysis. One determines empirically the form and parameters of all the relevant probability distributions and
convolves them appropriately, taking account of dependencies. The other is
based largely on assuming that every random variable takes on its worst possible
value.
o

End Points of the Risk Assessments
The end point of FAA risk analysis is the risk to a particular population
from aircraft mishaps, including such factors as turbulence, impact, etc.

Food and Drug Administration
o

Uses of Risk Assessment
The objective of risk assessment in general at the FDA is consumer safety, that is,
reducing risk from food additives, pharmaceuticals, medical devices, etc. Risk assessment in particular has been applied in pre-market approval and post-market
evaluation of a large number of medical devices and radiological products.

o

Methods Used

The study described in Appendix E demonstrates the range of activities that may
occur in an FDA risk assessment. It involved the investigation of a number of
suspicious deaths alleged to be associated with a particular brand of infant apnea
monitor, and included inspection of manufacturer's records, field measurements and
interviews, laboratory studies (including test method development), etc. The
example is described in terms of a classical toxicological risk assessment
framework, demonstrating that engineering risk assessments need not be significantly different from classical risk assessments. A significant feature of engineering
risk assessments at FDA is that they must stand up to the close scrutiny necessary for
legal prosecutions.
o

End Points of the Risk Assessments
The end point of the risk assessment described is the likelihood of death resulting
from failure of the product because of exposure to environmental levels of
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radiofrequency radiation. It is typical of "injury to the public," the generic
endpoint of FDA analyses.

National Aeronautics and Space Administration
o

Uses of Risk Assessment
NASA uses probabilistic risk assessment methods to evaluate safety and missionsuccess probabilities at the system level, the subsystem level, and the componentspecific failure mode level. Comprehensive PRAs are not used as a matter of
course; rather they are used when qualitative methods do not adequately support
management decisionmaking.

o

Methods Used
For complex engineering systems and subsystems, the most commonly used
quantitative methodology is event tree/scenario analysis. Fault-tree analysis is
used to estimate initiating-event and split-fraction probabilities, and uncertainty
distributions are incorporated. Often Bayesian techniques are used to combine
surrogate and test data with actual flight experience. For design and failure
investigations of structural issues at the component failure mode level (e.g., lowand high-cycle fatigue and crack propagation), NASA is introducing probabilistic
structural analysis methods, including the incorporation of uncertainties into
deterministic equations coupled with Monte Carlo simulations, limit state functions, and probabilistic finite element methods.

o

End Points of the Risk Assessments
The analysis in Appendix F described distribution estimates of accident probability as the first step in the overall nuclear risk assessment. The analysis also
provided estimates of shuttle catastrophic failure probability from liftoff through
payload deployment.

Nuclear Regulatory Commission
o

Uses of Risk Assessment
NRC uses risk assessments to identify relatively high frequency accidents that
could damage commercial nuclear power plant fuel and release radioactive
material into the environment; to evaluate proposed modifications to plant design
or operation; and to support decisions on the acceptability of continued plant
operation after significant events have occurred or issues have been raised.
NRC has defined risk-based safety goals for regulations pertaining to nuclear
power plants. Risk assessments are used in NRC's cost-benefit analysis of certain
17
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types of proposed rules and other regulatory requirements.
o

Methods Used
Most of NRC's risk assessments focus on accident risks in licensed nuclear
power plants. Because such accidents are infrequent events and involve the
failures of many components or structures, the methods make use of techniques to
logically combine the probabilities of individual component (or other) failures
and human errors in the facility into a frequency estimate of the combined set of
failures. To a large degree, event- and fault-tree methods developed in the aerospace business are used. These are then combined with deterministic methods for
modeling the progression of accidents, including containment failures, the release
and transport of radioactive material, and the uptake of this material by the
surrounding population. (See details in Appendix I.)
The NRC's high-level waste risk assessments combine the use of probabilistic
analysis methods with deterministic models of radioactive material transport.
Low-level waste risk assessments use more deterministic methods. (See Appendices H and G.)

o

End Points of the Risk Assessments
Assessments of severe accidents in licensed nuclear power plants typically have
as end points the frequency of core damage (an indirect measure of both economic impact and health consequences); the risk of prompt fatality to an individual
living nearby or to the nearby population as a result of a release of radioactive
material; the risk of latent cancer fatality to an individual or the surrounding population; or the collective radiation dose received in the surrounding population
due to a radioactive release. Other end points could include other long-term
health effects (e.g., genetic effects) and economic impacts (at the plant, in the
surrounding area, or the combination of both). In NRC's risk assessments of
low- and high-level radioactive waste facilities and in routine operations of
nuclear power plants, the principal end point is the risk of latent cancers, consistent with the EPA regulations pertaining to these facilities.

Occupational Safety and Health Administration
o

Uses of Risk Assessment
Unlike other agencies, OSHA calculates health risk based on the assumption that
all available and feasible controls are being implemented. It conducts feasibility
assessments under 'ideal" situations that exhaust all implementable modifica-
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tions. The ultimate goal is the determination of the Permissible Exposure Limit
(PEL) for a specific substance that would achieve the desired reduction in the
prevailing risks among a defined workforce.
o

Methods Used
When a health standard is initiated as a result of evidence that a substance is toxic
or carcinogenic, OSHA gathers as much evidence and information as possible to
determine the new PEL. The most reliable source of information is the data
collected from animal experiments.
In these studies, to enhance the development of the chemical effects of the substance, the dose administered is usually several orders of magnitude higher than
the exposure levels detected in the work place. Making some assumptions,
OSHA then correlates the results of the animal studies to humans to predict the
risk to the exposed population.

o

End Points of the Risk Assessment
OSHA uses risk assessment to help achieve the desired reduction in prevailing
risk during the development of health standards for both toxic and carcinogenic
substances. Using the 1980 Supreme Court decision on benzene as a guideline
for "acceptable level of risk," the target risk is considered to be one excess death
per thousand workers.
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Table 4.2 Agency Uses of Risk Assessment
Agency

DOE

Conceptual
Design
Evaluation
Design Criteria
for New Reactor Designs

DOI

Detailed
Facility/System
Design
Safety Demonstration for
New Facilities

Facility Specific Studies

Safety Risks/
Cost Benefit
Studies

Facility (Dam)Specific Studies

Aircraft Collision Risk Modelling (CRM)

Application

FDA

I nvestigational Device Exemptions

Pre-Market

NASA

Preliminary
Analysis to
Determi ne
High Risk Areas

FAA

NRC

OSHA

Risk Assessment

of

CRM to Airspace
Design

Enforcement
of Operations to Ensure Safety
Compliance

Management Policy,
Support
Standards, &
Regulations
DOE Orders,
Safety Goals

Funding and
Federal Rulemaking

Federal Aviation
Regulations

Compliance
Activities

Cost-Benefit for
Product Standards
and Regulation

Identification
of Risk Scenarios

Enhanced
Safety and Mission Success
Through PRAs

Risk Quantification for Decisionmaking

Application

Monitor Licensees

Approval

Reviews, Independent Studies

Assess Feasibility
of Controls in Relation to Established Design Criteria

Facility/System
Operations

Monitor Exposure
Data to Reflect Status
of Control System
Functions
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ResourceAllocation

Safety Goals, CostBenefit Studies for
Enhanced Safety,
RiskQuantification
for Decisiomaking,
Rules, Regulations,
etc.
Enforce Standards
and ExploreVarious
Abatement Strategies

5.

R

Characteristics of Risk Assessment Uses and Methods
isk assessment of engineered systems is used by federal agencies in a variety of ways. This

section provides a brief discussion of the similarities and differences among these uses,
based on the summaries provided in Section 4, as well as on the more detailed information
provided in Appendices A through J.
In studying the wide-ranging methods of risk assessment used in such fields as aeronautics, space,
nuclear power, and chemical engineering, it is important to discuss the characteristics they have in
common.
Some methods are largely qualitative, others largely quantitative, but they all seem to have one basic
element in common: they all take available engineering and operational information about the
subject of the assessment -- whether it be a facility, a highway, an airplane, or a medical device -and its environment, and they process this information, in an integrated fashion, using systems
analysis tools of various kinds and complexity. These tools are designed to produce a logical
integrated and disciplined technical basis to support decisionmaking.
Thus, risk assessments can be thought of as a means of providing a disciplined framework for
decisionmaking. They process available information and recast it into a form on which management
can base decisions. This recasting of information can be thought of as the process of "risk
assessment"; the use of this recast information in decisionmaking can be thought of as "risk
management." Both activities come under the overall heading of 'risk analysis."
The process of risk assessment has other general characteristics. For instance, risk assessment
generally leads to a new and more in-depth understanding of the assessment subject's systems and
their interactions. The assessment process also breaks down the barriers that typically exist between
the engineering disciplines involved in system design and operation, as between mechanical
engineers and instrumentation and controls engineers. Another example of a barrier is a lack of
complete understanding between designers and plant operators leading to unforeseen human errors.
All too often such barriers have been obstacles to achieving safe and reliable designs. The process
also improves the capabilities of those individuals directly involved in the assessment, making them
particularly valuable in maintaining and improving operations and system safety in the long term.
Lastly, a risk assessment tends to become a living process, as the initial "snapshot" of risk is used
to continually assess experience feedback and update the risk assessment, with time to reflect facility
and operational changes and as the individuals involved in the assessment are asked by management
to help in other decisionmaking activities.
Management's realization of the value of risk assessment for decisionmaking has led to the
development of the applications discussed below. That discussion includes some of the principal
characteristics of risk assessment methods and uses, as applied to engineered systems.
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o

In many cases, risk assessment is used to estimate the often low
frequencies of accidents in engineered systems, as well as the health
impacts of such accidents.
Risk assessment has been used by a number of agencies (DOE, DOI, FAA, NASA, NRC)
to estimate the frequencies and health impacts of accidents such as catastrophic failures
of dams, major earthquakes in urban areas, equipment and human failures in chemical
processing facilities, and core damage accidents in nuclear power plants. These assessments can involve the estimation of low frequency events and combinations of events.
(See Appendices A through J.) Risk assessment is also used in the study of routine
operational or continual releases of potentially health-detrimental materials from engineered systems, such as the long-term release of radioactive material from radioactive
waste facilities.

o

Risk assessment of engineered systems is often focused on the determination of the risk/benefit of facility design or operational changes, as
part of cost-benefit studies or regulatory analyses.
A number of agencies (DOI, FAA, NRC) use risk assessment to estimate the benefit of
possible changes in the design or operation of a facility or piece of equipment. These
assessments are often part of cost-benefit studies, or they are used in the optimization of
competing risk or economic issues (e.g., under some circumstances, the NRC compares
the risk reduction benefit of a proposed nuclear power plant modification with the cost to
the licensee of implementing the modification). Implicit in such uses of risk assessment
of engineered systems may be an evaluation of the monetary worth of a human life. Such
evaluations of human life are controversial, as can be risk assessments that place values
on human life.

o

Most risk assessment of engineered systems has adverse public health
impact as its endpoint.
Adverse public health impact is the principal focus of most risk assessment of engineered
systems. Specific impacts considered include immediate death or injury (e.g., from dam
failures), as well as long-term fatalities (e.g., from radiation-induced cancer). A specific
impact could also be an avoidable death or injury facilitated by the failure of a product
(for example, the failure of an apnea monitor). In some cases, health impacts of workers
are the principal subject of or are included in the risk assessment of engineered systems.
For example, DOE reactor accident risk assessments include impacts on workers in
nearby support facilities.
In its assessments of safety enhancements for nuclear power plants, NRC also frequently
examines the negative impacts that may result from increased worker exposures.
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o

Methods used in risk assessment vary widely in complexity and sophistication, depending both on the use and the user agency.
The risk assessment uses discussed in the appendices to this paper describe a variety of
risk assessment methods. The variety results from both differences in approaches among
agencies and variations in uses within agencies. As discussed in Appendix D, FAA has
used relatively simple, bounding risk assessment methods to resolve certain issues while
developing more sophisticated models for other issues. NRC applications of risk assessment also show this variability. However, other agencies appear to principally use more
simple techniques (as DOI does in the area of dam safety).
DOE is developing a "graded approach" whereby the scope of a given risk study is to be
commensurate with the hazard being evaluated, the complexity of the facility, and the
stage of the facility life cycle.

o

Both realistic and purposely conservative methods are used, depending on the use and the agency involved.
In health risk assessment, models sometimes intentionally introduce conservatism to
encompass poorly known phenomena and processes. In the risk assessment of engineered systems, such an approach is used in some cases. (FAA has used bounding -- and
thus less costly -- risk assessments in its evaluation of proposals to permit parallel landing of aircraft at smaller airports). However, in many other cases, risk assessments are
performed as realistically as possible, based on extensive data collection (where practical) and the interpretation of available data by experts whose results are characterized by
probability distributions rather than by single, conservative estimates. The decisionmaker can then choose to lean to the conservative decision, depending on the level of
confidence sought for a given outcome.
Whenever they are available, OSHA uses the results of pharnacokinetics data instead of
relying solely on the straight dose-effect risk assessment. Pharmacokinetics data usually
require a lower PEL than the straight dose effect, thus adding another element of conservatism.

o

In most cases, risk assessment does not provide the sole or principal
basis for decisions to operate a facility or piece of equipment.
Agencies that perform regulatory functions (FAA, NRC) do not, in general, use risk
assessment as the basis for licensing or certifying a facility or piece of equipment. This
basis is provided by traditional engineering practices (such as safety factors, redundancy,
and diversity), with risk assessment used to complement and supplement these practices.
In distinct contrast, however, some regulations are risk based. One specific example is
NRC performance assessments for high-level radioactive waste facilities, which are being
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based on probabilistic standards being developed by the EPA.

o

In some cases, agencies have developed target levels of safety for use in
conjunction with risk assessments in decisionmaking.
NRC has defined safety goals and objectives such that nuclear power plant operations and
potential accidents would increase the risk to nearby individual members of the public by no
more than 0.1 percent of the average of all other accidental death or cancer fatality risks in
the U. S. population. DOE has a similar goal for nearby populations, and is working on a
parallel goal or goals for onsite workers and personnel.
Some years ago, as explained in Appendix D, the FAA adopted a target level of safety (TLS)
of one collision per ten million flying hours over the North Atlantic. Because no collision
has ever occurred over the North Atlantic, this target level (which was subsequently
superseded) was based on an average U. S. accident rate (from all causes) at that time, which
was one accident per million flying hours.
A unique example for the FDA is the so-called "Delaney Amendment," which requires that
-no additive should be deemed to be safe if it is found ... after tests which are appropriate for
the evaluation of safety in food additives to induce cancer in man or animal." This essentially
sets a TLS of 0, which many decision analysts believe is inappropriate in real situations.
OSHA uses engineering assessments to develop the required proof that the target exposure
level can be achieved by technically feasible engineering controls. Occasionally modifications to production equipment are incorporated, in lieu ofthe addition of new control systems.
Target levels of safety sometimes have been criticized because they do not distinguish
between systems that barely meet the target and systems that are far safer than the target.
Nonetheless, they are convenient and have the advantage of being easily understood by the
general public.

o

Formal procedures and guidelines for performing risk assessment are not
uniformly adopted or applied.
While risk assessment is used fairly extensively in a variety of ways and by a variety of Federal
agencies, as discussed above, generally agreed upon detailed formal procedures and
guidelines for performing such assessments have not been developed. However, also as noted
above, NRC is developing guidelines for its uses of risk assessment. DOE also is developing
guidance in the form of a DOE Order for developing and using engineering risk assessments.
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APPENDIX A

ENGINEERING RISK ASSESSMENT
AT THE DEPARTMENT OF ENERGY

1. INTRODUCTION
The use of Engineering Risk Analysis (ERA) within the Department of Energy (DOE) complex lagged behind that of
commercial nuclear power up until the late 1980s. Though the Three Mile Island (IND accident in 1979 did cause some
questioning within DOE concerning the safety and operation of its facilities, there was no concerted effort to analyze
facilities using ERA tools. It took the 1986 reactor accident at the Chernobyl nuclear power station to cause the
acceleration of ERA use within DOE. Shortly after the Chernobyl accident, Secretary of Energy John Herrington asked
the National Research Council to study the implications of the accident for the DOE's nuclear weapons complex. In its
1987 report on the safety issues at the DOE defense production reactors, the National Research Council criticized DOE
for having only begun the use of ERA, more than a decade after the Reactor Safety Study was issued by the Atomic
Energy Commission (AEC). The Reactor Safety Study, which was issued in 1975, had been the first major ERA conducted
for a commercial nuclear powerplant. This study (report number WASH-1400) was followed in short order by more than
a dozen other ERAs conducted by the Nuclear Regulatory Commission (NRC), the successor of the regulatory arm of the
AEC, and by the commercial nuclear power industry.
Initial ERA activities within DOE focussed on the 10 largest DOE reactors. These reactors consist of defense material
production reactors and test and research reactors. Included are the K, L, and P Production Reactors located at the
Savannah River Site (SRS) in South Carolina; the N Production Reactor located on the Hanford Nuclear Reservation in
Washington; the C Production Reactor, also located at SRS and retired in January 1987; and five major test and research
reactors located throughout the DOE complex.
In the early 1980s, Du Pont, the main operating contractor for the SRS, attempted to apply the Probabilistic Risk Analysis
(PRA) techniques used by the commercial nuclear industry to the SRS production reactors, but progress was slow. In
1984, Du Pont initiated a more comprehensive PRA program for these reactors. Science Applications International
Corporation (SAIC) was contracted to provide training of site personnel and technical assistance to the SRS reactor PRA
program. The program was conducted in two phases. Phase 1 analysis was performed primarily for training, allowing
involvement of site staff and providing early opportunities to develop and apply PRA methods. Du Pont was still in the
training mode when the Chernobyl accident occurred. Not until after this accident occurred did the substantial PRAwork
begin at SRS. Du Pont completed its Phase 1 analysis in 1987 and implemented a Phase 2 full scope PRA. Westinghouse
Savannah River Company (WSRC), which took over as the operating contractor at SRS in April 1989, is currently
conducting the Phase 2 PRA. Level 2 and Level 3 analyses are currently being performed for the K-Reactor. ERA work
on the other large DOE reactors as well as non-reactor facilities was also accelerated in the late 1980s.

2. THE UNIQUE CHARACTER OF DOE AND THE DEVELOPMENT OF RISKBASED TOOLS
The DOE has many hundreds of major facilities located on more than a dozen sites all across the United States. The range
of facility type is wide, from unique nuclear reactors, to complex chemical plants, to research and development
laboratories. This facility range requires the use of many different forms of ERA. Relatively simple hazards analyses are
conducted in some laboratories to identify occupational safety concerns that must be addressed to protect research
personnel, while full-scoped PRAs are conducted at facilities that are complex with substantial hazards to assure that the
general public is adequately protected. Another important characteristic of the DOE, as compared with other agencies, is
that it owns and manages its facilities. It is not a regulatory agency, such as the NRC, with focussed regulatory
responsibilities limited to nuclear safety as it concerns the general public. As owner and manager, the DOE is responsible
for production, worker and public safety, and environmental protection. Its decisions must balance the needs of
production with occupational safety, with public safety, and with environmental impact criteria. Thus, ERA technologies
used by DOE are not only derived from the commercial nuclear industry, but also from the chemical industry, as well as
from risk management technologies that are able to evaluate the many diverse attributes that must be considered to arrive
at sound decisions. As such, DOE can be thought of as a microcosm of the larger national industrial sector, and it offers an
ideal, and challenging, arena for the development and application of risk-based tools such as ERA.
DOE is fortunate to have access to some of the most experienced ERA experts in the Nation. Each of the national
laboratories has strong teams of risk assessment analysts. These teams were developed and supported mainly by the
NRC's activities. Recently the support of these teams has begun to shift to DOE as it finds need for risk assessment
services.
1
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3. PRODUCTION REACTOR RISK ASSESSMENTS
The DOE production reactors are special purpose reactors that are primarily designed to produce nuclear materials to
meet national defense requirements while secondarily producing radionuclides for other military and civilian
applications. These reactors operate at thermal power levels that are comparable to commercial nuclear power reactors.
Their complexity is such as to require commercial nuclear ERA techniques. From this standpoint there is a great
similarity between the techniques used on these reactors compared with the commercial reactors. Table 1 provides a list
of the production reactor PRA activities (the term PRA is used henceforth to denote ERAs that use commercial nuclear
power reactor risk assessment techniques). Extensive use of Reference 1 has been made to produce this section.

3.1 Savannah River Site K-Reactor
The K-Reactor was one of the SRS production reactors that was shut down in 1987 because of safety concerns. It was the
first production reactor scheduled to be restarted once all safety issues had been adequately addressed and the Secretary
of Energy approved restart (approval by the Secretary was obtained and restart commenced in December 1991). The
insights and information generated by this PRA effort were used in support of the K-Reactor restart effort by identifying
restart and post-restart activities. The scope of this analysis was limited to core damage accidents occurring at normal full
power. The effects of multiple reactor operation, or partial power operation, were not analyzed. In general, the Level 1
methodology used by the WSRC is similar to that used for commercial light water reactor (LWR) PRAs. The methods and
the calculation of results generally follow the fault tree linking approach as defined in NUREGICR-2300, PRA
Procedures Guide. This approach was also used by the NRC-sponsored Level 1 PRAs, such as the Level 1 analyses of the
five NRC reference plants for supporting NUREG-1 150. It involves developing accident sequence fault trees, analyzing
for dominant cut sets, generating a probability expression from the accident sequence dominant cut sets, and combining
the probability expressions for each accident sequence into an expression for all plant-damage states.
Table 1 DOE Production Reactor PRA Activities
Facility
K-Reactor

N-Reactor

Status

Utilization

Level I-Internal and external

EngineeringInsights-To learn

events analysis of 1987 reactor
configuration (Rev. 0) completed
July 1990. Level 1 analysis of
postrestart configuration in
progress.

more fully the strengths
and weaknesses in the current
design and operations
to determine improvements.

Level 2 and 3-Completed

Support Reactor Restart-Limited

February 1991.

use as a tool to assist in
determining Restart and postRestart requirements.

Level I-Internal event

EngineeringInsights-As

analysis completed May 1990.
External events analysis
completed July 1990.

above. No risk management
applications planned due to
proposed decommissioning.

Level 2 and 3-Completed
April 1990.
New Production Reactors

No date established for detailed
design PRAs; however, severe
accident analyses and preliminary
Limited Scope PRAs have been
conducted for the two reactor concepts.

Reliability goals and PRA
lessons learned will be applied
in the detailed design phase.

In July 1990, the Level 1 PRA report was published and was labelled Revision 0. The plant configuration was assumed to
be frozen as of May 1987; as the PRA is updated, Revision 1 and then Revision 2 will be published. Revision 1 is expected
in 1992. The point estimate core melt frequency from internal events is 2.IE-4/reactor year and from external events is
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2.2E-4/reactor year. A Summary Report for the Level 2 and Level 3 PRA results was published in February 1991. DOE
conducted an oversight reviews of the Level 1 PRA results. Based on these reviews and a separate study conducted by the
Los Alamos National Laboratory (LANL), it is believed that the above numerical values are reasonable. However, there
may be dependencies on electric power that have not been considered on the Level 1 PRA, and the results may be slightly
modified in Revision 1 of the Level 1 PRA.
An area that is different from the typical LWR methodology is the external events analysis. In the SRS PRA, the external
initiating events are evaluated individually, using different logic models. Different models were used because (1) the
WSRC external events risk analysts could not wait to get the completed internal events models, and (2) they felt the
internal events models would be too complex to use. This approach contrasts with the practice that has become more
common in recent LWR PRAs, namely the use of the same event tree and fault tree logic models developed for internal
events, with special boundary conditions to account for the effects of the external initiator.
Another area of difference involves the identification of the accident initiating events. The DOE production reactor
designs have unique reactor core designs and nuclear characteristics. Thus, the accident initiating events have substantial
differences from those of commercial plants. New ways to identify potential accident initiators have been used. These
reactors are one-of-a-kind designs that require more effort to identify the complete set of accident initiators, with less
reliance placed on the experience gained in previous commercial reactor analyses. For instance, in the case of the SRS K
Reactor, a dendogram approach for identifying plant specific initiating events was used. The dendogram approach is
similar to the master logic diagram approach used in LWR reactor PRA which attempts to systematically search for all
appropriate initiators. In addition, comparisons with 30 historical and significant LWR initiating events were made.
Another problem encountered in the SRS PRA centered around the Human Reliability Analysis (HRA) modelling.
HRA is an important part of the SRS PRA, since it has been determined that there are many important operator actions
required during high stress situations, with human error resulting in 50% of core damage frequency from internal events.
The HRA methods used were the Technique for Human Error Rate Prediction (THERP) and Time Reliability
Correlations (RC). This method is consistent with the method used by the NRC in its analysis of core damage
frequencies for the five NRC reference plants. However, a particularly sensitive problem was encountered when these
models were used to quantify the human error rates under earthquake conditions. Particularly high stress situations are
expected under such conditions that needed to be evaluated more carefully. Not only were the human error rates under
seismic conditions questioned, but because of the possibility of multiple-dependent actions, the logic models themselves
were questioned. WSRC developed a new HRA model specifically for the seismic case and found such modelling can be
important when multiple human recovery actions dominate during such high stress conditions.
The K-Reactor Level 1 analysis made the same assumption, as almost all LWR PRAs, that components never reach their
wearout phase. This assumption does not permit the complete treatment of aging of plant systems and components. This
lack of treatment is of particular concern in older DOE facilities such as the K-Reactor that have been operating for 30 to
40 years. In the case of the K-Reactor, formal trending analysis will be initiated as part of a separate PRA Applications
Program. Research is being sponsored by the NRC and industry to develop methods of treating time-dependent failures.
In light of the age of the SRS production reactors, as well as other DOE reactors, an aging program to identify and address
aging problems can be important. The PRA Applications Program will include the review of aging information and a
thorough search for relevant data, and sensitivity studies to test the potential significance of increased failure rates.

3.2 Hanford Site N-Reactor
This production reactor is located on the Hanford, Washington, DOE Reservation. It is currently shut down, and it is
expected that the reactor will eventually be decommissioned. A PRA was performed on the reactor by the Westinghouse
Hanford Corporation (WHC). The principal objective of the PRA was to identify the plant features that were the most
important contnrbutors to the reactor's fuel damage frequency in order to better understand reactor operation under
accident conditions and to suggest design and operational improvements. The methods used in the PRA are essentially
the same as used for LWRs, which have already been discussed.

3.3 Use of Risk Assessment in the Design of the New Production Reactor (NPR)
Concepts
Two reactor concepts are currently being evaluated for new production reactor alternatives, as follows:
3

Appendix A

*

Heavy water reactor (HWR)

*

Modular high-temperature gas-cooled reactor (MHTGR)

Severe accident analyses have been conducted for the conceptual designs of the above alternatives using conventional
nuclear reactor PRA experience and methods. These analyses are at a conceptual level so that design details are not
modelled. The NPR effort will benefit from a substantial effort to identify and incorporate past lessons learned from PRA
efforts at DOE and NRC. The effort includes plans to incorporate reliability goals at the system level and has assembled
PRA engineering insight information to be applied to the detailed designs as they develop in later phases of the project.
Detailed Level 1, 2, and 3 PRAs are planned at the final design phase. An additional concept, which uses a commercial
light-water reactor with a specialized core, has also been evaluated.

4. RESEARCH AND TEST REACTOR RISK ASSESSMENTS
The DOE operates a substantial number of research and test reactors. Many of these reactors operate at very low thermal
energies and are provided with substantial safety features, the combination of which generally results in low risk.
However, there are a number of DOE research and test reactors, in the multi-kilowatt thermal range, that have
substantial inventories of radioactive materials. These reactors have been selected to undergo probabilistic risk
assessment. Table 2 summarizes the PRA activities involving these reactors.
Table 2 DOE Research and Test Reactor PRA Activities
Facility

Status

ATR

Level 1-Internal events analysis completed January 1990. External events analyses
completed in March 1991.
Level 2 & 3-Scheduled to complete Level 2 in early 1993 and Level 3 in early 1994.

HFIR

Level I-Initial internal events analysis completed January 1988. Updated internal and
external events completed in late 1991.
Level 2 & 3-A bounding consequences analysis for internal events completed May
1988.

HFBR

Level 1-Internal events analysis completed July 1990. Schedule to complete seismic
analyses in late 1991 and other external events in late 1992.
Level 2 & 3-For internal events in late 1991 and for external events in late 1994.

EBR-II

Level 1-Scheduled for completion in late 1991. No need for Level 2 or 3 analyses.

FFTF

Level I is on hold, will be completed if it is decided to continue long term reactor
operations.

The primary motivation for conducting these PRAs was embodied in the National Research Council recommendations
related to safety issues at the DOE facilities. In addition, the Advisory Committee on Nuclear Facility Safety (ACNFS)
established by Secretary Herrington recommended the use of risk assessment methodologies for assessing DOE facility
safety. The ACNFS, in its letters to the Secretary of Energy, raised a number of safety questions:
(1) What are the risks associated with operation of the present reactors?
(2) How serious is the present situation, in terms of nuclear safety?
(3) What is the likelihood of an accident that would pose significant hazard to the workers or the public?
The line organizations of the DOE responded to the above recommendations by initiating Level 1 PRAs of the
Department's major test and research reactors. These efforts generally used conventional commercial reactor
methodologies. The Level 2 and Level 3 analyses were not planned to be as extensive as those of commercial reactors,
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since the consequences were substantially lower for these smaller reactors, and there was less to be learned from doing
extensive Level 2 and Level 3 analyses. Thus, in general, only bounding analyses have been planned, with special, limited
studies conducted on core melt progression or confinement response when such analyses were expected to provide
beneficial information.
The following summarizes the characteristics of the Category A reactor risk assessments:
*

In general, the methods used in the Level 1 analyses are similar and comparable to the state-of-the-art techniques
used in commercial light water reactors.

*

As these are one-of-a-kind reactors, having high core thermal densities and unique core physics, the search and
identification of the risk-important initiating events require special emphasis and the use of past PRA experience in
identifying initiators cannot be depended on.

*

All analyses assume the reactor is at full power. Analyses of reactor accident during shutdown and low power were
not performed.

*

DOE reactors do not have containments similar to commercial nuclear power plants, but have confinements that
may fail at relatively low internal pressure increases. These confinements will generally not withstand severe accident
loads.

*

Trending of plant equipment failure rates because of aging or other phenomena has not been addressed
comprehensively. This issue of aging has not been addressed by most commercial LWR PRAs: however, it could be
significant for the older DOE reactors.

*

In general, when there is a lack of plant-specific component failure data, generic LWR data were used with limited
use of plant-specific data.

5. RISK ASSESSMENT OF NON-REACTOR DOE FACILITIES
The DOE complex contains a large number of non-reactor facilities that involve chemical, manufacturing, and material
handling processes as well as storage facilities of all kinds. A large number of ERA methods are used to gain an
understanding of hazards, safety feature effectiveness, and facility risk. These methods are used for different purposesfrom simply assessing overall risk of the operations to determining, in detail, how to optimally modify a process' design or
operation. Three of the main methods are discussed in this section, including (1) risk enveloping analyses, (2) hazards
identification methods, and (3) fault tree-event tree applications.

5.1 Risk Enveloping Analyses
The risk enveloping analysis approach is used to demonstrate that a facility can be operated within a defined envelope of
risk. The major purpose of such an analysis is generally limited to the determination that all major hypothetical accidents
of a severe nature have been identified and their probability and consequences fall within a generally defined risk
envelope. Such analyses are generally found in the safety analysis documentation that supports the approval by DOE to
design, build, and operate a facility.
The approach uses the experience of expert analysts who are thoroughly knowledgeable of the facility in question.
Accident sequences are hypothesized. Several degrees of accident progression are defined for each type of accident, such
as fire or earthquake, and sets of likelihood and consequences are determined using simplified and generally conservative
models. The overall accident expectation is then portrayed using a variety of presentation methods such as
complementary cumulative distribution curves. This output is then compared with a risk of other generally known
hazardous operations, such that the overall accident expectation in displayed and put into perspective. Such analyses do
not provide sufficient detailed understanding of the facility's processes so that danger points within the process can be
identified and addressed. More refined and detailed hazard identification methods are required to provide such detailed
understanding.

