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ABSTRACT

A study has been performed to examine the potential value of risk-informed safety margin
characterization (RISMC) techniques as an adjunct to the standard methods currently in use for assessing
seismic risk. Current methods of Seismic Probabilistic Risk Assessment (SPRA) have significant
conservative elements. However, because of the expert judgment used in the formulation, the extent of the
conservatism is essentially unverifiable. A best-estimate plus uncertainty (BEPU) approach, as
undertaken with RISMC tools, provides a basis for benchmarking SPRA methods and assessing the
magnitude of associated conservatism. A challenge in the application BEPU approach to seismic risk is
the high computational cost of obtaining the seismic response of structures and the associated variability.
With the development of surrogate models capable of retaining a high level of fidelity, the BEPU
approach is expected to find practical application for SPRA. The BEPU approach also enables the
development of improved common cause analysis guidelines.

1. INTRODUCTION

The contemporary seismic design basis of a nuclear power plant (NPP) and its safety-related
structures, systems, and components (SSC) is generally risk-based. Using the seismic hazard at the site
(spectral acceleration as a function of return period of seismic events), a site-specific ground motion
response spectrum (GMRYS) is developed, which provides a limit on the spectral accelerations for seismic
events that would be expected to occur at a very long return period, approximately equal to once per
10,000 years. The licensee must demonstrate that safety-related SSCs have high confidence of a low
probability of failure (HCLPF, specifically a 95% confidence that the probability of failure is less than
0.05) for peak ground accelerations (PGAS) in excess of the design PGA.

Assessments of NPP risk (US NRC, 1991), based on the U.S. Nuclear Regulatory Commission’s
Quantitative Health Objectives, indicate that nuclear power plants with a core damage frequency less than
1E-4 per yr, represent an insignificant incremental contribution to the health risks to people living in the
close proximity to these plants. Had a risk-based approach been utilized for the design of the tsunami
barrier at Fukushima, the event may not have resulted in core meltdown since larger tsunami events were
possible to occur in the region of the facility. Also, the potential risk of the severe accident progression
due to the failure of the barrier may have been anticipated in preventing core meltdown. Physical
evidence indicated that tsunami’s larger than the Fukushima event had occurred in that neighbourhood in
recorded history. Although a risk-based or risk-informed (mixture of deterministic and probabilistic
criteria) approach to seismic design has major benefits in assuring the safety adequacy against seismic
hazards, this approach also has a possible licensing basis impact for the plant operator. For example, if
new information, such as the identification of a fault that had not been previously recognized is
discovered at the site, the licensee must perform an analysis to demonstrate that there was sufficient
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margin in the design basis calculation to accommodate the resulting change in site seismic hazard or
potentially make hardware fixes.

For a number of years, the U.S. Department of Energy has been providing funding through its
Light Water Reactor Sustainability program to develop methods for Risk-Informed Safety Margin
Calculation (RISMC) (INL, 2015) to enable the removal of unnecessary or unintended conservatism in
the development of a regulatory safety case. Historically in the U.S., during a time when the size of NPPs
was increasing rapidly there was very limited empirical basis and computational capability to accurately
assess the capability of engineered safety features (particularly the emergency core cooling system) to
mitigate the consequences of design basis accidents. Consequently, regulatory analysis models were
developed that accounted for uncertainties by using non-physical but conservative modeling assumptions
(US NRC, 1974). With time, it was recognized that these non-physical assumptions were not only
introducing unnecessary conservatism but were encouraging the licensee to take actions that might
actually decrease safety or were at least distracting the licensee from risk-significant activities. As
experimental research led to an improved basis for realistically modeling accident phenomena, and the
capabilities of computers increased, an alternative approach has been developed involving best-estimate
plus uncertainty (BEPU) analysis to develop a regulatory case, rather than using the conservative
regulatory models (Boyack 1989). The RISMC program was undertaken to further the development of
this type of approach beyond its use in the deterministic modeling of design basis accidents in safety
analysis reports into the area of risk-informed regulation.

In conjunction with the transition from conservative regulatory models to BEPU analysis,
increasing consideration has been given to validation, verification and uncertainty quantification (VVUQ)
(Stoots, 2012). If we are to rely on improved modeling of accident phenomenology, we need to assure
that the computer codes: 1) do not have coding errors, have stable solutions and convergent solutions
(verification), 2) have been shown to be accurate by comparison with experiments performed within the
range of interest (validation); and, 3) adequately characterize the uncertainties in the analysis.

