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This report presents the results of a study on the importance and
sensitivity of structures, systems, equipment, components and design
parameters used in the Zion Seismic Risk Calculations. This study is part of
the Seismic Safety Margins Research Program (SSMRP) supported by the NRC
Office of Nuclear Regulatory Research.

The objective of tnis study is to provide the NRC with results on the
importance and sensitivity of parameters used to evaluate seismic risk. These
results can assist the NRC in making decisions dealing with the allocation of
research resources on seismic issues. This study uses marginal analysis in
addition to importance and sensitivity analysis to identify subject areas
(input parameter areas) for improvements that reduce risk, estimate how much
the improvement efforts reduce risk, and rank the subject areas for
improvements. Importance analysis identifies the systems, components, and
parameters that are important to risk., Sensitivity analysis estimates the
change in risk per unit improvement. Marginal analysis indicates the
reduction in risk or uncertainty for improvement effort made in each subject
area.

The results described in this study were generated using the SEISIM
(Systematic Evaluation of Important Safety Improvement Measures) and CHAIN
computer codes. Part 1 of the SEISIM computer code generated the failure
probabilities and risk values. Part 2 of SEISIM, along with the CHAIN
computer code, generated the importance and sensitivity measures.
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EXECUTIVE SUMMARY

This report summarizes a study of importance and sensitivity of seismic
risk to factors such as structures, event sequences, systems, components, and
parameters of a nuclear power plant. The study is based on a risk assessment
report in NUREG/CR-3428, "Application of the SSMRP Methodology to the Seismic
Risk at the Zion Nuclear Power Plant." This study was done by the Seismic
Safety Margins Research Program (SSMRP) for the US Nuclear Regulatory
Commission, Office of Nuclear Regulatory Research.

The objective of the study is to provide a rational decision methoa for
allocating resources to reduce risk. The study uses importance, sensitivity,
and marginal analyses to identify factors that affect seismic risk, estimate
the effects of changes in the factors, and rank the factors by their relative
cost-efficiency for reducing risk.

The study is Timited. First, the results are specifically for Urit 1 of
the nuclear power plant in Zion, I11linois. Nevertheless, the methods can be
applied to any plant, and the results are the most detailed of their kind.
Second, the results specify changes that would reduce seismic risk and its
uncertainty. But they should not pe interpreted as recommendations, nor
should this study be interpreted to mean the risk at Zion is too great.
Third, the results are based on the "base case" model of the Zion plant. The
study does not examine whether the rankings would change given other modeling
assumptions.

The study uses the SEISIM and CHAIN computer programs. SEISIM computes
risk, probabilities, importance and sensitivity measures (partial derivatives
with respect to input parameters). CHAIN models SEISIM input parameters as
functions of primary input variables and computes derivatives of risk with
respect to primary input varicbles. SEISIM and CHAIN outputs include:

. importance measures of factors,

. sensitivity measures such as partial derivatives of risk with
respect to the means and standard deviations of fragilities and
responses, and,

. ranks of important factors.
These results answer three types of questions:

. which factors are most important compared with other factors of the
same type. {The answers to tnis type of question tell where to
concentrate efforts to reduce risk.)

. how much will risk be reduced for equal changes to any factors, and

. how much will risk be reduced for equal effort or dollars expended
making changes to any factors? (A ranking of these reductions tell
where to get the greatest impact on risk, i.e. where to get the
biggest bang for the buck.)



Some importance results are as follows. Twenty terminal event sequences
(TES} contribute more than 90% of the risk. Six accident seguences have five
different initiating events and contribute more than 90% of the risk. Five of
the six include CSIS and CFCS system failure during the injection phase and
RHR system failure., The second most important accident segquence has a
transient initiating event and includes failures of tne auxiliary feeawater
and bleed and feed systems.

The following input factors have the biggest bang for buck because the
sensitivity of risk to equal-cost changes in these factors rank highest:

soil properties,

piping layout between buildings,

piping fragility,

roof fragility of the crib house pump erclosure, ana
base slab uplift fragility.

Here are reasons why these factors rank- highest.

The soil properties, material damping and shear stiffness, influence the
amplification of seismic acceleration from the bedrock to the ground surface.
The Zion site has a relatively shallow soil layer on a crystalline bedrock.

Piping between buildings is a component of several safety systems. This
piping is subject to strain from relative displacement of two buildings on
independent s0il foundations. This piping may fail in earthquakes larger than
the safe shutdown earthquake, and the safety margin is less than for most
other piping.

It was surprising that piping fragility ranks so high. Previous seismic
risk analyses, including the SSMRP, have found that only a few piping systems
were important in safety systems and then under special circumstances such as
piping between buildings. Our result in this study arises because (a) piping
failures (in the reactor coolant loop piping system) are important in the
initiating events and (b) the piping fragility function applied to all the
piping components.

Roof fragility of the crib house pump enclosure ranks high because of (a)
the design of the connection between the roof and the supporting walls and
(b) the assumption that the collapse of this roof causes the loss of function
of all six service water pumps. Tiis result points out: (1) the importance
of connection detail (which is a known problem from past earthquakes) and (2)
the capability of structures to initiate common-cause failures.

Base slab uplift is failure of the soil foundation of the reactor
building at accelerations beyond the SSE. This is important because it is
assumed to lead to failure of the piping between the reactor building and
auxiliary-fuel-turbine complex at Zion.

The report has a more extensive ranking of factors to be improved through
research and modifications. When research and modifications are planned, the
marginal analysis should be repeated and the factors should be ranked again.

Xi



The results in this report can be used to¢ guide risk reduction. The
methods -- importance, sensitivity and marginal analyses -- can be used to
guide reduction of uncertainty regarding risk.
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1. }Nmonucnon

.~ The SSMRP Zion Phase II base case resulis [3] were employed as the
reference point in the importance and sensitivity studies described below. In
order to make full use of the SSMRP Zion results, importance and sensitivity
studies were carried out with the SEISIM (Systematic Evaluation of Important
Safety Improvement Measures) computer cade [1]. SEISIM computes radiocactive
release probabilities and risk for a nuclear power plant subjected to an
earthquake [2]. It alsc computes importance amnd sensitivity measures and
ranks them. Sensitivity measures can be used to help allocate resources and
to reduce risk if a reduction is necessary. This report describes the
importance, sensitivity, and marginal analyses used in analyzing the Zion
nuclear power plant. These analyses help satisfy several needs. One need is
to identjfy systems, components, parameters, and combinations of events such
as accident sequences and terminal eveni sequences important to reactor safety
during an earthquake. There is also a need to allocate resources to reduce
risk. These analyses address the following guestions:

a. Which inputs contribute substantially to release probability and
risk? Which are the important components, safety systems, accident
sequences and terminal event sequences?

b. What are the rates of change in probabilities and risk when input
parameters such as means, standard deviations, and correlations of
responses, strengths, and primary input variables change for one
category of components, for one type of responsa, or for one primary
input variable? The answers to these gquestions help decide how much
effort should be spent on each improvement.

c. What are the changes in probabilities for discrete shifts in input
parameters? The answer to this guestion indicates the benefit of
research or manufacturing change that shifts an input parameter by a
finite amount.

Part 2 of SEISIM, SEISIM2, provides answers ito thése questions. SEISIMZ
measures the importance of inputs, computes derivatives, and recomputes
probabilities after shifting input parameters. Figure 1.1 describes the
SEISIMZ computations.

-1 -



/ SEISIMT Inputs/ / sEisiMt outputs /
| ]

Rank events in order
of importance

Compute derivatives
with respect to parameters
of important events

Models of
responses
i

Compute derivatives
with respect to parameters of
important primary input variables

‘___/Marginal valuy
estimates
| )

Marginal analysis

LRecomnend improvements7

Figure 1.1. Importance, Sensitivity, and
Marginal Analyses Computational Sequence.
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The remainder of this section introduces importance and sensitivity
analyses and specifies how to use marginal analysis for resource ailocation.
How to allocate resources to reduce risk and how .o allocate resources to
reduce uncertainty about risk are both discussed.

Section 2 reviews the risk computations and dynamic response computations
which provide subject matter and inputs for the sensitivity analysis.
Section 2 lists the inputs and outputs of the risk analysis which are examined
in the sensitivity analysis.

Section 3 defines the importance and sensitivity measures. These
measures are suggested naturally by the structure of the risk computation
outlined in Section 2. The importance measures screen components and events
for use in the sensitivity amalysis. Section 3 describes how SEISIMI,
SEISIM2, and other programs interact in the sensitivity calculations, The
sensitivities require derivatives of risk with respect to inputs. How SEISIMZ
computes the derivatives also develops naturally from the structure of the
risk computation. The explanation of the SEISIM2 derivative calculations is

deferred until the Appendices.

Section 4 provides the importance and sensitivity results that were
obtained from analyzing the Zion nuclear power plant. The results cover the
Zion plant model called the "random only" model. This was the “base case" of
the SSMRP's Zion analysis [3]. It is referred to as random only because only
inherent randomness is included in probability computations. “Modeling
uncertainty” due to lack of knowledge has been excluded when possible.
Reference [3] treats modeling uncertainty at a second level, indicating the
degree of uncertainty in the risk results. We do not expect that the relative
rankings in our sensitivity analysis would change by much if we were to
include modeling uncertainty, but we have not computed this.

Section 5 describes the marginal analysis results. It uses the sensi-
tivity measures described in Section 4 to estimate the marginal values of
reduction in release probability and risk throuch changes in parameters of

fragilities and primary input variables.



The appendices provide mathematical background for the importance and
sensitivity analyses. Appendix A presents the derivative of basic event
(companent failure) probability with respect to means, standard deviations,
and correlations of component response and strength. Appendix B describes the
use of derivatives as sensitivity measures and describes the approximation of
derivatives by slopes. Appendix C describes the approximation to the
Vesely-Fussell measure used for measuring component importance. Appendix D
describes the Birnbaum measure, the derivative of risk with respect to
component failure probability, and presents results for important components
comparaing their Vesely-Fussell and Birnbaum rankings. Appendix E reports the
Birnbaum measures of important components for each reiease category.



1.1 Importance Analysis

Importance analysis is used to determine which input parameters have the
most effect on probabiiities and risk. Both probability and the Vesely-Fussell
measure [3] indicate the importance of events and can be used for ranking (See
Appendix C}. The rankings generated from the analysis indicate which accident
sequences, structures, systems, components or parameters are important to
release probability. The computed importance measures indicate importance to
failure events, not to successes. Input parameters which do not significantly

affect outputs are eliminated.

1.2 Sensitivity Analysis

There are two types of sensitivity analysis. The first uses derivatives
of one variable with respect to another. SEISIM2 was designea to compute
derivatives or approximate them by slopes (See Appendix B). The second type
of sensitivity analysis answers questions about discrete changes. Large
changes in parameters, such as the addition of new safety systems, alternative
designs, and changes in maintenance, are examples of discrete changes. These
two types of sensitivity analysis can both be performed by using SEISIM2,

They can be performed by making changes in the inputs or by judicious
extrapolation of SEISIM1 results using the derivatives computed by SEISIM2.

Sensitivity analysis indicates how outputs change as input parameters
change. 1deally it would indicate how outputs change over the domain of the
inpul parameters. Local sensitivity analysis is used to indicate how outputs
change in the neighborhood of nominal input parameter values.

SEISIMZ2, as indicated earlier, computes derivatives of probabilities and
risk as functions of the important input parameters. Only parameters for
important events, components, and systems are included in the sensitivity
analysis. Only these parameters influence release probability and risk to an
appreciable extent. (See Appendices for definitions and examples.)

J



Derivatives are appropriate sensitivity measures when changes are nat
large enaugh to go outside the neighborhood where outputs are linear functions
of inputs for nominal values of inputs. Derivatives measure the rates of
change of outputs with respect to inputs. Oerivatives of SEISIM] outputs can
not always be computed analytically. When this occurs slopes are used to
measure the changes in outputs due to changes in the input parameters.

Once the sensitivity measures have been computed, resources can be
allocated to reduce release probability and risk. Resources should be
allocated to systems, components, or input parameters that have large changes
in release probability or risk per unit of resource spent changing inputs.
The sensitivity analysis will indicate which systems, components, or param-
eters are candidates for additional resources.

Sensitivity analysis may also be used to estimate bounds on SEISIMI
outputs. Bounds can not replace better input information, put they can
indicate the limits on the worst cutputs. In order to estimate these bounds,
bounds on the inputs must be specified first, then combinations of inputs that

yieid the worst outputs can be found.

1.3 Marginal Analysis for Resource Allocation

1.3.1 Allocating Resources to Reduce Risk

In this section we will indicate how to allocate resources to reduce
reiease probability and risk. The method is called marginal analysis. The
information needed to perform a marginal amalysis is:

a. derivatives of release probability with respect to inputs;

b. derivatives of inputs with respect to resources that may be allocated

to changing inputs; and

c. resources to be allocated to changing inputs.



The derivatives of release probability and risk with respect to inputs
indicate which component and parameter inputs are better candidates for
improvements. The derivatives of inputs with respect to resources indicate
how much benefit an expenditure gives at the input level. The product of
these two derivatives indicates the benefit an expenditure provides in
reducing release probability and risk. The inputs containing the larger
product are better candidates for resource allocations. '

There is a connection between the release probability, risk, and
allocated resources. Allocated resuorces should reduce component failure
probabilities which in turn reduce release probability and risk. The law of
diminishing marginal returns states tnat all resources should not be allocated
to improve one component. There is a need to know when to stop and how to
allocate resources among alternative component improvements.

Suppose we wish to allocate a resource D among components of safety
systems to reduce release probability. Let release probability PR be a
function of component failure probabilities P(Bj), J=1,25.0.o0n. By
allocating xj resources on component j, P(Bj) = P(Bj(xj)) changes and
in turn reduces Py, The objective is to allocate resource D among
alternatives X;,X,,...,X;, to minimize the Py subject to the constraint

n
r X;. <D (1.1)
=1 I-

The optimal allocation provides for the same rate of change of P per

resource Xj for all components, The law of diminishing marginal returns

states this equilibrijum exists. The allocation is based on the derivative,

aPp/aXy = [aPp/aP(B;)1-[aP(B;)/aX,]. (1.2)

The assumption is made that resources allocated to one component do not affect
the probability of failure of another. The first term is the rate of change
of release probability as the component failure probability changes, [t is a
sensitivity measure. (Refer to Appengix B and reference {43 to see how it is



computed.) The second term is an estimate of the marginal rate of change in
component failure probability per resource allocated on the component. Adjust
the allocation among components by allocating resources on the components with

higher values of aPR/an‘

Here is the proof assuming the necessary continuity and convexity
conditions hold. The value of P is a function of the component failure
probabilities, Pp = g{P(Bj(Xj)), j=1,2,...,n4, and the probabilities of
component failures are functions of the amount xj aliocated to improve the
components. The objective is

min g[P(BJ(xJ))- j=]$29-"an] » (]'3)
Klasees Xy

subject to the resource constraint noted in egquation 1.1. Form the Lagrangian
L= g[P(Bj(xj)), J=1,2504.5n] - alz Xj - D). Use calculus to minimize L with
respect to xj. The condition

aL RO
2 Y} ¥ Xj

for all j is necessary for an optimal allocation.

0 (1.4)

The interpretation of this condition is to adjust the resources allocaied
to component j until the marginal rate of change of release probability is the
same as for all other components. You should allocate the entire resource as
long as the marginal rate of change of release probability provides an
acceptable resource/benefit ratio.

1.3.2 Allocating Resources to Reduce Risk and its Uncertainty

In this section we will indicate how to reduce risk and its uncertainty
simultaneously. Risk can be reduced by activities in design, construction,
operation, and shutdown while uncertainty can be reduced by activities in
testing, quality assurance, inspection, and analysis. Often activties that
reduce risk also reduce uncertainty and vice versa. The material in this
section will illustrate how to allocate resources among these activities to
optimally reduce both risk and its uncertainty.



The risk associated with nuclear power plants can be measured in several
different ways. The measure may be dollars, man-rems per year, lives,
reduction in life or some other stated measure. Uncertainty can be defined as
lack of knowledge about our estimate of risk. The uncertainty measure may be
variance, the entropy width of a confidence interval, or some other stated
measure. Because risk and its uncertainty are incommensurate, rationally
allocating resources to both requires multi-objective decision making.

To solve this problem we must identify those activities that reduce risk
and uncertainty, show how to allocate resources to these activities subject to
resource limitations, and to rank alternative recommendations, A list of
alternative activities, ranked in order of simultaneous benefit for reducing
risk and its uncertainty would be the result, Activities which reduce risk
include:

design and analysis,

quality assurance,

construction and quality control,
training and operation,
maintenance end inspection, and
emergency preparation,

Activities which reduce the uncertainty about risk include:

more detailed estimation of seismic hazard,

analysis of power plant response to earthquakes,

testing of component and system resistance to earthgquake responses

quality assurance,

more detailed estimates of operation, inspection and maintenance error
probabilities, and

more detailed estimates of radioactive release probabilities and the
consequences of radioactive releases.

One multi-objective decision making technique is called goal programming.
Goal programming is an iterative mathematical programming to optimize one
objective with the others as constraints. Then, using the current optimum



value of the last objective as a constraint, it next uses mathematical
programming to optimize the next objective which was previousliy a constraint.
This method continues until convergence.

Let us now formulate the mathematical praogramming problem of reducing
risk subject to budget and uncertainty constraints. Assume there s a budget
of b dollars., Let r denote risk, and s(r) denote its uncertainty (an estimate
of the standard deviation of risk)., Parameterize the level of risk reduction
activities as a vector x and the level of uncertainty reduction activities as
a vector y. tet b(x(i)) and b(y(j)) denote the amounts of the budget to pe
spent on risk reduction activities i and uncertainty reducticn activities j.
The objective is to minimize risk subject to constraints on budget and

uncertainty;
min r = r(x, y)
subject to
iijb(X(i)Hb(y(j))) <b
and

) s(r) < olr) .

The function g{r) defines the maximum acceptable uncertainty as a function of
risk. It specifies the optimum level of activities subject to the budget
constraint and the acceptable ievel of uncertainty. The Kuhn-Tucker
conditions give some insight into the form of the solution under general
assumptions about the forms of the risk, budget, and uncertainty functions.
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2. INPUTS TO THE IMPORTANCE AND SENSITIVITY ANALYSES

SEISIMI provides most of the inputs for the importance and sensitivity
analyses, Section 2.1 reviews SEISIM) probability and risk computations and
describes those items from SEISIM1 needsd by SEISIM2. Computer code DPRI [7]
provides the response models for calculating the sensitivity measures
associated with the primary input variables. Section 2.2 reviews this

response modeling.
2.1 Review of SEISIM1 Models and Computations

Table 2.1 lists the SEISIM] inputs and outputs. These data were used in
the sensitivity anzlysis. One input, the primary input variables, is input to
the computer code SMACS (Seismic Methodology Analysis Chain with Statistics)
[8] whose output, dynamic responses to earthquakes, are inputs to SEISIMI.

This subsection defines the events whose probabilities are computed and
explains how the probabilities are approximated. The definitions and
explanations are needed to better understand the importance and sensitivity
measures described in section 3. These definitions and explanations clarify
the acci‘ent sequence probabilities calculations used in SEISIM2. '

Two features of the probability computations are significant wac
calculating the importance and sensitivity measures. First, all eveu.
sequences except component and system failures are mutually exclusive, This
simplifies the SEISIMZ2 importance measure computations. Second, parameters of
fragility and response distribution functions affect outputs through basic
events, therefore sensitivity measures for the parameters can be computed at
the same time as sensitivity measures for the basic events.

Event trees describe the possible event seguences which follow an
earthquake [Y]. Figure 2.1 describes the events tnat can occur following an
ecthquake. Each path is possible but only one can occur; i. e. paths are
mutually exclusive and exhaustive. Given an earthquake large enough to cause
the plant to trip, one of several initiating events can occur. The plant
safety systems then attempt to bring the reactor to a safe shutdown.
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Combinations of safety system successes or failures are called accident
sequences. Some of these accident sequences cause containment failure which

could result in the release of radioactive material.

Table 2.1. Inputs and outputs examined in the Zion risk sensitivity analysis.

Terminal event sequences
Containment Failure Modes

Accident sequences

initiating events

Safety systems

Non-fragility related basic event failure data
fragility means and standard deviations

Response means and standard deviations

Primary input variable means and standard deviations

Inputs :

Qutputs: -« Probability of each release category
* Probability of core melt
* Risk in man-rems per year

A Terminal Event Sequence (TES) is defined as an earthquake, an
initiating event, an accident seguence, and a containment failure. The Zion
Seismic Risk Study divided the earthquezke into six intensity intervals. This
was necessary because the probabilities of the TESs and containment failure
modes depend on earthquake intensity and because, within each interval, tne
cummulative distribution functions {CDFs) of responses can be approximated by
tognormal CDFs. Each path through the event tree shown in Figure 2.1 is a TES

with an earthquake in interval i, i=1,...,6.

Each TES that results ir radicactive release i5 assigned to one of seven
release categories according to the time, energy, and type of radioactive
material released [10].

SEISIM1 computes the probability of each path throught the event tree
shown in Figure 2.1 that leads to a radioactive release. SEISIM) then aods
these probabilities to obtain:

1. the probability of release category k and an earthquake in interval

i, k=1,..,7, in a year,



2. the probability of release category k and any earthquake in a year,
and

3. the probability of the j-th TES in a year.

The occurrence of a release category leads through a release of radioactive
material to a loss. This loss is measured in man-rems [10]. Risk is the

expected value of this loss. It is defined as the sum over all release
categories of 1oss multiplied by release category probability.

Figure 2.2 illustrates the sequence of risk computations, The
probability of a TES and an earthquake in interval i in a year is

PLTES(j) and EQ(i}] = PLEQ(i)] * P[IEJEQ(i)] * P[AS{EQ(i) and IE] *
PLCFM]|EQ(i), IE, and AS] . (2.1)
where:
EQ(i) = earthyuake that causes a peak ground acceieration in the interval
1: i=1:2)""63
1E

AS = accident sequence, and
CFM = containment failure mode.

initiating event,

SEISIM1 computes the conditional probabilities of initiating events and
accident sequences conditional on initiating events. Its inputs include the
probabilities the largest earthquake in a year has intensity in interval i and
the conditional probabilities of containment failure modes conditional on
release.

The probability of having a release in a specific release category and an

earthguake in interval i in a year is defined as the sum over all TES(j)s that
lead to a release in release category k,
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P[Release Category k and EQ(i)] =% ?[TES(j) and EQ(i)] . (2.2)
J

{(Note that the event “"and an earthquake in a year in interval i" will not be
stated in the remainder of the report when it is clear from the computatinn.)

