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ZNPP Zaporizhzhia NPP (Ukraine)
Summary

The present deliverable is focused on discussion of epistemic uncertainties, on modelling approaches
for seismic correlations and human performance, vector valued analyses, and consideration of multiple
units and multiple radiation sources at a nuclear site. The aim is to offer PSA practitioners guidance on
modelling various seismic-related factors. It also deals with the recommendations/proposals for
modelling of selected aspects in the framework of METIS study case. The main results of the efforts
are:

Overview of methods for modelling of seismic correlations, development of examples and
proposals for the METIS study case regarding evaluation/ modelling of the correlations;

Evaluation of impact of seismic events on human performance, considerations regarding
selection of HRA methods for seismic PSA, as well proposals on nhew multiplication coefficients
for re-evaluation of human error probabilities;

Literature-based overview of scalar and vector valued analyses for seismic PSA.

The topics were selected taking into account several considerations:

They should be associated with high-medium degree of uncertainties in terms of results of
seismic probabilistic safety assessments;

There is a wide variety of modelling methods, many of which are still under development. This
requires a recommendation on the methods selection and implementation.

Keywords

Fragility; correlated failures; uncertainty; human performance;_vector-valued analyses, seismic PSA
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Introduction

The purpose of this deliverable D7.7 is to assess new modelling approaches for the propagation of
epistemic uncertainties, vector valued analyses, and consideration of multiple units and multiple
radiation sources at a nuclear site, with intention to provide PSA practitioners with recommendations
regarding modelling of different seismic-related aspects.

Section 1 deals with general discussion of uncertainties in seismic probabilistic safety assessments.

Section 2 presents available methods and recommendations for modelling of seismic correlations —
correlated failures of systems, structures and components. Proposals for the METIS study case regarding
evaluation of the correlations (including correlation coefficients) are also presented.

Discussion of seismic correlations for multi-unit sites is outlined in Section 3.

Overview of different vector-valued analyses for use in seismic probabilistic safety assessments is
presented in Section 4.

Evaluation of impact of seismic events on human performance, considerations regarding selection of
HRA methods for seismic PSA, as well associated proposals for the METIS study case are included in
Section 5.

Section 6 contains conclusions.

1.General discussion of uncertainties in seismic
psa

Uncertainties in probabilistic safety assessments (PSA) can be of aleatory and epistemic nature. Aleatory
uncertainties are defined as occurring in a random manner. Epistemic uncertainties are associated with
state of knowledge, with belief in validity of the probabilistic models and in its predictions of nuclear
power plant response to accidents. Aleatory uncertainty is a result of statistical variability, such
uncertainty is related to intrinsic randomness and is not reducible as more data is collected for a given
model, while epistemic uncertainty can be further reduced by obtaining additional data. In practice,
however, the difference between aleatory and epistemic uncertainties is not always clear, since the
situations can occur where apparent randomness is actually a result of lack of knowledge.

Seismic PSA (SPSA) deals with both types of uncertainties at different stages of the SPSA process:
seismic hazard analysis and estimation of hazard frequencies - uncertainties in seismic hazards;

evaluation of systems, structures and components (SSC) fragilities - uncertainties in seismic
fragilities;

development of PSA models (data analysis, human reliability analysis, system analysis, accident
progression modelling, quantification) - uncertainties in random failure rates, operator errors,
modelling and completeness.

These uncertainties may have different impact on the results of SPSA. The seismic hazard uncertainty
is of the highest significance, uncertainties in seismic fragilities can be ranked as high-medium, while
significance of uncertainties in probabilistic models varies from medium to low. General degree of
uncertainties is judged below:

seismic source characterization — medium;

ground motion prediction equations — high;

GA N°945121 11
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site amplification (high for soil sites, low for rock);

seismic fragilities - seismic capacity (includes governing failure mode determination) - medium;
seismic response — high

logic model (fault trees/event trees) - medium-low;

human actions — high-medium;

quantification of risk metrics (core damage frequency, fuel damage frequency, radioactive
release frequency) — low.

As outlined in /IAEA 2020/, the existence of a high degree of impact of the epistemic uncertainties
necessitates a more detailed (comparing to internal events PSA) evaluation and ranking of the results,
iterative re-evaluations of some aspects, and an increased attention allocated to the sensitivity and
uncertainty analyses. Under the METIS project, uncertainties associated with seismic hazard analysis
and seismic fragilities analysis are considered in the work package 4 “Seismic Hazard Analysis”, work
package 5 “Ground motion selection for engineering analyses including site response” and work package
6 “"Beyond Design and Fragility Analysis”. See, for example /SMIRT 2022b/, or Metis Deliverable 6.6
/METIS 2024/ which is focused on the application of Bayesian updating techniques to reduce the
uncertainties on the fragility curves.

This deliverable deals mainly with epistemic uncertainties associated with PSA models.

2.Correlated failures

Earthquakes, especially large earthquakes, are sources for common-cause failures of systems,
structures and components. They affect all the components and systems in a nuclear power plant (NPP)
unit, as well all facilities /radiation sources at a NPP site. So, earthquakes can cause the simultaneous
failure of several redundant safety equipment items. Dependencies between seismic events and failures
of systems, structures and components (SSC) should be identified and properly accounted for, since
treatment of such dependencies may have a significant impact on the seismic probabilistic safety
assessment (PSA) qualitative and quantitative results. For single unit PSA the issue of correlation, like
issue of common cause failures, can be important in cases when there is a high-degree of redundancy
compared to the success criteria. If there is redundancy (e.g., three-train safety system) and only one
train is needed to mitigate an accident sequence, then it may be worth examining the issue of
correlation. For multi-unit PSA consideration of correlated failures is more complicated, see Section 3.
In a seismic PSA, the component failures represented in a minimal cut set (MCS) may be correlated
through their respective responses and fragilities (correlation between component fragilities). Sources
of correlation may be: seismic intensity variability correlation; soil and structure amplification
correlation; component capacity correlation.

Term correlation here means dependency of failures of SSCs having similar design and plant location
that are affected by the same seismic load.

Generally, probabilistic model can contain different failures of SSCs: random failures, noncorrelated
seismic failures, groups of correlated seismic failures. While guidelines for treatment of random failures
are well matured, approaches for consideration of correlated failures are still under discussion. This is
associated with complexity of identifying correlation groups and determining the correlation levels.
Moreover, as discussed in /NUR 2017/, earthquake-experience seismic-failure data is not adequate for
the purpose of understanding dependencies among failures. That is why estimating correlation
parameters using historical failure data from SSCs of similar types under similar seismic loads is not a
practical solution.

GA N°945121 12
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There are several assumptions that can be adopted for modelling of seismic correlations between SSCs
failures:

Full correlations;
Zero correlations;

Partial correlations.

The assumption of full correlations means that failure of one component implies the failure of all
components in the group. Such approach is usually recommended for identical components (which are
designed, manufactured, delivered, installed, tested, operated, maintained and stressed in parallel) in
proximity that are mounted with similar anchorage. Typically, many seismic PSAs, for the sake of
simplicity or due to insufficient data regarding correlations or due to limited resources, adopt full
correlations approach for such SSCs. In practice, during development of probabilistic models, seismic
failures of all identical SSC or all components in a fragility group are modelled as one basic event in a
fault tree. Clearly, using full correlation approach is simplified and usually conservative. In some cases,
it might be excessively conservative, /IAEA 1993/.

It should be noted, however, that assuming full correlation between SSCs is conservative in cases where
the components are in parallel on the success path — so instead of multiplication of several SSC failure
probabilities (using AND gate), one failure probability is applied. When the components are in series on
the success path, full correlation is not conservative. In this case one failure probability is applied instead
of sum of several SSC failure probabilities (using OR gate). Therefore, such aspects should be accounted
for during selection of modelling approach for correlated failures.

As opposite to full correlation approach, the assumption of zero correlations or full independence may
be appropriate for non-identical SSCs. Clearly, using zero correlation approach for all SSCs (including
similar ones) can be sometimes non-conservative.

Dependency among seismic failures in a practical PSA tends to be treated in an approximate manner
due to difficulty in calculating combination probabilities of correlated seismic failures, which results from
difficulty in determining correlation groups and correlation level. Traditionally, strongly correlated
failures can be idealized as one failure and weakly correlated failures are idealized as independent in
the logic tree /IAEA 2024a/. So, the almost universal practice among seismic PSA practitioners (as also
mentioned in /NUR 2017/) has been to use binary approach - only full or zero response correlation. The
current practice for treating seismic correlation in a seismic PSA is to screen out seismically rugged
components (for screening recommendations see /METIS 2021/) and then develop correlation groups
for the screened-in components to represent the simultaneous failure of similar components during an
earthquake. If components are similar in design, with similar anchorage, and located in the same
building and elevation, then their failures are treated as fully correlated failures. Otherwise, it is assumed
that there is no correlation among component failures, and failures of similar components in different
buildings are not correlated.

It should be noted, however, that consideration of partial correlations is needed to avoid excessive
conservatisms / non-conservatisms inherent to binary (full/zero dependency) approach, and to obtain
more realistic, more meaningful results of seismic PSA. Some studies have shown that there can be
significant decrease in core damage frequency (CDF) with assuming partial correlations instead of
complete correlations. E.g. /KNS 2019/ demonstrates about 20%-40% reduction in CDF for a test case.

Various guidance exists concerning how to model correlations between seismic failures of components
under various circumstances. A review of such guidance is presented in several references, e.g. /EPRI
2013/, /NRC 2017/, /RESS 2024/, etc. Table 1 briefly represents available approaches for consideration
of correlations.

GA N°945121 13
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Monte Carlo Random sampling from a continuous probability density function. The technique is used

Simulation
method

/NUS 1983/,

/NUR 2017/

Latin
hypercube
sampling

Discrete
Probability
Distribution
method,
/Kaplan
1987/
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to handle the seismic correlation and repeat the process of randomly determining the
failure due to seismic impacts. This approach can easily and accurately calculate the
failure probability of a system modelled in the fault tree format. Non-seismic failures can
also be handled.

Monte Carlo Simulation scheme is illustrated on Figure 1. There are three main parts,
/RESS 2024/: (a) generate sample sets of ground motion intensity to propagate
uncertainty of seismic hazard, otherwise, use a fixed intensity of ground motion; (b)
generate sample set of dependent ground acceleration capacity using the multivariate
normal distribution or a more general joint probability distributions using copulas; (c)
use the random sample sets of ground motion and ground acceleration capacity to
determine the component state and then estimate the system risk according to the
system configuration.