5
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5.2 Hazards Identification Methods
DOE uses a variety of methods to identify hazards, evaluate their importance, and plan appropriate design and
operational improvements. Table 3 summarizes a number of the methods used 121.1 Generally these approaches are
effective in identifying potential defects or problems but are not as effective in establishing the likelihood that the defect
would result in a severe accident. However, such methods as HAZOPS can be augmented to provide this probabilistic
information. But this augmentation requires substantial effort and, in many cases, may not be needed to make good
decisions on what should be done to improve a given process. The HAZOPS approach has been used in a number of ways
within DOE. At the Savannah River Site the process engineers are required to perform what is called a Process Hazard
Review on selected processes every 5 to 7 years. A team composed of engineers responsible for the process is formed,
headed by a team leader experienced in the use of HAZOPS and other related hazard identification methods. The team is
put through a training course on a variety of hazards and risk based assessment methods. It selects a method and applies it
to the process. All modifications since the last assessment are evaluated, as is any operating experience that may show
possible process defects or operational weaknesses. In addition, changes in the safety analysis documentation are
reviewed. The team then recommends modifications to the design or operations to correct the vulnerabilities that it
found. This periodic review provides a structured process where lessons learned are factored into the operations. It also
provides a valuable training experience to the engineers that are directly responsible for process operation.
Table 3 Hazard identification methods
Method

Process

Products

Literature Survey

General review of published
literature.

Plant Walk-Through

Visual review of an existing facility
by experts.

Checklist

Structured question-and-answer
approach that can use less
experienced analysts.

Safety Audit

Combination of walk-through and
checklist methods applied to an
existing facility using experts in.
given disciplines

What-If Analysis

An semi-structured brainstorming
method using an interdisciplinary
team.

Failure Modes and
Effects Analysis (FMEA)

Structured, component-oriented study
of well-defined process or system.

Hazards and Operability
Study (HAZOPS)

A structured brainstorming
method using an interdisciplinary
team, withe experienced leadership,
that asks questions at each step on a
well-defined process or design.
Well documented by a scribe.

Excellent starting point that
provides general information
on hazards.
Cost-effective method that
identifies hazards and defects
in afeguards quickly.
Cost-effective and can
effectively identify hazards and
system & operation defects
when a quality checklist
is used.
Effective in identifying hazards
and defects and in recommending
actions especially when a well
integrated team of experts is
used.
Identifies hazards and possible
consequences, effectiveness
dependent on team member
experience.
Identifies the modes and
immediate consequences of
component failure and indicates
the relevant safeguards and
potential improvements.
For each identified Variation,
identifies causes, consequences,
existing safeguards, and potential
improvements.

'Numbers in brackets refer to references at the end of this appendix.
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5.3 Fault Tree-Event Tree Applications
With particularly complex chemical processes or where common cause failures must be assessed, the use of event treefault tree analyses similar to that of commercial reactors are used. But the methods are sometimes substantially modified
to treat the special characteristics of the process in question. The single most important difference between a nuclear
reactor and a complex chemical process involves the number and locations of hazards. In a nuclear reactor, all
concerncenters around the reactor core and the critical safety functions involving the core's protection. This is contrasted
to the case of a chemical plant where there are many hazard sources in numerous locations involving many types of
potential accident initiators. Also, where in a reactor PRA the focus is on accident mitigation through the use of backup
safety systems that provide defense-in-depth, the focus in a chemical facility, which has many accident sequences of far
less consequences, is on prevention of the accident initiator. These and other differences drive the analysis in directions
different from that of reactors. The following example is provided to indicate where substantial differences can develop
between a PRA for a conventional reactor and that of a DOE chemical facility.
The first major ERA for a DOE nonreactor was issued in May 1991. This assessment studies the Fuel Processing Facility
(FPF) at the Idaho Chemical Processing Plant, located at the Idaho Engineering Laboratory, Idaho [3]. The FPF is a
chemical plant that processes spent nuclear reactor fuel for reuse. Its ERA developed along a somewhat different path as
compared with commercial reactor PRAs. During the performance of a reactor PRA the list of accident initiating events
is compiled with strong emphasis on lessons learned from the many past reactor analyses where only a limited number of
unique initiators are expected for each reactor. In contrast, at the very start of the FPF ERA, it was expected that a very
large number of accident initiators would be uncovered. For the FPF, conventional sources of initiator information, such
as emergency response system documentation and completed ERAs of similar systems, simply did not exist. Finding all of
the important accident initiators, with reasonable assurance, would therefore require modeling the entire plant,
including barriers. The use of a Master Logic.Diagram approach was selected. In this approach diagrams are developed
that provide logical connections between top level consequences and system failures that proceed from the general to the
specific. The specific system failures then become the top events of the system fault trees. The system fault trees included
component failures, human errors, and common cause contributors. As it turned out, it was found that the entire FPF
logic model could be developed using a single, very large fault tree, that also included the initiating events. The initiating
events were not determined prior to system modeling but were identified as part of the fault tree process itself. Event
trees were not used. The design considerations allowed the modeling of the plant by fault trees alone, and during this
effort, the accident initiators were identified and modelled into the "super" fault tree. The DOE expects to review this
unique method for adequacy and further application.

6. SITE-WIDE AND COMPLEX-WIDE INTEGRATED RISK ASSESSMENTS
When a number of facility ERAs have been completed and are available for comparative analysis, one discovers
information and potential uses that go well beyond the simple understanding of a single facility's design and operational
strengths and weaknesses. If the ERAs are of high quality and use comparable methods and assumptions, then a
comparative analysis will be meaningful. Such analysis provides an understanding of thegeneic strengths and weaknesses
across many facilities which can reflect the adequacy of the overall safety policies and their implementation. In addition,
multi-facility ERA comparisons enables management to concentrate its limited safety resources to the few projects that
will do the most to improve safety. Such decision making cannot be effected by focussing on each facility's problems in
turn, but must be done using a broad, multiple facility viewpoint.
ERA activities at DOE have matured to a point where the Department can begin to apply such applications. This section
will discuss two new programs that use risk based information to make risk management decisions at the multiple facility
level. One is a risk review of a laboratory site that possesses over 150 buildings and the other is a complex-wide planning
tool that will look across the entire DOE complex and make decisions on where to best spend safety resources.

6.1 Mound Plant Site-Wide Risk Assessment
The Mound Facility Risk Review [4] reports the results of a 2-year effort to assess the risk of all the activities within a
major DOE site. The point of the review was to provide the risk assessment information necessary as input to a planned
site-wide Risk Management Program for the Mound Plant. Such an effort is substantially different from a process specific
ERA. To do detailed ERAs for all activities within all of the Mound buildings would have been an expensive and time
consuming proposition. Therefore, the first task for such a project was to strike a balance between the needs of the risk
management program, the scope of the analyses, and the necessary quality and detail of the expected results. The Mound
7
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team used a three-step approach: (1) hazard screening, (2) facility risk review, and (3) detailed risk assessment. The main
objective of this staged approach was to make efficient use of the risk analysis resources by applying a series of screening
techniques designed to identify significant risk contributors without wasting effort on low risk operations or plant areas.
In the planning stages of the risk assessment, the Mound team identified the general risk management applications that
would employ the assessment's results. They determined that the following applications were important: (1) to provide a
focus for the development of safety analyses and the conduct of safety audits required by DOE orders and (2) to assist in
evaluating the adequacy of administrative controls and safety features which would limit the risk associated with Mound
operations. They further defined the assessment's objectives as follows:
*

Systematically identify hazards associated with the operation of the plant

*

Separate hazards that merit detailed evaluation from those that do not merit detailed evaluation. [In this assessment,
the hazards that did not merit detailed evaluation were characterized as standard industrial hazards (SIHs) and were
evaluated using statistical analyses of industrial injury data.)

*

Identify potential accidents associated with the hazards that merit detailed evaluation

*

Separate potential accidents that are considered to pose low risks (either because they are judged to have very low
consequences or very low frequencies) from those that may pose significant risks

*

Evaluate the frequencies and consequences of potential accidents that may pose significant risks

*

Evaluate the risk associated with the SIHs

*

Develop recommendations for further analysis or for reduction of frequencies or consequences of postulated
accidents that pose significant risks

To further define the scope of the analysis the Mound team defined the following consequences types and scope of
analysis:
Consequence Type

Scope of Analysis

(1) On-Site safety (S)

Perform detailed evaluation of the expected number of severe injuries/deaths for all
identified scenarios associated with non-standard hazards. SIH risks evaluated
separately.

(2) Off-site safety (0)

Identify scenarios with potential off-site safety consequences, but do not conduct
detailed consequence assessments.

(3) Environmental impact (E)

Identify scenarios with potential environmental consequences, but do not conduct
detailed consequences assessments.

(4) Facility damage (F)

Identify scenarios with the potential to exceed $500,000 in damage, but do not conduct
detailed consequence assessments.

(5) Production loss (P)

Identify scenarios with the potential for significant production interruption and their
effects on delivery commitments, but do not conduct detailed consequence
assessments.

The analysis scope for Types 2-5 was initially restricted because it was expected that detailed quantification would focus
resources away from the more risk significant on-site scenarios. The results did uncover scenarios of all five types. The
identification and character of the scenarios alone provide useful insights, without the need for detailed quantification.
Relatively few scenarios were identified to have significant Type 2-5 consequences.
The detailed definition of an assessment's objectives and scope as exemplified from the above discussion is the vital first
step in conducting a efficient, high quality ERA.
After the planning stage, the Mound team systemically evaluated all the buildings using screening worksheets. They
found hazards dealing with explosives, radioactive materials, toxic materials, and flammable materials. They evaluated
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each identified hazard for the five consequence types listed above. They screened for both consequence and frequency of
postulated limiting initiators. Those hazards that could not be eliminated as low risk or as standard industrial hazards were
kept for further, more detailed analyses.
For each of the remaining hazards, a detailed scenario based assessment was then conducted. Event trees were used to
display the various potential courses an accident could take, starting from a given accident initiator and leading to the
various possible accident end points. Frequency assessments were made based on industry accident and component
failure data, on human reliability analyses, and on discussions with Mound experts.
In the final stage of the assessment the frequency and consequence evaluations were combined to arrive at the final risk
information. Both the quantitative results and the qualitative descriptions of the various accident scenarios were
summarized in a number of ways to provide useful insights. A preliminary review of the results indicate that a substantial
base of safety information has been generated that will be useful in conducting the Risk Management Program at Mound.
DOE is in the process of evaluating the Mound team's approach to determine whether other similar analyses would be of
benefit.

6.2 Safety and Health 5-Year Plan
On February 22,1991, Secretary Watkins approved the development of a Safety and Health (S&H) Five-Year Plan.This
plan is part of the Secretary's efforts to strengthen the safety and health priorities within the Department. The
fundamental purpose of the Plan is to develop and institutionalize a framework within the Department for achieving
compliance with all applicable laws, regulations, DOE Orders and policies, and enabling the pursuit of safety excellence
by introducing an integrated resource management process to be used across the entire DOE.
The S&H Five-Year Plan is composed of a number of elements only one of which will be discussed here. We will focus on
the integrated resource management process to be implemented as part of the Plan. This process will require that each
major program manager take the broad S&H mission policies and the program's own S&H initiatives and devise a strategy
for achieving optimal results. Part of the process requires that each DOE contractor define the S&H projects, both
ongoing and new, evaluate the safety significance of each project, and then rank the projects. The projects will then
compete for the available safety funds. A standard project prioritization methodology will be used to rank the projects.
This prioritization method will use a multi-attribute weighting system for evaluating each project. The major attributes
used to evaluate project importance will be public and worker safety while other attributes, such as regulatory
compliance, will be included. The attributes of this risk-based system will be restricted in scope and will not include all
attributes that may be of importance. These "other" attributes will be worked into the process at three distinct integration
levels. Contractor management will first review the completed list of projects under its control and may change the
ranking to reflect management's assessment of the comparative importance of projects. The second level will involve the
DOE program managerlevel. A program manager will have to assemble a single ranked list of projects from a number of
contractors at several sites. This second level will incorporate the DOE's project manager's viewpoint on the comparative
importance of projects. If projects are reordered, the reasons are recorded and the complete record behind the rankings
carried to the next level. The third level is at DOE Headquarters where the major DOE organizations, under their
cognizant Program Secretarial Officer (PSO), will be able to integrate the project lists from their various programs for
purposes of resource management.
All major DOE sites have experimented with resource management processes with good results. In general, these
processes attempt to determine the improvement in safety given the assumption that a project is funded and
implemented. The degree of "safety improvement" is based on the degree of risk reduction to the public or worker.
Initially, most of the risk reduction assessments will be based on the largely qualitative judgement of safety experts. With
time, however, as more ERAs are conducted, it is expected that project ranking will be based, more and more, on
quantitative analyses that use ERAs as starting points. Nevertheless, the current emphasis is on building the resource
management process infrastructure as a way of making safety decisions. This will be a particularly ambitious project given
the size and complexity of the DOE complex. Once the process's infrastructure is in place and experience is gained on
using a formal resource management process, then the connection between quantitative ERA information and the
resource management process will be strengthened.

9

Appendix A

7. ERA QUALITY CONTROL
The DOE line organizations and the oversight organizations such as the Office of Nuclear Safety conduct reviews of the
ERA's to assure they are of high quality. These reviews generally consider the following:

(1) Internal Events vs External Events
Many facility risk studies address only initiating events internal to the facility. These include (but are not limited to):
- Transfer errors in processing facilities;
- Overflows of tanks, vessels, etc.;
- Chemical addition errors;

- Fires (some risk studies treat fires as external events);
- Uncontrolled chemical reactions;
- Nuclear criticality;
- Leaks of toxic materials;
- Spills of toxic materials;
- Errors while using glove boxes;

- Errors during on site shipping and handling of material;
- Failure of mechanical equipment, such as pumps, motors, or heat exchangers;
- Failure of electrical andlor instrumentation equipment;
- Various forms of human errors, both while following procedures and while performing non-written instructions.
Due to the diverse nature of the DOE facilities, each facility is expected to have a unique set of internal initiating
events. As part of the review, these must be evaluated to determine whether sufficient events have been considered.
In addition, many facility risk studies will consider external events, usually those caused by natural phenomena.
These include:
- Earthquakes;
- Temperature extremes;
- Snow;

- Rain;
- Lightning;

- Floods;
- Meteorites;
- Volcanoes;
- Straight winds;
- Tornadoes;
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- Airplane crashes; and

- Missile impacts; explosions of nearby industrial facilities.
Although the situation may vary from facility to facility, earthquakes often represent the most important
contribution to risk. It also represents a challenging analytical aspect since many factors are involved, including:
- Common mode of failure;
-

Integrity of structures;

- Integrity of electrical and mechanical equipment;
- Nature of liquids and other material while vibrating (sloshing);
- Integrity of ventilating systems; and
- Definition of operator ability to function properly.

(2) Treatment of Severe (Beyond Design Basis) Accidents
In certain cases, the risk studies consider only accidents within the "design basis," that is, accidents for which the
structures and equipment were designed. In many cases, this reduces the scope and expense of the risk study. In
general, this would be very cost-effective for certain low and moderate risk facilities. However, for many facilities the
risk can come from relatively low probability severe accidents-which the facility was not designed to withstand.
Justification must be provided, combined with the economic benefits, for not considering severe accidents.

(3) Hazard Classification
Currently, there are three hazards categories mentioned in DOE Order 5481.18, Safety Analysis and Review
System. These are high, moderate, and low, based on the following criteria:
- High-those hazards with the potential for on-site or off-site impacts to large numbers of persons or for major
impacts to the environment.
- Moderate-those hazards that present considerable potential on-site impacts to people or the environment but,
at most, only minor off-site impacts; and
- Low-those hazards with no potential for on-site or off-site impacts to large numbers of persons or for major
impacts to the environment.
In general, even though these hazards states are subjective, they plan an important role in defining the scope of the
risk study. If a facility is of the "high" hazard category, it would be expected to consider severe accidents, and
perform a more rigorous and possibly expensive analysis than a low or moderate hazard facility.

(4) Consequence Analysis
Radiological Consequences: The analysis for the consequences of radiological hazards generally consist of the
following evaluations:
Source characterization: This includes:
- composition-including the inventory,
- duration and release rate (including temperature and energy) of each radionuclide or class of radionuclides, and
- plume characteristics (size, shape, elevation, and source location).
Transport evaluation: This includes:
11
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- atmospheric dispersion,

- decay of radionuclides (and changes in composition),
- determining receptor locations, and
- deposition on soil and vegetation, including transport through the food chain.
Radiation dose calculation: This includes:
- consideration of exposure duration, shielding, and attenuation,
- internal dose from inhalation and ingestion, and
- external dose from submersion in the cloud or "shine" from ground surface and/or from overhead clouds.
Dose/consequence evaluation.
There are standard techniques that have been developed in the nuclear power industry for consequence analysis;
many have been codified as computer programs and are generally available to users.
Nonradiological Consequences:
Examples of nonradiological hazards include:
- Fire (thermal, products of combustion);
- Explosion;
- Chemical toxicity;
- Solid waste; and
- Corrosion.

These consequence models have not been developed to the same extent as those for radiological doses. The criteria
for assessing the health and safety impacts of nonradiological hazards are typically based on qualitative consequence
categories, such as:
- Negligible-Detection/irritation with no significant health effect (e.g., minor injuries such as minor cuts and
bruises, that will not require medical treatment and will not result in a loss time accident).
- Minor-Reversible health effects.

- Considerable-Irreversible health effects that will significantly affect the quality of life.
For chemical hazards, consequence criteria must be developed or based on information commonly available, such
as:
- Emergency exposure limits (EEL);

- Emergency response planning guideline levels (ERPG);
- Immediately dangerous to life or health (IDLH) levels;
- Permissible exposure limits (PEL);
- National Institute for Occupational Safety and Health (NIOSH) recommended ceiling limits;
- Short-term exposure limits (STEL); and
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- Threshold limit values (MLV).

(5) Support for Safety Analyses
In addition to stand-alone risk studies, there are numerous applications where risk analyses, utilizing the methods
described below, are being done to support safety analysis reports (SARs).

8. REVIEW GUIDE ELEMENTS
The elements and guidance for their review are discussed below.

Element 1:
What is the principal reason (e.g., required by DOE orders or a high hazard classification) for performing the risk study?
What is the level of effort involved and is it appropriate for the hazard state and complexity of the facility?

Review Guidance:
A history and reasons for doing the study should be provided. The study should also discuss the level of effort, scope, and
provide a basis for not including external events, severe accidents, and limitations in the methodology, as appropriate.
This should be commensurate with the hazard state of the facility, the size, and the overall complexity of the facility.

Element 2:
How will this study be utilized, and are there sufficient examples for applications provided?

Review Guidance:
The study should provide a description of present and future applications. A detailed implementation plan, including
schedule, for future applications should also be provided. Some statements in the review should be made regarding the

quality of this plan.
Element 3:
What is the scope of this study? Does it cover internal events as well as natural phenomena (external events)?

Review Guidance:
The study should address whether external events, as appropriate, should be included. As appropriate, the reviewer will:
-

assure that all reasonable initiating events are included, and

-

perform bounding calculations for the probability and approximate results of external events if they are not included.

Element 4:
Of the general categories of methods described above, what comes the closest for this study?
Review Guidance:
Provide an assessment of whether the methodology is:
-

FMEA,

-

event tree/fault tree,

-

HAZOPS, or
13
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-

other.

Provide an assessment as to the completeness of fault trees and event trees, as appropriate, and whether and how
common mode failure was factored into the study. Provide an assessment of whether major support systems are
considered. Provide an assessment of the success criteria used for safety systems and support systems. Provide a brief
critique of how the methodology is applied to the study. Additionally, for a HAZOPS study, the reviewer will:
-

verify the relevant experience of the analysis team, including the team leader,

-

review appropriate data sheets, and

-

review how comprehensive the study was on considering all possible scenarios. Also, see other criteria.

Element 5:
Are the results of the risk study consistent with the Safety Analysis Report (SAR)?
Review Guidance:
Provide an assessment of how the risk study utilized the results of the SAR. Were accidents beyond the design basis
considered? Provide a narrative comparing the risk study with the appropriate design requirements provided in DOE
orders.

Element 6:
What are the methods for evaluation of human reliability? How important is human reliability on the results?
Review Guidance:
Provide a description and critique of the human reliability methodology. If relevant, briefly provide a critique of sources of
data used in the study, training programs and efforts to maintain an improved level of human performance (ie., conduct
of operations).

Element 7:
What is the basis for data gathering and evaluation?
Review Guidance:
The study should provide bases for selection and use of data. It should clearly explain whether the data used are generic,
plant specific, or a combination of the two and justifications for use of this type of data. If expert judgment data are used,
the study should indicate the specific methods used in collecting and utilizing that data. The methods of data analysis,
including common mode failure and aging-related trending, as applicable, should be provided in the study reviewed.

Element 8:
What computer codes, if appropriate, were used, and how were they applied?
Review Guidance:
If computer codes are used in the study, there should be statements on descriptions of these codes, status of their
verification and validation, and the specific ways these codes are applied in the study. If a computer code is sued that is not
formally verified and validated, justification for its use should be provided, including the steps taken to obtain reasonable
assurance that the code is correct.

Element 9:
What are the methods for evaluating both radiological and nonradiological consequences (if appropriate)?
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Review Guidance:
Are the methods for radiological consequences based on commonly used computer codes? Provide a brief summary of
the appropriate code and comment on its application for the facility. As necessary, perform checks of calculations. For
nonradiological consequences, review the assumptions, rationale for appropriate limits, and perform a spot check of
mathematics.
Element 10:
What are the plans for review and quality assurance?
Review Guidance:
Discuss the peer review (of the overall study), internal checks of the results, and QA of computer codes.
Element 11:
Were spot checks of the numerical calculations performed?
Review Guidance:
Depending on the methodology used, consider the worst case accident sequences or scenarios and perform:
-

a check of the logic, by constructing simplified event or fault trees, or comparable logic diagrams,

-

a check of the numerical results using data presented in the study or from comparable references and

-

a selected limited analysis of issues believed to be important.

Element 12:
Are the numerical values and insights reasonable?
Review Guidance:
Provide an assessment of your overall evaluation of whether you agree or disagree with the conclusions of the study.

Element 13:
What is the basis for acceptability of risk?
Review Guidance:
The Department has adopted the NRC's nuclear safety goals and is currently developing other quantitative criteria.
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APPLICATION OF RISK-BASED DECISION ANALYSIS
TO DAM SAFETY WORK

Department of the Interior
Bureau of Reclamation
Engineering and Research Center

ABSTRACT
Evaluation of the need to modify an existing dam due to observable deficiencies or postulated deficiencies for handling
the loading from remotely probable events is a made-to-order problem for risk-based analysis. In essence, the problem is
one of evaluation of alternatives, first with respect to the need for treatment versus abandonment of the structure, and
second with the level of treatment required as a function of the remoteness of the loading and the degree of downstream
hazard. To meaningfully evaluate alternatives, quantitative estimates of (1) the probability of loadings beyond the
threshold of damage, (2) the probability (and nature) of an adverse structural response given the loading, and (3)the level
of damage occurring as a result of the adverse response need to be made. The Bureau of Reclamation has implemented
practical procedures for evaluation of alternatives using a risk-based decision analysis approach which overcome some
traditional stumbling blocks in such studies (e.g., treatment of loss of human life, acceptance and understanding by
decisionmakers). Through the use of sensitivity studies, problem understanding is enhanced and complex mathematical
configurations are avoided.
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1. INTRODUCTION
As a dam owner (or engineer-representing the owner) you are presented with a problem. The 100-foot-high
embankment dam which supplies municipal water, recreation, and irrigation water has always performed well but now,
following a safety inspection of the dam, it has been classed as unsafe since the spillway can pass only 40 percent of the
currently revised PMF (probable maximum flood). Residents in the small town 20 miles downstream of the dam and in the
city 40 miles downstream are aware of the dam's classification and in fact, the newspapers are pointing out that only a
pseudostatic dynamic analysis had been performed on the dam during design, thus implying that the dam may not be safe
seismically.
You need to make some decisions! A course of action needs to be justified to the downstream residents and to those who
must foot the bill for any modifications.
In making decisions concerning the possible modification of the dam, several criteria need to be considered:
- Safety of downstream residents
- Retention of project benefits
- Cost of modifications

- Other (construction time, environmental impacts, etc.)
To arrive at a decision, several questions must be answered:
*

Does the dam need modification? (Is the risk faced by downstream residents acceptable, is it significantly altered by
possible or reasonable modifications to the dam, etc.)

*

If the dam is modified, what loading level should be considered for flood, earthquake, etc.? (Note that if the dam
could have handled 50 percent of PMF, it may not have been designated unsafe.)

*

What alternatives for modification should be considered in detail? (Dam breach, lowering reservoir, warning
systems, higher dam, larger spillway, operation change.)

2. DECISION PROCESS
There are basically four categories of decision processes used in practice:
Subjective Process-In this case, some dominant political, social, or technical bias dictates the course of action
without further study.
Deterministic-An apparent solution is studied in detail, presented and accepted while other solutions are
dismissed without formal investigation.
Qualitative Decision Analysis-Possible alternative solutions related to various decisions are ranked or rated
without detailed study and quantification of risks and benefits.
Quantitive Decision Analysis-Alternates related to each decision (e.g., level of loading, modification type) are
examined in terms of their benefits (reduction in risk of life loss, property damage, etc.) and costs (capital costs, loss
in project benefits, lack of reliability, etc.) [1]1
A formal quantitive decision analysis referred to in this paper as a Risk-Based Decision Analysis helps to ensure that the
search for an answer to the problem is comprehensive in terms of the objectives, reasonable alternative courses of action,
and the effects of the alternatives considered. In the end the decisionmaker makes the decision; the analysis does not.
'Numbers in brackets refer to references at the end of this appendix
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However, the decisionmaker will know and will have before him/her the rationale to justify the course of action to the
project beneficiaries, downstream residents, and all other interested parties.
The following portions of this paper will describe procedures used to evaluate the hazards that can affect an existing dam,
to assess the associated risks, determine the risk reduction benefits and costs of alternative remedial measures, and to
present this information for selection of a course of action by decisionmakers.

3. EVALUATION OF THE HAZARD
After identification of the threshold levels of loading that may produce dam failure, the consequences of dam failure are
estimated on the basis of inundation mapping. An analysis of the failure rate, failure type, flood wave traveltime, and
factors affecting effective warning and evacuation is made in determining the potential for loss of life and property
damage. In the general case, several types and levels of failure may have to be examined and the consequences plotted
versus discharge level. For the very prevalent case of inadequate spillway capacity, the analysis determines the
incremental effects between passage of a flood with and without dam or spillway failure. The steps in the hazard
assessment for this type of problem are enumerated in Table 1.
Table 1 Steps in hazard assessment for the inadequate spillway capacity problem
1. Perform flood routings to determine the impact on the dam as a function of flood level and establish outflow with no
dam failure.
2.

Identify failure modes and failure threshold' for each.

3.

Route floods with dam failure to obtain outflows.

4.

Determine consequences as a function of flow.

5. Make hazard evaluation based on incremental consequences.
'Point at which failure becomes reasonably probable.

Separate relationships to illustrate the potential loss of life and the property damage versus flood discharges are required
as the output of the hazard assessment.
When developing the hazard assessment, close attention must be given to details such as location of affected population,
method of flood wave detection, warning dissemination, route and time for escape, and other factors. These data may be
required to reach a decision as to whether or not a significant difference in potential loss of life exists between the no dam
failure and dam failure case.
In practice, the hazard assessment relationships take on quite variable forms, reflecting the site-specific character of dam
safety problems. The hazard analysis presentation is perhaps the single most important piece of information because it
defines the nature of the problem in a visual way that can easily be understood.
A minimum acceptable level of protection may also be identified at this stage of the process; however, recognition of the
underlying principle used in developing the relationships must be maintained so that alternatives that may alter the basic
hazard assessment relationship are not eliminated (e.g., relocation of a population segment at risk).

4. ASSESSING THE RISK OF AN EXISTING DAM
Risk assessment requires consideration of the likelihood of adverse loading, the types of consequences to the loading, the
likelihood on an adverse consequence, the property damage and potential for loss of life resulting from dam failure, and
the summation of the expected losses from potential dam failure. A brief description of these five steps is given below:
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STEP 1.

What loading conditions operate on the dam with the potential to cause a dam failure, and what is the
frequency of occurrence of these events.

The loading conditions which usually need to be considered are static reservoir load, seismic load, and hydrologic (flood)
load. However, for a specific dam, other loads may need to be considered and some loads may be ruled out as not having
the potential for dam failure. It is recognized that the estimation of the frequency of hydrologic and seismic events with
the potential to cause dam failure is difficult to make with confidence because of the lack of historic data on which to make
projections of the recurrence period of remote events. Nevertheless, such an estimate is part of any risk assessment
whether it be subjective, qualitive, or quantitive. Recently, guidance on the selection of flood and earthquake criteria 12]
has been provided by the U.S. National Research Council's special Committee on Safety Criteria for Dams convened at
the request of the Bureau of Reclamation and the Corps of Engineers.
STEP 2.

Based on the configuration, characteristics, and condition of a specific dam, what are the potential modes of
failure (partial or complete) that would be the most likely result of the adverse loading events.

This is the first step in trying to determine the response of the structure and also the first step in determining the
consequences of failure. The detail to which the modes need to be identified is very much a site-specific determination. In
some cases, the assessment of risk and consequences might be satisfactorily made by assuming a complete and
instantaneous breach of the dam, while in other cases such an assumption may yield a completely unrealistic estimate of
damages and resulting benefits of remedial measures.
STEP 3.

What are the responses of the dam over the range of potential adverse loadings.

This step is one of the most difficult in the risk assessment process. It is necessary to account for the entire range of loads
to which a dam is exposed and the possible responses. For example, engineers may be able to estimate that the threshold
of damage for a given dam is a magnitude 6 earthquake at a source of 10 kilometers away (the source has a potential up to a
magnitude of 7.5). It is obvious that the likelihood of failure from say a magnitude 6.5 event is considerably less than that
from a magnitude 7.5 event. An estimate of response is required for all types of loads over the entire damage potential
range of loads such that the total risk of failure may be realistically assessed. This step is one of the fundamental
differences between a probability-based decision analysis and the maximum event decision analysis which is in common
practice.
STEP 4.

What are the consequences of failure for each potential failure mode.

Once a mode of failure has been defined, the resulting flood is routed through the flood plain. Inundation maps (and flow
rates) are used to determine the potential for loss of life, the level of property damage, and environmental impact. Other
variables such as season of the year, time of day, reservoir elevation, and other local specific conditions that may be
important should be taken into account at this stage of the analysis. Such items may be important in identifying
appropriate remedial measures.
STEP 5.

What are the risk costs or expected losses associated with the existing dam.

The total economic risk cost is obtained by summing the product of the likelihood of the loading condition, the likelihood
of a dam failure mode given the loading condition, and the cost of the damages resulting from that failure mode for each
failure mode.
Thus:

Risk cost

= (Likelihood of a certain Load Level) x
(Likelihood of Mode of Failure given that Load Level) x (Associated
Property Damage)

Total Risk Cost

= Sum of Risk Costs for all load levels of all load types and each relevant failure mode.

Table 2 [3] displays an example format for recording the data gathered and the judgments made in steps 1 through 5
above.
Note that the annual probability of a particular loss of life exposure condition occurring is computed in the same manner
as is risk cost except that there is no cost multiplier since current practice is not to assign a monetary value to human life.
3
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For the example shown in Table 2, less critical cases are considered with more critical cases (i.e., case A occurs when case
C occurs but not the reverse).
Table 2 Existing dam-risk costs and loss of life potential

Load
(percent)
40-60

Load
probability

>80
PMF

Response
probability

Annual
risk cost

(0.004)

Aux. spillway
failure

(0.10)

(35)
A

$14,000

(0.0008)

Aux. spillway
failure

(0.30)

(35)
A

8,400

(0.0008)

Dam overtopped

(0.05)

(80)
B

3,200

(0.0008)

Service spillway
failure

(0.05)

(80)
B

3,200

(0.0002)

Aux. spillway
fails

(0.5)

(35)
A

3,500.

(0.0002)

Dam overtopped

(0.2)

(160)

6,400

PMF

60-80
PMF

Response
type

Damages
(millions)
loss of
life case

C

(0.0002)

Service spillway

(0.1)

(160)

3,200

C

Static
reservoir

(0.5)

Seismic
M 5.5-6.5

(0.01)

M 6.5-7.5

(0.001)

Dam overtopped

(0.0005).