The probability of a TES is defined as the sum of the probability of a
TES and EQ{i) over all earthguake levels,

PLTES(i)] =  PLTES(j) and EQ(i)] . (2.3)
1

The probability of a release category is defined as the sum over all
earthquake intervals,

P[Release Category k] = ] P[Release Category k and EQ{i)]. (2.4)
i

The probability of release is defined as the sum over all release

categories,
P{Release] = E P[Release Category k] = P{core meit]. (2.5)

Note that given an earthquake, P{Release] = P[Core melt], since the earthquake
affects the containment, and in our analysis of containment failure modes we
assume that given an earthquake and care melt, there is always some

containment failure.

Risk, as indicated earlier, is defined as the sum over all release
categories of the loss in man-rems due to release category k times the
prebability of release category k,

Risk = & Loss{k)*P[Release Category k]J. (2.8)
Dependence among basic events is considered for each initiating event,
system failure, and accident sequence. Initiating events, system failures,

and accident sequences are modeled as unions of their respective minimal cut
sets. (A cut set is the intersection of basic events. A basic event is a
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component failure or survival). Dependence among basic events is inciuded
when computing cut set probabilities. SEISIM1 computes the probabilities of
cut sets by using multivariate normal integrals thereby taking into account
dependence within cut sets [11].

SEISIM] then computes the min cut set upper bound ([12] based on the
probabilities of unions of cut sets,

PLU Cut Set j1=1 - (1-P{Cut Set j1) . (2.7)
J J
The min cut set upper bound is exact if cut sets are independent. It provides
a good approximation if all cut set probabilities are small. It is an upper
bound if there are no negative correlations between the basic events in the
cut sets, if the cut sets have no events in common (e.g., basic events appear
in only one cut set), and if all random variables have a muitinormal CDF [13].

SEISIMI and SEISIMZ differ in their calculation of accident sequence
probabilities. SEISIM1 normalizes the min cut set bounds on accident sequence
probabilities conditional on an initiating event if the sum of the bounds
exceeds 1.0. SEISIMZ does not normalize since normalization masks the effect
of changes in outputs due to changes in inputs. Sensitivity measures of
normalized probabilities are more difficult £o interpret than sensitivity
measures of unnormalized probabilities.

The probability of a cut set j in Equation (2.7) and the probabilities of
the basic events in the cut set, depend on the probability distributions of
the fragilities and seismic responses for the components whose failures
constitute the basic events. The responses depend in turn on the structural
primary variables (frequencies, damping, soil stiffness). The primary input
variables and input fragility variables are specified to have independent
lognormal distributions. Then the logarithms of these input variables have
normal distributions. It is the means and variances of these normal
distributions of these logarithmic input variables which we use to
characterize the input distributions and with vespect to which we will compute
sensitivities. The structural responses were also found to have skewed
distributions, but the logarithms of respenses have (approximately) symmetric
distributions which we treat as normal distributions.
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2.2 Regression Models of Seismic Response Inputs

SEISIMZ and associated programs (Section 3.1, Figure 3.1) compute the
derivatives of release probability and risk with respect to the parameters of
the probability distributions of the logarithmic primary input variabies,
using the chain rule {see Section 3.2.6). To do this we need the derivatives
of the parameters of response distributions with respect to the parameters of
the primary input variable distributions. To compute these derivatives, the
responses are first modeled as functions of the primary input variables. The
parameters of the probability distributions of the responses are then computed
as functions of the parameters of the probability distributions of the primary
input variables. As noted in Section 2.1, we use the logarithmic input and
response variables.

Regression analysis 15 used to model the logarithmic responses R as
functions of the logarithmic primary input variables VJ [7]. The computer
code DPRI estimates model coefficients by multivariate linear regression
[11]. A separate model is used to estimate each response R, which is one
response location, e.g., a valve or a run of pipe.

R = by + gz]bj(vj SV e v - V) 2, (2.8)
where bo, bj and c are coefficients to be determined and vj = the j-th
logarithmic primary input variable and vp a piping frequency variable. Note
that R is a linear combination of known, not necessarily linear, functions of
the inputs. At most 12 Vj are included for each response. That is, at most
12 of the 54 vj have an influence on a response R; these Vj are the
variables of the soil, structures and up to two piping systems which may
affect a piping response on an extended piping run.

Having the model and the coefficient estimates for the response, the mean

and standard deviation of the response distribution are developed as functions
of the means and standard deviations of the primary input variables [7].

- 17 -



3. DEFINITJON OF IMPORTANCE AND SENSITIVITY MEASURES

3.1 Computing and Ranking Importance and Sensitivity Measures

Events are considered imporiant if they are important to any release
category probabilities at any earthquake Tevel. Table 3.1 shows the events
{contributors) and their importance and sensitivity measures and indicates
which measure is used for important ranking. Importance ranking affects
sensitivity measures since derivatives are computed only for important
events. This is done for computational converience and because improvements
are not likely for events not considered important.

Importance of release categories is measured by probability since release
probability is defined as the sum of release category probabilities.
Importance of terminal event sequences {TES) is measured by probability since
the release category probability is defined as the sum of TES probabilities
for terminal event sequences that lead to the release category. For systems
or companents probability alone is not the importance measur:. Systems and
components with small failure probabilities may be important if they are
contained in many terminal event sequences or if they are the only singleton
cut set. System and component importance are measured by the Vesely-Fussell
measure [4,15,16], and sensitivity is determined by the Birnbaum measure
{15,16]. These measures are defined in Section 3.2.4 and Appendices C and D.

Probability is used to indicate the importance of cut sets in a first
screening. Only cut sets that satisfy either of two criteria, {3.1) and
(3.2), are input to SEISIMI and consequently to SEISIM2. This culling
procedure [17] is necessary since jt js impractical to define all cut sets and
compute their probabilities using multinormal integrals. The criteria are

min P{BE(i)] > 107° (3.1)
i
and

1 PiBE(i}] > 10710 (3.2)

1
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Table 3.1 Contributors to release probabilities and their importance and

sensitivity measures

Contributors

Earthquake

Terminal Event
Sequence

Containment Failure
Modes

Initiating Event
Accident Sequence

Safety Systems

Component (response
and fragility related)

Components (random
basic events)

Means and standard

Importance Sensitivity
Measure Measure
Probability Probability
Probability Probability
Probability
of TESS

Probability
of TESs

Probability
of TESs

Probability of
TESs and Vesely-
Fussell measure

Vesely-Fussell Derivative with respect
measure to failure probabiiity

Vesely-Fussell Derivative with respect
Measure to failure probability

Derivative with respect

deviations of logarithms to mean or standard
deviation of distribution

of strengths

Means and standard

Derivative with respect

deviations of logarithms to mean or standard
deviation of distribution

of responses

Means and standard

Derivative with respect

deviations of logarithms to mean or standard

of primary input variables

-19 -

Measure used
for ranking

Importance

Importance
Importance
importance
Importance

Importance

Sensitivity
Sensitivity

Sensitivity

Sensitivity

Sensitivity

deviation of distribution



where i is the index of basic events in a cut set. Criteria 3.1 is an upper
bound on the cut set probability and criteria 3.2 is the cut set probability
given the basic events are independent. Cut sets input to SEISIMZ are used in
the derivative calculations if they contain any important component basic
events.

Release probability and risk are nonlinear functions of component
parameters such as probabilities and the means and standard deviations of
responses, strengths, and primary input variables. The computation of their
derivatives is therefore not trivial. SEISIMZ has the capability of computing
slopes when it is not possible to compute derivatives analytically.

Figure 3.1 illustrates the programs and data flow used for importance and
sensitivity analyses. The DPRI calculations are reported separately [7].
SEISIMZ computes the sensitivity measures described in Section 3.2, It
computes exact derivatives of cut set probabilities for cut sets with two or
fewer basic events. It also computes slopes by changing inputs and computing
the changes in probabilities and risk between the SEISIM] results and
probabilities and risk affected by the changes. For a small input change, the
sTope aP/sInput is uysed to approximate the derivative since all functions
medelea in SEISIM1 are continuous. CHAIN then combines results frem DPR1 and
SEISIM2 to obtain the sensitivities of release probability and risk to the
parameters of the SMACS primary input variables. CHAIN also sums results over
all earthquake intervals to obtain sensitivity measures over all possible
earthquakes.,

- 20 -



/primary input variab1e§/’ inputs

sensitivities of sensitivities of
responses to SEISIMI outputs te
primary input variables inputs for each

earthquake level

derivatives with respect to
primary input variables and derivatives
integrated over all earthquake levels

/importance rankings?

Figure 3.1 Programs and Data Flow for Importance and Sensitivity Analyses
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3.2 Importance and Sensitivity Measures

3.2.1 Terminal Event Sequences (TES)

The importance of a TES to release probability is defined as the
probability of the TES. This is necessary since the release propability is
the sum of terminal event sequence probabilities, and the contribution of a
summand to the sum is the summand. The importance of a TES to risk is its
risk contribution, i.e. probability of the TES multiplied by the man-rems
resulting from the containment failure mode caused by the TES. The importance
of a TES to a release category is also its probability.

One sensitivity measure of release category probability to TES
probability yields the same ranking as the measure of TES importance to a
release category. The "local fractional" sensitivity measure is the relative
change in P{Release Category k) divided by the relative change in the
probability of TES(J),

PLTES(])] « & P(Release Category k)
P{ReTease Category k) & PLIES{I}] - (3.3)

From Equation 2.2, the second term in equation 3.3 is 1.0, and the local
fractional sensitivity measure is the first term in eguation 3.3. Since each
TES contributes to at most one release category, rankings of TESs by
importance to a release category and by local fractional sensitivity measures
are the same.

3.2.2 Initiating Events (IE) and Accident Sequences (AS)

The importance of an IE or AS to release probability is the sum of
PLTES(j) ] for those TES(Jj) in Equation 2.2 which inciude that IE or AS. The
sensitivity of release probability to the probability of an IE or of an AS is
not computed. The probability of release appears to be linear. (See
Equations 2.1 to 2.6.) However, an increase in the probability of one IL
causes decreases in others so probability of release is not considered

linear. The same is true for AS probabilities.
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3.2.3 Safety Systems

Safety system failures and successes appear in the ASs. The sum of TES
probabilities, for all the TESs in which a safety system appears as a failure
event, is a measure of importance to release probability of that safety system.

Another importance measure used is analogous to the Vesely-Fussell measure.
It differs from the first measure in that only failures of the safety system

caused by its component failures are included, not failures due to external
components. Both of these importance measures have been programmed. The
resuits for the first measure are reported in Section 4.

3.2.4 Component Failures and Other Basic Events (BE)

The Vesely-Fussell measure is used for ranking and selecting components
that will be used for computing sensitivity measures. This measure, when used
to define basic event importance, is the probability of the cut sets which
contain the basic event divided by the probability of the top event. Another
interpretation is that it is the conditional probability given the top event
occurs that the top event is caused by one of the cut sets containing the
basic event. For example, for a basic event BE appearing only in IEs, the
Vesely-Fussell measure is

1(BE) = m)j I P(EQ()) * PLIEIEQ()] * PLAS|EQ(i) and IE]
1

* PLCFM]EQ(3), IE, AS] (3.4)

where P{IE{EQ(i)] is computed using only those cut sets in the logical
specification of IEJEQ(i) which contain the BE, The sum over index j sums
over all the TESs that include the IEs that contain the BE. The Vesely-Fussell
measure of component importance to P(Release) or to any P(Release Category k)
is analogous. See also Appendix C.

The sensitivity measure for release probability or risk to a BE is the

derivative, sP(Release Category )/sP(BE), also referred to as the Birnbaum
importance measure [15,16], For a fragility-and response-related BE,
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SEISIM2 changes the mean or standard deviation of its fragiiity or response
while keeping correlations constant. It then computes aP(Release Category k)
and aP(BE) due to that change, takes the ratio of the two changes, and then
averages the ratios obtained from shifting the mean and the standard
deviation. For a random basic event, SEISIMZ computes the Birnbaum measure by
shifting the basic event probability a small amouni. (A random basic event is
defined as one that is neither response dependent nor dependent on any other

basic event.)
3.2.5 Fragility and Response Parameters

As noted in Section 2.1, the parameters are the mean y and the standard
deviation ¢ (or variance 02) of the probability distribution of the
logarithmic response and fragility variables. Derivatives and slopes are used
to indicate the importance of parameters. ODerivatives with respect to the
mean indicate the importance of the nominal value of the random variable while
the derivative with respect to the standard deviation indicates the importance
of the inherent randomness and uncertainty in the random variable. For
instance, the slope of release probability, PR’ as a function of mean
strength, ug, is obtained by recomputing the probabilities of all cut sets
that contain an important basic event whose mean strength is reduced by a
small amount. The slope is computed as (new Pp - old PR)/A“S'

The measure for sensitivity of release probability or risk to the mean or
standard deviation of a fragility or response is strictly speaking an
approximation to the derivative, i.e., the derivative computed considering
only the important components in the terminal event sequences. Although a
change in ane parameter may change the probabilities of many cut sets, the
sensitivity measures computed by SEISIMZ include only those cut sets with
components deemed important by the Vesely-Fussell measure. If a change in a
parameter causes an increase in a P(IE), then changes in the probabilities of
other IEs are included in computations. If a change in a parameter causes an
jncrease in a P(AS}, then decreases in the probabilities of other ASs
containing component (or safety system) success rather than failure are not
included. In some cases these latter ASs do not lead to core melt. If they

do then there is no inaccuracy caused by neglecting their increases.
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3.2.6 Primary Input Variables

The measure used far sensitivity of release probability PR or of risk
to the mean and standard deviation of a logarithmic primary input variable V
is the derivative,

333
sPp 8Py éu(R;) &Py so(R;)

sulV) ~ i1 TRy T we(W) T se(R)  em(V) (3-9)

where p(V) is the mean of primary input variable V and "(Ri) and

oR;) are distribution parameters of the responses R;. There are 333
responses. The chain rule [14] is used since the release probability is a
function of response means and standard deviations, which are in turn
functions of the mean and standard deviation of a primary input variabie (See
Figure 2.2). The derivatives with respect to the parameters of the
distributions of primary input variables, su(Ri)/su(V) and

80(R;) /su(V), are estimated from regression models of responses as
functions of primary input variables. They are computed by DPRI. The
derivatives of response correlations, 5Corr(Ri,Rj)/sp(V). are omitted
from the derivative (3.5).

J.2.7 Earthquake Level Probabilities

Derivatives are used to measure sensitivity of release category
probabilities to earthquake level probabilities. The release category
probability is actually the probability of release in a category and having an
earthquake of a specified level and having the plant in operation at the time
of the earthquake. The earthquake level probability is defined as the product
of the probabilities of the earthquake level and having the plant in operation
at the time of the earthquake. Therefore, the derivative of release category
probability with respect to earthquake level probabiiity is the conditional
release category probability given the earthquake level and plant operation.
It is computed by dividing the release category probability by earthquake
level probability. We do not tabulate this derivative.
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4. RESULTS OF THE IMPORTANCE AND SENSITIVITY ANALYSES

This report provides results for the “"random only" base case similar to
the base case in the Zion risk study [3]. This case assumes feed and bleed is
potentially available, structural failures can have severe effect on safety
systems, and variances due to inherent randomness only are included. Modeling
uncertainty in the parameters js not represented by inflating variances, so
the results are as unbiased as possible, By contrast, reference [3] considers
several cases with different assumptions. These may be thought of as
large-step sensitivity studies of changes in modeling assumptions. Or the
cases may be used as alternative starting points for parameter sensitivity
studies. We believe that some gqualitative results of the sensitivity analysis
would change with base case assumptions. Nevertheless, this report analyzes
the base case which is judged to have the most reasonable set of assumptions
among the conceivable sets of assumptions given the extent of the analysis

resources.

The base case reported here differs from the base case in reference [3]
as follows. The release categories resulting from transient accident
sequences in earthquake levels 1-3 were changed. This made the risk reported
in [3] about 50% higher tham in this report. That change could change some
importance rankings by one aor two ranks.

SEISIMZ is run once for each of six earthquake levels [3] producing six
importance and sensitivity results. Computer code CHAIN combines the results

and unconditions on earthquake level.

The important contributors to release probability and risk are listed in
this section in this order:

Release Categories

Terminal event sequences (TES) for each release category
Containment Failure Modes (CFM)

Initiating Events (IE)

Accident Sequences (AS) for each IE

O 6 o o o
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Safety Systems

Components

Parameters of response and fragility cdfs
Parameters of primary input variable cdfs

©O &6 o o

Each set of contributors listed is ranked by both its contribution to release
probability and to risk. Note that the total release probability is
equivaleat to the probability of core melt. Since TESs within a release
category cause the same loss, only one ranking is used for all TESS in a

release category.

Following the rankings we note the important response- and fragility-
related components {basic events) and their Birnbaum measures at each
earthquake level. We then list important parameters for the:

Fragility functions
Response (accelerations or moments) distribution functions

0 Primary input variables distribution functions in the models of the
soil, structures, and piping systems.

The fragility and response distributions affect release probability threugh
the important basic events. Basic events are considered important if they
have Vesely-fussell measures greater than 1 percent of the largest Vesely-
Fussell measure. Only cut sets with important basic events are included in

computation of the sensitivity measures,

4.1 Probabilities and Risk Contributions of Release {ategories

Table 4.1 indicates that release category 7 contributes two thiras of
release probability. When considering loss in terms of man-rems, release
category 7 is oniy the fourth most important risk contributor (see
Table 4.2). It follows that probability of a category 7 release is important
to core melt probability but not to risk. Release categories 3 and 2 are
considered important since they rank second and third based on probability and
first and second when based on risk.
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The release categories are described in Appendix J of Reference 13.
Release categories 1 and 2 are most severe in terms of quantity of
radionuclides released, sensible energy content to further disperse the
nuclides, and rate of release. The other reltease categories have
progressiveiy lower guantities of radionuclides released. Release categories
6 and 7 involve meiting through the containment basemat.

Table 4.1. Release categories ranked by probability of release.

Release Probability
Category of Release

2.5e-06
5.9e-D7
5.0e-07
1.8e-07
3.2e-08
1.1e-09
2.6e-10

PO SO W

Table 4.2, Release categuries ranked by risk.

Release Risk

Category {man-rem/yr)

3.2e+00
2.4e+00
1.7e~01
5.7e-0D2
2.8e-02
1.1e~03
7.1e~04

O - N

4.2 Probabilities and Risk Contributions of Important Terminal Event Sequences

Tables 4.3-4.5 rank the terminal event sequences according to their
probability of causing a release and their risk (man-rem/yr) contribution,
The letters in the accident sequences designate safety systems; see Table
4.24, A bar over the letter means the system has performed successfully.

Sixteen TESs involving all seven of initiating events contribute 90% of
the release probability (see Table 4.3). Certain TESs appear twice because
they are associated with two release categories depending on success of the
containment spray and fan cooling systems.
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Table 4.3. Terminal event sequences important to probability of release
ranked by probability of terminal event seguence.

Containment
Release Probability Accident Failure
Category of TES Initiating Event Sequence Mode
7 1.0e-06 transient class 2 KLBS?C epsilon
3 4.1e-07 sma)) LOCA KCOFA  delta
7 3.5e-07 small-small LOCA  KLCF epsilon
7 2.4e-07 large LOCA (DE epsilon
7 1.9e-07 small LOCA KCDF epsilon
7 1.8e-07 smalt LOCA KCDF deita
2 1.6e-07 vessel rupture CF _ gamma
2 1.6e-07 transient class 2 KLBPQC_  delta
3 1. 2e-D7 small-small LOCA  KLCOJFH delta
7 1.0e-07 vessel rupture CE epsilon
7 7.8e-08 Targe LOCA COF epsilon
7 7.6e-08 large LOCA LWF ___  delta
7 7.5e-08 transient class 1 KMLBPGQC epsiton
7 7.2e-08 medium LOCA KCCE__  epsilon
2 6.7e-08 transient class 2 KLBPQC gamma
[ 6.5e-08 large LOCA CDFG_ epsilon
6 5.3e-08 transient class 2 KLBPQC  epsilon
2 5.0e-08 small-small LOCA  KLCE gamma
6 4.8e-08 small-small LOCA KLCEG_ epsilon
3 3.6e-08 medium LOCA KCOKFH  delta
7 3.3e-08 medium LOCA KCDF epsilon
7 3.2e-08 medium LOCA KCDF delta
2 1.7e-08 vessel rupture tFe gamma
2 1.7e-08 small-small LOCA  KLCF delta
7 1.1e-08 small LOCA KCDE epsiion
1 1.7e-08 vessel rupture CF ___ alpna
3 1.0e-08 transient class 2 KLBPQC alpha

From Table 4.4 it can be seen that eight TESs contribute 90% of the
risk. These TESs lead to release in either categories 2 or 3. The first five
contributors to risk are among the sixteen leading contributors to probability

of release.
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Table 4.4. Terminal event seguences important to risk ranked by their
risk contributions.

Containment
Release Risk Accident Failure
Category (man-rem/yr} Initiating Event Sequence Mode
3 2.2e+00 small LOCA KCDJFA  delta
2 7.7e-01 vessel rupture CF ___ gamma
2 7.5e-01 transient class 2 KLBPQC_ delta
3 6.6e-01 small-small LOCA  KLCOJFH delta
2 3, 2e-01 transient class 2 KLBPQL  gamma
2 2.4e-01 small-small LOCA  KLCF _  gamma
3 Z2.0e-01 medium LOCA KCOJFH delta
2 8.1e~02 vessel rupture CFG gamma
2 8.0e~-02 small-small LOCA KLCF delta
1 5.7e-02 vessel rupture cF _ alpha
3 5.6e~02 transient class 2  KLBP{QC alpha
2 4.5e-02 large LOCA COFG gamma
2 3.3e-02 small-small LOCA KLCFG  ~ gamma
2 2.5e-02 vessel rupture CF ___ delta
7 2.3e-02 transient class 2 KLBEQC  epsilon
1 2.3e-02 small LOCA KCOJFH  alpha
1 2.3e-02 small-small LOCA  KLCF alpha

Table 4.5. Terminal event sequences important to each release category
ranked by the probability of the terminal event sequences.