Seismic Hazard Sampling Capacity Sampling

Seismic Hazard

Data Properties of Degree of
Components Dependencies
Uncertainty I
of Hazard? J,
Yes No Sample S.cls of
l l Capacity
Range of Ground Point Value of
Motion Ground Motion
Determine
N System
Component Conf:l uration
States e
Sample Sets of [ T
Ground Motion T
System Failure
System Risk

Figure 1: The full Monte Carlo simulation scheme for seismic dependency
modelling, /RESS 2024/

Random sampling from a continuous probability density function. Differs from Monte
Carlo Simulation in that a stratified sampling algorithm is used to span the probability
space efficiently, thereby reducing the required number of trials, /NUR 2017/

Discretization of analytical probability density functions into discrete probability
distributions. The method can handle two extreme cases of dependence between
component failures, i.e., either zero or full dependency in randomness and uncertainty.
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Multiple
integration
method
(Seismic
Safety
Margins
Research
Program),
/NUR 1986/,
/NUR 1990a/

Common
Load Model,
JVTT 1977/,

Extended
Common
Load Model,
/SSM 2017/
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Figure 2: Basic concept of Discrete Probability Distribution method /Kaplan
1987/

In the program, the local responses of different components located at different
elevations in various buildings were represented by a joint lognormal distribution;
similarly, the capacities of these components were also represented by a joint lognormal
distribution. The correlation between any two component failures is computed from:

_ Br1Bra - Br1Bra
- R1R2
VBE + BEBE + BE VBE + A BE + BE

Correlation between component failures is a function of the logarithmic standard
deviations of responses and fragilities (capacities).

P12

PF1F2

There are sets of rules developed in /NUR 1986/, /NUR 1990a/ for evaluation of the
correlated failures. It is worthwhile noting that the validity of applying the Seismic Safety
Margins Research Program rules to modern NPPs must be further investigated since the
dependent features could be changed given the evolving development of seismic
hazards, fragility evaluation, and reactor design.

The basic assumption of the model is that redundant components are operating under
common load or stress, which is a random variable. The strengths of the components
are independent and identically distributed random variables, and a failure occurs when
the load exceeds the strength, see Figure 3.

The probability that k out of n components fail is according to the Common Load Model
(CLM)

P(k component out of n fail) — (ﬁ) fx FR(x)k(l - FR (x))n_ka(x)dx ’
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(Mankamo
Model in
/NUR 2017/)

Reed-
McCann
method,
/Reed 1985/,
/NUR 2017/

GA N°945121

where fL(x) is the probability density function of the common load and Fr(x) is the
cumulative distribution of the strength (resistance) of the components. In the original
CLM, the distributions of the common load and component resistances are Gaussian.
Because there is some evidence that the multiple failures of highly redundant systems
(more than 4) may have stronger dependence, Mankamo /SSM 2017/ introduced the
Extended Common Load Model, in which the load variable is described by a two
component Gaussian distribution.

A
258
= S5 RESISTANCES
Qo o
8Bt Strengths of the
R identical components
£33 STRESS P
Fo(xg)
Common load g
fs(xg)
Total load \\\
A
\
\
Base load Y
\
N\ Random selection
Extreme load \ of xg,
\\
\
\
1 —— s P~ |
i
\ | -
Random x Stress/Resistance
S > Variables

Figure 3: Basic concepts in the Extended Common Load Model, /SSM 2017/

The key idea of the method is to identify the component-specific variability and common
variability between the fragilities of SSCs. One can then determine their composite
correlation of ground acceleration capacities, regardless of the magnitude of ground
motion. The method uses a two-stage process to estimate dependency between
component failures by searching for common sources of variability in the response and
strength calculations, see Figure 4. The dependency in the structural parameters can be
quantified by examining the process in which the individual factors of safety in a fragility
assessment are developed. First, the common sources of randomness and uncertainty
should be identified. Then numerically quantify the joint fragility by a two-stage process.
In the first stage, the median capacities are sampled, for example, by using the Latin
Hypercube Sampling method, considering the dependencies among uncertainties. In the
second stage, for each set of correlated median capacity values, a single system fragility
curve is calculated which reflects the dependency in the capacity values conditional on
known correlated median values.
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Split fraction
method,
/OECD
1999/, /NUR
2017/, [KNF
2016/, /PSA
2019/
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Figure 4: Scheme of the Reed-McCann method for seismic dependency
modelling, /RESS 2024/

The degree of fragility correlation between two SSCs can be represented by a fragility
correlation coefficient

(G

B1B2 '

Where B1 and B2 are fragility variabilities (logarithmic standard deviations) associated
with SSCs 1 and 2, and B* is the common or correlated portion of B1 and B2. For a given
pair of SSCs, two types of fragility correlation coefficients can be defined: pr (relates the
logarithmic standard deviations for randomness, Br between the SSCs) and pu (relates
the logarithmic standard deviations for uncertainty, Bu). Note that Bi1, B2, and p can
correspond to the total fragility variabilities, or to a particular fragility variable, e.g.,
equipment response.

p:

According to /NUR 2017/, the Reed-McCann method could be an excellent basis for
deriving correlation numbers that could vary across the fragility curve as a function of
seismic load. However, some limitations have been identified, as outlined in /Zhou 2017/
- the Reed-McCann method is not performing well to characterize the contribution of
dependencies. There are also issues, see /RESS 2021/, with the Reed-McCann method's
quantification of the seismic failure probability of a parallel system (i.e., AND failure
logic).

Conceptual approach that was proposed by Fleming and Mikschl, /OECD 1999/, includes
the following: first, the fragility analyst defines two different fragility curves for two
identical components A and B: one representing the parts of the fragility that are
assessed as being primarily dependent (which should include the seismic intensity
variability and at least part of the amplification contribution), and one for the parts that
are expected to be independent. These two fragility curves are denoted by the
superscripts D and I, respectively. Then, the joint failure probability of both components
is calculated by equation
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Bayesian
Network-
based
Method,
/RESS 2021/
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F{A B} = FP{A B} + [1 — FP{4 » B}|F/{A}F/{B}

As noted in /NUR 2017/, this thinking has led to the recent proposals to cast the seismic
dependence problem in the format of “split fraction”. Under split fraction (SF) method,
the joint failure probability of both components is computed by equation, /KNF 2016/:

Pj(G) = (1 = SF)fi(G) + SFf;(G) ,

where SF - seismic correlation split fraction, fraction of seismic events with common
cause failure of similar components due to seismic fragility correlation; f;(G) - seismic
fragility of components in Group G at seismic intensity j. The value of split fraction of
zero means zero dependency whereas split fraction of 1.0 means that the components
are fully dependent, /NUR 2017/.

Bayesian network-based method for modelling seismic dependencies proposed by /RESS
2021/. The nodes of SSCs states (e.g., Ci denotes the state of i" SSC) depend on the
nodes of two sources of variability, which are either component-specific (e.g., €’i specific
to it SSC), or common to multiple SSCs (e.g., €%, shared by i and nt" SSC). This enables
the mechanism for the treatment of seismic dependencies. Additionally, only the ground
motion beyond a certain intensity of ground motion (GM node) can have the potential
to meaningfully affect the state of SSCs, which is typically referred to as an earthquake
of engineering significance events (EES node). Finally, one can determine the system
state (S node) according to the states of SSCs, /RESS 2024/.

Common Variability

Component-Specific Variability

Ground Motion System State

Figure 5: Scheme of the Bayesian Network method for seismic dependency
modelling, /RESS 2024/

According to benchmark study for three-component system in /RESS 2024/, the Bayesian
network method does not perform satisfactorily - we could obtain a conservative risk
estimate in the low to medium level of PGA but would possibly underestimate risk in the
high level of PGA.
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Beta-factor
model,
/SMIRT
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/SMIRT
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/SMIRT
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Correlation
Explicit
(COREX)
method,
/NEAT 2020/

Hybrid
method,
/Zhou 2018/
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Pellissetti and Klapp /SMIRT 2011/, Klugel /SMIRT 2009/ proposed an approach that
uses the traditional CCF model for internal events employing beta factors. It was judged
that the equivalence hypothesis between the beta-factor and correlation coefficient is
not appropriate. The approach for transferring correlation model of NUREG-1150 /NUR
1990/, see also Table 2, to the traditional CCF beta-factor model was developed. For
two components, the beta-factor can be derived from equation

P2B2+(P_2P2)ﬁ+P2=P1’2,
where P is failure probaility of one component, B is CCF beta factor; Pi,2 - probability of
correlated failure of two components, calculated using correlations both between

responses and between capacities of individual components.

Example of calibration between beta-factor and correlation coefficients depending on
seismic failure probability of component is shown in Figure 6.

1L e e B R R I B 1
,,,,, L_v_l_ L e EREERTELL" Nkt B -,,,, S I ,I, j;‘:f",
0 ; o
06 T— —— @ Q=0.003
@ ___.’I_‘ """""""" <'7_'.T"""'""""'""'"""""1‘"" ------ ®--Q=05
04— A Q=09
B R I P S S
02 +—
?'I:_._"""""j_____‘ RNURRRS PPUPPns S I
oM
o o1 02 03 04 05 06 07 08 09 1
p_X1_X2

Figure 6: Probability-consistent Beta-factors vs. correlation coefficient for
different values of the total seismic failure probability Q of each individual
component/structure, /SMIRT 2011/

The key idea of the COREX method is to explicitly model seismic dependency by
converting correlated seismic failures into seismic CCF. COREX method uses the Reed-
McCann method or Seismic Safety Margins Research Program to determine the seismic
failure probabilities of all possible combinations; formulate a system of equations (i.e.,
seismic failures probabilities are the dependent variables and seismic CCF probabilities
are the independent variables) and solve the system of equations to estimate seismic
CCF probabilities of all the possible combinations.

According to benchmarking study for three component system in /RESS 2024/, the
COREX method provides acceptable conservatism with a balance between accuracy and
computational simplicity in addressing large-scale seismic PSA.