(80)

20,000

C

Dam overtopped

(0.005)

(80)

4,000

C

Dam overtopped

(0.1)

(80)

8,000

C

M 7.5

(0.0001)

Dam overtopped

(0.3)

(80)
C
Total annual risk cost

Case

Loss of life potentialexposure condition description

2.400
$76,300

Annual probability of the
exposure condition occurring

A

People in recreation pursuits
within 10 miles of the dam

0.00131

B

Evacuation-related deaths
(1 or 2 people)

0.00057

C

Direct loss of life of up to
50 people for night failure

0.00016

The detail to which the above steps are carried out depends on the intended application of the risk assessment. If
comparisons are to be drawn among dams or among alternative treatments for a given dam, it is important that the
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assessment analysis be consistent. Two basic types of risk assessment are used currently; they may be categorized as
subjective and quantitative.
In a subjective (informal) assessment the engineer considers and documents those factors that appear most important and
significant to the case and uses this assessment to identify a solution to the problem. Example: The dam owner notes that
(1) the dam lies above a population center, is 40 years old, and can pass less than 50 percent of the PMF; (2) the dam would
not have been declared unsafe by the inspection had it been able to pass 50 percent or more of the PMF; (3) the
population center has been made aware of the current unsafe rating; and (4) the spillway can be readily modified such that
60 percent of the PMF can be passed. On the basis of this information, the owner may decide to modify the spillway to pass
60 percent of the PMF. Such an assessment should not be considered wrong. It often can result in a good decision and may
be all that is needed, but it would probably only rarely be an optimum solution.
A quantitive risk assessment directly satisfies the requirements of steps 1 to 5 above using reasonable (judgmental)
estimates of loading frequencies, failure response likelihood, and damage values. Although an actual risk cost is
determined, the primary value of this number is as a relative measure when compared with other measures. To assess the
effect of the assumptions made on the outcome, different sets of judgments reflecting the bounds of the parameters
should be made in order to determine the sensitivity of the decision to a particular set of judgments or estimates.

5. CONSIDERATION OF REMEDIAL MEASURES
Once the process of examining the risk associated with the dam as it exists has been completed, the engineer should:
- Identify the largest contributions of risk reductions and the most sensitive factors with regard to reducing risk
- If appropriate compare the overall risk of failure of this dam to the general population of dams or to other dams
under the owner's jurisdiction
If this evaluation indicates that risk should be reduced, then the phase of the analysis involving the assessment of remedial
measures begins. Once a remedial measure is proposed, the reduction in risk associated with that measure can be
determined by updating the quantitative analysis with new response or consequence estimates that would be associated
with the remedial measure.
The engineer should be aware of remedial measures that are available to either reduce the likelihood of dam failure or to
reduce its consequences.
These measures can be structural or non structural. They may be considered individually or in combination with other
remedial measures. The structural measures generally reduce the likelihood of dam failure, whereas nonstructural
measures reduce the consequences. Benefits of remedial measures may involve reduction in the number of lives lost,
reduced damages, improved project outputs, compliance with regulatory or design requirements, etc. Costs should
include future expenditures as well as the initial expenses required to make the measure effective.
Table 3 provides an example of the risk cost calculations for the problem shown in Table 2 for a structural alternative
(adding a 3-foot structural wall) to prevent flood overtopping. Thus, the addition of a structural wall reduces the total
annual risk cost by $25,600. If the annualized cost of the addition is less than this, the modification would have a favorable
benefit-cost ratio. Note, however, that these calculations do not include estimates for human lives lost or environmental
damage that may occur.

6. SELECTION OF A COURSE OF ACTION
Decisions on dam safety modifications should be based on an easily understood comprehensive presentation of the facts.
This presentation needs to provide data or study results that help to answer questions related to the many factors that
influence the judgmental decisions on modification.
Is
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Table 3 Risk costs and potential for loss of life after adding 3-foot parapet wall

Load
(percent)

Response
probability
(rev. for A2)

Damages
(millions)
loss of
life case

Annual
risk cost

Load
probability

Response
type

40-60
PMF

(0.004)

Aux. spillway
failure

(0.10)

(35)

$14,000

60-80
PMF

(0.0008)

Aux. spillway
failure

(0.30)

(35)

8,400

(0.0008)

Dam overtopped

(0.0)

(80)

0

(0.0008)

Service spillway
failure

(0.05)

(80)

3,200

(0.0002)

Aux. spillway
fails

(0.5)

(35)

3,500

(0.0002)

Dam overtopped

(0.0)

(160)

0

(0.0002)

Service spillway

(0.1)

(160)

3,200

(0.5)

Dam overtopped

(0.0003)

(80)

12,000

Seismic
M 5.5-6.5

(0.01)

Dam overtopped

(0.0)

(80)

0

Seismic
M 6.5-7.5

(0.001)

Dam overtopped

(0.06)

(80)

4,800

M 7.5

(0.0001)

Dam overtopped

(0.2)

(80)

160

>80
PMF

Static
reservoir

Total annual risk cost

Case

Loss of life potentialexposure condition description

$50,700

Annual probability of the
exposure condition occurring

A

People in recreation pursuits
within 10 miles of the dam

0.00103

B

Evacuation-related deaths
(1 or 2 people)

0.00029

C

Direct loss of life of up to
50 people for night failure

0.00008

Enumerated below [41 are a number of the most important factors or considerations that are common to the decisions
being made. These factors are given according to a rough estimate of the order of importance placed upon these factors by
decisionmakers. However, considerable variability exists among individuals on the order and weighing of these factors.
For each factor, the questions that should be addressed by the presentation of information are identified.
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(1) Loss of Life Potential
*

Does a significant incremental potential loss-of-life condition exist?

*

Does the modification proposed make a significant change?

*

Can an improved warning system (detection, decision to warn, dissemination of warning, departure of
population) reduce the risk of life loss?

*

Are there load levels where dam failure causes no significant incremental effect?

(2) Potential Property Damage Condition
*

What is the level of the incremental damage due to dam failure?

*

Does the modification make a significant change?

(3) Perceived Risk (Probability) of Dam Failure
*

How does the estimated probability of failure compare to historical failure rates? How does the dam compare to
the average dam of its type.

*

What are the effects of the uncertainties in making the estimate of dam failure?

(4) Magnitude of Impact
*

If failure were to occur, would the region, area, country, dam owner, etc., be able to absorb the loss or recover?

(5) Benefit-Cost Economic Analysis
*

What is the risk cost reductionYmodification cost, ratio for each alternative for the range of values considered
in the sensitivity studies?

(6) Magnitude and Nature of Modification
*

What percent of project cost is involved?

*

Is funding available?

*

Is modification success assured?

(7) Other Factors
*

What are the site-specific considerations? (Environmental, technical, social, political)

*

What precedents will be established or broken?

*

Does the proposed modification make sense?

In many cases, the decision analysis presentation phase and the decision itself will be fairly straightforward, while in other
cases neither will be easy. However, in either case the goal is to provide, through the decision analysis framework, an
objective and comprehensive evaluation of the alternative courses of action that will allow the decisionmakers to have a
full understanding of the problem and a recognition of the costs and benefits of the decision.

7. CONCLUSIONS
Key aspects of the risk-based decision analysis procedures are that:
7
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(1) The full range of potential damage-producing loading conditions applied to the dam are examined;
(2) A relative comparison of alternatives is made in a common framework that exposes all factors and judgments on those
factors;
(3) Sensitivity analyses on sensitive parameters are included but complex probabilistic procedures are avoided in order to
facilitate decision making and public understanding;
(4) Potential for loss of life and other factors are presented as separate evaluation considerations.
Use of risk-based decision analysis for dam safety evaluations and modifications has as its goal the production of an
objective and comprehensive evaluation of alternative courses of action that will provide decisionmakers with a good
understanding of the total problem (hazards, risks, and consequences), and a concise presentation of the economic and
noneconomic consequences of each alternative.
When used with these goals and concepts in mind, risk-based decision analysis procedures can be effective and efficient
tools for dealing with dam safety investigations.
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APPENDIX C

Probabilities of Large Earthquakes
in the San Francisco Bay Region,
California

An Example of Quantitative Hazard Assessment
by the U.S. Geological Survey

Department of the Interior
U.S. Geologic Survey

EXECUTIVE SUMMARY
Quantitative assessments of hazards are key objectives of the geologic hazard programs in the U.S. Geological Survey
(USGS). Recent analysis of the time-dependent probabilities of earthquakes in the San Francisco Bay Region provides
one example of a state-of-the-art approach. In 1988 the USGS, working through the National Earthquake Prediction
Evaluation Council (NEPEC), convened a Working Group to assess the long-term probabilities of large earthquakes
(magnitude 7 or greater) along the San Andreas fault system (Working Group, 1988). A second Working Group was
organized in 1990 to reexamine the probabilities of large earthquakes in the San Francisco Bay region, in light of new
interpretations or physical changes resulting from the Loma Prieta earthquake of October 17, 1989, and new data
developed since the 1988 report.
This paper summarizes the methods and conclusions of that study (Working Group, 1990) which estimated the chance of
one or more large earthquakes in the San Francisco Bay Region in the coming 30 years to be about 67 percent. A
magnitude 7 or larger earthquake along any of the segments considered by the Working Group will have a major impact
on the entire San Francisco Bay region.
The first step in the evaluation procedure is to identify fault segments expected to produce large earthquakes and then to
estimate the time to the next earthquake on each identified segment. The recurrence times for earthquakes on a segment
are based on the records of historic earthquakes, the long-term slip rate, and the displacement in the previous
earthquake. The approach followed for calculation of probabilities employs the estimated recurrence times with a model
that assumes that probability increases with elapsed time from the last large earthquake on a fault segment. The
minimum information required for this analysis of the San Francisco Bay region is available only for the San Andreas,
Hayward, and Rodgers Creek faults. Other potentially important faults in the region will require more study before they
can be evaluated. Hence, the calculated probabilities are necessarily a minimum estimate of the hazard. Because the
quality of the data, the uncertainties relating to segmentation, and the uncertainties in application of the model vary from
segment to segment, the Working Group assigned letter grades to indicate its judgment of the reliability of the calculated
probabilities. -The reliability scale extends from A to E with A being the most reliable. Probabilities are expressed as
numbers that range between 0 and 1. Differences of probability of less than 0.10 are not considered meaningful. A
30-yearprobabilityof 0.20 means there is a 20-percent chance of an earthquake in the coming 30years. Theprobabilities
for the seven segments considered in this report are summarized in the following table.
Probabilities of earthquakes on fault segments in the San Francisco Bay region

Segment

Expected
magnitude

Probability
1990-2020

Level of
reliability
(scaled A to E;
A most reliable)

1989
1906
1906

7
7
8

< 0.01
.23
.02

B
C
B

1868
1836

7
7

.23
.28

C
D

1808
(or earlier)

7

.22

D

Previous
event

San Andreas fault
S. Santa Cruz Mountains
San Francisco Peninsula
North Coast
Hayward fault
Southern East Bay
Northern East Bay
Rodgers Creek fault

Although the potential for damage from an earthquake generally decreases as distance from the epicentral region
increases, the pattern of losses at rather large distances from the magnitude 7.1 Loma Prieta earthquake dearly
demonstrates that an earthquake on any of the fault segments considered by the Working Group could seriously affect
the entire San Francisco Bay region. Indeed, the most densely populated parts of the area lie atop of, or adjacent to, fault
segments having the greatest potential for large earthquakes. The probability that the San Francisco Bay region will
experience at least one large earthquake on the segments considered is given by the following table.
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Probabilities of one or more large earthquakes in the San Francisco Bay region
Probability for intervals
beginning 1/1/90
5 yr
10 yr 20 yr 30 yr
North Coast, San Francisco
Peninsula, N. East Bay,
S. East Bay, and
Rodgers Creek

0.15

0.33

0.50

0.67

Level of
reliability
(A to E;
A most reliable)
B

The probability of one or more large earthquakes in the San Francisco Bay region in the coming 30 years is now estimated
to be 0.67. The previous NEPEC Working Group (Working Group, 1988) found the probability to be about 0.5, but that
aggregate probability did not include either the southern Santa Cruz Mountains segment or the Rodgers Creek fault.
About half of the increase of probability from the previous report can be ascribed to adding the Rodgers Creek fault
segment to the list of major earthquake sources. The remaining increase is due to smaller increases of the probabilities of
earthquakes on the previously recognized fault segments, resulting primarily from new estimates of fault-slip rate. These
aggregate probabilities are significantly more reliable than the probabilities of earthquakes on individual segments.
These cumulative probabilities for large earthquakes in the San Francisco Bay region are consistent with the observed
rate of occurrence of such events during the 19th century. The average (Poisson) 30-year probability of earthquakes
greater than magnitude 7 since 1836 is 0.5, and the somewhat higher value of about 0.7 estimated here reflects the higher
rate of activity that is expected as the post-1906 earthquake quiescence ends and the 19th century activity level resumes.
The 1990 study was limited to evaluating the probabilities of large earthquakes on the San Andreas, Hayward, and
Rodgers Creek faults. These faults account for only 28 mm/yr of the 33 to 40 mm/yr of deformation that takes place
across the entire San Andreas fault system in the region. Some or all of this unaccounted-for deformation may represent
a potential for earthquakes on other important faults in the San Francisco Bay region, such as the Calaveras, Concord,
Greenville, Green Valley, and San Gregorio faults. At present, however, there is not sufficient information to specifically
address the time-dependent probability of earthquakes originating along these other faults. Hence, the probabilities
reported here should be regarded as minimum values.
The assessment of long-term seismic hazard on California's major faults continues to be a rapidly developing field.
Models for the determination of probabilities and the data employed in those models are subject to uncertainty and
alternate interpretations. In the future, new data and more refined models will undoubtedly lead to somewhat different
probabilities for specific fault segments. However, the total aggregated probabilities are less sensitive to the detailed
recurrence characteristics of the individual segments. This characteristic of the aggregated probabilities supports the
principal conclusion of this study: There is a high likelihood of a major earthquake in the San Francisco Bay region within
the next 30 years.
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1. INTRODUCTION AND BACKGROUND
Quantitative assessment of hazards, and ultimately risk, are key objectives of U.S. Geological Survey (USGS) earthquake,
volcano and landslide hazards programs. USGS assessments of hazard typically include a statement of the probability
over some period of time for the occurrence of a hazardous event. In many situations the assessment would also include
information about the likely geologic effects of the anticipated event, for example the amplitudes of strong ground
motion as a function of position from an earthquake, or the thickness of volcanic ash as a function of position from the
eruption of a volcano. Techniques exist to make many of these statements of effects quantitative as well (e.g.,
Algermissen et al., 1990). Studies of earthquakes losses are also underway to provide the means to make quantitative
assessments of risk (e.g., Steinbrugge and Algermissen, 1991). Most quantitative assessments of earthquake hazard to
date have assumed constant probabilities through time. This paper summarizes a recent study (Working Group, 1990) to
assess the probability of future earthquakes in the San Francisco Bay region. The study is particularly notable for its
attempt to characterize the time-dependent nature of the hazard.
The study was motivated by the October 17, 1989, Loma Prieta earthquake which caused 62 deaths, 3,757 injuries, and
more than $6 billion in property damage (Plafker and Galloway, 1989). Earthquakes of comparable or larger size will
certainly occur along other, more densely populated segments of the San Andreas and Hayward faults. Such earthquakes
will result in far greater losses than experienced from the 1989 earthquake. For example, about 1,260,000 people live
within the epicentral region' of an expected magnitude 7 earthquake along the northern East Bay segment of the
Hayward fault. That is about 10 times as many people as the 130,000 who live within the epicentral region of the Loma
Prieta earthquake (Brian Kilgore, written commun., 1989).
The record of past earthquakes, along with related geodetic, geologic, and seismic observations, provides the principal
means for evaluating the potential for future earthquakes. With the occurrence of the 1989 Loma Prieta earthquake,
California has now experienced at least 12 large earthquakes of magnitude 7 or greater since 1812. Five of these
earthquakes affected the greater San Francisco Bay region. The San Andreas fault on the San Francisco Peninsula
produced the earthquake of 1838 (probable magnitude 7) and the great earthquake of 1906 (magnitude about 8).
Additionally there was the earthquake of 1865 that appears similar to the recent Loma Prieta earthquake and possibly
affected the same segment of the San Andreas fault south of the San Francisco Peninsula. Along the eastern side of San
Francisco Bay, earthquakes of about magnitude 7 originated on the Hayward fault in 1836 and 1868.
The previous estimates (Working Group, 1988) of the 30-year probability of one or more magnitude 7 earthquakes in the
San Francisco Bay region was 0.5. This probability was aggregated from the probabilities computed for individual fault
segments, which included the San Francisco Peninsula segment of the San Andreas fault and two segments of the
Hayward fault (the northern East Bay segment and the southern East Bay segment). An additional segment, the southern
Santa Cruz Mountains segment at the southern end of the San Francisco Peninsula segment, was not included in this
aggregation, because the reliability of the forecast was considered to be low and because the earthquake was expected to
have a magnitude less than 7. However, this segment had a higher 30-year probability (0.3) than any other segment in the
region. Within the uncertainty associated with the definition of fault segments, the October 17, 1989, magnitude 7.1
Loma Prieta earthquake occurred on the southern Santa Cruz Mountains segment.
The principal reason for undertaking this review of San Francisco Bay region probabilities was the occurrence of the
Loma Prieta earthquake. The Loma Prieta earthquake could affect probabilistic assessments in two ways. First, the
earthquake provides an added source of data that may alter interpretations of earlier observations that served as the basis
for probability calculations. Second, slip on the Loma Prieta earthquake segment altered the stress state on other fault
segments; as a consequence of the Loma Prieta earthquake, segments may now be closer or farther from failure than they
were before the earthquake.
Two additional factors provided impetus for this review. The first is new information on slip rate and earthquake
recurrence for the Hayward and Rodgers Creek faults. The second is consideration of several features of the regional
seismicity that may indicate an increased potential for large earthquakes. These include an apparent return to the higher
rates of earthquake activity of the 1800's following a post-1906 lull in earthquake rates, migration of moderate
earthquakes northward along the Calaveras fault to the southern end of the Hayward fault, and possible pairing of large
earthquakes on the San Andreas fault with large earthquakes on the Hayward fault.
This report is concerned with the first quantitative stage of a risk assessment: the probabilistic determination of the
relevant hazard.
bThe
epicentral region is the area of most intense ground motion on bedrock sites and is, for this example, defined as the area lying within 10 km of the
earthquake fault rupture.
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Methods and models for estimation of earthquake probabilities are at an early stage of development, and we expect
future research to provide more refined approaches. Input parameters for the calculation of probabilities are by their
nature subject to alternative interpretations that may affect specific assessments of hazard. An important emphasis of this
Working Group study was to explore and weigh alternate interpretations relevant to assessing the potential for
earthquakes. The development of improved methods, the acquisition of new data, and the inevitable occurrence of
earthquakes in the San Francisco Bay region will necessitate future revisions of this report. However, other lines of
argument, which are not dependent on the details of the probabilistic model we have employed, also lead to the
conclusion that there is a significant chance of one or more large earthquakes in the region in the coming decades. Those
arguments are based on historical frequency of large earthquakes and a consensus that strain energy is accumulating that
will be released in future large earthquakes.

2. METHOD
For this report, probabilities of earthquake recurrence have been calculated following the approach described in the 1988
Working Group report. We briefly outline the method here and refer the interested reader to the full report (Working
Group, 1990) for additional explanation. The approach used in this study is based upon a model of earthquake occurrence
that assumes that the probability of an earthquake along a fault segment is initially low following a large
segment-rupturing earthquake and increased with time as stress on the segment recovers the stress drop of the prior
earthquake (Rikitake, 1974; Hagiwara, 1974). Fault segments expected to rupture in coming earthquakes are delineated
using a variety of observations and judgments. The Working Group reviewed the fault segmentation employed for the
1988 report and in some cases revised segment boundaries.
Probabilities of the occurrence of the next segment-rupturing earthquake in some time interval are obtained from a
probability density function for the random time of recurrence, T.The Working Group followed the practice of the earlier
report and employed the lognormal distribution. The current San Francisco Bay region forecasts are not sensitive to this
particular choice of distribution function. Input parameters for the calculation of the probability of recurrence along a
particular fault segment are T, the elapsed time since the last segment-rupturing earthquake; T, the median recurrence
interval of the next segment-rupturing event; and a, a measure of the dispersion or spread in the recurrence time
distribution. Time is set to zero at the occurrence of the most recent earthquake.
The fraction of all earthquake recurrence times in an interval ( t, t + AT) is obtained from the lognormal probability
density function by integration:
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The probabilities reported below employ the additional knowledge that the earthquake has not occurred prior to time Tf.
The probability conditional on the earthquake not having occurred prior to Tf is

P(T• T s Te +
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Figure 1 illustrates a lognormal probability density function and the graphical interpretation of the probabilities
appearing in equation (2). All probabilities reported below are conditional probabilities and employ T,corresponding to
January 1, 1990.
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Figure 1. Probability density function for earthquake recurrence. Conditional probability in
interval (Tl5 T 2 Tj + A&), given elapsed time Tois ratio of area of dark shading to sum of areas
with dark and lightshading.
For every fault segment considered, an estimation of the median recurrence time, t, has been obtained using the
time-predictable method (Reid, 1910; Shimazaki and Nakata, 1980). According to the time-predictable method, the most
likely elapsed time to the next earthquake equals the slip in the last event divided by the average slip rate:
t-DJV
(3)
where D is the best (median) estimate of displacement in the previous segment-rupturing earthquake and Vis the best
(median) estimate of the long-term slip rate.
For a lognormal distribution, a represents the standard deviations of the natural logarithm of the recurrence time. The
study took as a the total or net standard deviation, ON, which is the square root of the sum of the squares of two
components: (1) or ,a parametric uncertainty in tarising from the uncertainties in D and V, and (2) a,, an intrinsic
uncertainty which reflects the event-to-event variability in recurrence times when t is perfectly known. From the
Nishenko and Buland (1987) study of the intrinsic variability of characteristic recurrence times for circum-Pacific
earthquakes, an estimate of the (marginal) intrinsic uncertainty is 0.21. Because recurrence data are limited, the value of
el may not be well defined, particularly for strike-slip earthquakes (Savage, 1990; J.C. Savage, written commun., 1990).
Uncertainty in a, strongly affects attempts to estimate uncertainties in the calculated probabilities. However, the total
value of UN (parametric and intrinsic uncertainties combined) and consequently calculated probabilities are not very
sensitive to this intrinsic value in our present application due to the larger values of the parametric uncertainty, Up.
Following the convention established by the previous Working Group report (1988), letter grades were assigned to the
consensus probabilities to indicate judgment of the quality and completeness of the data used to estimate those
probabilities. The segments are ranked from A to E. The segments judged to have the most reliable data are ranked A; E
indicates the least reliable data. For levels of reliability C, D, and E, both the evaluation of segment length (and the
related magnitude) and the probability value may change significantly with additional data. Consensus probabilities
reported below are reported to two decimal places, but differences of less than a tenth are not considered meaningful.
The probabilities of large-magnitude earthquakes considered in this report constitute a hypothesis that will either prove
to be viable or will be rejected in the coming years. Parameters relevant to the success or failure of these forecasts
principally relate to the timing, location, and length of rupture. Secondary parameters such as the amount of fault slip and
derivative parameters such as earthquake magnitude are inherently less well defined in these forecasts.
nTbroughout this report a is used to indicate the standard deviation of the logof an estimate. Where it is necessary to indicate the standard deviation ofan
estimate, the symbol S is employed. ± values giave the numerical value of the standard deviation of the estimate.
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Segment boundaries were chosen on the basis of whatever seismic, geologic, and geodetic evidence was available.
Different pieces of evidence usually agree to within 5-10 km, and on this basis uncertainty of rupture boundaries was
estimated to about ± 10 km ( ± values represent estimates of one standard deviation). A segment forecast would be
considered to be successful if more than 50 percent of the segment ruptured during an earthquake.
The relation between the surface expression of a fault and the actual fault surface at depth may be complex. An example
of this is given by evidence of the complex three-dimensional structure of the aftershock zone and the diversity of
aftershock focal mechanisms of the Loma Prieta earthquake (Dietz and Ellsworth, 1990). Experience from the Loma
Prieta earthquake and mismatch between the 1984 Morgan Hill earthquake and the surface trace of the Calaveras fault
leads to an estimated horizontal uncertainty of a segment, measured perpendicular to the fault trace, of about ±2.5 km.
Extreme variations of ±5km may occur in mountainous regions where complex fault zones that include nonvertical faults
with significant dip-slip components of motion are common.
Uncertainties in segmentation also apply to the depth interval that produces the earthquake. On those segments with
microearthquakes, the maximum depth of significant microseismicity marks the probable lower depth limit of earthquake
rupture (Sibson, 1984). For the San Andreas fault segments considered here, the maximum depth of rupture is estimated
to be 17 ± 3 km, and for the Hayward and Rodgers Creek faults, to be about 12 + 3 km. The upper limit of rupture is
problematical. Where the fault shows no evidence of surface creep, an upper limit of 2 ± 2 km is suggested. For fault
segments that are creeping at the surface, the upper limit of earthquake rupture may vary from the surface to the
maximum depth of creep.
The amount of slip has not been explicitly considered. Moment magnitudes were assigned based on segment length and
the empirical length-displacement relation (D = 2.8 x 10- 5L) employed by the previous 1988 Working Group. The slip
values used to establish t are not predictive values for the next earthquake. When the uncertainties estimated above are
combined with a 50-percent uncertainty in slip in the next event, an estimate of the uncertainty of about ± 0.3 moment
magnitude units is obtained. Because the forecasts in this report are for strike-slip earthquakes and because significant
dip-slip motion may sometimes occur (as in the case of the Loma Prieta earthquake), the displacement estimates and
resulting magnitude estimates apply only to the strike-slip component of faulting.

3. SAN ANDREAS FAULT
Data relating to the assessment of earthquake probabilities for the San Andreas fault from San Juan Bautista to San
Francisco permit a number of alternate interpretations that affect the calculation of earthquake probabilities. Although
the Loma Prieta earthquake of October 17, 1989, has provided important new information for this section of the fault, it
has not narrowed the number of permissible interpretations.
Depending upon choices made at each step in the evaluation, alternate interpretations result in different outcomes for
earthquake probabilities. Because the Working Group considered several alternatives to have significant merit, the
group employed a "logic tree" (Figure 2). A logic tree is a formalism that permits quantitative incorporation of the
principal uncertainties into the final consensus evaluation of the San Andreas fault. At each decision point in the analysis,
branches are added representing the principal alternatives. The analysis continues in parallel along each branch which in
turn repeatedly branches as additional decision points are encountered. A probability is associated with the tip of each
branch of the tree. The probability results from the series of choices leading to that particular tip. To arrive at a final
consensus probability, the branchings at every decision point are assigned weights (that add up to 1.0) based on the
judgment of the Working Group. The weight of a probability at a tip is the product of the branch weights leading to that
tip. The final probability is the sum of the individual weighted probabilities. Details of the logic tree analysis are presented
in the full report (Working Group, 1990).

4. LOMA PRIETA EARTHQUAKE
The Loma Prieta earthquake of October 17, 1989, was located along the southern portion of the 1906 earthquake break in
the southern Santa Cruz Mountains (Figure 3). The earthquake rupture, as deduced from the aftershock distribution and
geodetic measurements of the coseismic deformation, initiated at a point 18 km beneath the surface and broke upward to
within 4 to 6 km of the surface (Figure 4). It did not produce a surface break. The rupture extended along strike for 35 to
40 km and involved right-reverse slip on a plane dipping 700 to the southwest. Preliminary dislocation models of the
source based upon geodetic data indicate 1.6 + 0.3 m of right-lateral strike-slip displacement and 1.2 ± 0.4 in of reverse
slip (Lisowski and others, 1990). Details of the distribution of slip with depth and along strike are not available at this time.
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Santa Cruz Mountains segment of Working Group (1988) is indicated by initials SSCM. Rectangles in section B give location of Loma Prieta earthquake rupture inferred from geodetic data
(Lisowski and others, 1990). Locations of section endpoints, A-A',are shown in figure 3.
A number of studies have considered the long-term seismic potential for the part of the San Andreas fault assumed to
have ruptured in the Loma Prieta earthquake (Lindh and others, 1982; Lindh, 1983, 1988; Sykes and Nishenko, 1984;
Scholz, 1985; Thatcher and Lisowski, 1987). These studies assumed slip rates varying from 12 to 20 mm/yr and also
differed significantly in estimates of the amount of slip at seismogenic depths in the great earthquake of 1906. Lindh
(1983, 1988) obtained a 30-year probability of 0.47, and Sykes and Nishenko (1984) obtained a 20-year probability of 0.19
to 0.95.

The 1988 Working Group reassessed these probability estimates. Geodetic estimates of the 1906 earthquake slip
distribution were relied on to divide the fault into segments and to constrain 1906 slip values used in the calculation of
expected recurrence time. Two segments considered by the 1988 Working Group are relevant to the Loma Prieta
earthquake. They are the San Francisco Peninsula segment (30-year probability of 0.2) and the southern Santa Cruz
Mountains segment (30-year probability of 0.3). Although the southern Santa Cruz Mountains segment was assigned the
highest probability in the region, a low level of reliability (E on the A-to-E scale used in the 1988 report) was attached to
the probability estimate for that segment because seismic history and slip were not well defined.
The location and dimensions of the 1989 earthquake most closely correspond to the forecast of Lindh and others (1982)
and Lindh (1983, 1988) but the magnitude was larger than anticipated (fig. 3). At M 7.1, it was close to the magnitude
forecast by Sykes and Nishenko (1984) for a 75-km-long segment. The Loma Prieta earthquake occurred on parts of two
segments defined by the 1988 Working Group: the southern Santa Cruz Mountains segment and the San Francisco
Peninsula segment. The Loma Prieta earthquake rupture is about the same length as the segment defined by the 1988
7
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Working Group as the southern Santa Cruz Mountains segment, but the center of that segment is about 15 km to the
south of the center of the earthquake rupture.

