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Summary

Probabilistic seismic hazard analysis (PSHA) is currently the standard method for assessing seismic hazards for
nuclear power plants (NPPs) in Finland. To obtain values of ground-motion parameters for design purposes, two
decisions are made regarding which annual frequency of exceedance (AFE) should be adopted and from which
hazard curve the ground-motion value should be read for the design-basis earthquake (DBE) and the design-
extension condition earthquake (DEC EQ, DEC C for short). The current regulatory status in Finland, given in the
guide YVL B.7 (STUK 2019) by the Radiation and Nuclear Safety Authority of Finland (STUK), is that the median-
confidence seismic hazard at AFE 1075 is used for DBEs at NPPs with a minimum horizontal peak-ground
acceleration (PGA) of 0.1 g. The high variability of ground-motion shaking patterns and various examples of
exceedance of the DBE ground motion from that of natural earthquakes throughout the world have resulted in
upgrades to meet new definitions of the requirements for ground motion beyond that of DBEs. Exceptional
earthquake effects, with an estimated frequency of occurrence less than 10-5/year are postulated in DEC C for
NPPs in Finland.

Here, we outline the PSHA and its consequent use in risk assessment and risk-informed decision-making. We
review arguments about the mean and median hazard curves in the PSHA. We draw particularly on the outcomes
of the SENSEI (SENSsitivity study of SElsmic hazard prediction in Finland) project conducted under the auspices
of STUK in 2019-2020, present new figures based on the SENSEI set of hazard calculations, and analyze them.
We focus on the ratio of the mean and median hazard of PGA, spectral acceleration at 1 Hz, 5 Hz, and 25 Hz at
AFE levels 1074, 1075, 1076, 107 and 1078. We analyze possible options for DBE and DEC C for consideration of
the various stakeholders. Since the use of median hazards has a long tradition in Finland, an update is no ftrivial
undertaking. The suite of options is not necessarily exhaustive.
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Preface

Here, we explore the association between probabilistic seismic hazard analysis (PSHA) and confidence-
level results that are relevant to the design-basis earthquake (DBE) and the design-extension condition
earthquake (DEC EQ, DEC C for short) for nuclear power plants (NPPs) in Finland. The high variability of
ground-motion shaking patterns and various examples of exceedance of the DBE ground motion from
natural earthquakes throughout the world have resulted in upgrades to meet new definitions of the
requirements for ground motion beyond that of DBEs. The current regulatory status in Finland, given in
the guide YVL B.7 (STUK 2019) by the Radiation and Nuclear Safety Authority of Finland (STUK), is that
the median-confidence seismic hazard at an annual frequency of exceedance (AFE) 107 is used to
substantiate the seismic DBE for NPPs, with a minimum horizontal peak ground acceleration value of 0.1
g. Exceptional external events and conditions with an estimated frequency of occurrence less than
10-°/year are considered to be DEC C events. YVL B.7 states that hazard curves shall be presented at
least up to the recurrence time of 107 years for the assessment of DEC C. The justificative memorandum
of YVL B.7 (STUK 2019) further elaborates that an indicative value for DEC C could correspond to an AFE
of 1-1077/year, or an alternative limit for DEC C could be an acceleration approximately twice as large as
the DBE acceleration.
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1. Introduction

Probabilistic seismic hazard analysis (PSHA) is a methodology currently used to estimate the probability
that the threshold value of the selected earthquake ground-motion measure will be exceeded at the target
site or region in a specified time interval. The seminal paper that outlined the methodology dates back
several decades (Cornell 1968). PSHA is used in Finland, among many other countries, to provide site-
specific input for probabilistic risk assessment (PRA) of nuclear power plants (NPPs).

PSHA is exclusively associated with the vibratory ground motions triggered by natural earthquakes. The
so-called secondary earthquake effects, such as tsunamis and landslides or other types of ground failure,
are not considered, although they may be the primary cause for devastation. The astronomically expensive
catastrophe that impacted the Fukushima Dai-ichi NPPs in eastern Japan in March 2011 was caused by
the 24-m tsunami. In Northern Europe, secondary earthquake effects are infrequent, but not
unprecedented (Mantyniemi et al. 2021a). A more detailed list of seismotectonic hazards following the
Western European Nuclear Regulators Association (WENRA 2020) is given in Appendix 1.

A complete PSHA integrates a wide range of disciplines (seismology, geology and tectonics, geodesy,
statistics, probability theory, uncertainties, and decision theory). Many large-scale PSHA projects,
particularly those conducted in the framework of the Senior Seismic Hazard Analysis Committee (SSHAC;
Budnitz et al. 1997a, b) emphasize that cognitive psychology also plays a role in making expert judgments.
Since the outcomes are input for PRA, structural and geotechnical engineering are involved.

The ground shaking of the moment magnitude M5.8 Mineral, Virginia earthquake in the eastern United
States on 23 August 2011 caused ground motions at the North Anna NPP that exceeded the plant’s safe-
shutdown earthquake (SSE) ground motion over a large frequency range (Johnson et al. 2017). This
occurrence is in line with the general observation that shaking patterns from relatively moderate
earthquakes may be outliers in that they generate more ground shaking than what is expected, based on
ground-motion prediction equations (GMPEs) that give the median ground motion. Moderate to large
earthquakes are typically of concern for PSHA (Bazzurro and Cornell 1999). For example, M5.5
earthquakes are significant sources of strong ground motion (> 0.1 g peak ground acceleration, PGA) at
an epicentral distance of 60 km, despite the chance of only 1% of strong ground motion, because M5.5
earthquakes occur frequently (Minson et al. 2020). Smaller-magnitude earthquakes may also generate
high accelerations that, however, are of short duration. An example is the (body-wave magnitude) m;5.0
Ohio earthquake of 31 January 1986 which caused accelerations of 0.18 g at the Perry NPP at a distance
of 17 km (Nicholson et al. 1988).

The primary output of PSHAs are hazard curves expressing the annual frequency of exceedance (AFE)
of the selected ground-motion measures. When PSHA is performed for design purposes, two decisions
must be made to obtain values of ground-motion parameters: which AFE should be adopted, and from
which hazard curve should the ground-motion value be read. The current regulatory status in Finland,
given in the guide YVL B.7 (2019)(STUK), is that the median confidence seismic hazard at AFE 107° is
used to substantiate the seismic design-basis earthquake (DBE) for NPPs with minimum horizontal PGA
value of 0.1 g.

Global examples of exceedance of the DBE ground motion include the Niigataken-Chietsu-Oki
earthquake (M6.6) in the Niigata Prefecture of Japan on 16 July 2007. The subsequent ground motion at
the site of the Kashiwazaki-Kariwa NPP (KKNPP) exceeded the plant’s DBE ground motion by a significant
amount, and all seven reactors of the plant were shut down for an extended period (Johnson et al. 2017).
The KKNPP units performed well in the situation, but a postearthquake analysis concluded that similar
performance cannot be assured for other NPPs given the same loading conditions.

The high variability of shaking patterns from natural earthquakes is evidenced by an M6.8 earthquake in
the Niigata Prefecture in October 2004 that had no impact on the nearby KKNNP, but an M5.2 event there
two weeks later caused one of the reactors to trip (World Nuclear Organization WNO). Japan has
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experienced several cases in which earthquakes have caused ground motions beyond the DBE levels
(Johnson et al. 2017). Prior to 2006, however, they were not considered for study in the country.

The KKNPP restart experience demonstrated the need for formulating specific and detailed criteria for
addressing situations in which seismic events trigger ground shaking that exceeds the original design or
evaluation basis. The International Atomic Energy Agency (IAEA) provided guidance to operating
organizations (IAEA 2011). New definitions of the design basis were implemented in some cases.

The Tohoku-Oki earthquake of 11 March 2011 was a megathrust event (M9.0) that generated very violent
ground shaking, moved Honshu Island 3.6 m to the east, shifted Earth’s axis by 25 cm, and accelerated
its rotation by 1.8 microseconds (Norio et al. 2011). The 11 NPPs in northeastern Japan stopped operating
their reactors automatically, and the ground shaking did not significantly damage the safety-related
structures, systems, or components of the NPPs (Johnson et al. 2017), but the impact of the tsunami
stopped the cooling systems of three of the Fukushima Dai-ichi reactors, which, consequently, led to three
core meltdowns.