The approach is based on a hybrid scheme with the simulation-based method to account
for the dependencies at the group level of dependent SSCs and a discretization-based
scheme at the plant level, see Figure 7.
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Tail-oriented
Multi-normal
Model
(TMM),

/SMIRT
2022/

Monte Carlo
Simulation

Implicit Treatment

Samples Sets of
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Derive the CCF
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Integrate to
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Method
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Method - Explicitly
Probability

Explicit Treatment

Figure 7: Scheme of the hybrid method for seismic dependency modelling,
/RESS 2024/

The TMM (by Talaat and Anup) follows approach on separation of independent and
common variables (as suggested by several methods, e.g. Reed-McCann method). As
stated in /SMIRT 2022/, the fundamental difference between it and the Reed-McCann
method is that its implementation takes advantage of the normal distribution additive
property, whereby the sum of independent, normally distributed random variables is
normally distributed with an expected value and variance equal to the sum of expected
values and variances, respectively, to efficiently develop a composite fragility for any
combination of SSC failures.

The TMM method implementation uses the following steps: 1. Separate the independent
and common random variables. 2. Develop the Step-1 composite seismic fragility
representing independent variables only. 3. Perform TMM calibration of the Step-1
lognormal fragility. 4. Develop the Step-2 composite fragility combining independent and
common variables.

In /SMIRT 2022/ it is outlined that COREX method presents an elegant and efficient
solution to incorporating partially correlated seismic fragilities in seismic PSA logic
models. The execution of the COREX requires seismic fragility curves for all possible
failure combinations within the partially correlated SSCs of interest to the seismic PSA
model. The TMM method efficiently develops these composite seismic fragility curves for
input to the CCF transformation equations from P to Q probabilities. Integrating the TMM
method with the COREX methodology produces an efficient seismic PSA modelling and
quantification technology that explicitly incorporates partially correlated failures using
commonly used computer codes and tools.

Table 1: Approaches for the correlations evaluation

Summarizing, there are several approaches available to model seismic-induced partial dependencies
between similar components. They can be split into the following groups:

Analytical and simulation studies to characterize seismic correlations/ dependencies. Such
methods as Multiple integration method, Monte Carlo simulation, Common Load Model, are
representatives of this group;

GA N°945121
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Separation of independent and common variables - to identify the component-specific
variability and common variability between the fragility of SSCs; then determine their
composite correlation of ground acceleration capacities, regardless of the magnitude of
ground motion. Reed-McCann method, TMM method, Bayesian Network-based Method utilize
such approach;

Apply traditional to PSA CCF approach to model seismic correlations. Parameters of CCF are
indirectly estimated according to the correlation of ground acceleration capacity. COREX
method, Beta-factor model, etc. follow this approach. Split fraction approach is also intuitive
for PSA analysts.

In practice, there is no ideal approach, analyst should choose between a trade-off of accuracy and cost-
effectiveness of the approach, such as the required expertise, calculational time and complexity,
accuracy and acceptability of the results.

During consideration of correlations the following crucial tasks should be performed:
determination of degree of correlation;
incorporation of correlations into seismic PSA model and quantification of results;

analysis and interpretation of the results - estimation of the uncertainty in the final seismic-
PSA result arising from the correlation analysis.

2.1. Determining degree of correlation

As shown in /NUR 2017/, determination of degree of correlation cannot be statistically-based. That's
why expert judgement is widely applied to assign numerical arbitrary values for degree of correlation.
NUREG/CR-4840, /NUR 1990a/ provides some general guidance (Bohn thumb rule) for determining the
correlation coefficients, to be used for all PGA levels. E.g., Bohn thumb rule states that components on
the same floor slab and sensitive to the same spectral frequency range (i.e., spectral acceleration
5-10 Hz. or 10-15 Hz) will be assigned response correlation equal to 1.0.

There are, however, several discussions, see e.g. /NUR 2017/, /KNS 2019/, etc., that though
components are the same and installed in the same floor slab in the same building, the seismic
correlation may not be one. There are two aspects that can influence on degree of correlation: common
seismic failure modes and common seismic excitation. Some example criteria associated with those
aspects are provided here: a difference in component location on the floor (i.e. in the center of the
room or near the wall); or difference in component orientation; or relatively long distance among
components. In addition, for judging about SSC correlations, the following aspects are important:
presence of identical support components (e.g., valves, control centers); similar anchorage; similar
impingement weaknesses (e.g., several systems installed close to drywell wall). Another aspect that has
been investigated is influence of aging on the correlations. Based on the results of this comprehensive
test program and the lack of any aging correlation in the earthquake experience data, it is suggested in
/EPRI 2018/ that aging in mild environments does not significantly degrade seismic resistance.

Examples in Figure 8 and Figure 9 highlight the importance of proper treatment of correlations in PSA.
Partially correlated fragilities in the Figure 8 have been calculated using approach on separation of
independent and common variables. Correlation coefficients were assigned for each variable, depending
on its type (equipment capacity, equipment response, structural response). Correlation coefficients were
0.8, 0.2, 0,5.

In /SMIRT 2022a/ it is stated that idealization of the correlation as perfectly correlated would have
resulted in unconservative characterization of the failure probabilities for concurrent failures, while the
perfectly uncorrelated idealization would have resulted in an unconservative union fragility (corresponds
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to the concurrent failures of the two components). At the same time, a perfectly uncorrelated
idealization for the joint fragility (corresponds to failure of any one of the two components) can result
in considerable conservatism, and likewise for a perfectly correlated idealization for a union fragility. If
the example components in Figure 8 are risk-significant, then a binary idealization of their fragility
correlation can have a potentially significant impact on the single- or multi-unit seismic risk, /SMIRT
20223a/.

Figure 9, however, demonstrates that for more complex systems it is not possible to easily determine
the most conservative case. For example, for failure combination 2 out of 3 SSCs, the most conservative
assumption is dependent on PGA level.
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Figure 8: Mean partially correlated, fully correlated, and uncorrelated fragilities for
example distribution panels, /SMIRT 2022a/
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Figure 9: Mean partially correlated, fully correlated, and uncorrelated fragilities for the
example (left - failure of 3/3 components of heat transport system; right - failure of 2/3
components), /SMIRT 1991/

Table 2 provides some recommendations for determination of correlation coefficients. The
recommendations have been prepared from data provided in several sources, such as /NUR 19903/,
/TIAEA 2020/, /SMIRT 2022a/, /NUR 1990/, /EPRI 2013/.

Components of systems with identical
redundant trains are: essentially
identical; and located at the same level
of the same building; and oriented at the
same direction (axis).

If, however, there are significant
differences in such aspects as
components location on the floor;
components orientation; distance among
components; presence of identical
support components; anchorage;
impingement weaknesses than lower
correlation degree may by chosen
(strong-moderate), as showed at row
below.

Components of systems with identical
redundant trains are: essentially
identical; and located at the same level
of the same building; but differently
oriented.

"Ganged" valve configurations (either
parallel or series)

GA N°945121

Fragility experts have identified
that similar orientation can be
used as an argument to support
full  correlation.  However,
different orientation should not
be used as a sole justification
for treatment of SSCs as
completely uncorrelated. SSCs
failure modes should be also
taken into consideration. e.g.,
for relay and contactor chatter,
orientation might be enough.

Correlatlon
“oegree [coetncient]

Full 1

Strong 0,75-0,8

Full 1
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Equipment located within a building is
assumed 100%  correlated  with
structural failure of that building

Redundant equipment in different but
similarly constructed buildings on the
same basemat

Identical components on different floor
slabs (but in the same building) and
sensitive to the same spectral frequency
range

Components on the same floor slab
sensitive to different ranges of spectral
acceleration

For systems that are similar in design
and functionality but not identical (or for
identical trains  with important
differences, such as different elevation)

Components on the same elevation
(floor) but in different buildings and

GA N°945121

Although some equipment may
survive a structural failure of
the building in which it resides,
it is problematic to attempt to
credit such capability, given the
uncertain failure response of
the building

JEPRI 2003/ states that there is
a high degree of correlation
between items of similar
natural frequencies located on
different floor elevations. This
correlation decreases away
from the amplified acceleration
range (i.e., increasing
frequencies above 14 Hz). The
conclusion was that
consideration should be given
to correlation between
controlling seismically induced
failure modes for equipment
items with similar frequencies
in the same structure.
Equipment items with similar
frequencies located on the base
slabs of different structures
may be highly correlated since
they see similar input motions

Examples of similar but not
identical systems are those that
have different key components
that share similar support
components or serve a similar
plant function

Since the fundamental
frequencies of the structures
housing these equipment items

“egree [costicent

Full

Full-
strong

Strong

Moderate

Weak-
Moderate

Weak-
Zero

0

1

0,7-1

5]
O
5
s
&
&
o ‘%
A

0,75-0,8

0,5

0,3-0,5

0,3
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sensitive to the same spectral frequency are widely separated, it is

range expected that the correlation
between equipment items
located in different structures
will be low, even for equipment
items with similar natural
frequencies.

Identical components that are located on 28 L

different floors in different buildings

Components with different design, or if Zero 0

SSCs are more than nominally different

Table 2: Rules for Assigning Response Correlation

Walkdowns are an important part of the process for definition of correlated fragility groups. For example,
if @ NPP has three essential power supply trains with batteries, and one of the three batteries is a
different design and size (that is why CCF family for the batteries is 2/2), the seismic engineers may
observe that the power conditioning systems are all exactly the same and the dominant failure mode,
and thus it may be appropriate to model all three batteries as a single correlated fragility group. Such
information, as well as data on SSCs location, orientation, anchoring etc., can be obtained during
walkdowns.

2.2. Incorporation of correlations into seismic PSA
model

Apparently, there is a difference on understanding of the term “correlation” between PSA engineers and
seismic engineers. The term “correlation” can be expressed from seismic engineers’ point of view as
correlation between random variations representing seismic capacities (e.g., PGAs), while PSA engineers
would consider correlation between failure events and their probabilities. The second definition is applied
in PSA codes. Thus, there is a need for connection between seismic-intuitive and PSA-intuitive definitions
of correlation. The most suitable approaches for this are methods dealing with converting correlated
seismic failures into seismic common cause factors. Such methods, as beta-factor method, COREX, as
well hybrid method, see Table 1, provides useful ways for such connection. Also, split fraction method
is well understandable by PSA practitioners.

The most commonly used approach for common cause modelling in PSA is beta-factor methodology. It
assumes that all components belonging to a CCF group fail when that common cause occurs. By
definition, this model distinguishes between individual failures and CCFs, with the assumption that if the
CCF occurs, all components fail simultaneously by a common cause. Multiple independent failures are
neglected. Beta-factor, (3, is conditional probability that the common cause of a component failure will
be shared by all components. This methodology is conservative (except for groups with two
components), but represents a reasonable first approximation. As an initial step for consideration of
correlations it is proposed to use beta-factor methodology, to convert correlation coefficients to beta-
factor, B. The conversion is performed by equalizing an equation for definition of the probability of the
joint failure by beta-factor methodology with equation for definition of the probability of the joint failure
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by fragility data. So, unlike an internal events PSA modelling of the CCF, for seismic PSA the values of
B-factor would vary depending on the ground motion intensity and the component'’s capacities.