A Kkey requirement for the implementation of the BEPU approach is the availability of fast
running surrogate models of the phenomena of interest that retain acceptable fidelity. This paper describes
recent work within the scope of a U.S. Department of Energy (DOE) Nuclear Energy University Program
(NEUP) funded project to develop such models for Seismic Probabilistic Risk Assessment (SPRA).
Section 2 provides the motivation for the RISMIC effort. Section 3 overviews the strengths and
vulnerabilities of traditional SPRA methods. Sections 4 and 5 describe the NEUP project and its potential
contributions to the state-of-the-art, respectively. Section 6 summarizes the case studies undertaken to
illustrate the surrogate model construction process. Findings of case studies are given in Section 7.

2. VALIDATION, VERIFICATION, UNCERTAINTY QUANTIFICATION AND THE
POTENTIAL ROLE OF RISMC

It is not possible to validate an internal events probabilistic risk assessment (PRA) at the top-level
of the analysis because of the subjective judgments made by the analysts. There is no experiment that can
be performed that simulates the variety of effectively random events that can impact future scenarios at
the plant. It can be argued that a PRA actually is a statement of the degree of belief of the analyst of the
safety of the plant rather than an intrinsic property of the plant itself. However, we can validate and verify
the tools that are used to describe the accident phenomenology within a PRA. In addition, the
probabilistic methodology in PRA can be verified within the context of probability theory.

As discussed in Section 3, the current approaches taken by the industry to perform SPRAs are
conservatively biased but also involve approximations and subjective judgment at even the most
fundamental level, the formulation of a fragility curve (EPRI, 1994). The current inability to quantify the
degree of conservatism in the various approximations comprising SPRA, makes it very difficult for a
licensee to develop a safety case for a reduction in the conservatism in the analysis and to use these
models for risk-informed decision making. RISMC tools based on a BEPU approach, on the other hand,
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can be used to benchmark the magnitude of conservatism associated with the approximations inherent in
SPRA methodology. It is an indirect approach to the verification of SPRA methods.

3. STRENGTHS AND VULNERABILITIES OF TRADITIONAL SPRA METHODS

In a seismic margins analysis, each of the safety-related SSCs is examined to assess with high
confidence the individual SSC’s margin to failure under design level seismic loads. An SPRA goes
beyond seismic margin analysis to identify the cutsets leading to core damage and to assess the core
damage frequency (CDF), and possibly large early release frequency (LERF). CDF and LERF are the
risk metrics typically used in risk-informed regulation (US NRC, 2002).

There are currently two approaches recognized in the ASME standard (ASME, 2009) for the
evaluation of component fragilities, the Conservative Deterministic Fragility Margin (CDFM) (EPRI,
1991) and the method of Separation of Variables (EPRI, 1994). The Electric Power Research Institute
(EPRI) has developed procedures and provides training in the application of these methods. The CDFM
approach is particularly well-suited for assessing the adequacy of seismic margins. It is the less
expensive approach to performing fragility analysis and is widely used in the U.S. For cases in which the
CDFM provides results that appear to be too conservative, the fragility analyst may opt to treat an SSC
using the Separation of Variables (SOV) (EPRI, 1994) approach.

Some strengths in the methodologies currently in use by the industry are the following:

e Treatment of both aleatory (randomness) and epistemic (state-of-knowledge) uncertainties
o Well-supported by training and procedures.
o Widely reviewed and satisfy the requirements of the ASME PRA standard (ASME, 2009) and

regulatory guides for PRA (US NRC, 2009).

e Simple/efficient approach to the treatment of equipment fragilities.
e Common methodology in use among utilities that simplifies regulatory review.

There are, however, a number of aspects of SPRA associated with both fragility analysis as well
as quantification that involve simplifications that either introduce unintended conservatism or are
potentially a source of non-conservatism. These areas include:

o A stylized treatment of component fragility, which includes considerable expert judgment

e The use of fixed event trees — aspects of seismic events that can be more realistically modeled
with dynamic event trees are the treatment of human performance in the recovery of safety
functions (e.g. implementation of FLEX equipment (NEI, 2012) and accounting for the effects of
aftershocks.

e Limited treatment of common cause failure (CCF) typically using guidelines (that may or may
not be conservative) (Bohn, 1983) rather than through analysis.

e Limited capability for the treatment of seismically-induced compounding sources of equipment
failure such as fires and floods.

e Limited consideration of uncertainties, which are even greater than those associated with internal
events.