The earthquake-tsunami induced nuclear crisis drew attention to extreme events and large-scale disaster
risks (e.g. Wong 2014), and spurred discussion within the PSHA community (e.g. Geller 2011; Stein et al.
2011; Hanks et al. 2012). One issue is the safety measures based on the scientific knowledge available
at the time of construction: how the tsunami hazard is perceived has evolved significantly over the years
(Noggerath et al. 2012). Upgrades were implemented to meet new definitions of the requirements for
ground motion beyond that of DBE. The IAEA states that “A set of design extension conditions shall be
derived on the basis of engineering judgement, deterministic assessments and probabilistic assessments
for the purpose of further improving the safety of the NPP by enhancing the plant’s capabilities to withstand,
without unacceptable radiological consequences, accidents that are either more severe than design basis
accidents or that involve additional failures” (IAEA 2012, 2016). The guide YVL B.7 (2019) states that
“exceptional external events and conditions with an estimated frequency of occurrence less than 10-°/year
shall be considered design extension conditions (DEC C) events.” The memo of the YVL B7 guide states
that “In practice, an indicative value would be an acceleration corresponding to the occurrence frequency
1-1077 /year at the facility site.”

The aim of this report is to explore and clarify the association between the seismic hazard and confidence-
level results that are relevant to the DBE and the DEC C in Finland. A comparison of interdependences
between the DBE and the DEC C is presented. We draw specifically on the outcomes of the SENSEI
(SENSitivity study of SElsmic hazard prediction in Finland) project conducted under the auspices of STUK
in 2019-2020 (Mantyniemi et al. 2021b; Fulop et al. 2022). The SENSEI project used national seismicity
data and explored the sensitivity of the PSHA output to different choices of input. Its aim was not to produce
complete PSHA outcomes to be imposed on by regulations, but instead thoroughly analyzed the different
steps of PSHA, which resulted in an extensive set of new PSHA calculations. In addition, the primary
outcomes of the CompPSHA coordinated jointly by STUK and the Technical Research Centre of Finland
(VTT) in 2015-2018 (OECD 2019) are presented. The CompPSHA project compared PSHA practices in
several countries that belong to the Organization for Economic Co-operation and Development (OECD).

First, we outline the PSHA and its consequent use in risk assessment and risk-informed decision-making
(sections 2 and 3). We briefly review arguments about the mean and median hazard curves in the PSHA
(4), together with summaries of the CompPSHA results (5). We present new figures based on the SENSEI
dataset and analyze them (section 6, Appendix 2). We focus on the ratio of the mean and median hazard
of PGA, spectral acceleration (SA) at 1 Hz, 5 Hz, and 25 Hz at AFE levels 10, 10°, 10°, 10" and 108
with emphasis on 10-°and 10~’. Finally, we discuss the PSHA state-of-the-art (7).
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2. Calculation of seismic hazards using a probabilistic model

Probabilistic modeling of seismic hazards incorporates the aleatory variability inherent in the phenomena
(or its representation with a certain model, i.e. apparent aleatory variability) and epistemic uncertainty
which constitutes the scientific uncertainty in models of the distributions of earthquake magnitude, location,
and ground motion. The terms were introduced to PSHA by Budnitz et al. (1997a, b); however, the
epistemic uncertainty has been understood and taken into account over a much longer time (e.g. McGuire
1977, 1993). The contested nature of the separation between the two types of uncertainty and the near
impossibility of validating PSHA models makes it difficult to identify and isolate flaws in them (Marzocchi
and Jordan 2014).

The intrinsic aleatory variabilities in the PSHA model Hn are included in the exceedance probability
calculation as

Fm(x) = P(X > x| Hm), Eq. 1

where Fn(x) is the exceedance probability of the ground-motion level X for the specified site, given the
intrinsic aleatory variability in the hazard Hm. Fn(X) can be expressed as a seismic hazard curve.

Epistemic uncertainty is handled by assembling a set of alternative PSHA models, each providing a
seismic hazard curve. The range of these alternative models covers epistemic uncertainty

{Hml-:mi EM}, Eq 2

where Hm; is an alternative hazard model, drawn from possible future earthquake scenarios M, based on
the best available knowledge of the expert hazard community.

Epistemic uncertainty can, in concept, be reduced by collecting new observations and developing
modeling. Improved datasets clearly give reasons for updating PSHA models. In the SENSEI project, new
earthquake focal-depth distributions were prepared for northern and southern Finland. The more reliable
depth estimates in the 2000s (Uski et al. 2015) follow from an improved detection capability of the Finnish
National Seismic Network, dense local seismic networks, and better calculation techniques. However,
tailoring detailed, site-specific depth distributions is not an option for the very near future, due to the limited
time span of the record and the slow accumulation of new data, particularly in the south of the country.

The various assumptions of the input data can be treated quantitatively, using a logic tree or Monte Carlo
analysis (McGuire 1993). The former is a more established state-of-the art and is considered here. The
logic-tree framework was introduced to PSHA by Kulkarni et al. (1984). It is currently standard practice to
integrate the designed scenarios of earthquake occurrence into the PSHA in a logic-tree structure. Logic
trees serve as tools that capture and quantify the epistemic uncertainty of the seismic source zone and
GMPE models (e.g. Bommer et al. 2005). They render it possible to treat probabilistic problems that can
be arranged in a hierarchical structure with a discrete number of possibilities (Marzocchi et al. 2015). When
PSHA is performed within a logic-tree framework, epistemic uncertainty is expressed in a set of branch
weights, by which an expert (group) assigns degree-of-belief values to the applicability of the
corresponding branch models. The branch weights are considered subjective estimates for the degree-of-
certainty that the corresponding model is the one that should be used (Scherbaum and Kuehn 2011).

If the logic tree covered all the mutually exclusive and completely exhaustive (MECE) and appropriately
weighted future earthquake scenarios, the result could be interpreted as the true hazard distribution
(Bommer and Scherbaum 2008). However, the MECE conditions are not always fulfilled; for example,
input models can be based on shared data, such as different GMPEs relying on the same ground-motion
recordings. Thus, PSHA provides an estimate of the future hazard, but opens the possibility for disputes
about the best PSHA models and results one among those available (Marzocchi and Jordan 2014).

In practice, logic trees also document and display in a transparent fashion the state of seismotectonic data
and knowledge in the target region, since the number of nodes increases with data availability. For
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example, the number of fault segments of a mapped active fault that can break in a future earthquake
constitute a node with the respective branches. The various rupture lengths lead to different maximum
magnitudes associated with the scenarios. Fault mechanisms and other detailed information about the
fault behavior can also be included. The number of branches may grow significantly, which makes logic
trees computationally demanding. In low-seismicity regions such as the Fennoscandian Shield, by
contrast, the corresponding branching typically includes a solitary magnitude distribution that is assumed
to protect against all possible vibratory harm from future earthquakes. The main concern is that sufficiently,
but not unrealistically high magnitudes are considered. The argumentation can be rather generic, based
on global tectonics and lessons learned from geologically and tectonically analogous regions, amended
with local considerations (e.g. Koskinen 2013).

Despite the different amounts of data available, there is an epistemic gap at the upper end of the magnitude
scale in continental interiors and plate boundaries alike. The largest earthquakes occur here infrequently,
and future earthquakes may surprise by the type of rupture, even at plate boundaries. For example, the
M7.3 Landers earthquake in southern California on 28 June 1992 involved the rupture of several surficial
and hidden faults over a length of almost 100 km (Hauksson et al. 1993). The Tohoku-Oki earthquake of
11 March 2011 was a megathrust event not deemed to be possible in eastern Japan (e.g. Wong 2014).