5. IMPLICATIONS OF THE LOMA PRIETA EARTHQUAKE
An important question is the extent to which slip in the 1989 earthquake represents recurrence of slip on this part of the
1906 rupture. If the 1906 slip observations apply to the source region of the Loma Prieta earthquake, then we may take
1906 as the appropriate previous event for interpreting the Loma Prieta earthquake and the various means of forecasting
its occurrence. If, on the other hand, the 1989 earthquake source region moved little or not at all in 1906, then we may
draw incorrect conclusions when 1906 is taken to be the prior rupture.
Present information is insufficient to definitively resolve this issue. The 1906 earthquake rupture extended at least as far
south as the Loma Prieta earthquake rupture zone, as evidenced by the large displacement of the Loma Prieta
triangulation bench mark and by faulting in the Wright-Laurel tunnel. However, we do not know how the 1906 fault
displacement varied along strike, whether it reached the surface, where it terminated, if there was a reverse-slip
component, or how it varied with depth. The geodetic observations of the 1906 earthquake only indicate that there were
large (-2.5 m) right-lateral displacements from near the surface. to a depth of 5 to 10 km at Loma Prieta (Thatcher and
Lisowski, 1987). The data cannot be used to resolve the amount of slip at greater depths. Thus, the 1989 earthquake
rupture probably overlaps at least some of the 1906 rupture below a depth of about 5 kin, but could have significant
differences in the depth distribution of slip.
It is also possible that the 1989 and 1906 slip occurred on different but closely spaced fault planes. Certainly the
prominent thrust faulting component of the 1989 earthquake is unlikely to occur in every event. Along this part of the San
Andreas fault zone there are other narrowly spaced fault strands, in particular the Sargent fault. However, the stress drop
produced by the Loma Prieta earthquake is likely to have affected a sufficient volume of crust such that it makes little
difference which of several closely spaced fault planes slipped. Acknowledging all of the uncertainties, the Working
Group judged the available evidence to favor the interpretation that the 1989 earthquake represented recurrence of slip
along the 1906 fault break.
The occurrence of the 1989 Loma Prieta earthquake, within two years of the publication of the 1988 Working Group's
report, provides a test of prior interpretations and assumptions for this part of the San Andreas fault. Earlier estimates of
recurrence time (Lindh and others, 1982; Lindh, 1983; Sykes and Nishenko, 1984; Scholz, 1985; Thatcher and Lisowski,
1987; Lindh, 1988; Working Group, 1988) differed significantly because of differences in assumed slip rate and 1906
displacement. The southern half of the Loma Prieta earthquake rupture was within the southern Santa Cruz Mountains
segment, which was assigned a 1906 fault slip of 200 ± 50 cm by the Working Group (1988). The northern half of the
Loma Prieta earthquake rupture was within the San Francisco Peninsula segment, which was assigned a 1906 slip of 250
± 60 cm based on displacement of the Loma Prieta triangulation benchmark. These displacements divided by the
assumed slip rate of 16 ± 2.5 mm/yr yield estimates of median recurrence time, T of 125 years for the southern Santa
Cruz Mountains segment and 156 years for the San Francisco Peninsula segment. Does the occurrence of the Loma
Prieta earthquake only 83.5 years (1906.3-1989.8) after the most recent earthquake "disprove" the Working Group
(1988) recurrence estimates?
A statistical hypothesis test was constructed. The Working Group (1988) not only estimated recurrence time intervals,
they also stated their then-current uncertainty in recurrence time through the parameter apand included the effect of op
in their probability estimates. Therefore, a hypothesis test of their stated position should be based on the (log) observed
recurrence time (83.5 years), (log) median recurrence time estimate, T, (125 or 156 years), and their total uncertainty, 3
a, (=0.36). Specifically, one should reject the 1988 committee's hypothesis if
In (83.5) < In t- A a"

(4)

in which Xcharacterizes the significance level of the test (1.96 and 1.65 for a significance level of 1 percent and 5 percent,
respectively). The 1990 Working Group concluded that it could accept either the 125-year or 156-year hypothesis for Tat
the 1-percent significance level, whereas at the 5-percent level one could only accept the 125-year estimate. In short, the
observed 83.5-year recurrence interval is consistent with the 1988 Working Group's statements, although only marginally
so with respect to the segmentation interpretation that yielded the 156-year estimate.
31he net uncertainty values given in Table I of the 1988 report are erroneously stated. However, the correct values were used in the calculation of
probabilities stated in that report.
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On the other hand, after the event, given the "closed interval" of 83.5 years, the uncertainty of the log of the hypothesized
median is no more than 4 a/l F wheren is the sample size (here, n - 1). In this case, one can reject any mean that might
be hypothesized whose (log) median is
In

t < In (83.5) + Xor

(5)

For a = 0.21, n = 1, and X = 1.65 (or 1.96), this value of t is 118 years (or 126 years).
In this sense, the 1988 Working Group estimates of t were somewhat large. The method of estimating T for segments of
the San Andreas fault north of San Juan Bautista relied on interpretations of 1906 displacements and fault slip rate
similar to those employed for the Loma Prieta section of the fault. Consequently, if the 1988 working Group
overestimated the recurrence time for the section of the San Andreas fault that ruptured in the Loma Prieta earthquake,
then recurrence times for other segments of the San Andreas fault north of San Juan Bautista may also have been
overestimated.

6. SUMMARY AND DISCUSSION
This report summarizes available information pertaining to large earthquakes in the San Francisco Bay region. By using
the available information, reasonable assumptions, and simple models, it strives to make projections about the locations,
sizes, and times of future earthquakes. The types of basic information used in this report include the following:
(1) Identification of fault segments judged to be capable of producing large earthquakes in the future.
(2) Estimates of the amount of displacement and thus the magnitude of future large earthquakes likely to occur during
rupture of these fault segments.
(3) Estimates of the median recurrence intervals (and their uncertainties) for major earthquakes on the fault segments.
(4) Estimates of the date of the most recent large earthquake for each of the fault segments.
There is considerable uncertainty associated with each of these types of basic earthquake information. One of the
principal tasks of the 1990 Working Group was to examine and explore alternative explanations and interpretations of the
data. The information about earthquakes in the San Francisco Bay region will improve with better means of analysis and
with additional data. The Working Group sawan urgent need foradditional studies to reduce the uncertainty of the fault
segment assessments and to permit evaluation of other faults that may have the potential for producing major
earthquakes. In particular, knowledge of the average time interval between segment-rupturing earthquakes, which might
be learned from paleoseismic studies, might permit major revisions of the consensus forecasts presented here. Studies
aimed at providing dates of large earthquakes on the Hayward fault prior to 1836 are essential.
In its present form, even with its inherent uncertainty, this basic information has something to say about future large
earthquakes in the San Francisco Bay region. Several fault segments have a demonstrated capability of causing large
earthquakes. Furthermore, for several of these segments the time interval that has elapsed since the last earthquake is
approaching the estimated recurrence interval, which means that large earthquakes on these segments in the coming
decades are not only possible, but likely.
The method of using this basic information to develop probabilistic assessments followed the general procedures
employed in the previous Working Group report (1988). Results of the 1990 study are summarized in Figure 5.

4

See equation 8.
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Figure 5. Conditional probabilities of earthquakes (M > 7) in San Francisco Bay region. Column
heights are proportional to probabilities. Letters on columns indicate reliability of forecast, on a scale of A to E, with A being most reliable. M, magnitude; P, probability.
The principal revisions and additions to the previous report include the following:
(1) Segment boundaries were revised on the San Francisco Peninsula as a consequence of the Loma
Prieta earthquake,
and along the Hayward fault as a result of a review of geological, geophysical, and historical data.
(2) The preferred San Andreas fault slip rate was revised upward from 1 ± 2.5 mm/yr to 19
* 4 mm/yr. This change
shortens the expecte earthquake recurrence times.
(3) The effects of stress changes on the time of earthquake recurrence caused by the Loma Prieta
earthquake
considered. The effect of the estimated stress changes is to decrease the recurrence time of the northern have been
Santa Cruz
Mountains segment possibly by as much as 25 to 30 years (table 4). This possible effect becomes
less
important
with
increasing distance from the Loma Prieta earthquake rupture.
(4) The slip rate on the Hayward fault was revised from 7.5 ± 2.0 mm/yr to 9.0 ± 2 mm/yr.
This change also tends to
reduce expected recurrence times.
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(5) Information on earthquake recurrence and slip per event has become available for the Rodgers Creek fault,
permitting an assessment of its potential for generating a major earthquake.
Although the potential for damage from an earthquake generally decreases as distance from the epicentral region
increases, the pattern of losses at rather large distances from the M7.1 Loma Prieta earthquake clearly demonstrates that
an earthquake on any of the fault segments considered by the Working Group could seriously affect the entire San
Francisco Bay region. Indeed, the most densely populated parts of the area lie atop of or adjacent to fault segments having
the greatest potential for large earthquakes. Table 2 gives the combined probabilities of one or more large earthquakes in
the San Francisco Bay region. These combined probabilities, referred to here as total or aggregate probabilities, are
obtained from aggregating the probabilities of the individual segments following the procedure employed in the 1988
report. Total probabilities for 5-, 10-, 20-, and 30-year intervals beginning at the start of 1990 have been calculated. The
aggregated probability, P, is obtained from
P -

1

- (I - PaX1 -Pb)( Pc)I ,

(11)

where Pa,Pb, and Pc are the individual probabilities for earthquakes on segments a, b, and c, respectively, for the
interval of interest. Application of equation (11) assumes independence of the individual events, which is not strictly true
given that segments share uncertain slip rates.
The revisions leading to the interpretation of higher slip rate on the San Andreas and Hayward faults and the calculations
of increased fault stress due to the Loma Prieta earthquake all tend to decrease the expected recurrence times and
thereby increase the probability of major earthquakes along the San Andreas and Hayward faults.
The 1990 Working Group concluded that the total 30-year probability of one or more major earthquakes in the San
Francisco Bay region is 0.67 (fable 2). This represents a significant increase from the value of 0.5 of the previous Working
Group report (1988). About half of this increase can be ascribed to the addition of the Rodgers Creek fault segment to the
list of potential major earthquake sources. The remaining increase is due to the increases of earthquake probabilities on
the individual fault segments described above. In the previous report the southern Santa Cruz Mountains segment was
assigned a probability of 0.3, but that segment was not included in the 1988 aggregated probability.
As these numbers make clear, the estimated probability of a major earthquake in the San Francisco Bay region has
increased from the 1988 report. In addition, we emphasize that the estimate of total probability may represent a minimum
value. This is because other faults, for which there is insufficient information to presently conduct an analysis of this type,
particularly the San Gregorio, Calaveras, Greenville, Concord, Green Valley, and West Napa faults, may have the
potential for producing major earthquakes in the San Francisco Bay region. Indeed, of the likely 3340 mm/yr
displacement rate that is believed to occur across the entire San Andreas fault system, only 28 mmlyr is accounted for in
the assessment of the San Andreas fault proper and the Hayward and Rodgers Creek faults.
There is a consensus among all who have studied the large-scale motions across the San Andreas fault system at the
latitude of San Francisco Bay that strain is currently accumulating and will be released in future large-magnitude
earthquakes (Ellsworth and others, 1981; Prescott and Yu, 1986; Scholz, 1990). In view of this strong conclusion, the
question of another earthquake reduces from "if" to "when" and "where." This report presents one approach to this
problem. As a counterpart to this fault-specific approach, the aggregate probability of one or more M 7 earthquakes
during the next 30 years can also be determined using a more traditional, time-independent method.
The rate of occurrence of earthquakes in a region may be modelled as a Poisson process in which the probability of one or
more eventsinatime intervaltisP= 1-e-2, where Xis the average rate of earthquakeoccurrence. TwoestimatesofXfor
M 27 earthquakes are available for the San Francisco Bay region. One is obtained by noting that four such events have
occurred since the 1836 earthquake (in 1838, 1868, 1906, and 1989), giving X - 0.026/year. Over a 30-year period, P 0.54. The other estimate derives from the Gutenberg-Richter frequency-magnitude distribution of smaller earthquakes
in the region. The annual frequency of M 2 7 earthquakes has been estimated as X = 0.017/year (Collins and others,
1989), leading to a 30-year estimate of P = 0.40. While each of the Poisson estimates is smaller than our preferred value
of P = 0.67, they too suggest a serious possibility of damaging earthquakes in the coming decades.
In addition, three other lines of argument, based on earthquakes prior to 1906, suggest that the likelihood of large
earthquakes in the San Francisco Bay region in the coming decade is as great as or possibly greater than the above
probabilities indicate. The first is the seismic cycle argument. It has long been noted (Tocher, 1959) that seismic activity in
the San Francisco Bay region was much higher during the 70 years preceding 1906 than in the 70 years following. On the
11
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basis of an increase in activity in the late 1970's, Ellsworth and others (1981) suggested that the quiet portion of the cycle
was over and that M 6-7 earthquakes might be expected at the rate of one per decade or more; subsequent events suggest
that their estimate was too low. If the analogy with the 19th century is correct, then the 30-year Poisson probability of M 2
7 earthquakes (based on the earthquakes of 1836, 1838, 1868, and 1906) is estimated to be 0.72.
The second argument pertains to the pairing of large earthquakes in the Bay Area in the nineteenth century. In 1836,
there was a M 7 event on the northern half of the Hayward fault, and two years later, a M 7 event on the San Francisco
Peninsula. In 1865, there was a M 6.5 earthquake, possibly on the same segment of the San Andreas fault that produced
the recent Loma Prieta earthquake, and it was followed three years later by a M 7 earthquake on the southern Hayward
fault (loppazada and others, 1981). Such pairing could be coincidence, of course, and we have no physical model that
supports a causal connection. Conversely, we cannot confidently dismiss the pattern as coincidence.
The third argument is based on a comparison of earthquakes along the Calaveras faults since 1979 with the earthquakes in
the decade preceding the 1868 Hayward earthquake. The 10 years prior to the 1868 Hayward earthquake were
characterized by a high rate of activity primarily along the northern Calaveras fault, including six events between M 5.5
and M6.1 (Ellsworth and others, 1981). Since 1979 there have been four events of M 5.5 to M 6.1 in the same general area,
an area which had not had any events larger than M 5.5 since 1911. In addition, since 1979 there has been a clear
progression of activity from south to north along the southern Calaveras fault; the most recent activity has been near
Alum Rock, just south of the point where the Calaveras and Hayward fault systems intersect (Oppenheimer and others,
1990). If this propagation of activity continues to the northwest, it might well involve a transfer of stress to the Hayward
fault, potentially raising the likelihood of a repeat of the 1868 Hayward event. It should also be noted that a sequence of M
5-6 earthquakes occurred on the same section of the Calaveras fault between 1897 and 1911. This was not followed by a
large earthquake on the Hayward fault. However, the earthquake in 1897 and the two events in 1903 occurred at a time of
heightened regional activity that culminated in the 1906 earthquake.
Finally, it is instructive to compare these revised results for the San Francisco Bay region with those of the 1988 report for
other parts of California. The Parkfield segment of the San Andreas fault in central California, with an estimated 30-year
probability of > 0.9 for a moderate-size (M 6) earthquake, remains the segment with the highest probability of rupture in
California, as well as one for which the level of reliability of the estimate is considered highest. In southern California, the
highest 30-year probabilities for individual fault segments estimated in 1988 were 0.5 for the Imperial fault and 0.4 for the
Coachella Valley segment of the San Andreas fault. For the entire southern San Andreas fault, the probability of one or
more large earthquakes was estimated to be 0.6, and for the San Jacinto fault, 0.5; the probability would be still greater if
the two faults were considered together. Many cities such as San Bernardino are close to both faults. Thus, these total
probabilities are similar to the revised estimates for the San Francisco Bay region, although it should be emphasized that
numerous active faults were not included in the evaluations for either area because of the lack of data. Furthermore, we
again point out that a reevaluation of the 1988 estimates has not yet been carried out for southern California, where many
new data have also been gathered recently, and the probability estimates could change there as in the San Francisco Bay
region.
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APPENDIX D

RISK ANALYSIS AT
THE FEDERAL AVIATION ADMINISTRATION

Risk analysis is not a major activity at the Federal Aviation Administration
We are very cognizant of risk and have repeatedly stated formally that safety is our primary consideration, although we are
also charged with promoting aviation and with operating an efficient, convenient, and environmentally innocuous
aviation system. The FAA does not have the primary responsibility for investigating aviation accidents; that responsibility
has been given to the National Transportation Safety Board, an independent agency reporting directly to the President
(the FAA reports to the Secretary of Transportation). We do a lot of statistical analysis of aviation accidents but
comparatively little probabilistic analysis. The FAA asserts strongly that flying in scheduled commercial jet aircraft of the
U.S. or many other developed nations is far and away the safest known form of transportation. We are distraught that
multi-fatality aviation accidents, when they do occur, tend to garner enormously wide-spread publicity and considerable
political pressures, far out of proportion, in our opinion, to their threat, as compared to many of the other hazards of life.
The FAA is a large organization with a budget of some $7 billion a year and a total of some 50,000 employees, the majority
of whom are air traffic controllers or maintainers of airway facilities such as radars, navigational devices, and
communication systems. We have widespread responsibilities for inspecting and/or certificating aircraft, engines,
electronics, pilots, pilot-training institutions, maintenance facilities, and on and on. We are primarily an operating
organization, with an R&D budget (which must finance most of our risk analyses) of only about 3 percent of our total
budget.
We do some risk analyses. I must emphasize that there is no typical risk analysis in the FAA. I will describe two risk
analyses with which I am familiar and which are completely different in their approach. At the end, I will indicate how
each of these typifies one of two possible approaches.
A wide variety of models have been developed for estimating the probability of collision between airborne aircraft. Some
of the older ones were summarized in Reference 1.More recently, Professor Robert Oliver of the University of California
at Berkeley and his graduate students have made a number of interesting studies of near midair collisions and the ways in
which they evolve into more dangerous near collisions or actual collisions. The model is discussed below described in
some detail in Reference 2.
This model was concerned exclusively with possible collisions between two aircraft of the DC-8 or B-707 type over the
North Atlantic Ocean where there was no surveillance by radar. The model was originally developed in the U.K. by Peter
Reich in 1964 and was utilized extensively in the following ten years to develop operational concepts for North Atlantic
separation; modifications to this model are still being used for a wide variety of possible collision situations. Aircraft were
flying on parallel tracks at the same altitude, and the question was how far apart these tracks should be, given that the
planes frequently wandered off their assigned track by considerable distances. If the tracks were too far apart, aircraft
paid a tremendous penalty in terms of extra distance, extra time, and extra fuel; if they were too close together, there was
the possibility of a collision.
An earlier and unsuccessful attempt to determine this separation had utilized cost-benefit analysis. Specifically, as the
separation increased the cost of deviation increased nonlinearly, while the probability (and therefore cost) of collision
decreased, also nonlinearly; hence the sum of these costs had to have a minimum. Furthermore, it was clear that the sum
of the costs rose slowly as the separation increased and rapidly as the separation decreased, which might imply that one
should err on the side of larger separations. However, the model was constructed in an adversarial situation where the
pilots wanted to increase the separation and the airline owners wanted to decrease it, and no agreement could be reached
on the optimal separation based on such a cost-benefit analysis.
The size of these planes was approximately 150 feet long, 150 feet wingtip to wingtip, and 40 feet high (at the tail). For the
model, each aircraft was replaced by a rectangular parallel-piped 150 x 150 x 40 feet, with the assumption that if two such
boxes intersected, a collision had taken place. One on hand, this assumption is too conservative, because it is conceivable
that airplanes could come closer than this without metal-to-metal contact. On the other hand, it is too liberal, because one
plane passing directly behind another, even at distances of many hundreds of yards, could be thrown into a violent and
quite possibly catastrophic roll by the wake vortices coming off the wingtips of the leading aircraft.
Next it was recognized that it was easier and equivalent to assume one box to be 300 x 300 x 80 feet and represent the other
aircraft by a point. If the point entered the box, a collision had taken place. It was assumed that no visual detection and
subsequent avoidance would be possible. This was a conservative assumption, but in fact the pilots spent very little time
looking out through the windscreen because there was almost never anything interesting to see out there.
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One must compute separately the probabilities of running into the plane above or below, the plane to the left or right, and
the plane ahead or behind, and these probabilities had to be added to get a total risk ofcollision. Furthermore, for any one
of these, one had to compute the probability of vertical overlap, of lateral overlap, and of longitudinal overlap. This is not
as straightforward as it might seem, because of a paradox: in some cases the more accurate and precise the navigational
control, the greater the probability of collision. Thus, if two planes assigned to the same altitude and at some nominal
horizontal separation should lose that separation, the probability of vertical overlap when the horizontal separation goes
to zero is greatest if the vertical station-keeping is best. Furthermore, before multiplying the probabilities of vertical,
lateral, and longitudinal overlap, one must ensure that these probabilities are indeed independent, which is not obvious
because, for example, all of them may be affected by inclement weather. Similarly, one had to ensure that the longitudinal
positions of lateral pairs of aircraft were independent (i.e. the relative longitudinal positions were uniformly distributed),
which might not be true if the planes were fed into adjacent tracks in some systematic way as they entered the oceanic
area.
Then one had to spend several million dollars determining the probability distributions of the various types of deviations.
The longitudinal spacings seemed to be rather uniform (longitudinal errors were negligible). The vertical errors appeared
to be small. The lateral errors, which were the principal source of worry, were measured by radars mounted on several
ships at sea in the middle of the Atlantic, monitoring all aircraft crossing the Atlantic during a period of several months.
These errors appeared to be distributed approximately normally for the central errors of a few miles, with a
near-exponential distribution in the tails. These distributions then had to be convolved to find the probability of overlap.
Separate calculations had to be made for same-direction aircraft and opposite-direction aircraft. Interestingly, it is not
obvious which of these is more dangerous. On the one hand, a same-direction pair can be closely co-located for several
hours, while the hazard for an opposite-direction pair is over in an instant. On the other hand, the same-direction pair may
never have longitudinal overlap, while the opposite-direction pair is guaranteed to have longitudinal overlap for that one
instant. (It turned out that the opposite direction pairs were much more dangerous.)
Having obtained the probabilities of lateral, longitudinal, and vertical overlap and determining that they were in fact
independent and multiplying them together, one came out with a probability slightly below 10-10 as the probability of
collision, which is useless because it lacks a frequency factor to convert it into probability of collision per flight, or per 10
million flying hours, or whatever.
The desired time factor turns out to be the length of time it takes the point to go through the box, which turned out to be
incredibly small. Planes are not supposed to be moving laterally off their track at 100 knots, and those aircraft which are
staying reasonably close to their track do not have lateral motions anywhere near that fast. However airplanes which have
wandered a hundred miles off course are indeed likely to be moving quite rapidly laterally if they are to cover such a
distance during the few hours while they are over the ocean. (I continue to point out surprising facts and understandings
which are obtained only from the construction of a good mathematical model and the collection of an excellent set of
data.)
Then there are numerous nontrivial correction factors:
1. There are two accidents per collision.
2. Edge effects are of significance; some planes can run into the plane to the left or right, but the northernmost plane
can only run into the plane to its south.
3. The density of planes changes drastically from busy times to nonbusy times, and the probability of collision is a
nonlinear function of the density.
4. It took time for errors to develop; planes could hardly collide immediately after entering the oceanic area if they were
on widely separated tracks.
5. At the far end, the tracks tended to diverge; for example, some eastbound planes went north to Scandinavia while
some went south to Portugal.
6. Tracks were defined by latitude and longitude, so nominal separations were measured north-to-south; but, since
planes were following the Great Circle Route, their tracks were inclined toward the north-south direction and
therefore the actual track separations were smaller.
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The list could go on and on: there was lots of nitty-gritty in bringing in the model.
Because of the number of assumptions in the model, the absolute values of the collision risks did not inspire a great deal of
confidence. The numbers finally arrived at in the early 1970s, for example, showed that the lateral collision risk was 0.6
per 10-7 flying hours with 90-mile lateral separation and 0.1 per 10-7 flying hours with 120-mile separation. Nobody
believed those absolute numbers very much, but almost everyone was convinced that the relative numbers were accurate
and that the former was approximately six times as dangerous as the latter with respect to that particular collision risk.
The other type of model is exemplified by our Parallel Runway Monitor (PRM) model. The problem was concerned with
simultaneous independent approaches to closely spaced parallel runways in inclement weather when the classical
see-and-avoid technique could not be relied on to separate the aircraft in case one of them wandered off the centerline of
the runway. Until now, such simultaneous independent approaches have been permitted only when the runways were
separated by 4300 feet or more. There are a great many airports in the U.S. with parallel runways between 2500 and 4300
feet apart (measurements are made on centerline); at the present time, in instrument conditions when the aircraft cannot
see one another, the capacity of such a pair of runways is little better than the capacity of a single runway. It was suggested
that with better radars, the improved surveillance would make it possible to use both runways independently. We needed
a model to determine the probability of collision.
A pair of aircraft approaching such runways are separated vertically until they are some eight or ten miles from the
threshold, at which point vertical separation would normally be lost and lateral separation must be assured. A No
Transgression Zone (NTZ) about 2000 feet wide was set up between the two runways. The idea is that the radar operator
would be monitoring both airplanes, and if either airplane wandered into the NTZ, the other aircraft would immediately
be alerted and told to turn away and take a missed approach. The model then assumed that one of the aircraft would
suddenly deviate at a 300 angle from the centerline of its runway, and no action could be taken until it was noted that the
plane had crossed into the NTZ. It was assumed that the delay between the actual crossing of this boundary and the
detection was the maximum possible, namely the scan rate of the radar; that is, the radar beam was rotated once every 4.8
seconds, and it was therefore assumed that the detection of the deviation would not occur until the radar had shown the
aircraft in the NTZ for 4.8 seconds. Actually it took longer, because it was assumed that the radar observing this deviating
aircraft was making a maximum error (of two or three sigma) in the wrong direction, so that the aircraft was actually into
the NTZ well before the radar display showed that it was there. It was further assumed that the airplane which was
deviating was incommunicado and continued 300 off course indefinitely. The controller then contacted the other
airplane by voice and advised the pilot to turn away. Maximal times were now assumed for the controller to make the
necessary radio contact, for the pilot to receive that contact, and for the pilot to apply the controls and actually start the
turn. Finally, the minimum-miss distance was measured, and if this were less than some conservative level, say four or five
hundred feet, the situation was considered unsafe.
Clearly, such a system would be safer if the radar were more accurate and if the updates were quicker. A new radar was
designed which was scanned electronically so that updates could be obtained within a second or less and accuracies could
be quite high, on the order of one milli-radian. Under these circumstances, 2500 feet was considered safe as far as
deviations near the runway thresholds were concerned. However, the routine errors made by the landing aircraft as it
attempted to keep itself on the centerline while following the Instrument Landing System (IS, the radio beams that
guide the plane down the centerline of the runway) were linear with the distance from the threshold. At great distances,
such as 8 miles, there was no way that the aircraft could be kept from wandering into the NTZ occasionally. Finally,
therefore, a modified model was developed in which the ILS beam was offset 10 so that each aircraft was considerably
farther away from the NTZ when far away from the runway threshold. Since the glide slope of the ILS is at least 30,
when the airplane was at 100-foot altitude it would be only 2000 feet from the threshold, and a lo error would be only 40
feet off the center-line. That is still well within the width of the runway, and allows ample time to align the plane for a
completely safe landing.
Using this model and appropriate experimental radars, simultaneous independent approaches to parallel runways 3400
feet apart at Raleigh-Durham and Memphis Airports have been going on for several years, and we expect to introduce
this system to a great many airports in the relatively near term.
These two case histories exemplify two quite different approaches which are available to model any stochastic process
(and all risk analyses are stochastic). The first of these attempts to describe the probability distribution of each of the
several random variables involved in the overall process, and then convolves these distributions, taking account of the
appropriate dependencies, to obtain some overall distribution of the probability of a collision, and ultimately uses some
measure of the average (e.g. mean or median) of this distribution to estimate the risk.
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The second basic type of model attempts to define a worst case for each of the random variables, and then attempts to
adjust the controllable variables so that when all of these probabilities are taken into account, the probability of a
resulting collision is 0. More specifically, it replaces each probability distribution with a step function; for example, a
model of the second type would assume that after an aircraft passed into the NTZ, it would be detected during the first 4.8
seconds with probability 0 and thereafter with probability 1. A model of the first type might, as a first approximation,
assume a uniform probability distribution over the interval 0 to 4.8 seconds, but as an improvement might modify this by
taking into account the likelihood that the controller would have noticed the aircraft approaching the NTZ. This latter
modification would probably require extensive observation of controller performance under such circumstances.
A model of this second type then assumes that the system is safe (no collision will occur) if and only if the probability of a
collision is 0 given all of these worst-case assumptions.
The great disadvantage of models of the first type is that an enormous amount of work is required to determine the
relevant probability distributions (e.g. several million dollars to determine the distribution of lateral errors of turbojet
aircraft over the North Atlantic). Furthermore, one must usually then assume that these probabilities are independent in
order to multiply them together, whereas in fact there tend to be unknown levels of dependency. Finally, such models
tend to be rather esoteric and difficult for laypersons to understand. The great advantage of such models is that they are
realistic and believable. Worst case models, on the other hand, are exceedingly easy to construct and have comparatively
minor data-collection requirements. Furthermore, they are exceedingly easy to understand and convincing to laypersons.
But if the worst cases have been chosen in any reasonable way, these models tend to be extraordinarily conservative. Thus,
if the PRM is shown to be safe at, say, 3000-foot separation, the implication is that 2900 feet would be unsafe, whereas the
probability of collision for 2900-foot separation might be so low that we would expect to wait millions of years for a
collision.
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APPENDIX E

INFANT APNEA MONITORS

U.S. Food and Drug Administration

Engineering risk assessment in the Food and Drug Administration comes in a variety of forms and guises and covers a
broad range. It includes the prospective review of premarket submissions for sophisticated medical devices to assess
product safety and effectiveness. It also includes analyzing and testing products suspected of having failed and gauging the
likelihood of failure of similar products in real-life environments. In the former case, the trigger for an engineering risk
assessment can be the submission by a manufacturer of a sheaf of paper documenting safety and effectiveness (and
performance claims), which must be reviewed by FDA scientists and engineers prior to marketing. In the latter case, the
trigger may be a report of adverse problems with a product or a bad inspection result forwarded by field personnel to
headquarters for review. Sometimes, the engineering risk assessment is a review of manufacturer's documentation that
the device works as intended with little likelihood of harming a patient, but it can also mean sifting through voluminous
evidence collected by an FDA inspector in support of a potential action against a manufacturer and testing specific
hypotheses or conclusions in FDA's own laboratories.
There are four components of classic risk assessment: hazard identification, dose-response assessment, exposure
assessment, and risk characterization. Information on some or all of these factors is usually missing in typical FDA
engineering risk assessments. For example, compliance cases involving regulatory activity against a manufacturer usually
begin with one or more reports of some unanticipated adverse effect of a device on patients. FDA inspectors may then
conduct an inspection of the manufacturer to collect data and information that might relate to the report(s). FDA
engineers and scientists may then be presented with the information garnered, called establishment inspection reports,
and charged with making a recommendation regarding regulatory actions. For the most difficult cases, this may mean
establishing the linkages among some or all of the four components of risk assessment, possibly through FDA's own
testing and research.