For example, for system with CCF group with three identical components, when all components have to
fail for the system failure (AND gate “IF” at fault tree in Figure 10), system failure probability by the
beta-factor methodology is defined by equation:

P(A1A2A3) = (1 — B)3P(A)3 + BP(4),

where: B is CCF beta-factor, P(A)=P(A1)=P(A2)=P(A3) is failure probability of component.

Systemfailure
SwstemA

A

=

Individual failures Common cause
IF CCATAZAS

() Jp=2

=

Cormponernt A1 Component A2 Component A3
A A2 AT

() p=2 (p=7 (U p=2
Figure 10: Fault tree with AND gate (Andromeda code)

Probability of the system failure by fragility data (Q(414243)) can be calculated using such equation,
as:

Q(414243) = [ Tiearioas® -t ()] 0 () 2,

Br XAmk :8;?

where: B and B independent and common portions of variabilities, A,,, component’s median capacity,
@ is cumulative normal distribution function.

Equalizing equations for P(A1A2A3) with Q(A1A2A3), one can calculate beta-factor.

For system with two redundant components, beta-factor can be obtained from seismic failure
probability, P, and correlation coefficient, p,, by equation, /Zhou 2017/:

_@P-1)+/@—-2P)2+4P (1 —P) * p;,
= 2P ’
Depending on PSA code architecture, common cause failures (and correlated failures) can be modelled
by two ways:

Manually insert in fault trees basic events that represent common cause failures for redundant
components (see example in Figure 10). This way is more convenient for visualization of
combination of failures leading to undesirable consequences. However, the results depend on
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judgment of the analyst . During assigning single failure probability, one should remember
that the single failure probability Ps is only portion of total failure probability, P. Ignoring this
will lead to overestimation of results. Another aspect is that CCF are modelled only for such
configuration of system with redundant components, when the several components have to
fail for the system failure (AND logic). When failure of only one component is sufficient for
the system failure (OR logic), then common cause failures are typically ignored. This is
acceptable for internal events PSA, since the probability of a single failure is at least an order
of magnitude higher than the probability of the CCF (for cases with beta = 0.1, and if the
multiple Greek letter or alpha factor model was used, the difference is even greater).
Assumption on neglecting common cause failures for OR logic may be not suitable for
modelling seismic failures, since the coefficients for partial correlations can be equal to 0.5 or
0.7. In this case, the difference between a single seismic failure and a seismic CCF is
insignificant. And accordingly, for OR logic, it is also necessary to model a seismic CCF.

Introduce CCF group (group composition, CCF model and parameters) for redundant
components at logical models solving level. When the editing of the CCF group is complete,
the code creates the CCF events (combinations of failures of components included in CCF
group). As the next step, each of the basic events that appear in the fault tree is replaced
with an OR-gate (called a CCF gate) with all individual failure events and CCF events involving
that basic event (component) as input.

The METIS tool (Andromeda-SCRAM) utilizes the second way. Figure 11 presents a screen from the
code graphical user interface (GUI) related to modelling of common cause failures. This option will be
further used for the METIS study case.
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Figure 11: Andromeda-SCRAM GUI for CCF groups

The abovementioned approach is intuitive for PSA practitioners, the correlations can be easily
implemented into PSA software; numerical parameters can be readily quantified for small correlation
groups. For larger correlation groups with more than 3 components, equalizing equations for system
failure probability by the beta-factor methodology with probability of the system failure by fragility data
is much more complicated.
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2.3. Way for the METIS study case

2.3.1. Overall steps
Development of PSA is an iterative process involving interfaces with most tasks of a seismic PSA. The
initial quantification of the safety functions and accident sequences is carried out using the preliminary
models and data. On completion of this initial quantification it is possible to identify the dominant
accident sequences and concentrate efforts at final quantification on ensuring that the models and data
reflect the plant design and operation as accurately as possible. Both uncertainty and sensitivity analyses

are included in the final quantification.
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Figure 12: Flowchart for consideration of correlations

Regarding consideration of fragility correlations in seismic PSA, the widely used approach consists of
the following stages, see Figure 12. At the first stage, during development of PSA models, consider the
binary approach. Use full correlation for redundant components in the same system if they are located
at the same elevation in the same building. Redundant components in different but similarly constructed
buildings on the same basemat are also judged to be correlated. For other components consider zero
correlation. Perform preliminary quantification of risk metrics (CDF, LERF). At the second stage, during

evaluation of preliminary quantification results, define risk-significant contributors, and focus effort on
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evaluation of possible partial correlations for these contributors. Consideration of such factors as exact
component location and orientation and spectral frequency sensitivity may be performed. Incorporate
adjusted correlations into the probabilistic models and conduct the final quantification with adjusted
parameters for correlations. Finally, sensitivity studies for different modelling interpretations of the
correlations must be conducted. Possible sensitivity studies include:

assume components at risk-significant seismic correlation groups (SCG) as independent;

vary correlation coefficients for SCG;

introduce a new SCG (e.g., identical components included in different systems, located In
different buildings) and consider different correlations for the new SCG (fully correlated,
partially correlated).

2.3.2. METIS study case

Seismic PSA study for Zaporizhzhia NPP (ZNPP) Unit 1 was completed (including resolution of regulatory
review comments) and approved by State Nuclear Regulatory inspectorate of Ukraine in 2019. Scope of
the SPSA include development of Level 1 and Level 2 PSA for two sources of radioactivity — reactor and
spent fuel pool. All operational states (POS) are considered in the study: nominal power (POS0), low
power (POS1,2,3,4,5,6, 13, 14,15) and shutdown modes (POS7-12), as well as refueling and long-term
storage states for SFP. Five earthquake levels (PGA) are modeled:

Q1-0.085¢

Q2-0.17g
Q3-0.2g
Q4-03g
Q5 - 1.45 g.

List of ZNPP systems modeled in SPSA includes the following: Emergency core flooding system; low
pressure injection system, high pressure injection system, high pressure emergency core cooling
system, primary pressure control system, emergency gas evacuation system; ventilation systems;
emergency feedwater system; steam dump valves; essential power supply system; essential service
water system; containment spray system; SFP cooling system; instrumentation and control, mobile
pump system.

ZNPP Unit 1 final seismic equipment list contains more than 1.5 thousand items /ZNPP 2019/:
Heat and mass transfer equipment — 653 items;

Electric equipment — 111 items;

Instrumentation and control — 231 items;

Diesel-generator electrical equipment — 152 items;
Components not modelled in internal events PSA — 180 items;
Pipelines — 498 items;

Structures and buildings — 10 items.

The binary approach was used to model seismic correlations. 88 seismic correlation groups (SCG) are
defined that represent in total 630 individual components (pumps, tanks, valves, transformers, busbars,
electrical cabinets, etc.) Full correlation was assumed for all components within group, based on the
following criterion:

identical components for a system trains are located in one building at the same elevation.

Special coding scheme was applied for SCG basic events in the PSA model.
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According to the quantitative results of /ZNPP 2019/, correlated failures related to PGA more than 0,2
g have significant impact at the total CDF. List of 100 dominant basic events ranked by Fussel-Vesely
importance contains 28 SCG events for different PGA values. Moreover, three failures are amongst first
ten contributors to the CDF:
correlated failures of diesel-generators DG-1 and DG-2 at PGA 0.3g (ranked as 4); Correlated
failures of DG-1 and DG-2 at PGA 0.2g, 0.17g are ranked as 34 and 54, respectively

correlated failure of nine transformers 0,4 kV of essential power supply system at PGA 0.3g,
located at elevation 20.4 (ranked as 8);

correlated failure of six busbars 0,4 kV of essential power supply system at PGA 0.3g, located
at elevation 20.4 (ranked as 10).

Under METIS study case, these SCG will be assessed in light of possible partial correlations using several
methods: beta-factor method, split fraction method, as well method of /NUR 2017/ will be applied to
find suitable, more useful solution for seismic PSA practitioners.

Figure 13 - Figure 15 present application of beta-factor method for the abovementioned ZNPP Unit 1
components and show relationships between beta-factor and correlation coefficients, depending on
different PGA levels. PGA levels correspond to /ZNPP 2019/. Fragility data are shown in Table 3.

Diesel-generator 1,49 0,30 0,35
Transformer 0,4 kV of essential power supply system 0,964 0,3 0,35
Busbar 0,4 kV of essential power supply system 1,05 0,3 0,35

Table 3: Seismic fragility data for selected components, /ZNPP 2019/.
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Figure 13: B-p curves for SCG with 2 diesel-generators, for different PGAs
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Figure 14: B-p curves for transformers 0,4 kV, for different PGAs. Left — 2 members in

seismic correlation group, right — 3 members.
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Figure 15: B-p curves for 0,4 kV busbars, for different PGAs. Left — 2 members in seismic
correlation group, right — 3 members.

Comparison of beta factors for the selected components is shown in Figure 16.
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Figure 16: B-p curves for ZNPP components for PGA 0,3

3.Multiple units and multiple radiation sources at
a site

One of the key modelling issues for seismic PSA of a multi-unit site is the correlation of SSC seismic
response between different units. As for single-unit site, the inter-unit correlations arise due to
geotechnical characteristics of site, soil structure interaction, seismic ground motion parameters.

Multi-unit (MU) correlations are illustrated at Figure 17, where pie are intra-unit correlations between
unit 1 components at elevation e; and p2e - correlations between unit 2 components at elevation e; p12
— inter-unit correlations between unit 1 and unit 2 components at different elevations.
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Figure 17: Schematic for intra-unit and inter-unit correlations

As can be seen, there is a difference between single-unit and multi-unit PSA models:

Single-unit (SU) models typically consider correlations between redundant components of
systems with identical redundant trains

Multi-unit (MU) models, in addition to single-unit correlations, should consider the following:

o correlations between redundant components of the same systems (with identical
redundant trains) of several units (pize at Figure 17); and

o correlations between the risk-significant non-redundant same components of the same
systems of several units (p12« at Figure 17). It should be noted that assuming complete
correlation for many inter—unit seismic failures can be overly conservative for seismic
PSA, because the frequency of multi-unit core damage will be close to the single unit
CDF; and

o correlations between seismically induced initiating events at several units (e.g., loss of
coolant accidents, internal flooding, etc.).