Containment
Release Probability Accident Failure
Category of TES Initiating Event Sequence Mode
1 1.1e-~08 vessel rupture CF____ alpha
1 4,2e-09 small LOCA KCDJFA  alpha
1 4,2e-09 small-small LOCA  KLCF alpha
1 3.8e-09 small LOCA KCOF__ alpha
i 2.8e-09 transient class 2 KLBPGL  alpha
1 1.6e-09 large LOCA CDF alpha
1 1.2e-09 small-small LOCA KLTDJFA alpha
] 1.1e-09 vessel rupture DFG alpha
2 1.6e-07 vessel rupture CF _ gamma
2 1.6e-07 transient class 2 KLBPQL  delta
2 6.7e-08 transient class 2 K[BPQC  gamma
2 5.0e-08 small-small LOCA  KLCF gamma
2 1.7e-08 vessel rupture CFG gamma
2 1.7e-08 small-small LOCA  KLCF delta
3 4.1e-07 small LGCA KCOXA_ delta
3 1.2e-07 small-small LOCA  K[CDJFA delta
3 3.6e-08 medium LOCA KCDJH  delta
3 1.0e-08 transient class 2 KLBPQC alpha
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Containment

Release Probability Accident Failure
Category of TES Initiating Event Sequence Mode
4 2.0e-10 smail-small LOCA  KLCBEF  gamma
4 6.5e-11 small-small LOCA LCBEF deita
5 1.0e-09 small-small LOCA  KLCBEFH gamma
5 2.0e-11 small-small LOCA  KCE gamma
6 6.5e-08 large LOCA COFG_ epsilon
6 5.3e-08 transient class 2 KLBPGC  epsilon
6 4.8e-08 small-small LOCA  KLCFG epsilon
6 8.6e-09 medium LOCA KCDEG epsilon
6 7.1e-09 small-small LOCA  KLCBEFG epsilon
6 1.6e-09 small LOCA KCDFG epsilon
7 1.0e-06 transient class 2 KLBPGC epsilon
7 3.5e-07 small-small LOCA  KLCF epsilon
7 2.4e-07 targe LOCA CDE epsilan
7 1.9e-07 small LOCA KCDF epsilon
7 1.8e-07 small LOCA KCDF delta
7 1.0e-07 vessel rupture CE epsilon

For Release Category 7, the most important one from Table 4.1, we see in
Table 4.3 that most probable TES leading to release category 7 contributes 42%
of the category 7 probability whereas the nine most probable TESs contribute
90% of category 7 probability. Note that all initiating events appear in this
top 90% except medium LOCA. This indicates that no initiating event is
dominating the probability ranking for release category 7. Important TESs for
each release category are given in Table 4.5.

The TES rankings for each release category agree with the rankings
reported earlier [3]. Those rankings were conditional on earthquake level.
This report sums over all earthquake levels and ranks all the TESs important
to release probabitity. Only those considered important are listed, down to
the 1% level in Tables 4,3 and 4.4 and down to the 10X level in Table 4.5.
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4.3 Probabilities and Risk Contributions of Containment Failure Modes

The contributions to release probability and risk from each containment
failure mode are ranked in Tables 4.6 and 4.7 respectively. Containment
failure mode epsilon (melt-through) contributes most to probability but is
fourth with respect to risk. Containment failure mode delta (overpressure)
contributes the most to risk and is second in probability. Containment
failure mode beta (containment leakage) contributes least, five orders of
magnitude less with respect to both probability and risk.

Table 4.6. Containment failure modes and the probabilities of the
terminal event sequences that include the containment failure

mode.
Containment Probability of
Failure Mode (CFM) Release Via that CFM
alpha (rupture) 4,7e-08
beta (leakage) 3.3e-13
gamma fburning) 3.1e-07
delta (overpressure) 1.1e-06

epsilon (melt-through) 2.45e-06

Table 4.7. Containment failure modes and risk contributions of the
terminal event sequences that include the containment
failure mode.

Containment Risk
Failure Mode {man-rem/yr)
alpha 2.6e-01
beta 1.3e-06
gamma 1.5e+00
delta 4.0e+00
epsilon 7.8e-02

4.4 Probabilities and Risk Contributions of Initiating Events

From Table 4.8 it can be seen that initiating events transient class T2
and small LOCA, contribute over 50% to the total release probability., The
same two initiating events alse contribute over 50% to the risk (see
Table 4.9). Five of the seven initiating events contribute over 90% of tne
release probability, and four of the seven initiating events contribute over
90% of the risk.
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Table 4.8. Initiating events ranked by the probabilities of terminal
event sequences that include the initiating event.

Probability

Initiating Event of TES

transient class 2 1.3e-06
small LOCA 8.1e-07
small-small LOCA 6.2e-07
large LOCA 4.8e-07
vessel rupture 3.0e-07
medium LOCA 1.8e-07
transient class 1 7.5e-08

Table 4.9. Initiating events ranked by risk contribution of terminal
event sequences that include the initiating event.

Risk
Initiating Event {man-rem/yr)
small LQCA 2.3e+G0
transient class 2 1.2e+00
small-small LOCA 1.1e+00
vessel rupture 9.5e-01
medium LOCA 2.2e=01
large LOCA 1.0e-01
transient class 1 5.8e-03

4.5 Probabiiities and Risk Contributions of Important Accident Sequences

The most important accident seguences for each initiating event are
listed in Tables 4.10 and 4.11. The probabilities and risk contributions are
computed by summing the probabilities and risk contributions of the terminal
event sequences containing the accident sequences. The accident sequence
rankings with respect to probability and risk differ since the accident
sequence's associated containment failure mode probabilities and release
categories differ.
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Table 4.10.

Accident sequences given initiating events ranked by the
probabilities of terminal event sequences that include the

accident sequence.

Accident
Initiating Event Sequence
vessel rupture Cr
vessel rupture CE
vessel rupture CFa
large LOCA CoE
large LOCA CDE
large LOCA CDFG
large LOCA CDJER
medium LOCA KCDE
medium LOCA KCOF _
medium LOCA KCOJFA
medium LOCA KCDFG
small LOCA KCOJFA
small LOCA KCOE
small LOCA KCOE
smali-small LOCA RLCE_
small-small LOCA KLCDJFH
smali-small LOCA RLCEG _
small-small LOCA KL CBEFH
small-smal) LOCA KLIBEFG
small-small LOCA RLCBE
transient class 2 KLBPGC
transient class 1 RMLBPQC
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Probability of TES
that Include the
Accident Sequence

1.8e-07
1.0e-07
1.9e-08

4e-07
.6e-~07
.8e=08
.8e-09

7.3e-08
6.5e-08
3.6e-08
1.0e-08

2
1
7
3

4,2e-07
3.8e-07
1.1e-08

4.2e-07
1.2e-07
5.8e-08
8.6e-09
8.6e-09
5.8e-09

1.3e-06
7.5e-08



Table 4.11. Accident sequences given initiating events ranked by the
risk contributions of terminal eveni sequences that include

the accident sequence.

Accident Risk
Initiating Event Sequence (man-rem/yr)
vessel rupture CF 8.5e-01
vessel rupture CFa 9.0e-02
large LOCA COFG 7.4e-02
Jarge LOCA {oE 1.8e-02
large LOCA CDF 1.2e-02
medium LOCA RCOJFA 2.0e-01
medium LOCA KCDFG 9.8e-03
medium LOCA KCDE 5.6e-03
medium LOCA KCDF 5.0e-03
small LOCA KCOJFH 2.3e+00
small LOCA KCDF 2.9e-02
small-small LOCA KLCOIFA 6.7e-01
small-small LOCA KLCE 3.5e-01
small-small LOCA KLCEG_ 5.5e-02
small-small LOCA KLCBEFG 8.1e-03
transient class 2 KLB#QC 1.2e+00
transient class 1 KMLBPQC 5.8e-03

The probability and risk contributions of all important accident
sequences (for all initiating events together) are 1isted in Tables 4.12 and
4.13. Accident sequences with transient class T2 and small LOCA ranked
highest with respect to both probability and risk. A sequence involving
vessel rupture ranked third when considering risk.
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Table 4.12. Accident sequences important to release probability ranked
by the sums of the probabilities of terminal event sequences
that include the accident sequence.

Accident Probability
Initiating Event Sequence of Release
transient class 2 gLaPqc 1.3e-06
small LOCA KCOJFH 4.2e-07
small-small LOCA KLCK 4.2e-07
smail LOCA KCOF 3.8e-07
large LOCA CDE 2.4e-07
vessel rupture CF 1.8e-07
large LOCA COF__ _ 1.6e-07
small-small LOCA KLCDJFH 1.2e~07
vessel rupture CE 1.0e-07
Targe LOCA CDFG___ 7.8e-08
transient class 1 KiiLePac 7.5e-08
medium LOCA KCDE 7.3e-08
medium LOCA KCOF 6.5e-08
small-small LGCA KLCFG_ 5.8e-08
medium LOCA KCDJFH 3.6e-08
vessel rupture CF5 1.9e-08

Table 4.13, Accident sequences important to risk ranked by the risk
contributions of the terminal event segquences that include
the accident segquence.

Accident Risk
Initiating Event Sequence {man-rem/yr)

small LOCA RCDF A 2.3e+00
transient class 2 KLBPGC 1.2e+00
vessel rupture CF 8.5e-01]
small-small LOCA RCCOXFA 6.7e-01
small-small LOCA KLCF _ 3.5e-01
medium LOCA KCOJFd 2.0e-01
vessel rupture CFG 9.0e-02
large LOCA COFG 7.4e-02
small-small LOCA KLCFG 5.5e-07
small LOCA KCDF 2.9e-02

4.6 The Vesely-Fussell and Birnbaum Measures of Important Components and
Systems

The response- and fragility-related component failures important to
release in each of six earthquake intervals and their Birnbaum measures are
listed in Appendix D with regard to risk and in Appendix E with regaru to
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release category probabilities. The importance ranking is determined by the
Vesely-Fussell measure. The Birnbaum measure is then computed only for
important components. Failures due to basemat uplift of the containment
building, collapse of the service water pump enclosure roof (crib house roof)
and shear walls in the AFT complex are important structural component
failures. Pipes between buildings and electrical component failures are also

important.

Safety systems are ranked in Table 4.15. The probabilities and risk
contributions are the sums of the probabilities and risk contributions of the
terminal event sequences containing the safety systems. The containment spray
injection system (CSIS) and containment fan cooler system (CFCS) are the most
important systems with respect to both release probability and risk. They are
important to release probability by association with terminal event sequences
that have high probability, Their failures, of course, do not cause the core
melt but affect the severity of release. In terminal event sequences with
transient initiating events followed by bleed and feed operation, CSIS and
CFCS influence occurrence of release. The secondary steam relief (SSR),
auxiliary feedwater (AFW), and residual heat removal during a LOCA (RHR-LOCA)
systems are important to release probability and risk. The reactor protection
system (RPS) is not considered important to release probability because most
releases occur despite success of the RPS and hecause the RPS has a low
probability of failure.
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Table 4.15 Safety Systems Ranked by the Probabilities and Risk
Contributions of Terminal Event Sequences That Include the

Safety Systems.

Events ordered by:

( P[Release] ) (Risk Contribution)
Name Total PLRelease ] Name Total Risk
CSIS and CFCS 5.86e-] (SIS and CFCS 9,74e-1
SSR and AFWS 4, 96e-1 RHRS (LOCA) 7.48e-1]
RHRS (LOCA) 4.6%-1 SSR and AFWS 2.73e-1
Bleed and feed 3.66e-1 Bleed and feed 2.02e-1
ECI 2.68e-1 CSRS recirc. 4.08e-2
CSRS recirc. 4.64e-7 ECI ) 2.68e-2
PCS 2.00e-2 CFCS recirc. 2.62e-3
CFCS recirc. 5.23e-3 PCS 9.91e-4
ECR 1.12e-3 ECR 9,07e~5
RPS 9,10e-5 RPS 1.90e-5
RHRS (Transient) 9,50e-9 RHRS (Transient) 1.44e-9
ECF, S/RV-0,-R 0.0 ECF, S/RV-0,-R 0.0

and CVCS and CVCS

4.7 Derivatives of Probabilities and Risk with Respect to Means and Standard
Deviations for Fragilities and Responses with Respect to Important

Components

4.7.1 Fragi]ities

Table 4.16 provides a description of the fragility categories that have
derivatives at least 1 percent as large as the largest derivative. They are
ranked in the order of Table 4.17. More detailed descriptions can be found in
[18]. These fragility category numbers are used in Table 4,17 and 4.18 to
exhibit the sensitivities of important fragility categories with respect to
both release probability and risk. The second column of Table 4.17, dp/dmv,
lists the values of the derivatives of release probability with respect to the
means of the logarithms, and the third column, dp/dsv, lists these derivatives
with respect to the standard deviations of the logarithms. Table 4.18
provides similar information except that derivatives of risk are listed.
Fragility category importance is based on these derivatives.
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Table 4.16. Descriptions of important fragility categories.

Category Pescription
29 crib house roof
6 base slab uplift
5 piping
12 reactaor coolant pumps
36 wiring and buses
22 switchgear and relays
4 steam generators
K] pressurizer

Table 4.17. Important fragility categories and derivatives of release
probability with respect to the mean or standard deviation
of the logarithm of strength, ranked by vaiues of

dP{release)/dmv.
Fragility Probability
Category dp/dmvd dp/dsyP of releaseC
29 -5.9e-06 7.2e-06 3.8e-06
6 -5.3e-06 1.0e-05
5 -2.5e-06 9.9e-07
12 -2.1e-06 2.2e=06
36 -2.0e-07 7.5e=08
22 -1.5e-07 4.6e-08
4 -1.1e-07 4,5e-07

a Derivative of pP(release) with respect to the mean m of
the logarithmic fragility variable v.

b Derivative of P(release) with respect to the standard
deviation s of the logarithmic fragility variable v.

c Point about which the derivative is taken,

Table 4.18. Important fragility categories and derivatives of risk with
respect to the mean or standard deviation of the logarithm of
strength, ranked by values of dr/dmv = dRisk/dmv.

Fragility a RiskD
Category dr/dmy dr/dsy {(man-rem/yr)
5 ~7.1e+00 2.1e+00 5.8e+00
29 -3.6e+00 2.2e+00
6 -2.0e+00 2.3e+00
12 -6.8e-01 -4,8e-01
36 -3.5e-01 1.8e-01
4 -2.4e-01 -7.0e-01
22 -1.3e-01 4.0e-02
3 -3.2e-02 4,2e-02

a2 Derivative of Risk with respect to the mean m of the
logarithmic fragility variable v.
b Point about which the derivative is taken.
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Referring to Table 4.16 crib house roof failure is failure of the pump
enclosure roof. Failure of this roof is assumed to cause all six service
water pumps to fail, causing failure of the service water system. Base slab
uplift (soil failure beneath containment building) causes failure of all
interbuilding pipes. Piping fragility is related to initiating events and
several safety system failures.

4.7.2 Responses

Table 4.19 provides a description of the responses and associated
component failures for those derivatives at least 1 percent as large as the
largest derivative. They are listed in order ranked by the derivatives. More
detailed descriptions can be found in [3]. These response numbers are used in
Table 4.20 and 4.21 to exhibit the sensitivities of important responses with
respect to both release probability and risk. The second column of
Table 4.20, dp/dmv, Vists the values of the derivatives of release probability
with respect to the means of the logarithms while the third column, dp/dsv,
lists these derivatives with respect to the standard deviations of the
logarithms. Table 4.21 provides similar information except that derivatives
of risk are listed. Response importance is based on these derivatives.
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Table 4.19. Descripticn of important responses.

Response Response Component
Number Location Failure
1 free field crip house roof
various® piping
5 contain. found. base slah uplift
14 contain. int, structure reactor coolant
pumps
n AFT building wiring and buses
switchgear and
relays
15 contain. int. structure steam generators
16 contain. int. structure pressurizer
310 AFT building Diesel generator

room shear walls

a The impartant piping responses, with response numbers hetween 41-301
and 314-333, are in the RCL, RHR, SI, and the auxiliary feedwater and
steam piping systems.

Table 4.20. Important responses and derivatives of release probability
with respect to the mean or standard deviation of the
logarithm of response, ranked by values of dP(release)/dmy,

Probability
Response Number dp/dmv? dp/dsy of release
1 5.9e-06 6.4e-06 3.8e-06
5 5.3e-06 5.7e-06
14 2.1e-06 4.6e-06
241 6.3e-07 3.8e-07
296 4,3e-07 1.2e-06
87 3.3e-07 3.4e-07
mn 3.0e-07 3.7e-07
an 2.0e~07 3.9e-07
121 1.8e-07 1.4e-07
120 1.8e-07 2.3e-07
265 1.5e-07 1.2e-07
15 1.1e-07 4.0e-07 *

a Derivative of P(release) with respect to the mean m of
the logarithmic response variable v.
b Point about which the derivative is taken.
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Table 4.21. Important responses and derivatives of risk with respect to
the mean or standard deviation of the logarithm of response
ranked by values of drisk/dmv.

Respanse Number

1
241
5
87
120
14
301
n
199
215
265
15
121
122
296
333

Risk
dr /dmy dr/dsv {man-rem/yr)
3.6E+00 1.9E+00 5.8E+00
3.1E+00 1.8E+00
2.0E+00 1. 2E+00
1. 3E+00 1.1E+00
6.9E-01 8.3£-01
6.8E-01 2.1E400
5.3£-01 1.0E+0D
4.7€-01 4.6E~01
3.6£-01 5.0E-01
2.7E-01 5.3E-01
2.4€-01 2.8E-01
2.4E-01 1.4E+00
2.3E-0) 2.8£-0)
1.3E-01 2.5E-01
1.2€-01 2.9E-01 ¢
9.9E-02 2.0E-01

4.8 Derivatives of Probabilities and Risk With Respect to Parameters of

Important Primary Input Variables

The primary input variables (PIVs) are ranked in importance by tne
sensitivity of release probability or risk to the mean or standard deviation
of the logarithm of the PIV. Table 4.22 praovides a description of the
important primary input variables listed in ranking order, The primary input
variables in Table 4.23 are ranked by values of dP(release)/duv.

Table 4.22. Description of the important primary input variables.

yariable No.?

Structure or System

Soil

Containment internal structure and RCL piping
Containment shell structure

AFT buiding

AFW piping system outside containment
RHR/SI-2 piping system

RHR suction piping system

RHR/SI-) piping system

Piping system

Main steam piping system outside containment
Auxiliary main steam piping system--6 inches diameter

A1l odd numbered PIVs except the first are frequency variables of the

structure or system.

The first PIV is a stiffness variable. All even

numbered PIVs are damping variables.
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The soil variables are most important primarily because of the local site
effects. Peak ground acceleration at the site is sensitive to the soil
variables, especially damping. Peak ground acceleration affects ail of the
structural, piping, and equipment responses. PIVs 5 and 6 affect the internal
structure, heavy primary loop components and piping, The containment shell
structure variables affect the foundation motion (through SSI) and
interbuilding piping. The AFT building variables affect the shear walls,

internal equipment and piping, and pipes between buildings,

The piping system variables (frequency and damping) are important by
association with the responses reported in Section 4.7.2. The RCL piping, for
example, is important to LOCAs whereas the other piping systems are parts of
the RHR and S1 systems, the auxiliary feedwater to the steam generators, ana
the main and auxiliary steam piping from the steam generators. Some of the
small diameter RCL branch pipes were not modeled, and responses assigned to
other small diameter pipes were substituted. Variable 35, for example,
appears in the 1list of important variables because one of its responses was
used for a small but important unmodeled RCL. pipe. The other non-RCL piping
systems above have important components both in their own systems, important
to safety systems success, and .through substitution of resnonses) in the RCL,
important to ipitiating events.

The peak rock outcrop acceleration is an input to the SMACS computer code
but was not included in this sensitivity analysis, It is felt it is more
important than soil damping. Dividing mean soil damping by two, for example,
increases the soil free field acceleration by a factor of 1.3 to 1.4; this
makes the soil damping very important. Increasing peak rock outcrop
acceleration by a factor of two (for fixed values of the probability of
recurrence) increases peak ground acceleration by a factor of two, therefaore,
the rock outcrop acceleration is considerad more important than soil damping.

The sensitivities of the PIVs are approximations because the response
correlations have not been included in the derivatives. Approximate methods
[19] could provide the derivatives with respect to response correlations and
the derivatives of response correlations with respect to parameters of primary
input variables. Nevertheless, all sensitivities are computed here the same
way so they can be used for ranking PlVs.
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Table 4.23,

Important primary input variables and derivatives of release
probability P(release) and risk r with respect to the mean m
or standard deviation s of the logarithm of the primary input
variables v; ranked by values of dP(release)/dmv.

variable ReleaseP RiskD
Number  dp/dmv? dp/dsv  Probability  drsdmv  dr/dsv  (man-rem/yr)
2 -4,2E-06 3.6E-06 3.8E-06 ~5.6E+00 5.0E+00 5.8E+00
1 1.9€-06 8.1E-06 -4.0E+00 6.3E+00
5 -1.7E-06 1.2E-06 ~1.1E400 1.8E+00
19 1.7e-06 2.4E-06 4.8E+00 6.8E+00
[ -1.3E-06 1.1E-06 ~4.6E-0] 5.8E-01
33 1.2E-06 7.7E-07 5.6E+00 4.0E+00
3 4.9E-07 1.7E-06 -4,9E-03 7.5E-01
4 -4,7E-07 5.8E-07 -9,6E-01 3.0E-01
8 4.5E-07 7.1E-07 3.7e-01 1.9E-01
35 4,0E-07 5.1E-07 5.6E-0) 9.0E-D1
31 1.9E-07 3.7E-07 6.9€-01 1.4E+00
29 1.7E-07 5.4E-07 5.5E-01 1.7E+00
7 1.5E-07 5.6E-07 ~7.1E-01 1.1E+00
20 9.9e-08 2.3E-08 2. 2E-01 5.0E-02
53 6. 2E-08 1.5E-07 1.7E-01 4,2E-01
34 -3.7e-08 2.4E-09 ~2.2E-01 1.3E-02 +
29 3.06-08  B.9E-08 | 2.5E-02 7.5£-02

-

a Derivative of P{release) with respect to the mean m of the
logarithmic primary input variable v.

Table 4,24,

Letter

B
€

m

R & T o ™M

Point about which the derivative is taken.

Glossary of Accident Sequence Descriptors

Description

Bleed and Feed

Containment Spray Injection System and
Containment fan

Emergency Coolant Injection - ECI

Containment Fan Cooler System (Recirculation
Phase} -~ (CFLS-R)

Residual Heat Removal System (LOCA} - RHRS

Containment Spray Recirculation System - CSRS
tmergency Coolant Recirculation - ECR

Emergency Core Functionability - ECF

Reactor Protection System - RPS
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(Continued)

=

E C o

3

Auxiliary Feedwater System and Secondary Steam
Relief - AFWS and SSR

Power Conversion System - PCS

Safety/Relief Valves - Open - S/RV-0
Safety/Relief Valves - Closed - S/RV-R

Chemical and Volume Control System - CVCS
Residual Heat Removal System (Transient) - RHRS
Containment Rupture - Vessel Steam Explosion
Containment Leakage

Containment Rupture - Burning

Containment Rupture - Overpressure

Containment Rupture - Melt-through
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5.  ALLOCATION OF RESOURCES TO REDUCE RISK

In Section 5.1, we estimate the changes achievable in important input
parameters for egual investments in research or fabrication improvements.

In Section 5.2, we use these estimates, together with the derivatives of
risk with respect to input parameters obtained in Section 4, to rank the input
parameters in which investments would be most worthwhile for reducing risk.
Based on this, we recommend future efforts be concentrated on the high-ranked
input parameters. This is the “recommend improvements® activity of Fig. 1-1.

There are two important qualifications to the results in this Section.