Apnea Monitor Case Study
In 1989, FDA became aware of numerous reports of possible failures of infant apnea monitors. These are products that
are frequently used in homes to monitor those infants thought to be in danger of sudden infant death syndrome (SIDS).
Apnea monitors are intended to sound an alarm to alert parents or other caregivers that an infant has stopped breathing.
The typical apnea monitor intended for home use measures a very small 30 kHz electrical current, which is passed
through two electrodes attached to the infant's chest. The monitor relies on the fact that the electrical characteristics of
the chest vary as the infant breathes. If the infant stops breathing, these characteristics will no longer vary in time. If the
steady state is maintained for a preset period of time, an alarm sounds to warn of apnea. As a backup to this so-called
impedance method, the electrodes also measure the infant's heartbeat and are intended to alarm when the heart rate falls
below a preset threshold.
The information that came to FDA claimed to demonstrate that the products made by a particular manufacturer failed to
alarm properly, and, subsequently, a number of infants had died. Many of the suspect products had been returned to the
manufacturer, but when they were tested in the manufacturer's laboratory, the devices were found to meet specifications.
Other reports independently received from the manufacturer under a mandatory problem-reporting system were of a
similar nature. FDA was faced with determining whether there was a probable link between the monitors and infant
deaths and whether such deaths were likely to continue. In addition, FDA had to be able to evaluate any potential
corrective actions that the manufacturer might need to take.
The effort began as a reverse engineering study. A few of the devices implicated by the reports were collected by the field
and sent to headquarters for testing. FDA examined circuit designs with the aid of state-of-the-art circuit analysis
software to assess what effects or circumstances might lead to a quieting of the alarm such as had been claimed. Prior
reports of problems with the products in the open literature and elsewhere were also reviewed to determine a potential
causative effect of a failure to alarm. This hazard identification also included the testing of the device performance under.
the influence of a variety of potential environmental disturbances such as power line surges, electrostatic discharges and
electromagnetic interference (EMI). It was found that electromagnetic radiation in the radiofrequency range could
interfere with apnea monitor operation (especially if the radiation were modulated at physiological frequencies of
approximately one Hz). That is, the radiation could induce signals detected as breaths (and in some instances, heart beats)
by the apnea monitor. Thus, if an infant was being monitored in a strong enough ambient electromagnetic radiation field,
the monitor could fail to alarm if the infant stopped breathing.
Demonstration of a laboratory effect alone, however, did not make the case for a recall of the product. It would be
necessary to measure the susceptibility of the monitors as a function of frequency and electromagnetic field strength (a
kind of dose-response measurement) as well as the ambient electromagnetic radiation environment (exposure
assessment) and combine these two into an estimate of risk of failure (risk characterization).
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The apnea monitors in question, as well as samples of those of other manufacturers, were assessed as to their
susceptibility to ENI over a broad range of frequencies, including those commonly found in the ambient environment,
e.g., land mobile, FM radio and television transmissions. The analysis of these data demonstrated that the threshold for
susceptibility was determined by the energy in the modulation frequency rather than the carrier frequency. Thus, a low
radiofrequency field strength could interfere only if it were 100 percent modulated, while a high field strength could cause
interference with only a tiny amount of modulation. (In a strong enough electromagnetic field, all monitors could
malfunction, with or without modulation of the field.)
To assess exposure and estimate potential risk of failure, two tasks were undertaken. First, a 1976 EPA survey of the
electromagnetic environment in nine cities was used as a measure of the national electromagnetic environment. The
distribution of environmental data was combined with the laboratory data to estimate the fraction of locations in the
United States where the monitors might be prone to EMI. Second, a crew of engineers went to potential problem sites in
Washington, DC; Omaha, Nebraska; and Portland, Oregon, to measure current levels in the electromagnetic
environment and to observe apnea monitor operation at these levels. A high degree of correlation was observed between
the laboratory measurements and the field observations. Apnea monitors were observed to fail to alarn in moderate
ambient electromagnetic fields and those monitors that were more susceptible in the laboratory also appeared to be more
susceptible in the field.
The risk management obligation of this particular engineering risk assessment was straightforward. The data and FDA's
estimates of risk of failure were presented to the manufacturer, who subsequently agreed to recall and retrofit the
product, making it less susceptible to EMI. In addition, one of the recalled models, which proved to be much more
susceptible to EMI than any others, was recalled a second time for hardening to EMI.
Summary
Admittedly, the apnea monitor case was more complex than most that FDA must address. This case study does illustrate,
however, that all the elements of classic risk assessment for cancer or other toxicity endpoints can also be found in an
engineering risk assessment. For many medical devices, in FDA's experience, the engineering risk assessment represents
an appropriate analytical review, and differs from toxicity risk assessments more in detail and in form than in concept.
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APPENDIX F

NASA RISK ASSESSMENT CASE STUDY:
PRA FOR GALILEO AND ULYSSES MISSIONS
[Paper Presented at the PSAM Conference, Beverly Hills, CA, Feb 1991]
Nuclear Risk Assessment for Galileo and Ulysses
National Aeronautical and Space Administration

Office of Safety and Mission Quality
NASA Headquarters

1. INTRODUCTION
For space missions involving nuclear material, a Presidential directive requires an assessment of the risk to the public
from the possible release of radioactive material. The White House, on the advise of the Office of Technology Policy
(OSTP), must give final approval for such launches. Since the Galileo and Ulysses spacecraft are powered by
Radioisotope Thermoelectric Generators (RTGs) which function by the radioactive decay of plutonium oxide, these
Space Shuttle missions are covered by the requirements for a nuclear risk assessment.
Risk assessments for both were performed jointly by the National Aeronautics and Space Administration (NASA) and the
Department of Energy (DOE). NASA was responsible for Shuttle accident scenario probability estimates, and DOE was
responsible for the balance of the risk assessment, including analysis of the environments presented to the RTGs in the
vent of an accident, the source terms (amounts of radioactive material) that might be generated, the meteorology, and the
health effects on human populations.
Although the Space Shuttle Program Office generated accident scenario probability estimates, the NASA Office of
Safety and Mission Quality (SMQ) exercised its oversight function and performed and independent assessment of the
Shuttle accident scenario probabilities to ensure that estimates were neither overly optimistic nor unduly pessimistic, that
uncertainties were clearly exhibited, and the analysis was traceable by reviewers and by the decision-makers who would
rule on the acceptability of the risk. This paper describes the modeling approach and principal results of this independent
assessment of Shuttle accident scenario probabilities. The overall nuclear risk assessment is documented in references [1]
and [2].

2. Accident Scenario Probability Assessments
The Shuttle Program Office was required to provide a set of accident scenario probabilities for Galileo at a time when all
available resources were committed to return-to-flight following the Challenger accident. Moreover, since probabilistic
methods for risk assessment were not prominent in NASA programs at that time, accident probability estimates were not
readily available. The Shuttle Program Office performed an admittedly cursory assessment of accident probabilities,
which they judged to be adequate to permit DOE to conduct the balance of the nuclear risk assessment. The SMQ
independent assessment of the accident probabilities was more rigorous and extensive. It was performed with the
understanding that if the estimates were sufficiently different from the Shuttle Program numbers to yield significant
differences in the nuclear risk assessments, revised probability estimates would be provided to DOE.
Nuclear risk is a function of much more than the initiating accident scenario probabilities. It depends as well on the
probabilities of a series of events, given the occurrence of a Shuttle accident, involving such factors as penetration of an
RTG, generation of a radioactive source term of a given size, meteorological conditions transporting the radioactive
material, the potential for inhalation of particles based on particle size, and consequent health effects on human
populations. The overall risk in terms of health effects was estimated to be quite small, and its magnitude was not
influenced significantly by the differences between the Program and SMQ initiating accident probabilities. Therefore, no
changes were required in the data provided to DOE.
For Ulysses mission, the Shuttle accident scenario probabilities were the same for Galileo, and more rigorous and
defensible SMQ estimates were adopted by the Shuttle Program Office. Because the SMQ Shuttle accident probability
estimates were the same for Galileo and Ulysses, the discussion that follows describes only the Galileo assessment.
Apart from initiating accident probabilities, there were significant differences in subsequent phases for the analysis. For
example, two RTGs were used for Galileo, and only a single RTG for Ulysses, with a different physical orientation of the
Ulysses RTG in the Shuttle payload bay. This required changes in modeling the potential for RTG penetration by SRB
fragments. There were differences as well in the inertial upper stage payload propulsion systems for the two missions. The
differences had a bearing on the overall nuclear risk assessment for Ulysses, but not on the assessment of Shuttle accident
probabilities.

3. SMQ Independent Assessment of Accident Probabilities for Galileo
3.1 Background on Galileo Mission and Space Shuttle Configuration
The Galileo spacecraft is on an unmanned mission to Jupiter. The main mission objectives are to investigate the chemical
composition of Jupiter's atmosphere, to characterize the physical state and dynamic properties of the Jovian satellites,
and to analyze the structure and physical dynamics of the Jovian magnetosphere.
1

Appendix F

Briefly, the Space Shuttle consists of four main elements: an orbitervehicle, three Space Shuttle Main Engines (SSMEs),
an external tank (ET), and a pair of solid rocket boosters (SRBs). The orbiter houses the crew, the avionics, the mission
payload, and the SSMEs. It returns the crew to Earth at the end of the mission. The three liquid hydrogen/liquid oxygen
SSMEs receive fuel and oxidizer from the ET. The ET is jettisoned and not recovered after 532 seconds of SSME
operation. The solid rocket boosters (SRMs) provide additional thrust for the first 2 minutes of powered flight. They are
then jettisoned and recovered for reuse.

3.2 General Modeling Approach
Shuttle accident probabilities for the Galileo mission were estimated for each mission phase and subphase, up to Galileo
spacecraft deployment from the Shuttle payload bay. Table 1 lists these mission phases, and their durations in terms of
mission elapsed time (MElT).
For each phase or subphase, a set of potential Shuttle accident scenarios which could contribute to nuclear risk was
analyzed. For example, Table 2 lists the scenarios of interest in Phase 1A.
Table 1 Galileo mission phases
Phase

Duration

OA
OB

T - 8 hours to T - 6 seconds

1A
1B
ID

T - 0 seconds to T + 2 seconds
T + 2 seconds to T + 10 seconds
T + 10 seconds to T + 30 sedonds
T + 30 seconds to T + 128 seconds

2

T + 128 seconds to T + 532 seconds

3

T + 523 seconds to payload deployment

T - 6 second to T - 0 seconds

1C

Table 2 Phase 1A accident scenarios
Scenario

Causes

Vehicle Break-up

Orbiter Malfunctions
SSME Malfunctions
ET Malfunctions
SRB Malfunctions (excluding tower
impact and SRB case rupture)

Tower Impact

SRB Malfunctions

SRB Case Rupture
Inadvertent Range Destruct

RSS Malfunctions

A fault tree model was developed for each scenario within each mission phase or subphase. The failure rate distributions
for the fault trees were deprived in two different ways: in a conventional manner based on Shuttle specific and generic
data at the basic event level and in some cases by allocation of system or top level distributions to the basis event level.
Space does not permit full exposition of the analysis. However, the SSME portion of the analysis is outlined in some detail
below, to illustrate the techniques used.
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3.3 The SSME Analysis
The approach in the SSME analysis was to develop a point estimate and uncertainty bounds for the catastrophic SSME
failure rate in each mission subphase from T - 6 seconds to main engine cutoff (MECO) at T + 532 seconds. This
discussion describes the analysis for two of the mission phases: Phase I (from T - o seconds to T + 128 seconds) and Phase
2 (from T + 128 seconds to MECO at T + 532 seconds).
Given that there would only be 31 Shuttle flights prior to Galileo, there was insufficient flight experience to adequately
estimate failure rates based on flight data alone. Moreover, even if SSME test data were used, there would not be a
sufficient number of basic event failures to adequately characterize SSME failure distributions at the
component/subsystem level for each mission subphase. Consequently, the following approach was taken:
(1) Using SSME test data, a Bayesian prior distribution was developed for catastrophic failure at the system (SSME)
level from T - 0 to T - 532.
(2) This prior distribution was updated with the actual shuttle flight experience.
(3) This system-level posterior distribution was pushed down to the subphase level. (When the subphase failure rates
were combined by simulation, the system-level results were reproduced.)
(4) There was one exception to this overall system-to-ower-level approach. Because an extensive probabilistic risk
analysis (PRA) had been conducted on the Shuttle main propulsion pressurization system, it was decided to use the
basic event failure rate data fromrthat PRA for liquid oxygen (L02) and liquid hydrogen (L2)leaks. These failure
distributions were used directly in the lower levels of the SSME fault trees for each mission subphase.
Given the above approach for determination of SSME catastrophic failure probability, the first step was to select the
appropriate set of SSME test data. The SSME has undergone several major design malfunctions. The pre-first manned
orbital flight (FMOF) SSME configuration was never flown, consequently pre-FMOF data were not used for estimating
the catastrophic failure probability. The remaining configurations were all flown on successive groups of Shuttle missions,
and test data from these engine configurations formed the universe for development of a Bayesian prior. Two basic
questions had to be answered in using test data to predict flight performance. First, how likely is it that a catastrophic
failure experienced during test would occur under flight conditions? Second, given the occurrence of such a failure, what
is the likelihood that would be catastrophic? A set of data from 37 major incidents was compiled (36 test anomalies and
one flight anomaly). A major incident was defined as one which resulted in significant physical damage, and had potential
for being catastrophic. The 37 major incidents were analyzed and reviewed in detail with Shuttle Program engineers and
managers, to answer the two questions posed above. In the deliberations, test failures at 10% power excluded from the
data base, since SSMEs are not run at greater than 104% under current rules. Also excluded were those test failures that
were judged to be impossible under flight conditions. or which were judged non-catastrophic were they to occur in flight.
Two failures remained in the data base as possible catastrophic failures under flight conditions, out of the 37 major
incidents (as well as a third failure for the startup phase, which was analyzed separately).
Two major incidents, and a total of 229,781 seconds of SSME operation formed the basis for constructing failure
distribution. However, since there was uncertainly among the experts regarding the conditional probability of
catastrophic given the occurrence in flight of each incident, there cases were considered with conditional probability
values of 0, .5, and 1 assigned. Multiplying these values by 2 failures yielded 0, 1, and 2 effective failures, respectively.
Individual distributions were then determined for each case, and these were given equal weight and aggregated into a
single distribution to bound the expert judgement on the conditional probability of catastrophe, forming the prior
distribution for catastrophic SSME failure.
Next, the prior distribution was updated with 47,000 seconds of actual Shuttle SSME flight experience and not
catastrophic failures. This posterior distribution was the system-level SSME failure distribution over the entire Phase
1/Phase 2 mission duration.
Finally, to arrive at fault tree failure distributions below the system level, the time-to-failure distribution of all 37 major
incidents was used to determine the proportion of SSME incidents which occurred in each mission phase. Essentially, the
mean and the variance of the system-level posterior were allocated to each mission subphase in the same proportions as
failures occurred in the 37 major incidents. The allocated means and variances were fit to lognormal distributions, which
in turn were used in the fault trees.
3
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3.4 Accident Scenario Failure Probability Estimates
Accident scenario probability estimates were developed for each mission subphase. Table 3 is an example of the results,
shown for Phase 1A (T- 0 to T + 2 seconds).

4. CONCLUSIONS AND FUTURE DIRECTIONS
The overall nuclear risk assessment for Galileo and Ulysses showed the worldwide risk of cancer deaths to be low. Beyond
the nuclear risk, the SMQ analysis demonstrated that there are methods and data available to model Shuttle risk with its
associated uncertainty. The main benefits of such modeling are in the identification and prioritization of risk contributors,
to guide the improvement of Shuttle safety and reliability. Such prioritizing would direct resources at the risk drivers, and
avoid the waste of resources in addressing hazards with little risk significance.
NASA's use of quantitative risk modeling has increased. The SMQ Shuttle accident probability estimates were adopted
by the Shuttle Program Office as the NASA numbers for the Ulysses nuclear risk assessment. The Shuttle Program
Office and SMQ will work together in the Table 3 Phase 1A scenario probabilities by system refinement and updating of
data and models for Shuttle risk assessments. Over the long range, NASA is planning research to develop risk assessment
methods that capture the dynamic, time variant nature of space systems, as opposed to the more steady state operation of
systems such as nuclear power plants.
Table 3 Phase 1A scenario probabilities by system
Scenario

Cause

Vehicle Break-Up

All causes

3.40 x

10-4

6.62 x 10-4

1.35 x 10-3

Orbiter
Malfunctions

2.34 x 10-5

4.12 x 10-4

8.47 x 10-5

SSME Malfunction

1A5 x 10-5

3.76 x 10-8

8.47 x 10-6

ET Malfunction

1.99 x 10-5

5.58 x 10-4

1.82 x 10-5

SRS Malfunctions
SRS Malfunctions

2.81 x 10-4

5.77 x 10-4

1.28 x 10-4

4.81 x 10-5

1.44 x 10-4

5.00 X 10-4

1.59 x 10-4

4.27 x

10-4

1.10 X 10-3

1.95 x 10-8

1.95 x 10 8

3.53 x 10-8

Tower Impact

Uncertainty Analysis Results
20th Percentile
80th Percentile
Value
Median
Value

SRB Rupture
Inadvertent Range Destruct

RSS Malfunction
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APPENDIX G

LOW LEVEL RADIOACTIVE WASTE DISPOSAL SITE
RISK ANALYSIS METHODS

U.S. Nuclear Regulatory Commission

1. INTRODUCTION
This Appendix provides an overview of the risk analyses performed on shallow land disposal of low level radioactive waste
(LLW). It summarizes the situation to be analyzed, the identification of scenarios by which radioactivity may be released
to the biosphere, and the calculation of the resultant doses to members of the public.
The risk analysis is performed in two phases: pre-closure or facility operation, and post-closure. In both cases, sites are
evaluated against a set of performance criteria. These criteria specify the maximum allowable radiation release from the
facility in terms of the resultant dose to specified members of the public.
In the post-closure analysis, dose from scenarios for two cases are calculated: chronic exposure to the general population
in the vicinity of the site, and acute exposure to a few individuals who physically occupy the site.

1.1 Situation Definition
The starting point for post-closure risk analysis of low level radioactive waste disposal is that a disposal site has been filled
with LLW and closed with the required physical and institutional barriers in place. The types of waste (which
radionuclides), the form, and the amount of the waste are given.

1.2 Scenario Identification
In one case, the site, waste form, and institutional barriers perform as designed and expected waste movement through
the natural, important transport mechanisms-air and water-is analyzed to determine the potential releases to the
surrounding population. These are known as total activity scenarios because the entire waste site is considered as a single
source term for release.
In the other case, all required institutional barriers against intrusion are presumed to fail and individuals are assumed to
occupy the former waste site, and thereby be exposed to the residual radioactivity. These are known as concentration
scenarios because uptake of each radioisotope by all biota in the pathways is considered.

1.3 End Point of Analyses
In all analyses of performance of LLW disposal sites, the endpoint of the analysis is a calculated dose to the specified
individuals. In the total activity scenarios, this is the general population surrounding the site; in the concentration
scenarios, it is the few individuals who physically occupy the site.

2. RADIONUCLIDE RELEASE CALCULATION
This Section provides an overview of the identification and evaluation of scenarios by which radioactivity from the LLW
disposal sites can reach the biosphere and expose people. Two types of scenarios are considered: total activity, or release,
scenarios in which release mechanisms, transport and pathways are considered; and concentration scenarios in which
intruders to the site are exposed to residual radioactivity.

2.1 Release Scenario Identification
Human access to the radioactivity may result either through direct human contact with contaminated material (e.g.,
inhalation of air, ingestion of water, or direct exposure to radiation) or indirectly through contaminated biota (through a
multitude of pathways involving vegetation and animals) which have come into contact with contaminated material. Each
of these radionuclide release/transport/pathway combinations is a scenario. It represents a complex series of interactions
which are affected by a wide range of parameters such as waste properties, disposal site properties, and operational
procedures.
The development of the methodology employed for pathway analysis is based on the following procedure:
*

Define and analyze the potential release/transport/pathway scenarios that may lead to radiation exposures to either
individuals or populations, and select the significant scenarios for future analysis.
I
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*

Simplify the structure of the selected release/transport/pathway scenarios by separating the radiation release and
transport mechanisms from the pathway mechanism.

*

Determine applicable radionuclide-specific dose conversion factors for various human organs for human exposure to
contaminated material for all release/transport/ pathway scenarios.

*

Model the radioactivity release and transport mechanisms between the disposed wastes and the locations where the
radionuclides may be contacted by humans (the biota access locations). Then, identify the control mechanisms and
barriers that may be technologically or administratively implemented that affect these release and transport
mechanisms.

*

Determine the various options available for these control mechanisms in terms of waste form, site selection, site
design, site operation, and institutional requirements.

*

Finally, determine the potential radiological impacts from the disposed LLW for various alternative options.

To aid in analyzing alternative overall performance objectives and technical criteria, a practical calculational procedure is
needed which separates those parameters that can be controlled from those that cannot be controlled. A pathway
diagram that has been arranged to satisfy these conditions is presented in Figure 1. As can be seen in this figure, most of
the site-specific pathway compartments and parameters have been separated form the rest of the diagram at the biota
access locations. Most of the parameters which can be controlled (which are the solid waste/soil mixture box and the
connections of this box with the other biota access locations) have been separated from the rest of the diagram. The
significance of this separation is that performance objectives, technical requirements, and administrative regulations
which would be formulated to reduce the radio logical impact of LLW disposal would be aimed at the controllable
parameters.
There are three fundamental transport agents which can mobilize radioactivity from disposed waste:

*

Direct Contact-The waste may be directly accessed by humans through gama-ray exposure or through human
activities which contact the waste/soil mixture.

*

Air-Air can mobilize radioactivity from the waste when the waste is directly exposed to or released into the
atmosphere.

*

Water-Ground-water and surface water can act as transport agents to mobilize radioactivity from the waste.

Moreover, there are two comparatively distinct time periods of the site lifespan during which releases from LLW can
reach a biota access location: the operational period and the postoperational period. The postoperational period may be
further divided into the closure and observation period, the active institutional control period, and the passive
institutional control period.
Closure and ObservationPeriod-Thisperiod lasts from the end of disposal operations at the facility to the time that the
title for the facility is transferred to the site owner. The ground-water scenario is initiated during this period.
Active InstitutionalControlPeriod-Theactive institutional control period lasts from the transfer of the title of the site by
the site operator to the site owner until a point in time at which a breakdown in institutional controls is assumed to occur.
During this period, the waste is not exposed to the atmosphere. The waste may, however, interact with humans through
direct radiation attenuated through the disposal cell cover. Thus, the waste itself is an access location. The other principal
agent that can transport radioactivity from the waste during this period is ground water, which may transport the
radioactivity to locations where the radioactivity may be accessed by humans.
PassiveInstitutionalControlPeriod-During the passive institutional control period (after active institutional controls are
assumed to have ceased), the waste may be exposed to the atmosphere through erosion or human activities. During this
period, the waste/soil mixture may be potentially directly accessed by humans. For example, a house could be
inadvertently constructed on the waste disposal facility and, after the house is constructed, a person or small group of
persons could live in the house and possibly consume garden vegetables grown in the soil/waste mixture. In addition, wind
and water may act as transport agents that may lead to dispersion of radionuclides and offsite contamination. The
ground-water scenario continues during the passive institutional control period.
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2.1.1 Concentration Scenarios
Three scenarios whose impacts are a function of the concentrations of radionuclides in the waste streams are identified.
The first scenario considered concerns accidents that may happen during the operational period of the disposal facility
lifespan, and is not considered further.
The other two scenarios are concerned with exposures to a potential inadvertent intruder. An intruder may
unintentionally come across a closed waste disposal site due to a temporary breakdown in institutional controls, and
subsequently modify it for a specific purpose such as housing construction or agriculture. As a result, short- and long-term
radiation exposures to the individual can ensue.
Construction Scenario
An inadvertent intruder may excavate or construct a building on a disposal site following a breakdown in institutional
controls. Under these circumstances, dust will be generated from the application of mechanical forces to the surface
materials (soil, rock) through tools and implements (wheels, blades) that pulverize and abrade these materials. The dust
particles generated may be then entrained by localized turbulent air currents and can thus become available for
inhalation by the intruder. The intruder may also be exposed to direct gamma radiation resulting from airborne
particulates and by working directly in the waste-soil mixture. For convenience, this scenario is called the
intruder-construction scenario, and appropriate values applicable to typical construction activities are used; it is an acute
exposure event.
Agriculture Scenario
In this scenario, an inadvertent intruder is assumed to occupy a dwelling located on the disposal facility and ingest food
grown in contaminated soil. (This scenario is assumed to be possible only if the waste has been degraded to an
unrecognizable form.) Garden crops may be subject to radionuclide contamination as a result of direct foliar deposition of
fallout particulates. Garden crops may also uptake radionuclides via soil-root transfer from contaminated soil. The
inadvertent intruder may also be exposed to direct gamma radiation from the naturally suspended radioactivity and from
the waste-soil mixture. He may also inhale contaminated air particulates. For convenience, this scenario is called the
intruder-agriculture scenario; it is a chronic exposure event.
2.1.2 Total Activity Scenarios
This section considers those release/ transport scenarios that are dependent upon the entire activity disposed of at the
site. Therefore, all the waste streams disposed at the site contribute to the radionuclide concentrations at the biota access
locations. The degree of contribution from a given waste stream is a function of its volume and characteristics (e.g., its
form and packaging) and facility design and operating practices (e.g., waste segregation). All of the total activity scenarios
are chronic exposure scenarios.
Ground-Water Scenarios
There are several ground-water scenarios depending on the assumed biota access location. One of the access locations is
an onsite well which may be drilled and used by a potential inadvertent intruder (intruder-well scenario); another is a well
at the boundary of the site which may be utilized by individuals (boundary-well scenario); a third location is a well pumped
for common use by a small population some distance away from the disposal facility (population-well scenario) and the
fourth location is a stream that receives the discharge from the unconfined ground-water table and which may be used by a
larger population (population-surface water scenario). In this appendix, it is assumed that the water table gradient
underneath the site is unidirectional, and that a well located at the boundary of the disposal area (rather than the
boundary of the site) con tributes to the intruder scenarios. This location is more conservative than a well located in the
middle of the site because only about half of the potential effluent from the site would contribute to the contamination at
a well located in the middle of the site.
Exposed Waste Scenarios
In these scenarios, part or all of the surface area of the disposed waste is assumed to be exposed through some means. The
mechanism that initiates uncovering of the waste may be erosion of the waste cover by surface water or wind action, or it
may be anthropogenic activities such as farming. Initiating mechanisms related to human activities are examined in the
Appendix G

4

intruder-agriculture and intruder-construction scenarios, and initiating mechanisms related to erosion of the waste cover
are examined elsewhere.
There are two basic exposed waste scenarios depending on whether the transfer agent is wind or surface water. Only
population exposures are considered in these scenarios; individual exposures are bounded by the above
intruder-construction and intruder-agriculture scenarios. The entire exposed waste area is assumed to be a point source
for the impact calculations because the population is assumed to be comparatively distant.

2.2 Release and Transport Calculations
There are three fundamental transport agents which can mobilize radioactivity from disposed waste and convey it to biota
access locations:
*

Direct Contact-The waste may be directly accessed by humans through gama-ray exposure or through human
activities which contact the waste/soil mixture.

*

Air-Air can mobilize radioactivity from the waste when the waste is directly exposed to or released into the
atmosphere.

*

Water-Ground water and surface water can act as transport agents to mobilize radioactivity from the waste.

After contamination reaches a biota access location, it becomes available for immediate or eventual uptake by humans.
Comparatively little control (mostly through site selection) can be implemented over the segments of the pathways
beyond these biota access locations (e.g., selection of a desert location may minimize ingestion pathways). Because of this
comparative lack of control, movement of radionuclides through the pathways beyond the biota access locations and
resulting human exposures may be expressed through radionuclide specificpathway dose conversion factors, PDCFs (in
millirem per Ci/m 3 ), that are independent of the original means of contamination. Based on an appropriate reference
concentration at the biota access location, C. (in units of Ci/m3), the dose to humans may be calculated for each pathway
from the biota access location to the point of eventual human exposure:
H-

PDCFx Ca

(1)

where H is the human dose in millirem (see Section 3).
For generic analyses, reasonable yet conservative assumptions may be made regarding environmental characteristics and
human actions. Based upon these assumptions, the potential individual organ dose that could occur as a result of each
uptake pathway can be calculated. The doses from each uptake pathway may be then summed to form, for each individual
organ, a singlepathway dose conversionfactorthat represents the total potential dose received from all uptake pathways.
The end result is the ability to quickly determine on a generic basis (e.g., by consulting a table and multiplying), the total
potential organ doses received by a human from any concentration of radionuclides in air.

2.2.1 Control Mechanisms
The release and transport of radioactivity from the disposed of LLW are significantly affected by the properties and
characteristics of the waste form and packaging, site design and location, disposal practices, etc. Most, if not all, of these
items are controllable to some degree. Specific controls of these items can be made mandatory through administrative
regulation; hence, these may be termed regulatable items or control mechanisms.
The following are examples of barriers and control mechanismss:
*

A low-permeability clay cover over a waste disposal trench can reduce rainwater infiltration into the cell. This barrier
can be controlled through site design and closure operations.

*

The use of a high integrity container does not permit contact between the waste and water, or by permitting only the
disposal of waste that releases radioactivity very slowly upon contact with water. This barrier can be controlled
through waste form and packaging.

*

Natural geologic barriers can impede and/or reduce the magnitude of the radionuclide transfer. These barriers can
be controlled through site selection.
5s
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*

Dilution with uncontaminated water at the discharge location. This barrier can also be potentially controlled through
site selection.

These barrier concepts can be generalized and applied quantitatively to each release/transport scenario. This may be
accomplished by using an interactionfactor (denoted by the symbol 1)that relates the radionuclide concentration in the
biota access location to the radionuclide concentration in the waste:

(2)

C. = I x C,

where (C.) and (C,) are the concentrations of the radionuclide of concern, in units of (Ci/m 3), at the biota access location
and in the waste, respectively. The interaction factor (l) can further be compartmentalized in terms of the barriers
discussed above:
I = foxfdxfwxfa

(3)

where
f.

-

tirne-delay barrierfactor. This factor accounts for all the control mechanisms that increase the time
period between termination of waste disposal at the site and the initiation of contact between the
transport agent and the waste.

4d

- site design barierfactor.This factor includes the effects of any engineered barriers designed into the

f

-

wasteform andpackagebwrierfactor.This factor accounts for the physical and chemical characteristics of
the waste at the time of the initiation of the release/transport scenario that may inhibit contaminant
transfer to the transport agent.

f,

=

siteselection barrierfactor.This factor includes the effects of the natural site environment that contribute
to reducing the containment concentrations at the biota access location.

waste disposal facility, plus any site operational practices that may reduce transport.

These four factors are used to represent the control mechanisms. They are not the barrier criteria themselves, but may be
used to help determine the barrier criteria. Regulation through these factors may be accomplished by either specifying
the value required for a given barrier factor, orby defining the characteristics of the barrier needed to achieve the desired
effect.
For the remainder of this appendix, the release and transport of radionuclide from waste at a disposal facility is described
in terms of these four barrier factors.

2.2.2 Concentration Calculations for Concentration Scenarios
Few individuals are expected to be involved in the concentration scenarios, and they may also be distinguished from the
total activity scenarios by the dose limitation criteria which may be applied. Different limits on allowable human doses
may be used, depending upon whether a few individuals or populations are exposed. The exposure is calculated using
equations 2 and 3 (above).
The time-delay factor (fQ) is expressed as a radionuclide decay factor and incorporates the effects of the closure period
and the active institutional control period. The activities are decayed to the time that the specific scenario is initiated. This
factor is a property of the scenario and the disposal technology being considered. For the accident scenario, no credit for
radioactive decay can be assumed and (fQ) will be taken to equal one. However, for the construction and agriculture
scenarios, it is given by the formula:
f. = exp[-AT]

(4)

where Xis the radionuclide decay constant in units of 1/year, and T is the period of time between the cessation of disposal
operations and the end of the active institutional control period.
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The site design and operation factor (fd) expresses the waste fraction that is available to the transfer agent. It usually
depends on the efficiency of the disposal design. Furthermore, its definition and value depends on whether the scenario is
an inadvertent intruder scenario or an accident scenario (see Sections 3.4 and 3.6).
The waste form and package factor (fe) expresses the resistance of the waste to mobilization by the specific transfer agent
initiating the scenario. For example, this factor would be considerably less than unity for waste streams solidified in a
matrix and/or packaged in containers that are likely to retain their integrity at the time of inadvertent intrusion. This
factor is a property of the waste stream as it is being disposed.
The site selection factor (f,) depends on many parameters. In some cases, it is proportional to the fraction of a year that
the human exposure episode takes place. In other cases, however, (f,) is also proportional to the release/
transport/transfer factor between the biota access locations. For example, for the inadvertent intruder-construction
scenario, it is proportional to the transfer factor between contaminated soil and contaminated air.

2.23 Concentration Calculations for Total Activity Scenarios
This section considers those release/transport scenarios that are dependent upon the entire activity disposed of at the
site. Therefore, all the waste streams disposed at the site contribute to the radionuclide concentrations at the biota access
locations. The degree of contribution from a given waste stream is a function of its volume and characteristics (e.g., its
form and packaging) and facility design and operating practices (e.g., waste segregation).
All of the total activity scenarios are chronic exposure scenarios (i.e., continuous release and exposure). The equation
applicable to thp total activity scenarios for each radionuclide is:
C. =

,I li X C(5

where (C,) and (Cat) denote the radionuclide concentrations at the biota access location and in the (i)th waste stream,
respectively, and (Ii) is the interaction factor between the (i) '^ waste stream and the biota access location. The capital
sigma indicates that the total radionuclide concentration at the biota access location is a summation of the radioactivity
contributed by each waste stream. This summation may also include any potential integration that must be performed due
to the areal extent of the disposal site and the areal distribution of the waste streams.

2.3 Pathway Dose Conversion Factors
The use of the pathway dose conversion factors (PDCFs) in the calculational methodology is straightforward. It is
multiplied by the radionuclide concentration at the biota access location(s) (Ca) to obtain the human exposures:

H

-

PDCFxC.

(1)

where PDCF stands for the pathway dose conversion factor in millirem (mrem) per Ci/m3 for the acute exposure
scenarios and in mrem/year per Ci/m3 for the chronic exposure scenarios. The radionuclide concentration at the biota
access location (C,) is in units of Ci/m 3 .
In this work, for acute exposure, H will be taken as the dose in mrem, received during 50 years following a one-year
exposure to the radioactive material; and for chronic exposures, H will be taken as the dose rate in mrem/year, received
during the 50th year of an exposure period lasting 50 years.

2.3.1 Uptake Pathways
The PDCFs for the scenarios discussed in Section 2.2.3 are the total pathway dose conversion factors for the individual
pathways of importance which contribute to human exposures from concentrations of nuclides at biota access locations.
All of the scenarios involve a secondary biota access location resulting from the primary biota access location. There are a
total of 34 uptake pathways. However, of these 34 uptake pathways only 9 are unique types of pathways, if only the uptake
mode and transport agents are considered. Only primary and secondary access locations are considered in the
determination of these uptake pathways. These nine distinct types of pathways are described in Table 1.
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Table 1 Access location-to.human pathway description
Pathway Designation

Description

Food (soil)

This uptake pathway includes a total of three sub pathways and denotes uptake of
radionuclides originating in plants via soil-to-root transfer from contaminated soil:
plant-to-human
plant-to-animal-to-human
plant-to-animal-to-product-to-human

Food (air)

This uptake pathway includes a total of six subpathways and includes the above three food
(soil) subpathways resulting from uptake of radionuclides originating on plant surfaces via
deposition from contaminated air and the same three food (soil) subpathways resulting
from fallout contamination of the ground.