HARRB 7.77 9, b-(0.034) @ NGAE-17
® H 3033 w01 | ® a3, b-{0. .
® H_2(0.33) ' ® a8, b-(0.117) ™ e ohigh
L4 0.185
® H033) g 714 ® a7,b-(0.034) | ® NGAE-13 (0.185)
. 0.244 ™
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Figure 1. Logic tree for Hanhikivi, Loviisa and Olkiluoto with branching for seismic source zoning, maximum
magnitude, the Gutenberg—Richter parameters a and b (b+ with standard deviation added and b— subtracted), the
ground-motion prediction equation (GMPE) median prediction, and the GMPE randomness (a) estimate. The
GMPE nodes refer to the 17 mean predictions of the Next Generation Attenuation (NGA)-East GMPE, and o refers
to its three ergodic o models (Goulet et al. 2018, 2021, Youngs et al. 2021). The seismic source zoning models
H_3 and L_2 are modifications made during the SENSEI (SENsitivity study of Seismic hazard prediction in Finland)
project. The weights of the logic-tree branches are shown, except for the GMPEs which are dependent on the
spectral frequency and were taken from Table 9-2 of Goulet et al. (2018). Reproduced from Fiilbp et al. (2022).

Figure 1 shows the final logic tree constructed in the SENSEI project with 6885, 4590, and 2295 branches
for the sites Hanhikivi, Loviisa, and Olkiluoto, respectively (Fulép et al. 2022). The numbers are
commensurable, since the differences follow from the number of zoning models only. Half of the nodes
are associated with the 17 Next Generation Attenuation (NGA) East GMPEs with their respective sigma
models. Figure 1 shows the weights of the logic-tree branches, except for the suite of the GMPEs. The
weights for each of the 17 GMPEs are dependent on the spectral frequency, as shown in Table 9-2 of
Goulet et al. (2018).

Figure 2 illustrates an example of the hazard calculation for Loviisa, based on the logic tree displayed in
Figure 1. Clearly, not all logic-tree branches contribute equally to the resulting seismic hazard. GMPE
models 11 to 13 contribute little, while models 14 to 17 contribute significantly to the hazard, both at PGA
(Fig. 2a) and 1 Hz (Fig. 2b). At PGA, model 10 also contributes significantly, but less so at 1 Hz. Of the
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nine different combinations of the agr and bgr values (which are a1= 1.28/b1= 1.2, a,=1.08/b,= 1.2, az=
0.73/bz3= 1.2, as= 1.22/bs= 1.07, as= 1.04/bs= 1.07, as = 0.75/bs = 1.07, a7 = 1.16/b7 = 0.93, as= 1.0/bg =
0.93, ag= 0.74/bg = 0.93), the last three show the highest concentration of hazard, both at PGA (Fig. 2a)
and 1 Hz (Fig. 2b). The interpretation is straightforward: the low b value means relatively more large
earthquakes, thus the higher concentration of hazard. The seventh node is the largest contributor at the
low and high frequencies shown and has the highest a value associated with the low b value. This
illustrates a major challenge of PSHA, namely estimation of the b value for determination of the earthquake
occurrence probability for seismic hazard analysis, which justifies the abundant literature on the issue.

a)

a) d)

Ze.oo Mmax a&b GMPE [+

Zornny Mmax a&b GMPE a
Min=0.01g Mean=0.17g — Max=1.09g Min=0.00g Mean=0.02g —— Max=0.20g

Figure 2. Influence of logic-tree nodes on a) peak-ground acceleration (PGA) and b) 1 Hz-frequency output for
annual frequency of exceedance 107° at the site Loviisa (L). The line tone represents the hazard on the branch
normalized to the maximum value of all branches (i.e. the scale is from 0 white to SAmax/PGAmax black). The
minimum, maximum, and mean PGA values are given. Reproduced from Flilép et al. (2022). The corresponding
plots for the other sites can be found in the article. GMPE = ground-motion prediction equation. SA = spectral
acceleration.

Figure 3 shows an assembly of hazard curves that represents the output of PSHA for an NPP site in
Finland. It shows that the difference between the mean and median hazard is not an issue at higher AFEs
that correspond to ordinary residential, commercial, and industrial buildings, but the difference grows with
AFE 10*and lower relevant to critical infrastructure. At AFE 10-°, the mean hazard curve is closer to the
median than to the 84" percentile, and at AFE 10-it is approximately between them. At AFE 1077, the
mean is closer to the 84™ percentile than to the median, and it continues to approach the 84" percentile
until the lowest AFE shown (107°).
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Figure 3. An example of seismic hazard curves for a nuclear power plant (NPP) site in Finland. The spread of the
gray lines covers the epistemic uncertainty range. The mean hazard is plotted with a continuous red line and the
median with a continuous blue line. The yellow lines are the 1% and 99%, green dashed lines the 5% and 95%,
and green continuous lines the 16% and 84% percentile hazard curves. Annual frequencies of exceedance 107°
and 107 are highlighted by the light brown horizontal lines.

In December 2021, the European Seismic Hazard Map 20 (ESHM20) was released with the main outcome
of PSH maps for mean return periods of 50, 475, 975, 2500, and 5000 years (Danciu et al. 2021). The
ESHM20 hazard curves and uniform hazard spectra (UHS) at every location of the computational grid
covering Europe were calculated for the mean, median, and four quantiles (5", 16", 84", 95"). The PGA
mean values for a 10% probability of exceedance in 50 years, corresponding to a mean return period of
475 years, are a standard outcome of interest for general building codes, and not directly usable to the
present considerations. However, such large-scale initiatives are important incentives for development of
the methodology used. In their review of the state-of-the-art PSHA, Gerstenberger et al. (2020) focused
on quantifying and reducing the reducible uncertainties of seismic hazard mapping at national scales. They
considered future directions to be a better quantification of the uncertainties in the knowledge of
earthquake processes.
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3. Use of seismic hazard results in risk assessment and decision making

Hazard curves must be placed into the context of their practical application. In the nuclear context, they
serve as input for further assessment of earthquake consequences and risk. Such further assessment is
divided into deterministic and probabilistic. It can take place in the framework of performance-based
assessment (PBA) (Cornell and Krawinkler 2000, Deierlein and Moehle 2004, Krawinkler and Miranda
2004). The PBA methodology integrates four levels of uncertainties related to consequences of earthquake
exposure. These uncertainties are integrated in PBA by means of random variables for earthquake
intensity measures, engineering demand parameter, damage measure, and a so-called decision variable
(e.g. Zareian and Krawinkler 2012).

The ground-motion intensity measure (IM) is the main output of the hazard analysis (such as peak-ground
acceleration, period T spectral response SA(T)), the engineering demand parameter (EDP) is a measure
of the structural response, such as floor displacement or floor acceleration, the damage measure (DM)
quantifies probabilistically the level of expected damage of individual components (e.g. damage state of
shear walls /) and the decision variable (DV) described the performance of the building (e.g. by % loss of
value). PBA links the earthquake intensity measures, from the hazard domain to the engineering demand
parameter and/or component/structure fragilities, in the structural system domain and further to loss
estimates.

Hazard Domain Structural System Domain
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Figure 4. Schematic representation of the calculation process in performance-based assessment (PBA). The
intensity measures (IMs) and their frequencies of exceedance A(IM) are calculated by PSHA in the hazard domain.
The IMs are linked with engineering demand parameters (EDP) and component fragilities and losses. Reproduced
from Zareian and Krawinkler (2012).

The scheme in Figure 4 presents the comparative evaluation of three design alternatives for a 4-storey
structure. The mean hazard (IM) is identified from the hazard curves for the target AFE (i.e. A(IM) axis on
the left). A suite of ground motions compatible with this IM is selected and used to calculate the engineering
demands (EDPs), such as the acceleration at each floor level. Since multiple ground motions are used
and the structural models may also incorporate randomness (e.g. geometric dimensions, distribution of
material strength), the IM to EPD relationship also includes randomness. The mean IM to EDP relationship
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is meant to be used (central column of Figure 4) to estimate the losses on each floor. The mean value of
the loss-curves is employed for the storey-based losses. In addition, the collapse of the building and
associated loss can be estimated using fragility curves associated with the collapse of the structure (the
right side of Figure 4).