First, our marginal value estimates, although the most unbiased we can

estimate now without a separate study, are rough estimates and need
refinement. Planning for research, while concentrating on the parameters

ranked highest and fairly high, will develop more specific estimates for use
in final allocation of resources,

Second, the procedure here using ranking is simplified compareos to the
allocation procedure outlined in Section 1.3. More detailed marginal value
estimates, which might be developed during detailed planning for research,
would be needed to carry out the full procedure and find the optimal

allocation.

With these qualifications in mind, the following illustrates how to do
marginal analysis for resource allocation and for ranking of input ai-eas to
concentrate research on for the most cost-effective reductions to risk and to
release probability, if any reductions are determined to be necessary.

]
-
- .
=
1
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5.1 Estimates of Rates of Changes of Component Fragility Parameters anag
Primary Input Variable Parameters

Table 5.1 lists the derivatives of release probability and risk with
respect to the probability distribution parameters of inputs. Inputs are the
fragilities and the primary input variables. The parameters are the means and
the standard deviations of the logarithms of these variables. The derivative

values are taken from Section 4.

Table 5.1 also lists estimates of the changes in tne parameters tnat
would result due to equal efforts to improve the parameters. 1t was not in
the scope of this program to estimate the absolute marginal values of changes,
the rates of change per dollar, so estimates that are consistent proportionally
with each other were developed. The estimates are what it is pelieved can be
achieved in a fixed time, e. g. one fiscal year, for equal, e. g. heroic,
efforts to make improvements that change the parameters of the probability
distributions of fragilities, responses and primary input variables. These
estimates are developed as fractions of Bys the standard deviations of the
medians m, and s, (called gy in Ref. [3]), the standard deviations of
the random variables v [3]. Table 5.1 lists By and BR- We estimate
the means m, can be changed by a fraction of By and the standard
deviations s, can be changed by a fraction of Sy (= BR).

The columns of Table 5.1 are:

. Var No numbers of the important fragility categories or primary
input variables, These numbers are described by Var Name;
see also Table 5.2.

2. Para the parameters (mean m or standard deviation s) of the
probability distribution of the important logarithmic
variables (fragility categories or primary input
variables);

3. Var Type indicate whether the variable is a fragility or primary
input variable. PIV refers to a primary input variabnle
and FRAG refers to a fragility.

4. Var Name names of the important fragility categories or primary
input variables; for primary input variables the last two
digits refer to stiffness (st), damping (dp) or frequency
(fr). When the first four digits are “subs® then number
following this indicates the piping subsystem number.
These are identified in Table 5.3.
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5. betau or the standard deviations sp representing inherent
betar randomness, and gy representing uncertainty, of the
logarithms of the important fragility categories or
primary input. variables; the gy values are listed
with the means m, and then the gp values are listed
with the standard deviations s.

6. delm or the estimated changes, sm in the means or as in the
dels standard deviations, for equal efforts.

7. dp/dmv or the derivatives of release probability with respect to the
dp/dsv means or standard deviations of the variable v identified
in columns 1, 2 and 4.

8. dr/dmv or the derivatives of risk with respect to the means or
dr/dsv standard deviations of the variable v.

Table 5.1 Derivatives of release probabilities and risk and estimates of
changes in parameters of distribution functions of fragilities and primary
input variables for equal efforts in improvements.

Var Var var betau or delm or dp/dmv or dr/dmy or
No Para Type Name betar dels dp/dsv dr/dsv
1 ] PIV soil-st 5.7E-01 7.1£-02 1.9%-06 -4.0E+00
2 m P1VY soil-dp 8.6E-01 1.0E-01 -4.1E-06 -5.6E+00
3 m PIV ctnmtfr 4.3E-01 1.0E-01 4,9c-07 -4.8E-03
4 m PIV ctnmtdp 6.0E-01 1.5E-01 -4.7E-07 ~9.6E-01
5 m PIV ctnint-fr 4,.3E-01 1.06-01 -1.7E-06 -1.1E+00
6 m PiV ctnint--dp 6.0E-01 1.5e-01 -1.3E-06 -4.6E-01
7 m PIV auxturb-fr 4.3E-01 1.0€-01 1.5€-07 -7.1E-01
8 m PIV auxturb-dp 6.0E-01 ~1,5E-01 4.5E-07 3.6E-01
13 m PIV subs.0l.fr 4,3E-01  -1.0£-0] 2.3E-08 1.3-02
14 m Py subs.01.dp 6.0E-01 1.56-01  =-1.1E-09 -3.1E-04
15 m PIV subs.02.fr 4.3E-01 -1.0E-01 1.6E-10 1.4E-04
16 m PIV subs.02.dp 6.0£-01 1.5E-01 -7.4E-11 -6.5E-05
17 m PIV subs.03.fr 4,38-01 -1.0E-0) 1.0E-14 1.3E-08
18 m P1V subs.03.dp 6.0E-01 -1,5£-01 5.5E-15 7.1E-09
19 m PIV subs.04.fr 4,3E-01 -1.0E-01 1.6E-06 4.8E+00
20 m PIV subs.04.dp 6.0E-01 «1.5E-01 9.9E-08 2.2E-01
21 m PIV subs.05.1 " 4,3E-01 -1.0E-01 0.0E+00 0.0E+00
22 m PIV subs.05.dp 6.0E-01 1.56-01 0.0E+Q0 (.CE+00
23 0m PIV subs.06.fr 4,38-01 -1.0E-01 0.0E+00 0.0E+00
28 m PIV subs.06.dp 6.0E-01 1.5£-01 0.0E+00 0.0£+00
25 m PIV subs,07.fr 4,.3e-01 1.0E-01 -8.1E-10 -2.6E-03
26 m PIY subs,07.dp 6.0E-01 1.5e-01 -4.4E-09 -9,3E-03
27 m PIV subs.08.fr 4.3E-01 -1.06-01 0.0E+00 0.0E+00
28 m PIV subs.(08.dp 6.0E-01 1.5€-01 0.0E+00 0.0E+00

*PIV - Primary Input Variable
FRAG - Fragility
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Table 5.2 expands on the variable number-name identification for the
PIVs. PIVs 9-12 for structures & and 5 were omitted as unimportant. PIVs
37-40 for RCL piping were set equal to variables 5 and 6 for the containment
internal structure, because the RCL piping was modeled in tne structure
model. The “subsystems" are piping systems. Table 5.3 cross references
subsystem pumbers and piping system names. The numbers are used in the "var
name* coiumn of Table 5.1. ODescription for many of these names can be found
in Reference [13].

Table 5.2. Primary input variables (PIVs).

PIV Name and
Variable No. Structure or System

1 Soil shear stiffness

2 Soil damping

3 Frequency, structure 1 {containment shell structure)

4 Damping, structure 1}

5 Frequency, structure 2 (containment internal structure)
6

7

8

Damping, structure 2
Frequency, structure 3 (aux-fuel-turbine structure)

Damping, structure 3

13 Fregency, subsystem 1
14 Damping, subsystem 1

15 Frequency, subsystem 2
16 Damping, subsystem 2
53 Frequency, subsystem 21
54 Damping, subsystem 21
55 Free field (soil) PGA

Table 5.3, Piping systems used in the analysis.

Piping
Sys. No. Description

Charging water pump discharge

Pressurizer relief lines

AFW inside containment (to steam generator 1A)
AFW outside containment

SW pump discharge

SW strainer

SW to AFW pump

RHR pump discharge

RHR Pump suction

RHR/SI-1

CO XU AN~

-—

-5 -



(Continued)

Piping
Sys. No. Description

1n RHR/SI-2

12 Charging water discharge--boron injection tank to containment
13-14 RCL including branch lines

15 Feedwater and AFW, SG-1B to containment penefrations

16 Feedwater and AFW, SG-1C to containment penetrations

17 Feedwater and AFW, SG-1D to containment penetrations

18 SG-1A steam to containment penetration P5

19 Steam cutside containment from P5 to safety valve manifold,

aux. main steam
20 Steam to turbine driven AFW pump 1A
21 Main steam from SG-1A and SG-1D to containment penetration

The changes in the column jabeled "delm or dels" of Table 5.1 are to be
multiplied by the derivative values in column 7 or 8 to obtain the changes in
release probability and risk for equal efforts.

5.2 Priority Ranking of Changes

Fable 5.5 ranks parameters by the changes of release probability due to
equal efforts to change the parameters. Negative changes in release
probability are good. The parameter changes in ¢column 6 are due to
improvements that require equal efforts. Column 5 contains (del p), the
changes in release probability for equal efforts to change means or standard

deviations.

Table 5.6 ranks parameters by the changes of risk due to equal efforts to
change the parameters. The parameter changes in column 6 are due to
improvements that require equal efforts. Column 5 differs from Table 5.5. It
contains (del r), the changes in risk for equal efforts to change means or
standard deviations. Note, a change that reduces risk may increase release
probability; e. g., in the median of soil stiffness.

If improvements are found necessary we recommend research and

modifications to the Zjion nuclear power plant that cause the parameter changes
ranking high in Table 5.6. The specific research and types of modifications
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are not identified in the present work; only the subject areas are
identified. We recommend efforts in the relative proportions listed in
column 5 of Table 5.6. The plans for the research and modifications to make
the recommended improvements should be used to update the estimates of the
changes deim and dels in Table 5.1 and then update Tables 5.5 and 5.6 before

final allocation,

Table 5.5 Ranking of improvements according to the changes in release
prabability due to egual efforts in changing parameters.

Var Var Var Result delm
No_ Para  Type* Name del p or dels
6 sd FRAG base slab uplift -6, 8E-07 -6.6E-02
6 m FRAG base slab uplift -5,3E-07 1.0E-01
2 m PIV soil-dp -4,5E-07 1.0E-01
29 m FRAG crib house roof -3,9E-07 6.7E~02
29 sd FRAG crib house roof 2.8E-07 -4,.0E-02
1 sd PIV s071-st -2.7E-07 -3.3E~02
5 m - FRAG piping (master) =2.0E-07 8.2E-02
6 sd PIV ctnint-~dp -1.9E-07 1.5E-01
12 m FRAG rep -1.9E-07 9.2E-02
5 m PIv ctnint~-fr ~-1.8E-07 1,0E~01
19 m PIV subs.04.fr -1.76-07 ~1.0E~-01
2 sd PIv soil-dp -1.4E-07 -4,1E~02
33 m PIy subs.11.fr -1,3€-07 -1.0E-01
19 sd Ply subs.04.fr -1, 0E-07 -4,1E~02
4 m Plv ctamtdp -7.1E-08 - 1.5E-01
3 sd PIV ctamtfr -6.9£-08 -4.1E-02
8 m PLIV auxturb-dp -6.8E-08 -1.5€-01
6 sd PIV ctnint~-dp ~-6,5E-08 -5.8E-02
5 sd PIV ctnint~-fr -5,0E-08 -4,1E~02
35 m PIV subs.12.fr -4,3E-08 -1.0E-01
8 sd PIV auxturb-dp -4,1E-08 -5,8E~02
4 sd PIV ctnmtdp -3,3E-08 -5,.8E-02
33 sd PIV subs.11.fr -3.2c-08 -4,1E-02
5 sd FRAG piping (master) -2.,9E-08 -3.0E-02
22 m FRAG switchgear -2,4E-08 1.6E-01
7 sd P1v auxturb-fr -2.3E-08 -4,1E-02
29 sd PIV subs.09.fr -2,2E-08 -4,1E-02
35 sd PIV subs.12.fr =2, 1E-08 -4,1E~02
31 m PIV subs,10.fr -1.9E-08 -1.0E-01
29 m PIvV subs.09.fr -1.8E-08 -1.0E-01
31 sd Ply subs.10.fr -1.5E-08 -4, 1E-02
20 m PIV subs.04.dp -1.5E-08 -1.5E-01
4 m FRAG steam generator -1.0E-08 9,.2E-02
36 m FRAG cable trays -9.7E-09 4,7E-02

*PIV - Primary Input Variable
FRAG - Fragility
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Table 5.6 Ranking of improvements according to the changes in risk due to
equal efforts in changing parameters.

Var Var Var Result delm
No  Para  Type*  Name del r or dels
2 m PIV soil-dp -6.1E-01 1.0E-01
13 m PIvV subs.11.fr -6.0E-01 -1.0E-01
5 m FRAG piping (master) -5.8€-01 8.2E-02
19 m PIV subs.04.fr -5.1E-01 -1.0E-01
1 m PIV s0il-st -2,8E-01 7.1E-02
19 sd PIV subs.04.fr -2.8E-01 -4,1E-02
29 m FRAG crib house roof -2.4E-01 6.7E-02
2 sd PIV s0il-dp -2.0E-01 -4,1E-02
] sd PIV 50i1=-5t -2.0E-01 -3.3E-02
6 m FRAG base slab uplift -1.9€-01 1.0E-01
i3 sd PIV subs.11.fr -1.6E-01 -4.1E-02
6 sd FRAG base slab uplift -1.5E=-02 -6.6E-02
4 m PIV ctnmtdp -1.4€-01 1.5E-01
5 m PIV ctnint--fr -1.2E-01 1.0E-01
29 sd FRAG ¢rib house roof -3.8£-02 ~-4,0E-02
7 m PIV auxturb-fr -7.6E-02 1.0E-01
5 sd PIV ctnint--fr -7.4£-02 -4, 1E-02
3 m P1V subs.10.fr -7.3E-02 -1.0£-01
6 m PIV ctnint--dp -7.0E-02 1.5E-01
29 sd PIV subs.09.fr -6.9E-02 -4,1E-02
12 m FRAG rep -6.2E-02 9.2E-02
5 sd FRAG piping (master) -6.2E-02 -3.0E-02
35 m PIV subs.12.fr -5,9E-02 -1.0e-01
31 sd PIV subs.10.fr ~-5,9€-02 -4,1E~D2
29 m PIV subs.09.fr ~-5.8E-02 -1.0E-0]
8 m P1V auxturb-dp -5.5E-02 -1.5E~01
7 sd pIv auxturb-fr -4.7E-02 -4.1E-02
35 sd PIV subs.12.fr -3.7e-02 -4,1E~02
6 sd PIV ctnint--dp -3.3E-02 -5.8E-02
20 m PIV subs.04.dp -3.3E-02 -1.5E-01
34 m PIY subs.11.dp -3.3E-02 ~-1.5E-01
3 sd PIV ctnmtfr -3.1E-02 -4.1E-D2
4 sd FRAG steam generator -2.8E-02 4.0E-02
4 m FRAG steam generator -2.2E-02 9.2E~02
22 m FRAG switchgear -2.0E-02 1.6E-01
12 sd FRAG rep -1.9E-02 4,0E-02
53 m PIV subs.21.fr -1.7€-02 -1.0E-01
4 sd PIV ctnmtdp -1.76-02 -5,86~02
83 sd PIV subs.21.fr ~1.7E-02 -4,1E-02
36 m FRAG cable trays -1.6£-02 4.7€E~02
8 sd PIV auxturb-dp -1.1E-02 ~5.8E~02
36 sd FRAG cable trays -1.0E-02 -5.6E~02
36 m PIV subs.12.dp -8.0£-03 1.5€-01

* PIV - Primary Input Variable
FRAG - Fragility
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APPENDIX A. DERIVATIVE OF BASIC EVENT PROBABILITY
WITH RESPECT TO DISTRIBUTION PARAMETERS

This appendix gives formulas for the derivatives of basic event
probability with respect to means, variances, and correlations of responses
and strengths. The formuias for derivatives with respect to means and
variances are in SEISIM2, and the formula for derivatives with respect to
correlations can be incorporated. These formulas are used by SEISIM2 when a
cut set has only one basic event and when evaluating the denominator for the
slope approximation to the Birnbaum measure (see Appendix D). The derivative
with respect to mean response is the same, except for sign, as the derivative
with respect to mean strength (formula A2 below), and the derivatives with
respect to both response and strength variances are the same (formula A3).
Furthermore, the derivative with respect to covariance of response and
strength is the same except for sign as the derivative with respect to
variance {formula A5).

This appendix derives derivatives under the assumption that response and
strength are normal randem variables, X and Y, with means, By and Hys
and variances, ai and 03. {If response and strength are
lognormal random variables, use the the fact that the logarithm of a lognormal
random variable is a normal random variable and the chain rule to find
derivatives with respect to parameters of the lognormal random variables.)

If response and strength are independent, basic event probability is

PLX > Y] =175 {1 -Fy(x))dFyfx) =1 - o(- -u—xr“—%) (A1)
- v O'X +GY

where Fy{x), Fy(x), and & (.) are the cumulative distribution functions
of X and Y and the standardized normal random variable, The derivatives are

(1yuy)?
P> Y] 1 XMy 1 . aPlx> Y] ;
au =/7x EXP L- 2.2 ] 2, 2, " ap (A2)
X 2(0x+0Y) I’(UX+UY) Y
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and

(Hx'"v) 2] (HX'UY)

P[> Y] _ aP[X Y] _ #] _ .
X % X"y %%
If Cov(X,Y} # 0, then basic event probability is
Byk
PLO Y= 1 (- 2l ) . (A4)
.’ax+aY-C0V(X,Y)
The sensitivity to covariance is
(ux~uy)2 (ny-uy)

P[> ¥ 1
—C—l_-i—%]_ = — exp[- ] (AS)
alovik, Von 2(a§+a$-C0v(X,Y)) 2(af+a$—Cov(x,v))3/2

This can be expressed in terms of the correlation coefficient
o = Cov(X,Y) (A6)
Y oxoy
by the chain rule as
aP[X> Y _ aPiX ¥ aCov(X,Y} _ aP[¥% ¥ / 22 (A7)
ap aCov(X,Y) 3p aCovIX,a) b S
Subroutine TRUD (true derivative) of SEISIM2 contains formulas A2 and

A3. SEISIMl and SEISIMZ reflect the assumption that Cov(X,Y) = 0.0, but that
can be easily changed by adding formulas {A6) and (A7)} to SEISIM2,
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APPENDIX B. DERIVATIVE OF TOP EVENT PROBABILITIES

B.1 Derivatives as Sensitivity Measures

Definition

This section defires derivatives and provides examples of how they are
computed in the sensitivity analysis., Two simplie examples show that the
derivative of system failure probability with respect to component failure
probability is not equal to the component failure probability. Another
example shows how to find the derivative of release probability with respect
to system failure probability when systems may either fail or survive. That
example shows that, if component failures are dependent events, the derivative
with respect to a response or strength parameter involves all dependent
components whose failure probabilities depend on that response or strength

parameter.

The derivative is the 1imit of the slopes of chords. Let P denote
failure probability and x],...,xk input variables. A system failure
probability model is a function g(X;,...,X,) such that
P = g(X],...,xk). Assume the input variables are functionally
independent. The partial derivative with respect to X is defined as the
limit of slopes,

g(X]+A, XZ""’XK) - g(x]s---’xk)

aP .
-y~ = lim (B.1)
axl A+ O A

as long as the 1imit is the same for positive and negative a. The numerical
value of the derivative may change as x],...,xk change.

If the function g is linear,

=

g(Xp,eean k) = 2 +i§] by Xi {B.2)

then the derivative with respect to X; is b;. This is true only for the
range of values of Xy,...,X for which g is linear.
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The vector of partial derivatives v P = (3g/aXqs....39/2K,),
called the “gradient”, indicates the rate of change of P per unit change in
any one of X],...,Xk at the specified value {X],...,Xk). If all X;,
i=12,...,k, have the same units of measure, then the magnitudes of
3g/axi indicate the relative sensitivity of P to xi at the specified

value of (x1,.‘.,xk).

One importance measure js the weighted average of the partial derivative,

Seodd ag/axi | f(x],...,xk)dx],...dxk . (B.3)

X],.-.,Xk
The weighting function f(xl,...,xk) indicates the probability density of
input values XysesasXys The weighted average indicates the sensitivity of
P to X; averaged over the range of Kisaemsk. It is useful if the X

are random variables or if they are uncertain.

SEISMIM2's Application

SEISIMZ uses the above slope (B.1) to approximate derivatives of
probabilities of top events (cut sets, initiating events, accident sequences,
terminal event sequences, release category, release, and risk) with respect to
parameters (mean or standard deviation) of input variables {response or
fragility). As we shall see below, SEISIM2 also uses these slopes to evaluate
the Birnbaum measure, aP(release)/aP{component failure).

Examples

The following two examples show the use of derivatives as sensitivity
measures for components. They show component failure probability itself does
not indicate component importance or sensitivity of system failure
probability. The first example is a series system with two components whose
probabilities of failures are P] and PZ' The system is shown in figure
B.1. The probability of system failure is P = 1-(I-P1)(1-P2), assuming
the component failures are independent events., The gradient for this system
isg P = (1-P2,1-P]). The derivative value I-P2 indicates the rate of
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change of system reliability as P] changes. Since both P] and P2 are
between 0 and 1, the magnitudes of 1-P2 and 1-Py indicate the importance
of components 1 and 2 respectively. If Py is larger than P], system
failure probability is more sensitive to P,. If Py has the uniform cdf on
[0,.1], P, has the uniform cdf on [.1,.2], and Py and P, are

independent, then the weighted average sensitivities of system failure
probability to P] and P2 are .85 and .95. This is an application of
equation B.3,

Figure B.1. Series System with Two Components

Now we will compare our first example with a parallel system
(Figure B.2). Its failure probability is P = P1P2 with gradient
v P= (PZ,P]). If P, is larger thamn Py, sysiem failure probability
is more sensitive to Py, the opposite of a series system.

Figure B.2. Parallel System with Two Components
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These examples show that component failure probabilities are related to
sensitivity, but they also show that the system failure model determines the
sensitivity of system failure probability to component failure probabilities.

Sensitivity to Component Failure Probability: Example

We will now discuss sensitivity to components contained in systems
contained in event sequences or in release categories. Figure B.3 shows a
simple event tree. An initjating event, IE, causes system A to try to
function followed by systems B and C, The notation A means system failure and
A% means system success.

cc,
g
C E. Release
c —_— 1
A
B E2 Release
IE —
_ll__.____.____*

P[Release] = P(E]) + P(EZ)

* No release occurs.

Figure B.3. Simple Event Tree

Assume component a is in both systems B and C. Then P[Releasel, Pps depends
on component failure probability, P(a), through both systems and through
accident sequences E; and E,. The sensitivity of release probability to
component failure probability is

Py aP(Ey) aP(E,)

aP(a} EFTIEY) + aP(a) (B.4)
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which, by the chain rule, is

aPp i 3P(E;) ) 2P(8°) - aP(E,) . ap(C) 1+t aP(E,) . aP{B)]' ©.5)
aP{a)  aP(B“)  aP(a) aP(C) aP(a) aP(B)  aP(a)

Using next the fact that

P(B) _ a[1-P(B9)] _ aP(B%)
:P(a)) 'a[aP(a) ":P(a) (8.6)

will help reduce the number of derivatives. If basic events, a and b, are
dependent, then probability of a top event involves not only P{a) and P(b) but
P(a and b) or P(a U b). It may also invoive the probabilities of the
complements of a or b. For example, P(a U b} for dependent events can be
anything from P(a) + P(b) - P(a)P{b) to P(a) or P(b), so there is no general
way to write the derivative of the probability of a Boolean expression
including dependent events. It must be computed indirectly as in equation
{B.7) or by shifting the inputs and approximating the derivatives with slopes.