Correlations above for MU models are applicable to the sites with nuclear units of the same design. The
multi-unit issue also includes further complications if units of different designs are present at the site,
for example, the Kashiwazaki-Kariwa site in Japan, or Olkiluoto site in Finland with several different
designs.

Another difference between SU and MU correlations is illustrated in Figure 18.
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Figure 18: Example of inter-unit correlations

Therefore, in comparison with single-unit PSA, multi-unit configurations increase the importance of
correlations. For NPP sites with highly independent nuclear facilities, the MU CDF (frequency per site-
year of an accident involving core damage on two or more reactors on a MU site) is very sensitive to
the degree of dependency assigned to important SSCs. For such NPPs, a MU CDF is dominated by
minimal cut sets containing failures of corresponding components. Correlations like pi2e , p12x between
such components may significantly increase CDF. Finally, effects of correlations can significantly
influence on the site CDF (total CDF for each unit plus an extra CDF due to MU effects). For NPP sites
with many interconnections between units, when dominant contributors to core damage are shared
structures or systems, the MU CDF would be less sensitive. That is because the dominant and
unchangeable portion of the CDF is governed by shared SSCs.

Regarding the single-unit correlations (intra-unit correlations), recommendations are presented in the
Section 2. In general, multi-unit correlations (inter-unit correlations), can be considered using the same
approaches. Moreover, several methods listed in Table 1 have been developed with focus on inter-unit
correlations (e.g COREX, Hybrid method).

4.Vector valued analyses

As for today, rather standard, seismic PSA practice is to use single intensity measures for both, the
fragility model and probabilistic seismic hazard analysis. This can be assumed as adequate for the single-
mode-dominant structures. For multiple-mode dominant structures (e.g., a cable-supported structure
or bridge) and equipment having multiple failure modes that are governed by different parameters of
ground motion, the response could be better predicted using multiple parameters of ground motion.
Then, the vector-valued analyses may be judged as more appropriate. However, there are several
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reasons, like: extensive computational efforts; small number of available specific codes; the limited
number of prediction models for some intensity measure levels; the lack of correlation models between
several intensity measures; necessity for extensive consultation of vector-valued aspects from
seismologists, which prevent vector-valued SPSA from being ready for practical purposes. Recent
reviews of Seismic PSAs (see, e.g. observations in /SMIRT 2022/) have shown that there are no SPSA
solely based on (or extensively using) vector-valued analyses.

Vector-valued analyses can be used at different stages of seismic PSA:
Vector-valued Probabilistic Seismic Hazard Analysis (VPSHA);

Vector-valued fragility analysis for SSCs.

4.1. Probabilistic Seismic Hazard Analysis

Results of scalar probabilistic seismic hazard analysis (PSHA) used in seismic PSA are mean annual
frequencies of exceedance for different values of a selected ground motion parameter (typically, PGA).
These frequencies are further used as seismic initiating event frequencies — entry point for event trees.
Seismic initiating event frequencies can be calculated as:

dH(a)
F= faalzd—aaF(a)da,

Where a: and a2 define the acceleration range corresponding to a specific seismic event.

Under PSHA, the mean annual frequencies are calculated by equation, see METIS deliverable 4.4.
/METIS 2024by/:

A(IM > im) = Yhsourees yITUPTS y  p(IM > im|rupturess,

where A (IM > im) is the annual rate of exceedance of the intensity measure level im, P (IM > im
|rupturer ) is the conditional probability of exceeding the intensity measure level im. Vs, is the rate of
occurrence of the rupture r in source s.

Example of scalar (single intensity measure) PSHA results is shown in Figure 19.
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Figure 19: Seismic hazard curve for single IM. Left for PGA from /ZNPP 2019/, right - PGA
for the METIS study case /METIS 2020/,

Vector-valued PSHA (VPSHA) have the similar objective — to calculate the mean rate of exceedance, but
for a combination of intensity measures. Under VPSHA, the mean annual frequencies can be calculated
by equation, see METIS deliverable 4.4 /METIS 2024b/:

. . n n t . .
A(IMy = imy, IM, = imy) = ¥ 20y, TP v . P(IMy = imy, IM, = imy|rupturess, ),

where P(IM = im, ITM = imz| rupturer,s) is the discrete joint probability of occurrence of
imy and /m2 given the occurrence of rupturer,s. P(IM = im, I M = imz|ruptur &r,s) is
computed using a multinomial Gaussian distribution.

Example of VSHA results is shown in Figure 26. In this example, as a direct extension of scalar PSHA,
the key additional information required in performing VPSHA is the joint conditional probability
distribution of spectral accelerations at multiple periods.
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Figure 20: Seismic hazard surface for spectral accelerations at 4.0 sec and 1.33 sec from
VPSHA, /Wang 2015/

Different approaches for VPSHA: direct, indirect, simplified, new kernel matrix approach proposed by
METIS are discussed in METIS deliverable 4.4. VPSHA provides a more comprehensive description of
the different ground motion characteristics (compared to scalar PSHA) required for particular studies
such as risk analyses of various typologies of structures or evaluations of the slope stability under seismic
excitation. In terms of accuracy, VPSHA can ensure higher level of accuracy than scalar PSHA, (0,4%
error for VPSHA and 2,4% error for scalar PSHA) /Wang 2015/. However, according to discussion in the
METIS deliverable 5.1 /METIS 2020/, using vector intensity measures comes at a price that is arguably
higher in many cases than the benefits obtained by a more accurate prediction of engineering demand
parameter. That is why some authors have proposed a well-crafted scalar IM, like average spectral
acceleration. In addition, there is a study /EESD 2019/ that showed (based on analysis of 50 IM pairs
for six intensity levels and on comparison of the results in terms of mean annual frequency of exceeding
specific engineering demand parameter thresholds) as long as the hazard consistency is ensured in both
directions, it is not relevant if vector or scalar IMs are utilized because the results obtained, in most
cases, are statistically indistinguishable.

Due to several reasons including abovementioned, scalar PSHA was selected to be applied for the METIS
study case. Discussion and the results of the scalar PSHA - hazard curves for PGA, Sa (0.2 s), and Sa
(1.0 s) at the case study site - are documented in /METIS 2023/).

4.2. Fragility analysis

Currently, rather standard methods, applied for performing seismic fragility analysis for SPSA are based
on fragility curves representing the ground motion by a scalar intensity measure. In practice, majority
of seismic PSAs have used PGA as single IM. It should be noted, that PGA is used as a simplified measure
for the whole uniform hazard response spectrum shape. Also, the structural frequency filtering effects
are included in the in-structure response spectra and the frequency sensitives of SSCs are accounted
for in fragilities, to the extent they influence the fragility calculations. All of this is indexed to a PGA
hazard for quantification, but the effects of spectral accelerations and frequency sensitivities of SSCs
are considered throughout the fragility calculations. . Several studies (e.g., /SMIRT 2015/) have
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discussed that the characterization of seismic capacity of a SSC by single IM can never be comprehensive
due to the fact that the SSCs are dynamically complicated. Influence of other IM is noticeable and should
be taken into consideration. In particular, spectral accelerations at dominant modes of critical SSCs
should be chosen as IMs in seismic fragility analysis to improve the plant seismic capacity estimate,
/Zhen 2018/. Comprehensive, more accurate, evaluation of fragility parameters, like high confidence of
low probability of failure (HCLPF) using vector-valued approach may have influence on calculation of
SSC failure probabilities, and even on quantification of human error probabilities (see Table 5). Finally,
it may affect on quantification of more realistic results of seismic PSA (core damage frequency, large
release frequency).

Several methods are available to perform scalar fragility analysis, the most used in SPSAs are:
Conservative deterministic failure margin (CDFM) method. CDFM (also named as hybrid
method) is a simplified method for estimating fragility curves, using the CDFM method to
establish a HCLPF capacity, and a composite logarithmic standard deviation c estimate is used
to estimate the mean fragility curve.

Separation of variables (SOV) method. The method explicitly characterizes a probability
distribution (median value, aleatory variability, and epistemic variability) for each parameter
affecting the SSC’s response and capacity. The final fragility distribution is obtained from the
individual variables using the mathematical properties of lognormal distributions. Typically, the
SQV is preferred method for SSCs that are dominant risk contributors or are risk significant in
the seismic accident sequences.

There are number of modifications of these two methods (see, e.g. modified CDFM in /SMIRT 2022d/)
and modelling techniques applied to compute the fragility parameters, like safety factor technique, linear
regression, maximum likelihood estimation, incremental dynamic analysis, Bayesian updating etc.

Seismic fragility is modeled by a lognormal cumulative probability distribution (CDFM), double
lognormal model (SOV). General equation for SOV is as follows:

A= Am x e@BR) x a@Bv)

where: Am is the median capacity; Br is the logarithmic standard deviation of the aleatory
uncertainty, Bu is the logarithmic standard deviation of the epistemic uncertainty, z is the standard
normal variable corresponding to a defined non-exceedance probability. The aleatory and
epistemic uncertainty can be combined into a composite variability (Bc):

ﬁzlgc:,’ﬁ1%+,8121

Example of scalar fragility curves calculated for PGA as IM, by using different methods is shown in Figure
21, where conservative nature of CDFM for this example is evident, although this big of a difference is
unusual. Example comparison of scalar fragility curves computed for different IM is presented in Figure
22.
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Figure 21: Mean seismic fragility curves obtained by CDFM, SOV and modified CDFM for
PGA, for example SSC, /SMIRT 2022d/.
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Figure 22: Mean seismic fragility curves computed for different IM (PGA; SA_1: Absolute
spectral acceleration at first frequency, f1; ASI: average absolute spectral acceleration in
the range [f1: f1+1Hz]; SVr_1: relative spectral acceleration at first frequency; SrVI:
average relative spectral velocity in the range [f1: f1+1Hz]) for example SSC, /NAR
2019/.

Another way to represent scalar fragility analysis is as follows, /NENE 2021/:

Pe(im) = P(ds = DS|IM = im) = cb(

Inim-In a)
4

B

where Ps is the probability of failure, a represents the median and B the standard deviation, i.e. the
fragility parameters; ds — damage state. The damage state is defined by the engineering demand
parameter (EDP) exceeding a given threshold: the EDP represents the physical demand that is subjected
to the SSC, until its capacity is reached. By definition, the parameter a is the value of IM for which Ps is
50% and can thus be viewed as the median capacity (in terms of IM).