The same conceptual framework can be used to evaluate NPP safety by seismic probabilistic risk analysis
(SPRA). SPRA is a method to compute the seismic risk by means of annual frequency of unacceptable
performance of the plant. This is achieved by integrating the seismic hazard (i.e. hazard curves) with the
plant fragility data over a wide range of IM levels. SPRA incorporates the entire range of uncertainties in
seismic hazard, structural response, and properties/capacities of NPP components. The general
procedure is presented by Huang et al. (2011), among others, and is exemplified in Figure 5. Figure 5a
expresses the mean core-melt fragility (conceptually comparable with the collapse-fragility from Figure 4),
and Figure 5b is the peak-ground acceleration hazard curve (the same as in Figure 4). The mean/average
cure melt probability for PGA in the range of 0.45-0.55 g is approximately 0.5, and the annual frequency
of PGA between these two limits is about 0.0011. Hence, 0.5:0.0011 represents the annual frequency of
core melt contributed by the range of PGA between 0.45 g and 0.55 g, and the contributions from all PGAs
can be calculated by summing/integrating the entire range of PGAs (Huang et al. 2011).
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a. Sample fragility curve of core melt b. Sample hazard curve

Figure 5. Generic mean core-melt fragility curve and mean hazard curve. The x-axis is commonly the peak-ground
acceleration (PGA) at the site. Reproduced from Huang et al. (2011).

The summation, or integration, over the entire range of PGAs is written as the risk equation (Huang et al.
2011) as follows:

le(a)
da

Ayp = fGUP (@) |

da, Eq. 3

where A;p represents the annual frequency of unacceptable performance, Gyp(a) is the conditional
probability of unacceptable performance, given the value of ground motion intensity a and can be read
from the fragility curve. 1z (a) is the probability of ground motion intensity a, read from the hazard curve.

When single values of the hazard and fragility are used, the preferred values are the expected ones, i.e.
mean hazard and fragility. The integration can be carried out using multiple hazard and fragility curves,
accounting for the uncertainties of hazard and fragility. The hazard distribution can be represented by i
equally weighted hazard curves, each with P weight, and the core melt fragility by j equally weighted
fragility curves, each weighted Pr). In order to represent the entire hazard and fragility space, i X Py(;) =
1and j X Pr¢jy = 1, and the risk equation can be written as
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Ay (a)
da

Aup = Xi % Py X Prcjy X [ Gyp(jy(a) |

da, Eq. 4
where Py ;) and Pr(; are the weights of the i hazard and j” fragility curve respectively, Gyp(;y(a) is the

conditional probability of unacceptable performance on the j fragility curve, given the value of ground
motion intensity a, and Ay (a) is the probability of ground motion intensity of the i" hazard curve.
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4. Arguments about mean and fractile hazards

As discussed in section 2, global and regional seismic hazard mapping is not directly relevant to our current
considerations, since its key outcome is typically the horizontal PGA for a mean return period of 475 years.
Nevertheless, large-scale hazard-mapping projects act as important spurs for the development and
harmonization of PSHA practices. For example, preparation of the first global seismic hazard map in the
1990s (Giardini and Basham 1993) significantly increased the standardization of PSHA practices and
cross-border cooperation worldwide. The calculation was on mean hazard results (Basham and Giardini
1993). McGuire (1993) emphasized that the ranges of hazards should be represented by including several
fractiles and the mean hazard to allow risk-mitigation decision-making to consider uncertainties in an
appropriate manner. If a single result is needed, the mean should be selected, primarily because it is
sensitive to all scenarios, including the extreme scenarios that drive the hazard at low AFEs. McGuire
(1993) also argued that, in the decision-theoretic sense, the mean hazard allows target safety goals to be
met over all sites.

An exception to the prevalent rule of the mean hazard curve for engineering design was presented by
Abrahamson and Bommer (2005). Their opinion note focused on low AFEs and was motivated by the need
for critical infrastructure (NPPs in Switzerland in the Probabilistic Seismic Hazards Analysis for Swiss
Nuclear Power Plant Sites (PEGASOS) project, Abrahamson et al. 2004; a possible repository for spent
nuclear fuel and high-level radioactive waste at Yucca Mountain, Nevada, USA, Stepp et al. 2001). They
remarked on the mean hazard curve increasing over high fractiles at low AFEs (this behavior is shown in
Figure 3 on pages 9-10) and that it results in very high ground motions to be considered, although they
admitted that it is not alone a valid reason for adopting a different hazard curve. They based their
argumentation on the interpretation of the branch weights (which in their view are confidence levels rather
than probabilities) and on the instability of the mean hazard curve.

In their reply opinion, McGuire et al. (2005) concluded that it is preferable to use the mean from the risk
point of view. One of their arguments relates to the widespread distinction used in PSHA, namely aleatory
variability (inherent randomness of a process) and epistemic uncertainty (due to limited knowledge).
McGuire et al. (2005) listed cases in which the distinction was not a trivial one to make, so any expert
judgment made would influence the median hazard. Risk-mitigation decisions are often not influenced by
the source of the uncertainty in hazards. The second set of arguments relates to the use of mean hazard
in risk calculations and the ease of combining the consequences of seismic hazard with other types of
hazards (such as those from strong winds). McGuire et al. (2005) concluded that the use of mean hazard
is consistent with modern interpretations of probability and with precedents of safety goals and cost-benefit
analysis. McGuire et al. (2005) pointed out that it is inappropriate to perform a PSHA with implausible
interpretations, and then choose as a hazard measure a fractile that is insensitive to these interpretations.
Instead, the implausible interpretations should be screened out from the PSHA model itself, or weighted
with low weights. Deliberately choosing median as a hazard measure may result in powerless decisions,
since extreme scenarios would be disregarded.

Musson (2005) argued against the use of fractiles that are representations of single hazard curves and
whose usage would result in abandoning the idea of probabilism. The probability that all conditions in the
single branch of the logic tree that the curve represents are true is very small. Each fractile represents a
state of epistemic uncertainty.

Clearly, the use of fractiles or the mean can differ outside the task of engineering design. As discussed in
section 2, validation of PSHA models is a challenge, whereas comparison of models is a basic task to
conduct after a new model becomes available. Different models should not be compared only by use of
the mean.
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5. Use of hazard types in NPP regulations

STUK and VTT jointly coordinated the CompPSHA project in 2015-2018 (OECD 2019; Okko et al. 2019).
STUK collected information about up-to-date PSHA practices in the OECD member countries, using a
questionnaire sent to the representatives of countries participating in the OECD, Nuclear Energy Agency
(NEA) and Working Group on Integrity and Ageing of Components and Structures (WGIAGE). The
questionnaire concerned details of PSHA practices in the nuclear field, such as assisting criteria, data
collection and PSHA method, seismic source zones, logic trees, GMPE, ground condition, treatment of
uncertainties, as well as PSHA outputs and the use of them. The following countries provided answers:
Belgium (BE), Canada (CA), the Czech Republic (CZ), Finland (FI), France (FR), Germany (DE), Japan
(JP), the Netherlands (NL), South Korea (KR), Spain (ES), Sweden (SE), Switzerland (CH), and the United
Kingdom (UK). The respondent countries are situated in different tectonic environments; e.g. Japan is a
high-seismicity country at a plate boundary, whereas eastern Canada is situated in plate interiors and is
comparable to Finland in many ways.

As expected, the main use of PSHA outputs is for structural response analysis and soil-structure interaction
analysis. The interface between seismology and earthquake engineering was typically reported to be PGA
and the UHS. Outputs are usually specified in terms of UHS, reporting a few spectral frequency values
alongside the PGA. The UHS is presented down to low AFEs, depending on the seismicity of the sites, i.e.
to AFE 1077 (CH), 106 (JP, BE), 10-° (DE), 107° (FI — cf. Figure 3). A very detailed PSHA output was given
by Switzerland (CH), where the results for mean, median, and the 5", 16", 84", and 95™ fractile hazard
curves were reported at different levels in the soil profile, including (1) free-field, (2) foundation level, and
(3) base-rock level. At the time of the survey, Switzerland was the only country in Europe to have carried
out an SSHAC Level 4 PSHA project (Abrahamson et al. 2004).