SEISIM2's Approximation to the Birnbaum Measure

The derivatives of the probabilities of initiating events, system
failures, accident sequences, and terminal event sequences with respect to
component failure probabilities depend on the representations of these high
level events., In SEISIMI, these events are represented as unions of
intersections of component success and failure events and not explicitly as
functions of system or component success or failure events. Therefore it is
not possible to compute directly the derivatives of event sequence probabil-
ities with respect to component failure probabilities. SEISIMZ can
approximate derivatives as slopes. It computes the Birnbaum measures for ali
components as follows. One component is represented by "a". It then computes
the rate of change of release probability by shifting the parameters of tne
response or strength distribution for the component (numerator in B.7). It
then solves for the derivative.

- Bl -



aPg a Pp aP(a) & P aP(a)

= / z"—'z_——'" -
aP(a) su(Ra)  au(Ry) a04(Ry) auz(Ra)

(8.7)

where R, is the seismic response at component a. The derivatives of P{a)
with respect to the mean and variance of component response (denominator in
B.7) are computed by the equations in Appendix A.

B.2 Derivatives with Respect to Parameters of Primary Input Variables Using
The Chain Rule

The sensitivity of risk to parameters y and ¢ of primary input
variables V is indicated by derivatives. The derivatives are computed by the
chain rule. One derivative in the chain is computed by SEISIMZ, and the other
is computed by DPRI. CHAIN combines the derivatives according to this formula,

2 Risk = [ a Risk . all(R']) N E_Risk . aﬂ(Ri)
Wy au(R5) my a0(R3)} my
c 3 Risk .8 Cov(Ri,R;) 5.9)
2 Lov(R4,Rj) Wy s .

and a similar equation for the sensitivity of risk to standard deviation
ay. See 0'Connell [7] for the modeling of the logarithmic of responses R,
and computation of the derivatives of response parameters with respect to
parameters of the primary input variables.
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APPENDIX C. APPROXIMATING THE VESELY-FUSSELL
MEASURE OF COMPONENT AND SYSTEM IMPORTANCE

Probability alone does not indicate importance of basic events to release
probability and risk. As illustrated in Appendix B, importance of basic
events depends on how the basic events enter fault and event trees and on the
dependence of random variables defining basic events, SEISIMZ computes an
approximation to the Vesely-Fussell measure. This appreximation is used to
screen basic events and cut sets for subsequent derivative computations as
well as to rank basic events in order of importance.

The cut sets that contain basic events important according to the
Vesely-Fussell measure are retained for computing derivatives. This has the
effect of culling some of the cut sets with small probabilities. This
underestimates derivatives slightly.

The Vesely-russell measure is

HBE) = PL U (I /PL U (G (c.)
je J(BE) all j

where the set J(BE) is the set of cut sets Cj containing basic event BE.
The denominator in C.1 is the probability of the top event.

The Vesely-Fussell measure is adapted to measure importance of basic
events to release probability and risk as follows. The denominator contains
release probability or risk. The numerator is the contribution to release
probability or risk of events containing initiating event or accident sequence
cut sets in the set J(BE). In SEISIM), some of the cut sets representing
events include survivals instead of failures. SEISIMZ includes only cut sets
that contain failure basic events in set J(BE).
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The Vesely-Fussell measure is adapted to measure importance of system
failures as follows. The numerator is the contribution to release probability
or risk of events containing initiating event or accident sequence cut sets in
the set J(BE) which now is the set of all cut sets that include failure of any
basic events in the system. The denominator is the same as above. If a
component is in more than one system, then this measure is larger than the
importance measure of the system because of the compoments contributing to
risk through other systems. '

SEISIMZ approximates the probabilities in the numerator and denominator
of equation C.} with the min cut set bounds on the unions of cut sets [1].
This is why SEISIM2's answer is an approximation to the Vesely-Fussell
measure. We assume the importance of components and systems to the
approximations are approximations to the true importance measures. The
importance ranking determined by equation C.1 is compared with the importance
ranking determined by the Birnbaum measures in Appendix D.
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APPENDIX D. THE BIRNBAUM IMPORTANCE MEASURE AND USING IT TO
VALIDATE THE IMPORTANCE RANKING OF EVENTS -- THEORY AND RESULTS

SEISIM2's Method and Resultis

The objectives are threefold. The first is to compute the derivatives of
release probability and risk with respect to basic event probabilities. The
derivatives with respect to basic event probabilities are called Birnbaum's
importance measures in [1]. The second objective is to rank basic events by
these derivatives. This ranking indicates importance toward changing risk.
The third objective is to compare the rankings with the ranking based on the
vesely-Fussell Measure (Appendix C).

Derivatives are better sensitivity measures than the approximate
Vesely-Fussell measures in Appendix C because the latter are ratios of pbounds
which are not the exact Vesely-Fussell measures, Furthermore, the
Vesely-Fussell measures cannot be interpreted as rates of change if basic
events are dependent.

SEISIMZ2 computes the Birnbaum measures of basic events as follows, [t
changes the means or standard deviations of responses or strengths as required
by the user, It computes the sltopes of release category probabilities
Prs> kK=1,2,...,7, as the ratios of the changes in the release category
probabilities and the changes in the means or the standard deviations,

AP /an and &Py /ac. (01)

It computes the derivatives sP(BE) / &¢n and sP(BE) / so according the
formulas in Appendix A, It then approximates the Birnbaum measures by the

average of
{aPy 7 aul 7 [sP(BE) / sul (D2)
and

[aP, /o] 7 [sP(BE) / sa] (D3}

It does these computations for each of the six earthquake levels.
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Tables D1-D6 contain the results for the six earthquake levels for the

Birnbagm measures and for a ranking comparison. The tables contain only
events found important according to the Vesely-Fussell measure and whose
Birnbaum measures are computed by SEISIM2. This excludes important random
basic events because SEISIM2 does not computer their Birnbaum measures. See
page 85 for the method.

*
The column labeled "name* contains the failure basic events. * The
column labeled V-F is the Vesely-Fussell measure on risk,
7
tVF (BE/Cat .k} wy Py /£ W, Py
k=1

where VF(BE/Cat .k) is the importance measure of basic event BE to category
k. The column labeled "RANK V-F" is the rank of each failure basic event
according to the Vesely-Fussell measure on risk. The column labeled "BRNBM"
contains the weighted sums,

7
z W, 8P / 6P(BE). (D4)
k=1

Each W is the man-rem expasures resulting from a release in category k.

Then w P, is the risk for release category k. The column labeled “RANK

BM" is the rank of each failure basic event according to the Birnbaum measure
on risk. The entry labeled “correlation” is the sample correlation between
the rank orders according to the two measures.

Most sample correlations are positive. This means the two rankings
generally agree.

The two measures are measuring different guantities. Ramking of basic
events by their Birnbaum measures ranks by the change in risk which could be
achieved by an

Plus some that were forced in; see note in Appendix E. p.88.

* The names are in a ten-character code defined in Appendix E of Ref. 13.
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equal change to any one basic event probability. Ranking by the Vesely-
Fussell measures ranks according to how mucnh of the risk is generated by cut
sets which involve the basic event; see Appendix C.

An alternative ranking is to rank by the change in release probability
PR which could be achieved by a proportional change to any one basic event

probability. That is, rank by changes APy for equal proportional changes
{aP{BE))/P(BE); that is, rank by values of

P
s{ R

We have a reason to expect that the latter rankings of basic events would
also correlate fairly well with the ranking from the Vesely-Fussell measure.
We tentatively make two assumptions that do not really apply to our risk
model: (1) the basic event BE; is uncorrelated with other basic events; and
{2) all the probabilities P(cut set j) are small compared to one., Under these
conditions, we can derive that, approximately,

1 s P g
Tr " PO Foree,) = VF(BE)

Then the rankings based on the left or right nand sides would be the same.
Even under our real conditions the rankings may be fairly closely correlated.
This expectation has not been tested.

The remaining material in this Appendix shows how to analytically compute

derivatives, Birnbaum sensitivity measures, as an alternative to the slope
method. The computations have not been programmed yet in SEISIMZ.
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Table D1 Eq Level 1 outof 6

NAME

woelld4Z-mi
z2uolift—
rzz0losomo
woclQ126mi
vaoelldt-mi
#woal0174mi
Stal-——-mi
xob1007%m i
HoC10Z200m i
Hoalol180mi
#obl00olimi
woalOl73ms
$oaloDlomi

CORRELATIOM

Y—-F
4.84E+01
4.72E+01
1.25E+01
Za 1QE+Q0Q
1. 79E+00
F.74E~D1L
2. 35E-01
2.25E-01
t.Q8E~01
S.32E-02
2.23E-D3
1. 43E~0O3
1.43E~-03

0. 46

RANE. V-~
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BERNEM

1.38e+01
4. 2Z3E+01
1.33E-03
I.40E~-0]
1.38E+01
2.07E-02
1.33E-03
5.56E-02
3.41E-01
2.02E-02
3. 50E-0OZ
2.00E-02
2.00E-0Z

RANE. BM
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Table D2 Eq Level 2 out of ©

NAME

zrucalift-—
rzz2tl osomo
zzch-roaf-
Stal-——-mi
xalll74mi
“oeiidd-mi
aahiQOdami
Hoaloi80mi
woeiDl126mi
kpy lrcpamag
ko lrcodma
koulrepbmg
koxlrcocaa
noblo079m i
obl1o044m i
mhalsad—-mag
mhalsgc—mag
mhalsub—mo
mhalsaa-mg
Hoal0ol78mi
HOSR1D010m 1
#oalGl73mi
*oclOZ00m

CCRRELATION

Vi—F
7.51E+01
&« FOE+AQL
2. 208401
1.41E+01
2. FEEHO
1. 29E4+00
8, 20E~01
J.79E-0Q1
ZLOLE-OL
1.98E~-01
1.98E-01
1.98E-01
1.98E-01
1.08E-C1
?.78E-02
8.21E-02
8. 21E-02
8. 21E~-02

L RLE-DZ
8. 04E-O2
7.37E-0Q%
7. 37E-03
2. 79E-03

O, H0%

RAbME V-~

- §9 -

QOB WD R T

BRRNEM

2. 27e+01
2.72E-02
2.27E+01
2. 72E-02
. 06E~01
& 7IE+QO
4,28E-04
T.068E-01
1.92E-01
1.78E+01
1.74E+01
1.74E+01
1.74E+01
3.75E~01
4. 65601
1.65E+01
1.45E+01
1.65E+0)1
1.65E+01
3.94E-01
F.08E~01
3.08E-01
1.22E~01

FAakit EiM

= A g
WODDNN RGNS



Table D3 Eq Level 3 out of 6

NRME. V~F RANE. V-F ERNEM RANE, BM
zzuplift—— 4, GIE+0L i 2. FPE+OQO =
zzch-tracf— 4, ZQE+01 2 2. PFE+OQO 5
zoi 1006am i L.47E-G1 25 2.69E-02 4
ToR100Lems 2, 07E+O0 14 2.70E-02 39
zoglOitami 1. 07E~01 26 1.92E-02 4z
woel l42-mnj 1. 8&6E+Q0 17 4, 35E~01 20
Hoc 10200m i &. 78E-~01 17 1.01E-01 22
woci012émi 2.58E+00) 15 1.01E-01 23
#A0C10057mA 2 O0E-D3 473 1.01E-01 Z1
wob101179mi 8. 60E-02 41 8.67E-01 17
Hobl1o091im3 8. 60E-0Z 40 8. 67E-01 18
xobhl0079m) T. ABE+OO 12 2. 43E-01 2
xah10044m1 2. 13 E-Q3 42 1. 04E+QO 11
®woalol9émi 8. 6LE-G2 59 g.67E-0) 19
woaliigomi 1.83E+01] 5 H.67E~01 15
roaloi74mi 2. 12E401 = 8.67E-01 16
®oal0l7ami 3 LBE+OO 14 8. 70E-01 13
»oalOulomi Z.18E+00 13 8. 70E-01 14
rzzOlospmpe F.00E+QL 4 7. 68E-02 =7
Mmyal510—-md 8. 74E-02 2 7.78E~02 2

mvd 100Zomd 8.74E-02 37 7.78E-02 31
mvd 100 19md 8.74E-02 Y- 7.78E-02 32
mvd10C18md 8.74E~-QZ 2 7.78E-02 34
myd 1 0017md 8. 74E-02 27 7.78E~02 23
mvd10016md 8. 74E-0Z =1 7.78E-02 24
myvd 1 O005md B8.74E-0Q2 =3 7.78E-02 35
mvaloo8—md 8. 74E-0Z 30 7. 7BE-Q2 2

Tival Do7-md 8.74E-02 =8 7 . 7BE-02 33
mvalDObs~md 8.74E-02 35 7.78E—0Z 20
mv&lQ0S—md 8.74E-02 34 7.78E-02 2

mval10045md 8. 74E~-02 28 7.78E-02 28
mhialsad—-ma 2.45E-01 20 2.B2E+00 a8
mhtalsac—ma 2.45E-01 22 2. 89E+00 7
mhalsab-mg 2.45E-01 23 2.89E+0Q0 7
mhalsga-mg 2. 48E-01 21 2.89E+00 10
kp: i cpdma 9.82E+00 7 7. 19E+00 2
kpxlreopema 7.82E+00 10 7 19E+00 1
Epyxlrecpbmg 9. 82E+00 2? 7. 19E+0O0D 4
kox lr-cpama 9.82E+Q0 8 7. 19E+00 3
boh1Q34bm t Z.36E-Q1 24 2.20E-02 41
60h1005am i 7. FOE+OQ 11 1. 41E-02 473
4on LO04am 3 1. 43E+00 18 4, 20E~-02 3L
Stal-———m LoFEE+D]L S 7.73E-02 3

CORRELATION 0D.31
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Table D4 Eq Level 4 out of 6

NAMES V-F RANE. VY-F BRMEM RAM: BN
rzzOlosome 7.39E+01 1 S. 13E+Q0 11
6aoh1005am i 2.82E+01 2 1.06E~01 38
wocl01Z26mi Z.8ZE+O1 3 &, O3E+O0Q a
HoR100dam i 2.30E+01 4 3.F7E+00D 21
zahl1ddlhm i Z.4ZEHFOYL 1 3. 3SE400 24
zomi00lemi 2. 40E+01 & F.3SE4QO 25
zzch—roof~ 2. 40E+O] 7 Z.86E+00 27
woalol80m i 2. 09E+01 8 J.IEE+QO 23
woalol74mi 2.09E4+01 9 A I6E+O0 22
wac 10200m 2.07E401 io 6. OBE+OQO 9
wob10079m 4 . FIE+QD 11 G 7HEFD 1
xoaldi/ZZmi G, Z1IE+OO 12 ALS7EHOO 19
201 1006am i b, TLIE+OO 13 L 23E4O0 26
xoblo0limi S.S7EFO0 14 7. LGE+0O =
xaelldql-mi L RSE+O0D 15 4, ZFE+Q0 17
#oald010m F.2EEHO0 16 Z.S7E+00 20
zohi002Ccm i Fa14E+00 17 4.81E4+0C 1z
kD lrepdmg 1,79E+00 18 7 . SOE+Q0 7
recl3?3ami 1.64E+00 19 Z.74E-01 49
Stal———-—mij 1. 63E+0O0 20 2. 6SE+O0 44
recl ?3bmi 1,32E+00 21 3.74E-01 48
kox lrcpcocmag 1. 49E+00 22 7. 31E+OD 4
kP lrcpoamo 1.4FE+00 3 7« G1E+OQO b
ko lrcpbmg ?.89E-01 24 7« S1E4+0Q0 &
mr-al lb——ma F.04E-01 25 2.76E-01 50
mvaloi8—md 8.08E-01 2 2. 66E+00 0
mvd 1001 bdmd 7.27E-01 Z7 Z. 6HE+DO 4z
eyvvd 1001 7md L TTE-O] z8 2. 64E+00 38
mvalS30-md 6. 52E~01 29 2. 8EEHO0 32
zzunlift—— &, Z25E~01 0 2. 86E+010 e
mval1510—md 5. 29E~01 At 2. 6H6E+00 4
mrallubbma J.93E-01 3z 2. 76E-01 51
mvd 100Zomd J.70E-O1 33 2. 66E+00 29
mvalHo7-mog TL70E-01 34 2, 66E+00 L3N
mwd10019md 3.70E-01 i} 2. 66E+O0 Za
mvd10018md F.70E~01 36 2 BOE+D0 v
mhialsad—ma F.08E-0O1 37 4.78E+00 16
mod1018em i 2. 26E-01 38 3. 11E-02 &0
m-al8%e-mb 2.14E~014 3 Z.99E~0Z2 &1
wobl10044m 4 2.11E-01 40 Q. 4FE+QO i
&0 i 1008ami 7. 3E-0OZ 41 Z.01E-O1 593
=oh1002dm 7. 3QE-Q2 42 2. 6SE+O0 45
Lo il007ami 7.97E-02 43 2 O0E~01 4
mhalsac—ma F.64E-02 44 4. 78E+00 1=
mhalsab—-mg 3. 64E-0Z 45 4. 7BE+0Q0 14
woelld4Z-mi 2.93E-0Z 446 4, ZFE+00 18
trecl1383ami 2.19E-02 47 2. ODE-D1 56
mvalDé~md Lo 0bE-02 45 2.66E+00 ies
zoaldllami 1.628-02 49 Z.18E-01 =
mvd 10003md 1.29E-02 S0 2. BEE+OO 41
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Table D4 Eq Level 4 out of 6 (continued)

modiOi7cmi 1.Z24E~-0% =1 5. 27E-01 47
mhalsaa—mo 1.Z23E—02 52 4, 7BE+OO 13
aof ! i18b~mi 1.20E-0Z ) L. 46E~-0] 3

myva L SZ20—md L. QZE—02 54 2. 66E+Q0 43
H*oalCl78mi 9.30E—01 55 5. BOE+O0 10
mvaloo4Smd 26E-03 56 2. b6E+L0 37
miva L 540—md 7.81E—! 57 2. 66E+00 40
mvailooS—md 7. &60E~ 0' 58 24 6LE+OC 35
6oh1034bmi 4,.91E~03 59 2. 996-02 (=3¢
recli83bmi 2. SGFE-O3F 60 2L O0E-D] =t
mod il 8dm L S SE-OT al 1. 77E-00 [=he]
mvalB8ie-mb 1.38E--03 62 1.34E~02 64
zoi1013bmi 2. 46E-104 63 1.77E-02 s
zzshr-wall 2 23E-04 b4 1.4ZE+0Q0 46
modiC1iScmi 8.11E-06 &5 4, O0SE~-0QZ 59
mral18Sc—mb 4, 83E-04 =Y 1.41E-04 bé

CORRELATION 0.95
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Table D5 Eq Level 5 out of 6

NAFE \/—-F RANE V-F BRMEM RANE. RM
rzzlospmb 1. 22EAOR 1 —1.08BE+0OL 86
Stal————mi 1. 18BE+02 2 1. 18E+00D 7
&Hah LOoOSam i . 42401 = —7 . 60E-D3 85
gohlovdam i 4, 36E+O1 4 1, 02E+00 41
zohlOo0lcmi G 2BE+D] <] 1, 0BE+QO A2
zoR1OQLIbm1 4, 28+01 ) 1. 0OBE+Q0 4z
woc LO126mi Ha7IE+O] 7 LL.71E4+0Q0 18
z2ch-troof— ZL.O1E+O] 5] 5.83E-~01 a2
©xoal0174m1 Z2.1AE+OL 9 b6.4EE~0] 50
wac 10200m i 2,08E+01 10 1. Z1IE+00 19
#aaloi8omi 2. 04E401 11 6.91E~01 49
zzuolift—- 1.94E+01 2 S5.86E-~-G1 a1
201 100&6am 1 1.74E+01 13 1. O7E+QO 44
2oh1002dm t.41E4+0]1 14 1.41E400 21
wob 10044 1. 16E+011 i 5. 2BE+Q0 2
mhalsab—ma 1.08E+01 16 Z.99E+00 11
mhalsac—mqg 1.03E+01 17 A.SFE+00 10
mhalsaa—mg 1.08E+01 1a F.5FE+00 9
mhalsad-mag 1.07E4+01 19 I.59E+00 12
»ob 1007%9m j ?.89E+00 20 3. 78E+00 4
kpx lrcpbmg G 47E4OD 2 3. 77E+0Q0 7
kps lrepemg Q. 47E+00 22 FT77E+QD S
kEpx 1rcoamn . 47E+00 23 3. 77E+00 )
Loy lrcpdmg P.41E400 24 . TE6EH0O B
#1001 0mi &. PSE+OO 25 L22E-01 45
O lOL73EmI 6. PSE+O0 26 8.22E~-01 46
#»obiaol Lai 4. 81LE+OO 27 4 SBE+00 =
woellq42-mi 4. 73E+O0 28 7. G59E-01 48
#oal103178mi £, Q3EFDO 29 2. 02E+00 15
mvd 100Q2omd 3. 6IEHO0 30 1.19E+00 =2
mval1S520-md 3 OFE+OO 31 1. 19E+00 22
mvd 1001 7md 3. 6ZE+QQ 32 1. 19E+Q0Q 25
mvaion4dSmd 2. 6G3E+00 33 1.19E+00 26
mvalQO7-—-md F.HZEFQO 3 1. 19E+Q0D 29
mvd 1091 2md 3. QTE+QOQ 35 1.19E+00 30
mva1008-md S &3E+OO 3& 1. 19E+00 ut=l
mvaloos-~md S ATESO0 37 1.319E+00 I3
avd 100 18nd T 6IEHDD 38 1. 12E+D0 2
mvalS4Q0—md Ta.HZEFDO 3 1. 17E+00 34
myd 100Lamd 3. 63EHO0 40 1. 19E+00 24
mvo1510-md F.6TEFOQO 41 1. 19E+0Q I
mvalas—md F.6IE+0DO 42 1.12E+Q0 25
mvd 1 000Smd F.63E+00 3 1. 19E+00D &
mvalS30—md 3. 63EHOD 44 1.319E+00 27
zoh1002cmi Z.09E+00 =] 2. 04E+00 14
recli?3ami 2. 02E4+00 44 9.586-02 55
reci3%3bmi Z2.02E+00 47 ?.SPE-0OZ o7
reclIP3Icmi 2. 02E+00 18 ?.58E-QZ Sé
recl13IBZbmi 1. SOE+OQO 49 &.56E-0Z bé
recli83ami 1. SOE+QOD S0 6. 56E-02 =¥4
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Table D5 Eq Level 5 out 6 (continued)

zogloilami 1.26E+00 1 7.72E-02 S5
woelldl—-mi 8.39E-01 52 7. 60E-0O] 47
zzshr-wall g.27E-01 oF 2. 9FE-OL 53
modiQ1l8cm i 7. 77E-3] 54 1. 16E~0Z 78
mralib-—ma 7« 46E-01 55 S5.12E-0Z 69
mrallubbma 7.46E~-01 56 S.12E-02 (=15
©xobl0119mi &.70E~-01 57 1.17E+00 40
Hob10091mj &. 70E~01 o8 1. 17E+00 38
HoalOl%6mi 5. 70E-01 59 1. 17E+0Q0 39
mrai8Se-mb 6. 55E~-01 50 1.43E-02 74
Lo i 1008am t S.5YHE-01 o1 LA TE-DY -1
HocloOS7mi 5. B4E-01 62 1. 92E+00 17
2obrO0lame 4.538E-01 &673 6.57E-02 al
2pbro0lama 4.88E~01 &4 &£.S7E-02 63
2pbrOo0Zbma 4.58E~-01 b5 bH.07E-02 a4
zpbro0Zbme 4. S8E-01 b6 6. 57E-02 &2
6ah1005bm i 4, 12E-01 &7 2. 89E+00 13
wvblpresmg 3.78E~-01 68 5. 37E+00 1
Aah1034bm i Z.43E~01 =% 1.22E-0Z S
RO&10197mi 1.55E-01 70 1. 7BE+Q0 20
aofll8b—mi 1.31E~01 71 2.01E-02 73
40 i1007amj 1.S{E~OL 72 6. 56E-02 65
ROCIOOZZmi 1. 132E~-0 = 1.392E+00 16
dtal00lami 1.73E-02 74 S 32E-02 70
Goh1032ami 1.43€~02 75 2. 66E-0Z 71
daliiO3éam i 1. 43E~02 74 2. 55E-02 72
mod1219cm i L. 40E~0O2 77 1.02E~-01 54
mva 1 83e-mb 1. 12E~-QZ 78 8.94E~03 83
6talo07emi b. GOE~D3 79 1.11iE~-02 81
6ta1008dm i G. &OE-O3 80 1.11E~-02 az
Ltal00Sami &, HOE-QZ 81 1.11E~-02 79
Sta100sbm i 6. HOE~O3 82 1., 11E-02 80
zoil013bmi S 09E-0O3 83 1.16E~0D2 77
501 1006bm i 4.38E~0F 84 1.146E~-02 74
medl013dma 4. 22E~07F 85 2. 15E~-04 84
GoellZ0ami 8.9%E~04 B& F.S6E~02 o8
CORRELATION 0,50
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Table D6 Eq Level 6 out of 6