The review level seismic demand on SSCs is typically developed utilizing finite element models
of plant structures that house the SSCs. The computational expense of performing the detailed finite
element analysis often limits the use of best-estimate plus uncertainty analysis. Even with the speed and
storage capacity of today’s computers, the finite element codes are too computationally intensive to allow
tens of thousands or hundreds of thousands of samples analysis representing uncertainty distributions to
be performed. Thus, in order to enable RISMC types of analyses to be performed as benchmarks, it is
necessary to develop surrogate models that are faster running but retain the fidelity of the detailed models.
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4. NEUP PROJECT DESCRIPTION

In 2015, The Ohio State University in collaboration with Rizzo Associates was awarded a
Nuclear Energy University Program project (Sezen et al., 2015). The objectives of this project are to
develop:

e A BEPU approach for the treatment of risk-informed safety margins as being developed in the
RISMC program, including the development and application of surrogate models.

e A set of tools for SPRAs which will include the dynamic aspects of seismically induced events, such
as internal floods, as well as capability to model remedial actions,

e The capability to evaluate the effects of possible aftershocks on potentially degraded SSCs
A methodology for the effective integration of seismic SPRA into traditional internal events PRA,

e The application of dynamic event trees (DETS) (Aldemir, 2013) to model time evolution of events,
their potential impacts on plant equipment and the associated uncertainties. .

The project involves four major analysis steps: 1) seismic hazard analysis and development of
hazard curves considering site characteristics, 2) seismic analysis and development of seismic response
considering structural models and review level seismic input, 3) calculation of conditional probability of
failure of SSCs (including potential internal flooding) due to seismic input determined in Step 1, and 4)
system analysis to calculate the frequency of core damage using the results from Steps 1 and 3, including
the spatial dependency of equipment failures.

Three case studies are used to support the development and demonstration of analysis tools within

the MOOSE platform (INL, 2015). Pending incorporation of the capabilities into MOOSE, several
commercially available software packages have been used to model and analyze NPP structures with
varying degrees of complexity and accuracy. Surrogate structural models are being developed within
MOOSE to advance the computational feasibility in quantifying impacts of uncertainties on risk metrics.
These results are being compared to those from commercial software.
Figure 1 shows the conceptual relationship between the tools being developed and tested in this study.
Hazard Characterization and the effects of Soil Structure Interaction are not explicitly considered in the
scope of the study. Rather, a characteristic sets of acceleration time histories are used as inputs to fixed
base seismic analysis of selected structures. The time histories represent the review level ground motion
response spectra (GMRS) for the selected site. Because of the computational expense of high fidelity
finite element models of NPP facilities, a major challenge in the analysis is the development of reduced
order (or surrogate) models that can be used in uncertainty analyses but still retain a high level of fidelity.
The development of the reduced order models as well as the uncertainty analyses are accomplished using
the RAVEN code (Alfonsi et al., 2013). Additionally, the tools also assess the CCF of components
arising from correlation in structural response. CCF is an important input to the overall assessment of
system failure probability by SAPHIRE (Smith et al., 2008) or an equivalent commercial risk assessment
code.

5. PROJECT RATIONALE AND ITS CONTRIBUTION TO THE STATE-OF-THE-ART

Although the advanced methods for performing SPRA under development in this project could
result in the ability to reduce areas of conservatism in the current SPRA methods, the intent is not to
replace current methods but to augment those methods in addressing complex licensing basis issues. As
situations are encountered for which the standard approaches are overly conservative or are difficult to
defend within a regulatory environment, the advanced methods will be available for use to support
specific positions. Some potential contributions include:
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Figure 1. Conceptual Approach to RISMC-Based SPRA

o The development of more defendable guidelines regarding the degree of correlation of structural
response at different locations in a facility as it affects the potential for CCF.

Guidelines for the development of reduced order finite element models.

Validation of implementation times for FLEX equipment in seismic events.

Validation of severe accident management guidelines for seismic events.

Consideration of the impact of possible aftershocks on recovery time of systems.

Through the performance of benchmark studies using the advanced analysis methods, it is
possible to verify the suitability of approximations and judgments made in the CDFM and SOV
approaches to fragility analysis used as part of the SPRA. An important requirement to accomplish this
goal is the availability of fast running reduced order surrogate models that allow adequate coverage of the
uncertainty space in a computationally feasible manner while retaining acceptable phenomenological
fidelity.