Food (water)

This uptake pathway includes a total of nine subpathways and includes all the food (soil)
pathways resulting from radionuclides originating on plant surfaces via irrigation
deposition from contaminated water and from irrigation contamination of the ground. The
following three subpathways in addition to plant pathways are added:
water-to-human
water-to-aniimal-to-human
water-to-animal-to-product-to-human

Ingestion (fish)

Uptake of radionuclides from eating fish caught in contaminated open water.

Inhalation (air)

Uptake of radionuclides from breathing air contaminated due to suspension of
contaminated soil particles by human activities.

Inhalation (soil)

Uptake of radionuclides from breathing air contaminated due to natural suspension and
volatilization of surface soil.

Direct Gamma (volume)

Direct exposure to gamma rays from standing on ground homogeneously contaminated.

Direct Gamma (area)

Direct exposure to gamma rays from standing on ground whose surface is contaminated.

Direct Gamma (air)

Direct exposure to gamma rays from standing in air homogeneously contaminated.

The intruder-construction scenario includes onsite soil as the primary access location and leading to the direct gamma
(volume) pathway. The scenario also includes onsite air as the secondary access location leading to three uptake pathways:
inhalation (air), direct gamma (air), food (air). Although the exposure period is acute, the food (air) uptake pathway is
included with a modification to account for nonequilibrium deposition and root-uptake conditions.
The intruder-agriculture scenario also includes onsite soil as the primary access location; however, the food (soil) uptake
pathway is included in this case in addition to the direct gamma (volume) pathway. The scenario also includes onsite air as
the secondary access location leading to the same three uptake pathways as the construction scenario secondary access
location: inhalation (air), direct gamma (air), and food (air). However, in this case, chronic conditions are assumed to
prevail, and equilibrium conditions are assumed for the food (air) uptake pathway.
The next three scenarios involving water are very similar. (Mhe two open water scenarios are identical.) The only
additional uptake pathway in the open water scenario as opposed to the well water scenario is the ingestion (fish) pathway.
This pathway is included since the bioaccumulation factors for several fish species are significantly greater than unity.
However, direct gamma exposure due to immersion in contaminated water was omitted; it turned out to result in
negligible additional exposures (less than 0.1%) when compared with the other pathways.
The last scenario, the atmospheric transport scenario, is identical with the accident scenario with the addition of the food
(air) uptake pathway to the primary access location. In this case, however, the exposure is assumed to be chronic as
opposed to acute for the accident scenario.
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A simplified version of the uptake pathway is presented in Table 2. The direct gamma (volume) uptake pathway is
designated as PDCF-5, and the food (soil) pathway is designated as PDCF-4.

2.3.2 Pathway Dose Conversion Factor Tables
Seven human organs are considered for each radionuclide and each pathway. total body, bone, kidney, thyroid, liver, lung,
and gastrointestinal (GI) tact. These pathway dose conversion factors (PDCFs) have been derived from the 9 independent
pathways presented in Table 1. The information utilized to calculate the PDCFs includes human physiological
parameters (e.g., breathing rates, nuclide metabolism), dietary intakes, and nuclide-specific food chain transfer rates.
All the PCDFs are calculated based on five sets of fundamental dose conversion factors. Two of the sets include DCFs for
determining the inhalation 50-year committed dose in units of mrem per pCi inhaled and the ingestion 50-year committed
dose in units of mrem per pCi ingested. Three different gamma radiation exposure DCFs are used depending on the biota
access location which can be either in-depth soil contamination (mrem/year per pCi/i 3 ), surface soil contamination
(mremlyear per pCi/r 2 ), or air contamination (mrem/year per pCi/m 3 ). The need to use three different direct gamma
exposure DCFs arises from the geometry of exposure, and the attenuation and buildup afforded by the different
contaminated media.
The PDCFs are calculated based on these fundamental dose conversion factors and pathway uptake factors; an example is
presented in Table 3.

3. EXPOSURE CALCULATIONS
This section presents the calculational procedures utilized to determine the impact measures associated with the disposal
of LLW; these include individual and population exposures, occupational exposures, costs, energy use, and land use.
The impact measures are strongly dependent on the waste form and package properties, and disposal facility
environment, design, and operating practices. Accordingly, Section 3.1 presents the background assumptions regarding
the disposal technology alternatives considered, and discusses how these assumptions are incorporated into the impact
calculations. It also presents procedures through which the effects of waste form and packaging are incorporated into the
calculations. Section 3.2 presents the equations and specific parameter values used to calculate individual and population
exposures for the scenario considered in Section 2.

3.1.1 Disposal Technology Indices
In order to analyze the impacts from disposal of LLW, alternative disposal technology properties and their effect on the
impact measure calculations must be quantified. In this appendix, the disposal technology properties have been
expressed in the form of integer indices that refer to a specific procedure on the barrier factor computations or determine
a specific value of the environmental parameters. These indices, which will be referred to as the disposal technology
indices, basically denote the selection options available for a specific property. These selection options may be in the form
of a specific calculation procedure or a specific value for an environmental property.
The disposal technology properties that have been considered in the calculation of impacts in this report are summarized
in Table 4.

3.1.2 Waste Form Behavior Indices
This section presents the manner in which waste form and packaging properties are handled in the impact calculational
procedures. These properties are considered in the impact calculations in a manner similar to the disposal technology
properties. They have been expressed through discrete indices, which are called the waste form behavior indices, that
indicate a certain property of the waste form or a specific calculational procedure to be utilized in the impact calculations.
The indices are summarized in Table 5.
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Table 2 Pathway dose conversion factors
Scenario

BiotaAccess
Location

Construction (A)

Onsite Soil

Pathway
DCFs

Air

PDCF-5
PDCF-3

Agriculture (C)

Onsite Soil

PDCF-4
PDCF-5

Leaching and Migration (C)

Well Water

PDCF-6

Leaching and Migration (C)

Open Water

PDCF-7

Surface Water Runoff (C)

Open Water

PDCF-7

Atmospheric Transport (C)

Offsite Air

PDCF-8

Table 3 Pathway Dose Conversion Factor -S
Isotope

Total
Body

Bone

Liver

Thyroid

Kidney

Lung

GIlLLI

H-3

0.

0.

0.

0.

0.

0.

0.

C-14

0.

0.

0.

0.

0.

0.

0.

FE-55

0.

0.

0.

0.

0.

0.

0.

CO-60

1.54E + 07

1.54E + 07

1.54E + 07

1.54E + 07

1.54E + 07

1.54E + 07

1.54E1+07

NI-59

6.20E + 03

6.20E + 03

6.20E + 03

6.20E + 03

6.20E + 03

6.20E + 03

6.20E + 03

NI-63

0.

0.

0.

0.

0.

0.

0.

SR-90

3.06E + 04

3.06E + 04

3.06E + 04

3.06E + 04

3.06E + 04

3.06E + 04

3.06E + 04

NB-94

9.63E + 06

9.63E + 06

9.63E + 06

9.63E + 06

9.63E + 06

9.63E + 06

9.63E + 06

TC-99

0.

0.

0.

0.

0.

0.

0.

1-129

1.92E + 04

1.92E + 04

1.92E + 04

1.92E+04

1.92E + 04

1.92E + 04

1.92E + 04

CS-135

0.

0.

0.

0.

0.

0.

0.

CS-137

3.50E + 06

3.50E + 06

3.50E + 06

3.50E + 06

3.50E + 06

3.5013+06

3.50E + 06

U-235

1.50E + 05

1.50E1+05

1.50E + 05

1.50E1+05

1.50E + 05

1.50E + 05

1.50E + 05

U-238+D

5.16E + 03

5.16E+03

5.16E + 03

5.16E1+03

5.1613+03

5.16E1+03

5.16E1+03

NP-237+D

6.56E + 04

6.56E + 04

6.56E + 04

6.56E + 04

6.56E + 04

6.56E + 04

6.56E + 04

PU-238

1.93E1+01

1.93E+01

1.93E1+01

1.93E1+01

1.93E+01

1.93E+01

1.93E+01

PU-239

9.39E+ 01

9.39E +01

9.39E+01

9.39E+ 01

9.39E+01

9.39E +01

9.39E+ 01

PU-241

3.4313-01

3.43E-01

3.4313-01

3.43E-01

3.43E-01

3.4313-01

3.43E-01

PU-242

0.

0.

0.

0.

0.

0.

0.

AM-241

7.71E + 04

7.71E + 04

7.71E1+04

7.71E + 04

7.71E1+04

7.71E + 04

7.71E + 04

AM-243

1.86E + 05

1.86E + 05

1.86E + 05

1.86E + 05

1.86E + 05

1.86E + 05

1.86E + 05

CM-243

3.82E + 05

3.82E + 05

3.82E + 05

3.82E + 05

3.82E + 05

3.82E + 05

3.82E + 05

CM-244

5.64E+01

5.6413+01

5.64E+01

5.64E1+01

5.64E+01

5.64E+01

5.64E+01
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Table 4 Disposal technology indices
Description

Property and Index
Region

IR

Geographic.location of the disposal facility.

Design

ID

Two options are considered: regular trenches, and the so-called "concrete-walled"
trenches.

Cover

IC

Three options on the cover between the waste and the atmosphere are considered: regular,
thick, and intruder barrier.

Emplacement

IE

Three options on the emplacement of the waste are considered: random, stacked, and
random combined with decontainerized disposal for compressible low activity wastes.

Stabilization

IX

Three options on the stabilization program applied to disposal cells, which may contain
structurally unstable wastes, are considered: regular, moderate, and extensive.

Layering

IL

Option on separating and putting selected waste streams (usually with higher external
radiation levels) at the bottom of the disposal cell.

Segregation

IS

Option to segregate and separately disposal of wastes that are combustible/compressible
and those that could contain complexing agents.

Grouting

IG

Obtain on filling of the interstitial spaces between the wastes with grouting material.

Hot Waste Facility

IH

Option on having a special area within the disposal facility with special procedures to
handle high activity wastes.

Closure Index

IQ

This index indicates the activities during the closure period (regular or extensive).

Care Level Index

ICL This index indicates the care level anticipated during the active institutional control period
(low, moderate, and high).

Postoperational
(Years)

IPO Duration of the period between the cessation of active disposal and the transfer of Period
the title from the site operator to the site owner.

Institutional
Control Period
(Years)

RC

Duration between transfer of the title to the site owner and the assumed time for loss
of institutional controls over the site.
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Table 5 Waste form behavior indices

Indices

Parameter and Symbols

Flammability (14)

0

- nonflammable

1 - low flammability (mixture of material with indices of 0 and 2)

2 = burns if heat supplied (does not support burning)
3 - flammable (supports burning)
Dispersibility(15)

012 3 -

Leachability (16)

1 = unsolidified waste form
2 = solidification scenario A*
3 - solidification scenario B**
4 = solidification scenario C>

Chemical (17)

0 =

Content

1 - chelating agents or organic chemicals are likely to be present in the waste form

Stability (18)

0

Accessibility (19)

1 = readily accessible
2 -moderately accessible
3 = accessible with difficulty

low
low to moderate
moderate
severe

no chelating agents or organic chemicals

- structurally unstable waste form
1 - structurally stable waste form

150% urea-formaldehyde and 50% cement.
**50% cement and 50% synthetic polymer.
> 100% synthetic polymer.

3.2 Example Calculation -Intruder Construction Scenario
This scenario assumes that at some time after the end of operations at the disposal facility, institutional controls break
down temporarily and an intruder inadvertently constructs a house on the disposal facility. In so doing, the intruder is
assumed to contact the disposed wastes while performing typical excavation work such as installing utilities, putting in
basements, and so forth. These typical activities should not be expected to involve significant depths-e.g., in most cases
no more than approximately 3 m (about 10 ft). There is, however, a much less likely chance that some excavations could
proceed at a lower depih. This could occur, for example, through construction of a sub-basement for a high-rise building.
To implement this scenario, the inadvertent intruder is assumed to dig a 3 meter deep foundation hole for the house. The
surface area of the house is assumed to be 20 m by 10 m (200 m2 ), which is a typical surface area for a reasonably large
ranch-style house. The foundation hole is assumed to be 20 m by 10 m (200 m2) at the bottom and 26 m by 16 m at the top
(giving a 1:1 slope for the sides of the hole. The top 2 meters of the foundation is assumed to be cover material and the
bottom 1 meter is assumed to be waste. This excavation would result in intrusion into about 232 m3 of waste.
The equation describing human exposure for the intruder-construction scenario is as follows:
H = En (fofdfwfs)air C. PDCF - 2

+

Xn

(fofdfwf.)DG C, PDCF - 5

(8)

where H is the 50-year dose commitment in mrem, PDCF-2 and PDCF-5 are the radionuclide-specify pathway dose
conversion factors discussed and presented in Section X.2.3, and C, is the radionuclide concentration in the waste.
Impacts are summed over all the radionuclides (n).
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The first term of the equation calculates the impacts from the exposures due to suspension of contaminated dust into the
air (inhalation of the contaminated dust and direct gamma exposure from the contaminated dust cloud) and the
consumption of food grown nearby upon which the airborne contamination is assured to settle. The second term of the
equation calculates the impacts from direct gamma exposure to the wastes during excavation. The values of the barrier
factors are examined below in two subsections: regular waste disposal and disposal with barriers against intrusion.
Regulatory Waste Disposal
The time delay factor f0 is radionuclide-specific and is given by.
(4)

f4 = expF-ATJ

where T is the time period between the end of active disposal operations and the initiation of the scenario (i.e., IPO plus
]IC years), and 1 is the decay constant of the radionuclide. This factor is the same for the air uptake pathways and the
direct gamma pathway. The assumed time period is equivalent to the assumption that the intrusion scenario involves the
last disposal cell constructed at the site and conservatively neglects the possibility that the intrusion scenario may involve
one of the earlier disposal cells.
The site design and operation factor (fd) denotes the dilution of the waste due to particular disposal practices regarding
waste emplacement. Its value is assumed to be 0.5, 0.75, or 0.5, depending upon whether the waste disposal is random, is
stacked, or is decontainerized, respectively.
For the air uptake pathways, two options are available for determining the waste form and package factor, fw. These
options are incorporated to help investigate the potential for improved waste forms to reduce airborne intruder impacts.
As discussed in Section 3.1, in waste-form credit option, f,, is given-by the following formula:

9

f"' = 10(1-19) x 10tl-3)

In this equation, I5 is the dispersibility index and 19 is the accessibility index.
However, for the waste form no-credit option, no-credit is given for the waste form to reduce the dispersibility of the
waste stream. In this option, the multiplier 10i5-3) is set equal to 1.0 for all values of I5.
For the direct gamma exposure pathway, only the self-shielding inherent to the particular waste form affects the factor
f4,. In this case, f, is set equal to the following:
Gw

Accessibility Multiplier x Solidification Multiplier

(10)

The modification due to accessibility results from the substantial metal component of some waste streams. For example, a
reduction in direct gamma exposure intensity by a factor of 10 can be achieved through shielding of about 2 inches of metal
equivalent.Theaccessibilitymultiplieristakentobe hif theindexI9is equalto 1 anditis0.1 if theindex19isequalto2or
3. The solidification multiplier is assumed to be 0.80 for those streams that are solidified using solidification scenario A or
B procedures which contain a significant amount of cement; otherwise, this multiplier is assumed to be unity. Since the
streams with an accessibility index different than 1 are never solidified, the minimum value of the factor f4 for the direct
gamma exposure pathway is 0.1.
The site selection factor, ft, is different for the air and direct gamma uptake pathways of the intruder-construction
scenario. For the air uptake pathways, it is the product of the soil-to-air transfer factor T.a (which depends on the
environmental characteristics of the region in which the disposal facility is located) with the exposure duration factor (the
fraction of a year that the construction takes place). For the direct gamma exposure pathway it is equal to just the
exposure duration factor. These factors are discussed below.
The exposure duration is assumed to be 500 working hours. This is equivalent to a construction period of 3 months, which
is believed to be reasonably conservative for typical housing construction. It is believed to be very conservative for
activities involving use of heavy construction equipment. This gives a value of 0.057 for f, for the direct gamma scenario.
For the air pathways, this number is multiplied by a soil-to-air transfer factor given by the formula:
T. = [T..]. x (10/y) x (s/30) x (50/PE) 2

(11)
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where [T.]. is equal to 2.53 x 10-'° (Ref. 1), v is the average wind sped at the site in m/sec, s is the silt content of the site
soils in percent, and PE is the precipitation-evaporation index of the site vicinity indicative of the antecedent moisture
conditions. For the reference disposal facility, these values were determined to be v - 3.61 mr/sec, s - 50%, and PE - 91,
yielding a value of 3.53 x 10-10 for T... For an exposure duration factor of 0.057, thisyields a site selection factor of 2.01 x
10- I for the air uptake component of the construction scenario.
Disposal With Barriers Against Intrusion
The barrier factors fd and f, are affected if the waste is disposed using intruder barriers and/or if waste segregation is
implemented at the disposal facility. For the air uptake pathways, (a) for layered disposal, the factor fd is multiplied by a
factor of 0.1 to indicate the likelihood of contact of the layered wastes by the intruder, and (b) for hot waste facility
disposal, fd is multiplied by a factor of 0.01.
For the direct gamma exposure pathway, (a) for layered disposal, fd is multiplied by a factor of 1/1200 which denotes
attenuation of the radiation through a layer equivalent to 1 meter of soil; and (b) for hot waste facility disposal, Li is
multiplied by a factor of 1/12002 which indicates attenuation of the radiation through a layer equivalent to 2 meters of soil.
The site selection factor, f,, is modified only if the waste form is stable and has been disposed in a segregated manner. In
this case, which is termed the intruder-discovery scenario, the exposure duration factor is reduced from 500 hours to 6
hours for all the uptake pathways.
Example results are presented in Table 6.
Table 6 Summary of potential inadvertent intruder hazard to seven organs
for 36 waste streams (Waste Spectrum 1) (mrem)
Body

Bone

Liver

Thyroid

Kidney

Lung

G-I Tract

Int Cons

4.983E + 03

6.753E + 03

6.290E + 03

4.877E + 03

5.482E + 03

5.933E + 03

4.878E + 03

Yr - 100.
Int Cons

1.502E + 03

3.095E + 03

2.684E + 03

1.407E + 03

1.958E + 03

2.341E + 03

1.408E + 03

7.808E+01

1.183E+03

8.687E+02

1.567E+01

3.637E+02

6.994E+02

1.579E+01

Yr

YR

-

-

50.

500.

Int Cons

3.3 Performance Objectives
The performance objectives for LLW disposal facilities are given in 10 CFR 60: Subpart C-Performance Objectives:
§ 61.40 General requirement: Land disposal facilities must be sited, designed, operated, closed, and controller after
closure so that reasonable assurance exists that exposures to humans are within the limits established in the performance
objectives in §§ 61.41 through 61.44.
§ 61.41 Protection of the general population from releases of radioactivity. "Concentrations of radioactive material which
may be released to the general environment in ground water, surface water, air, soil, plants, or animals must not result in
an annual dose exceeding an equivalent of 25 millirems to the whole body, 75 millirems to the thyroid, and 25 millirems to
any other organ of any member of the public. Reasonable effort should be made to maintain releases of radioactivity in
effluents to the general environment as low as is reasonably achievable."
§ 61.42 Protection of individuals from inadvertent intrusion. "Design, operation, and closure of the land disposal facility
must ensure protection of any individual inadvertently intruding into the disposal site and occupying the site or contacting
the waste at any time after active institutional controls over the disposal site are removed."
§ 61.43 Protection of individuals during operations. "Operations at the land disposal facility must be conducted in
compliance with the standards for radiation protection set out in Part 20 of this chapter, except for releases of
Appendix G
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radioactivity in effluents from the land disposal facility, which shall be governed by 61.41 of this part. Every reasonable
effort shall be made to maintain radiation exposures as low as is reasonably achievable."
§ 61.44 Stability of the disposal site after closure. "The disposal facility must be sited, designed, used, operated, and closed
to achieve long-term stability of the disposal site and to eliminate to the extent practicable the need for ongoing active
maintenance of the disposal site following closure so that only surveillance, monitoring, or minor custodial care are
required."
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APPENDIX H

PERFORMANCE ASSESSMENT FOR
HIGH-LEVEL WASTE REPOSITORIES

U.S. Nuclear Regulatory Commission

1. INTRODUCTION
Performance assessment plays a major role in the NRC's licensing program for the disposal of high-level radioactive
waste (HLW). Because the performance assessment of a repository of HLW involves comparing quantitative estimates of
repository performance to quantitative performance standards, performance assessment is often the discipline or phase
of repository development in which information and knowledge from a variety of technical and scientific disciplines are
integrated into a few quantitative measures of performance. Performance assessment is the nexus of modeling, scientific
and technical studies, and the safety regulations.

1.1 The Problem of the Disposal of High-Level Waste
High-level nuclear waste in the U.S. can be placed in three categories: (1) spent fuel from the operation of commercial
nuclear reactors to generate electric power, (2) defense high-level waste, currently planned as a vitrified form, resulting
from operation needed to fabricate nuclear weapons and the raw fissile material for such weapons, and (3) reprocessing
waste resulting from limited commercial activities intended to reuse components of spent fuel from commercial reactors.
Currently, the inventories of spent fuel stored at power reactor sites equal 20,000 MTHM (metric tonnes heavy metal);
the total amount of waste expected to be generated by the operation of current U.S. power reactors is estimated to be
84,000 MTHM (DOE, 1991). The defense waste inventories, to be stabilized as borosilicate glass solidified in metal
canisters, are estimated to be equivalent to about 9500 MTHM. The Department of Energy (DOE) issued a Final
Environmental Impact Statement (FEIS) on the Management of Commercially Generated Radioactive Waste (DOE,
1980), which proposed deep geologic disposal as the preferred method for handling the accumulated high-level waste in
the U.S. Figures 1 and 2, taken from the FEIS, show respectively the radioactivity and heat generation rate of spent fuel
and reprocessing waste as a function of time. Radioactivity drops at a faster rate for the first 300-1000 years, than from
1000 years onward. Generation of heat drops 2 to 3 orders of magnitude for spent fuel and recycled waste by 1000 years.
Figure 3, also taken from the FEIS shows the radiotoxicity of spent fuel and reprocessing waste as a function of time,
compared to uranium ore needed to produce the unirradiated fuel. The toxicity of spent fuel or reprocessed waste
approaches that of the ore at around 10,000 years. Clearly, the proper disposal of high-level waste requires isolation of the
waste from the human environment for hundreds to thousands of years.

1.2 Description of a High-Level Waste Repository
A repository consists of surface facilities, underground facilities, and shafts, or ramps, or both connecting the surface and
underground facilities. The surface facilities, for the operational phase of the repository, include buildings and
equipment for waste receipt, storage, and handling and various support buildings and facilities, such as power and
ventilation for the underground. The risk analysis methods applicable to the operational phase of repository development
are not treated in this paper, which is focused on the postclosure performance of the repository. The current design for
the proposed repository at Yucca Mountain, NV, calls for construction of mined passageways (drifts) at a depth of about
1000 feet below the surface. Each passageway would connect with smaller passageways and interconnecting rooms, in
which containers of the waste would be emplaced. Within each container would be either spent fuel rods or encapsulated
vitrified waste. The waste form, located within the waste package, which, in turn, is located deep underground provides a
system of multiple barriers intended to isolate the waste from the environment for many years and to provide for the
gradual release of nuclides, when isolation can no longer be assured (DOE, 1991).

1.3 The Regulatory Structure
The legal framework for high-level waste disposal in the U.S. is provided by the Nuclear Waste Policy Act of 1982
(NWPA, 1982) and the Nuclear Waste Policy Act Amendments of 1987 (NWPAA, 1987)). These laws designate the U.S.
DOE (DOE) as the agency responsible for the construction and operation of the repository. These laws set up a structure
in which the U.S. Environmental Protection Agency (EPA) issues the general environmental standards for the repository
and in which the U.S. Nuclear Regulatory Commission (NRC) issues technical requirements for licensing and operation
of the repository, which are not inconsistent with the EPA standards.
The 1985 EPA standard (parts of which have been remanded by the Federal courts), 40 CFR 191, seeks to limit potential
harm to the general public by placing limits on: (1)cumulative radionuclide releases to the environment for 10,000 years
after repository closure; (2) radiation dose to individuals for 1000 years after repository closure; and (3) the concentration
of radionuclides in certain sources of groundwater for 1000 years after repository closure. The cumulative release of
radionuclides is defined in terms of a weighted sum over all nuclides released, where the weighting factor is approximately
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inversely proportional to the radiotoxicity of the nuclide. Releases, through all applicable pathways, at all times prior to
10,000 years are integrated over time to determine the cumulative release. Generally, the cumulative release is uncertain
and is, therefore, described statistically. Uncertainty in the cumulative release arises from uncertainty in the future states
of nature under which the repository operates and from uncertainty in the physicochemical parameters describing the
performance of the repository. Uncertainty in the future states of the repository is treated by consideration of a set of
scenarios, ie. the set of events and processes causing the release, with their corresponding probabilities. Uncertainty in
the physicochemical parameters describing the repository performance is treated by considering statistical distributions
of these parameters. Cumulative releases are estimated by predictive models for various scenarios and various sets of
input parameters; each cumulative release can be associated with a probability determined by the joint probability of the
scenario and parameter set used to obtain it. The repository performance is then characterized in terms of the distribution
of release; usually the complementary cumulative distribution function (CCDF) is used for this characterization. For each
value of cumulative release, the CCDF represents the probability that the value of release will be exceeded. The EPA
standard imposes probabilistic limits on the CCDF describing repository performance: the probability of exceeding a
3
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value of 1 for the weighted cumulative release must be 0.1 or less and the probability of exceeding a value of 10 for the
weighted cumulative release must be 0.001 or less.
The probabilistic nature of the EPA standard requires estimating repository performance probabilistically. Nevertheless,
the large uncertainties inherent in repository performance would suggest that a probabilitstic description of performance
is appropriate. Many countries concerned with the disposal of high-level waste have adopted a probabilitstic description
of performance, even though the high-level waste standard may not be stated explicitly in such a format.

2. OVERVIEW OF THE METHODOLOGY FOR PERFORMANCE ASSESSMENT
The approach to performance assessment used by the NRC staff is shown schematically in Figure 4. It generally follows
and extends the methodology for performance assessment formulated by the Sandia National Laboratories for the NRC
(Bonano, 1989; Campbell, 1988; Cranwell, 1987). For the purposes of this paper, the only performance measure
considered is the cumulative release of radionuclides to the accessible environment, as mandated by the EPA
containment standard (40 CFR Part 191, parts of which have been remanded by the courts). Many of the same techniques
and consequence models can be used in somewhat different configurations to estimate other performance measures and
evaluate compliance with other standards for the repository, e.g. as shown in Figure 5. An essential feature of the NRC
methodology is that consequence models be based on mechanistic analyses of the physicochemical processes affecting
repository performance. Statistical descriptions of parameter variability are based on statistical analyses of field and
laboratory measurements. Probabilitstic descriptions of future events affecting repository performance are based, to the
extent possible, on frequency distributions of such events as determined by the geologic record or on modeling of the
processes producing the events, with recourse to expert elicitation when other evidence in unobtainable.

Figure 4. Components of a total system performance assessment
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Figure 5. SNL Performance Assessment Methodology for BLW Disposal
The steps in performance assessment
1, System Deserzpfion. In this step the various important components of the waste disposal system-the waste form, the
engineered barrier (the canister, the repository, backfill, if any), and the site-are described in terms useful to
modeling radionuclide migration to the environment. This step usually requires the synthesis of inputs from many
different disciplines in the natural sciences and engineering. Also raw field and laboratory data must be analyzed to
give parameters useful for performance assessment modeling. For example, pump tests are interpreted to yield
hydraulic conductivity estimates.
2. Scenario Analysis. In this step a range of potential futures in which the repository must operate, called scenarios, are
postulated and screened. Also, the probabilities of individual scenarios are estimated. The current approach is to
build scenarios only from processes and events occurring in the environment external to the repository; uncertainty
about events and processes occurring within the repository are considered as uncertainty in the description or
modeling of the repository, rather than as separate scenarios. Scenarios are screened out if their probabilities are
sufficiently low to warrant no furtherconsideration. Scenarios which produce little or no change in performance are
grouped together as the "undisturbed" or "base-case" scenario and the probability assigned is the sum of the
individual scenarios in the group. 'Me "undisturbed scenario' may not be the most likely scenario. Probabilities of
scenarios are determined from the probabilities of their component events and processes, which are derived from
field studies, analyses, and expert opinion. Scenario analysis is performed iteratively or in parallel with consequence
analysis.
3. Consequence Analysis. The consequence analysis step estimates the performance of the repository for a given
scenario. For the performance measure of interest, cumulative release of radionuclides to the accessible
environment, consequence models need to treat the release of radionuclides from the repository to the host rock and
the migration of radionuclides (as liquid or gas) through the geosphere. Modeling these processes may require
detailed consideration of phenomena affecting these processes, such as groundwater flow and waste package
degradation.
4

Performance Cakcukaton. T'he performance calculation step combines the estimate of consequences with the
corresponding probability of occurrence. 'Me resulting distribution is displayed as a complementary cumulative
5s
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distribution function (CCDF). Uncertainty about parameters is important in representing the repository system,
because a highly variable natural system is an important component of the repository. Consequently this variability in
parameters describing the repository system is usually also folded into the CCDF representation.
5. Sensitivity and UncertaintyAnalyses. In order to compare the characterization of the system obtained in Step 4 to the
regulatory performance standards, the uncertainties inherent in the estimates of performance must be estimated and
evaluated. Sensitivity analyses determine which parameters, phenomena, processes, and/or assumptions most
greatly influence the estimated value of the performance measure. Uncertainty analysis attempts to delineate all the
sources of uncertainty, quantify these uncertainties (at least in relative terms) and the uncertainty in the performance
estimates, and relate the uncertainty in estimates of performance to the various sources of uncertainty.
6.

Comparisonto Regulatory Standard In this step, judgment is used to evaluate whether the estimated performance,
with its associated uncertainties, satisfies or fails to satisfy regulatory standards, which are limits on performance.

3. SCENARIO ANALYSIS
Scenario analysis may be separated into the following components: (1) scenario enumeration, (2) scenario screening, and
(3) scenario probability estimation (Eisenberg, 1989).
The purpose of scenario enumeration is to define the set of future occurrences that could potentially affect the
performance of the repository. Scenario enumeration often begins with a master list of processes, events, and features
that could affect any repository, e.g. the list developed by the IAEA (IAEA, 1983) list). Those items that would not be
applicable to the particular repository to be analyzed are dropped; e.g. tsunamis would not apply to a repository sited at a
continental interior. The remaining items would be combined, if such combinations were reasonable, to form a set of
tentative scenarios. For example, irrigation could not be reasonably combined with flooding; irrigation could be combined
with fault movement and seismicity.
Once a set of tentative scenarios are obtained, additional scenarios are eliminated from further analysis by being screened
out. One set of criteria for screening out scenarios are: (1) physical reasonableness, (2) zero or negligible consequences,
and (3) small probability. The developers of the NRC performance assessment methodology have defined the steps in the
scenario selection procedure as (Cranwell et al, 1990):
1.

An initial comprehensive identification of those events and processes felt to be important to the
long-term isolation of radioactive waste in deep geologic formations.
2. A classification of these events and processes to aid in completeness arguments.
3. A screening of these events and processes based on well-defined criteria.
4. The formation of scenarios by taking specific combinations of those events and processes remaining
after the screening process.
5. An initial screening of these scenarios.
6. The selection of a final set of scenarios for use in evaluating a potential disposal site.
This scenario methodology has been classified as a "bottom-up' method for formulating scenarios (Hodgkinson, 1990)
and has been extended and applied by others (Andersson, 1990).
Completion of the scenario analysis requires estimation of the probabilities of the scenarios, so that these probabilities
can be factored into the construction of the CCDF. One method to estimate scenario probabilities suggests the use of
Bayesian statistics to combine information from historical data, model results, and expert judgment (Apostolakis, 1991).
Although considerable progress has been made in scenario analysis for the performance assessment of a geologic
repository, some significant theoretical and practical problems remain (Hodgkinson, 1990). Environmental simulation
has been suggested as an alternative methodology, that may avoid some of the difficulties with scenarios, but may
introduce other difficulties (Sumerling, 1991a,b).