MAME

Goh L O0Dam
Ssoh 1004 am |
zohiDolcemi
rzzolosomp
zohlotom
zzchi—root -
2ol 00l Lo
zohluoaldomi
woc ] Som
saualy -
mhiél sga-ma
mhz lsab-—ma
osl0180mi
#oall74mi
b 1007%mA
ol lo0bdami
mhalsac—ma
mhalsod—ma
konivrcooma
HOS1O173mi
#oc 1QZ200mi
boxlrcodma
MoaalOilomi
woblondgma
Stal—~—--—mi
voelidli-mi
ZahL002dmi
disa 1 T 0~mod
oA 10l YE8m
mvd Lol Fad
firy 2] 00 6~md
mvalSLo-md
mvd L 001 Gied
mvalouadSna
mvatO0S—-md
mvd 1001 7md
mvd L OO0OSm
xob LOOP1im i
ko ircobma
kpx lrcpoamo
HOal01F6m1
Roelldd—mi
wvb loresma
2pbruiibma
zobrO0lamne
S0i1007ami
ZpbrO0Zbme
recl3IFicm)
2ober0lama

L
1. 2eE+Ds
1. 22E+02
1. 22E+0%
1. 1S5E+0s
1. 08E+0
. UIE+UY
G FE ]
4. SqEA4D)

s

2 FOEYOY
2. 87E+0]L
2L EBE+O]
Z.84E+0]
2. 7FE+O]
2. 58E+01

Z.25E<01
1.92E+01

1.57E+01
1 R7EFO]L
b, T7BE+GO
S FAE+OO
5. F1IE+O0
4. FT7E+O0D
4. FEZE+OO
4. 78E+00
4. 7T8E+O0
4, 7SE+CO
4. 7IE+QU
q, 7SE+00
4., 7SE+O0
4., 7SE+O0
4, 7SE+OD
T 11E+OO
Z.H2E+0O0
. GEE+I0
4EHEE+OD
LAZE+DD

FLAZETQQ
t.72E+0Q

1. 74E+00
. Z26E+00
1. 26E+0D
1. 17E-Q0D
i« 13E+OD

Wb Rk,
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s

RN 1 (RN 5 S L B

jax

—
Lol

24
e
=
26
27
28
25
kLN
-

ol
32

sy
et
=4
35

-
I

37
9
40
41
4z
43
4.4
4%
44
47
48
47

BREMEM

-3 27E-E
5. 05E—01
5.0EE-D1
=7 90E4+0]
S ORAE- L
4,27k -0l
1. 87E+000

1.5%
L. BTE~0LL
Z.P0E-01
1. SE 400
5. 54E-C1
1. S3E+00
1.53E+0
1.6SE+02
S.40E-01
8.40E~01
1. &4E+00
S.40E-01
1. 73E+00
0. 63E-L
4. 18E-01L
1. 13E+GO
S.67E-01
8.76E-01
S5.67E—-01
5. 67E~01]
S.6&67E-0D1
5. 67801
5.567E-0C1
S5.67E-01
S.67E-01
5. 67E~01
S5, 34E-01
1.65E+00
1. 65E+00
5. Z4E-1
4. 18E-01
Z.40E+00
Z.4ASE-OZ
3.45E-02
Z.45E-0Z

FAME.

Ly
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o1 Ldn8amn
recl1Z7%bm
sobl9119m)
recligiami
recl3Bibmi
zoalol leauni
son100%cm i
reciZzalamn
mvd100]18ma
HoR100%Sbm i
modl1o18cmi
R Tnl QUKD |
soCiolESma
i A -—-mb
e LO0L 5m i
rEr 1 Z8-—mi:
mvalSE0~md
mvaloog-md
mvd 100Zomd
mvalsz20-md
aval1007-md
zzshr-waill
mraldSe-mb
#oalois7m
mrallubbme
mralib——ma
6oh10Z34bm
qotl18b-m1
mval8he—-mb
zoil0o13bmi
atalQoiam
Atalovabmi
btalnniemi
HtalonBdmi
staloSami
aatt i OI&am i
Gohioizami

CORREL.#T LU

L. 14E+00
1. OSE+O0
ZE+D0
7. F1IE-01
8.98E-01
3.05E-01
TP 76E-01
I.70E-01
J.09E-01
L OBE-01
2.98BE~-(1
PR S
LLEFE-0L
Z2.74E -1
2,18~
L, 4Bt
L. 35E-u1
L.35E~01
1.38E~-01
1.04E-01
1.04E—-01t
1.0ZE-0i
L. FOE—uZ
FE~0Z
&, 24E-02
1. 93E-02
1.18BE-Q2
1.03E~02
1. 06E—
S.A4ZE-0E
S.O3E-03F
T.F2EC
A.92E-0
3. 22E-(
3.F2E-QE
I.EIE-0OZ
S3.81F -3

0,46

Table D6 Eq Level 6 out & {Continued)
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&1
52
oF
54
55
Sie
=7
58
5%
[=1e]
(=]

b

o4
(=]
ao
a7
68
a7
70

. SBE-OZ
1.1 7E+Q0Q
J.45E-0O2
S.67E-01
Y.21E-01
1. OBE~D3
=R SRS |
S.dlkE-0)
L 4BE-02
8.4 1E~-0D1
L. 4%E !
5, 67E--0t
. e7E-01L
S G7E—OL
S.67E-01
S.67E~-01
2.14E-01
1. 2ZE-O3
7.03E-01
I.16E~-03

1.22E-0%
1.0ZE
8. 7204
1.25E~0%
2.25E-03Z
1.07E-03
1.07E-03F
1.O07E-0O3
L.O7E-0OZ
Z2.67E~OZ
Ee @ 7E—OE

Ry

g e (O &
aj_‘l\!fI(Lﬁ\Jx.
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LoD Cme g o

o
oo

[
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Analytical Derivatives Approach to Evaluation of the Birnbaum Measure

Because of the structure of the events modeled in SEISIM] (see
Section 2.1 or Ref. 13), we can develop the Birnbaum measure as a c¢hain of
analytical derivatives. The last element in the chain will be evaluation of
probability of a cut set by a multivariate normal integral. Implementation in
SEISIMZ will give greater accuracy than the slope approach, with potential

economy in computer time and stiorage.

All top events (accident sequences or initiating events) are represented
as a union of minimal cut sets. Their probabilities are aproximated in
SEISIMY hy:

n

P [Top Event] =1 - 1 (1-P(Cj)). (D6}
J=1

where Cj is a minimal cut set in a top event and n is the number of cut sets

in the top event. The derivative of {(D6) is used in approximating tne

derivatives of top event probabilities. The derivative of this approximation
to top event probability is:

n
jh 6 PLC/s B gy (1-P(G)) (07)

JESi

where (Bi) is some basic event in at least one cut set. The set 51 is the
set of all cut sets Cj that contain the basic event B;., This derivative

can then be used with the functional form of the top event probability and the
chain rule to compute derivatives of top event probabilities with respect to
basic event probabilities. (SEISIMZ approximates derivatives of top event
probabilities with slopes, not analytical derivatives as in equation {D7).)
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If By is statistically independent of 82,...,Bn then P(B]) can be
factored out of the cut set probability. The derivative of cut set
probability with respect to P(B]) is then the (n-1) dimensional multinormal

integral:

n
5P(qj)/6P(B]) =P 122 Bi = :_BZ . I-B:(Z seeesZy ) dz,...dz, (D8)

where ¢(.) is the standard multinormal pdf and

Zi = Ri - Si; Ri and Si are the response and fragility for
component failure B,;
By = (up - we )W oo +o2 -2Cov (R, S.) (D9)
i PR T Vs, °R; sy i* 2§

If B] statistically depends on some other basic event in cj, the
derivative is similar. We can find it by the chain rule as follows. By
definition [3]

P(g) = fgy =t S, o(z) dz (010)

for some g = (31""’Bn) with z = (z], cees zn). Also by
definition,

Ploy) =5 o (2) dz. (011)

Conseguently we can compute eP(Cj)/aP(B]) by the chain rule, because
we can compute the derivative

sP(C;) - 6P(Cy) &P(By) (D12)

and similiar derivatives with respect to MR » oé > “E and
Cov (R, S7) and solve for GP(Cj)/sP(B]). These formulas give



sP(Cy) _ &P(C)) ; sP(B;) . aP(Cj)/ sP(8,) (013)

sP(8,) 5"51 Sus. Gag 5u§

The derivatives sP(B{)/sug and aP(B])/aaS are computed in
subroutine TRUD. The derivatives sP(C. )lsus and sP(C. )/605 are
approximated by slopes in subroutine DERIV Therefore we can compute 5P(Cj)/5P(B])
two ways and compare the ratios. 1 don't expect exact equality because of the

approximation in DERIV,

TRUD uses the exact formulas (Equations A2, A3):

H 2
GP(Bj)lsuS] = o(-8 ) as] + °n1 - 2 Cov(Ry, Sy) {D14)
and

GP(B1)/6a§] = - 4-ay) (lug, = g /2% (o + o = 2 CoviRy, $) 2

The exact formulas for the numerators of the ratios (Ref. 11) are

5~ eee I #(-Bys Z,y..-2. )dz,...d2
GP(Cj) '82 'Bn_ 1 2 nj 2 nJ.
6"‘51 lns_l + og_l - 2 Cov (R], 5])

and
-' L] [- ]

- I ase I - ‘(-B 3 z 3 eesy Z )dZ .-.dZ * (u - H )

P(C) . © -y By TR gy TRy TS,
2 2

so, (ag, * a§] - 2 Cov(Ry, 5,)%2

it all yp K. s og_, ag_ and cov(Ri, Si) are mathematically independent of
1 1 1 1

HR and ug. If so, tnhe ratios are
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! vea f -5, o(-s], Zyy cens zn‘)dzz...dzn_
i J J (018)

?WB%)': * +(-8;)

from both ratios of {D13).

If the parameters of gy are mathematically dependent on the
parameters of g,, then, for example g;=s,

GP(C) - -

J o= . #(=B1s 25, +eey 2 )d2y..0dz. Jo(-87)
BT -8 8, 1 ¢ ngterTey A

J

20 Y R o A(Z1y “Bhs ZosreesZ, JUZi.wed .

I 5, 1 TP T ny 94+,

d

ag +a§ -2 COV(Rl, S])

1 1 . 1 (D19)

v
o + of - 2 Cov(Ry, 5,) -8
2 3

The first term in the formula is same as cP(Cj)/eP(B]) if all
parameters in gy are independent of parameters in Bos <oy By . Modifications

”,

of the formula for other equal variables are clear., Equal R,o g, a; » g
i i i i

or Cov(R;, S;) are the only dependence we are likely to encounter and to
quantify.

The integrands factor if basic events B] or B2 are statistically

independent of 83, ars Bn_.
J

Programming the derivatives is not as difficult as it appears. SEISIM

part 2 already computes AP(Cj)/AuSk and AP(Cj)/Aagk for dominant basic
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events B, in subroutine DERIV. It also compuies §P(B }/su. and 5P(8 )602
K k" PWs, k’%%s,

in subroutine TRUD for all response dependent basic events,

So we can get sP(Cj)/GP(Bk) from the ratios, (D13). We can also

compute 5P(C-)/5P(Bk) directly from (D8), (D18} or (D19) which are
exact. See $igure D1 for fiow chart. We program all three and compare for

some cut sets before we resort to approximate ratios.
Just as DERIV now computes slopes only for important top events and basic

events, it should be programmed to do BIRNIMP and BIRNBAM only for the same
top events and basic events.
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0o for initiating events, syster failures, accident
sequences, terminal event segquences and radicactive releases

Input the cut sets that are
included in the top event,
C],....Cn and all the basic
event names Bk in those cut sets
Compute GP(Cj)IGP(Bk)
for all Cj and aill Bk by
calling BIRNBAM
Compute 6P(Cirlj)/6P(Bk)
for all Ci Cj in set t of
Hunter's bound {initiating events
and system failures only) by
BIRNBAM
Identify the sets
Slk and S2k of cut sets

. i i nec,
cJ and intersections C1 §

containing Bk

I

Print ordered I GP(Cj)/GP(Bk),
JeSp

1
Jesqy
43

(1-P(C;)) &P(C;)/8P(B,) and

b GP(CJ.)/BP(Bk) -z sP(cpcj)/aP(Bk)
jeS1k (i,J)eS2k

{ sTopP )

Figure D1, Subroutine BIRNIMP to replace or be Incorporated in DCAG
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” Input parameters of all
basic events in a cut

Bk statistically
independent of
Bi’ ik? I.e,, is
Cov(Zi,Zk) = 0
for i#k?

mathematically
independent of Bi’
i#k? d.e. is TUFC(i) #
TUFC(k) and TRC(k) #
TRQ{k} for
atl ifk?

mathematically
independent of Bi
i#k? f.e. is TUFC(i) #
TUFC(k) and TRQ{i) #
TRO(k) for
all i#k?

YES

from DERIV,

GP(Ci] = P[Bi]

k
from TRUD, and

Get 4P1C)/bug  and ®C,) /00
?
Sk
compute the ratios. Average the ratios or compute
6P{Cj)/6P(Bk) from PFAIL hy computing

get &P(B, Y/8u. and &P(B,)/Ac
k' OFs, K

I ceo

( RETURN )

. @(-B], Zys wens zn.)dzz...dzn

-8 J 3

n

H‘B'.)

Figure D2. Subroutine BIRNBAM to compute GP(Cj)/GP(Bk)
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Get AP(C.)/Ap. and AP(C.)/A02 from DERIV
I Sk i Sy

get SP(B )/8u. and &P(B )/502 from TRUD
k Sk H Sk

® ')
Compute the ratios Compute GP(Ci)/SP(B,) from
AP{C.) , &P(B, ) I-; T jF:B o2 z_ )dz dz_ +
8P(C,) /8P (B, = i’/ k 2 n, $1égrre2p 10250002,
J o TE J J J
A Su
Sk Sk
and '3 AP SR i #(z,,24,...2. )dz.dz dz
-8, -8 -B 143> WA Rk R
8P(C;) , 8P(B, ) 1 By n; j
Aog Gog
k k
Z 4 of - 2 Cov(Ry,S
[of - L)
and average them. Do for 511 k.|| »[ 1 1 P71 ) ol-8,

{-8,)
7 7 &(-B,)
o; +o. - 2 Cov(R,,S,). 1
RETURN Ro 75, 2'°2

by calling PFAIL to evaluate the
integrals in the usual way far
events 2’3"""j and

1.3,...n,. Modify if parameters

other than Ug and Hg are
1 2

dependent. Do for Bz,...Bk.

RETURN

Figure D2, sheet 2 of 3.
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{
|
i

Get AP(cj)/AuSk and AP(Cj)/Aog from DERIV

get &P(B,)/&u. and &P(B )/80° from TRUD
K/, k780,

Kk

—

|

3

Compute the ratios

sPiC,) | :P(cj) / s:(sk)
8P(8B, 7 U )]
k Sk Sk
and
AP(CJ) / GP;Bki
Z
Ao’ o
Sk Sy

and average them. Do for all k. v

S

Compute BP(Cj)/GP(B1) from

J

(=] &
-8, °°° I -8, 6(-81,22....zn‘)dzz...dzn_/¢(-BZ) +
J J J
(-1 o o
+ I-B1 1;83 "J;Bn. ¢(z],z3....zni)dz]dza...dzn
j :

4 Z
°R‘ + GS] -2 Cov(R‘,S])
Z ? &(-8,)
ORZ + 032 -2 Cov(Rz.SZ). 1

Repeat for 82""Bk'

by calling NQUAD for events
1,2,...nj for the nj-l order
integrals with the integrands
shown. Modify if parameters other

than U and Bo are dependent.
1 2

RETURN

Figure D2, sheet 3 of 3.
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Analytical Derivatives Approach with Random Basic Events

SEISIMZ could analytically compute derivatives of all events with respect
to probabilities of jmportant random basic events. This is how:

1. Cut Sets

1)

P[k#iBE(k)]
PEC;1/P(BE(4))

8P(C;1/6P(BE(i))

L}

where (BE(k)} are basic events in cut set CJ.

2, Systems and Accident Sequences

8P(UC;)/8P(BE(1)) ¢(1 - u{l - P{C;)))
sPLBECT)]

= [ 5 (1-P(G))] eP(C;)/6P(BE(1))
ird k¥
where J§ is the set of indexes of cut sets that contain BE(i). The product can.

be computed as
keg (1= PLGID = (1 - PLUGD/Q1-P(C;))

in SEISIM2 the derivative sP(Cj)laP(BE(i)) comes from Step 1. The

formula above assumes BE(i) appears explicitly in a system or accident
sequence cut set. If BE(i) appears implicitly in a system that appears
explicitly in an accident sequence cut set, compute the derivative of system
failure probability first and use the chain rule to get

8P[Acc, Seq.] . &P[Acc. Seq. sP[SEstem}
s 1 [ ystem ] 3

No basic events should appear explicitly and implicitly in accident sequence

cut sets!
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3. Initiating Events

Derivatives of initiating events must be computed according to our
hierarchy of which jinitiating events are more dominant if they occur. Let
P(IE(k); initial]l = P[ch(k)] be the initiating event probability computed
by SEISIM before the hierarchy is imposed. Then:

a, P[RPV; final] = P{RPV; initial],
k-1

b, P[IE(k); final] = P[IE(k); initial) 'll'l (1-P[IE(k); final])
J:

where k ¢ {2,3,...,6} are the indexes corresponding to {LLOCA, MLOCA,
SLOCA, SSLOCA, 1ET2}, and

6
c. P{IET1; final) =1 - g P{IE(k); final)
k=1

if the sum is less than 1.0, and 0.0 otherwise.

6
If the sum k:] P{IE(k}; final) js greater than 1.0, all P(IE(K); final)

are normalized to sum to 1.0.

k-1 :
Then 6PTIE(K); final] = 1® (7 - PLIE(k); initiat]) *PLUC KM hpecs
sP(BELT]) §=1 sP((BECT

normalized or unless BE(i) appears in more than one initiating event. The
derivative can be computed as in Step 2.
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4. Terminal Event Sequences

P(TES) = P(Eq) ¢P(IE) P(Acc. Seq. 11E) P(Ctnmt)
5(1) (q)%B'(EﬁT (Acc. Seq. 11E) nm

+ P(EQ) P(IE) %—f—f&@ p(Ctnmt)

The two derivatives can be obtained from Steps 2 and 3.

§



APPENDIX E. BIRNBAUM MEASURES OF COMPONENTS FOR EACH RELEASE CATEGORY

The response-and fragility-related component failures important to
release in each of six earthquake intervals and their Birnbaum measures for
each release category are listed in Table E.1. Component fai]ures* are
ranked by their importance according to their Vesely-Fussell importance
measures. Their Birnbaum measures are the partial derivatives of the
probability of earthquake in an interval and a release category, with respect
to the conditional probabilities of the component failures given an earthquake
in an interval. The component failures appear in either initiating event or
accident sequence cut sets. The pipe failures listed are mostly from the
primary coolant system (important to LOCA initiating events) and residual heat
removal (RHR) and safety injection (SI) system pipes (important to accident
sequences).

These component failures identify important cut sets which can be used to
evaluate sensitivities -- the effect of changes in probability of release due
to changes in parameters of fragilities, responses, or primary input variables.

The Birnbaum measures of components for risk {summed over all release
categories) have been presented in Appendix D.

The first fifteen components have been forced into Table E.1 for all six
earthquake levels even though their importance is negligible at some
earthquake levels. This is necessary ror computing derivatives with respect
to parameters of primary input variables.

; ;helgomponent names are in a ten-character code detailed in Appendix E of
ef. 13.
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Table E.la. Components important to release category probabilities and
their Birnbaum measures at .06-.1g earthquake.