Vector-valued fragility analysis is described in /GEHL 2012/, where hybrid IM is formulated in terms of
two IM1 and IM2 as follows:

a a
logX; = ﬁloglMli + ﬁlog IM2;
1 2 1 2
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where al are regression coefficients. Assuming that the univariate fragility function in terms of X is
compatible with the lognormal model in equation above for scalar fragility analysis, leads to the following
vector-valued fragility function, /NENE 2021/:

1
P(damage > DS|IM1,IM2) = > [1+ erf (BylogIM1 + B,logIM2 — fB,]

The coefficients  can be estimated by maximum likelihood estimation.
It is shown in /GEHL 2012/ that switching from scalar to vector IMs may lead to a significant reduction

in the scatter in the fragility function and consequently to potential reduction in the uncertainty in
evaluated earthquake risk.

Examples of the results of vector-valued fragility analysis are shown in Figure 23.
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Figure 23: Fragility surface, using the two IM: left — vector <PGV, PGA/PGV>, /Gehl
2012/; right — vector <Sa, PGA>, /Zhen 2018/.

Several studies represent analysis of IM and/or vector IMs in terms of their adequacy for the derivation
of fragility curves. Criteria to assess the adequacy in terms of efficiency, sufficiency, practicality,
computability, are outlined and summarized in /NAR 2019/.

There are many studies regarding selection of IMs. For example, /ISCU 2015/ states that PGA was not
indicated to be an efficient IM for analyzed types of structural systems and types of soil. Peak ground
velocity PGV is nominated as a universal IM that could be used instead of the PGA. Also, the use of
spectral acceleration Sa(T1), spectral response velocity value Sv(T1) and spectral response
displacement value Sd(T1) has given very good results but engineer should bear in mind that their
calculation is more complicated because they depend on the dynamic characteristics of the structure.
The results of /SDEE 2018/ also indicate that for a displacement-sensitive structure, the peak ground
velocity is the most efficient scalar-valued IM, while the < Sa(T1),PGV> is the most efficient vector-
valued IM. It was discussed in /NAR 2019/ that the vector-valued intensity measures tend to perform
slightly better than the single intensity measures (like PGA). This conclusion is based on evaluation of
several criteria. The fragility surface representing ground motion by vector IM <PGA,PGA/PGV> tends
to reduce uncertainties in comparison to the fragility curve representing ground motion only by PGA.

Under the METIS project, detailed selection of relevant ground intensity measures (scalar or vector) to

reduce the scatter and epistemic uncertainty of response results, is the aim of Deliverable 6.3. Fragility
analyses of relevant SSCs by considering optimal scalar/vector IM are part of Deliverable 6.5. Regarding
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the METIS study case, since scalar was selected to be applied (see Section 4.1), the scalar fragilities
will be used in the case study.

5.Human performance

5.1. Seismic impact on HRA

Human failure events (HFE) explicitly modelled in seismic PSA model need to be identified and reviewed.
According to human reliability analysis (HRA) methodology (see IAEA SSG-3, /IAEA 2024/) three
categories of human actions should be considered:

Pre-initiator (type A) actions - human actions before the initiating event during normal operation
that degrade system availability (e.g., mis-calibrations, misalignments). Such actions do not
depend on the characteristics of the later initiating event, thus results of the analysis performed
during the internal event PSA remain in effect for seismic PSA. It may be necessary, however,
to model Type A actions to supplement for systems that are newly modelled for seismic events.
Applied method can be the same as that used in the internal event PSA.

Human induced initiating event (type B actions) - not applicable in the case of seismic initiating
event

Post-initiator (type C) actions. Discussion below deals with Type C human actions.

Scope of human actions does not necessarily change as compared to the internal event PSA. New
actions may appear in the case of seismic-specific mitigation strategy. Such actions consist of the
following types of actions: terminating the impact of the seismic event — actions taken to identify and
protect components that are operating in an undesired state or are threatened after the seismic event
has occurred; mitigation of seismic consequences using the affected SSC — actions taken to recover
failed SSCs by providing an alternate success path (e.g., restoration of power to an electrical bus by
using mobile diesel generator).

Seismic events challenge the availability of human resources from outside plant having an impact on
HRA. NPP personnel may be distracted from nuclear safety due to private concerns (rescue, securing
homes) reducing their reliability. Unclear priorities for overall emergency response by local authorities
may be in conflict with the priorities for SAMG. The availability of rescue and support from outside the
plant (e.g., fire brigades, medical aid, and heavy machines for clean-up operations) may be limited due
to the simultaneous needs of civil protection outside the plant.

In general, the following seismic related factors on human actions (seismic factors) should be considered
during re-evaluation of human error probabilities:

A. Mental and physiological stress induced by earthquake;
B. Additional workload (above that for similar sequences not caused by seismic events);

C. Uncertainties in event progression (e.g. cue availability, timing concerns, failure of signals,
spurious signals, failure of communication systems);

D. Effect of seismic failures on mitigation and on response actions and recovery activities (e.g.
accessibility restrictions, possibility of physical harm, equipment approachability - local operator
actions might no longer be possible, manual action might not be possible due to failure of
specific components);

E. Specific operator action aids and training (e.g. procedures, training exercises);
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F. Increasing chance for errors of commission - human failure event resulting from a well-intended
but inappropriate, overt action that, when taken, leads to a change in the plant and results in
a degraded plant state (e.g. intentional isolation of the Isolation Condenser system at
Fukushima Dai-ichi as per operation manual).

G. Fire and/or flood caused by earthquake;

There are, however, HRA technology challenges defined in /PSAM 2013/, /APSA 2015/ that should be
considered during HRA for seismic PSA. The challenges include:

Treatment of different or multiple decision makers, including external distractions. The issue is
related to accounting for different decision makers (i.e., rather than a typical control room crew)
who made potential errors in the prioritization of work (possibly due to incorrect information
regarding the system and plant status or input from external organizations).

Treatment of the psychological impact on operators, experts, and decision makers;
Treatment of the feedback from offsite consequences to plant decision making;
Assessment of cumulative effects (e.g., fatigue, radiation exposure) on operators.

Several approaches to quantify seismic human error probability (HEP) are available. Widely used
approach is application of existing HRA methods used in level 1 internal event PSA. In this case, HRA
process for human error probability usually includes the following steps:

1. Identification of human failure events (HFE) including HFEs already modelled in the internal events
PSA and new HFEs related to the seismic events with the specification of the location of the action (in
the control room, at local compartments, at the NPP site. Review of human actions from the internal
events PSA is performed to identify the post-initiator operator actions modelled. The operator actions
that are identified to be part of the internal event PSA and that have been retained in the seismic
probabilistic models (fault trees/event trees) are examined to determine the effect of seismic events on
their quantification.

2. Characterization of the time available to perform each identified post-initiator action. During a seismic
event, the operator faces a challenging situation due to mentioned above seismic factors (additional
stress caused by the earthquake itself, accidental damage to systems and components, possible blocking
of the accident response route, possible induced fires and floods, aftershocks, and the likely disruption
of communications and control time available for diagnosis and execution, can also be smaller than for
internal events.

3. Quantification of the post-initiator HEPs. Depending on nature of HFE (existing in internal events
PSA, seismic-specific HFE), quantification is performed in slightly different ways: for existing actions,
the seismic HEPs are obtained by multiplying the HEPs calculated as for internal events PSA with the
performance shaping factors (multipliers). The factors necessary for developing a multiplier are: the
location of the task (inside or outside the main control room), the time available for the task, and the
seismic intensity. For new HFE calculation of HEPs is performed from scratch, applying HRA method
from internal events PSA or HRA method that is judged to be most suitable for seismic PSA. According
to the modern practice (see, example on /NEAT 2021a/), it is acceptable to use several HRA methods
within one PSA study, depending on nature of human action (cognitive action, executive action,
procedural/non-procedural, immediate/long-term, etc.) and capabilities of HRA method. Some
recommendations are included in the Table 4.

4. Model integration - modelling of basic events that represent HFE in probabilistic models (fault
trees/event trees), see the METIS tool illustration in Figure 24.
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Figure 24: Way to model HFE in a fault tree

Using the existing (in the internal events PSA) HRA approach and associated event trees and fault trees
from the internal events analysis with appropriate modifications for the seismic event has the following
advantages: this approach supports overall consistency of modelling homenclature and level of detail
and compatibility of results and their interpretation. This allows appropriate non-seismic component
failures and non-seismic human errors used in the internal events PSA to be carried through to the
seismic PSA where seismic-related failure considerations can be incorporated. The sources of data and
bases for use for non-seismic failures should be available from the internal events PSA.

There are over 60 HRA methods that have been developed for different applications. Depending on

intended application, HRA methods have been evolved and refined. Illustration of the history of HRA
methods is shown in Figure 25
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Figure 25: Evolution of HRA methods

Although several limitations of the first-generation methods in error identification and error probability
quantification have been widely discussed (e.g., the methods were insufficiently structured to prevent
significant analyst-to-analyst variability of the results generated; the methods lacked procedures for
identifying the most risk-significant category of human error, errors of commission, etc.), these methods
(mainly THERP, ASEP) are still widely used in the NPP industry. Moreover, de facto THERP/ASEP is a
standard method incorporated in several commercial codes (EPRI HRA calculator, RiskSpectrum HRA).
According to /INAC 2017/ wide use of the first-generation methods occurs because it is more
concentrated to calculate the probability of success or failure in the execution phase of human
interaction, or human action, what makes them useful for quantitative risk assessment to PSA. The
second-generation methods have capabilities to identify errors of commission, context or cognition.
These methods (ATHEANA, CREAM) are so complex that still have some obstacles to be applied in a
conventional HRA. Table 4 provides some overview of available HRA methods and comments regarding
seismic PSA. The comments have been prepared from data provided in several sources, such as NUREG
- 1842 /NUR 2006/.

THERP - Technique for Human Model-based Most widely used HRA method is combination of
Error Rate Prediction, see approach. The THERP/ASEP. For seismic PSA the THERP
NUREG/CR-1278 /NUR 1983/. method is based algorithm for control actions is recommended
. on data for quantification of executive actions
22nr;?snsl%gqusﬂaesi?\uspoicsazﬁf, gathered fromI (executive portion of HEP).
reading a wrong indication, EE@IT  EEmi Strengths
selecting a wrong switch, etc room, weapons i
! manufacturing, Has a five level dependence model for across
and chemical subtask dependence, and although explicit
processing guidance is not provided, it can reasonably be
activities, as well generalized to address dependence across
as expert human actions in a PSA sequence.
estimation.
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Method

Accident Sequence Evaluation
Program HRA  Procedure
(ASEP), see NUREG/CR-4772
/NUR 1987a/ use a more
explicit process suitable for
non-HRA experts and reduces
the number of factors to be
considered

Success Likelihood Index
Methodology & Multi-Attribute
Utility Decomposition (SLIM-
MAUD) (see NUREG/CR-1278
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Approach for
Quantification

Provides
tabulated or
time-reliability
based human
failure
estimates.