The hazard results reported by nine respondent member countries are listed in Table 1 (reproduced from
the OECD report of 2019). Some differences exist within individual countries with respect to different NPP
units (UK), or the level of seismicity expected (FR). In general, the SSE of the equivalent earthquake level
was reported.

The frequency assumed for PGA ranges from 20 Hz (NL) to 100 Hz (BE, Fl, CH). This parameter, along
with the frequency for the PSA spectral peak, is dependent on the soil conditions. NPPs in Finland are
situated on very hard rock and are characterized by a higher frequency for PGA (i.e. 100 Hz) and the
spectral peak (i.e., 10 Hz). Only Sweden uses a higher frequency for the spectral peak location at 20 Hz.

The SSE-level PGA ranges from 0.05 g (FR-low) to 0.39 g (CH). The so-called spectral amplification, the
ratio between the peak of the spectral response and PGA (PSAmaxs%/ PGAsse), is between 1.8 and 4.4.
The two columns on the right of Table 1 list the hazard component (mean or median) and the AFE used
for the definition of SSE. The most common choice among these nine countries is the mean hazard at
either AFE 10~ or 1075
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Table 1. Main features of UHS developed by PSHA in nine OECD member countries (reproduced from Table 6 of

OECD 2019).
Reactor Freq. Location PGAsse PSAmaxs% PSAnmaxs% Hazard AFE/SSE
for of PSA (m/s?) m/s? | PGA curve
PGA spectra ( ) SSE
(Hz) peak
(Hz)
BE 100 10 0.99/ 2.27/ 2.38 mean 104
1.04 2.3/23
100 10 1.39 3.21 2.3 mean 10
Fl 4 50 10 1 2.3 2.3 median 105
FR Low 100 5 0.5 1.26 25
Mid 100 5 1 2.47 25
High 100 5 15 3.66 24
DE North 33 4.5 1.2 3.5 29 84% 105
South 33 2.5 0.75 2.34 3.1 median 105
ES - - - - - - - 104-10-5
NL All 20 1 0.6 1.1 1.8 - 10
SE 10 50 20 1.1 3.7 3.4 - 105
CH Bez 100 5 3 7.9 2.6 meanf 104
Muh 100 10 3.6 8.5 2.4 meanf 10
Gos 100 5 3.9 11.3 29 meanf 10
Lei 100 5 3.6 10.9 3.0 meanf 10
UK 1 40 5.3 14 4.2 3.0 mean 103 (two
2 40 5.3 1.4 4.2 3.0 mean diverse
lines of
3 40 1.8/2.5 2.5 7.4/11 41/ 4.4 mean reactor
4 40 1.8/2.5 2.5 7.4/11 4.1/ 4.4 mean protection)
5 40 6 1.4 3.1 2.2 mean 1073 (single
line of
6 40 6 2.1 5.2 2.5 mean
reactor
7 40 13 2.3 52 2.3 mean protection)
8 40 6 1.7 4.2 2.5 mean

Note: f stands for foundation-level hazard

UHS = uniform hazard spectra, PSHA = probabilistic seismic hazard analysis, OECD = Organization for Economic
Cooperation and Development, PGA = peak-ground acceleration, SSE = safe-shutdown earthquake, AFE = annual
frequency of exceedance, AFE/SSE = AFE used for defining SSE, PSAmaxs% = peak spectral response, PGAsse =

SSE-level PGA, PSAmnaxs% / PGAsse = spectral amplification
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6. Valorization of the SENSEI hazard results

We first give a snapshot of the SENSEI results and then present new analyses based on the SENSEI set
of hazard calculations.

6.1 Overview of the SENSEI results

The SENSEI project aimed at exploring the sensitivity of the PSHA models. The hazard computations
were based on so-called pruned logic trees, in which only the host seismic hazard zones and the second
most contributing contiguous zones were included for each site (further details on the pruning process can
be found in Fll6p et al. 2022). The median and mean hazards generated for the three nuclear sites in
Finland are the basis for the analysis given below.

Figure 6 illustrates the mean and median hazard curves of the spectral frequencies of 1 Hz, 5 Hz, 25 Hz,
and PGA at the target sites Hanhikivi (H), Loviisa (L), and Olkiluoto (O). It shows how the mean hazard
exceeds the median hazard in all cases. This is expected, because peak-ground-motion parameters, such
as the PGA, are generally assumed to follow the lognormal distribution, for which the mean is larger than
the median, due to the skewness of the distribution. The spectral amplitude (SA) at 5 Hz is approximately
equal to the PGA amplitude. The 25-Hz amplitude is above the PGA amplitude, whereas the 1-Hz spectral
amplitude is below it.
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Figure 6. Median (dashed line) and mean (solid line) hazard curves for 1 Hz (blue), 5 Hz (green), 25 Hz (orange),
and PGA (gray) at Loviisa (L, purple square), Olkiluoto (O, red triangle), and Hanhikivi, (H, yellow circle).

The mean and median SAs at AFE 107° are given in Figure 7 for the spectral frequencies of 1 Hz, 5 Hz,
25 Hz, and PGA (100 Hz) selected in the SENSEI project and a more extensive set of values available for
the NGA-East suite of GMPEs (Goulet et al. 2018, 2021; Youngs et al. 2021). The general shapes of the
mean and median spectra are similar and peak in the range of 20-25 Hz. Mean spectra always exceeded
the median spectra, and the difference between them appears fairly pronounced, due to the linear-scale
vertical axis. The largest apparent difference between mean and median is seen in Loviisa and the smallest
in Olkiluoto. The largest difference between the selected frequencies and the more complete number
appears at Hanhikivi, suggesting that the choice of four frequencies was not sufficient for the site.
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Figure 7. Spectral shape for the sites (a) Loviisa, (b) Olkiluoto and (c) Hanhikivi. The mean spectra are shown with
continuous lines, and the median spectra with dashed lines. The spectra with all (black) frequencies available in the
NGA-East and selected SENSEI calculation frequencies (blue) are shown. Note that the vertical axis is linear.

6.2 New analyses based on the SENSEI calculations

More complete representations of the individual hazard curves for PGA and SA(1Hz) are given in Figure
8. It shows that the mean estimate is very close to the median at higher AFEs. However, at lower AFEs
the mean shifts towards the 84" percentile curves and for Hanhikivi 1 Hz the mean exceeds the 84"
percentile at extremely low AFE. This behavior is also illustrated in Figure 3.

The range of the hazard estimates is broadest at Loviisa for PGA and at Hanhikivi for 1 Hz. This may follow
from the use of two seismic source zonings for Loviisa and three for Hanhikivi and a single zoning for
Olkiluoto. Zoning and the Gutenberg-Richter parameters were explored in SENSEI only in a limited way,
without an access to the original earthquake catalogs.

Because of the very low PGA value 0.0001 g, the hazard curves converge to the total activity level of the
zones included in the models, because any earthquake will generate such small accelerations. The
convergence of the hazard curves to a constant level for low acceleration can also be seen in Figure 6.
Hence, the uncertainties at 0.0001 g PGA can be attributed to the effects of the zoning and Gutenberg-
Richter parameters. The GMPEs do not contribute to uncertainty at low PGA. For higher values of the
PGA, however, the uncertainties of zoning and GMPE add up.
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Figure 8. Range of hazard for the sites of (a) Loviisa, (b) Olkiluoto and (c) Hanhikivi for PGA and a representative
low frequency (1Hz). The gray lines are the individual hazard curves, with intensity depending on the weight of the
logic-tree branch producing them. Hence the more extreme (i.e. low and high) estimates are less visible. The black
line is the mean, the continuous blue the median hazard. The dashed blue lines are 16" and 84 and the dotted
blue lines the 5! and 95" percentile bounds.