4. CONSEQUENCE ANALYSIS
As stated in Section 2-Overview of the Methodology for Performance Assessment, the analysis of consequences is
normally divided into a set of sequential calculations, as shown schematically in Figure 5. The partitioning of the
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calculation is determined by the phenomena to be modeled and the spatial range of their influence. The calculation can
be thought of as proceeding outward from the waste emplaced in the repository, through the geosphere, into the
accessible environment, and finally to the estimate of the effects on humans.

4.1 Source Term
The source term calculation is the first in a sequence of calculations determining the consequences of a particular
scenario; the consequence is usually estimated in terms of the dose to man caused by the movement of some part of the
emplaced waste. The geosphere transport calculation, which follows the source term calculation, generally assumes low
concentrations of radionuclides in the groundwater. For this reason the source term calculation must be concerned with
the conditions near the repository, where groundwater concentrations may not be low. This makes the calculation of
chemical reactions and the migration of radionuclides a much more difficult undertaking. In addition, the treatment of
increased temperatures from the decaying waste, the complex geometries of the mined geologic repository, the presence
of materials that are both man-made (such as the waste package) and natural (such as the repository rock), and the
possibility for coupled thermal, hydrologic, chemical, and mechanical processes make analysis of the source term
especially challenging.

4.1.1 Inventory Estimation
Usually the first step in determining the source term is to determine the quantities of the various radionuclides present in
the emplaced waste. The estimation of radionuclide quantities in the emplaced waste is normally performed by a
computer code that estimates fission products and neutron activation products, resulting from reactor operation. Several
computer codes, notably the ORIGEN code (Bell, 1973), are available to estimate radionuclide generation based on
neutron flux, nuclide cross-section, duration of the nuclear reaction, and other parameters. Decay of radionuclides and
in-growth of daughter products are calculated for the period of time after removal from the reactor, but before
emplacement in the repository. Radionuclides produced by activation of elements present in the fuel cladding, in
impurities in the fuel, and in corrosion products adhering to the outside of the fuel cladding (CRUD), estimates of the
quantities of these radionuclides are also made.

4.1.2 Environmental Conditions in the Repository
The repository and its contents experience a complex and interacting set of thermal, radiologic, hydrologic, chemical, and
mechanical conditions, which evolve in time. These various types of environmental conditions may interact significantly
with each other. These environmental conditions depend on events and processes occurring inside the repository and
outside the repository, provided the outside events and processes are intense enough and near enough to perturb the
repository.
Thermal conditions in the repository depend upon the geothermal gradient at the location of the repository, the quantity
and time history of the heat generated by the emplaced waste, the thermal loading of the repository (i.e. heat generation
per unit volume or unit area of the repository), and the nature of the processes transferring heat in the vicinity of the
repository. Early in the life of the repository most of the heat transfer is from the emplaced waste to the rock surrounding
the repository, after a long time, when decay heat generation has declined significantly, the geothermal gradient in the
repository location accounts for the bulk of the heat transfer. Most frequently conduction is presumed to be the dominant
mode of heat transfer and the thermal history of the repository is calculated based on conduction models (Brandshaug,
1989; Brandshaug, 1991; Mansure, 1987). Convection has been considered only to a limited degree, although some
studies (Preuss, 1988; Updegraff, 1989) suggest that heat-pipe effects may be important for a repository located in
partially saturated rock.
The radiation field in the repository is caused overwhelmingly by the emplaced waste. Alpha and beta radiation emitted
by the waste is not penetrating and can produce only effects within the waste or very nearby; gamma and neutron radiation
can produce effects some distance from the waste packages. Standard shielding models and codes (DOE, 1988) are used
to estimate radiation fields within the repository.
The flow of groundwater near the repository can be very complex. The geometry of the repository is itself quite complex
and heterogeneities in the properties of the host rock make the geometry even more complicated. A fundamental
determinant of the groundwater flow are the regional and local hydrologic systems. These systems form a large-scale
setting which interacts with the repository to produce the near-field hydrologic conditions. The excavation of the
7
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repository produces a region of generally lowered permeability with which the local flow field interacts. In addition
pumping of a repository in the saturated zone or ventilation of a repository in the unsaturated zone is expected to produce
a transient condition, which will take time to die out after the repository is permanently closed. The decay heat from the
repository, if high enough, will prevent resaturation of the rock around the repository by boiling the water away. This is
expected to produce significant convective flows, at least nearby the repository (Prasad, 1985, 1986). Even at later times
and at lower temperatures, heat generated by the repository may cause significant heat induced flow of groundwater, near
the repository. Because of the coupling of heat transfer, fluid flow, and gas flow in a partially saturated medium, few
models and codes are available for calculating near-field hydrology.
Chemical conditions in the repository depend on the geochemical evolution of the groundwater reaching the repository
and the interactions among this groundwater, the emplaced waste, the waste package constituents, and the host rock.
These interactions are also affected by the temperature history of the repository and the radiation fields that prevail
there. A number of models and codes (Parkhurst, 1990; INTERA, 1983) are available to estimate chemical conditions and
reactions within the repository. All such models, however, are limited by the processes included and the chemical species
and/or minerals that can be analyzed. The problem is further complicated by the fact that certain minerals will undergo
permanent alteration during the period of high temperature and radiation.
Mechanical conditions in the repository are important, because the mechanical stress on the waste package and
repository excavations can cause failure of these barriers. Mechanical conditions are coupled with thermal and hydrologic
conditions in the repository, and to a lesser degree with chemical and radiological conditions. Depending on the medium,
mechanical stresses will interact with the water pressure induced by the flow of groundwater. Mechanical stresses can be
created by the differential expansion induced by thermal gradients. In addition mechanical properties of rock and other
repository materials may change with varying temperature. NRC contractors have developed a series of rock mechanic
codes for the analysis of the repository (Board, 1989). Alteration of the repository host rock caused by chemical and
radiologic interactions may also change the mechanical properties.

4.13. Waste Package Degradation
As part of a concept of multiple barriers preventing the emplaced waste from reaching the environment, a package
containing the waste is included in the repository design. This package is usually a metallic canister. Some concepts for
waste packages also include an annulus of fabricated or natural material (e.g. compressed bentonite) around the canister
for additional protection. Most of the modeling of waste package degradation is focussed on the corrosion of the metallic
canister. The occurrence, nature, and rate of corrosion processes depends greatly on the environmental conditions to
which the canister is exposed and on the properties of the material used to construct the canister. Because these
conditions are variable over the volume of the repository and in time, the dominance of a particular type of corrosion
process cannot usually be determined, a priori. Models for waste package corrosion often consider a number of potential
corrosion processes, estimate cumulative rates of corrosion, and select the process causing penetration of the canister
first. Some of the types of corrosion processes considered include (Ross, 1989):
1.
2.
3.
4.
5.
6.
7.
8.
9.

uniform corrosion
galvanic corrosion
pitting corrosion
crevice corrosion
intergranular corrosion
selective leaching
stress corrosion cracking
dry corrosion
hydrogen damage

The KBS-II1 study (SKBF, 1983) avoided the need to estimate corrosion rates by using a waste package concept that
limited the influx of oxidants by a bentonite backfill; the copper canister life was then estimated by the time required to
oxidize the canister.
Another aspect of waste package degradation that may be important is damage by disruptive events, such as human
intrusion, volcanism, fault movement, and other geologic processes. Little, if any, modeling of waste package response to
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disruptive events has been performed. These forms of waste package degradation are usually not investigated as
extensively as corrosion, since corrosion is associated with the anticipated future state of the repository.

4.1A Waste Form Dissolution
Models for the dissolution of waste into groundwater are complicated by the complexity of the repository environment
and of the waste form itself. Spent fuel is a complex waste form, with several compartments containing differing
inventories of radionuclides with different physicochemical properties. Apted (Apted, 1990) had identified five
compartments in spent fuel: (1) surface layers on the cladding (CRUD), (2) the cladding and mounting hardware, (3)the
gap between the cladding and fuel pellets, (4) the intergranular spaces in cracked fuel matrix, and (5) the U0 2 matrix. The
inventories in the clad surface, the gap, and the intergranular spaces dissolve relatively rapidly, the remaining inventories
dissolve more slowly. Glass waste forms, produced to immobilize fission products and actinides, are simpler, because
uniform distribution of radionuclides within the glass melt is a goal of the production process. Nevertheless, the presence
of such a large number of constituents in the glass complicates estimation of the dissolution process.
For both spent fuel and glass waste forms considerable success in the calculation of dissolution has been achieved by
assuming that the dissolution reaction is limited by the solubility of radionuclides and the rate at which mass is transferred
from the waste to the geosphere by a concentration at the solubility limit (Pigford, 1990). Although use of such models
have provided a modicum of success, concerns remain that the actual chemistry nearby the waste may involve more
complex chemical reactions involving reprecipitation of certain minerals containing radionuclides and potential reactions
with minerals in the host rock or dissolved in the groundwater.
There is the potential for release from the waste of some radionuclides in the gas phase. Radon is part of an actinide
radioactive decay chain and krypton is a fission product. Carbon-14 may be formed by activation of impurities in the
cladding and fuel matrix. Radioisotopes of iodine may be released at higher repository temperatures, especially from the
gap. Some modeling of source term releases in the gas phase and transport through the geosphere has been done, but less
extensively than for liquid phase releases (Codell, 1992).

4.1.5 Mass Transport From the Repository
Once the waste is dissolved in groundwater it is available for migration from the repository into the host rock, where
transport through the geosphere may occur. The mechanism of mass transport from the repository depends on a number
of factors, including nature of the waste form, the hydrologic regime, and the design of the waste package and the
repository. The NRC (NRC, 1992; Codell, 1991) has presumed that the flux of radionuclides is equal to a flux of
groundwater contaminated to the solubility limit of U0 2 or to solubiity limit of a particular radionuclide, if it is less than
that of U0 2 . Pigford and others (Pigford, 1990) have modeled mass transfer as a purely diffusive process and as a case of
advection and dispersion.

4.1.6 Source Term Codes
Several organizations have developed integrated models and codes encompassing the important phenomena affecting
performance of the source term. AECL (Canada) has developed the VAULT model for the source term as part of the
SYVAC sequence of codes (Garisto, 1989; Dormuth, 1981). DOE has developed the ARESTcode (Apted, 1989). NRC is
developing EBSPAC as an integrated source term code. A typical architecture for linking various aspects of modeling the
source term is shown in Figure 6.

4.2 Far Field (Geosphere Transport)
Transport of radionuclides in the geosphere can be considered to begin where transport of radionuclides in the near-field
ends. The location where the more complex, coupled modeling of the near-field becomes unnecessary is expected to be
tens to hundreds of meters from the boundary of the repository. Models for geosphere transport are concerned with the
region from the end of the source term to the accessible environment (5 km) or beyond (tens of kmi). Transport over these
relatively long distances involves advection by the groundwater and dispersion, caused by molecular diffusion and
hydrodynamic dispersion. Because groundwater velocity enters the transport equation as an independent variable,
estimation of the groundwater velocity field is a customary first step in modeling geosphere transport of radionuclides.
9
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Figure 6. Model Hierarchy for Issue 1.4 (containment by waste package)

4.2.1 Flow Estimation
Darcy's law, the fundamental principle for flow of groundwater in soil and rock, relates average fluid velocity to the
hydraulic head and the hydraulic conductivity of the geologic medium. For a partially saturated geologic medium the
hydraulic head may be negative due to surface tension; furthermore, the relationship between average velocity and
gradient of pressure head is complicated by a hydraulic conductivity which depends on the degree of saturation of the
medium (or alternatively the pressure head) (Freeze, 1979). A wide variety of models and codes are available for
estimating flow of groundwater. Some of the codes developed for and/or in use by the NRC staff include: SWIFT,
estimates flow in a porous medium (as well as contaminant transport and heat transfer) (Reeves, 1981); NWFT/DVM,
uses a network of 'pipes" to estimate flow (also calculates transport over a one-dimensional path) (Campbell, 1981);
NEFTRAN, an improved version of NWFTIDVM has the capability to treat transport through legs representing
fractured rock (Longsine, 1987); SWIFT II, an improved version of SWIFT, allows treatment of flow and transport in
units representing fractured rock (Reeves, 1986); USGS-3D, models flow in a porous medium in three dimensions
(Posson, 1980); TOUGH, estimates flow and heat transfer in a partially saturated geologic medium (Preuss, 1987);
DCM3D is a dual continuum three dimensional groundwater flow code for unsaturated, fractured, porous media
(Updegraff, 1991); NEFrRAN-II, is an improved version of the NEFIRAN code that permits treatment of transport in
an unsaturated medium.

4.2.2 Transport Estimation
Transport of radionuclides in a geologic medium is generally modeled by considering the processes of advection
(convection), dispersion (by molecular diffusion and hydrodynamical dispersion), linear sorption, and radioactive decay
and production (Harada, 1980; Pigford, 1980). More precise treatment of chemical reactions experienced by
radionuclides in groundwater flows is within the capability of a few computer codes, but these are generally too complex
and slow running to execute within a performance assessment. In addition to the computer codes mentioned in Section
4.2.1 that are used for both flow and transport calculations (such as the NEFTRAN codes), many other computer codes
are available for this purpose (SKI, 1984).

4.23 Geostatistical Methods
An important feature of the application of flow and transport modeling to the performance assessment of a geologic
repository is the use of certain statistical methods to estimate uncertainties resulting from the heterogeneity of the
geologic medium. The variation of the physical properties of geologic media are treated by a variety of statistical
techniques, such as Kriging and conditional simulation (de Marsily, 1986), that optimize the use of field data, while
representing the inherent variability of the system. To represent the uncertainty in the estimates of performance for a
repository, a routine approach is to use replicate samples obtained from statistical distributions of input variables to
provide a distribution of system performance (Pepping, 1983; Cranwell, 1987; Bonano, 1989; Gallegos, 1991).

4.3 Biosphere Transport
Once radionuclides are released to the biosphere via groundwater flow, gas flow, exhumation, volcanic ejection, or other
pathways, their fate can be modeled. Compartment models that estimate transfer from different environmental
compartments such as soil, air, sediments, and water bodies are used to track the fate of radionuclides in time. The
PATH1 (Helton, 1981) and DITTY (Napier, 1986) computer codes are available to the NRC for this purpose.

4.4 Dose to Man
Dose to man computer codes are used to estimate doses and the concomitant health effects resulting from the inhalation
or ingestion of radionuclides or exposure to ionizing radiation from radionuclides disseminated in the environment. The
DBE code (Runkle, 1982) is available to the NRC for this purpose.

5. PERFORMANCE ESTIMATION
As explained in Section 1.3, the EPA standard places limits on (1) cumulative release to the environment over 10,000
years (the containment standard), (2) doses to individuals at 1000 years, and (3) contamination of groundwater at 1000
years. Provisions (2) and (3) are for undisturbed repository conditions. Estimates of performance related to these
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provisions is relatively straightforward. Contamination of groundwater and doses to a maximally exposed individual, if
any, would be calculated based on estimates of releases to the environment from the undisturbed operation of the
repository. This would be equivalent to running sequences of the appropriate consequence codes for a scenario
representing the undisturbed repository or "base case." Because the consequences of the repository, even in the
undisturbed case, depend on parameters which are uncertain, the performance measures, viz. individual dose and
concentration of radionuclides in groundwater, are uncertain. In general they will be represented by statistical
distributions.
Because of the probabilistic nature of the EPA containment standard and because of the large uncertainties in repository
performance, the containment performance of the repository is described probabilistically. The performance measure
for the containment provision of the EPA standard is cumulative release of radionuclide to the accessible environment.
Release are cumulated over 10,000 years and over all release pathways. Releases are normalized and summed over all
radionuclides. For the containment provision of the EPA standard, two sources of uncertainty contribute to the
probabilistic description of performance: (1)uncertainty in future states of nature, in which the repository operates, and
(2) uncertainty in the parameters describing the release of radionuclides from the repository to the accessible
environment.
The estimation of the performance measure for the containment standard proceeds as follows:
1. One of the scenarios, L of the set of scenarios to be analyzed, is selected in sequence.
2. Several sets of values for parameters, ie. parametric vectors, are selected randomly. Stratified sampling methods,
such as Latin Hypersquare Sampling (Iman, 1984), may more efficiently sample the full range of values for all the
parameters sampled.
3. For each parametric vector, j, the release of each radionuclide, m, is calculated for each release pathway, k, that is
appropriate for the scenario, i. Each release pathway, such as migration in groundwater, movement as a gas to the
ground surface, or direct release by exhumation, may require separate consequence calculations. Cumulative
releases are calculated for 10,000 years.
4. The radionuclide release is normalized by the EPA release limits, taken from 40 CFR Part 191, Appendix A, Table 1
(EPA, 1985). These limits are given in curies released per 1,000 Metric Tons of Heavy Metal (M1HM); the limits
must be adjusted by the appropriate multiplicative factor to reflect the initial inventory of the repository analyzed.
5. The normalized releases are summed over all radionuclides, m, and all pathways, k, to form the "EPA ratio," Rij, for
each scenario, i and parametric vector, j.
6. For random or stratified sampling each parametric vector isequiprobable. Thus the probability of each vector is 1/N,
where N is the number of vectors. The complementary cumulative distribution function (CCDF) for radionuclide
releases is obtained by arranging the equiprobable releases in descending order and cumulating their probabilities for
releases of increasing magnitude. The resulting CCDF is conditional for the scenario, i.
7. The conditional CCDF's are combined into a single CCDF representing the repository performance. The
probabilities of release for each conditional CCDF are multiplied by the probability of the scenario, i obtained from
the scenario analysis. A composite CCDF is obtained by summing the modified probabilities for the various values of
release.

6. SENSITIVITY AND UNCERTAINTY ANALYSIS
Sensitivity and uncertainty analyses are usually performed as part of the performance assessment; these analyses provide
invaluable insights into the meaning of the results. These analysis methods are usually applied to the results of a single
scenario or consequence model. Consider a dependent function, y, which might be a performance measure such as the
EPA ratio or an intermediate result such as release rate of a radionuclide from the repository. Suppose this function
depends on several parameters, xi (these are the same parameters that are components of the parametric vector discussed
in Section 5); then:
y = f(xJ)
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The normalized sensitivity coefficients are usually defined as:
Si = (dy/dxi) (x1/y)

where the d's represent partial differentiation. Thus the sensitivity coefficients, Si, represent the variation in output, dy,
about the value y,for a variation in a given input variable, dxi, about the value xi. Determining the sensitivity of results to
various input parameters reveals which parameters are most important to the calculation and, therefore, which
parameters must be known more accurately. The identification of the important input parameters can also provide a
means for checking the results of the model against measured or intuitive behavior, thereby forming a basis for model
evaluation.
Sensitivity methods are limited, because the sensitivity coefficients are defined locally. The sensitivity can change
markedly when the point, xi, at which the sensitivity is calculated is changed. Differential methods for estimating
sensitivity coefficients, such as the adjoint method (Horwedel, 1988; Harper, 1983), analytically determine the required
partial derivatives at the point of interest. A method developed for the NRC performance assessment methodology,
stepwise regression, fits the dependent variable, y,to a linear function of the input variables, the xi, in a stepwise, iterative
fashion Oman, 1980). The regression coefficients measure the sensitivity of the dependent variable to variations in the
input variable. Because the uncertainties are very large in these performance assessments, with both dependent and
independent variables changing by several orders of magnitude, some analysts perform the regression analyses on the
ranks of the variables, rather than the variables directly.
Uncertainty analysis attempts to relate the uncertainty in a dependent variable to the uncertainty in an independent
variable. An uncertainty coefficient can be defined, in a manner parallel to the sensitivity coefficient, as the ratio of
uncertainty or variability in the dependent variable caused by an independent variable to the variability in the
independent variable. Even if the sensitivity coefficient of an independent variable is not large, the variability in the
dependent variable can be large, if the variability or uncertainty in the independent variable is great.
Other types of sensitivity and uncertainty analysis include various types of factor analysis. For example, the importance of
various physical processes on radionuclide transport models has been studied by choosing limiting values for certain
model parameters that selectively eliminate the effect of the process on the model (SKI, 1986). Another type of factor
analysis especially applicable to the EPA ratio performance measure isto determine what fraction of the ratio isdue to a
particular radionuclide; this can be determined for a single value of the ratio or for the average of the ratio for a given
scenario (NRC, 1992, Section 9.5). Another type of factor analysis is performed by aggregating EPA ratio values
according to the range of values for a key parameter used to generate the values (or a parameter derived from the same
input parameter vectors); CCDF's are then derived for the subsets of EPA ratio values thus aggregated. Comparison of
these CCDF's reveals the influence of restricting various parameters to specific ranges (NRC, 1992).

7. COMPARISON WITH REGULATORY STANDARDS
Once a CCDF of normalized radionuclide releases has been generated, that estimated curve describing repository
performance can be compared to the regulatory limits described in Section 13. The CCDF is usually plotted as log-log
graph with cumulative probability as the ordinate and normalized radionuclide release as the abscissa. The two regulatory
limits which are not to be exceeded are: (1)R - 1and probability= -0.1 and (2)R =10 and probability - 0.001. An example
of a CCDF and the regulatory limit points is shown in Figure 7. Although the EPA containment standard is stated
quantitatively, an evaluation of compliance must recognize the large uncertainties inherent in estimating repository
performance. Although uncertainty in future states of nature and uncertainty in input parameters are represented
explicitly and quantitatively in the CCDF through scenario analysis and parametric vector sampling respectively,
uncertainties in the conceptual and physicochemical modeling are not explicitly represented. Modeling uncertainty
should be factored into the evaluation of compliance, as should .the implications of the sensitivity and uncertainty
analyses. For example, an analysis based on very conservative, i.e. pessimistic, ranges of parameters, models, and
estimates of scenario probabilities, might be considered to be in compliance with the standard, even if the estimated
CCDF slightly exceeds the regulatory limit points.
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Figure 7.

Composite CCDF curve for the scenario classes considered in Phase 1 of the Iterative Performance
Assessment. Results based on 598 vendors, yielding 1196 values, 1094 after duplication. This graph
presents results from an initial demonstration of staff capability to conduct a performance assessment.
The graph, like the demonstration, is limited by the use of many simplifying assumptions and sparse
data.

8. CURRENT ISSUES IN PERFORMANCE ASSESSMENT
A considerable body of knowledge, modeling tools, and analytic methods have been accumulated for the performance
assessment of a high-level waste repository (OECDINEA 1990). Despite this considerable success, a number of areas for
further work remain. Among some of the more important current issues are:
*

The flow of water in deep, partially saturated, fractured formations is an area of current research. Important
questions include the coupling between flow in fractures and flow in the rock matrix, the influence of air and
water-vapor flow, and the treatment of the variability of hydrologic properties.
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*

Transport of radionuclides in deep, partially saturated, fractured formation is also under study. Important questions
include matrix diffusion (coupling of transport in the fractures to the rock matrix), and the use of distribution
coefficients to model sorption of radionuclides.

*

Modeling repository behavior over long time periods involves a number of difficult issues including: modeling waste
package degradation for long time periods in a partially saturated, oxidizing environment, modeling migration of
radionuclides near the repository during the period when the repository temperature is significantly elevated by
decay heat, modeling the dissolution in groundwater of complex waste forms such as spent fuel and borosilicate glass.

*

Improvements in the rigor of the scenario analysis is desirable, including scenario identification, screening, and
probability estimation.

*

Improved approaches to the validation of the models used to estimate consequences are needed. Conventional
model validation compares model predictions to experimental results, for the range of parametric variation of
intended use. Since performance assessment models are used to estimate performance for very large time periods
and large distances, direct experimental comparison is ruled out.

*

Like other systematic safety analysis methods, such as probabilistic risk analysis, performance assessment shares the
concern of determining how expert judgment, and especially modern methods of expert elicitation, are to be used for
applications in a regulatory context.
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APPENDIX I

SUPPLEMENTAL DISCUSSION OF
METHODS FOR EVENT FREQUENCY AND RISK ANALYSES

U.S. Nuclear Regulatory Commission

Nuclear Reactor Accident Frequency and Risk Analysis Methods'
1. INTRODUCTION
The assessment of severe (core meltdown) accident risks can be divided into three general parts (Figure 1): frequency of
radioactive release; consequences, given the radioactive release; and risk (the product of the first two parts). In nuclear
reactor risk analyses, the first part typically consists of two steps: frequency of reactor core meltdown, estimated by
combining the frequencies of various initiating events with the failure probabilities of systems designed to control and
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cool the reactor core; and the conditional probability of surrounding containment building structural failure (considering
the physical progression of the core meltdown, resulting pressure and temperature loadings on the containment
structure, and the subsequent structural response). The second part (consequences) also typically consists of two steps:
release and transport of radioactive material within the plant (i.e., the reactor and surrounding containment buildings),
and subsequent releases to the environment given building structural failures; and offsite dispersal of radioactive
material, exposures to surrounding populations. and resulting health effects. These three parts-frequency,
consequences, and risk-are described in Sections 2, 3, and 6, respectively.
Because the frequencies and consequences of core meltdown accidents are poorly understood, the following methods
descriptions include discussions of methods for estimating and combining uncertainties. In the NRC risk studies
summarized here, probability distributions have been developed for many key parameters in the risk analysis in place of
single best estimates. The methods for obtaining probability distributions for uncertain parameters (through, for the most
part, the use of expert judgment) and the methods by which the probability distributions for individual parameters are
propagated through the risk analyses are described in Section 4. Methods for obtaining the needed expert judgments are
discussed in Section 5.

2. RADIOACTIVE RELEASE FREQUENCY ESTIMATION
As discussed above, the estimation of the frequencies of accidental radioactive releases from nuclear power plants can be
divided into two sfeps: the estimation of the frequency of a core meltdown accident; and the conditional probability of
containment building structural failure, given a core meltdown. The following sections discuss the methods used and
products obtained (in the NUREG-1150 study) for these two steps.

2.1 Core Meltdown Frequency Estimation
The accident frequency estimation methods used in NUREG-1150 considered accidents initiated by events occurring
during the normal power generation of a nuclear power plant (internal events) and those initiated by events occurring
away from the plant site (external events). The discussion below summarizes accident frequency estimation methods first
for internally initiated accidents, followed by those for externally initiated accidents.
Internal-EventAMethods
Internal event methods for core meltdown accident frequency estimation involve the assessment of combinations of
potential accident initiating events and system failures that could result in core damage and the associated calculation of
occurrence frequencies. In summary, the basic steps in this analysis are:
*

Plant Familiarization: In this step, information is assembled from plant documentation using such sources as
regulatory submittals (e.g., the Final Safety Analysis Report, technical specifications), piping and instrumentation
diagrams, operating procedures, and maintenance records, as well as a plant site visit to inspect the facility, gather
further data, and clarify information with plant personnel. Regular contact is maintained with the plant personnel
throughout the study to ensure that current information is used.

*

Accident Sequence Initiating Event Analysis: Information is assembled on the types of accident initiating events of
potential interest for the specific plant. The initiating events identified include those that could result from support
system failures, such as electric power or cooling water faults. Frequencies of initiating events are then assessed. (In
some cases, the assessed frequencies of certain events were very low; such events were not carried forward into the
remaining analysis.) Following this, the safety functions required to prevent core damage for the individual initiating
events are identified, along with specific plant systems required to perform those safety functions, the systems'
success criteria (e.g., how much water flow is required from a pumping system), and related operating procedures.
The initiating events are then grouped based upon the similarity of response needed from the various plant systems.

*

Accident Sequence Event Tree Analysis: Using information from the previous step, system event trees that display
the combinations of plant system failures that can result in core damage are constructed for each initiating event
group. An individual path through such an event tree (an accident sequence) identifies specific combinations of
system successes and failures leading to (or avoiding) core damage. As such, the event tree qualitatively identifies
what systems must fail in a plant in order to cause core damage (the associated system failure probabilities are
obtained in following steps).
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*

Systems Analysis: In order to estimate the frequencies of accident sequences, the failure probability of each system
must be obtained. The important contributors to failure of each system are defined using fault tree analysis methods.
Such methods allow the analyst to identify the ways in which system failure may occur, assign failure probabilities to
individual plant components (e.g., pumps or valves) and human actions related to the system's operation, and
combine the failure probabilities of individual components into an overall system failure probability. The level of
detail was determined by the system's relative importance to core damage frequency, based on screening assessments
and perspectives from other studies and risk assessments of nuclear power plants.

*

Dependent and Subtle Failure Analysis: In addition to the combining of individual component failures, plant systems
can fail as a result of the failure of multiple components due to a common cause. Such dependent failures may be
separated into two types. First, there are direct functional dependencies that can lead to failure of multiple
components (e.g., lack of electric power from emergency diesel generators causing failure of emergency core cooling
systems). Such dependencies are incorporated directly into the fault or event trees. Second, there are dependent
failures that have been experienced in plant operations due to less direct causes and often for which no direct causal
relationships have been found. Various methods exist for incorporating such miscellaneous failures into the
qualitification of system fault trees, including a modified Beta factor method [3] used in NUREG-1150. In addition, a
subtle failure checklist was developed and used. This checklist defined subtle failures found in previous risk
assessments of nuclear power plants.

*

Human Reliability Analysis: As noted in previous steps, explicit consideration of human error was included in the
analysis. Errors of two types were incorporated: pre-accident errors, including, for example, failure to properly
return equipment to service after maintenance; and post-accident initiation errors, including failure to properly
diagnose or respond to and recover from accident conditions. In order to assess failure probabilities for such events,
operating procedures for the specific plant under study were obtained and reviewed. In general, the analysis of such
errors was made using methods typical of recent risk assessments of nuclear power plants (i.e., modifications of the
THERP method 14]). An initial screening analysis was performed to focus the analysis to the potentially most
important operator actions (including recovery actions), permitting some savings of effort. More detailed analyses
were performed for certain important and complex sets of human actions.

*

Data Base Analysis: A common data base of equipment and human failure rates and initiating event frequencies was
used in NUREG-1 150, based on operating experience in all commercial nuclear power plants [5]. In addition, the
operating experience of each plant studied for this report was examined for relevant failure data on key systems and
equipment. The generic data base (from all plants) was then replaced with plant specific data (if available) for these
key components in cases where the plant-specific data were significantly different.

*

Accident Sequence Quantification Analysis: In this step, the information from the preceding steps was assembled
into an assessment of the frequencies of individual accident sequences, using the fault trees and event trees to
combine probabilities of individual events.

*

Plant Damage State Analysis: In order to assist the analysis~of the physical processes of core damage accidents (ie.,
the subsequent steps in a risk analysis), it is convenient to group the various combinations of events comprising the
accident sequences into plant damage states. These states are defined by the operability of plant systems and by
certain key physical conditions in an accident. The definition of the plant damage states and the associated
frequencies are the principal products provided to the next step in the risk analysis, i.e., the probabilistic analysis of
accident progression, containment loadings, and structural response.

*

Uncertainty Analysis and Expert Judgment: As noted in Section 1, the risk analyses underlying this report include the
quantitative analysis of uncertainties. This analysis was performed using the Latin hypercube sampling technique [6],
a specialized modification of Monte Carlo simulation techniques often used in the combination of uncertainties. The
elicitation of expert judgments was necessary to develop the probability distributions for some individual parameters
in this uncertainty analysis. For certain key issues in the uncertainty analysis, panels of experts were convened to
discuss and help develop the needed probability distributions. The methods used for developing and combining
probability distributions, and the use of expert judgment to develop such distributions, are discussed in Sections 4 and
5, respectively.