Is considered as
complete
method because
it addresses both
qualitative and
quantitative
analysis. Many
HRA  methods
only address
quantification.

Provides
tabulated or
time-reliability
based failure
estimates

Expert judgment
along with a
mathematical

formula for

Comments

Limitations

Although this method provides good discussion
of a broad set of PSFs, it explicitly uses only a
limited set in its tables and curves and does not
provide much guidance for how to handle a
wider set of potentially important factors. The
lack of guidance increases the potential for
analyst to analyst variability in results when a
broader range of factors is considered.

Regarding the seismic factors — THERP is not
capable to deal with increasing chance for
errors of commission

ASEP developed as simplified version of THERP.
Strengths
e Easy to use, simplified technique

e Results commonly accepted as reasonable
for “not far from average” context (i.e.,
conditions associated with the scenario and
action of interest).

¢ Since analysis is simplified relative to THERP
and values to be applied are stated to not
account for possible positive considerations,
results are argued to be more conservative than
those obtained with THERP.

e Extends THERP in several respects,
particularly in the treatment of pre-initiators.

e Screening  approach requires some
consideration of influencing factors as opposed
to simply assigning a “high” value.

e Provides a reasonable, simplified version of
the THERP dependence model (but THERP is
still recommended when generalizing to address
dependence across actions in a PSA sequence).

Limitations

e It is not clear that the results produced by
ASEP would be consistently conservative as
claimed (because of a failure to consider other
PSFs that may be important drivers).

Strengths

e The method allows consideration of a wide
range of PSFs and is flexible in terms of which
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Method

/NUR 1984/) - provides a
calculation process to estimate
the overall likelihood of an
error based on a range of
user-identified performance
shaping factors. In principle
can be applied to any type of
error. MAUD provides
additional tools for comparing
the effects of different
performance shaping factors

Systematic Human Action
Reliability Procedure (SHARP),
see /EPRI 1984/ - frameworks
for performing HRA, but not
quantification tools

Human Error Assessment and
Reduction Technique (HEART),
see /IEEE 1988/) - provides a
generic set of descriptions of
types of tasks and factors that
influence the overall
probability of failure
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Approach for
Quantification

combining
judgments

No explicit
quantification
process,
methods
available at the
time were
discussed

but

Tabulated data
mathematically
combined to
reflect the type
of task and PSFs

Comments

PSFs are included.

e Use of a mathematical formula provides a
traceable derivation of the obtained HEPs, as
long as the basis for the weights and ratings of
PSFs is thoroughly documented.

o Use of expert judgements lends credence to
the results, provided that the experts are
qualified and familiar with the events being
assessed.

Limitations

e Identifying appropriate calibration data is
an important issue for this method.

e Undesired effects from multiplying and
summing PSFs may distort the results (e.g.,
strong influences may get averaged out).

Strengths

e SHARP
document available for performing the “overal
HRA analysis. However, a few more recent HRA
methods address some aspects not previously
addressed or covered in as much detail.

e Although it does not provide a
quantification process, it leads analysts to
identify and consider important information
relevant to quantifying modeled human actions.

is perhaps the best guidance

III

e Very good discussion of dependency issues.
Limitations for seismic PSA

e Although the potential importance of
mistake based errors of commission (EQCs) is
noted, the method provides very limited
guidance on considering EOCs.

SHARP framework is adopted further to
consider seismic events in /EPRI 2016/

Strengths (see /[Hump 1995/)

e HEART is very quick and straightforward to
use and also has a small demand for resource
usage

e It is highly flexible and applicable in a wide
range of areas which contributes to the
popularity of its use

Limitations (see [Kirw 1994/)
e HEART relies to a high extent on expert
opinion, first in the point probabilities of human
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Method

Human Cognitive Reliability
(HCR) / Operator Reliability
Experiments (ORE), see EPRI
NP-6937. Vol. 1. /EPRI 1990/)
— revision of HCR that provides
estimates of failure (non-
response probability) based on
simulator data or expert
judgment and assumptions
regarding  applicability  of
normal distribution

Cause-Based Decision Tree
(CBDT), see EPRI TR-100259
JEPRI 1992b/) — a follow-on to
HCR and HCR/ORE, allows the
estimate of error probabilities
for conditions involving longer
time scales and considers
causes of errors as opposed to
time-reliability relationships
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Approach for
Quantification

Ideally derives
time-reliability
based estimates

from plant
specific
simulator
exercises, but

may use expert
judgment to
obtain time-
reliability
parameters

“Tabulated”
failure estimates
through
application  of
decision trees

Comments

error, and also in the assessed proportion of
PSF effect. The final HEPs are therefore
sensitive to both optimistic and pessimistic
assessors

e The interdependence of PSFs is not
modelled in this methodology, with the HEPs
being multiplied directly. This assumption of
independence does not necessarily hold in a
real situation.

For seismic PSA the HCR/ORE algorithms are
recommended for quantification of
identification, detection and decision making
actions (cognitive portion of HEP). HCR/ORE is
recommended for post-reactor trip immediate
actions (e.g., manual reactor trip), for post-
initiator time critical actions (e.g., establish seal
injection within 13 minutes), for non
proceduralized actions (e.g., recovery actions).

Strengths
e Simplicity of estimation process

e The use of empirical data to support HRA is
a strength.

e Once the relevant parameters have been
identified, the derivation of the HEP using the
time/reliability correlation (TRC) is
straightforward and traceable.

e Good discussion on modelling the execution
portion of HFE.

Limitations

e It is questionable whether the method can
consistently yield appropriate relative values of
HEPs and, hence, appropriate safety insights

and improvements. Thus, it may require
augmented analysis (e.g., with CBDT,
ATHEANA).

CBDT was developed for cognitive errors (e.g.,
diagnosis) for which time was not a driving
influence on performance. For seismic PSA the
CBDT algorithm is recommended for
guantification of identification, detection and
decision making actions (cognitive portion of
HEP). The method is recommended for post-
initiator proceduralized actions (e.g., isolate
ruptured SG in case of steam line break).

Strengths
e Use of a causal model helps analysts to
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Method

Cognitive reliability and error
analysis method (CREAM),
/Holl  1998/) — estimates
relative likelihoods of failure
based on overall
representations of contexts
including  consideration  of
workplace, task and
organizational factors

Methode d’Evaluation de la
Realisacion des  Missions
Operateur la Surete
(MERMOS), /Bied 1998/) -
provides a way of modelling
errors in the integrated human
team-computer environments
in advanced control rooms
using observations of errors in
simulator exercises

A Technique for Human Event
Analysis (ATHEANA), NUREG-
1624, /NUR 2000/. ATHEANA

provides a structure for
understanding and improving
human performance in

operational events.
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Approach for
Quantification

Provides
tabulated failure
estimates

Expert judgment

primarily, but
may use some
plant data

(simulator or
operational) as
one basis for the
estimation
process

Cognitive actions
are evaluated by
facilitator-led
expert judgment
process to
directly quantify
on the basis of
context and
triggered PSFs.
Executive

actions are

Comments

explicitly identify and evaluate conditions that
are important in the scenarios examined.

¢ Simplicity of estimation process

e Provides an initial set of failure mechanisms
and influencing factors to be considered, as
represented by the decision trees and the
factors expected to contribute to the various
failure mechanisms, that can be used in a fixed
way.

Limitations

e The method relies on THERP data (which
has a limited empirical basis), and through
expert judgment adapts it for use in the decision
trees. Although the results seem reasonable,
the appropriateness of the adapted data for use
in the context of the decision trees needs
further demonstration.

CREAM was developed to better account for
cognition. For seismic PSA the CREAM is
recommended for quantification of
identification, detection and decision making
actions (cognitive portion of HEP).

Developed for internal events, capability of the
method to account for seismic factors is
questionable

ATHEANA was originally developed in attempt
to address errors of commission during low
power/shutdown. Discussion of some seismic
factors is included.

For seismic PSA the method is recommended
for quantification of identification, detection and
decision making actions (cognitive portion of
HEP).

Specifically addresses EOC.
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Method

Standard Plant Analysis Risk
HRA (SPAR-H), see NUREG/CR-
6883 /NUR 2005/ similar to
THERP, includes slips, lapses,
and mistakes and addresses
diagnosis and response
execution through use of
several PSFs as multipliers. Not
intended for detailed analysis
of decision-making

Phoenix is an HRA
methodology that is based on
the Information, Decision and
Action in a Crew context
(IDAC) cognitive model to
model operator performance,
see “The impact of seismic
events on human reliability and
Phoenix HRA methodology”
JESR 2023/ and “A model-
based Human Reliability
Analysis methodology” /RESS
2016/ and /RESS 2024a//Kirw
1994/.
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Approach for
Quantification

included as part
of the overall
human action in
deriving expert
judgment-based
HEP.

Provides
tabulated failure
estimates

Model
approach

based

Comments

Since executive portion of HEP is not explicitly
treated, the method may not be feasible to deal
with re-evaluation of complex HFE with several
executive actions.

SPAR-H has been developed to create THERP
method suitable for Accident Sequence
Precursor and Significance Determination
Process. The method is not intended for detailed
analysis of decision-making.

Strengths

e Simple underlying model makes SPAR-H
relatively simple to use and results are
traceable.

e THERP like dependence model can be used
to address both subtask and event sequence
dependence.

Limitations

e Resolution of the PSFs may be inadequate
for detailed analysis.

e Despite detailed discussion of potential
interaction effects between PSFs, treats PSFs as
independent.

e No explicit guidance is provided for
addressing a wider range of PSFs when needed,
but does encourage analysts to use more recent
context developing methods if more detail is
needed for their application, particularly as
related to diagnosis errors.

It incorporates strong elements of existing HRA
methods and cognitive science, and was initially
developed for internal events performed in a
control room. Yet, its framework and elements
are suitable for external events such as
earthquakes.

One principal method for incorporating seismic
events into an HRA involves multiplying the HEP
with a numerical multiplier that is based on one
or more factors present in a seismic event.