Properties of the distribution of AFEs were extracted for PGA 0.0001 g, 0.01 g and 0.1 g from the data of
Figure 8. They can be interpreted as vertical cuts within Figure 8. The characteristics of the distribution are
given in Table 2. The interesting quantities to monitor are the ratio of mean to median AFE for the same
PGA intensity. As expected, the mean AFE is higher, and the difference increases with increasing PGAs.
The coefficient of variation (COV, i.e. the ratio of standard deviation and mean) also increases with
increasing PGAs, and the earlier noted trend that dispersion of the results is highest for Loviisa is quantified
now, with larger COV for this site. In addition, the Loviisa COV is larger for PGA 0.0001 g, which points at
zonation as the source of the dispersion.
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Table 2. Properties of the AFE distribution at PGA 0.0001, 0.01 and 0.1 for the three sites.

Site PGA(g) Median AFE Mean AFE STD cov Mean AFE /Median AFE
Loviisa 0.0001 1.06E-03 1.23E-03 6.47E-04 0.53 1.16
0.01 1.79E-04 2.54E-04 2.31E-04 0.91 1.42
0.1 1.21E-05 2.13E-05 2.77E-05 1.30 1.76
Olkiluoto 0.0001 4.84E-03 5.14E-03 1.67E-03 0.32 1.06
0.01 2.53E-04 3.01E-04 1.92E-04 0.64 1.19
0.1 8.52E-06 1.16E-05 1.13E-05 0.97 1.37
Hanhikivi 0.0001 2.13E-02 2.13E-02 8.17E-03 0.38 1.00
0.01 1.52E-03 1.64E-03 1.01E-03 0.62 1.08
0.1 1.80E-05 2.95E-05 3.37E-05 1.14 1.64

Table 3 shows the ratio of the AFE 107 and AFE 107 spectral amplitude in terms of median and mean
confidence. These numbers indicate how many times the hazard is larger at AFE 107 in comparison with
AFE 10%. The ratios are in the range of 4.8-14. They are highest for low frequencies at Loviisa and lowest
for low frequencies at Hanhikivi.

Table 3. Ratio of intensity measure (IM) at AFE 107 and AFE 10 for the three sites.

Site Hazard component IM are 107 / IM ArE 10-5
PGA 25Hz 5Hz 1Hz
Loviisa Mean 8.8 8.1 8.8 13.9
Median 8.7 8.6 8.8 11.7
Olkiluoto Mean 9.5 8.8 8.2 9.5
Median 8.4 8.3 7.6 7.6
Hanhikivi Mean 6.2 6.0 5.2 6.2
Median 5.5 7.4 4.8 4.7

Table 4 and Figure 9 present the ratios of SAmean t0 SAmedian fOr the three sites. As expected, the mean
hazard exceeds the median hazard, since many of the underlying distributions of the PSHA model have
long tails toward larger values. The ratios range from 1.14 to 2.17. The highest ratios are reached at lower
frequencies (especially 1 Hz). Loviisa (L) has generally higher ratios than Hanhikivi (H) and Olkiluoto (O).
For example, the mean PGA values for AFE 10 are 28%, 47%, and 21% higher than the median values
for Hanhikivi, Loviisa, and Olkiluoto, respectively.
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Figure 9. Ratio of mean and median spectral acceleration at the Loviisa, Olkiluoto and Hanhikivi sites for annual
frequencies of exceedance 10+ to 10-8. Peak ground acceleration values are plotted at 200 Hz.

Table 4. Hazard spectral ratios SAmean/SAmedian for Loviisa (L), Olkiluoto (O) and Hanhikivi (H) for frequencies 1Hz,
5Hz, 10Hz, 20Hz, 25Hz, 33.33Hz, 40Hz, 50Hz, 100Hz, and PGA at AFE levels 10 to 1032,

1Hz SHz 10Hz 20Hz 25Hz  33.33Hz 40Hz S0Hz 100Hz PGA
AFEI1E-04 L 1.40 141 1.50 1.58 1.59 1.63 1.64 1.64 1.54 1.51
AFE1E-05L 1.48 141 1.44 1.45 1.46 1.45 1.45 145 1.49 1.47
AFE 1E-06 L 1.59 1.43 1.40 1.37 1.36 1.35 1.35 1.36 1.40 1.45

1.42 142 1.39 1.37 1.37 1.36 1.33 1.42 1.43
1.47 1.43 1.43 1.41 1.42 1.42 1.41 1.48 1.59

AFE1E-07 L
AFE1E-08 L
AFE1E-04 O

AFE1E-050

AFE1E-06 O . 1.27

AFE1E-07 O 1.61 1.31 1.29 1.26 1.24 1.26 1.26 1.25 1.28 1.26
AFE1E-08 O 1.40 1.26 1.24 1.30 1.20 1.29 1.30 1.28 1.46
AFE 1E-04 H

AFE 1E-05H 1.54 1.34 1.28 1.25 1.24 1.24 1.23 1.23 1.26 1.28
AFE 1E-06 H 177 1.42 1.34 1.29 1.27 1.27 1.26 1.27 1.30 1.33

AFE1E-O7H 1.46 1.39 1.34 1.32 1.33 1.32 1.21 1.36 1.42
AFE1E-08H 1.54 1.45 1.39 1.26 1.36 1.36 1.37 1.45 1.53
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Table 4 shows that the ratios increase with decreasing AFE. This is expected, because the distribution of
the hazard curves broadens with decreasing AFE, as the forecast for such low probabilities becomes more
uncertain. The broader distribution also means larger difference between median and mean.

A shift from AFE 10° median hazard for DBE to AFE 10° mean hazard would result in an increase of 1.23
to 1.54 times the hazard for Hanhikivi, with respective increases of 1.41 to 1.49 times for Loviisa and 1.16
to 1.28 times for Olkiluoto. The DEC C definition to be changed from AFE 107 median to mean would
result in an even larger increase: 1.31 to 2.04 times for Hanhikivi, 1.36 to 1.76 times for Loviisa and 1.24
to 1.61 times for Olkiluoto.

The convers of the above, the AFE for mean and median, are explored in the following. The ratios of
AFEmean and AFEnedian for different spectral acceleration levels (0.001g, 0.01g, 0.05g, 0.1g, 0.2g, and 0.3g)
are shown in Figure 10 and Table 5.

The ratios range from 0.95 to 12.81 and differ between the sites. While Hanhikivi has much higher ratios
than the other two sites, starting from 0.05g, it has the smallest ratios for accelerations below 0.01g. For
example, the mean AFE levels for acceleration 0.1g for PGA are 64%, 76%, and 37% higher than the
median AFE levels for Hanhikivi, Loviisa, and Olkiluoto, respectively. The much higher ratios for 1Hz are
clear; however, it is not evident what causes this effect.
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Figure 10. Ratio of AFEmean and AFEmedian at the Loviisa (L), Olkiluoto (O) and Hanhikivi (H), sites for spectral
accelerations 0.001g, 0.01 g, 0.05g, 0.1 g, 0.2 g, and 0.3 g and frequencies 1Hz, 5Hz, 25Hz, and PGA.
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Table 5. AFEmean/AFEmedian ratio for spectral accelerations 0.001 g, 0.01 g, 0.05 g, 0.1 g, 0.2 g, and 0.3 g and
frequencies 1Hz, 5Hz, 25Hz, and PGA for Hanhikivi (H), Loviisa (L) and Olkiluoto (O).