Component

Perturbed Cat 1 Cat 2 Cat 3 Cat 4 Cat 5 Cat 6 Cat 7
zzuplift-- g.6e-09 1.2e-07 5.4e-06 0. G. 2.2e-11 5.4e-04
zzch-roof - 0. 0. 0. 0. 0. 0. 0.
rzz0lospmp 0. 0. 1.7e-10 0. 1.4e~18 0. 1.7e-08
ftalscsimj 0. 0. 0. 0. 0. 0. 0.
5tal-«--mj 0. 0. 1.7e-10 0. 1.4e-~18 0. 1.7e~08
rec1393amj 0. 0. 0. o. 0. 0. 0.
rec1393bmj 0. c. 0. 0. 0. 0. 0.
rec)393cmj 0. 0. 0. 0. 0. 0. o.
60h100%5amj 0. 0. 1.7e-22 0. 1.%e-21 0. 9.8e-21
z0i1006amj 0. 0. 1.2e-17 0. 1.%-16 0. 9.9%-16
zoh1001bmj a. 0. 0. 0. a. a. 0.
zoh1001cmj 0. 0. 0. 0. 0. 0. 0.
6oh1N04amj 0. 0. 2.7e-18 0. 4,3e-17 0. 2.2e-16
qof118b-mj 0. 0. 0. 0. 0. 0. 0.
2zzshr-wall 0. a. 0. 0. 0. 0. 0.
x0e1142-nj 1.7e-10 0. 1.7e-06 0. 0. a. 1.7e-04
xoc10126mj 1.7e-10 0. 4.4e-08 0. 0. 0. 4.3e-06
xo0e1141-mj 1.7e-10 0. 1.7e-06 0. 0. 0. 1.7e-04

x0a10174mj 1.7e-10 2.8e-09 4.3e-10 0. 2.6e-09 5.0e-13 5.4e-08
x0b10079mj 1.9e-10 2.8e-09 4.9e-09 0. 2.6e-09 5.0e-13 5.0e-07
x0c 10200m 1.7e-10 0. 4,4e-08 0. 0. C. 4.3e-06
60h1034bmj 0. 0. 4.3e-10 0. 0. 0. 4.3e-08
x0a10180mj 1.7e-10 2.Be-09 3.6e-10 0. 2.6e-09 5.0e-13 4.8e-08
%xob10011mg 1.8e-10 2.8e-09 2.2e-09 0. 2.6e-09 5.0e-13 2.3e-07
x0210010m] Y.7e-10 2.8e-09 3.3e-10 0. 2.6e-09 5.0e-13 4.4e-08
x0a10173mj 1.7e-10 2.8e-09 3.3e-10 0. 2.6e-09 b5.0e-13 4.4e-08

Table E.1b.  Components important to release category probabilities and
their Birnbaum measures at ,1-,2g earthquake.

Component

Perturbed Cat 1 Cat 2 Cat 3 Cat & Cat 5 Cat 6 Cat 7
zzuplifte- 3.1e~-08 4.6e-07 2.6e-06 g. 0. 8.3e-11 2.6e-04
zzch-roof - 3.1e-08 4.6e-07 2.6e-06 0. 0. 8.3e-11 2.6e-04
rzzOlospmp 0. 0. 3.5e-09 0. 1.7e-17 0. 3.5e-07
ftalscstmj Q. 0. 0. 0. 0. 0. 0.
Stal----mj Q. 0. 3.5e-~09 0. 1.7e-17 0. 3.5e-07
rec1393amj 0. 0. 4,0e-14 0. 0. 0. 4.0e-12
rec1393bmj 0. 0. 4.0e-14 0. 0. 0. 4.0e-12
rec1393cmj 0. 0. 4.0e-14 0. 0. 0. 4.0e-12
6oh1005amj 0. 0. 5.5e-11 0. 2.7e-19 0. 5.5e-09
zoi1006amj 0. 0. 5.8e-11 G. 2.6e-16 C. 5.7e-09
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{Continued)

Component

Perturbed Cat 1 Cat 2 Cat 3 Cat 4 cat 5 cat 6 Cat 7
zoh1001bmj 0. 0. 5.7e-11 0. 0. 0. 5.7e-09
zoh1001cmj 0. 0. §5.7e-11 0. 0. 0. 5.7e-09
6oh1004am] 0. 0. 1.1e-10 0. 4.3e-16 0. 1.1e-08
gof 118b-mj 0. 0. 0. 0. 0. 0. 0.
zzshr-wall 0. 0. 0. 0. 0. 0. 0.
x0e1142-mj 3.5e-09 a. 8.7e-07 0. 0. G. 8.6e-05
x0al0174mj 3.5e-09 5.6e-08 7.le-10 0. 1.2e-09 1.0e-11 3.6e-07
xoc10126mj 3.5e-09 0. 2.1e-08 0. 0. 0. 2.4e-06
kpx1rcpamg 6.1e-09 4,0e-08 2.2e-06 0. 0. 0. 2.2e-04
kpx Yrcpbmg 6.1e-09 4.0e-08 2.2e-06 0. 0. 0. 2.2e-04
kpx1rcpcing 6.1e-09 4.0e-08 2.22-06 0. 0. 0. 2.2e-04
kpx 1rcpdmg 6.1e-09 4,0e-08 2.2e-06 0. 0. 0. 2.2e-04
mhalsga-mq 5.2e-09 2.6e-08 2.le-06 0. 0. 0. 2.1e-04
mhalsgb-mq 5.2e-09 2.6e-08 2.1e-06 0. 0. 0. 2.1e-04
mhalsgc-mq 5.2e-09 2.6e-08 2.1e-06 0. 0. 0. 2.1e-04
mhalsgd-mq 8.2e-09 2.6e-08 2.le-06 Q. 0. 0. 2.le-04
x0a10180mj 3.5e=09 5.6e-08 7.4e-10 0. 1.2e~09 1.0e-11 3.6e-07
xgb10044mj 6.5e¢-09 5.6e-08 1.8e-08 0. 1.2e-09 1.0e-11 2.4e-06
xob10079mj 4.8¢-09 5.6e-08 8.4e-09 0. 1.2e-09 1.0e-11 1.2e-06
x0a10178m] 5.2e-09 5.6e-08 1.02-08 0. 1.2e-09 1.0e-11 1.5e-06
x0a10010mj 3.5e-09 5.6e-08 9.0e-10 0. 1.2e-09 1.0e-11 3.8e-07
x0a10173mj 3.5e-09 5.6e-08 9.0e-10 0. 1.2¢-09 1.0e-11 3,8e-07
%x0c10200mj 3.5e-09 0. 2.1e-08 0. 0. o. 2.4e-06

Table E.lc. Components important to release category probabilities and
their Birnbaum measures at .2-.32g earthquake.

Lomponent ..
Perturbed cat 1 Cat 2 cat 3 Cat 4 cat 5 Cat 6 cat 7
zzuplift-- 4,0e-08 4.0e-07 9.6e-08 3.le-19 1.2e-17 5.5e-11 1,2e-05
zzch-roof- 4,0e-08 4.0e-07 9.6e-08 3.le-19 1,2e-17 5.5e-11 1.2e-05
rzz0lospmp 0. a. 1.0e-08 0. 2.0e-15 0. 9.9e-07
ftalscstmj 0. 0. 0. 0. 0. 0. 0.
S5tal----mj 0. 0. 1.0e-08 0. 2.0e=15 0. 9.9e-07
rec1393amj 8.0e-13 1.5e-12 8.6e-11 9.3e-24 6,9e-22 0. 5.4e-10
rec1393bmj 8.0e-13 1.5e-12 8.6e-11 9.3e-24 6.9e-22 0. 5.4e-10
rec1393cmj B.0e-13 1.5e-12 8.6e-11 9.3e-24 6.9e-22 0. 5.4e-10
60h1005amj 1.0e-12 1.%e-12 1.8e-09 9.3e-24 4.2e-19 0. 1.7e-07
z0i1006amj 1.2e-11 2.4e-11 3.8e-09 1.5e-22 1.d4e-14 0. 2.5e-07
zoh1001bmj 1.3e-11 2.5e-11 3.8¢-09 9.4e-24 3.2e-19 a. 2.5e-07
zoh1001¢cmj 1.3e-11 2.5e-11 3.8e-09 9.4e-24 3,2e-19 0. 2.5e-07
60h1004amj 1.3e-11 2.5e-11 5.8e-09 9.4e-24 -3.4e-15 G. 4.4e-07
qof 118b-mj 0. 0. 0. 0. 0. 0. 0.

- 91-



(Continued)

Component
Perturbed Cat 1 Cat 2 Cat 3 Cat 4 Cat 5 cat 6 Cat 7

zzshr-wall 2.0e-08 2.0e-07 4.8e-08 1.%-19 6.le-18 2.7e-11 6.3e-06
kpxlrcpamqg 7.2e-08 9.8e-07 2.6e-07 1.2e-18 1.6e-17 0. 2.7e-05
kpx Ircpbmg 7.2e-08 9.8e-07 2.6e-07 1.2e-18 1.6e-17 Q. 2.78-05
kpx1rcpcmg 7.2e-08 9.8e-07 2.6e-07 1.2e-18 1.6e-17 0. 2.7¢-05
kpxlrcpdug 7.2e-08 9.8e-07 2.6e-07 1.2e-18 1.6e-17 Q. 2.7e-05
*x0al10174mj 1.0e~08 1.6e-07 2.4e-09 1.2e-24 6.3e-11 Z.%e-11 9.0e-07
xoc10126mj 1.0e-08 0. 3.8e-09 3.9e-23 0. 0. 1.1e-06
xoel142-mj 1.0e-08 a. 4,7e-08 3.9e-23 1.2e-27 0. 5.4e-06

x0a10180mj 1.0e-08 1.6e-07 2.4e-09 1.1e-24 6.3e-11 2.9e-11 9.0e-07
x0b10079mj 1.7e-08 1.6e-07 5.3e-09 3.0e-23 6.3e-11 2.9%e-11 1.7e-06
%0c10200mj 1.0e-08 0. 3.8e-09 3.9e-23 0. 0. 1.1e-06
x0a10010mj 1.0e-08 1.6e-07 2.5e-09 2.0e-24 6.3e-11 2.9%-11 9.2e-07
x0a10173mj 1.0e-08 1.6e-07 2.5e-09 2.0e-24 6.3e-11 2.9e-=11 9.2¢-07
60h1034bmj 0. 0. 2.8e-09 0. 2.3e-19 0. 2.8e-07
mhalsga-mg 2.8e-08 2.9-07 1.7e-07 1.2e-18 1.6e-17 0. 1.7e-05
mhalsgb-mq  2.8e-08 2.9e-07 1.7e-07 1.2e¢-18 1,.6e-17 0. 1.7e-05
mhalsgc-mg 2.8e-08 2.%e-07 1.7e-07 1.2e-18 1.6e-17 0. 1.7e-05
mhalsgd-mq  2.8e-08 2.9¢-07 1.7e-07 1.2e-18 1.6e-17 0. 1.7e-05
2091071 tamj 7.9e-13 1.5e-12 2.5e-09 B3.3e-24 3.le-1¢ 0. 2.4e-07
mval0045md a. 0. 1.0e-08 0. 2.0e-15 0. 1.0e-06
mya1005-md 0. 0. 1.0e-08 0. 2.0e-15 0. 1.0e-06
mval006-md 0. 0. 1.0e-08 0. 2.0e-15 0. 1.0e-06
mval007-md a. 0. 1.0e-08 0. 2.0e-15 0. 1.0e-06
mval008-md 0. 0. 1.0e-08 0. 2.0e-15 0. 1.0e-06
mvd 10005md 0. 0. 1.0e-08 0. 2.0e-15 0. 1.0e-06
mvd10016md 0. 0. 1.0e-08 G. 2.0e-15 0. 1.0e-06
mvd10017md 0. 0. 1.0e-08 0. 2.0e-15 o. 1.0e~06
mvd10018md 0. 0. 1.0e-08 0. 2.0e-15 0. 1.0e-06
mvd10019md 0. 0. 1.0e-08 0. 2.0e-~ 15 c. 1.0e-06
mvd1002omd 0. 0. 1.0e-08 0. 2.0e-1 0. 1.0e-06
mvg1510-md 0. 0. 1.0e-08 0. 2.0e~15 0. 1.0e-06
mvg1520-md 0. 0. 1.0e-08 0. 2.0e-15 0. 1.0e-06
mvg1530-md 0. 0. 1.0e-08 0. 2.0e-15 0. 1.0e-06
mvgl540-md 0. 0. 1.0e-08 0. 2.0e-15 0. 1.0e-06
z0i1013bmj . 0. 2.4e-09 0. 3.1e-19 0. 2.4e-07
zoh1002dmj 4.6e-12 8.7e-12 1.2e-09 9.4e-24 9.6e-20 0. 7.5e-08
x0al0196mj 1.0e-08 1.6e-07 2.4e-09 5.3e-25 6.3e~11 2.9e-11 8.8e-07
x0b10091mj 1.0e-08 1.6e-07 2.4e-09 5.3e-25 6.3e-11 2.9e-11 8.8e-07
x0b10119mj 1.0e-08 1.6e-07 2.4e-09 5.3e-25 6.3e~11 2.9e-11 8.8e-07
x0b10044m] 2.7e-08 1.6e-07 8.8e-09 6.7¢-23 6.3e-11 2.9e-11 2.7e-06
x0¢10057mj 1.0e-08 0. 3.8e-09 3.9e-23 0. 0. 1.1e-06

- 02 -



Table E.1d. Components important to release category probabpilities and
their Birnbaum measures at .32-.42g earthquake.

Component
Perturbed Cat 1 Cat 2 Cat 3 Cat 4 Cat 5 cat 6 cat 7
zzuplift-- 1.6e-08 5.6e-07 0. 1.9e-18 0. 1.1e-07 9.1e-07

zzch-roof - 1.6e-08 5.6e-07 0. 1.9e-18 0. 1.1e-07 9.1e-07
rzz0lospmp 1.3e-08 1.0e-06 3.5e-16 0. 5.6e-15 2.4e-07 2.%-14
ftalscstmj 0. 0. g. 0. 0. 0. 0.

Stalee--mj 6.7e-09 5.4e-07 1.8e-16 0. 2.9e~15 1.2e-07 1.5e-14
rec]393amj 2.2e-D9 3.0e-08 3.5e-08 1.le-10 9.3e-10 1.2e-07 4.0e-08
rec1393bmj 2.2e-09 3.0e-08 3.5e-08 1.1e-10 9.3e-10 1.2¢-07 4.0e-08
rec1393cmj 2.2e-09 3.0e-08 3.5e-08 1.le-10 9,3e-10 1.2e-07 4.0e-08
6oh1005amj 4.le-10 2.7e-09 1.6e-08 -3.5e-13 -5.0e-17 1.2e-08 7.5e-09
2011006amj 7.9e-09 2.le-08 5.7e-07 7.8e-11 1.7e-14 1.5e-08 9.9e-08
zoh1001bmj 7.2e-09 1.8¢-08 5.9e-07 7.4e-19 9.6e-21 1.5e-08 7.7e-09
zoh1001cm] 7.2e-09 1.8e-08 5.9e-07 7.4e-19 9.6e-21 1.5e-08 7.7e-09
60h10024mj 7.4e-09 2.1e-08 5.9e-07 5.0e-11 9.7e-15 2.8e-08 9.4e-09
qof118b-mj 1.4e-09 2.4e-08 1.5e-10 6.7e-12 8.9e-10 1.2e-07 7.7e=-09
zzshr-wall 8.5e-09 2.8e-07 0. 9.8e-19 0. 5.7e-08 4.5e-07
x0al0174mj 1.3e-08 1.4e-07 4.7e-07 2.1e-10 1.1e-09 1.5e-07 6.3e=-07
x0a10180mj 1.3e-08 1.4e-~07 4.7e-07 2.le-10 1.1e-09 1.5e-07 6.3e-07
x0c10126m] 1.7e-08 7.1¢-10 1l.le-06 2.3e-21 0. 3.6e-09 6,7e-07
x0¢10200mj 1.7e-08 7.le-10 1.le-06 2.3e-21 0. 3.6e-09 6.7e-07
*x0b10011mj 3.1e-08 1.4e-07 1.5e-06 2.1e=10 1.1e-09 1.5e-07 1.2e-06
x0al10010mj 1.4e-08 1.4e-07 5.le-07 2.1e=10 1.7e-09 1.5e-07 6.5¢-07
%0a10173mJ 1.4e-08 1.4e-07 b5.le-07 2.1e-10 1.1e-09 1.5e-07 6.5e-07

xob10079m3 3.2e-08 1.4e-07 1.6e-06 2.1e-10 1.1e-09 1.5e-07 1.3e-06
xoel141-mj 1.8e-08 3.3e-08 7.3e-07 2.4e-21 0. 1.7e-07 8.3e-07
mrallubbmg 2.7e-09 4.7e-08 2.6e-10 1.9e-10 1.4e-09 1.9-07 5.3e-08
mrallb--mg 2.7e-09 4.7e-08 2.6e-10 1.9e-10 1.4e-09 1.9e-07 5.3e-08
x0el1142-mj 1.8e-08 3.3e-08 7.3e-07 2.4e-21 0. 1.7e-07 8.3e-07
zoh1002cmj 1.0e-08 2.6e-08 8.5e-07 1.0e-18 1.3e-20 2.2e-08 7.8e-09
kpx1rcpamg 9.9e-08 1.4e-06 7.6e-11 5.8e-17 2.4e-19 7.8e-07 8.7e-07
kpx Trcpbmg 9.9-08 1.4e-06 7.6e-11 5.8e-17 2.4e-19 7.8e-07 8.7e-07
kpxlrcpcmy 9.9e-08 1.4e-06 7.6e-11 5.8e-17 2.4e-19 7.8e-07 8.7e-07
kpx Trcpdmg 9,9e-08 1.4e-06 7.6e-11 5.8e-17 2.4e-19 7.8e-07 8.7e-07
mod1018cmj 3.2e-10 5.32-09 2.7e-11 9.6e-11 1.3e~10 1.8e-08 1.le-08
20h1002dmj 5.7¢-09 1.4e-08 4.7e-07 5.8e-19 7.3e-21 1.le-08 7.6e-09
mhalsga-mq 6.5e-08 8.%-07 7.7e-11 5.8e-17 2.4e-19 7.8e-07 8.7e-07
mhalsgb-mq 6.5e-08 B.9e-07 7.7e-11 5.8e-17 2.4e-19 7.8e-07 8.7e-07
mhalsgc-mg 6.5e-08 8.9%-07 7.7e-11 5.8e-17 2.4e-19 7.8e-07 8.7e-07
mhalsgd-mq 6.5e-08 8.9%e-07 7.7e-11 5.8e-17 2.4e-19 7.8e-07 8.7e-07
mral8se-mb 3.le~10 5.1e-09 2.4e-11 3.9e-11 1,3e-10 1.8e-08 9.7e-09
rec1383amj 4,9e-10 9,2e-10 3.5e-08 1.2e-19 5.5e-22 8.ze-13 7.4e-09

rec1383bmj 4.%-10 9.2e-10 3.5e-08 1.2e-19 5,5e-22 8.2e-13 7.4e-09
mval0045md 6.7e-09 5.4e-07 1.8e-16 0. 2.9e-15 1.2e-07 1.5e-14
mval005-md 6.7e-09 5.4e-07 1.8e-16 0. 2.9e-15 1.2e-07 1.5e-14
mval006-md 6.7e-09 5.4e-07 1.8e-16 0. 2.9e-15 1.2e-97 1.5e-14
mval007-md 6.7¢-09 5.4e-07 1.8e-16 0. 2.9-15 1.2e-07 1.5e-14
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{Continued)

Component
Perturbed Cat 1 Cat 2 Cat 3 Cat 4 Cat 5 cat 6 Ccat 7
mval008-md 6.7e-09 5.4e-07 1.8e-16 0. 2.9e-15 1.2e-07 1.5e-14
mvd10005md 6.7e-09 5.4e-07 1.8e-16 0. 2.9e-15 1.2e-07 1.5e-14
mvd10016md 6.7e-09 5.4e-057 1.8e-16 0. 2.9e-15 1.2e-07 1.5e-14
mvd10017md 6.7e-09 5.4e-07 1.8e-16 0. 2.9e-15 ",2e-07 1.5e-14
mvd10018md 6.7e-09 5.4e-07 1.8e-16 0. 2.9-15 1.2e-07 1.5e-14
mvd10079md 6.7e-09 5.4e-07 1,8e-16 0. 2.9e-15 1.2e-07 1.5e-14
mvd 1002omd 6.7¢-09 5.4e-07 1,8e-16 Q. 2.9e-15 1.2e-07 1.5e-14
mvg1510-md 6.7¢-09 5.4e-07 1.8e-16 0. 2.9e-15 1.2e-07 1.5e-14
mvg1520-md 6.7e-09 5,4e-07 1.8e-16 0. 2.9e-15 1.2e-07 1.5e-14
mvg153Q-md 5.7e-09 5.4e-07 1.8e-16 0. 2.9e-15 1.2e-07 1.5e-14
mvg1540-nd 6.7e~09 5.4e-07 1.8e-16 0. 2.9%-15 1.2e-07 1.5e-14
zog1011amj 6.8¢-10 3.90-09 3.5e-08 7.2e-19 5.5e-22 1.5¢-08 7.4e-09
mod1019¢m j 5.8¢-09 9.5¢-08 2.9%e-10 2.1e-09 9.5e-10 1.3e-07 3.8e-07
6031008amj 5.1e-10 1.le-09 3.5e-08 6.4e-12 6.6e-15 8.2e-13 8.9e-09
6oh1034bmyj 2.7e~10 4,3e-09 0. 4.4e-19 0. 2.2e-08 0.
xob10044mj 3,2e-08 1.4e-07 1.6e-06 2.1e-10 1.1e-09 1,5e-07 1.3e-06
mod1018dmj 1.9e~11 3.1e-10 1.2e-12 8.%-12 3.9%-12 5.4e-10 1.1e-09
mvg185e-mb 1.9e-10 2.3e-09 1.le-11 5.4e-11 4.8e-11 6.6e-09 5.9e-09
x0al10178mj 2.1e-08 1,4e-07 9,le-07 2.1e-1¢ 1.1e-09 1.5e-07 9.0e-07
60j1007amj 4.9e~10 9.2e-10 3.5e-08 1.2e-19 5.5e-22 8.20-13 7.4e-09
20i1013bmj 1.8e~10 2.9e-09 0. 6.0e-19 0. 1.5e-08 0.
mod1015¢cm]j 4,2e-10 7.0e-09 3.2e-11 8.7e-11 1.6e-10 2.2e-08 1.5e-08
mra185¢ -mb 1.4e-12 2.4e-11 1.3e-13 4.9e-13 6.7e=13 8.4e-11 4.7e-11
Table E.le. Components important to release category probabilities and
their Birnbaum measures at .42-.53g earthquake.
Component
Perturbed Cat 1 Cat 2 Cat 3 Cat 4 Cat S Cat 6 Cat 7
zzuplift-- 7.8e~09 1.le-07 0. 2.7e-14 0. l.3e-09 2.9e-07
zzch-roof- 7.8e~09 1.le-07 0. 2.7e-14 0. 7.3e-09 2.9e-07
rzz0lospmp  -2.7e-09 -2.1e~07 ~1.4e-16 0. -2.3e-15 -5,2e-08 -1.2e-14
ftalscstmi 0. 0. g. Q. g. 0.: 0.
Stal----mj 3,0e-09 2.4e-07 1.6e-16 0. 2.5e-15 5.7e~08 1.3e-14
rec1393amj 6.2e~10 9.2e-09 8.0e-09 1.0e-10 9.7e-10 1.8e-08 1.9e-08
rec1393bmj 6.2e-10 9.2e-09 8.0e-09 1.0e-10 9.7e-10 1.8e-08 1.9e-08
rec1393cm] 6.2e~10 9.2e-09 8.0e-09 1.0e-10 9.7e-10 1.8e-08 1.9e-08
60h1005amj 1.1e-10 1,0e-09 ~1.2e-09 -2.8e-09 -1.4e-14 B8.0e-09 -7.9%e-09
z0i1006am) 6.7e~09 7.1e-08 1.2e-07 1.5e-10 4.2e-13 1.0e-08 9.7e-08
20h1001bmj 5.5¢~09 7.1e-08 1.2e-07 6.0e-15 2.le-17 1.0e-08 6.5e-09
zoh1001cmj 5.9e-09 7.le-08 1.2e-07 6.0e-15 2.le-17 1i.0e-08 6.5e-09
60h1004amj 6.0e-09 7.3e-08 1.2e-~07 1.4e-10 3.8e-13 1.%e-08 7.7e-09
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file:///2e-07