6. SURROGATE MODEL DEVELOPMENT

A significant limiting factor in the ability to perform BEPU analyses of seismic risk is the
computational cost of finite element analysis of structures utilized in developing the review level seismic
response. The most direct approach examined in this study has been to perform mesh size and type
sensitivity studies to determine the effect on dynamic characteristics of the structural response.
Commercial finite element analysis codes, including ANSYS (2017) and SAP2000 (2017), have been
used in this study. In addition to mesh sensitivity and optimization studies, another approach to reducing
computational expense that is commonly used in seismic structural analysis is a suitable “stick model”
approximation, in a 2-D or 3-D analysis. One of the tasks performed in the study was to examine how
model approximations affected the response modes of buildings. Three case studies have been considered
as a framework for the development of tools and to provide benchmarks for comparison with existing
methods of SPRA as described in Sections 6.1, 6.2, and 6.3.
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6.1. Case Study 1: Auxiliary Building with CCF of Non-Structural Components (NSCs)

Much of SPRA involves the response of very robust structures within the linear elastic regime on
which safety-related components attached to the structure exceed their failure limit. In this case study, an
auxiliary building is modeled assuming essentially identical NSCs (electrical cabinets) are located on
different floors of the building. In the initial studies, the building was modeled (Figure 2) with a simple
surrogate model, a 2D “stick” model, which is not an uncommon practice in seismic analysis. Uncertainty
distributions were assigned to the masses of the two floors in the building and to the stiffness for each
story as indicated in the figure. The fragility curve of the safety-related equipment is assumed to have the
form of a log normal cumulative distribution function. The median equipment capacity, in terms of the
mounting level spectral acceleration, is assumed to have been determined by equipment testing. The log
normal standard deviations are based on judgment and experience (EPRI has provided guidelines for
estimating the log normal standard deviations). Because of the complexity of determining the fragility
associated with the functional failure of typical safety-related equipment, this project did not attempt to
model the fragility of this type of equipment from a first principles approach. The structural response of
the building is obtained by simulation while sampling from distributions of model uncertainties for a set
of input accelerations. By sampling over distributions of the uncertain parameters that model structural
response, the analysis captures the correlations implicit in the transmission of loads through the
structures.

The unconditional failure probability, Pr for a non-structural component is obtained from Eq.(1)

P, = | F(a)gla)da @)

where F(a) is the fragility curve for the component (cumulative distribution function) and g(a) is the
probability density function of the corresponding ground motion measure. Current SPRAs use PGA as
the ground motion measure and therefore also express the fragility curve in terms of PGA. However, it is
recognized that equipment failure is more clearly represented in terms of the mounting level spectral
acceleration at the equipment fundamental frequency. The study reported here examines the feasibility of
normalizing both the fragility function as well as the hazard function in terms of the dominant spectral
acceleration imposed on the component. This is obtained here from the stick model results for the
population of samples. A similar expression is used to determine the joint failure probability of NSC 1
and NSC 2 in Figure 2 but with the additional constraint that for a given sample, the accelerations at both
locations exceed the capacity of the component.

(a) (b) (©
Fig. 2. Case Study 1: 2D Stick Model.

For the case analyzed, the correlation between the loads imposed on NSC1 and NSC2 on the
second and third floors of the building were very close to unity. Thus, the joint probability of failure of
components NSC1 and NSC2 was found to be approximately equal to the probability of failure of NSC1.
In order to better understand the building characteristics that affect the potential for CCF, a full finite
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element analysis was performed for a series of auxiliary buildings for which the asymmetry of the
building was varied. As expected, it was found that the 2D stick models does not accurately predict the
seismic response if the 3D torsional effects are significant due to mass, stiffness or geometric
irregularities in the building (Althoff et al. 2017).

6.2. Case Study 2: Failure of Condensate Storage Tank Leading to Loss of Feedwater and Flooding
of Safety Related SSCs.

This case study had a number of objectives, including demonstration of the integration of
elements of an SPRA to modify an internal events PRA and assess seismic risk for a set of accident
scenarios. In these scenarios, a seismic event leads directly to failure of a condensate storage tank, loss of
feedwater, and failure of cabinets containing controls for activating pilot operated relief valves (PORVSs)
on the pressurizer. Failure of the tanks leads to flooding in basement rooms in the adjacent auxiliary
building, leading to the failure of high pressure injection (HPI) pumps. A time-dependent analysis was
performed to determine the timing of flooding of rooms, failure of high pressure injection pumps, dryout
of rooms, recovery of the HPI function, timing of recovery of capability for operator-controlled operation
of PORVs, timing of implementation of mobile emergency (FLEX) equipment and the progression of
heatup of the (reactor coolant system) and loss of RCS water inventory via the automatic cycling of
PORVs. The success pathway potentially available to the operators involves “feed and bleed” in which
the operator opens the PORVs and cools the core with operation of the HPI until the system pressure is
sufficiently low to operate the high capacity low pressure injection system. It was assumed that if a large
aftershock occurred, the actions being taken by the plant operators to achieve a safe, stable state would be
delayed by a specified time period. A fixed event tree was developed for the loss of feedwater and high
pressure injection flow event with the potential for recovery. This fixed event tree was later used in
conjunction with various conditional conditions obtained from the DET analysis. The configuration of
the plant is illustrated in Figure 3.
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Figure 3. Case Study 2 Configuration and Example Flooding Result