0.001g 0.01g  0.05g 0.1g 0.2g 0.3g
1Hz L 1.36 1.61 2.19 2.79 3.87 5.24
5HzL 1.18 1.38 1.62 1.73 1.90 2.02
25Hz L 1.18 1.36 1.57 1.67 1.76 1.79
PGA L 1.19 1.42 1.67 1.76 1.89 1.99
1Hz O 1.15 1.33 2.15 2.85 3.76 4.79
5Hz O 1.06 1.19 1.33 1.45 1.58 1.69
25Hz O 1.07 1.12 1.20 1.24 1.30 1.31
PGA O 1.09 1.19 1.34 1.37 1.49 1.66
1Hz H 1.01 1.28 2.93 5.17 896  12.81
5Hz H 0.97 1.06 1.39 1.71 2.10 2.48
25Hz H 0.98 0.95 1.16 1.31 1.51 1.62
PGA H 0.97 1.08 1.42 1.64 1.84 1.98

Finally, we present the AFEs that would give the same mean hazard values as the currently used median
AFE 10° and 107 targets for DBE and DEC C (Figure 11). Since mean hazard always exceeds median, it
is expected that the “mean-equivalent” AFEs are larger than 10° and 107. We calculated the AFE for
hypothetical “mean-equivalent” and “84 percentile-equivalent” hazard definition.

It can be noted that for DBE mean equivalent, AFE would be above 10 in the range of 2 - 10®°in most
cases. However, the results are strongly dependent on the site and spectral frequency. The mean and
median values are the closest for Olkiluoto and the highest for Hanhikivi. For Hanhikivi they are also more
strongly frequency dependent. For 84" percentile equivalent DBE, AFE would be even higher in the range
of 3 -10°° for Hanhikivi and Loviisa and 2-10°° for Olkiluoto. For the DEC C earthquake, the change would
mean an increase of the AFE from 107 to the range of 2 10" in most cases. The precise target thresholds
are given in Table 6.

Table 6. Target AFE for the three sites, if changing the hazard from mean to median and preserving the same hazard

level.
“Mean equivalent” AFE for
Design basis earthquake (DBE) Design extension earthquake (DEC C)
Loviisa 1.62E-05 2.39E-07
Olkiluoto 1.27E-05 1.78E-07
Hanhikivi 1.57E-05 2.19E-07
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Figure 11. Target AFE for maintaining the current hazard level for DBE, equivalent to median AFE 10-° and median
AFE 107in the case of a hypothetical change to mean or 84" percentile hazard.

beyond the obvious



DocuSign Envelope ID: CA5734D3-3775-45AB-9F0A-OEEBD312EDAS

RESEARCH REPORT VTT-R-00978-22
25 (41)

7. Discussion and conclusions

The probability of an earthquake occurrence that generates ground motions beyond those of DBE at NPP
sites is generally recognized to be small. This also applies to Finland, where an M7 earthquake was
evaluated as a very low-probability event (Koskinen 2013). There is nevertheless a regulatory need to
evaluate ground motions beyond those of DBEs to guarantee that they would not lead to major failures in
the performance of NPPs (so-called cliff-edge effects). There are also other reasons for carrying out similar
evaluations, such as potentially inadequate seismic design due to the vintage of an NPP, or an increase
in how seismic hazards are perceived at the target site (e.g. Johnson et al. 2017). In particular, perception
of seismic hazards is often updated as new experience is obtained from real earthquakes. In 2004-2011,
a cluster of megathrust earthquakes occurred on Earth after an intermission of 40 years and had a major
impact on how seismic and tsunami hazards are perceived over the Indian Ocean and in the vicinity of
Japan (e.g. Koyama et al. 2012). In addition to the epistemic uncertainty at the upper magnitude range at
plate boundaries and continental interiors alike, the high variability of ground motions even from moderate
earthquakes may warrant reconsiderations of seismic hazards (cf. Introduction).

There is currently no serious alternative for PSHA (section 2) in sight, despite some criticism (e.g. Mulargia
et al. 2017). Gerstenberger et al. (2020) consider the future direction to be a better quantification of the
uncertainties in knowledge of earthquake processes (which may have been spurred by the criticism).
Quantification and reduction in the reducible uncertainties of seismic hazards are emphasized. Ideally,
new extensive datasets allow the validation of individual hazard model inputs (e.g. Daxer et al. 2022), but
the limited time spans of available seismicity records remain a major obstacle here. In the Fennoscandian
Shield, paleoseismology is associated with the end-glacial stress field and is not considered in NPP-related
PSHAs.

The current review supports the notion that mean hazards are prevalently targeted for engineering design.
The mean hazard is in line with probabilistic risk analysis (section 3) and is the choice for NPPs in several
European OECD member countries (section 5). That the mean represents a composite of all hazards
(section 4) is relevant to Finland as well, since low-probability earthquake scenarios are the key elements
in PSHA for NPPs. For example, if a future earthquake scenario, say a magnitude M7.0 event occurring
in Finland, is considered plausible but extremely rare, it is associated with a low weight in the logic tree.
A median hazard would entirely erase the scenario, while the mean hazard would still keep it,
notwithstanding some debate among the experts about the exact value of the weight. At very low AFEs,
the mean hazard increases over many fractiles. The practice is often to report a number of fractiles and
the mean hazard, whether the focus is on hazard mapping for general building codes (Danciu et al. 2021)
or for critical infrastructure such as NPPs (Abrahamson et al. 2004). The mean is always larger than the
median, as long as peak-ground-motion parameters follow the lognormal distribution, so selection of the
hazard curve to read for a ground-motion value affects the adoption of the corresponding AFE. For
deterministic design, the mean, median or other fractiles can be used and are used in existing nuclear
practice.

Current analyses based on the SENSEI set of calculations show a variety of hazard levels at the three
sites for various frequencies. For the DBE mean equivalent, the AFE would be above the range of 2 - 10
%in most cases. However, the results must be evaluated separately for each site and spectral frequency.
The mean and median values are closest for Olkiluoto and highest for Hanhikivi. For Hanhikivi, they are
also more strongly frequency-dependent. For 84" percentile equivalent DBE, AFE would be even higher
in the range of AFE 3 -10°° for Hanhikivi and Loviisa and AFE 2-10- for Olkiluoto. For a DEC C earthquake,
the change would be to increase the AFE from 107 to the range of 2 107 in most cases.

We recommend that PSHA outputs should be reported for the mean, median, and the 5", 16™, 84" and
95" fractile hazard curves to allow future decision-makers to consider the uncertainties in an appropriate
manner. Such reporting also gives stable grounds for comparison of new PSHA models with previous
ones. Comparison of models should not only use solitary ground-motion design values, although they are
clearly the output of major interest.
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Appendix 1

A list of seismotectonic hazards according to the Western European Nuclear Regulators Association
(WENRA) 2020, p. 7-8

Ground-motion hazards and the potential for fault displacement

Vibratory ground motion (ground shaking waves due to earthquakes propagated from both far and near field
fault rupture processes), including long period waves and short period waves

Near fault effects on long period ground motion with very short duration (0.5-5 s) (forward directivity and
fling-step ground motion observed from velocity pulses recorded in time histories)

Site effects. Free field vibratory ground motion amplification/deamplification due to: a) Variations in the site-
specific shear-wave velocity profile from seismic bedrock (shear-wave velocity up to = 3 km/s) to the surface
b) Site topography c) Basin geologic structure

Surface faulting from the main or secondary fault ruptures (“fault capability”; ground displacement or surface
rupture at or near the site surface due to co-seismic movements at a fault)

Hazard phenomena triggered by seismotectonic events

Liquefaction (ground failure undermining the foundations and base courses of structures caused by water
saturated sediments that are transformed into a substance that acts like a liquid during seismic shaking)

Dynamic compaction (natural soil and human-made fillings: settlement induced by seismic shaking)
Ground collapse (in areas of suberosion processes, e.g., by karstification)

Earthquake-induced slope instability, debris or mud flow (mass movements of water-saturated sediments),
and underwater landslides

Flooding/drawdown by tsunami and seiche (a series of water waves caused by the displacement of a volume
of a body of water, typically an ocean or large lake)

Failure of dams or other water containment structures and flood protection systems

External human-made hazards such as industrial and traffic accidents (e.g. chemical release, jet fire from a
gas pipe line, external explosion)

= Loss of infrastructure, e.g. grid supplies

= Triggered internal events such as flooding, fire, or steam release
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Appendix 2

Additional figures based on the SENSEI hazard calculations.