Strengths

A core feature of the Phoenix methodology is its
use of Bayesian Networks (BBNs) to model
performance influencing factors (PIFs) and their
effects on failure modes. This approach allows
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Approach for

sl Quantification

Comments

for a more nuanced understanding of how
various factors contribute to human error

The methodology emphasizes the importance of
how to map data to BBN parameters and
aggregate data from non-homogeneous
sources

The techniques and processes developed in the
Phoenix methodology can be adapted for use in
other HRA methods and applications,
highlighting its potential impact beyond its
immediate context

Limitations

Despite the advantages of BBNs, the
methodology acknowledges the challenges
associated with the large amounts of data
required for effective modelling. To overcome
this, the Phoenix methodology combines
multiple data sources, including insights from
other HRA methods, expert judgment, and
operational experience.

The quantification model was developed
specifically for internal events at nominal
power. IDHEAS includes, however,
consideration of such variability and uncertainty
factors that modulate the time required, as
seismic.

An Integrated Human Event Expert
Analysis System (IDHEAS) for judgement
Nuclear Power Plant Internal approach.
Events At-Power Application,

see NUREG-2199 /NUR 2017a/.

IDHEAS consists of a
qualitative analysis process
that includes a detailed
cognitive task analysis and an
HEP quantification model for
HFEs that are identified for
inclusion in a PSA and defined
at a functional level.

Table 4: HRA methods

5.2. Seismic HRA

As discussed above, the standard HRA method used in the internal events PSA must be revised to
address the effects of earthquakes on operator performance. Two approaches can be applied:

(1) A model in which seismic HEP is independent of the level of ground motion. Under this approach,
HEPs for the same HFE for all seismic intervals would be the same. Seismic PSA study for ZNPP
Unit 1 utilizes this approach, /ZNPP 2019/.

(2) A model in which HEP during an earthquake depends on the PGA.
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The second approach allows more detailed, more precise modelling of seismic impact on human
behaviour, and ensures consistency with seismic fragilities of SSC. Also, strong seismic motion can lead
to an increased probability of post-initiator errors because of the physiological and psychological effects
of seismic acceleration on the cognitive behavior of the operators, characterized by a delay in making
diagnosis, formulating response and taking executive action, /KOV 2014/. It should be noted, however,
that HRA impact is thought to decrease with increasing intensity of the earthquake. Therefore, this
approach seems more adequate for realistic modelling of seismic PSA, and should be used in the METIS
study case.

Seismic factor D (e.g. accessibility restrictions, possibility of physical harm, equipment approachability)
may have significant impact on HFE — more severe damages of SSC can present unique challenges to
operators. Depending on ground motion magnitude (and associated failures of SSCs), damage states
for HRA are defined (see, e,g. /EPRI 2016/, /PSAM 2018/, /ESR 2023/). The combinations of the
environmental conditions and the types and number of SSC failures create a context for the operator
actions modelled. In principal, these damage states differ from seismic hazard bins in that they define
break points at which the underlying context of action changes significantly enough to affect the
reliability of operator action. The HRA damage states (HDS) are defined by grouping SSCs by their level
of expected impact on human performance if they fail (see description of seismic factors). Several levels
of the probabilistic modelling of impact are possible: inability of action - depending on HDS, the plant
staff has insufficient conditions for performing their task — directly accounted in fault trees/event trees;
if the plant staff tasks are feasible, a probability of insufficient workplace conditions due to seismic
damage (e.g., instrumentation is damaged and does not provide information to the operator) is modeled
in fault trees; while indirect impact of seismic events is modeled through increasing HEP by consideration
of associated performance shaping factors according to applied HRA method. Table 5 represents typical
considerations for HDS.

HDS description

No damage to the plant safety-
related SSCs or non-safety SSCs
required for operation. Limited
damage to non-safety, non-seismic
designed SSCs like residences and
office buildings

No expected damage to the plant
safety related SSCs or to rugged
industrial type non-safety SSCs
required for operation. Damage may
be expected to non-safety SSCs not
important to plant operations and to
the switchyard. Some falling of
suspended ceiling panels.

Widespread damage to non-safety
related SSCs and/or some damage
expected to safety related SSCs.
Significant number of vibration trips
and alarms requiring resetting.

GA N°945121

Comment

Safe-shutdown
earthquake (SSE).

Stress level of
MCR crew is similar to
internal events.

From SSE to design basis
earthquake (DBE).

High stress level in early
phase due to psychological
shocks. Effect of shock
lowered after a couple of
hours.

Higher initial stress level
than at damage state 2.

Typical range of PGA

0,085g for /ZNPP 2019/

At or above the SSE, up to
HCLPF of most fragile
safety-related SSC. SSE-
0,259 at /EPRI 2016/.

SSE-Less than 0,3g at
/PSAM 2018/

0.17 g for /ZNPP 2019/

Above the HCLPF of most
fragile safety-related SSC
to HCLPF of critical
instrumentation or HCLPF
level of 25th percentile
component, whichever is
lower - 0,25-0,5g at /EPRI
2016/; 0,3-0,7 at /PSAM
2018/
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# HDS description Comment Typical range of PGA

0,3g for /ZNPP 2019/

4 Substantial damage to safety related Extreme stress level. Wide-spread damage to
and non-safety SSCs. The threshold critical instrumentation.
of this damage state is such that it Any PGA that exceeds
produces a cliff-edge effect in the PGA for HDS 3.

likelihood of operator response.
1,479 for /ZNPP 2019/

Table 5: HDS recommendations

These HDS should be further applied for modelling of human actions (if any) at the METIS study case.
At least, it should be used for definition of multipliers during re-evaluation of HFE. During the definition
of multipliers, the following aspects are considered:

HRA damage state. For HDS 1, 2, and 3 the HEP multipliers for the HFE are 2, 10, and 30
respectively, while for HDS 4 complete failure of human action (HEP=1) is assumed;

Time margin . Time margin is a difference between time needed for operator to perform an
action (both for cognition - identification, diagnosis, decision making and execution), and time
when the action is no longer valuable. The following intervals are considered: less than 10
min; from 10 to 30 minutes, 30 to 60 minutes, and more than 60 minutes. The question is
whether the time window is sufficient for proper fulfilment of human action. For time bin 1,
complete failure of human action is assumed for all HDS. Sufficient time margin (HEP would
be small enough, 1E-04 according for lower bound of ASEP time-reliability curve) is more than
30 min for HDS 1. For HDS 2 and HDS 3 sufficient time margin is assumed as more than 60
min.;

Location of action: main control room (reserve control room), at field or outside main control
room;

Cues (annunciators, indications of indicators, environmental state) to make personnel detect
the occurrence of an event, possibility of checking, etc. The intent of this aspect is to identify
whether the operator action will be performed with awareness of the post-earthquake plant
situation. It may be either available or non-available. The operator may have two types of
cues that indicate the demand for action. One is a procedure step, and the other is the alarm.
If the cues are alarms, the system for alarms can be damaged by a seismic event. Therefore,
it is assumed that alarms in HDS 3 and 4 are not available.

General scheme for calculation of the multipliers is shown in Figure 26.
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Figure 26: Calculation of the multipliers

Seismic HRA needs to include a more comprehensive and realistic assessment of influence of long-term
post-core damage events. Long-term post-core damage sequences invoke new issues regarding the
timing of operator actions. For example, in the Fukushima Dai-ichi accident, the opening of containment
vent valves was unexpectedly delayed by several hours by: 1) waiting for a nearby town to be
evacuated, 2) hardware failures, and 3) harsh environment conditions that developed during the waiting
time. It was also noted that the arrival of additional resources (e.g. from offsite) did not ensure rapid
situation control. For these prolonged scenarios, potential time delays need to be accounted for in a
realistic manner. The lack of contingency procedures and pre-staged equipment impacted operator
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actions, so that operators had to operate outside the procedural space or formal training. Relevant
performance shaping factors, such as fatigue (e.g., operators in the Fukushima Dai-ichi event had long
shifts with minimal food and rest) and “stress” in a very real sense (Fukushima Dai-ichi operators were
clearly worried about their personal safety e.g. due to potential hydrogen explosions and because of
irradiation and contamination on the site, facing the dilemma of social safety or loss of assets /TEPCO
2012/). Another potentially important aspect of long-term scenarios is the impact of shift changeover
on the reliability of measure. Shift changeovers may lead to a loss of information or situational
awareness, thus inducing additional sources of human error. An additional important aspect of seismic
long-term scenarios is consideration of aftershocks. As stated in /METIS 2024a/, emergency events to
be taken into account are those that have occurred in the period from the reactor emergency shutdown
caused by the mainshock to the transition to cold shutdown state - approximately 5 days, while more
precise time frame may vary depending on design and operational practices. Aftershocks can be
important from the worker safety point of view. Specific concerns are: delayed initiation of needed
activities (e.g., plant damage surveys) and interrupted ongoing work activities including recovery
actions. Coordination challenges have been experienced at NPPs (e.g., at Kashiwazaki-Kariwa (2007)
and Onagava (2011)), and evacuation of some onsite personnel contributed to the lack of organizational
knowledge (e.g., operation of equipment, location of items). This may have influence on modelling of
human actions /METIS 20243/.

6.Conclusions

This report provides a description of approaches used for consideration of correlated failures of systems,
structures and components in probabilistic models for seismic PSA. The way forward for the METIS
study case is proposed, including: selection of plant-specific components for analysis of correlations;
conversion of correlation coefficients (intuitively understandable by seismic engineers) to common-
cause beta factors, which are understandable by PSA practitioners; approach for modelling of
correlations at the METIS tool (Andromeda-SCRAM). For ZNPP Unit 1 selected components relationships
between beta-factor and correlation coefficients, depending on different PGA levels, have been
calculated.

Application of PSHA vector-valued analyses and vector-valued fragility analyses for METIS study case
has been discussed. Although vector-valued analyses can provide a higher level of accuracy than scalar
analysis, the use of vector intensity measures often entails a cost that, in many cases, may outweigh
the benefits of achieving a more precise prediction of engineering demand parameters. For this reason,
the scalar analysis was selected to be applied for the case study.

Since human actions under seismic conditions are associated with high degree of uncertainties, impact
of seismic events on human performance, as well different methods for human reliability analysis and
their applicability for seismic PSA have been discussed. General scheme for calculation of human error
probabilities, based on the probabilities from internal events PSA and importance of factors like seismic
damage states, time from earthquake, location of actions was proposed for the METIS study case.
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