The case study was performed as a dynamic event tree analysis. The ADAPT code (Catalyurek et
al., 2010) was used to drive the time-dependent analysis of conditions within the reactor coolant system,
based on MELCOR (Gauntt et al., 2006) analyses. Although it is common practice to perform limited
dynamic analyses to determine the probability of whether an operation can be performed successfully,
such as extinguishing an evolving fire given fire brigade response time, it would have been too complex
to consider the combined effects of events with different timing and recovery potential for this case
without performing an actual DET analysis for this problem. There were some surprises that derived
from the analysis. It was assumed that the effect of aftershocks in delaying recovery actions would have
resulted in increased core damage frequency. What we found, however, for our hypothetical
representative NPP that rather than initiating feed and bleed immediately following recovery of capability
for high pressure injection flow and operator activated opening of PORVs, there was some benefit after
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recovery of auxiliary feedwater to allow time for cooldown of the plant before initiating feed and bleed.
Overall, the CDF was higher without including delay due to aftershocks than when delay was included in
the analysis. This is not a general conclusion to be expected.

6.3. Case Study 3. Containment Building Polar Crane

The objective of this study was to examine the failure of a component in the containment
building. Because the polar crane is located high in the containment building, it experiences the effects of
significant dynamic amplification during seismic events. This study was also of some interest because it
involves shutdown risk in which the seismic event occurs while the plant is in a refuelling mode and the
containment building is being vented. Failure of the crane is associated with sufficient displacement to lift
it from its tracks and for the crane and suspended load to fall to the floor of the containment and to
damage fuel. The scope of the analysis has been restricted to consideration of the failure of the polar
crane and does not examine the potential consequences of such an event. The analysis was performed for
a GMRS associated with a return period of 1 in 10,000 years. The polar crane model was analyzed
considering different boundary conditions and different cab locations on the bridge girder. The dynamic
analyses using 50 different ground motions repreenting the GMRS resulted in stresses and deflections
significantly lower than the failure limit states (Althoff, 2017). The results also directly devloped fragility
curves associated with the selected failure criteria such as the allowable stress and displacement.
Additionally, the variation of modeling parameters also provided estimates of the log standard deviation
associated with modeling uncertainties.

Figure 4. Finite Element Models of Reinforced Concrete Containment Structure (Althoff 2017) and Polar
Crane (Schukin and Vayndrakh 2007)

7. CONCLUSIONS

Much of the value of PRA is associated with the structured examination of system safety within a
risk framework rather than the actual quantitative values obtained. Previous appplications of the BEPU
approach to the analysis of emergency core cooling system performance has resulted in a better
understanding of how to mitigate the consequences of loss of coolant accidents. There is a similar need
for BEPU tools to better understand the management of seismic risk, especially when considering the
incorporation of seismic models into other PRA hazards. The traditional methods of SPRA in use
haveprovided a practical approach to the examination of seismic risk for existing NPPs. Nevertheless,
there is value in undertaking a detailed evaluation of SPRA methodology to determine and track the
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effects of conservatism found in the traditional approach. Although linked to some operational experience
when t assessing both the seismic hazard and the component fragility, there is a very significant element
of expert judgment in the formulation of SPRA methods in use today. RISMC provides a science-based
approach to obtaining a more fundamental understanding of seismic risk. As a benchmark tool RISMC,
provides a basis for comparison of existing SPRA methods and the assessment of the magnitude of
conservatism (or non-conservatism) in the associated assumptions and approximations. It also can serve
as an adjunct to the existing SPRA toolset in the resolution of issues associated with dynamic behavior,
recovery actions, and CCF relationships.

Three case studies are considered. Case Study 1 aims to determine seismic response, failure probabilities
and CCF of components on different floors or locations in an auxiliary building considering uncertainty
distributions of critical parameters. Simplified 2D lumped-mass stick model and detailed 3D FE model of
the building were developed, and it was found that 2D model may not be appropriate if 3D torsional
effects are significant. Case Study 2 demonstrated integration of seismically induced flooding (due to
condensate storage tank failure) into internal events PRA. Case study 3 demonstrated the SPRA process
involving mechanistic or a detailed 3D FE modeling of containment structure and a polar crane system
attached to it, and application of multiple ground motions to determine failure probability of a polar crane
system for a given set of failure limit states.
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