Hanhikivi hazard spectra comparison median vs mean

)

spectral acceleration (g

01

+::@::: AFE 1E-04 medianH  =——®=— AFE 1E-04 mean H e:o@e-: AFE 1E-05 medianH ~ =——@=— AFE 1E-05 mean H «++-@ -« AFE 1E-06 median H

——8— AFE 1E-06 mean H <o:@ o AFE 1E-07 median H =~ ==#=— AFE 1E-07 mean H AFE 1E-08 median H AFE 1E-08 mean H

Median and mean hazard spectra for Hanhikivi (H) at AFE levels 10 to 10®. PGA is plotted at 200Hz.

Loviisa hazard spectra comparison median vs mean

a

spectral acceleration (g)

01

<@+ AFE 1E-04 medianl ~ —f@— AFE 1E-04 mean L @+ AFE 1E-05 medianL ~ —@— AFE 1E-05 mean L ----@--+ AFE 1E-06 median L

—B— AFE 1E-06 mean L ---@--- AFE 1E-07 medianL ~ —@— AFE 1E-07 mean L O AFE 1E-08 median L O AFE 1E-08 mean L

Median and mean hazard spectra for Loviisa (L) at AFE levels 10 to 108. PGA is plotted at 200Hz.
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Olkiluoto hazard spectra comparison median vs mean
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Median and mean hazard spectra for Olkiluoto (O) at AFE levels 10 to 108. PGA is plotted at 200Hz.

Hazard spectra comparison median vs mean 1E-04
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Median and mean hazard spectra comparison for Hanhikivi (H, yellow circle), Loviisa (L, purple square),
and Olkiluoto (O, red triangle) at AFE level 10*. PGA is plotted at 200Hz.
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Hazard spectra comparison median vs mean 1E-05
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spectral acceleration (g)
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Median and mean hazard spectra comparison for Hanhikivi (H, yellow circle), Loviisa (L, purple square),
and Olkiluoto (O, red triangle) at AFE level 10°. PGA is plotted at 200Hz.

Hazard spectra comparison median vs mean 1E-06
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Median and mean hazard spectra comparison for Hanhikivi (H, yellow circle), Loviisa (L, purple square),
and Olkiluoto (O, red triangle) at AFE level 10°. PGA is plotted at 200Hz.
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Hazard spectra comparison median vs mean 1E-07

35

spectral acceleration (g)
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Median and mean hazard spectra comparison for Hanhikivi (H, yellow circle), Loviisa (L, purple square),
and Olkiluoto (O, red triangle) at AFE level 107. PGA is plotted at 200Hz.

Hazard spectra comparison median vs mean 1E-08

a
6
o a
. a
= 5
=4 A
A o
2 d 0-.g
(]
=z 4 & a
[7] o A
o a
s A
— [u] A A ﬁ =
© a
5 3 A A a
L
a A
& goA &
o o a
2
m} a ﬁ & a
o A
A
o B
1 iy
A a
.
&
0 | pe—gegef=—4 8
0.1 1 10 100
Hz
AFE 1E-08 median H AFE 1E-08 mean H
O--- AFE 1E-08 median L O— AFE 1E-08 mean L
A--- AFE 1E-08 median O #A— AFE 1E-08 mean O

Median and mean hazard spectra comparison for Hanhikivi (H, yellow circle), Loviisa (L, purple square),
and Olkiluoto (O, red triangle) at AFE level 10®. PGA is plotted at 200Hz.
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Hanhikivi hazard curve comparison
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Hanhikivi hazard curves for 5%, 16%, median (50%), mean, 84%, and 95% percentiles for 1Hz, 5Hz, 25Hz,
and PGA.
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Loviisa hazard curves for 5%, 16%, median (50%), mean, 84%, and 95% percentiles for 1Hz, 5Hz, 25Hz,

and PGA.
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Olkiluoto hazard curve comparison
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Olkiluoto hazard curves for 5%, 16%, median (50%), mean, 84%, and 95% percentiles for 1Hz, 5Hz, 25Hz,

and PGA.
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Hazard curve comparison 1Hz
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Hazard curve comparison for 5%, 16%, median (50%), mean, 84%, and 95% percentiles for 1Hz for
Hanhikivi (H, yellow circle), Loviisa (L, purple square), and Olkiluoto (O, red triangle).
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Hazard curve comparison 5Hz
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Hazard curve comparison for 5%, 16%, median (50%), mean, 84%, and 95% percentiles for 5Hz for
Hanhikivi (H, yellow circle), Loviisa (L, purple square), and Olkiluoto (O, red triangle).
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Hazard curve comparison 25Hz
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Hazard curve comparison for 5%, 16%, median (50%), mean, 84%, and 95% percentiles for 25Hz for
Hanhikivi (H, yellow circle), Loviisa (L, purple square), and Olkiluoto (O, red triangle).
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Hazard curve comparison PGA
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Hazard curve comparison for 5%, 16%, median (50%), mean, 84%, and 95% percentiles for PGA for
Hanhikivi (H, yellow circle), Loviisa (L, purple square), and Olkiluoto (O, red triangle).

beyond the obvious



Certificate Of Completion

Envelope Id: CA5734D3377545AB9FOAOEEBD312EDAS

Subject: Complete with DocuSign: VTT_R_00978_22

Source Envelope:

Document Pages: 42 Signatures: 1
Certificate Pages: 1 Initials: O
AutoNav: Enabled

Envelopeld Stamping: Enabled

Time Zone: (UTC+02:00) Helsinki, Kyiv, Riga, Sofia, Tallinn, Vilnius

Record Tracking

Status: Original Holder: Erja Schlesier
27 January 2023 | 12:29 Erja.Schlesier@uvtt.fi
Signer Events Sighature
Marko Mékipaa DocuSigned by:
Marko.Makipaa@vitt.fi E”"J“ M"W“
EF95EBB5E9804AC

Research Team Leader
Teknologian tutkimuskeskus VTT Oy

. . L Signature Adoption: Pre-selected Style
Security Level: Email, Account Authentication g P Y
(None), Authentication Using IP Address: 130.188.17.16

Authentication Details
SMS Auth:
Transaction: 66180886120409049197571BA6BA8SE30
Result: passed
Vendor ID: TeleSign
Type: SMSAuth
Performed: 30 January 2023 | 12:03
Phone: +358 45 6788723

Electronic Record and Signature Disclosure:
Not Offered via DocuSign

In Person Signer Events Signature
Editor Delivery Events Status

Agent Delivery Events Status
Intermediary Delivery Events Status
Certified Delivery Events Status
Carbon Copy Events Status
Witness Events Signhature
Notary Events Sighature
Envelope Summary Events Status
Envelope Sent Hashed/Encrypted
Certified Delivered Security Checked
Signing Complete Security Checked
Completed Security Checked
Payment Events Status

DocuSign

Status: Completed

Envelope Originator:

Erja Schlesier
Vuorimiehentie 3, Espoo,
., . P.O Box1000,FI-02044
Erja.Schlesier@uvtt.fi

IP Address: 130.188.17.16

Location: DocuSign

Timestamp

Sent: 27 January 2023 | 12:35
Viewed: 30 January 2023 | 12:04
Signed: 30 January 2023 | 12:08

Timestamp
Timestamp
Timestamp
Timestamp
Timestamp
Timestamp
Timestamp
Timestamp

Timestamps

27 January 2023 | 12:35
30 January 2023 | 12:04
30 January 2023 | 12:08
30 January 2023 | 12:08

Timestamps



	Valorization of probabilistic seismic hazard results in Finland
	Preface
	Contents
	1. Introduction
	2. Calculation of seismic hazards using a probabilistic model
	3. Use of seismic hazard results in risk assessment and decision making
	4. Arguments about mean and fractile hazards
	5. Use of hazard types in NPP regulations
	6. Valorization of the SENSEI hazard results
	6.1 Overview of the SENSEI results
	6.2 New analyses based on the SENSEI calculations

	7. Discussion and conclusions
	Acknowledgement
	References
	Appendix 1
	Appendix 2

		2023-01-30T02:29:14-0800
	Digitally verifiable PDF exported from www.docusign.com