(Continued)

Component
Perturbed

qof118b-mj
zzshr-wall
x0a10174mj
x0a10180mj
xoc 10126mj
x0c10200mJ
%0a10010mj
x0a10173mj
xob10044mj
xob10079mj
mhalsga-mg
mhalsgb-mq
mhalsgc-mg
mhalsgd <ng
xo0ell42-mj
kpx1rcpamg
kpx1rcpbmg
kpx1rcpcmg
kpx1rcpdmg
zoh1002dmj
x0a10178mj
xob10011mgj
mod1018cmj
mrallubbmg
mral 1b--mg
mval0045md
mval005-md
mval006-md
mval007-md
mval008-md
mvd10005md
mvd10016md
zzuplift-~
mvd10017md
mvd10018md
mvd10079md
mvd1002omd
mvg1510-md
mvg1520-md
mvg1530-md
mvg1540-md
mral85e-mb
zoh1002cmj
x0el141-mj
zog1011amj
recl383amj

Cat 1

1.2e-10
3.9e-09
4.4e-09
4,4e-09
6.5e-09
6.5e-09
5.0e=-09
5.0e-09
2.0e-08
1.5e-08
4.7e-08
4.7e-08
4- 76-08
4,7e-08
5.0e-09
4,9e-08
4.9e-08
4.9e-08
4,9e-08
8.8e-09
9.1e-09
1.7e-08
9.6e-11

3.5e-10
3.5e-10
3.0e-09
3.0e-09
3.0e-09
3.0e-09
3.0e-09
3.0e-09
3.0e-09
7.8e-09
3.0e-09
3.0e-09
3.0e-09
3.0e-09
3.0e-09
3.0e-09
3.0e-09
3.0e-09
1.2e-10
1.1e-08
5.0e-09
5.3e-10
4.1e-10

Cat 2

3.2e-08
5.5e-08
6.3e-08
6.3e-08
3.2e-10
5.2e-10
6.3e-08
6.3e-08
6.5e-08
6.4e-08
6.8e-07
6.8e-07
6.8e-07
6.8e-07
7.3e-09
7.2e-07
7.2e-07
7.2e-07
7.2e-07
1.0e-07
6.4e-08
6.5e-08
1.9e-09
8.4e-09
8.4e-09
2.4e-07
2.4e-07
2.4e-07
2.4e-07
2.4e-07
2.4e-07
2.4e-07
1.7e=-07
2.4e-07
2.4e-07
2.4e-07
2.1e-07
2.4e-07
2.4e-07
Z2.4e-07
2.4e-07
2.4e-09
1.3e-07
7.4e-09
6.2e-09
4,2e-09

Cat 3

1.3e-10
0.

5.3e-08
5.5e-08
3.4e-07
3.4e-07
8.6e-08
8.6e-08
8.9e-07
6.2e-07
4,7e-12
4,7e-12
4,7e-12
4.7e=12
1.2e-07
4,7e-12
4,7e-12

4,7e-12
4,7e-12
1.9e-07
3.0e-07
7.6e-07
5.0e-11

2.8e-10
8e-10

BoRRRRRPRES
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2.
1
1
1.
1
1
1.
1.
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Cat 4

4.8e-12
1.3e-14
8.8e-10
8.8e-10
1.0e-17
1.0e-17
B.8e=-10
8.8e-10
8.8e-10
8.8e-10
1.7e=-13
1.7e-13
1.7e-13
1.7e-13
1.0e=17
1.7e-13
1.7e-13
1.7e-13
1.7e-13
8.1e-15
8.8e-10
8.9e-10
2.1e-10
1.7e-10
1.7e-10
0.
Q.
0.
0.
Q.
Ol
0.
2.7e-14
0.
0.
a.
0.
0.
0.
0.
0.
1.4e-10
9,4e-15
1.0e-17
5.7e-15
1.6e-15

cat 5

7.8e-10
0.
3.2e-09
3. 2e-09
0.
a.
3,2e-09
3.2e-09
3.2e=09
3.2e~-09
1.5e-16
1.5e-16
1.5e-16
1.5e-=16
0.
1.5e-16
1.5e-16
1.5e-16
1.5e-16
3. le=-17
3.2e-09
3.2e-09
2.2e-10
1.6e-09
1.6e-09
2. 58-] 5
2.5e-15
2.5e-15
2.5e-15
2.5e~-15
2.5e=15
2.5e=15
0‘
2.5e-15
2- 5&-] 5
2.5e-15
2.5e-15
2.5e-15
2.5e-15
2. 58-]5
2.5e-15
2.6e-10
3.7e-17
0.
1.1e~18
1.1e-18

cat 6

1.5e-08
3.6e-09
6.1e-08
6.1e-08
2.0e-09
2.0e-09
6.2e-08
6.2e-08
6.6e-08
6.5e-08
1.5e-07
1.5e-07
1.5e-07
1.5e-07
3.8e-08
1.5e-07
1.5e-07
1,5e-07
1.5e-07
1.6e-08
6.3e-08
6.6e-08
4.2e-09
3.1e-08
3.1e-08
5.7e-~08
5.7e-08
b.7e-D8
5.7e-08
5.7e-08
5.7e-08
5.7e¢-08
7.3e-09
5.7e-08
5.7e=08
5.7e-08
5.7e-08
5.7e-08
5.7e-08
5.7e-08
5.7e~-08
4,8e-09
1.9e-08
3.8e-08
1.0e-08
1.3e-13

Cat 7

5.6e-09
1.4e-07
3.1e-07
3.1e-07
2.9e-07
2.9e-07
3.4e-07
3.4e-07
1.0e-06
8.0e-07
3.4e-07
3.4e-07
3.4e-07
3.4e-07
3.3e-07
3.4e-07
3.8e-07
3.4e-07
3.4e-07
6.5e-09
5.2e-07
9.2e-07
7.9e-09
2.1e-08
2.1e-08
1.3e-14
1.3e-14
1.3e-14
1.3e-14
1.3e-14
1.32-14
1.3e-14
2.9e-07
1.3e-14
1.3e-14
1.3e-14
1.3e-14
1.3e-14
1.3e-14
1.3e-14
1.3e-14
9.9e-09
6.5e-09
3.3e-07
6.4e-09
6.4e-09



(Continued)

Component
Perturbed Cat 1 Cat 2 Cat 3 Cat 4 Cat 5 Cat 6 cat 7

rec1383bmj 4.1e-10 4.2e-09 7.9%-09 1.6e-15 1.7e-18 1.3e-13 6.4e-09
x0a10196mj 6.2e-09 6.4e-08 1.4e-07 8.9e-10 3.2e-0Y 6.2e-08 3,9e-07
x0b10091mj 6.2e-09 6.4e-08 1.4e-07 8.9e-10 3.2e-09 6.2e-08 3.9%e-07
x0b10119mj 6.2¢-09 6.4e-08 1.4e-07 8.9e-10 3.2e-09 6.20-08 3,9e-07
60h1034bmj 1.2e-10 2.0e-09 0. 3.3e-15 0. 1.0e-08 0.
x0c10057m3 6.5¢-09 5.2e-10 3.4e-07 1.0e-17 0. Z2.1e-09 3.0e-07
60j1008amj 4,2e-10 4.3e-09 7.9e-09 1.0e-11 1.4e-11 1.3e-13 7.%1e-09
2pbr00)ame 4,1e-10 4.2e-09 7.9e-09 1.6e-15 1.1e-18 1.3e-13 6.4e-Q9
2pbr00lamg 4.7e-10 4.2e-09 7.9%-09 1.6e-15 1.le-18 1.3e-13 6.4e-09
zpbr002bme 4.1e-10 4.2e-09 7.9%-09 1.6e-15 1.le-18 1.3e-13 6.4e-09
zpbr002bmg 4.1e-10 4.2¢-09 7.%-09 1.6e-15 1,le~18 1.3e-13 6.4e-09
mod1019¢cmj 9.2e-10 1.6e-08 3.7e-10 2.6e-09 7.2e-09 2.3e-08 8.3e-08
wyblpresmg 6.9e-08 1.0e-06 4.7e-12 1.7e-is 1.5e-16 1.5e-07 3.4e-07
xoal0197mj 8.3e-09 6.4e-08 2.5e-07 8.9e-10 3.2¢-09 6.3e-08 4.9e-07
mvg185e-mb 8.2e-11 1.5e-09 2.9%e-11 9.6e-11 1.3e-10 2.6e-09 6.5e-09
ttal00lamj 3.5e-10 5.5e-09 0. 4.0e-15 0. 2.9e-08 4,8-10
6oh1005bmj 1.6e-0¢ 1.9e-07 3.,4e-07 8.1le-10 2.le-12 3.6e-08 5,3e-08
60h1032amj 2.8e-10 4.5e-09 0. 7.2e-15 0. 2.3e-08 0.
60h1036amj 2.8¢-10 4.5e-09 q. 7.2e~15 0. 2.3e-08 a.
mod1018dm] 1,9e-12 3.6e-11 7.le-13 2.4e-12 4,0e-12 5.7e-11 1.6e-10
60j1007am] 4.1e-10 4.2e-09 7.9-09 1.6e-15 1.1e-18 1.3e-13 6.4e-09
6ta1005amj 1.1e-10 1.8e-09 0. 3.0e-15 0. 9.7¢-09 0.
6tal006bmj 1.1e-10 1.8e-09 a. 3.0e-15 0. 9.7e-09 0.
6tal007cmj T.1e-10 1.8e-09 0. 3.0e-15 0. 9.7e-0% 0.
6tal1008dmj 1.7e-10 1.8e-09 0. 3.0e-15 0. 9.7e-09 0.
x0¢10023mj 6.5e-09 5.2e-10 3.4e-07 1.0e-17 0. 2+1e-09 3.0e-07
20i1013bmj 1.2¢-10 1.9e-09 0. 4,0e-15 0. 1.0e~08 0.
60i 1006bmj 1,2e-10 1.9e-09 0. 4.0e~15 0. 1.0e-08 0.
6oe1120amj %.9e-10 1.8e-08 8.2e-1] 0. Q. 2.2e-08 1.6e-08

Table E.1f. Components important to release category probabilities and
their Birnbaum measures at .53-.69g earthquake.

Component
Perturbed Cat 1 Cat 2 Cat 3 cat 4 Cat 5 Cat 6 Cat 7

zzuplift-- 5.9e-09 8.2e-08 0. 6.8e-14 0. 8.5-11 7.3e-08
zzch-roof- 5.9e-09 8.le-08 0. 6.8e-14 0. 8.5e-11 7.3e-08
rzz0lospmp -2.0e-07 -1.6e-05 -1,3e-14 0. -=2.le-13 -3.8e-06 -1.0e-12
ftalscstmj g. 0. 0. 0. Q. 0. 0.

5tal=w=-mj 1.4e-09 1.le-Q7 9.4e-17 0. 1.5e-15 2.7e-08 7.8e-195
recl393amj 3.7e-10 5.3e-09 1.5e-09 1.0e-11 1l.1e-10 9.4e-10 3.9e-09
rec1393bmj 3.7e-10 5.3e-09 1.5%e-03 1.0e-11 1.1e-10 9.4e-10 3.9e-09
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(Continued)

Component
Perturbed

rec1393cmj
60h1005amj
zoi1006amj
zoh1001bmj
zoh1001cmj
60h1004amj
qof118b-mj
zzshr-wail
x0a10180mj
x0al0174mj
xoc10126mj
xob10079mj
x0b10011mj
x0c10200mj
x0a10010mj
%0a10173mj
kpxlrcpamq
kpx1rcpbmg
kpx1rcpemg
kpx1rcpdmg
mhalsga-mg
mhalsgh-mg
mhalsgc-img
mhalsgd-mg
zoh1002¢cmj
x0b10044mj
x0e1141-mj
xaal0178mj
zoh1002dmj
x0a10196mj
x0b10091mj
*x0b10119mj
xo0el1142-mj
mval0045md
mval005-md
mval006-md
mva1007-md
mval008-md
mvd 10005md
mvd 1001 6md
mvd10017md
mvd10018md
myd10019md
mvd10020md
mvg1510-md
mvgl520-md

Cat 1

3.7e-10
-8.8e-12
5.8e-09
4.9e-09
4.9e-09
4.9e-09
1.4e-12
2.9e-09
2.3e-09
2.2e-0%
2.9e-09
6.2e-09
7.5e-09
2.9e-09
2 . 88-09
2.8e-09
2.1e-08
2.le-08
2.1e-08
2.12-08
2.0e-08
2.0e-08
2.0e~08
2.0e-08
1.0e-08
7.0e-09
2.3e-09
4.0e-09
1.1e~08
2.8e-09
Z2.8e~09
2.8e-09
2.3e-09
1.4e-08
1.4e~09
1.4e-09
1.4e-09
1.4e-09
1.4e~09
1.4e-09
1.4e-09
1.4e-09
1.4e-09
1.4e-~09
1.4e-09
1.4e~09

Cat 2

5.3e-09
-5.5e-10
8.1e-08
7.3e-08
7.3e-08
7.3e-08
1.5e-10
4.1e-08
3.2e-08
3.2e-08
9.3e-11
J.2e-08
3.2e-08
9.4e-11
3.2e-08
3.2e-08
3.1e-07
3.1e-07
3.1e-07
3.1e-07
2.9e=07
2.9e-07
2.9e-07
2.9e-07
1.5e-07
3.2e-08
1.1e-09
3.2e-08
1.6e-07
3.2e-08
3.2e-08
3.2e-08
1.1e-09
1.7e=07
1.1e=07
1.1e-07
1.1e~07
1.1e-07
1.1e~07
1.1e-07
1.1e-07
1.1e-07
1.1e-07
i.1e-07
1.1e-07
1.1e-07

Cat 3

1.5e-09
-1.4e-10
2.4e-08
2.2e-08
2.2e-08
2.2e-08
1.3e-11
0.
3.92-08
3.7e-08
1.5e-07
2.3e-07
3.0e-07
1.5e-07
6.4e-08
6.4e-0C
1.2e~13
1.2e-13
1.2e-13
1.2e-13
1.2e-13
1.2e-13
1.2e-13
1.2e-13
4.6e-08
2, 8e-07
7.3e-08
1.2e-07
5.0e-08
6.3e-08
6.3e-08
6.3e-08
7.3e-08
9.5e-17
9.5e-17
9,5e-17
9.5e-17
9.5e-17
9,5e-17
9.5e-17
9,5e-17
9.5e-17
9.5e-17
9.5e-17
9.5e-17
9.5e-17

Cat 4

1.0e-11
2.5e-12
2.5e-11
6.8e-15
6.8e-15
2.1e-11
4.2e-13
3.42-14
1.4e-09
1.4e-09
3,3e-17
1.4e-09
1.4e-09
3.3e-17
1.4e-09
1.4e-09
3.1e-13
3.1e-13
3.1e-13
3.1e-13
3.1e-13
3.1e-13
3.1e-13
3.1e-13
9.4e-15
1.4e-09
3.3e-17
1.4e-09
9.2e-i5
1.4e-09
1.4e-09
1.4e-09
3.3e-17
0.
0.
0.
0.
0.
0.
0.
0.
g.
0.
a.
0.
0.
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Cat 5

1.1e-10
5.6e-16
2.8e-14
2.3e-18
2.3e-18
5.3e-15
7.9%-1
0.
4,3e-09
4.3e-09
0‘
4.3e-09
4,3e-09
0.
4.3e-09
4, 3e-09
2.1e=-17
2.1e-17
2.1e-17
2.1e-17
2.1e=17
2.1e-17
2.1e=17
2.1e-17
4.6e-18
4. 3e-09
0.
4,3e-09
4,5e-18
4,3e-09
4.3e-09
4, 3e-09
0.
1.5e-15
1.5e-15
1.5e-15
].5&-]5
]-58-]5
1.5e-15
1.5e-15
1.5e-15
1.5e-15
1.5e-15
1.5e-15
1.5e-15
1.5e-15

Cat ©

9.4e-10
9.4e-10
1.0e-09
1.2e-09
1.2e-09
2.2e-09
6.5e-10
4, 2e-11
3.6e-08
3.6e-08
4.6e-10
3.7e-08
3.7e-08
4.6e-10
3.68-08
3.6e-08
2.3e-08
2.3e-08
2.3e~-08
2.39-08
2. 3e-08
2.3e-08
2.3e-08
2.3e-08
2.4e-09
3.7e-08
5.9%e-09
3.6e-08
2.3e-09
3.6e-08
3-69'08
3.6e-08
5.9e-09
207e-08
2.7e-08
2.7e-08
2.7e-08
2.7e-08
2.7e-08
2.7e-08
Z.7e-08
2.7e-08
2.7e-08
2.7e-08
2.7e-08
2.7e-08

cat 7

3.9e-09
2.8e-09
4,2e-08
2.8e-09
2.8e-09
2.9e-09
5.6e-10
3.6e-08
1.9e-07
1.9e-07
1,4e-07
3,8e-07
4.8e-07
1.4e-07
2026-07
2,2e-07
1.5e~07
1.5e-07
1.5e-07
1.5e-07
] L] 56-07
1.5e-07
1.5e-07
1.5e-07
2.8e-09
4'2e'07
1.4e-07
2.8e-07
2.8e-09
2.2e-07
2.2e-07
2.2e-07
1.4e-07
7.8e-15
7.8e-15
7.8e~15
7.8e-15
7.8e=-15
7.8e-15
7.8e-15
7.8e-1%
7.8e-15
7.8e=15
7.8e-15
7.8e-15
7.8e-15



{Continued)

Component
Perturbed

mvg1530-md
mvg1540-md
wybipresmq
recl383amj
rec1383bmj
zogl1011amj
60j1008amj
x0c10057mJ
6031007 amj
zpbr001ame
zpbr00lamg
zpbr002bme
zpbrd02bmg
mod1018cmj
mral8se-mb
mrallubbmg
mralib--mg
x0c10125mj
x0a10197mj
60h1005¢cmj
60oh1034bmj
x0c10023m]j
60h1005bmj
mvg185e-mb
rtr138--mk
rtr139--mk
z011013bmj
6tal1001amj
6talo05amnj
6tal006bag
6tal007cmj
6ta1008dmj
601h1032amj
6oh1036amj

Cat 1

1.4e-09
1.4e-09
3.7e-08
3.6e-10
3.6e-10
3.8e-10
3.6e-10
2.9%-09
3.6e-10
3.6e-10
3.6e-10
3.6e-10
3.6e-10
6.6e=-12
9.4e-12
1.0e~1}
]lOE'1]

2.9e-09
3.4e-09
1.1e-08
1.2e=11

2.9e-09
9.1e-09
6.2e-12
3.3e-10
3.3e-10
1.3e-11

2.48e-11
l.le-11

1.1e-11
1.1e-%1

1.1e=11
2.8e-1}

2.8e-11

Cat 2

1.1e=-07
1.1e-07
4,6e-07
5.0e-09
5.0e-03
5.2e-09
5.0e-09
9.4e-11
5.0e-09
5.0e-09
5.0e-09
5.0e-09
5.0e-09
1.7e=10
2.1e=10
4,9-10
4,9e=10
9.4e-11
3.2e-08
1.7e=07
2.0e-10
9.48-1]
1.3e-07
1.4e-10
5.0e-09
5.0e-09
2.1e-10
3.7e-10
1.8e-10
1.8e-10
1.8e-10
1.8e-10
4.5e-10
4.5e-10

Ccat 3

9.5e-17
9.5e-17
1.2e-13
1.5e-09
1.5e-09
1.5e-09
1.5e~09
1.5e-07
1.5e-09
1.5e-09
1.5e-09
1.5e-09
1.5e-09
8.2e-12
8.3e-12
3.4e-1]
3.4e-11
1.5e-07
9.4e-08
5.1e~08
o.
]-5&-07
4,0e-08
5,4e-12
1.5e-09
1.5e-09
0.
0.
0.
0.
0.
0.
0.
0.

cat 4

0.
Q.
3.1e~13
4,3e~-15
4.3e-15
6.6e-~15
1.8e~12
3.3e-17
4,3e-15
4. 3e-15
4.3e~15
4,3e~15
4,3e-~15
2.7e-11
2.4e-11
1.9e~11
1.9%-11
3.3e-~17
1.4e-09
4,8e-11
1.9e-15
3.32-]7
3-53-1]
1.62‘11
1.0e-19
1.0e-19
Z'ZE‘]S
2.2e‘]5
1.7e-15
1.7e-15
1.7e-15
1.7e-15
4,2e-15
4,2e-15
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Cat 5

1.5e-15
1.5e-15
2.1e-17
1.2e-19
1.2e-19
1.2e-19
2.7e-12
0.
1.2e-19
1.2e-19
1.2e-19
1.2e-19
1.2e-19
4.0e-11
§.2e-11
1.9%-10
]-9&-10
0.
4.3e-09
5.2e-14

1.2e-19
0.
c.
0.
0.
0.
0.
0.
0.

Cat 6

2.7e-08
2.7e-08
2.3e-08
7.0e-15
7.0e-15
1.0e-09
7.0e-15
4.6e-10
7.0e-15
7.0e-15
7.0e-15
7.0e-15
7.0e-15
3.le-10
3.2e-10
1.6e-09
1.6e-09
4.58-10
3.6e=-08
3.3e-09
1.0e-09
4.6e-10
2.8e-09
2.1e-10
7.0e-15
7.0e-15
1.0e-09
1.9e-09
9.3e-10
9,3e-10
9.3e-10
9.3e-10
2.3e-09
2-36-09

Cat 7

7.8e-15
7.8e-15
1.5e-07
2.7e-09
2.7e-09
2.8e-09
2.8e-09
1.4e-07
2.8e-09
2.8e-09
2.8e-09
2.8e-09
2.8e-09
9.2e-10
1.7e-09
2,0e-09
2.0e-09
1.4e-07
2.4e=-07
4,6e-09

0.
1.4e-07
4.0e-09
7.5e-1Q
1.3e-13
1.3e-13

0.
1.0e-10

Ol

0.

0'

0.

0.

0.
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