ExternalEvent Methods
The analysis of accident risks for two NUREG-i150 plants included the consideration of accidents initiated by external
events (e.g., earthquakes, floods, fires). The methods used for estimating the frequency of core meltdown due to such
initiators are summarized below.
3
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*

EWanalEva Methods: Seismc Analysis

The seismic analysis methods performed for NUREG-1 150 consisted of seven steps. Briefly, these were:
-

Determination of Site Earthquake Hazard: The seismic analyses in NUREG-1150 made use of two data sources
on the frequency of earthquakes of various intensities at the specific plant sites studied (the seismic hazard curve
for that site): the Eastern United States Seismic Hazard Characterization Program, funded by the NRC at
Lawrence Livermore National Laboratory (LANL) [71; and the Seismic Hazard Methodology for the Central and
Eastern United States Program, sponsored by the Electric Power Research Institute (EPRI) [8]. In both the
LLNL and EPRI programs, seismic hazard curves were developed for all U.S. commercial power plant sites east
of the Rocky Mountains using expert panels to interpret available data. The NRC staff presently considers both
program results to be equally valid [9] (but continues to work to resolve the differences between the programs).
For this reason, two sets of seismic results were provided in NUREG-1150.

-

Identification of Accident Sequences: In NUREG-1150, the event trees developed in the internal event analyses
(described above) were also used to define seismically initiated accident sequences.

-

Determination of Failure Modes: In NUREG-1150, the internal event fault trees (described above) were used in
the seismic analysis, with some modification, to specify the failure modes of components, combinations of which
resulted in plant system failures.

-

Determination of Fragilities: Component seismic fragilities (a measure of the ability of a component to withstand
a spectrum of seismically induced accelerations) were obtained both from a generic fragility data base and from
plant-specific fragilities estimated for components identified during a plant visit.
The generic data base of fragility functions for seismically induced failures was originally developed as part of the
NRC's Seismic Safety Margins Research Program [10]. In that program, fragility functions for generic
component categories were developed based on a combination of experimental data, design analysis reports, and
an extensive survey of expert judgments, providing probability distributions of fragilities.
Detailed fragility analyses were performed for all important structures at the studied plants. In addition, an
analysis of liquefaction for the underlying soils was performed.

-

Determination of Seismic Responses: Building and component seismic peak ground acceleration responses were
computed using dynamic building models and time history analysis methods.

-

Computation of Core Damage Frequency Given the input from the five steps above, the frequencies of accident
sequences, plant damage states, and core damage were calculated in a manner like that described above for the
internal event accident frequency analysis.

-

Estimation of Uncertainty: The frequency distributions of individual parameters in the seismic analysis, as
developed in the previous steps, were combined to yield frequency distributions of accident sequences, plant
damage states, and total core damage. This process was performed using Monte Carlo techniques.

* E mal Event Methods: FireAnalysis*
There were four principal steps in the fire accident frequency analysis methodsused in NUREG-1150. Briefly, these
were:
-

Initial Plant Visit: For purposes of the internal event and seismic analyses, the general location of cables and
components of the principal plant systems had previously been developed. A plant visit was then made to permit
the analysis staff to see the physical arrangements in each of these areas. As part of this, a thorough review of
firefighting procedures was conducted.

-

Screening of Potential Fire Locations: It was necessary to select fire locations within the power plant under study
that had the greatest potential for producing accident sequences of high frequency or risk. The selection of fire
locations was performed using a screening analysis, which identified potentially important fire zones and

'Hltorically accidents initiated by fires and floods during normal operation have been included in the category of external events. This tradition is
continued in this report.
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prioritized these zones based on the frequencies of fire induced initiating events in the zone and the probabilities
of subsequent failures of important equipment.
-

Accident Sequence Quantification: After the screening analysis had eliminated all but the probabilistically
significant fire zones, detailed quantification of dominant accident sequences was completed as follows:
-

Determination of the temperature response in each fire zone;

-

Computation of component fire fragilities;

-

Assessment of the probability of barrier failure for the remaining combinations of fire zones; and

-

-

Performance of operator recovery analyses (like those described above for internal-event analyses).

Uncertainty Analysis: This quantification was performed using Monte Carlo techniques like those discussed
above for the internal event analysis. Probability distributions for needed data were developed by the analysis
staff using operating experience and experimental results. No expert panels were directly used to support the
development of these probability distributions.

Eternal-Event Methods: Other InitiatingEvents

In addition to the seismic and fire external-event analyses, bounding analyses were performed for other external events
that were judged to potentially contribute to the estimated plant risk. Those events that were considered included
extreme winds and tornadoes, missiles resulting from failures of the plant's turbine generator, internal and external
flooding, and aircraft impacts.
Conservative probabilistic models were initially used in these bounding analyses. If the mean initiating event frequency
resulting from such an analysis was estimated to be low (e.g., less than 1E-6 per year), the external event was eliminated
from further consideration. Using this logic, the bounding analyses identified those external events in need of more study.
Products of Core Melt FrequencyAnalysis

The core melt frequency analyses performed in NUREG-1150 were displayed in a variety of ways. The specific products
shown in the report were:
*

The total core melt frequency from internal events and, where estimated, for external events, in the form of
frequency distributions.
For those plants in which both internal and external events were analyzed, the core melt frequency results are
provided separately for internal, seismic, and fire accident initiators.

*

The estimated frequencies of particular types of accidents, such as:
-

Loss of all ac electric power (station blackout)

-

Transient events with failure of the reactor shutdown system

In addition to these quantitative displays, the results of the core meltdown frequency analyses also were discussed in
NUREG-1150 with respect to the qualitative perspectives obtained, such as:
*

Important Plant Characteristics: The discussion of important plant characteristics focused on general system design
and operational aspects of the plant. Perspectives were thus provided on, for example, the importance of the design
and operation of the emergency ac power supply system, or a plant's diversity of means for providing emergency
cooling to the reactor core.

*

Measures of Importance of Individual Events: One typical product of a nuclear power plant risk assessment isa set of
"importance measures." Such measures are used to assess the relative importance of individual items (such as the
failure rates of individual plant components or the uncertainties in such failure rates) to the total core meltdown
frequency. While a variety of measures exist, two were discussed (qualitatively) in NUREG-1150. The first measure
5
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showed the effect of significant reductions in the frequencies of individual plant component failures or plant events
(e.g., loss of offsite power, specific human errors) on the total core meltdown frequency. In effect, this measure shows
how to most effectively reduce core melt frequency by reducing the frequencies of these individual events. The
second importance measure discussed in NUREG-1150 indicated the relative contribution of key uncertainty
distributions to the uncertainty in total core damage frequency. In effect, this measure showed how most effectively
to reduce the uncertainty in core melt frequency by reductions in the uncertainty in individual events.

2.2 Conditional Probability of Containment Building Structural Failure
Methods

The second step of the frequency analysis shown in Figure 1 is centered about the analysis of the progression of the
accident after the core has begun to degrade, with the product of the analysis being a conditional probability of
containment building structural failure. For each general type of accident, defined by the plant damage states, the
analysis considers the important characteristics of the core melting process, the challenges to the containment building,
and the response of the building to those challenges. Event trees were used to organize and quantify the large amounts of
information used in this analysis. The event trees combined information from many sources, e.g., detailed computer
accident simulations and panels of experts providing interpretations of available data. In summary, the principal steps of
this analysis were:
*

Development of Accident Progression Event Trees: Accident progression event trees were used in NUREG-1 150 to
identify, sequentially order, and probabilistically quantify the important events in the progression of a severe
accident. The development of an accident progression event tree consisted of identifying potentially important
parameters to the accident progression and associated containment building structural response, determining
possible values of each parameter (including dependencies on outcomes of previous parameters in the event tree),
ordering the events chronologically, and defining the information needed to determine each parameter. The
information base used consisted of accident and experimental data and calculational results from accident simulation
computer codes, analyses of containment building structures, etc.

*

Probabilistic Quantification of Event Trees: Using the event tree structure and information base developed in the
previous step, probability distributions for the most uncertain parameters in the accident progression event tree were
generated in this step. This assignment of values was subjective, based on the interpretation of the data base by the
risk analyst. For instance, the applicable data base was sometimes conflicting. The choice of which data to emphasize
and use was a matter of each analyst's judgment, based on personal experience and familiarity.

*

Grouping of Event Tree Outcomes: Accident progression event trees such as those constructed for NUREG-1150
produced a large set of alternative outcomes of a severe accident. These outcomes were grouped into a smaller set of
"accident progression bins." For NUREG-1150, bins were defined principally according to the timing of
containment building failure.

As noted above, the accident progression event trees developed for NUREG-1 150 made extensive use of the available
severe accident experimental and calculational data bases. To support the analysis of certain key issues in the accident
progression analysis, expert panels were convened. These panels considered the wide range of information available from
experiments and computer calculations. Using expert elicitation methods summarized in Section 5, probability
distributions were developed based on the experts' interpretations of these issues.
Productsof ContainmentBuilding CondtWonal FailureProbabiliy Analysis

The qualitative product of this is a set of accident progression bins. Each bin consists of a group of postulated accidents
(with associated probabilities for each plant damage state) that had similar outcomes with respect to the subsequent
portion of the risk analysis, analysis of consequences. Quantitatively, the product consisted of a matrix of conditional
probabilities, with the rows and columns defined by the sets of plant damage states and accident progression bins,
respectively. The matrix defined the probabilities that an accident would have an outcome characteristic of a given
accident progression bin if the accident began as one having the characteristic of a given plant damage state. Products of
this analysis can be shown in a number of ways, including:
*

The conditional probability distribution of containment building structural failure, given a core meltdown; and
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*

The absolute frequency distribution of a particular form of building structural failure.

3. CONSEQUENCE ESTIMATION
As discussed in Section 1, consequence estimation in nuclear power plant accident risk assessments is performed in two
steps: analysis of radioactive material transport within the plant; and offsite dispersion and health effect analysis. These
two steps are discussed in the following sections.

3.1 Analysis of In-Plant Radioactive Material Transport
In-PlantRadioactive Material Transpoft Methods
The radioactive material transport analysis tracked the transport of the radioactive materials from the reactor fuel to the
surrounding reactor coolant system, then to the containment and other buildings, and finally into the environment. The
removal and retention of radioactive material by natural processes, such as deposition on surfaces, and by engineered
systems, such as sprays, were accounted for in each location.
Briefly, the principal steps in this analysis, as performed for the NRC's NUREG-1150 study, included:
*

Development of Parametric Models of Material Transport: Because of the complexity and cost of radioactive
material transport calculations performed with detailed accident simulation codes, the number of accidents that
could be investigated with these codes was rather limited. Further, no one detailed code available for the analyses
contained models of all physical processes considered important to the risk analyses. Therefore, radioactive release
magnitudes (source terms) for the variety of accidents of interest were calculated using simplified algorithms. The
source terms were described as the product of release fractions and transmission factors at successive stages in the
accident progression for a variety of release pathways, a variety of accident progressions, and nine classes of
radionuclides. The release fraction at each stage of the accident and for each pathway was determined using various
information such as predictions of detailed mechanistic codes, experimental data, etc. For the more important
release parameters, probability distributions were developed by a panel of experts. Release terms were divided into
two time periods, an early release and a delayed release, because the timing of release was important for the
prediction of certain health effects.

*

Detailed Analysis of Radioactive Material Transport for Selected Accident Progression Bins: Once the simplified
algorithm was defined, it was necessary to insert parameters analogous to the quantification of the accident
progression event tree in the previous part of the analysis. Data on the more important parameters were constructed
in the form of probability distributions, based on calculational and experimental data.

*

Grouping of Radioactive Releases: For the NUREG-1150 risk assessments, radioactive releases were grouped
according to their potential to cause acute and latent cancer fatalities and time available to warn the population near
the power plant. Through this "partitioning" process, the large number of radioactive releases calculated with the
simplified algorithm were collected into a small set source term of groups. This set of source term groups was then
used in the offsite consequence calculations discussed below.

Productsof In-Plant Radioactive Material TransportAnalysis
The product of this part of the risk analysis is the estimate of the radioactive release magnitude, with associated energy
content, time, elevation, and duration of release, for each of the specified groups developed in the partitioning process
described above. The radioactive release estimates generated in this step of the risk assessment can be displayed in a
variety of ways, including, for example, the frequency distribution of releases of important radioactive species.

3.2 Offsite Consequence Analysis
Offise Consequence Anaysis Methods
The severe accident radioactive releases described in the preceding section were of concern because of their potential for
impacts on the surrounding environment and population. The impacts of such releases to the atmosphere can manifest
themselves in a variety of acute and delayed health effects, loss of habitability of areas dose to the plant site, and
7
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economic losses. The second step of the consequence analysis part shown in Figure 1 represents the estimation of these
offsite consequences, given the radioactive releases generated in the previous step.
There were five principal steps in the offsite consequence analysis. Briefly, these were:
*

Assessment of Pre-accident Inventories of Radioactive Material: An assessment was made of the pre-accident
inventories of each radioactive species in the reactor fuel, using information on the power rating and refueling cycles
for the plants studied. For risk assessment purposes, the wide variety of radioactive species in the reactor core were
collected into groups based on similarity of chemical behavior.

*

Analysis of Transport and Dispersion of Radioactive Material: The transport and dispersion of radioactive material
to offsite areas was typically modeled in two parts: the initial development of a plume in the wake of plant buildings
and the subsequent downwind transport, which typically used a straight line Gaussian plume model. The effect of the
initial sensible energy content of the plume was included in these models so that under some conditions plume liftoff
could occur, elevating the contained radioactive material into the atmosphere. In risk assessments, the dispersion
models used also typically account for the variability of transport and deposition with weather conditions.
Meteorological data for each specific power plant site were used. For each of a set of representative weather
conditions, a dispersion pattern of the plume was calculated. Deposition of radioactive material from the plume onto
the ground (or water bodies) beneath the plume occured at some rate, based on experimentally derived deposition
rates for dry and rain conditions.

*

Analysis of the Radiation Doses: Using the dispersion and deposition patterns developed in the previous step and a
set of dose conversion factors (which relate a concentration of a radioactive species to a dose to a given body organ),
calculations were made of the doses received by the exposed populations via direct (cloudshine, inhalation,
groundshine) and indirect (ingestion, resuspension of radioactive material from the ground into the air) pathways.
Site specific population data were used in these calculations. The doses were calculated on a body organ by organ
basis and combined into overall health effect estimates in a later step.

*

Analysis of Dose Mitigation by Emergency Response Actions: Consideration was given to the mitigating effects of
emergency response actions taken immediately after the accident and in the longer term. Effects included evacuation
(and that some fraction of the population might not evacuate), sheltering, and relocation of people, interdiction of
milk and crops, and decontamination, temporary interdiction, and/or condemnation of land and buildings. Action
levels for evacuation, relocation, and crop and land interdiction were based on NRC, FEMA, EPA, and FDA
guidelines.

*

Calculation of Health Effects: Given the radioactive release and other information developed in the previous steps, a
spectrum of offsite health effect magnitudes were calculated, including, for example:
-

The number of early fatalities and early injuries expected to occur within 1 year of the accident and the latent
cancer fatalities expected to occur over the lifetime of the exposed individuals

-

The total population dose received by the people living within specific distances (e.g., 50 miles) of the plant

-

Other specified measures of offsite health effect consequences (e.g., the number of early fatalities in the
population living within 1 mile of the reactor site boundary)

The health effects calculated in this analysis were based on models developed for NRC [11]. This work in turn used the
work of the BEIR m report [12] for its models of latent cancer effects.
Products of Offs7ie ConsequenceAnalysis

The product of this step of the risk assessment process was a set of offsite consequence measures (for each source term
group and in combination). For NUREG-1150, the specific consequence measures discussed include early fatalities,
latent cancer fatalities, total population dose (within 50 miles and entire site region), and two measures for comparison
with NRC's safety goals (average individual early fatality probability within 1 mile and average individual latent cancer
fatality probability within 10 miles of the site boundary) [13].
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4. UNCERTAINTY ANALYSIS
As stated in Section 1, an important characteristic of the probabilistic risk assessments conducted for the NRC's
NUREG-1150 study was that they explicitly included an estimation of the uncertainties in the calculations of core
damage frequency and risk that exist because of incomplete understanding of reactor systems and severe accident
phenomena.
There were four steps in the performance of uncertainty analyses. Briefly, these were:
*

Scope of Uncertainty Analyses: Important sources of uncertainty exist in all stages of the risk analysis shown in Figure
1. In risk assessments of complex facilities, the total number of parameters, that could be varied to produce an
estimate of the uncertainty in risk is large. To make the NUREG-1150 risk assessment more practical, only the most
important sources of uncertainty were included. For the NUREG-1150 study, some understanding of which
uncertainties would be most important to risk was obtained from previous risk studies, discussion with experts, and
limited sensitivity analyses. Subjective probability distributions for parameters for which the uncertainties were
estimated to be large and important to risk and for which there were no widely accepted data or analyses were
generated by expert panels. The process for obtaining expert judgments from such panels is described in Section 5.

*

Definition of Specific Uncertainties: In order for uncertainties in accident phenomena to be included in the
probabilistic risk assessments conducted for NUREG-1150, they had to be expressed in terms of uncertainties in the
parameters that were used in the study. Each section of the NUREG-1150 risk analysis was conducted at a slightly
different level of detail. However, each analysis part (except for offsite consequence analysis, which was not included
in the uncertainty analysis) did not calculate the characteristics of the accidents in as much detail as would a detailed
accident simulation computer code. Thus, the uncertain input parameters used in the study were "high level" or
summary parameters. The relationships between fundamental physical parameters and their summary parameters of
the risk analysis parts were not always clear, this lack of understanding leads to what is often referred to as modeling
uncertainties. In addition, the values of some important physical or chemical parameters were not known and led to
uncertainties in the summary parameters. These uncertainties are often referred to as data uncertainties. Both types
of uncertainties were included in the NUREG-1150 study, and no consistent effort was made to differentiate
between the effects of the two types of uncertainties. As noted above, Parameters were chosen to be included in the
uncertainty analysis if the associated uncertainties were estimated to be large and important to risk and for which
there was no undely accepted data.

*

Development of Probability Distributions: Probability distributions for input parameters were developed by a
number of methods. As stated previously, distributions for many key input parameters were determined by panels of
experts. The experts used a large variety of techniques to generate probability distributions, including reliance on
detailed accident simulation code calculations, extrapolation of existing experimental and accident data to postulated
conditions during the accident, and complex logic networks. Probability distributions were obtained from the expert
panels using formalized procedures designed to minimize bias and maximize accuracy and scrutability of the experts'
results. These procedures are described in more detail in Section 5. Probability distributions for some parameters
believed to be of less importance to risk were generated by analysts on the NUREG-1150 study or by
phenomenologists from several different national laboratories using techniques like those employed with the expert
panels. Probability distributions for many of the most important core melt frequency variables were generated using
statistical analyses of plant data or data from other published sources.

*

Combination of Uncertainties: A specialized Monte Carlo method, Latin hypercube sampling, was used to sample
the probability distributions defined for the many input parameters [6]. The sample observations were propagated
through the constituent analyses to produce probability distributions for core damage frequency and risk. Monte
Carlo methods produce results that can be analyzed with a variety of techniques, such as regression analysis. Such
methods easily treat distributions with wide ranges and can incorporate correlations between variables. Latin
hypercube sampling provides for a more efficient sampling technique than straightforward Monte Carlo sampling
while retaining the benefits of Monte Carlo techniques. It has been shown to be an effective technique when
compared to other, more costly, methods [14]. Since many of the probability distributions used in the risk analyses are
subjective distributions, the composite probability distributions for core damage frequency and risk must also be
considered subjective.
9
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5. FORMAL PROCEDURES FOR ELICITATION OF EXPERT JUDGMENT
The risk assessment of severe reactor accidents inherently involves the consideration of parameters for which little or no
experiential data exist. In such a circumstance, expert judgment is needed to supplement and interpret the available data
on these issues. In NUREG- 150, the elicitation of experts on key issues was performed using a formal set of procedures,
discussed in greater detail in Reference 15. The principal steps of this process are shown in Figure 2. Briefly, these steps
were:

Figure 2 Principal steps in NUREG-1150 expert elicitation process
*

Selection of Issues: As stated in Section 4, the total number of uncertain parameters that could be included in the
core damage frequency and risk uncertainty analyses was somewhat limited. The parameters considered were
restricted to those with the largest uncertainties, expected to be the most important to risk, and for which widely
accepted data were not available. In addition, the number of parameters that could be determined by expert panels
was further restricted by time and resource limitations. In NUREG-1 150, an initial list of issues was chosen from the
important uncertain parameters by the plant analyst, based on results from the first draft NUREG-1150 analyses
[16] and other sources. The list was modified by the expert panels to focus on what the experts judged to be the most
significant issues.

*

Selection of Experts: In NUREG-1150, seven panels of experts were assembled to consider the principal issues in
the core melt frequency analyses (two panels), accident progression and containment loading analyses (three panels),
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containment structural response analyses (one panel), and source term analyses (one panel). The experts were
selected on the basis of their recognized expertise in the issue areas, such as demonstrated by their publications in
refereed journals. Representatives from the nuclear industry, the NRC and its contractors, and academia Were
assigned to panels to ensure a balance of "perspectives." Diversity of perspectives has been viewed by some (e.g., [171
and [18] as allowing the problem to be considered from more viewpoints and thus leading to better quality answers.
The size of the panels ranged from 3 to 10 experts.
*

Training in Elicitation Methods: Both the NUREG-1 150 experts and analysis team members received training from
specialists in decision analysis. The team members were trained in elicitation methods so that they would be
proficient and consistent in their elicitations. The experts' training included an introduction to the elicitation and
analysis methods, to the psychological aspects of probability estimation (e.g., the tendency to be overly confident in
the estimation of probabilities) and to probability estimation. The purpose of this training was to better enable the
experts to transform their knowledge and judgments into the form of probability distributions and to avoid particular
psychological biases such as overconfidence. Additionally, the experts were given practice in assigning probabilities
to sample questions with known answers (almanac questions). Studies such as those discussed in Reference 19 have
shown that feedback on outcomes can reduce some of the biases affecting judgmental accuracy.

*

Presentation and Review of Issues: Presentations were made to each panel on the set of issues to be considered, the
definition of each issue, and relevant data on each issue. Other parameters considered by the analysis staff to be of
somewhat lesser importance were also described to the experts. The purposes of these presentations were to permit
the panel to add or drop issues depending on theirjudgments as to their importance; to provide a specific definition of
each issue chosen and the sets of associated boundary conditions imposed by other issue definitions; and to obtain
information from additional data sources known to the experts.
In addition, written descriptions of the issues were provided to the experts by the analysis staff. The descriptions
provided the same information as provided in the presentations, in addition to reference lists of relevant technical
material, relevant plant data, detailed descriptions of the types of accidents of most importance, and the context of
the issue within the overall risk assessment. The written descriptions also included suggestions of how the issues
could be decomposed into their parts using logic trees. The issues were to be decomposed because the decomposition
of problems has been shown to ease the cognitive burden of considering complex problems and to improve the
accuracy of judgments [20].
For the initial meeting, researchers, plant representatives, and interested parties were invited to present their
perspectives on the issues to the experts. Frequently, these presentations took several days.

*

Preparation of Expert Analyses: After the initial meeting at which the issues were presented, the experts were given
time to prepare their analyses of the issues. This time ranged from I to 4 months. The experts were encouraged to use
this time to investigate alternative methods for decomposing the issues, to search for additional sources of
information on the issues, and to conduct calculations. During this period, several panels met to exchange
information and ideas concerning the issues. During some of these meetings, expert panels were briefed by the
project staff on the results from other expert panels in order to provide the most current data.

*

Expert Review and Discussion: After the expert panels had prepared their analyses, a final meeting was held in which
each expert discussed the methods he/she used to analyze the issue. These discussions frequently led to modifications
of the preliminary judgments of individual experts. However, the experts' actual judgments were not discussed in the
meeting because it was recognized that group dynamics can cause people to unconsciously alter their judgments in
the desire to conform [21].

*

Elicitation of Experts: Following the panel discussions, each expert's judgments were elicited. These elicitations were
performed privately, typically with an individual expert, an analysis staff member trained in elicitation techniques,
and an analysis staff member familiar with the technical subject. With few exceptions, the elicitations were done with
one expert at a time so that they could be performed in depth and so that an expert's judgments would not be
adversely influenced by other experts. Initial documentation of the expert's judgments and supporting reasoning
were obtained in these sessions.

*

Composition and Aggregation of Judgments: Following the elicitation, the analysis staff composed probability
distributions for each expert's judgments. The individual judgments were then aggregated to provide a single
composite judgment for each issue. Each expert was weighted equally in the aggregation because this simple method
has been found in many studies [22] to perform the best.
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*

Review by Experts: Each expert's probability distribution and associated documentation developed by the analysis
staff was reviewed by that expert. This review ensured that potential misunderstandings were identified and
corrected and that the issue documentation properly reflected the judgments of the expert.

6. RISK INTEGRATION
Risk IntegrationMethods
The third part of the risk analysis process shown in Figure 1 is the integration of the other analysis products into the
overall estimate of plant risk. Risk for a given consequence measure is the sum over all postulated accidents of the
product of the frequency and consequence of the accident. This part of the analysis consisted of both the combination of
the results of the constituent analyses and the subsequent assessment of the relative contributions of different types of
accidents (as defined by the plant damage states, accident progression bins, or source term groups) to the total risk.
Productsof Risk Integration
The risk analyses performed in NUREG-1150 were displayed in a variety of ways. The specific products shown in
NUREG-1150, for each of several consequence measures such as early fatality risk, latent cancer fatality risk, population
dose risk within 50 miles, and for two measures related to NRC's safety goals [13], included:
*

The absolute risks from internal and fire events, displayed in the form of a frequency distribution*

*

Relative contributions of plant damage states and accident progression bins to mean risk

*

Relative contributions of individual parameters (or groups of parameters) to risk uncertainty, based on regression
analyses.
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APPENDIX J

ACTIVITIES OF OSHA FOR ACHIEVING
DESIRED REDUCTION IN PREVAILING OCCUPATIONAL RISK

Office of Risk Reduction Technology
Occupational Safety and Health Administration

Most government regulatory agencies calculate the risks to exposed populations from carcinogenic and other toxic
substances after implementing all feasible engineering controls. Unlike other regulatory agencies, the extent to which the
Occupational Health and Safety Administration considers the implementation of feasible engineering controls is based
on the desired reduction in the prevailing risk among a work population.
The following is a description of OSHA's current method for developing health standards for both toxic and carcinogenic
substances. The ultimate goal is the determination of the new Permissible Exposure Limit (PEL) for a specific substance
that would achieve the desired reduction in the prevailing risks among a defined workforce. Traditionally, OSHA employs
the successive steps described below during the development of health standards to reach this final goal.
OSHA initiates the health standards development process upon the release of evidence indicating that a substance is
toxic or carcinogenic in animal studies. Standards development is also initiated when concerned or interested parties file
petitions requesting OSHA to take action (i.e., regulate workplace exposures). In rare circumstances, OSHA initiates
standards development when the Environmental Protection Agency (EPA) makes a referral under the Toxic Substances
Control Act (TSCA), Section 9(a). Occasionally, OSHA delays the development of a standard because of limited
available resources and/or insufficient evidence on the hazard.
If the available information is determined to be inadequate for OSHA to support the initiation of a standard, OSHA
publishes a Request For Information (RFI) in the Federal Register, inviting the public to submit data and information
relevant to the substance. Based on the analysis of the original information and the information gathered in response to
the RFI, OSHA decides whether to:
(a) proceed with rulemaking pursuant to Section 6(b) of the OSH Act (a comprehensive standard development process)
(b) develop an Emergency Temporary Standard (ETS), which requires the development of a comprehensive standard
within 6 months or
(c) postpone any action until further and more credible evidence becomes available
In very rare situations OSHA chooses to develop an ETS. The development of an ETS requires the presence of grave
danger and also requires that the support information be readily available, so that the 6-months limitation fordeveloping
the comprehensive standard can be met.
If the collected evidence supports the development of Section 6(b) rulemaking, OSHA publishes an Advance Notice of
Proposed Rulemaking (ANPRM). In the ANPRM, OSHA summarizes the available evidence and declares its intention
to initiate the development of a new standard. Also included is an announcement of the areas for which information is
lacking or inadequate, thus inviting the public to submit comments on the issues raised.
Based on all evidence gathered initially and in response to the RFH and ANPRM, OSHA develops information
concerning the projected risk to the exposed workforce, including determinations of the prevailing exposure levels in the
affected industries. From this information the new PEL is established.
OSHA employs two types of data to mathematically predict the new PEL. The first and usually the most reliable sources
of information are the data collected from animal experiments (e.g., mice, rats, guinea pigs, hamsters, and very seldomly
dogs and monkeys). The dose administered in animal experiments is traditionally several orders of magnitude higher
compared to the exposure levels found in work places. The use of high doses in animal experiments enhances the
development of the chemical effects (e.g., tumor or disease development) of the substance. The second sources of
information are the data collected from epidemiological studies. Generally, adequate epidemiological information is not
available because reliable exposure data and confounding factors are rarely documented completely. Therefore, relating
the conclusions obtained from the animal studies to humans becomes an integral part in the development of health
standards.
The purpose of correlating the results of the animal studies to humans is to project the risk to the exposed population
from which the new PELs can be calculated. OSHA makes certain assumptions in its risk assessment process, such as
healthy and mature workers are exposed for an 8-hour work shift, over a 45-year work life span, and have an average body
weight of 70 kg. Most of the risk assessments generated by regulatory agencies, other than OSHA, are designed to protect
the general population, which consists of the total age and health-status spectra, as well as the entire life span.
There are other assumptions used by OSHA in extrapolating from animal studies to humans, such as using the body
weight versus the surface area of the animal. These assumptions can result in different levels of risk in the order of several
I
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fold. Efforts are underway to standardize the extrapolation methods among government agencies. The standardization of
extrapolation methods is expected to undergo special levels of scientific and policy scrutiny.
In setting new PELs, OSHA relies on the 1980 Supreme Court Decision on benzene as a guideline in determining the
acceptable level of risk. The Court stated:
It is the Agency's responsibility to determine in the first instance what it considers to be a "significant"
risk. Some risks are plainly acceptable and others are plainly unacceptable. If for example, the odds are
one in a billion that a person will die from cancer by taking a drink of chlorinated water, the risk clearly
could not be considered significant. On the other hand, if the odds are one in a thousand that regular
inhalation of gasoline vapors that are 2 percent benzene will be fatal, a reasonable person might well
consider the risk significant and take the appropriate steps to decrease or eliminate it.
Based on the Court's opinion, OSHA uses a risk of one excess death per thousand workers as a target. However, because
the reduction in prevailing exposure levels is a function of implementing the feasible (both technologically and
economically) controls, the target risk is often exceeded. The majority of PELs result in risks ranging from two to five
excess deaths per thousand workers. To reduce the excess or residual risk, OSHA incorporates several ancillary
provisions such as respirators, medical surveillance, and monitoring programs, etc. However, OSHA requires employers
to exhaust all feasible controls before the use of respiratory protective equipment can be regarded as acceptable. The
degree of reduction in residual risk that is expected to be achieved by incorporating the ancillary provisions is not
quantifiable.

As indicated before, the prevailing risk to a defined work population is calculated based on the prevailing exposure levels
rather than on the current PEL, if an old PEL exists. Frequently, current PELs may constitute 100 fold, higher or lower,
than the prevailing exposure levels. Therefore, OSHA determined that risks based on the current PEts may over- or
underestimate the actual risks. For example, the current PEL for 1,3-Butadiene is 1000 ppm whereas the prevailing
exposure levels are approximately 10 ppm. Thus, using the current PEL in this case would significantly overestimate the
risk by 100 fold.
In addition to assessing the technological feasibility of engineering controls, OSHA must consider the associated
economic impact in determining the residual risk. In other words, OSHAis obligated to demonstrate that the new PEL is
both technologically and economically feasible. Technological feasibility includes the assessment of either modifications
to current production and control equipment or installation of new control equipment or both, so that prevailing
exposures can be lowered to levels that yield a reasonably acceptable residual risk. However, OSHA does not recommend
modifications to production equipment that would affect the quality of the products.
Occasionally the impact of economic feasibility supersedes the technological feasibility needed to achieve the desired risk
reduction. That is, even though the required technology is readily available to the affected industries, sometimes the cost
is too great a burden, which could cause smaller industries to go out of business.
Based on the analyses of the entire record of information including health effects, risk assessment, technological and
economic feasibility assessments, etc., a Notice of Proposed Rulemaking (NPRM) is published. In most situations,
hearings are held to enhance further development of the record on which the final standard is established.Traditionally,
the development of OSHA's final Health Standard requires three to five years to be completed (RFI, ANPRM, NPRM,
hearings, and the final standard).
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